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Abstract

This thesis contains literature reviews relating to inductively coupled plasmas and
their use in etching gallium nitride with chlorine based plasmas. The properties of
gallium nitride, how these properties make gallium nitride a suitable material for high
power microwave transistors and how such transistors will help improve the systems
in which they might be used are also reviewed. In this thesis, a novel, non-destructive
method of measurement of the conductivity of a semiconductor through measurement
of the increase in the bandwidth of the resonant peak of a microwave dielectric
resonator when it is brought near a semiconductor wafer is presented. Using this
method the conductivity of a thin gallium nitride film is obtained and found to be
within the expected range; it was found to be very difficult to measure the
conductivity of this gallium nitride wafer using a four-point probe, as the film was too
thin. Also presented in this thesis are studies of the etch characteristics of gallium
nitride and photoresist in mixed boron trichloride and chlorine plasmas generated in
two Oxford Instruments inductively coupled plasma etchers (ICP 180 and 380). The
ICP 380 was used to etch the mesa isolation of gallium nitride based heterojunction
field effect transistors that were fabricated at Cardiff University. A method of making
the angle of the mesa sidewall acute by melting of the photoresist is presented. An
acute mesa-sidewall angle facilitated the easy traverse of the mesa edge by the gate
metal. Characterisations of ohmic and Schottky contacts that were fabricated as part
of the effort to produce a working gallium nitride based heterojunction field effect
transistor are presented and reasons given for the failure of some of the ohmic
contacts. The dc characteristics of the best transistor fabricated during the project are

presented.
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1 Introduction

Since the discovery of the existence of electromagnetic radiation by James Clerk
Maxwell and Heinrich Hertz in the late 19" Century mankind has engineered systems,
more or less complex, to make use of the properties of these electromagnetic waves
(principally their ability to travel long distances quickly without any intervening
media and secondly their usefulness as a carrier of information once modulated).
During the second world war, radar was a key innovation that lead to the defeat of the
German Luftwafer and Allied air supremacy throughout the later stages of the war and
could be said to be a key reason for their victory. Since then, new technologies have
been invented (satellite navigation) or innovated (digital radio) that use RF radiation.
These and older systems have constantly been improved i.e. made more efficient and
smaller. An example of the now common use of radio frequency engineering is the
now ubiquitous mobile phone and satellite television, the end products of multi-billion

pound industries.

The emitters used in all forms of RF power applications require high power RF
amplifiers emitting from tens to thousands of watts. Today’s solid-state power
amplifiers are made predominantly from silicon, though gallium arsenide (GaAs) and
indium gallium phosphide (InGaP) are also used, depending on required
specifications and purpose. With these materials there is a compromise between the
higher powers available with Si based transistors and the high frequencies available
with GaAs and InGaP. Si based transistors will handle tens to hundreds of watts but
only at frequencies lower than 1GHz, GaAs based technologies generate less than ten
watts of power but they will do so at tens of gigahertz. For high power RF
technologies involving hundreds or thousands of watts power, vacuum tube
technology needs to be used. A solid-state technology that could transmit hundreds or
thousands of watts of RF power would be desirable for replacing large and expensive
vacuum tube technologies such as those used in satellite communications and TV
transmission. Such technology would also enable the improvement (miniturisation,
increased efficiency and reduced costs) of systems that currently rely on silicon MOS

power transistors.



Wide band gap semiconductors (silicon carbide (SiC); the IlI-nitrides gallium,
aluminium and indium nitride (GaN, AIN and InN); and diamond) have for a long
time been regarded as materials that could be engineered into high power transistors.
SiC MESFETs are envisaged as replacements for Si MOS power switching transistors
(although recently the use of the different poly-types of SiC to create a heterostructure
means that SiC might find other applications in time). High mobility GaN and its
heterostructured alloys with AIN and InN are expected to yield devices that will
generate hundreds of watts across a broad range of RF frequencies. Such devices
would enable a wide range of improvements in RF power amplifiers and the

applications that utilise them.

Although SiC and the IlI-nitrides have been developed as power transistors for
approximately similar amounts of time, the III-nitrides have seen the most rapid
development. This is partly due to the greater funding allocated to research into the
III-nitride device technology by the US military, partly due to the greater commercial
interest in III-V microwave devices for wireless communications, but mainly due to
the fact that III-nitride materials are used in the fabrication of light emitters which
emit across the entire visible spectrum. At the time of writing, a state-of-the-art device

developed by Toshiba Group had been reported that produced 174W at 6GHz.

Several problems are characteristic of engineering wide band gap semiconductors.
Due to their strong bonds (the cause of their wide band gap and hence high power
carrying ability) the materials are difficult to etch with wet chemical etching and
hence any etching of these materials must be performed with dry or plasma etches
which cause damage to the material. Similarly, because of the high bond strength
(leading to dense/ hard/ un-reactive materials) good ohmic contacts are difficult to
form in these materials. Finally, p-type doping of these semiconductors is also
difficult hence making good bipolar devices extremely challenging if not impossible

to produce.

Due to the challenges of fabricating bipolar devices, the research effort focussed on
gallium nitride has focussed on unipolar devices. Heterojunction field effect
transistors (HFETs) made with GaN and the alloy aluminium gallium nitride (AlGaN)

are the most advanced device type at the time of writing. III-nitride HFETs are



typically made with the GaN forming the bulk of the material and possibly a cap
layer, with the wider band gap AlGaN used to form the 2-DEG at the interface
between the GaN and the AlGaN.

In order to make high power devices from this type of material several basic steps are
necessary. A way is needed to isolate the source, drain and gate from each other so
that current only flows between the source and drain in the region covered by the gate.
Ohmic contacts with contact resistivities below 1x10® Qcm™ are required. A
rectifying contact for source-drain current modulation is essential; for high frequency
gallium nitride devices this implies a Schottky contact as the hole mobility in GaN is
much lower than the electron mobility. Knowledge of the conductivity of the material
allows the expected device performance to be calculated; hence, for all device work a
method for verifying the conductivity of the wafers before any processing begins is
indispensable. Other important aspects are the material quality and structure and

device design.

Thesis outline

The second chapter of the thesis takes a more detailed look at gallium nitride based
heterostructure field effect transistors (HFETSs). What are the properties of this
material that make devices fabricated from it so promising as high power radio
frequency transistors? In this second chapter also, the effect of the characteristics of
gallium nitride on the performance of the transistors produced from this material are
also illuminated and the effect that these improved devices will have on the various
systems incorporating them is discussed. Further on in this chapter, the formation
mechanism of the two dimensional electron gases (2-DEGs) in Al1GaN/GaN HFETs is
discussed as it is notably different to the formation mechanism of the 2-DEGs in
AlGaAs/GaAs devices. Finally, the various problems that are observed in
AlGaN/GaN devices such as current slump, RF dispersion etc. are listed with a short

discussion.

The third chapter of this thesis is an extensive, though not absolutely complete,

literature review of the properties of gallium nitride. This third chapter is intended to



be a reference chapter to be used to find appropriate values for various properties of
gallium nitride when the need arose; however, reading the chapter will give the reader
a good foundation for work with the material. Many of the values quoted are based on
very pure crystals of GaN, it is thought that this so-called bulk material gives a more
accurate picture of the properties of gallium nitride than the flawed material grown
epitaxially. In the future, with homoepitaxial growth as an option, epitaxial material
with properties close to that of bulk material might be grown. The third chapter is split
into sections in the following order: crystal properties, thermal properties, band-gap
and related parameters, mechanical properties and electrical properties. In all these
sections it is the most common form of gallium nitride that is dealt with, the form that

crystallises in the wurtzite phase.

The fourth chapter deals with the problem of ensuring that a wafer once grown or
bought is of a suitable conductivity for processing into devices. It is a great advantage
in any such analytical procedure if the wafer being tested is left intact by the process
of being tested, such as is the case with the four-point probe. Unfortunately, the four-
point probe method only works if the sample being tested has a thick conductive
region of several tens of microns, which was not the case for the samples being used
in this work. Another commonly used method for evaluating the conductivity of a
sample is the Van de Pauw Hall effect method; however, this method involves not
only cleaving the wafer but also etching it and patterning it and then depositing
patterned ohmic contacts; major steps for the inexperienced, all of which might affect
the results, and this is before the actual test of the conductivity is even begun.
Obviously a simple non-destructive method of measuring the conductivity of a wafer,
like that of the four point probe, but applicable to wafers such as ours would have
been an advantage in processing. Such a method, using the effect of microwave power
dissipation by conduction in a wafer on the bandwidth of a microwave dielectric
resonator’s resonant peak was developed and used to characterise our wafers. In
chapter four, the theory behind this method of measuring simply and non-
destructively the conductivity of a semiconductor wafer is explained. The
experimental method used to measure the conductivity of a wafer and the results that
were gained testing the method on a GaN on sapphire wafer are presented. To the best
of the author’s knowledge, this method of measuring the conductivity of GaN wafers

is novel and original work.



The first step in the fabrication of an orthodox field effect transistor is the device
isolation. In this thesis, device isolation was performed by etching the HFET material.
The machine used to do this etching was an Oxford Instruments ICP 380 and the etch
chemistry used was BCI3/Cl; i.e. chlorine based. In chapter five, a thorough literature
review of the etching of gallium nitride in chlorine based plasmas is given. This
review includes some basic theory about the parameters that control the etch rate of a
material. Later on in the chapter, experimental work that was performed on an ICP
180 at the Oxford Instrument’s site in Yatton is presented. This work was conducted
in order to find an etch that was not only highly selective of gallium nitride over
photoresist but that also had a reasonably high etch rate. Unfortunately neither a high
selectivity nor a high etch rate were discovered in the course of the experiment and
various mistakes led to a data quality that could have been much better. Important
lessons were learnt from this experiment. Later results on the same machine showed
that the Oxford Instruments machines are a lot different to those that commonly
feature in the literature, since higher powers are required in order to get etch rates
similar to those found in the literature. Also presented in this chapter are the results
taken at Cardiff University using the ICP 380. These results include the variation of
etch rate of GaN and the selectivity of GaN to photoresist as a function of five of the
key plasma variables. These latter results were of a much better quality than those
taken with the ICP 180. All these results are novel (no similar results taken with an
Oxford Instruments machine have been published); however, gallium nitride has
definitely been etched with BCl3/Cl, plasmas before, though only one other study of
the selectivity of GaN to photoresist in a BCl3/Cl; plasma has been.

The sixth chapter presents the work carried out on the processes required for the
fabrication of a gallium nitride based field effect transistor. These begin with a
photoresist reflow method that was used to ensure that the sidewalls of the mesa
isolation were of a sufficiently shallow angle so that the gate metal would experience
no thinning on passing over the discontinuity at the mesa’s edge. This problem of gate
metal thinning had already been reported by a predecessor at Cardiff; however, this
problem was not so pressing with the AlIGaN/GaN material that was used here as only
a very shallow etch was need to reach the 2-DEG and hence make sufficient isolation

between devices. It has been noticed recently that the problem of RF dispersion has



been overcome in GaN based HFETs as is the case with GaAs based HFETSs by
making sure that the surface is far removed from the 2-DEG. If this becomes a
standard method of preventing RF dispersion then photoresist reflow, coupled, with a
mesa etch may prove useful. Other work presented in this chapter includes the work
on the ohmic and Schottky contacts to this material and on the mesa etch. The etch
depths were made as shallow as possible and, in the course of experiments, it was
found that the shallowest mesa etch that could be processed with optical microscopes
was about 50 nm. The ohmic contacts fabricated in this work were all of the form
Ti/Al/spacer layer/Au with the spacer layer being either Ti, Ni or Ti/Pt. The
thicknesses of the various metal layers were either taken directly from the literature or
innovated from the literature values. Our results show, as has been remarked by
papers in the literature, that just because a contact works with one material in one lab
it is far from certain that it will work as well wherever it is applied. This means that
for each material used, and for each lab that it is used in, experiments will have to be
performed in order to ensure that a good contact is found. Of the contacts fabricated
by the author, none showed the required low contact resistance. Possible reasons for
this are given in the chapter. A workable Schottky contact is developed and analysed

using IV characterisation.

Despite the fact that the sheet resistance of the material was higher than would have
been ideally liked, and the fact that a good ohmic contact was never found, a batch of
working FETs were fabricated and the dc transistor characteristic of the best of this

set of devices is presented at the end of this chapter.



2 Gallium nitride based microwave devices

2.1 Why gallium nitride microwave devices?

Gallium nitride (GaN), aluminium nitride (AIN) and indium nitride (InN) and their

alloys (AlGaN, InGaN) are classed jointly as the IlI-nitrides. Transistors fabricated

from the IlI-nitrides have the potential to improve the performance of power

amplifiers (PAs) beyond that which would be possible with conventional devices

fabricated from the III-Vs or silicon. Some of the properties that make GaN especially

suited for high frequency power amplification are:

1.

A high bond strength: this is due to the more ionic nature of the III-nitride bonds
compared to the predominantly covalent nature of Si and GaAs. The high atomic

1& 2
,a

stability leads to a wide band gap: 3.43 — 3.44 eV at room temperature
high breakdown voltage ~ 3MV/cm * * *, and a hard, dense material resistant to
radiation damage. The ionicity of the bonds increases for AIN, which has yet

higher bond strength.

A relatively high thermal conductivity of 1.7 W/cm-K ° (higher than that of Si),
with lateral epitaxial overgrown (LEO) GaN measured to have a thermal

conductivity greater than 2 W/cm-K ©.

High electron peak and saturation velocities over a wide range of temperatures.
The simulated peak velocity varies from 3.3 x 107 cm/s at 77K to 2.1 x 107 cm/s at
1000K ”; however the effect of interaction between hot electrons and hot phonons

in real devices limits the saturated drift velocity to approximately 1x10” cm/s ®,

Ability to alloy with either AIN or InN, allowing heterostructure based devices to

be fabricated.



A wide band gap means that there is a small intrinsic carrier density at a given
temperature compared to silicon or gallium arsenide with their lower band gaps.

Equation 2-1 gives the intrinsic carrier density in a semiconductor.

! E,
n = (Nc “N,)2 exp(— 2k,:T] ................................................................... Equation 2-1

For GaN N¢ and N, are given by Equation 2-2 and Equation 2-3 respectively °.

N, =243x10" XT72 0m™ oot Equation 2-2
and
N, =8.9%10" xTY2 Cm™ oo, Equation 2-3

Combining Equation 2-1, Equation 2-2 and Equation 2-3 gives a room temperature
intrinsic concentration for GaN of close to zero compared to ~ 1.5 x 10'® cm™ for Si
and 1.6 x 10° cm™ for GaAs. From the above equations the intrinsic carrier density of
GaN reaches ~ 5 x 10° cm™ at T = 400°C. The wide band gap and high thermal
conductivity means the ability to operate at high temperatures is only affected by the
reduction in carrier velocity caused by increasing the channel temperature and the

effect that this has on the output power (see Figure 2-1).
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Figure 2-1 Showing the effect of improving thermal management on the X-band power density of

power amplifiers using gallium nitride based transistors >0

High electron velocities lead to the potential for high current densities. After u the

saturated drain current of an HFET per unit gate width is given by

L, = Equation 2-4

where ¢ is the electronic charge, ns is the electron concentration in the two
dimensional electron gas (2-DEG) and v*is the saturation velocity. Inserting values of
ns> 5 x 1012 cm2 and vs> 0.5 x 107 cm/s for a realistic HEMT gives a current density
of> 0.4 A/mm. High current densities coupled with high breakdown voltages
(hundreds of volts with field-plate technology) mean high power devices. Equation
2-5 gives the approximate power performance to be expected from a device based on

its dc IV characteristics.

11
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............................................................................. Equation 2-5

The III-nitrides enable fabrication of devices for a next generation of power amplifiers
that will allow across-the-board system performance with increased miniaturisation,
unobtainable with other material systems. Some of the potential applications for III-
nitride based power amplifiers are given in Figure 2-2. One possible large scale
application for IIl-nitrides that is not shown in Figure 2-2 is their use in domestic
solid state microwave ovens, where the III-Vs would offer significant advantages in
cost, size and weight to magnetron based systems if devices of sufficient power were

ever to be mass produced '.
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Figure 2-2 Some of the systems that the II-nitrides will enable or improve .

Table 2-1 shows the transistor characteristics that the III-nitride material system will
improve and the effect that this improved device performance will have on system
level performance. The IlI-nitrides are expected to offer an improved power per unit
gate width compared to GaAs and Si based devices. Such an improvement means that

fewer devices will be needed to reach the same output power. Using fewer devices

12



improves the efficiency of the amplifier and its reliability, whilst also increasing its
input impedance. Increasing the impedance ofthe system makes matching to 50Q

easier, reducing system complexity and therefore both system size and cost.

Smaller devices also have intrinsically smaller capacitances, which facilitates the high
frequency operation possible due to the high electron velocity of I[II-nitride HEMTs,
thus setting the Ill-nitrides apart from SiC (Figure 2-3). A small capacitance also
allows the device to be usefully matched to a 50Q system over a wider bandwidth, or

to the same bandwidth with less complex matching networks 14

Need Enabling feature Performance advantage
High power / unit Wide band gap, high field Compact, ease of matching
width
High voltage operation High breakdown field Eliminate / reduce step
down
High linearity HEMT topology Optimum band allocation
High frequency High electron velocity Bandwidth, m-wave / mm-
wave
High efficiency High operating voltage Power saving, reduced
cooling
Low noise High gain, high velocity High dynamic range
receivers
High temperature Wide band gap Rugged, reliable, reduced
operation cooling
Thermal management SiC substrates High power devices with

reduced cooling needs

Technology leverage Direct band gap enabler for Driving force for low cost

lighting technology

Table 2-1 From left to right the first column gives the required transistor characteristic, the
second column gives the material properties that enable the characteristic in the first column and

the third column gives the system level advantage of the device characteristic (after 19.
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Operation over a wide spectrum opens up military applications such as electronic
decoys (devices that admit large powers simultaneously over a wide range of
frequencies in order to confuse missile tracking systems) and multiple-application
single-antenna systems. Multiple-application single-antenna systems are, as the name
suggests, where many applications such as communications, radar, jamming, weapon
targeting and other electronic warfare procedures are all accomplished using the same
hardware and a single antenna. Such systems would allow significant size, weight and
cost reductions to both air and sea borne systems (which would no doubt eventually

find use in the civilian marketplace) 13.

1 G*A4s
(SiGe)

0.1 - IL IsWC.ikuflKa

100M 1G 10G 100G
Frequency (Hz)

Figure 2-3 Average output power versus switching fequency for Si, GaAs and InGaAs devices

with expected specification of SiC and GaN electronic devices 16

One ofthe main factors that limits the size of a power amplifier today is the cooling
fins and fans needed to keep it within the operational temperature range. Devices
made from the Ill-nitrides, because oftheir wide-band gap, have a much lower
intrinsic carrier concentration and hence will continue to operate at temperatures
much higher than devices made from the III-Vs or from silicon. This, coupled with
growth on SiC substrates (with a thermal conductivity of close to 4 W/cm-K), and the
high efficiency that results in high voltage operation ofa lesser number of devices,
means that III-nitride device can be operated at higher temperatures, thus reducing the

need for bulky cooling systems.

Third and fourth generation mobile telecommunications will require highly linear

power amplification and it is expected that this power amplification will be produced

14



from base stations the size of a briefcase, able to be positioned at the top of lamp
poles or church steeples. The next generation of mobile-phone base stations will
require considerably less system complexity in order to be small enough. IlI-nitride
devices have an intrinsically high linearity due to the high transconductance
associated with heterostructure field effect transistors, which can be coupled with
operation closer to A-class. The operation of A-class is intrinsically linear but also
intrinsically inefficient. Operation in or near to A-class means decreased system
complexity as the harmonic distortion from B-class operation no longer has to be
compensated for. A greater inefficiency means a hotter device. There is thus a trade-
off between linearity and efficiency and thus device temperature. GaN devices should
be able to operate at higher temperatures than current Si or GaAs systems; hence
either system complexity will be reduced or linearity specifications will be met,or

both.

The ability of I1I-nitride devices to work at high voltages also means that III-nitride
power amplifiers (PAs) will be able to work at the voltage of 28V used in commercial
base stations without the need for voltage conversion, again reducing system
complexity and cost. Similarly a high breakdown field means that GaN devices can be
utilized in front end amplifiers without the need for diode protection and hence offer

an improvement to GaAs power amplifiers '”.

For space applications it is advantageous if the amplifier is light-weight and reliable
since it will cost less to put in orbit and less to maintain it there. Solid state amplifiers
which are both light-weight and reliable would therefore be beneficial to satellite
communications. Solid-state amplifiers, however, have never been able to produce
sufficient power at the right frequencies, meaning that space applications still rely on
the use of vacuum electronics. Vacuum electronics, although reliable and efficient, are
also at the moment bulkier and more expensive to produce than solid state solutions
(though currently work is being carried out to reduce the price of such units '®). The
[1I-nitrides have the potential to provide a high power, high frequency solid-state

solution that is rugged and sufficiently radiation proof for space borne applications.

Apart from these intrinsic advantages, as pointed out in Table 2-1, the III-nitride

material system also has the intrinsic advantage of having a direct band-gap, tuneable
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over all of the visible spectrum into the UV. LEDs and lasers made from the III-
nitrides enable a wide range of consumer applications such as full colour LED screens
and blue laser optical disk readers, meaning that III-nitride technology (i.e. the
technology associated with the growth and processing of the IlI-nitrides) has seen a
much larger investment than would have been the case if the only applications of the
materials were in the microwave part of the spectrum. This important difference
between the I1I-nitrides and SiC has meant that III-nitrides have had a much quicker
development time than SiC devices, which were initially thought to be competitive
with the [II-nitrides in the low GHz region but will now most likely see their use

restricted to very high power, low frequency switching applications.

2.2 2-DEG formation in lll-nitride HFETs

In Section 2.1 it was noted that GaN may be alloyed with AIN or InN; this has the
effect of increasing or decreasing, respectively, the band gap of the alloy. The ability
to engineer the band gap of the IlI-nitride material system means that heterostructure
devices may be fabricated. The lack of a good p-type dopant for GaN has lead to
concentration of research on unipolar devices (N.B. magnesium is the best known
acceptor for GaN with an acceptor level approximately 250 meV above the valence
band edge, leading to hole concentrations two orders of magnitude to low for practical
devices to be easily fabricated). Heterostructure field effect transistors in particular

have been focussed on due to their high mobility and high transconductance.

The formation mechanism of the 2-DEG in A1GaN/GaN base heterostructure devices
is different to that of AlGaAs/GaAs devices. Due to the asymmetry of the wurtzite
(WZ) GaN crystal in [0001] direction (Figure 2-4) (for an explanation of the notation
used to describe wurtzite crystals see Appendix A), a spontaneous electrical
polarisation (Psp) occurs in the directions shown in Figure 2-5 (the direction of Pgp is
dependent on the polarity of the crystal). As well as the spontaneous polarisation there
is a strain-induced or piezoelectric polarisation Ppg caused by the lattice mismatch
between the AlGaN and the GaN. The electric field caused by the spontaneous
polarisation may be as large as 3MV/cm, with the piezoelectric polarisation having a

magnitude of approximately 2MV/cm '°.
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Ga-face N-lace

Substrate Substrate

Figure 2-4. Stacking order of GaN showing lack of symmetry: Dark spheres Ga, Light spheres N.
Also shown is the definition of the |[0001) direction (from Ga to N) and (left) Ga-face and (right)

N-face crystal polarity

The total polarisation, P is given by the sum Psp and PPE and at a discontinuity in the
polarisation such as that at a heterojunction there is an induced charge; hence at a

heterojunction there will be a sheet charge density given by Equation 2-6 19.

o= P(top) - P(bottom)
r i -i Equation2-6
a= (top) +PEE(top) \- 1Psp (bottom) + PFE(bottom))
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Figure 2-5 Schematic of heterostructures using AIGaN and GaN showing direction of

spontaneous and piezoelectric polarisation vectors and sign of charge density

induced at interfaces 19.

Depending on whether the film is anion or cation faced and depending on the strain in

the component layers, the sum ofthe polarisations at the interface leads to either a
positive or negative charge density at the heterojunction. Charge is also accumulated
at the surface and at the substrate, as the polarisation charge densities are dipole like.
For an N-face GaN/AlxGai.xXN/GaN heterostructure the polarisation induced charge

density is given by
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C5(x)
Cy(x%)

5 a(0) - a(x)
a(x)

.......... Equation 2-7

IO’(x)l = } + Py (x) — Py (0)

{e:u (x) —e33(x)

where a(0) and a(x) are the (0001) lattice constants for GaN and Al,Ga, N, e3;(x) and
e33(x), C3(x) and C3s3(x) are piezoelectric and elastic constants and Pgp(x) and Psp(0)
are the spontaneous polarisations in the Al,Ga;«N and GaN, respectively 19

If the polarisation induced charge is positive a compensating 2-DEG will form on the
other side of the heterojunction. The maximum compensating 2-DEG carrier

concentration in nominally undoped structures is

ng(x) = "ix) _ ( E‘; (Zx) J[e(b,, () + E, (5) = AE ()] oo Equation 2-8

where d is the width of the AlyGa,.«<N barrier, e @, is the gate contact Schottky—
Barrier, Er is the Fermi level with respect to the GaN conduction-band-edge energy,
and AE( is the conduction band offset at the AlIGaN/GaN interface. The origin of the
2-DEG electrons is from deep donor like states at the surface *° 2!, These donors are
only ionized and contribute to the 2-DEG when the AlGaN film is of sufficient
thickness that the donor level and the Fermi level coincide. Fitting equations to
experimental data have yielded donor depths of 1.65 2l'and 1.42 eV *°. The critical
thickness depends on the ratio of Ga to Al in the AlGaN but is ~ 35A for Alg34Gag 4N
on GaN ?!,

Figure 2-6 (a) shows the conduction band for a GaN/AlGaN/GaN heterostructure
device and a AIGaN/GaN device. The two may be distinguished as the
GaN/AlGaN/GaN device has a higher effective Schottky barrier due to the separation
of the negative polarisation charge at the upper GaN/AlGaN interface and the positive
charge at the metal/GaN interface. This effect is shown again in Figure 2-7 with the

juxtaposed charges at the surface for AIGaN/GaN indicated.
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Figure 2-6 (a) Schematic diagrams of the conduction band in GaN/AlGaN/GaN and AlGaN/GaN
heterostructure devices (b) the charge densities at equivalent points in (a) for GaN/AlGaN/GaN

devices and (c) the band structure of a GaN/AlGaN/GaN heterostructure device under bias 22
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Figure 2-7 Schematic showing band diagrams, charge distribution and device layout for (a) an

AlGaN/GaN and (b) a GaN/AlGaN/GaN HFET 23

The addition ofa GaN layer to an AIGaN/GaN heterostructure causes an increase in
the Schottky barrier height given by Equation 2-9 23. In Equation 2-9 AEc is the band
gap offset between the AIGaN and the GaN, (peGaNis the Schottky barrier to GaN, V
is the applied bias, dGaN is the width ofthe GaN layer, eoaN the permittivity of GaN, ns
the sheet carrier density in the 2-DEG, Nd is the background dopant concentration in

the AIGaN layer and dAiGaN the thickness ofthe AIGaN layer.

III
>

Ect¥V+e ~ (HS-N, [ J— Equatior

e S GaN

i

In practice, doping levels in the AIGaN have to be low (1-2x10+7 cm'3) and the GaN

film >20A before any great difference will be noticed ».

21



A band diagram for a AIGaN/GaN heterostructure with no Schottky contact present is
shown in Figure 2-8. Electrons from surface states will find it energetically favourable
to form a 2-DEG at the AlGaN/GaN interface once the trap potential at the surface

coincides with the Fermi level.

6 v — r v —— 7.5
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without ¢ _ ' ".»’é‘
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g
=
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depth (A)

Figure 2-8 Band diagram for a Al ;Gag;N/GaN heterostructure as calculated by Jogai 24,

electron density as a function of depth from th surface is also shown.

2.3 Device problems

Several effects affect the performance of GaN field effect transistors. These problems
are similar to those that affect GaAs based devices and include current collapse, RF
current dispersion, RF dispersion, power drift and power slump 2®. Another problem is

gate leakage.
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2.3.1 Current collapse

Current collapse in GaAs was the label given to the persistent (yet recoverable) drop
in drain current (I4) achieved by heavily biasing the drain (Figure 2-9); however, with
the I1I-nitrides it has been used to describe other effects as well *°. It is thought that
current collapse is caused by the injection of electrons from the conducting channel
into traps in the buffer layer at high drain-source voltage (Vgs) 2°. The injection of
electrons into traps depletes the conducting channel and hence reduces I4. Evidence
for the role of the buffer layer is that current collapse is observed only in devices
grown on highly resistive buffer layers. In conducting buffers current collapse is not
observed as the traps involved are already filled *. Evidence that traps are involved is
the dependence of the collapse on the intensity and/or wavelength of light shone onto
the device, and techniques using the wavelength dependence have been used to
characterize the traps 2®. There is evidence to suggest that the traps causing current
collapse are at least partly related to film dislocations *’. Current collapse of this type
has been observed in both MESFETs and HEMTs **.

10

® (i)
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Figure 2-9 Drain current in a AlIGaN/GaN HFET .i) before and ii) after the application of a 20V

bias to the drain Z.

23



2.3.2 Gate leakage

Gate current reduces RF performance by drawing a current during the positive part of
an RF cycle (reducing I4 and eventually leading to premature saturation (Figure
2-10)). In the negative part of a cycle, gate leakage allows a current to flow. Leaky
gates increase the noise figure of the device and accelerate thermal stress degradation.
Gate leakage current increases quickly with temperature, being approximately ten
times greater at 300°C and one thousand times greater at 1000°C, thus leading to poor

high temperature performance.

12-
1.0-
0.81
0.6-
0.4-

Ios, A/mm

Vg,V

Figure 2-10 Drain current Ips and gate current I; as a function of gate voltage V,. Note that the
drain saturation current decreases for increasing gate length L, from 1 to 80 um. Also note that
as Ips saturates I, increases dramatically, implicating gate leakage as the cause of saturation in

these devices *°.

Ways of improving the gate leakage in a device include the inclusion of an insulating
layer between the gate metal and the semiconductor, such as that found in MISHFETs
3! or MOSHFETs 2 or oxide/nitride/oxide MOS/MIS HFETS? (see Figure 2-11).
Another way to reduce gate leakage in AlIGaN/GaN HFETs or HEMTs is to increase

the value of x in the Al,Ga, 4N barrier layer; this not only increases the Schottky
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barrier height but also increases the band gap discontinuity between the AlGaN and

GaN layers 34 (values and references to theory can be found in 3.
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Figure 2-11 Gate current as a function of gate voltage for HFETs, MISHFETs utilizing a Si;N,
dielectric and MOSHFETs *.

Increasing Al content increases the critical breakdown field in the AlGaN layer. Films
with Al concentrations as high as 50% have been grown >*; however, the superior
properties gained by a high Al concentration comes at the price of reduced crystal
quality and an increased number of traps, and a reduction in the strain in the AlGaN

layer and thus a reduction in the 2-DEG concentration in this manner.

2.3.3 RF dispersion

It has been observed that when the drain and gate voltages of a device are pulsed
rather than continuously biased there is a discrepancy between the dc and pulsed I-V
characteristics known as dispersion (Figure 2-12). Furthermore, when the gate is

pulsed from threshold to saturation there is a collapse in the I-V characteristics of the
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device, whereas when the gate is pulsed from saturation to threshold no such collapse
occurs (see Figure 2-13) *’. Note that devices have been demonstrated where only the
gate pulse, not the drain pulse, leads to current collapse **. This pulsed gate current
collapse has been attributed as the cause of the discrepancy between the RF power
expected from dc I-V curves and the RF power found in practice (Figure 2-14 %),
There are two proposed mechanisms for the above effect; one is also linked to the
observed reduction in current as the frequency of the gate signal is increased Figure

2-15.

-  Vgg pulsed from-5VtoOV -
08 DC =

Figure 2-12 Dispersion between pulsed and dc HEMT characteristics stimulated by varying

duration gate pulses **.
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Figure 2-13 Pulsed I-V characteristics for (left) gate pulsed from open channel (1 V) to pinchoff (-4 V) and (right) gate pulsed
from pinch off to open channel. The gate and drain pulses had a duration of 300ns and a frequency of 100kHz the quiescent

bias points were; drain-source voltage 16V and gate-source voltage 1V *’



The first of the two proposed mechanisms is that electrons from the gate are injected
into states near or at the surface where they are trapped and cause a reduction in the 2-
DEG density and hence current collapse *°. The dependence of current collapse on
gate voltage swing (Figure 2-13) suggests near surface traps. Near surface traps are
also suggested by the dependence of the current collapse on temperature and light *'.
Ionised donor states are thought to exist at the surface, and it is electrons from this
source that are thought to compose the majority of the carriers within the 2-DEG.
Similar surface state traps affect GaAs devices **. Explanation is still required for the
current collapse behaviour in MOSHFETSs and MISHFETs see (Figure 2-16 *°).

| —a— Measured
Simulated (based on DC-IV)

0 12V Simulated (with IV compression)
0 1 2 3 4 5
Vi V

Figure 2-14 Measured (solid lines) and simulated (dotted and dash-dotted) output dc current
dependence on input RF amplitude at 15V drain bias and different gate voltages for an
AlGaN/GaN HFET. This shows the discrepancy between expected and measured output powers
and how accounting for the effect of gate pulse current collapse gives an accurate prediction of

the measured output *.

Near surface states can also explain the observed collapse in drain current as the
frequency of the gate voltage signal is increased (Figure 2-15). As the frequency of
the gate signal is increased electrons that have been injected into trap states can no
longer follow the signal and a stationary charge is formed at the surface. This surface

charge acts as a virtual gate, depleting the active region 43.40&37 The virtual gate can

28



be modeled as a gate attached to the real gate through a lossy dielectric **. The large
variation in the frequency at which the reduced current is observed is thought to be

due to a large variation in the quality/conductivity of the device surfaces *’.
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Figure 2-15 RF drain current normalised to dc drain current as a function of frequency for

various AIGaN/GaN devices *'.

The second mechanism for dispersion is suggested over the course of several papers’
36.38& 44 and is that the gate voltage increases the tensile strain in the crystal directly
beneath the gate. Because of this the gate-drain and gate-source regions are
compressed and the 2-DEG electron density reduced. This theory is supported by
evidence that the increase in resistance due to gate voltage pulses is found in both the
gate-drain and gate-source regions **. It is also supported by the fact that passivation
with Si3Ny (a hard substance that would presumably restrict the compression of the
AlGaN) reduces the RF-current collapse, but that passivation with SiO; (a soft
substance) does not. They also give evidence that suggests that surface states do not
contribute to the collapse *®. Recently; however, a p-type layer has been used as a type
of passivation for an AlIGaN/GaN HEMT 4 The p-type layer, while not affecting the
mechanical properties of the films, should isolate the surface from the rest of the

device. This device also showed a reduced RF-current collapse. Other recent evidence

is that Sc,03; and MgO passivating films had a similar and slightly better effect on
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RF-current collapse than that of SiN, passivation *. Also suggestive of surface states

is the pulsed gate current collapse observed in MESFETs *'.

lpLs0)/ lpc (0)

Figure 2-16 Graph showing pulsed drain return current as a function of gate voltage pulse

amplitude. The gate voltage is normalised to the threshold voltage and the drain current is

1.0

0.8-

Current
collapse

0.6
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| —— MISHFET 2
024 --... MOSHFET
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0.0 — i
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normalised to the dc current. The return current is the pulsed current when the gate voltage

returns to zero. A large current collapse is observed in MISFETs only when the gate volatage is

Passivation with silicon nitride has been shown to effectively mitigate dispersion

several times greater than the threshold voltage *.

40&

7 though nominally the same passivating layer on different devices will give different

pulsed I-V characteristics, as shown in Figure 2-17. Another method that has

successfully been used to reduce dispersion is the introduction of a doped layer

between the heterojunction and the surface 8
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Figure 2-17 Pulsed and static I-V curves showing the effect of passivation

on two different devices 25.

2.3.4 Transient effects
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Figure 2-18 Time dependence of the output power and drain current of an AIGaN/GaN HEMT at
10GHz 3dB into compression Vps =20V .
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GaN device output power has been shown to degrade over time (see Figure 2-18).
This degradation over time is known as power drift if the change is recoverable or
power slump if the reduction is permanent 25 In GaAs, power slump was thought to
be due to either electron trapping in the silicon nitride passivation layer or the creation
of traps due to hot electron effects 2% In GaAs, material improvements, passivation,
surface pre-treatment and optimising channel and doping geometry to reduce the gate-

drain electric field 2, all reduce power slump.

2.4 Summary

The IlI-nitrides have a variety of properties which allow the fabrication of high
power, high efficiency, high linearity microwave transistors that are rugged enough to
work in hostile environments such as space or next to high temperature fixtures .
Due to the difficulty of doping the IlI-nitrides p-type, unipolar n-type, and particularly
heterostructure field effect transistors, are considered the most promising type of
device. The formation physics of the two dimensional electron gas in III-nitride
devices is different to that of III-V based devices as it relies on strain and polarisation
in the materials. Despite their attractive properties, III-nitride devices exhibit various
problems that mar their performance due to traps caused either by a poor material
quality or due to the fact that 2-DEG formation leaves empty states at the surface that

can be filled by electrons from the gate.
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3 Properties of gallium nitride

3.1 Crystal structure of wurtzite

The wurtzite (WZ) structure, shown in Figure 3-1 consists of two interpenetrating
hexagonal close packed lattices displaced from each other along the [0001] direction
(For an explanation ofthe Miller-Bravais indices used in hexagonal crystals see
Appendix A). Crystals of the wurtzite polytype are characterised by the lattice
parameters a, ¢, and a dimensionless cell internal structure parameter u. For the

idealised WZ structure ¢/a = V(8/3) , u = 3/8 and all the bonds are the same length.

a

Figure 3-1 Picture of the WZ GaN crystal structure showing the lattice parameters a and ¢

Gallium Nitride has a thermodynamically stable phase with a structure close to the
ideal WZ structure. Each one ofthe two hexagonal close packed lattices consists
entirely of one species, either Ga or N. Four N or Ga atoms surround each Ga or N
atom. In an ideal wurtzite crystal the nearest neighbour atoms have a tetrahedral
arrangement. At room temperature and pressure, powder diffraction gives GaN lattice
parameters ofa = 3.186 A, c = 5.178 A and c¢/a = 1.625 50. Other values of lattice
parameters for GaN bulk crystals and epitaxial layers measured using x-ray

diffraction are given in 51 &52. WZ GaN has a density of~ 6.15 g/cm333 and undergoes
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a phase transition to the rock salt polytype at pressures of approximately 47 GPa for

bulk crystals 3.

3.1.1 Variation of wurtzite GaN lattice parameters with charge
carrier concentration, temperature and pressure

Factors that affect the size of the lattice include the electron density in the material,
chemical composition (stoichiometry and impurity concentration) >°, external stresses

and temperature *°.

The lattice constant variation with free electron concentration is shown in Figure 3-2
for various films. The lattice constants were measured using x-ray diffraction and the
free electron concentration was measured using far infrared reflectivity. Both lattice

constants have a approximately linear dependence on free electron concentration.
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Figure 3-2 Variation of GaN lattice parameters with free electron concentration 57
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The lattice parameters in Figure 3-2 marked Si-doped were taken from silicon (Si)
doped material and there are two data points for these samples: the lower results
include a calculated correction for the perturbing effect of the silicon on the lattice.

The larger results are the as-measured lattice parameters.
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Figure 3-3 Temperature dependence of WZ GaN lattice constants a and c for bulk crystals and

heteroepitaxial layers on sapphire 52,

The temperature dependences of the lattice parameters a and ¢ are shown in Figure
3-3 for both bulk GaN crystal and MBE grown GaN on (0001) Sapphire >2. The bulk
crystals have a very high crystal quality, exhibiting x-ray rocking curves with full

width of half maxima (FWHM) of ~ 30 arcsec (compared to ~15 arcsec for a perfect

524 58). As shown

crystal and 1-2 arcmin for heteroepitaxially grown GaN substrates
in Figure 3-3, ¢ for a bulk crystal and a heteroepitaxial film has a similar temperature
dependence; this is because, in this case, growth was on the (0001) plane of sapphire,
so that the film is free to expand and contract along the c-axis in the same way as the
bulk crystal. However, the movement of heteroepitaxial layers parallel to the substrate
is constrained by the substrate. Figure 3-4 shows how aluminium nitride (AIN) aligns

with the surface of (0001) sapphire.
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Figure 3-4 Schematic representation of the (0001) plane atomic arrangement in the case of
(0001) AIN film grown on (0001) sapphire

Heteroeptitaxial materials may be grown using a two-stage growth, whereby a
primary layer is grown onto a substrate at a low temperature and then a secondary
high temperature layer is grown on this primary layer. For growth of GaN secondary
layers, primary layers of GaN, AIN and InN have been used, though the first two are
used more commonly than the third. Providing the primary layer is thick enough and
the mismatch with the substrate great enough, at the high temperatures of the
secondary growth (> 600°C) sufficient misfit dislocations are generated in the primary
layer to leave the GaN layer unstrained by the substrate, and the layer is lattice
matched with the substrate >°. As the layer is allowed to cool the sapphire substrate
contracts more than the GaN layer due to its higher thermal expansion coefficients.
As the atoms in the film retain their positions relative to the atoms in the substrate, the
layer of atoms parallel to the substrate experience a compressive biaxial strain and
dislocations maybe produced to reduce the strain **% . An equation for a layer’s
critical thickness i.e. the thickness before any stress in the layer is relieved by the
generation of misfit dislocations is given in *° though experimental agreement with

the theory depends on the quality of the layer.
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Figure 3-5 Structure of an epilayer under biaxial compression: (a) pseudomorphic and (b)

relaxed with misfit dislocations.

Figure 3-5 illustrates a layer with a lattice constant greater than its substrate, with a
thickness (a) below, and (b) above the critical thickness. Below the critical thickness
the layer is strained by the misfit strain and the layer is latticed matched to the
substrate (called a pseudomorphic layer). Above the critical thickness the strain is

relieved by the creation of misfit dislocations.

3.2 Thermal properties of wurzite gallium nitride

3.2.1 Melting Point, Specific Heat and the Debye Temperature

The melting point of GaN is given as 2800 K ®'. This value was calculated
theoretically because, as is indicated in Figure 3-6, the equilibrium pressure of
nitrogen over GaN is very high at temperatures near the melting temperatures, i.e
GaN will dissociate before melting unless high pressures are maintained around the

sample. The nitrogen over-pressure at 2800 K is experimentally found to be > 4GPa
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and is extrapolated to a value of ~ 4.5GPa in ®' and references therein. This means
that bulk crystals grown by conventional methods such as Czochralski and Bridgeman
are impossible and has meant that most epitaxial growth of GaN has been performed

heteroepitaxially on foreign substrates such as Al,0; and SiC.
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Figure 3-6 Temperature dependence of the equilibrium N, pressure over IlI-nitrides .

A graph of the temperature dependence of the specific heat of gallium nitride at
constant pressure is shown in Figure 3-7. As can be seen there is a poor match
between the experimental data and the calculated dependence. The Debye
temperature at OK was calculated from the results as 570 K. This result is in good
agreement with the value of 600 K calculated by ®® and more recently the value of 586
K calculated in ®. However values of the Debye temperature as high as 700 and 830

K have been stated in the literature ¢ %,
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Figure 3-7. Dependence of a-GaN specific heat capacity on temperature, solid line calculated
data and red circles experimental data 7 The calculated temperature dependence of the Debye

temperature is also shown as an inset.

3.2.2 Thermal Conductivity

The thermal conductivity k of GaN has a theoretical limit of 4.1 W/cm K %% ®® which
is close to that of SiC. However at present all real GaN samples have thermal
conductivities lower than the ideal value. Films grown by hydride vapour phase
epixtaxy (HVPE) have given values of 1.3 W/cm K * and more recently 1.95 W/cm
K 7°. Lateral epitaxial overgrowth (LEO) films have been grown with regions with
thermal conductivities of 2.00 <k <2.10 W/cm K 7. Crystal imperfections in real
films such as lattice defects, dislocations, impurities and the inclusion of the less
abundant isotopes of Ga or N, "'Ga substituting ®Ga and '*N substituting '*N *

explain the discrepancy between the theoretical and experimental results 72,

* "'Ga, ®Ga, >N and '*N are the only naturally occurring isotopes of Ga and N
respectively, though Ga has 23 radioisotopes and N 10. The natural abundance of the
naturally occurring isotopes are ¥Ga: 60.108(6)%, "'Ga: 39.892(6)%, *N:
99.634(9)% and '°N: 0.366(9)%.
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The variation of thermal conductivity with film thickness is shown in Figure 3-8. The

increase of thermal conductivity with increasing film thickness is due to the increase

in crystal perfection associated with the increase in film thickness % 7.
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Figure 3-8 Dependence of thermal conductivity on the thickness of samples grown by HVPE on c-

plane sapphire ™.

Figure 3-9 shows the dependence of the thermal conductivity of HVPE grown films
on free electron concentration measured by either the Hall effect ny or by micro-
Raman techniques ng. The films have either varying thickness (A1-A6) or a 10um
fixed thickness (B1-B7). The decrease in thermal conductivity with increasing
electron concentration is due to the increased phonon scattering from free electrons
and impurities that is much larger than the increase due to the electronic component of

K 70.
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Figure 3-10 shows the variation of thermal conductivity with temperature ®. The

thermal conductivity peaks at a characteristic temperature T, of ~ 200 K for GaN.
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Figure 3-9. Thermal conductivity as a function of electron concentration determined from either

the Hall effect or micro-Raman measurements "’
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Figure 3-10 Temperature dependence of thermal conductivity for WZ GaN.

3.2.3 Thermal Expansion

Figure 3-11 and Figure 3-12 show respectively the thermal expansion coefficients in
the ¢ and a crystal directions at temperatures ranging from 294-753 K for GaN bulk
crystals (grown from solution of nitrogen in liquid gallium in 15kbar nitrogen gas
ambient), GaN epitaxial layers (grown by MBE on sapphire substrates) and sapphire

substrates.
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Figure 3-11. Dependence of a. on temperature for GaN wurtzite bulk (circles), GaN

heteroepitaxial layers (triangles) and a sapphire substrate (circles).
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Figure 3-12. Dependence of a, on temperature for GaN wurtzite bulk (circles), GaN

heteroepitaxial layers (triangles) and a sapphire substrate (squares).
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As may be seen in Figure 3-11 and Figure 3-12 the thermal expansion coefficients in
the ¢ and « directions of the GaN bulk and heteroepitaxial layer have similar values
for the entire temperature range. Figure 3-3 shows the behaviour of the lattice
constants of bulk and heteroepitaxial layers as they are heated; the lattice constant a is
modified by the effect of the substrate, whereas ¢ remains almost identical to the bulk

crystal.

3.3 Band diagram and related parameters of wurtzite gallium
nitride

The band diagram of wurtzite GaN calculated by the full-potential linearised
augmented plane wave (FLAPW) method within the local density approximation
(LDA) is shown in Figure 3-13 7 & 75 The first brillouin zone of wurtzite, Figure
3-14, shows the symmetry points and lines at and along which the energy dispersion

of Figure 3-13 (a) is calculated.
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Figure 3-13 Wurzite GaN band structure calculated by the full-potential linearized augmented

plane wave method %™,
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Band structures with features unlike those shown in Figure 3-13 have been published,
see for examples 77 %8, The first principles FLAPW band structure in Figure 3-13 is
chosen above the other diagrams as it is a first principles calculation and it gives
eigenvalue energies at the L ,, and r, points (see Figure 3-15) of the correct order as
given by the average of results given in ’’ see Table 3-2. The minimum between the L
and M points (along the U line) is in approximately the correct position (as given in
%) with energy below that of the el ; point as predicted by % Both diagrams also have
the features common to ‘most other band structures for the wurtzite polytype such as a

direct band gap.

-
Wurtzite
Figure 3-14 Wurtzite’s first brillouin zone

The WZ band structure shown in Figure 3-13 consists of four regions, three valence

regions between -0.8 and +0.5 Ryd (1Ryd = 13.606 €V) and a conduction region
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above approximately +0.6 Ryd. The electronic states that are attributed to each region
are given in Table 3-1 starting from the lowest energy band between -0.70 and -0.65

Ryd and continuing up towards the conduction band ”°.

Occupied Energy Interval (Ryd) Electronic States
-0.70 to -0.65 Mostly N 2s but upper sides hybridised
with Ga 3d
-0.55t0-0.38 Lower energy part Ga 3d upper energy
part hybridised Ga 3d and N 2s
-0.1t0 0.5 N 2s, 2p and Ga 4s, 4p.
Conduction band near I'j minimum N s and Ga s states

Table 3-1 Electronic states attributed to regions of the WZ GaN band structure.
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Figure 3-15 WZ energy band labelled with brillouin zone symmetry points (after 7).
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Conduction Band Point Energy above VBM (eV) Energy above CBM (eV)
r, 5.12 1.68
K°2 6.31 2.87
M°I 5.88 3.01
Acu 5.46 2.02
H: 7.57 4.13
L°l . 5.44 2.00

Table 3-2 Table of the energy of various wurtzite GaN conduction band points with respect to r 6

the valence band maximum at the I"point.

As is expected for a calculation performed in the Local Density Approximation, the

magnitude of the energy gap given by the FLAPW method is too small. The correct

magnitude is found through utilization of a quasi-particle correction using the GW

approximation '°. The experimentally determined room temperature /" point energy

gap for WZ GaN is 3.43 —3.44 eV, .

Table 3-2 shows the energy eigenvalues of significant points of WZ GaN’s

conduction band relative to the / point valence band maximum 7V, These energies

are taken as the mean of the entirely theoretical data presented in 77 where a more

comprehensive list of band point and transitions energies from several studies may be

found.
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Figure 3-16 Band structure of wurtzite GaN showing important conduction band minima and

valence band maxima '%.
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Figure 3-17 Valence band splitting at the I point due to the effects of the crystal-field (symmetry)

and spin orbit coupling ™,
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spin-orbit coupling

Figure 3-18 Diagram showing the upper valence band of wurtzite GaN near the direct band gap
74

Figure 3-16 shows a schematic of the WZ GaN band structure. An important detail is
the splitting of the / point valence band maximum (VBM) into three sub-bands due to
crystal field and spin orbit coupling. The crystal field splitting depends on the kind of
material, the ratio of lattice constants and the internal parameter u. Figure 3-17 shows
the effects of crystal field and spin orbit coupling and crystal field and spin orbit
coupling combined on the /75 point *. The three sub-bands caused by crystal field
and spin orbit coupling are labelled, /'y, /7 and /7. Sometimes /7 and /7 are given
symbols such as 7, and 7?;, to distinguish the upper and lower I'; sub-bands
respectively. The /" conduction band is then labelled /7. The sub-bands are also
labelled heavy hole (HH), light hole (LH) and crystal-field split off (CH) as shown in
Figure 3-16 and Figure 3-18. /5 band holes have a large mass in all k directions
whereas the upper /7 band holes are light in the k,-k, direction and heavy in the £,

direction and vice versa for the lower /7 band 74882

The energies of the valence subbands’ maxima relative to /75 are given in ** (after ).

At low temperatures photoluminescence and reflection spectra exhibit absorption or

emission lines due to free exciton transitions between the I';. conduction band and the
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three valence subbands. From these transitions, and a knowledge of the exciton
binding energy, A, and A, can be determined 85 Values for A, and Ao have been
determined by a number of separate studies and the values indicative of their variety
are shown in Table 3-3 %¢. The values recommended by reference 87 due to a recent

convergence of values are A= 10 meV and Ay, = 17 meV.

A, (=4) A, (=3A,=34,)
(meV) (meV)

22 ' 11

72.9 15.6

10.0+0.1 17.6x0.1*

22 15

Table 3-3 Values of the crystal —field splitting A, and spin-orbit splitting A,, in wurtzite GaN %

3.3.1 Charge Carrier Effective Mass

The I point conduction band minimum in wurtzite GaN is very nearly isotropic with

negligible anisotropy; a parabolic relation of the form

E(k)~E, + T certerrreesevareeretee e s et e et s et b et et st s Ao Rt st ebas st e s tares Equation 3-1
2m

closely models the energy distribution, where m", is the average electron effective
mass around the conduction band maximum and & is the wave number %8, The first I

point conduction band electron effective mass recommended in ¥’ for wurtzite GaN is

0.20 my.

The wurtzite I' point valence band maximum hole effective masses are not known
with as much certainty as the electron effective mass due to the valence band’s non-
parabolicity and the close proximity of the three valence subbands. The value

recommended in * is mo taken from the theoretical work by Suzuki et al. *;
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however, the more recent review by similar authors showed an increasing number of

experimental results with values lower than this. In their more recent review,

Vurgaftman and Meyer did not recommend a value for the hole mass but instead

recommended a set of parameters for use in a detailed band structure calculation from

which the hole behaviour may be predicted *’.

re me/mo
r—M@mb) 0.2856
- K(@mb) 0.2856
I — A (ml) 3.6227
Table 3-4 Electron effective masses at I‘c3 in various brillouin zone directions.
KCZ me/mg
K—T 0.7673
K—-M 0.7719
K—H 0.4357
Table 3-5 Electron effective masses at Kcz in various brillouin zone directions.
M-L CBM me/mg
I'-H 3.0375
K-H 0.3158
M 0.3858
L 0.3858

Table 3-6 Electron effective masses at the M — L conduction band minimum between the M and

L points. The effective masses are given for several directions in the brillouin zone. ¥’
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The effective masses along various directions in the brillouin zone for three of the

waurtzite satellite valleys are given in Table 3-4 to Table 3-6. Electrons in the

conduction band at the ", pointhave effective masses nearly isotropic in the basal
plane, with a mass much larger in a direction perpendicular to the basal plane. Large
differences between the effective mass components are also apparent for the valley

between the L and M points.

3.3.2 Temperature Dependence

The equations normally used to fit the temperature dependence of the energy gap in

semiconductors are Varshni’s formula and a Bose-Einstein model. Varshni’s formula

: 91
1S

E, (TY=E (0)- v 2 Equation 3-2
) = B () = e s uation 3-
& K (p+7) a

and the Bose-Einstein model is

a0,

exp(g%j -1

E,(T)=E(0)— —— 2t e Equation 3-3

B (which has no true physical meaning) is meant to have the same order of magnitude

92 & 93

as the Debye temperature (as has been demonstrated for GaAs ). ay and ap give

the magnitude of the limiting slope as T — o

......................................................................................... Equation 3-4

Tow»

and @ represents an effective phonon temperature
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T et et et e ete e et ee e et et e ettt he e e et e e e et e e r et e e e enneeeearaneas Equation 3-5

Experimental technique 1074 eV/K B (K}
Photoluminescence of FX 1A) 5.0 400
FXiB) 52 450
Photoluminescence excitation —5.08 —996
Photoluminescence of donor 7.2 GO0
Bound exciton
Absorption of epilayer 9.39 17
Absorption of bulk sample 10.8 745
Photoreflection of FX (A) 832 8356
FXB) 109 1194
FX ) 292 36989
Absorption of FX (A) 11.8 1414
Absorption 873 830
Reflectance of FX (A) 128 1190
FX (B) 129 1280
FXiC) 6.6 840
Absorption of MOCVYD sample 5.66 7379
Absorption of MBE sample 11.56 11874
Spectroscopic ellipsometry 8.58 7001 fixed)
6.06 8001 fixed)
Reflectance of zinc-blende GaN 6.697 600
Thenmomodulation 59 600

Table 3-7 Varshni coefficients for WZ GaN **

Varshni’s equation is empirical and ad hoc. The temperature dependence of the band
gap of WZ GaN seems to show a large variance, as indicated by the large spread in
the values of coefficients ay and f determined from fits to experimental data Table
3-7. The strain in the layers and the dependence of strain on temperature, the growth
temperature, the ratio of film-to-substrate thickness, crystallographic orientation of
the substrate, cooling procedure and the use of buffer layers has been cited as a reason
for the large variation of Varshni parameters reported in the literature, °2. Pissler °
recently pointed out that the wide variation is also partly caused by a combination of
the use of inadequate models such as Varshni’s equation and the Bose-Einstein model
to characterize the temperature dependence of films. The lack of data at high
temperatures and the lack of precise data in pertinent regions also affect the precision

of the reported results.

Pissler developed a model with a greater physical basis:
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a® z2(2r\ (21 _
EK(T)=EK(O)——2—[4\/1+—6—(6) +(—-®—J —l] .................................. Equation 3-6

which led the range of values of the characterising parameters « and @ taken from
results in the literature to be reduced by a factor of ten. The model suggested should
be used more often in the future. From the data given in %5 values for and @ of 6.53
and 612 are determined by averaging the results of the two studies that extend the data

to higher temperature regions.

In ¥ Varshni coefficients are determined by averaging the values from a large number

of studies. These average values are ay = 0.909 meV/°K and 8= 830 °K.

3.3.3 Strain Dependence

Two low temperature (10°K) WZ GaN photoluminescence spectra are shown in
Figure 3-19 for layers grown on (0001) 6H-SiC and sapphire. The dominant of both
spectra peak (labelled BX) are attributed to excitons bound to donors. The peaks
labelled FX* and FX® are free exciton transitions from the I' 7o to the Tgy and TV,
subbands, respectively. The transitions from I'5¢ to gy, I” M,,and T'®,, are often
called the A, B and C transitions, respectively, and the excitons which result from
these transitions the A, B and C excitons. The reason for the shift in the exciton
spectrum shown in Figure 3-19 is the strain in the layers. The dependence of the

exciton transition energies on strain is shown in Figure 3-20 *°.
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Figure 3-19 Photo luminescence of 3.7um GaN film on Al,O; and 4.2um GaN film on 6H-SiC
both films grown by MOCVD*®.

Figure 3-21 shows the temperature dependence of the A free exciton transition peak
energy for GaN films grown on various substrates. The difference between the
different layers is attributed to the different strain in each layer ®7_ Strain in the layers
is caused by lattice mismatch and the difference in thermal expansion coefficient
between the layers and the substrates (sapphire 7.5x 10° K™ GaN 5.6x10°K ™ and 6H
SiC 4.2 x10°K™") with the difference in thermal expansion contributing the most to
the observed strain °°. Hence films grown on Al,Os have a compressive strain and
those grown on 6H SiC have a tensile strain. The reduction in the difference as

temperature increases is attributed to the reduction in strain (Figure 3-22).

The difference between the thick HCVD grown layer and the homoepitaxial layer in
Figure 3-21 is harder to explain as both layers should be relatively strain free. One

possible cause is a difference in the free carrier concentration in the layers, the so-

called Burstein-Moss effect >°.
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The effect of strain on the valence band structure of WZ GaN is shown schematically
in Figure 3-23 " along with indications of the difference between axial and biaxial

strain (hydrostatic strain is when the strain acts equally in all directions).

(a) without (b) biaxial

A A

CH

ky <

(C) uniaxial

Figure 3-23 Schematic band structure in the k,-k, plane near the valence band maximum of WZ
GaN ™,
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3.3.4 Dopant ionisation energies

The approximate ionisation energy of some WZ GaN dopants are given in Table 3-8

99,100,101,102,103,104 & 105

Donors, Ionization Energy (E- E) (meV)

Impurity of Defect Ga Site N Site
Si ~28
Vn (N vacancy) 40

C 110-140

Mg 260
o ~29
S 48 £ 10
Te 50+20

Acceptors, lonization Energy (Ei- E,) (meV)

VGa 140

Si 190

Mg 140-210

Zn 210-340

Be 150-700

Li 750

C 890

Ga 590-1090

Ca 169

Table 3-8 Table of the energy required to ionize some intrinsic and extrinsic impurities used to

dope GaN
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3.4 Mechanical properties of wurtzite gallium nitride

3.4.1 Young’s modulus, Poisson’s ratio, Hardness, Fracture

Toughness, Elastic Moduli, Poisson’s Coefficient and the
Bulk Modulus.

The Young’s modulus of a material is defined as the initial stress divided by the initial
strain for a tensile stress acting in one direction only with the sides of the material

unbound Figure 3-24. In this situation Poisson’s ratio is defined as (dw/w)/(8l/1) (see
Figure 3-24 '%%).
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Figure 3-24 Schematic illustrating the meaning of the Poisson ratio.

Values of Young’s modulus are reported in 107.108,109& 110 - A ] these studies use nano-
indentation to determine hardness and Young’s modulus. The value recommended
for Young’s modulus is 295 = 3 GPa from "% The merit of this study is that it was
performed on bulk GaN and thus avoided the effects of the substrate and the large
numbers of crystal defects associated with heteroepitaxial layers of GaN "0 The
recommended value of true hardness, 30 GPa, is also determined from 10 The value
from this study is preferred as it was performed on bulk GaN with the associated
bonuses of that material and it utilizes the nano-indentation technique which has high

accuracy compared to conventional Vickers micro-hardness testing Ho
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The fracture toughness of WZ bulk GaN, a parameter characterizing the materials

resistance to failure under load, is given as 0.79 + 0.1 MPa m'2 !,

The elastic moduli of a material relate the stress and strain in a material when
Hooke’s law is still applicable '®. Many values of the elastic moduli have been

H2&113y  The recommended values are those given by

published (see for examples
Polian et al. These are C;; = 390 GPa, C,= 145 GPa, C;3 = 106 GPa, C;33 = 398 GPa,
and C44 = 105 GPa. The zero pressure bulk modulus calculated with these values

from the equation

B. = (Cn +C12)C33 - 2C123
° ¢, +C,+2C,, -4C,,

............................................................................ Equation 3-7

is 210 £ 10 GPa. These values agree well (though not completely) with other
experiments performed on epitaxially grown GaN 13&114 1t is assumed that the
difference in values is due to the difference in quality of the material. The

I, '3, were performed on high quality bulk crystals grown

measurements of Polian et a
by high temperature, high pressure solution of nitrogen into liquid Ga, hence their
measurements are likely to be more indicative of the true GaN material properties as

opposed to the defect ridden epitaxial layers.

Poisson’s ratio was determined as v = 0.23 + 0.06 in ''°, in agreement with the value
of 0.25 quoted in ''°. The high uncertainty in the former value is due to the presence
of both hydrostatic and biaxial strain in epitaxial layers, the hydrostatic strain due to
the effect of point defects and the biaxial strain due to the lattice constant and thermal
expansion coefficient mismatch between the substrate and film '8 Hydrostatic strain
is when the strain acts in all directions equally whereas biaxial acts in two directions
only. Using a Poisson’s ratio of 0.23, values for the bulk modulus (B¢) and Young’s

modulus were calculated as 200 and 290 GPa, respectively ',

The bulk modulus, which relates hydrostatic pressure to changes in volume, has been
determined recently for GaN powder as 202.4 GPa. This value agrees well with

theory (~200 GPa) and with the value determined from measurements on GaN bulk
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crystals 207 + 3 GPa 1 " The recommended value is 207 + 3 GPa, concurrent with
the value predicted by the elastic moduli of ''* and close to the values predicted in ''®.
Because of the discrepancies between the values of the bulk modulus and Young’s
modulus predicted using a value of Poisson’s ratio of 0.23, the recommended value

for Poisson’s coefficient is 0.25.

3.5 Electrical properties of gallium nitride

3.5.1 Unintentional Doping

As grown GaN is un-intentionally doped n-type ''”. When GaN was first grown for
electronic applications the free electron concentration was much higher 1 x 10'° - 1 x
10%° cm™ than in films grown today ~ 1 x 10'® cm™. The unintentional donors were
initially thought to be native defects as the amount of impurities measured by
secondary ion mass spectroscopy (SIMS) was smaller than the electron concentration

(n) by several orders of magnitude ''® % 11°,

In 1969 Maruska and Tietjen suggested the nitrogen vacancy (Vy) as the active defect
'8 and theoretical studies predicted Vy as a shallow donor'?* 2! 122 However the
calculated formation energies of various defects indicated that Vy was less likely to
form than silicon on a gallium site (Sig,) and oxygen on a nitrogen site (Oy), both of

. . . 123 & 124
which are also donor impurities. 120, .

L. 125

Zhang et a claimed evidence for Vy being the dominant donor when the Hall

carrier concentration was < 10'” cm?. Other evidence for Vy is the increase of sample
resistivity with increasing nitrogen flux exhibited by MBE grown films 26127 & 128
Logically the amount of nitrogen vacancies should decrease as the nitrogen flux
increases; however, the amount of oxygen in the film should also increase since
contamination of the nitrogen source particularly ammonia is thought to be a major
source of oxygen contamination 129 Other lesser sources of oxygen are desorbtion of
water from the chamber walls or oxygen from the chamber quartz '*”%'*°, The above

argument is not conclusive, however, as the increase of nitrogen flux and reduction of
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nitrogen vacancies could mean fewer sites where Oy can form. Also there could also
be a corresponding increase in gallium site vacancies (Vg,) or nitrogen interstitials
(N)) (a triple and single acceptor respectively) as the nitrogen flux is increased '2% 2! &
122 These acceptors would act to compensate any donors, reducing the material’s

resistivity '%’.

D.C Look et al. *! have irradiated GaN with high-energy electrons and argued that
nitrogen vacancy — nitrogen interstitial (Vn-N;) Frenkel pairs are formed during the
irradiation. From variable temperature Hall effect measurements (VTHEM) it was
deduced that Vy has an activation-energy of 64 £ 10 meV. This is the only semi-
direct observation of nitrogen vacancies and the only experimental evaluation of the
ionization energy of the nitrogen vacancy. If the donor energy of Vy is in the region
of 64 meV it makes it less likely that Vy is the principal dopant of unintentionally
doped GaN 131 & 117

Oxygen exhibits a very characteristic behaviour in nitrides. In GaN, it behaves as a
shallow donor, but when the band gap is increased (either under hydrostatic pressure,
or by alloying with AIN), the oxygen undergoes a transition to a deep centre (a so-
called DX centre). In this new configuration, shown in Figure 3-25, oxygen is a deep
acceptor and compensates the material. Note that the oxygen atom (shown moving 0.9
A in Figure 3-25) moves away from its normal-substitutional site by almost one
angstrom. Perlin et al. thought that the reduction in carrier concentration exhibited by
GaN films at high pressure was due to the conduction-band-resonant Vy energy level

121&122 crossing the conduction band maximum (CBM) into the

predicted by theory
forbidden energy gap at high pressures '**; however, later they attributed the same
behaviour to oxygen impurities that have a DX like behaviour '** & **. The similar
behaviour of unintentionally doped and oxygen doped materials when put under
pressure has been taken as proof of the oxygen as the unintentional donor '**. Other

. . . C 8&1
lesser evidence suggesting oxygen as the dominant donor is given in 136,137 138 & 129
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Figure 3-25 Illustration of the formation of the DX centre in GaN (see main text above) 13

Ec- ED/ meV

235+ 1
-40+ 10
10
4
Degenerate
325
29
28.7
31.1
332+ 1

Room temperature Free carrier

concentration / cm'3

>1x 10"
Ix 10"

S5x 10"
1.5x 10*
6x 108-4 x 10"
~1.5x 10
5x 10"
<5x 1016
<1x 10T
~1x 10"

Technique

VTHEM
EXTR
VTHEM
VTHEM
VTHEM
VTHEM
VTHEM
VTHEM
IT
FTIR

Reference

136

14U & 133

137

138
141
142
143 and 146

144

Table 3-9 Experimentally observed oxygen activation energies (EGED) from various studies

measured by EXTR: Extrapolation of level-pressure graph, IT: infrared transmission, VTHEM:

variable temperature hall effect measurements and FTIR: Fourier transform infrared

spectroscopy.

Interestingly enough silicon is shown not to undergo any changes up to a pressure of

27GPa 133. These results mean that oxygen becomes a deep level in AlGaN when the
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aluminium concentration exceeds about twenty percent, whereas silicon will behave

as a shallow donor up to nearly sixty percent 133,

The theoretical ionisation energy of the oxygen donor (oxygen substituted for
nitrogen (Oy)) was calculated as 32.4 meV and 31.4 meV in 4> & 14, Experiments
give a range of values for oxygen’s energy level at room temperature and pressure,
from ~ 40meV above the conduction band, to ~ 33 meV below see Table 3-9. The
values 0f 4,10, 23.5, 29, 28.7 and 32 meV in Table 3-9 were all determined by
VTHEM, whereas experimenters using Fourier transform infrared spectroscopy
(FTIR) measured a value of 33.2 meV. It must be remembered that VTHEM gives
only a lower bound on the ionization energy '**. Also, it is expected that the optical
energy required to activate a donor will be > 15% greater than the thermal energy '*.

This would mean that all the results, with the exception of those of reference 137

agree. Also at high donor concentrations the ionisation energy is expected to fall '’
and eventually the donor band will merge with the conduction band at a density of 1
x 10" cm™ - 6 x 10'® cm™ '3 126 (and references). This effect is clearly shown by the
samples in '** (see Table 3-9).

13 & 144 (e samples

The reason for the discrepancy between the results of references
with carrier concentrations of 1.5 x 10'® have ionization energies of 4 and 32+ 5 in
separate films) is unclear. VTHEM has been stated to give possibly inaccurate

149& 141 - Other effects include free

readings '** possibly due to an uncertain ry value
carrier screening, which may reduce the activation energy, compensating acceptor

affects and the affect of strain '*°.

Siga was also put forward to explain the measured conductivity of as grown GaN,
though less evidence to support this has been presented °°% ! Silicon as an
unintentional donor could come from any quartz used in the chamber, contamination
of the gallium precursor, or contamination of the chamber from previous growth runs.
Silicon is the most commonly used intentional n-type dopant. The theoretical value of
its ionisation energy is 30.8 meV; other transition energies are given in '*°.
Experimental values for silicon’s ionisation level are shown in Table 3-10. The value
of 29meV has been questioned '**. Jayapalan et al.'> have shown that their results

are consistent with the VTHEM results of Gétz et al.'® 0
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Ec-Ep Room temperature free carrier concentration )
3 Technique | Reference
(meV) (cm™)

30.18 +0.1 ~1x10" FTIR S
12-17 ~6x10"7-1x10" VTHEM 0
29 ~1x10" EIT Bl
22 Unspecified LTP e
17 ~2x 10" VTHEM “”

Table 3-10 Experimentally observed silicon activation energies (Ec — CBM energy, Ep — Oxygen
donor energy, EIT extrapolated infrared transmission, LTP low temperature

photoluminescence).

3.5.2 Electron mobility

Figure 3-26 shows the mobility temperature dependence for a freestanding, thick
HVPE film, i.e. where the film was originally grown heteroepitaxially on a substrate
(here c-plane sapphire) and, post growth, removed from the substrate to give a quasi-

bulk GaN wafer '>>.

The mobility temperature curve is well modelled by contributions to scattering from
only piezoelectric scattering, polar optical phonon scattering, acoustic mode
deformation potential scattering and ionized impurity scattering. At high
temperatures polar optical phonon scattering is the dominant scattering mechanism
and at low temperatures scattering from ionized impurities is the limiting scattering
mechanism. The fact that only these four scattering mechanisms need to be
considered to model the mobility-temperature dependence is an indication of the high
quality of the films and of their freestanding nature. Similar high quality freestanding
films have been grown by Huang et al. 134 The Hall mobility-temperature curves for

their samples are a close match to the one shown in Figure 3-26.
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Figure 3-26 Hall mobility dependence on temperature for free-standing 200pum thick n-type GaN

grown by HVPE originally on c-plane sapphire substrate 154

In n-type films of lesser quality other scattering and conduction mechanisms have to
be included to model the Hall effect measurement results. These other mechanisms
include scattering from nitrogen vacancies '*°, scattering from regions of cubic phase

157,158,159 & 160

in WZ films'®, scattering from dislocations , scattering at grain

boundaries in some MBE grown layers el phonon assisted impurity band conduction

162.163 & 164 and conduction in a degenerate layer next to the substrate in films grown

165,166, 167 & 168

by both hydride vapour phase epitaxy (HVPE) and metal organic

chemical vapour deposition MOCVD skl s Deep traps can also be an issue (see
172y

An example of the mobility-temperature curves found for less perfect crystals is
shown in Figure 3-27, where pimeas is the as measured mobility and p and gy are the
predicted mobilities of electrons within the conduction and impurity sub-bands of the
sample, respectively. As can be seen, the sample shows a very different temperature
dependence with a peak in mobility at approximately 200 °K and a drop off of
mobility as the temperature decreases. Also the peak mobility is over ten times less

than that in the freestanding sample at the same temperature.
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Figure 3-27 Temperature dependence of electron mobility in a film that clearly exhibits impurity

band conduction at low temperatures '”*.

Figure 3-28 shows the dependence of the room temperature mobility of ECR-MBE
grown films on free carrier concentration and dislocation density. The films were
grown on a low temperature GaN buffer layer on c-plane (0001) sapphire substrates
with a nitridation step prior to growth of the buffer layer '*’. Varying the amount of
silicon included in the layer during growth varied the carrier concentration; varying

the nitridation time and the buffer layer thickness varied the dislocation density.
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Figure 3-28 Dependence of mobility on free carrier concentration '’
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At high free carrier concentrations the mobility of the samples of Figure 3-28 can be
seen to have a linear dependence, as would be expected if ionized impurity scattering
were the dominant scattering mechanism '*’ % '>%, At lower free carrier concentration

1574 138 the cause for this is cited as the

the linear dependence breaks down. In papers
effects of dislocations. Dislocations introduce acceptor states along their length
which accept free electrons and thus when ionized create a space charge along the
length of the dislocation which acts to scatter electrons '°. At high free carrier
concentrations the charge of the ionized dislocation is screened and their effect is

minimized. A similar effect has been observed in MOCVD films '°’.

3.5.3 Electron Drift Velocity

Figure 3-29 ' and Figure 3-30 '"* show the dependence of MOCVD grown GaN
electron drift velocity on electric field strength, where the velocity-field characteristic
was determined by the conductivity technique and time of flight technique,
respectively. The conductivity technique gives a better match to theoretical peak
velocities but does not show well the saturation at high voltages. The time of flight
technique shows the opposite with a clear saturation at an electric field greater than
225 kV/cm but no obvious peak and a lower velocity at all fields. The voltage range
in the conductivity technique experiments was limited by breakdown of the structure
under test. In both experiments imperfect films were cited as a cause for the
disagreement between theory and experiment. In the conductivity experiment the
disagreement between theory and experiment in the pre-peak portion of the curve was
specifically attributed to defect ridden material. Also in the time of flight experiment
it was suggested that a reduction of the separation between the two lowest CBMs at
the / point from 2 eV to 0.34 eV (in agreement with the results of ballistic-electron
emission spectroscopy) would bring experiment and theory into closer agreement '7°.
The difference between the band structure found in real GaN films and that predicted
by theory is explained by the effect of strain on the band structure '’°. However even
with the inclusion of the correction of the band gap the results still show a large

discrepancy see (Figure 3-31).
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Figure 3-29 Electron velocity-field characteristic for WZ GaN determined by conductivity
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Figure 3-30 Electron velocity-field characteristic for WZ GaN determined by time of flight
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Figure 3-31 Calculated velocity dependence on electric field with (solid line) ~ 2eV and (dashed

line) ~ 0.34 eV separation between the two I" conduction bands.

The Monte-Carlo simulation result shown in Figure 3-31 for WZ GaN exhibits several
characteristics common to other similar simulations. At low fields the electron
velocity increases rapidly with field. There is then an inflexion and a slower increase
to the peak velocity. After the peak there is a region of negative differential electron
mobility, which is due to an increased occupancy in the lower mobility satellite
valleys '"’. Of the two experiments that determined field-velocity curves, the time of
flight technique gives a curve that most closely resembles that in Figure 3-31.
However the conductivity experiments were well fitted by another full band Monte-

Carlo technique see Figure 3-29.

3.5.4 Dielectric Dispersion

The two high frequency (&) and static (&) elements of the tensor needed to describe
the dielectric dispersion for wurtzite GaN due to the lattice interactions with electic

fields incident parallel to the ¢ axis (extraordinary & = g£)) and perpendicular to it
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(ordinary £, = g, = &), found by two theoretical '’ 4179 and three experimental
studies are shown in Table 3-11. The arithmetic mean of the results is given in the
bottom row of the table. The experimental results quoted are all referred to in '”® but

are here quoted separately again to aid commentary.

Referenced (Ex)xx (Ew)zz (&s)xx (&s)zz
Article

e 5.2 5.39 9.24 10.35

T80 5.29 5.29 9.28 10.2

e 5.21 5.41 9.25 10.34

Mean Results 5.23 5.36 9.26 10.3

Table 3-11 Table of the dielectric constant tensor elements for wurtzite GaN.

The dielectric constants from both '"®%!'”® were calculated using the Lyddane-Sachs-
Teller relationship (Equation 3-8 where « is either x or z) once the longitudinal and
transverse optical phonon frequencies at the zone centre (0’Lo and w10,
respectively), and the high-frequency dielectric tensor (€.) had been calculated ab
initio within the framework of density-functional perturbation theory. The workers in
'80 yused a similar method, but with optical phonon frequencies determined by

Gaussian and/or Lorentzian fits to Raman spectra and single values for (€«)xx and

(€0)zz determined in infrared experiments performed by them, but not documented.

.............................................................................................. Equation 3-8

3.6 Summary

Various properties of wurtzite gallium nitride are presented. At the time this was
written almost all gallium nitride was of the wurtzite type though cubic gallium
nitride was also being studied. The values chosen were selected after a wide ranging

search of the relevant literature, as representing the most representative values
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available at the time. The reliance of data taken from gallium nitride grown by
compression of gallium and nitrogen at high temperature rather than on data taken
from films grown epitaxially on foreign substrates means that the data is as close to a
theoretically pure crystal as will probably ever be possible; and hence should not need

revision as the crystal quality of the epitaxial films improves.
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4 Dielectric resonance method of conductivity

measurement

4.1 Introduction

When a wafer of semiconductor is grown it is necessary to characterise it before any
work is carried out on it ensuring that no time is wasted working on an inadequate
wafer and aiding interpretation of results; furthermore if the wafer shows conduction
less than would be expected from the suppliers specification, it may be sent back to
the supplier before it is damaged. It is of course advantageous if the method used to
measure the conductivity of a wafer is simple, cheap, easily put into practice, requires
no prior knowledge of working with the material involved, does not affect the
material in any way (i.e. the material is left unchanged by the technique) and it is

applicable to all materials.

The most commonly used non-destructive method of measuring the conductivity of a
semiconductor is the four-point probe method; this method is relatively simple, cheap,
easily put into practice and is non-destructive; however, this method relies on the
semiconductor being either sufficiently thick or conductive to conduct enough current

to allow both a voltage and current measurement to be taken.

For thin, micron-thick epilayers the most often used method of measuring the sheet
resistance or conductivity of the wafer are TLM measurements or Van de Pauw Hall
Effect measurements, both these suffer from the fact that a working process (cleaving,
photoresist patterning, etching, ohmic contact deposition) must already be in place for
the material, as well as facilities to take the measurements. Also, any processing of
the wafer might affect the conductivity of the sample, leading to erroneous

measurements.

What would be ideal would be a method of measuring the conductivity of a thin

epilayer structure without having to process the wafer, a method like the four-point
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probe method but applicable to very thin films. In this chapter a simple and non-
destructive method of measuring the conductivity of a thin film, that does not require

the wafer to be processed in any way is described.

Because the bandwidth of the resonant peak of a resonant system is proportional to
the energy stored in the resonant system divided by the power lost from it, introducing
an additional method of power loss to the system causes the bandwidth of the
system’s resonant peak to increase. A small dielectric puck of high dielectric constant
may be made to resonate at microwave frequencies and the resonance in this case is
an electro-magnetical resonance and the resonant energy stored in the system is
transferred between the electric and magnetic fields. If a conductive wafer is placed
into such a resonant system, the bandwidth of the resonant peak widens due to R
ohmic losses. As is shown later in the chapter because the electric fields generated by
the dielectric resonance are confined very close to the dielectric the electric field
through the wafer varies as the dielectric is moved to and from the surface of the
wafer. Calculations based around the fields in the cavity and in the wafer as a function
of distance from the wafer (calculated with a suitable numerical field solver) can be
fitted to the experimentally observed variation of the bandwidth of the resonant peak
as a function of distance from the semiconductor wafer. This fit can be used to yield a

value of the conductivity of the wafer.

The first part of this chapter gives in more detail the theory behind the experimental
method including modes in dielectric resonators and the use of discrete component
circuits to model such resonant cavities. Later, the experimental apparatus and method
that was used are described and finally the results that were taken from one of the
gallium nitride wafers that were bought for the purposes of this project are given. The
conductivity value obtained is compared with the result expected and the method is

discussed.
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4.2 Theory

Figure 4-1 Schematic showing a cylindrical dielectric puck of dielectric constant e, surrounded

by air with a dielectric constant approximately equal to Eo

101
In cylindrical co-ordinates Maxwell’s equations may be written

Equation 4-1

Equation 4-2

dH<j, 1 8Er
dz c dt
1 d (r eHa ) _-__1___6.15_]:_ =()
rodr Y ¢ dt
SEr (FEz1 SHA

Equation 4-3

dz dr c dt

1 a’E7= B

Equation 4-4

d
reEr)H
dr( 7z

r

and

Equation 4-5
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——-——-(r-E¢) ————— (FHp ) =0 iriniecscsscssssssenssssasssssssassans Equation 4-6
r C

d d 1 OE

6—-(—H,)—5.(—HZ)+Z-%=0 ............. Equation 4-7
l-i(—r-Hr)+£-(—Hz)=0 ........................... vevenseesasnsasanrasaane Equation 4-8
r or 0z

As may be seen the first set of equations has only a ¢ component of the magnetic field
and only z and » components of the electric field. Similarly the second set of equations
only has only a ¢ component of the electric field and only z and » components of the
magnetic field. The solutions of these equations which, for the case of a cylindrical
dielectric resonator such as that shown in Figure 4-1 must be found numerically, are
the transverse magnetic (TM) and transverse electric (TE) modes of the resonator
respectively. In the case of TM modes the magnetic field is always transverse to the z
axis and in the case of the TE modes it is the electric field that is transverse to the z-
axis. These are not the only solutions to the Maxwell equations for a dielectric
resonator: hybrid modes that are neither TM or TE do exist. Furthermore, in the case
of a cylindrical dielectric placed concentrically in a cylindrical cavity or in free space
it is possible to classify the TM and TE modes as TMy np and TE, 5 p modes where
the m specifies the azimuthal variation given by either cos(m¢) or sin(m¢) and » and p
refer to the number of field extrema within the DR in the radial and axial directions

respectively '*%.

One of the numerical field solvers that may be used to solve for the electric and
magnetic fields of resonant cavity problems is Superfish which, uses finite element
modelling (FEM) '8, Superfish calculates electric and magnetic fields and the
resonant frequency of the resonant mode closest to the initial conditions. Superfish
creates a fine mesh of points within the geometry of the given problem and solves for
the fields at these points. In its natural state Poisson Superfish will solve for the TM

modes of the problem given to it; this is because the Superfish program had as a
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principle application the modelling of particle accelerators which require the electric
field to have an axial or z component (see Figure 4-2). However, due to the symmetry
in the electric and magnetic field vectors described in Maxwell’s equations it is
relatively simple to transform the data for the TM mode output by Superfish into data
pertinent to TE modes. In cylindrical co-ordinates Superfish will report values of E,

and £. in MV/m and Hyin A/m. To convert these field components to the

corresponding fields for the TE mode H,, H; and E4 the following three equations

must be applied '¥.

MV -6 A
£ M- 21071y 4]

m

- -6 _
H, A =(- 1—O—) -E, M Equations 4-9
m Z

§ -6 r
A 10 MV
Zl=(-—) - E;| —
| m | A L m

where Z is the dielectric material’s impedance given by
z= |2
£

In the absence of any material p = i and € = g9 and Z becomes the impedance of free
space Zj equal to approximately 376.7Q. Different boundary conditions also need to
be applied to the TM and TE mode problems and the material properties must also be
changed i.e. the relative permittivity and permeability of all the materials in the
problem definition need to be reversed. Also care has to be taken with the other
results calculated by Superfish from the data e.g. in the graphical output of the field
lines generated by WSFplot (part of the Superfish program package) the lines of

constant E; or rH s have to be understood as lines of constant H, and rE4 respectively.
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Figure 4-2 Schematic showing the field lines in a cylindrically symmetric cavity resonating in a
TM mode. For a TE mode the electric and magnetic fields are interchanged and their directions

are reversed. The magnetic field lines are out of the plane of the paper above the z axis and into

the paper below the z axis.'®,

Figure 4-3 Schematic of the magnetic field lines of the TE(;; mode

When resonating the electric field is much greater within the dielectric than outside,
with the electric field magnitude reducing exponentially with distance from the
dielectric (see Superfish graphical output in Appendix B). A schematic of the
magnetic field lines of a dielectric resonator resonating in the TEq;; mode is shown in
Figure 4-3. The TE;; mode is utilised as it is a high Q mode 185. also, in the case of
the dielectric used in the experiments the resonant frequency of the TEy;; mode was
well clear of the cavity resonances. As may be seen the magnetic field lines of the

TEo11 mode are similar to those of a coil of wire. From this analogy it should be
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possible, experimentally, to couple e-m energy to the TEq;; mode of the resonator by
passing an oscillating current through a coil positioned so as to have the greatest
amount of flux linkage with the mode as possible; the more flux linkage between the
coil and the mode, the greater the excitation of the mode. In this respect the dielectric
resonator resonating in the TEq;; mode is analogous to the discrete resonant circuit
shown in Figure 4-4 where the dielectric is represented by a LRC resonant circuit with

M, the coupling coefficient between the resonant mode and the excitation source.

[f there were no losses from a resonating system then the system would carry on
resonating forever; however, no resonant system will resonate ad infinitum if
whatever system is driving it to resonate is removed. The time that the system takes to
stop resonating once the driving system is removed is quantified by its Q. A general

definition of Q is

_ w,(time averaged energy stored in system)

....................................... Equation 4-10
energy loss per second from system

where @ is the resonant angular frequency of the system equal to 27f; where f) is the

resonant frequency of the system '*.

Figure 4-4 Circuit diagram of the discrete element circuit analogous to coupling to a mode of a

dielectric resonator with a coaxial cable loop.
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If the dielectric resonator is depicted as in Figure 4-4 neglecting the coupling to the
voltage source then the resonator may be analysed as in '*® and we learn that

impedance of the system is at a minimum when it is purely resistive and more

importantly that
0= _f_(l ..................................................................................................................... Equation 4-11
Af

or that the Q of the sysfem is equal to the resonant frequency divided by the FWHM
bandwidth. In other words, if it were possible to measure the FWHM bandwidth
(bandwidth) and resonant frequency of the resonant peak then the Q of the system

would be quantifiable.

1:n; n,:1

Figure 4-5 Equivalent circuit of a dielectric resonator coupled to a voltage source and to a

resistive load by two loops '*".

Figure 4-6 Equivalent of Figure 4-5 with the transformers taken into consideration and removed.
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In order to measure the bandwidth of a dielectric resonator (excited by a loop),
another loop may be coupled to the resonant mode of the dielectric. In this case the
equivalent circuit of the system is shown in Figure 4-5 where Z, is the impedance of
the transmission line system. Transforming the resistances and the voltage source
gives Figure 4-6. From standard circuit theory it may be shown that the Q of an LRC

circuit (the equivalent of the dielectric) is

oy = v sssnes seeeteesesarsast s es s s sna s eas sasastsenesann Equation 4-12

where Q, stands for unloaded Q. From the equivalent circuit of Figure 4-6 it is easily
seen that when the dielectric resonator is coupled to a power source and to a load then

the Q becomes Equation 4-13.

-L
oL = e e Equation 4-13

2 2
R+ny-Rq+n5-Rp

where Q is the loaded Q. The difference between these two Q factors is that the
second contains losses due to the power source and load whereas the first is the Q due
only the LRC circuit or its equivalent, the dielectric resonator. The first is called the
unloaded Q and the second the loaded Q); it is always the loaded Q that is measured
and if the unloaded Q is required this must be extracted. For a transmission line
supplying power to a load impedance such as a cavity or dielectric resonator unless
the load is matched to the impedance of the transmission line (usually 50Q) the
incident wave carried by the transmission line will be both reflected and transmitted at
the junction between the transmission line and the load. This case is shown

diagramatically in Figure 4-7.
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Figure 4-7 Diagram of transmission line with impedance Z supplying power to a load of

impedance Zj,.

The voltages generated by the incident and reflected wave interfere constructively at
the interface and the currents generated at the interface interfere destructively. From

this we may say that

VIV T 2V e reeeeeenens EQuAtion 4-14
and

VY oV T 21 Z() eeseeesssrsessssssssssssssssssssssssssssssssssssssssssssssssssssss s Equation 4-15
or that

W =I(Zjy + Z) werrrererrrrsie et sss s Equation 4-16

Hence the equivalent circuit of Figure 4-7 is Figure 4-8; note that the voltage driving
the equivalent circuit of Figure 4-8 is twice the voltage generated by the source in

Figure 4-7.
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Figure 4-8 Equivalent circuit for a transmission line of impedance Zj supplying power to an

impedance Z;,, V" is the voltage generated by the source.

The equivalent circuit of the two port coupled resonator circuit at resonance is shown

in Figure 4-9.

Zy R
] B t

®® & I I I A
A A A
[

M, M,

Figure 4-9 Equivalent circuit of full 2-port resonator circuit at resonance, M, and M, are the

mutual inductance coupling the resonator to the external circuitry and Z, is normally 500Q.

Analysis of the circuit shown in Figure 4-9 with the Kirchoff laws leads to Equation

4-17 at resonance (i.e. ® = o)

T o e Equation 4-17

84



where

a)z-Ml2 J w2 -Mg'
=— an o e ettt sat b e st s e nar s E tion 4-18
gl RZO g2 RZO qua on

are the coupling coefficients to and from the resonator and S,, is one of the circuit’s
scattering parameters, its voltage transmission coefficient '*®. Assuming symmetrical

coupling i.e. (g; = 2> = g) Equation 4-17 gives

S
2g = L S Equation 4-19

since

1 1 1 1

= + o st Equation 4-20
0L Qu Qel Qe2
and
Oel = Qu and Qp) = T Equation 4-21
&1 g2
1 1 1 .
= 2 Equation 4-22
0r Qu Qu
and hence
oy = L Equation 4-23
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i.e. a knowledge of S, allows the unloaded Q of a resonant circuit to be calculated.

S,) itself may be found from the insertion loss measured by a Network Analyser as

|
S21 =10 20 oo Equation 4-24

where IL is the insertion loss '%8.

As may be seen from Equation 4-10 the Q of a resonant peak (and hence the
bandwidth) is proportional to the power lost from the system, the greater the power

lost the lower the Q and the greater the bandwidth.

In the case of a dielectric resonator in free space, power is lost from the system due to
damping in the dielectric itself and due to radiation of energy into free space.
Although nothing can be done about the first loss mechanism (providing the dielectric
material is given), the loss of energy through radiation can be made negligible by
enclosing the dielectric resonator in a metal cavity. Although the enclosure of the
dielectric in a cavity introduces another loss mechanism due to conduction in the
metal walls of the cavity, because the losses due to radiation are very much greater
than the losses due to conduction in the cavity walls, the net effect is a dramatic
increase in the Q of the resonant peak. If the metal cavity is cylindrically symmetric
then the only other way in which the resonant peak will be changed by the enclosure
in a cavity is that the resonant frequency of the modes will shift. The exact resonant
frequency shift will depend on the shape and type of dielectric and the size of the
cavity. The resonant frequency shift is due to the containment (squashing) of the e-m

fields into the cavity.

From the above, if the dielectric is resonating in a TE mode there will be an azimuthal
electric field in a region surrounding the dielectric. If a semiconductor wafer is
introduced near to the resonator as shown in Figure 4-10 then the azimuthal electric

field will excite a current in the wafer.
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Dielectric

Semiconductor wafer Element of semiconductor

Figure 4-10 Schematic showing how a cylindrical dielectric puck and a circular semiconductor
wafer may be juxtaposed in order for the azimuthal fields of a TE mode to excite conduction and
therefore I2R losses in the semiconductor. Above, as viewed from the side, below as viewed from

above.

The power lost when a current flows in an element of semiconductor volume

dVv =2n t r dr

(see Figure 4-10) is

<7

where J#is the azimuthal current density and a is the conductivity of the
semiconductor. Intergrating this expression for the entire semiconductor wafer and

expressing explicitly the dependence on » we have
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which, because J=0.E gives

Pds =2-r-t-o- r-Eg(r)-dr

i.e. that the power dissipated in the semiconductor is proportional to the square of the
azimuthal electric field in the semiconductor. Approximating the integral as a

summation and including the conversion factor Z given in Equations 4-9 gives.

R
Pds=2'7r-t-0'~%:r'2x10_6-H;(r)-Ar ............................................... Equation 4-25

Where Ar is the width of an actual element of semiconductor and Hj is the azimuthal
electric field calculated by Superfish. From Equation 4-11 and the general definition
of Q the bandwidth of the resonant peak of a dielectric resonator excited in a metal

cavity close to a semiconductor wafer may be written

P P P
Af(s)= ds (S)2+” %‘: R Equation 4-26

where the dependence of the power dissipated in the semiconductor Py and hence the
dependence of frequency bandwidth 4f on the separation between the dielectric and
the semiconductor s is shown explicitly. P, and P, are respectively the power
dissipated by conduction in the walls of the metal container and the power dissipated
in the dielectric itself; U is the energy stored in the entire system which at resonance

is equal to 182

88



U= 231 . _ﬂE,‘|2dVl‘ ........................................................................................ Equation 4-27

where the summation is over all the materials in the resonant system and ¢ is the
dielectric constant of each material. On inclusion of the conversion factor given in

Equations 4-9, Equation 4-27 becomes

" )
HO " Hi -12 2
U= E = %10 z H*% .
' 2 X 4 AV
i=1 Vi

which, if all the materials have a relative permeability of one becomes

U ='u—0><10"12 'ZHz CAV s Equation 4-28

where the sum is over the entire volume of the cavity

Every component of Equation 4-25 except the conductivity of the wafer may be
measured, or calculated from the fields attained computationally be Superfish.

Substituting Equation 4-25 and Equation 4-28 into Equation 4-26 and simplifying

gives
AF(S) =0 - ZS) F C ot Equation 4-29
where

R 2

8.7-1-Zx10° Dr H(r)-or

0

g(s) =
po- Y Hy AV

14
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and

_ Pdc + Pds
27U

c

is well approximated as a constant.

£(s) may be calculated from the fields calculated by Superfish if a program is used to
perform the relevant summations etc. The conductivity of a semiconductor may be
determined from the fit of the g(s) function to the experimentally determined variation
of bandwidth with dielectric-semiconductor separation if o and ¢ are used as fitting
parameters. Programs were written with Mathcad to perform the analysis of the
Superfish data and to fit the function g(s) to the experimental data found in the
manner detailed below. Details of these codes and also further details of the Superfish

program set may be found in Appendix B.

4.3 Experimental method

The cavity used in these experiments was machined from copper and consisted of
three parts, a base, a middle and a lid that slotted together (see Figure 4-4-11). The
position of the three parts was fixed relative to each other via a pin-hole mechanism.
The semiconductor wafer was placed on a ledge in the base Figure 4-4-11. A
approximately two centimetre separation between the ledge on which the wafer rested
and the top and bottom of the cavity was affected in order to reduce the reduction in Q
caused by conduction in the cavity walls. Four holes were drilled through the cavity
walls of the middle section of the cavity in order to introduce two antennae into the
cavity approximately adjacent to the dielectric at all heights above the wafer. The
antennae were used to couple a network analyser to the resonant system. The antennae

were fabricated from semi-rigid co-axial cable as described in Appendix B.

The resonant frequency of the TEy, mode of the dielectric resonator was first

approximated using the formula 182
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for = —2 -(f’-+3.45)
a-\/z: L

where a is the radius of the dielectric in mm, L is the length of the dielectric in mm
and ¢, is the relative permittivity of the dielectric; this gave a value of 2.94 GHz, this

was used as an initial guess value for the Superfish simulation.

In the experiments the dielectric was placed on a tube of quartz that was placed
approximately in the centre of the wafer’s surface; the height of the dielectric above
the wafer was varied by varying the length of the tube of quartz; the heights used were
6,9, 12, 15 and 18mm as specified by the manufacturer, Pikem. An HP 8753E
network analyser was used to measure the bandwidth, peak frequency and loaded Q of
the resonant peak and the insertion loss associated with the resonance. The dielectric
resonator was a titanium dioxide (rutile) cylindrical puck with a diameter of 10.5 mm
and a length of 4.3 mm as measured with a metal vernier calliper with a digital read-
out. As designed the inside dimensions of the cavity were a diameter of 53 mm above
the ledge and 49mm below it and a total height of 51mm, the ledge was 24 mm above
the base of the cavity. The gallium nitride wafer used in the experiments was 3.3 um
thick and was grown on an 60 um thick sapphire substrate. A photograph of the
apparatus including the disassembled copper cavity, the ad hoc fabricated loop

antennas, one of the quartz stands and the dielectric is given in Figure 4-12.
For each measurement at each height the apparatus was disassembled and

reassembled five times and each time a new measurement of the measured parameters

was taken.

91



76

89
g9 mm ®53 mm 49 mm }69 mm

¢4mm

} ‘ Hole heights are 7.5, 14, 21 & 28 mm
l 1 mﬂ\fﬁ*{«m» = 1 " 5mm .‘.\1:’ ; — f
L fom | | ;m 4 f
....... d T U e | g o
¥ b o ) 1 IR f i
1 - 55 mmf_u
Lid of Cavity Base of Cavity Middle of Cavity

Figure 4-4-11 Schematic of the copper cavity used in the conductivity measurement experiments, the diagrams are to scale.




Figure 4-12 Photograph of some of the experimental apparatus used for the measurement of the

conductivity of a semiconductor by the method described in this chapter.

The dielectric constant of the titanium dioxide dielectric resonator was used as a
fitting parameter to fit the calculated value ofthe resonant frequency to that ofthe
experimentally determined resonant frequency the best fit integer value was 106
similar to the value of 107 at 4.5GHz quoted for rutile titanium dioxide in the
literature 150. The value used for the relative permittivity ofthe gallium nitride was
9.32 (an average from the results o £ 190 191 &19), the value for the relative permittivity
of quartz was 4.5 1B &1%; and the value ofthe relative permittivity of sapphire was
9.418 195. The dielectric resonator used was kindly supplied by Professor Neil Alford

of Southbank University.

4.4 Results

The experimental results taken following the method outlined in the Experimental
Method section are shown in Table 4-1. Table 4-2 allows for a comparison between
the resonant frequency calculated using Superfish and the averages ofthe
experimentally determined resonant frequencies. The g(%) values calculated from the

Superfish fields were fit with an exponential equation using another Mathcad program
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Figure 4-13; this exponential equation was in turn fitted to the unloaded bandwidths
calculated from the experimental data; the fitting parameters for this fit were the
conductivity of the wafer and the bandwidth of the resonant peak with the wafer at an
infinite distance from the dielectric i.e. removed from the cavity Figure 4-14. From
the fit to the unloaded bandwidth the conductivity of the gallium nitride was
determined to be 63 S/m and the bandwidth of the resonant peak with the wafer
removed 0.17 MHz; this compares to an experimentally determined bandwidth of
0.26 MHz. The sheet resistance of the GaN layer is found by dividing its bulk
resistivity (0.015873 Qm) by the thickness of the layer (3.3 um). This gives a sheet
resistance of 4810 Q/01.
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h/mm IL/dB BW/MHz f,/MHz QL
-56.1 13.7 2998.9 218

-57.9 13.5 2999.1 222

6 -60.7 13.3 2998.9 226
-59.3 13.9 2998.7 216

-52.6 14.6 2997.9 206

-54.6 5.6 3001.1 535

-52.3 5.6 3001.1 535

9 533 5.6 3001.1 532
-53.9 5.6 3001.1 535

-53.6 5.6 3001.2 530

-48.8 2.6 3004.7 1174

-48.5 2.55 3004.7 1180

12 -49.9 2.54 3004.6 1182
-47.8 2.52 3004.6 1195

-48.7 2.52 3004.7 1195

-38.8 1.222 3014.1 2465

-48.9 1.193 30144 2530

15 -45.7 1.203 3014.4 2502
-46 1.179 3014.3 2550

-43.9 1.177 30144 2555

-51.0 0.634 3045.9 4813

-51.4 0.640 3046.0 4759

18 -47.24 0.653 3046.0 4670
-58.43 0.623 3046.1 4800

-56.23 0.623 3046.0 4810

Table 4-1 Table of results for the conductivity measurement of a gallium nitride wafer.




Stand height / mm Experimental average Resonant frequency calculated by
resonant frequency / MHz Superfish / MHz
6 2999 2997
9 3001 2998
12 3005 3002
15 3014 3011
18 3046 3041

Table 4-2 Table allowing for the comparison between the experimentally determined system
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resonant frequency and that calculated by Superfish.
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Figure 4-13 The exponential equation shown fitted to g(#)x10? is used to fit the experimental

determined bandwidth (MHz) as an approximation to g(h)
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Figure 4-14 The exponential curve shown in Figure 4-13 fitted to the unloaded bandwidth of the

resonant peak calculated from experiment. It is from this fit that the conductivity is deduced.

4.5 Discussion

The gallium nitride wafer used in this experiment had a supplier quoted free carrier
density of 1-5x10'® cm™. Values for the mobility of gallium nitride seen in the
literature at the time ranged between 50 cm®V™'s™ and 900 cm?V™'s™'; these values led
us to expect the conductivity of the gallium nitride to fall within 8 and 720 Sm™'; this
is in agreement with the value measured using our resonance perturbation technique
and leads to a mobility for the wafer of between approximately 79 and 395 cm?V's™

dependent on the actual carrier concentration.

The above resonance perturbation method is only applicable when the fields in the
experiment are well modelled by Superfish. Because Superfish does not take into

account the affect of conduction in the wafer on the strength and distribution of the
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fields within the cavity conduction in the wafer must not perturb the fields greatly
from the zero conduction case. This is the case when the conducting layer is thin or
when the material is highly resistive. These are both cases when the four point probe
method, commonly used for similar non-destructive conductivity measurements, is

impracticable.

A thin and degenerate, low-mobility interface layer has been observed in GaN 196, 197,
198, 199.& 200 The resonance perturbation method of conductivity measurement assumes
that conduction is homogenous throughout the conducting region. For the case of two

conducting layers of equal radius the volume that conducts is given by

V=7zR2(t1 +12).

Providing the thickness of the film is much less than the skin depth of the material the

power dissipated is given by
pP= |:0'17IR2t1 + 0'27:R2t2 :|E2
which may be written as

P=0op R (1 +12)

where oy is the conductivity measured using the techniques described here. o may

be written as

Oeff =0 d! +0o 2
ef I n+un 2 n+n '
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[f there was an interface layer in our sample similar to that written about in the
literature: a thickness of approximately 0.2um, with a carrier density and mobility of
respectively 1x10%°cm™ and 50cm®V™'s™! then the conductivity of the gallium nitride
layer becomes negative; from this we assume that there is either no layer in our
wafers or that it has a character significantly different to that written about in the
literature. Whatever the character of the interface layer, if it existed, it would give an

unrealistically high value of the conductivity.

In the above it was noted that for the method to give an accurate value for the
conductivity conduction had to be uniform throughout the wafer, such as when the
material to be measured was composed of two layers of differing conductivity.
Another reason that the conductivity would not be accurately measured was if the
magnitude of the electric field changed significantly through the thickness of the
material; this would happen if the thickness of the material were not very much less
than the skin depth of the material; fortunately for materials with a small skin depth

the four point probe method is usually applicable.

The fit of the theoretical variation of bandwidth with distance from the wafer to the
experimental variation is very good and the uncertainty in the experimental
measurement calculated from the standard deviation of the five sets of measurements
taken at each height was at most 3.4% of the mean measurement, though was
typically closer to 1%. The peak frequency variation with distance from the wafer
observed in the experiment was well modelled by that calculated by Superfish and the
dielectric constant used to fit the calculated resonant frequencies to the experimental

ones was in good agreement with the literature value.

In the above method, with the computational resources available it was impossible to
reduce the size of the mesh sufficiently to allow the actual situation to be modelled
without dimensional approximations, that is to say that dimensions less than one
hundred microns caused Superfish to crash. Because of this the wafer (sapphire
substrate plus gallium nitride epilayer) was approximated as being 100um thick and
have a relative permittivity of sapphire and the titanium dioxide puck was

approximated as having a diameter of 5.3mm. Although one hundred microns is
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approximately thirty percent greater than the actual width of the wafer it is still much
thinner than the distance between points at which the field is calculated. The only
limit on the spacing of the points at which the fields are calculated is the memory

available to store the calculated data and the time available to make the calculations.

4.6 Conclusion

A method of measuring the conductivity of a thin film of semiconductor was
demonstrated, which relied on the perturbation that the introduction of a conductor
near a resonating dielectric had on the resonant peak of the dielectric, i.e. the
bandwidth increase caused by the ohmic power dissipation in the wafer. Because at
resonance the electric field exhibits an exponential reduction in magnitude with
distance ventured outside the dielectric, there is a clear variation in the bandwidth of
the resonant peak as the dielectric is moved to and from the wafer, this variation is
caused by the increase and decrease of the electric field magnitude in the wafer and
hence a corresponding increase and decrease in current flow and hence power
dissipation. A Poisson equation solver, Superfish, was used to calculate the fields
within the cavity. These fields were used to calculate a curve that could be fitted to
the experimentally observed bandwidth-height variation with the conductivity of the
wafer as a fitting parameter. The curve to be fitted to the experimental data was
calculated from the Superfish fields with a Mathcad program which is given in the
Appendix B. The method was applied to the measurement of the conductivity of a
gallium nitride wafer for which the four-point probe method did not yield results. The
measurement of the conductivity using the resonant-peak perturbation technique
yielded a result within the expected range of values calculated from a combination of

manufacturer’s data and literature values.
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5 Inductively coupled plasma etching of gallium
nitride

5.1 Introduction

In order to fabricate various semiconductor based devices and technologies, it
commonly occurs with the state of the art of semiconductor processing that the
semiconductor has to be etched. Etching can be used to form mesas for laser facets, to
electrically isolate devices from each other on integrated circuits such as computer
processors, to allow backside grounding with via holes (holes that run straight through
the semiconductor to a grounded electrode on the backside of the wafer), gate recess
etches, gate pad-source-drain isolation etc. Etching is also invaluable in carving the

intricate shapes and features that give form to MEMS and lab-on-chips.

The methods of etching semiconductors can broadly be split into two groups, wet and
dry etching. Wet etching involves the chemical reaction between a liquid chemical
and the semiconductor, preferably at room temperature though also at elevated
temperatures. Dry etching is the etching of the semiconductor in a plasma, ion beam,
laser beam etc. A plasma, the fourth stage of matter, is a gas where some of the gas
atoms have been ionised. Ionisation can take place when the gas is heated to a very
high temperature, as is the case in most natural plasmas, or when electric fields
accelerate the small population of electrons that exists naturally in a gas (due to UV or
cosmic ray ionisation etc) to energies where collisions with the gas causes further

ionisation.

By creating an electric field, attractive to ions, in a direction perpendicular to the face
of the semiconductor, ions present in the plasma may be accelerated into the surface
of the semiconductor (for an explanation of how this is accomplished see the section
on dc bias in *°'). Because ion bombardment increases the etch rate in the vertical
direction away from the surface but not the horizontal direction parallel to the surface
plasma etching etches in the vertical direction away from the surface much quicker

than in the horizontal direction allowing deep narrow features to be formed (this
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effect may further be increased by using a gas which forms a polymer on the side
walls of the etched material). Wet chemical etching on the other hand has no preferred
etch direction and hence etches in all directions at the same speed. An etch which
etches in a vertical direction into the semiconductor much quicker than in the
horizontal direction parallel to the semiconductor surface is called an anisotropic etch;
an etch which etches in all directions at the same speed, i.e. no preferential direction,

is called an isotropic etch.

Anisotropic etching is required when the feature needs to be as deep as possible but
also as thin as possible. This is the case for device isolation on computer processors
where the devices must be well isolated from each but at the same time must take up
as little space as possible. Dry etching is also required when the material is very
resistant to wet chemical etching, such as is the case with gallium nitride. On the other
hand plasma etching, due to its physical nature, damages the surface of the
semiconductor so it is disadvantageous when such surface damage will affect the
performance of the device such as is the case for gate recess etches where damage to
the surface may cause excessive gate leakage. Dry etching is also expensive, with all
but the simplest single gas barrel ashers costing several hundred thousands of pounds
to buy and install, thousands of pounds to maintain each year and large amounts of

power to run.

In both wet and dry etching, a mask is normally used to cover the areas that are
required to be un-etched with the areas to be etched left exposed. The mask protects
the underlying area from the plasma or wet chemicals; however, wet chemical etches
will etch underneath any mask at approximately the same rate as they etch into the
material. On the other hand it is normally much easier to get a high selectivity
between the mask and the material with a wet etch than with a dry etch due to the fact
that the ion bombardment of the plasma will etch any material no matter how un-
reactive it is with the gas used. Selectivity is the term used for the ratio of the etch rate
of two materials in the same chemical or plasma. Hence if silicon etches one hundred
times faster in a particular plasma than its silicon dioxide mask then the plasma is said

to give a selectivity of one hundred to one of silicon to silicon dioxide.
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The plasma reactors used for plasma etching come in several varieties, the most
common are reactive ion etchers (RIEs), electron cyclotron resonance reactors
(ECRs), and inductively coupled plasmas (ICPs). RIEs are capacitively coupled
plasmas i.e. the plasma is formed by placing a gas between two plates of metal (or one
electrode and the grounded chamber as is normally the case) and using RF power
applied to one of the plates to accelerate electrons and ions and form a plasma.
Electron cyclotron resonance uses a cyclotron to produce a plasma. ICPs use the
electric field generated by a time varying current in a coil to sustain a plasma though,
as is shown below, it is the potential difference between the two ends of the coil that
initiates the plasma when only a coil is used. ICPs have several advantages over RIEs
and ECRs; ICPs generate plasmas with a higher plasma density (number of ions per
unit volume in the plasma) than RIEs and have a simpler apparatus than ECRs and
avoid the microwave frequencies and large electro magnets used in ECRs. For a more

detailed discussion of the different plasma generators see 2%

As the plasma generator that was used in all the processing for this thesis was an ICP
plasma generator, in the first part of the chapter a more detailed look at the origins
and operation of this type of plasma generator is given. In the second part of the
chapter a thorough review of the literature concerning the etching of gallium nitride in
chlorine based plasmas, in ICPs, is presented, along with some theory concerning
etching in plasma reactors. In the last part of the thesis the results taken on two ICP

reactors are presented and discussed.

5.2 Introduction to and origin of inductively coupled plasmas

Plasmas can be used to etch any material and are frequently used to etch
semiconductors when a high aspect ratio (depth of feature compared to area of
feature) is needed such as is the case with trench isolation of devices in integrated
circuits 2% or for via etches for backside grounding. Another reason that plasma
etching might be used is for etching hard materials that do not etch easily in wet

chemical etches such as HF acid etc. such as is the case for gallium nitride.
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The reason that plasma etches give a high aspect ratio and can be used to etch hard
material is due to the fact that plasma ions can be given a momentum by the use of
electric fields and used to bombard the surface of the semiconductor, where they
increase the speed of the chemical reactions occurring there (the gas species used to
excite the plasma in is usually chosen so as to react with the material and form
volatile etch products e.g. F with Si to form SiF;). In practice, because the electric
field is arranged to be perpendicular to the semiconductor surface, ions arrive at the
surface of the semiconductor travelling near perpendicularly to it. This increases
dramatically the rate that chemical reactions occur at the bottom of the features (and
hence the vertical etch rate) without increasing at all the lateral etch rate. This ion
assisted chemical etching is also the reason that materials that do not etch at all in
chemical etchants can be etched by a plasma, though in the limit of no chemical

reaction whatsoever the etch is entirely physical (due only to ion bombardment).

Several sorts of plasma generator are widely used to generate the plasmas used to etch
semiconductors; however they can be split broadly into two sorts. The first sort uses
only one mechanism to generate both the plasma and the electric field used to
accelerate the ions (the dc bias). The second sort uses one mechanism to generate the

plasma and a second mechanism to generate the dc bias.

Of the first sort reactive ion etcher (RIE) systems are the most well known. These
systems use an RF field between two plates, or between a plate and the
plasma/chamber system to generate a plasma. At low pressures (less than a torr) the
RF field causes electrons that are already present in the chamber to be accelerated into
the field plate (or the field plate covering if, as normal, there is one) and the chamber
ceiling generating secondary electrons. These electrons keep on liberating further
electrons from the chamber ceiling and the RF plate and will also ionise some of the
gas atoms if the chamber is filled with a gas. These ions will be accelerated by the
electric field and bombard the field plate as before hence leading to ion assisted
chemical etching if the gas is reactive. RIE etching has the disadvantage in that as the
number of atoms ionised increases the discharge resistance decreases and the
electrostatic potential drop across the discharge must also decrease; this means that

the ionising affect of the capacitive coupled RF energy on the plasma is limited. Also
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it is impossible to get a highly ionised gas without having a high dc bias as the power

source for the generation of both is the same.

The second sort of plasma generator relies on two mechanisms: the first is the same as
the RIE system described and is used to generate the voltage that accelerates the ions
from the plasma into the semiconductor (and to start the plasma in certain cases as we
shall see), the second is used to generate the plasma. Of the second type of generator
the following are common: inductively coupled plasma generators (ICPs), electron
cyclotron resonance generators (ECRs) and helical wave generators. Of these three
ECRs have a slightly higher plasma density (number of ions generated per unit
volume) though they all generate plasma densities two to three orders of magnitude
higher than RIE plasmas. However, ICPs benefit from a simple design (partly due to
the use of RF rather than microwave frequencies) and the ability to place the source
very close to the sample. The rest of this section contains a brief history of ICPs with

an explanation of how they work.

The electromotive force generated by a time varying current in a solenoid can be
considered to consist of two components. An electrostatic component, E;, due to the
potential difference between the two ends of the coil, and an azimuthal or angular

component Eg due to the time variation of magnetic flux within the coil.

The first plasma initiated by a time varying current in a cylindrical solenoid (helix)
(similar to the helical configuration of today’s ICPs, see figure 1(a)) was documented
in 1884 by Hittorf. Hittorf and J.J Thomson 2**%2% were both convinced that the
plasma was initiated and sustained by electron neutral collisions, with electrons
accelerated primarily by the azimuthal electromagnetic EMF. Thomson attempted to

model plasma initiation with this in mind 203,

Many people disagreed that the discharge was initiated by the induced EMF and some
believed that the electrostatic electric field was the primary cause of the plasma

8 2% were the first to point out that the

discharge. Townsend and Donaldson in 192
axial electrostatic field in a solenoid would have a greater magnitude (approximately

thirty times greater according to their calculations) than the azimuthal electromagnetic
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field. They thus argued that the plasma could not be sustained by the induced electric
field but instead the electrostatic field must be the primary discharge mechanism.
Indeed they even conducted experiments with two different coil configurations that
gave evidence to suggest that the discharge was maintained primarily by the

electrostatic field.

MacKinnon in 1929 2*7 noticed that plasma discharge consisted of two distinct phases
(E- and H-modes). The first mode, the E-mode, which consisted of a diffuse glow that
filled the entire chamber, was produced by low frequency excitation of the solenoid.
The H-mode was reached by increasing the excitation frequency past a certain
threshold value at certain pressures. Past the threshold a ring-like region of intense
luminosity was formed in a limited portion of space surrounded by the coil. This

20y was normally so bright that that the

plasmoid (as the bright region was termed
diffuse glow that filled the container before the transition could no longer be
observed. Plasma diagnostics showed that within the plasmoid region the plasma
density was approximately two orders of magnitude higher than in the surrounding
diffuse, capacitively coupled, region (~10"2cm? cf 10"%cm™) 2. MacKinnon 2’
conducted experiments that showed that the E-mode of the discharge (the mode
studied by Townsend and Donaldson) was almost certainly generated by the
electrostatic component of the EMF, as Townsend and Donaldson had shown. He also
gave evidence that the H-mode (ring) discharges, those studied by Thomson and

Hittorf, were of electromagnetic origin.

Experiments were carried out by Yarnold in 1932 2% that showed that the electric
field required to initiate a discharge into the E-mode was only slightly influenced by
the induced electomagnetic field. Furthermore, using electrostatic shields, Yarnold
confirmed that it was much more difficult to initiate a plasma when it is shielded from
the electrostatic field. Other shielding experiments were carried out separately by
Cabannes, and Kubota *'°. Hence it can be assumed that initialisation of the discharge

is achieved almost solely by capacitive effects.

Experiments were performed in 1947 by Gill and von Engel to probe the initialisation
of HF plasmas between two parallel plates. Experiments they conducted showed that

at pressures of the order of 10 torr the electric field needed to initialise the plasma
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was independent of gas type and dependent on the wavelength of the current

211 The fact that the current through the solenoid was

generator in a universal manner
independent of the gas used and that at pressures of the order of 10 torr the mean
free path of electrons was greater or approximately equal to the dimensions of the
container suggested that the multiplication of the few electrons naturally present in the
chamber could not be due to collisions within the gas. Instead it was suggested that
secondary emission after collisions with the end walls was the dominant mechanism
for electron multiplication, at least when only a small number of electrons were
present. The theory expounded by Gill and von Engel was extended by Francis and

von Engel in 1953 2. Gill and von Engel continued their work with gases at higher

pressures, where it was found that the nature of the gas became important.
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Figure 5-1. Diagrams of various ICP reactors: (a) helical coupler, (b) helical resonator, (c) spiral

coupler, (d) immersed coupler and (e) transformer-coupled plasma. The Faraday shield devices

((a) and (b)) avoid capacitive coupling from the coil to the plasma. The permanent magnets ((c)
and (d)) confine the plasma, enhance uniformity and increase plasma density.
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5.2.1 The ICPs used in the semiconductor industry.

The inductively coupled plasmas used to etch semiconductors normally consist of a
metal coil either wound as a helix like in Figure 5-1 (a) & (b), or in a flat spiral like
the hobs of an electric cooker Figure 5-1 (c) 2'*; however, many other types of coil
configuration are possible and variants on these basic shapes have been patented ',
The helical type of solenoid is called either the cylindrical configuration or the helical
configuration, the flat spiral type the spiral configuration. The coil, regardless of
configuration, is either séparated from the discharge chamber and the feedstock gas by
a dielectric window, normally quartz with a thickness of 1-3cm, or immersed in the
feedstock gas Figure 5-1 (d). The ICP antenna in all cases is normally excited by a
radio frequency generator that is coupled to the antenna by a matching network which
enables maximum power transfer to the plasma by matching the generator impedance

to that of the plasma.

By placing the ICP antenna outside of the discharge chamber behind a dielectric
screen, capacitive coupling of the RF energy to the discharge and sputtering of the
antenna is reduced. The capacitive coupling to the discharge can be further reduced by
placing an electrostatic shield between the coil and the discharge; however, too much
shielding can create problems with discharge initiation if only the coil is relied on to

216 If the electrostatic field coupled to the plasma is reduced too

start the discharge
greatly there will be insufficient secondary electron emission from collisions with the
container to start the plasma *''. In general it is a good thing to reduce the capacitive
coupling of the antenna as the electrostatic lines of force bisect the container ** and
sputtering of the chamber (or antenna in the case of an immersed coil) can lead to the
addition of impurities to the discharge. In the Oxford Instruments ICPs this problem is
resolved by using the capacitively coupled wafer table-top dc bias generator to

initialise the plasma.
Spiral ICPs generate a magnetic field which decays exponentially into the discharge

over a skin depth of approximately 2.5cm for a discharge with a plasma density of ~

10'em™. As the electric field generated by electromagnetic induction for this coil
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1213 3 wafer can be placed in close proximity to the coil

configuration is only 4-8Vem
without the coil fields affecting the wafer processing. The loss of efficiency
experienced by the remote sources is thus avoided and the plasma flux and ion
bombardment energy at the wafer can be closely controlled. Furthermore the low
aspect geometry of the chamber (Radius of chamber>>length of chamber) that the
spiral coil configuration enables means that that less plasma flux is coupled to the
walls for a unit flux of ions to the wafer. One of the advantages of the ICP design is
the high uniformity of plasma density over large areas. The uniformity can be

improved and the ion density increased using magnetic fields in ICP design 2'7 %28,

The ICP system should in principle be easily scaleable to larger dimensions and can
thus continue to supply a highly uniform, high density plasma source as the wafer size
increases; however, it has been noted in the literature that the ICP does not scale to
very large dimensions as when the wavelength of excitation becomes equivalent to the
length of the coil standing wave affects become noticeable; hence, alternative
technologies must be utilised 2'* or the conventional singular coil ICP design may be

modified by using multiple coils to sustain a larger volume discharge 220

5.3 Inductively coupled chlorine based plasma etching of

gallium nitride

Table 5-1 shows some of the plasmas, based on chlorine (Cl,), that researchers have
used to etch gallium nitride (GaN) and the other III-nitrides. Table 5-1 also shows the
number of studies conducted with a particular chemistry. As may be seen researchers
have studied chlorine-argon (Cl,/Ar) based plasmas the most, followed by chlorine

and boron trichloride (Cl,/ BCl;) based plasmas.
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Plasma
. C]z/BCl;; Clz/Ar Clz/Nz
Chemsitry
Number of
) 6 18 4
Studies
T3V, 222,773,228, | 22T 2T 228 TS T30 .23, 232, 233, 134, 235, 236,
237,238,242 & 244
References 225 & 226 237,238, 239, 240, 241, 242 & 243
Plasma
. C]z/HBI’ C12 Clz/CH4/H2/AI‘ Clz/BCl;;/AI‘ Clz/Nz/AI‘
Chemistry
Number of
_ 1 3 3 2 2
Studies
References | 24T, 255 & 245 735,236 & 247 748 & 749 T30 & 243
Plasma
) Cl/CH;s | Cly/Xe | Cl/SF¢/Ar | Cly/Ar/O; ClL,/H,
Chemistry
Number of
) 1 1 3 3 4
Studies
References 733 733 290, AT & 50 | 25T, 5T & 53 | 23T, /L EE LSS
Plasma
. Clz/Hz/Ar Clz/BCl3/KI‘ Clz/He
Chemistry
Number of
) 5 1
Studies
References 230, 743,255, 250 & 256 733

Table 5-1 showing the number of etch studies conducted for a particular Cl; based plasma

chemistry.
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5.3.1 Gallium nitride etch rate as a function of percent chlorine in
the feedstock gas

Lee et al. in their study

221

used Cly/Ar and BCl3/Cl; plasmas generated by a custom

built, planar coil inductively coupled plasma generator (ICP); they observed peaks in

etch rates at ninety percent Cl; in both Cly/Ar and Cl,/BCl; plasmas at pressure of

both ten and thirty mtorr (Figure 5-2). Similar results to those of Lee et al. were found

by Kim et al. using the same apparatus at approximately 10 mtorr, with the same dc

bias (-120V) but with only 400W supplied to the coil.
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Figure 5-2 The dependence of GaN etch rate on percent Cl; in Cl,/Ar and Cl,/BCl; plasmas.

Plasma conditions were 600W ICP power -120V DC bias and substrate temperature of 70°C.

Other parameters are as shown m
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Figure 5-3 shows the dependence of the etch rate of InGaN multi quantum wells and
the intensity of various plasma species (MQWSs) on the mixture of gases in the
plasmas of Park et al. *®. Although at first sight the variation of the etch rate in Figure
5-3 seems to be different to those observed by Lee et al. and Kim et al. (Figure 5-2
and Figure 5-7) this is not certain as Park et al. avoid plasmas with approximately
ninety percent Cl,, the percentage at which the characteristic peak is observed;
however, they do observe an increase in etch rate with increasing Cl;, content,

something that is common to all three studies.
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Figure 5-4 Radical, radical ion and plasma density as a function of percentage of Ar in a Cl,/Ar
plasma measured by OES and Langmuir probe. Plasma parameters were 600W power to the

coil, -120V dc bias and 70°C wafer temperature all at 30mTorr **,

Various studies 2! 222223, 24 & 228 have used diagnostic techniques such as
spectroscopy and Langmuir probes to determine the relative amounts of various
substances in the plasmas they used to etch their GaN samples. From the analysis of
the optical emission spectra (OES) of Lee et al. 2! (Figure 5-4) it is possible to

conclude that the etch rate is dependent on the Cl radical intensity as the variation of
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the etch rate of the Cly/Ar plasma with %Cl, is very similar to the variation of Cl
radical and they both peak at approximately 90% Cl, (compare Figure 5-2 with Figure
5-4). The Cl,/BCl; plasma from the same study does not show such a good correlation
between the etch rate and Cl radical density, though the two graphs are similar and
from this study it is possible to conclude from the data presented that the etch rate was

limited by availability of Cl radical.
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Figure 5-5 GaN etch rate of a Cl,/BCl; plasma as a function of %BClI;. Other parameters were

600W coil power -120V dc bias, 10mtorr of pressure and 70°C table temperature >,

In another study by Lee et al. the etch rate was studied as a function of %BCl; in a
10mtorr plasma with 600W of power supplied to the coil and -200V dc bias at a
temperature of 70°C. They used quadropole mass spectrometry (QMS) to measure the
plasma constituents. The etch rate results are shown in Figure 5-5. The variation in the
QMS output for the plasma constituents measured as a function of %BCl; is shown in
Figure 5-6, the ionic species being shown in the top graph and the neutral species

mainly in the bottom graph. There seems to be no obvious correlation between any
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single plasma element with the ion saturation current and the Cl radical density
showing the closest relation to the observed variation in etch rate. There is a peak in
the etch rate at 90% Cl, and the ion density drops quite sharply once the %BCl; is

increased past 20%.

One reason (possibly the reason) for the peak in the etch rate with a small amount of
BCl; added to the plasma is given in 2*’ to be because BCl; is highly electron deficient

and hence the reaction

BCI, +Cl, — BCI, +CI*
where the * denotes and excited species and the reaction involves the transferral of an
electron is favourable and leads to a higher Cl radical-ion density that would be found

with just pure chlorine.

116



8.0x10*

e or 4
4 4.8x10
600 walt, 10 mTomr &80 .

100000 |- - Cl
’ A :;- ton Saturaton Cusreni] 4010

1\‘ 13.8x10°
10000 |- 1 3.0x10?

2 sx10*

2.0x10°%

QMS Output (C/S)
lon Saturation Current (A)

1000 |-
1.5x10°

1.0x10°

20 40 50 L 100

BCIHCL+BCL,) (%)
100000
3 -m-Cl
! —-@—BCI
i ~a—BCl,
—w-BCl,
- 10000 3
3 I
5
O 1000 G
7] F
= X
=) i
100 2
. 600 watt, 10 mTorr
o 20 4w 8 100
BCI,/Cl+BClL, (%)

Figure 5-6 Plasma constituents of a Cl,/BCI; plasma as a function of %BCl;. Other parameters

were a pressure of 10mtorr, -120V dc bias, 600W coil power and a table temperature of 70°C **,
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5.3.2 Gallium nitride etch rate as a function of temperature

Kim et al. also looked at the variation in the etch rate of GaN with the temperature of
the sample and their results are shown in Figure 5-7. As may be seen the etch rate
increases monotonically with temperature from a temperature of 3°C to a temperature
of 70°C. The fact that the etch rate is increased much more by increasing temperature
when there is a high percentage of chlorine (% Cl,) in the plasma suggests that the
increase in etch rate with the increase in temperature is due to an increased reaction
rate, most likely due to increased desorbtion of the not-so-volatile etch products
though possibly due to an increased reaction rate at the surface. From ¢, at high
temperatures we expect more of the etch product to be GaCl; whereas, at lower
temperatures we expect the higher number chlorides GaCl, and GaCl; to become
more predominant, similarly with AsCl, AsCl, and AsCl; and therefore presumably

NCI, NCI; and NCl;.
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Figure 5-7 Etch rate of GaN in a Cl,/Ar plasma as a function of the gas ratio and wafer

temperature for Cl/Ar plasma at ~10mTorr, 400W ICP and -120V dc bias %2,
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At equilibrium between a gas and a solid a certain amount of gas molecules or atoms
will be absorbed on the solid surface; Equation 5-1 gives the equilibrium fraction of

the wafer surface on which gas phase molecules are absorbed at the interface between

the surface and a gas consisting of only one type of molecule. *®
K-n
6= I—A ..................................................................................................... Equation 5-1
+K- ny

Here n, is the equilibriufn gas phase volume density of absorbing molecules and « is
an equilibrium constant given by Equation 5-2. In Equation 5-2, R is the gas constant,
T is the temperature of the surface in Kelvin, Godesor is the standard Gibbs free energy
of desorbtion and n° is the gas-phase density at standard temperature and pressure
(Loschmidt’s number). Figure 5-8 shows a graph of 04 against x'na. 64 has a value of

one when k'n, equals infinity.

_ 1 G((l)esor .
K= n—oexp T e s Equation 5-2

Ulllll|lllllllll'TllI|lllTlllll]

0 1 2 3 4 5 6
Kn,

Figure 5-8 The Langmuir isotherm 2%
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From this it may be seen that at high temperatures (low k-na) the surface is not
covered well and from this it is expected that at high temperatures the etch rate will

decrease, as it does for silicon etching using XeF, gas 258

5.3.3 Gallium nitride etch rate as a function of pressure

1. 22 the authors examine the effect of pressure on the etch rate

In the study of Kim et a
of GaN using pure Cl,, 90%Cl,/10%BCl;, 50%Cl,/50%BCl3 and pure BCl; plasmas.
They used quadropole rﬁass spectrometry (QMS), optical emission spectroscopy
(OES) and Langmuir probes to discover the effect of pressure on the relative amounts
of different substances in pure Cl, and 90%Cl,/10%BCl; plasmas. Their study showed
no direct correlation between any of the individual plasma constituents and the etch
rate of GaN see Figure 5-9, though the etch rate increased with increasing Cl and Cl,
density as the ion density decreased and seems only to decrease when the ion density

is reduced past a certain level.

The variation of various plasma constituents as a function of pressure in a
90%Cl,/10%BCl; plasma is shown in Figure 5-10 (a) and (b). From comparison of
these two graphs (Figure 5-10 (a) and (b)) with the etch rate of the 90%Cl,/10%BCl;
shown in Figure 5-9 (a) it can be seen that the etch rate seems to correlate to the
concentrations of ions with the peak in the more abundant ions, i.e. BCl+, BCl,+,
BCl;+ and Cl,+, countering the drop in the less abundant ions Cl+ and B+. The
neutral density increases monotonically with pressure though the Cl radical density
remains approximately constant between 30 and 40 mtorr and even seems to drop

slightly.
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Figure 5-9 (a) Etch rate variation with pressure observed for various chlorine and boron

trichloride plasma chemistries. (b) The relative abundances of plasma constituents observed in a
pure chlorine plasma. The power to the coil was 600W, the table temperature was 70°C and the
dc bias was -120V. *#
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Figure 5-10 QMS output intensities of various plasma components in a 90% Cl,/ 10% BCl,
plasma (a) neutral species and (b) ionic species. The plasma conditions were 600W coil power,

70°C table temperature and -120V dc bias 22,

H. S. Kim et al. #*? have published a study which contained, among other things, the
etch rate of GaN as a function of pressure in a 70%Cl,/30%BCl; plasma at 600W coil
power, -120V dc bias and 70°C table temperature, see Figure 5-11. Figure 5-12 is the

graph of the plasma constituents measured in the same plasmas.
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Figure 5-11 Etch rate as a function of pressure in a 70%Cl,, 30%BClI; plasma, 600W coil power,-
120V dc bias and a table temperature of 70°C **2,

The results of Figure 5-11 and Figure 5-12 are very similar to those of Figure 5-10,
indeed the only difference is that the results of Figure 5-10 were taken with a plasma
0f 90%Cl; and 10% BCIl; whereas the results of Figure 5-12 are for a plasma
composed of 70%Cl, and 30% BCl;. From Figure 5-9(a) and Figure 5-11 it is possible
to see that at 600W power to the coil and -120V dc bias the highest etch rate found
with a Cl,/BCl; plasma at 30 mtorr is for a plasma with 10% BCl; content.
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Figure 5-12 Figure showing the relative intensities of various plasma constituents in a
70%Cl,/30%BCl; plasma as a function of pressure. Other parameters were 600W coil power, -

120V dc bias and 70°C table temperature **2,
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Figure 5-13 Ion current density as a function of pressure in plasmas excited by 600W to the coil,
with a dc bias of -120V and table temperature of 70°C. The plasma chemistries are recorded in

the figure 22,

Figure 5-13 shows the ion current density as a function of pressure for plasmas
including the one detailed in Figure 5-11 and Figure 5-12. For this plasma as well as
for the plasma detailed in Figure 5-10 the etch rate correlates weakly to the total ion
current density. This would seem to imply that the ion density limits the etch rate;
however, the ion current density is highest for the pure Cl, of the results shown
whereas the 70% Cl,, 30% BCl; plasma has the highest etch rate of the three. This
could implies that although the ion density is also important, other factors such as the
type of ion, the neutral density in the plasma, or the removal of oxygen and water
from the chamber by the BCI; helps to significantly increase the etch rate.

228 conclude that at lower pressures the etch rate is limited by

Park et al. in their study
the availability of neutral molecules to react with the GaN surface and hence the etch
rate increases with pressure. However, above 10mTorr (ninety percent Cl) the etch

rate decreases as the etch rate is limited by the ion flux; i.e. the rate that new Cl-GaN

reaction sites are created by the breaking of GaN bonds or the desorbtion of fully or
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partially formed etch products. The dependence on the number of ions is not
completely unexpected as the etch rate limiting step of tough material such as GaN is
thought to be the rate that bonds are broken allowing chemical reactions to form etch
products 233 (it is after all the resistance of the GaN to wet chemical etching that has
meant other etch methods such as dry etching have had to be used to pattern it). Ions
also help desorb etch products and also help dissociate molecules bound weakly to the

surface.

5.3.4 Gallium nitride etch rate as a function of RF power (dc bias)

The etch rate in almost every case monotonically increases with the increase in dc
bias or RF power. Studies where the etch rate increased when the dc bias or RF power

225,228, 230,233, 234,236 & 244 222

was increased include whereas only “““ shows a decrease at

225,234 & 2 . .
h 225234 & 244 411 show a decrease in the rate of increase at

the higher powers thoug
higher dc bias. This decrease in the rate of increase as RF power is increased was

discovered for with the ICP 380 and is discussed with the results below.

5.3.5 Gallium nitride etch rate as a function of ICP power

The variation of the etch rate as a function of ICP power fits broadly into two
categories. The first is a monotonic increase as the ICP power is increased,
presumably due to an increase in the Cl radical density and the ion density. A good
example of this variation is shown in Figure 5-14, which also shows the variation in
some ion densities and in the Cl radical density. Other studies that exhibit similar

222,228,230, 236, 241 & 244 41, 5ugh admittedly it is common to see the rate of

behaviour are
increase slow as the power is increased. A reason for the slow down could be the

decrease in the dc bias that accompanies the increase in the plasma density. The
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Figure 5-14 Monotonically increasing etch rate as a function of ICP power commonly found in
the literature (left), the increase in the ion density and the Cl radical density (right) both indicate

why the etch rate of the etch increases as a function of ICP power. The other plasma parameters

are shown underneath the left-hand graph ***.

decrease in dc bias with increasing ICP power is shown in the upper graph of Figure

5-14.

The second type of variation commonly found in the literature is where the decrease

in the rate of increase of the etch rate at higher powers actually becomes a decrease in
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Figure 5-15 Variation in etch rate as a function of ICP power for a plasma with parameters

shown in the figure. Of note is the decrease in the etch rate at 700W ICP power >,

the etch rate at higher powers. An example of this behaviour is shown in Figure 5-15.
Other examples may be found in 227,231,233, 238 & 242 This behaviour is just an extension
of the slowdown in the increase of the rate and is presumably caused by the same

mechanism.

5.3.6 Theoretical considerations

The dc bias voltage drop will give the same amount of energy to all ions, of the same
charge, regardless of their mass. This is due to the fact that a potential difference
indicates the energy drop per unit charge across it. As the energy due to thermal
energy and the Bohm pre-sheath 214 is small (less than approximately 4eV) almost all
the ion’s energy comes from the dc biases, the dc bias being normally larger than the

bond energy of GaN (8.92 eV/atom), AIN (11.52 eV/atom) and InN (7.72 eV/atom)
240
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Figure 5-16 Ion current density at the wafer versus ICP power for pure Ar plasma in an Oxford

Instruments ICP 380 measured with a Langmuir probe at -30V 2%,

Figure 5-16 displays plasma density data for an Argon plasma generated in an Oxford
instruments ICP 380. The data was taken in Argon gas at 1 mTorr, with RF power
applied only to the ICP source. A dc bias power was applied to the lower electrode at
-30 V dc to measure the ion current. This was converted to plasma density using plane
Langmuir probe theory. For a coil power of 1000W, the density is approximately
1x10" cm?.

260 the number of atoms in 1 cm> of GaN is 8.9x10?%; hence from this the

From
number of atoms in various thicknesses of 1cm? of GaN may be approximated simply
as the thickness of the layer in centimetres multiplied by 8.9x10?; hence, a layer

1 nm=1x10"m=1x10"cm thick corresponds to 8.9x10'"° atoms. A moderate ICP etch
should only affect approximately the top 1 nm of GaN, though any damage might
penetrate much further than that 261 Hence, the plasma needs to supply energy of the
order of 10'” €V (~ number of atoms in 1 nm multiplied by the bond energy/atom) in
order to break the bonds of the first 1 nm of a 1cm? sample of GaN, and thus reliably

provide sites for chemical reactions.

The energy of an ion incident on the substrate is approximately equal to the dc bias

divided by = if the frequency of the ac signal generating the bias is greater than
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approximately 10 MHz (see 2%

). The frequency of the most RF generators used in
plasma generators 13.56MHz. Another factor that we should consider is due to the
mass transfer between the surface and the ion. The angle averaged energy

accommodation coefficient is given by Equation 5-3 %%

O o o ettt et b e st b e he e bbb e e bt e e e e r e Equation 5-3

where p is the mass of the ion divided by the mass of the solid atom. The energy
accommodation coefficient for the gases commonly used to etch the III-nitrides are

shown in Table 5-2.

fon Appoximate pto Ga% pto N %
relative atomic
mass

Cly" 70 33 19
BCl;" 115 31 13

cr 35 30 27
BCI" 45 32 24

Ar’ 40 31 26

N,* 28 27 30

N* 14 19 33

H' 1 2 8
CH;" 15 19 33
CH," 16 20 33

Table 5-2 Showing the energy accommodation coefficients for ions striking Ga and N atoms, for

various ions, commonly used to etch GaN.

As may be seen from Table 5-2, the greatest amount of energy that is transferred in
this simple model is approximately a third of that of the ion. This model is for
interactions between atoms modelled to behave similarly to solid billiard balls and

does not account for reactions that occur at the surface, such as those likely between
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the Cl+ radical ion or the Cl,+ molecule and the surface. With these extra
considerations due to the alternating nature of the dc bias and the inefficient transfer
of energy to the substrate, the energy of a molecule incident onto the substrate surface

is less than the dc bias by approximately an order of magnitude.

A plasma density of 1x10'" ions/cm® corresponds to approximately 2 mA/cm? of
current, or approximately 1x10'%/cm? singly charged particles per second incident on
the substrate; hence, for a 1cm” sample, if only singularly ionised ions are assumed
and if the flux to the substrate is approximately 1x10'® ions/s, to break all the bonds in

the top 1 nm of a 1 cm® GaN sample a dc bias of the order of 100V is required.

The above reasoning may be written as Equation 5-4, where B is the bond-strength per
atom, N is the density of atoms in the sample, V' is the area of the sample multiplied
by 1 nm, 7"is the ion flux to the substrate (determined by a planar langmuir probe)
and « is the mass transfer factor introduced above; n(f) is equal to = if the frequency
of the signal generating the dc bias is greater than 10MHz but is lower if the
frequency is lower 2%%. The transfer of energy into the breaking of bonds will not be
totally efficient so an efficiency factor is added and the dc bias is thus given by
Equation 5-5, where A is a constant of proportionality related to the efficiency with

which bonds are broken.

ti dc bi Oc—u Equation 5-4
optimum dc 0ias F o 7C(f) .......................................................... quation >-
B N V

optimum dc bias = A o et Equation 5-5

The effect of dc bias on the desorbtion of the GaCl etch product is shown in Figure
5-17 232, where the OES signal is normalised by the zero bias signal. As may be seen,
more GaCl, Ga and N, are desorbed from the surface of the GaN as the dc bias is
increased to 60V, after which the rate increases more slowly; the top graph is for a
100% ClI; plasma and the bottom graph for a 100% Ar plasma. The other plasma

parameters were an ICP power of 400W and a pressure of 10 mtorr.
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Figure 5-17 Optical emission spectra from GaN etching by 100% CI, and by Ar. The OES signal

is shown relative to the spectra from a sample etched with zero dc bias 2,

Following *®*, the fraction of the feedstock gas that is utilised in etching a substrate U
(the utilisation factor) is given by Equation 5-6; where N is the number of atoms
contained in 1cm x 1cm x 1A volume of substrate, 7 is the number of gas atoms in a
standard cubic centimetre per minute (sccm), A4; is the area of the substrate, E is the

etch rate of the substrate in A/min and Q is the flow rate in standard cubic centimetres

per minute.
A -E
U= N SQ ......................................................................................................... Equation 5-6
n

For GaN, N is 8.9x10" cm™ A and # is given in 264 25 2.69x10" molecules/min. In
264 Chapman and Minikiewicz state that a high utilisation factor at low flow rates is
caused by an insufficient supply of gas to feed reactions with the substrate. Using
Equation 5-6 it is found that, for a 1cm? sample of GaN such as those commonly used
in research, the utilisation factor is small. A value of approximately 0.5 for the
utilisation factor is reached when the etch rate is set to 15000 A min-1 (higher than

any values reported in the literature) and the flow rate is 1 sccm. For higher flow rates
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and lower etch rates U is much lower than 0.5, as is shown in Figure 5-18 and Figure

5-19.
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Figure 5-18 Utilisation factor as a function of flow rate as calculated from Equation 5-6 with the

sample area 1cm’ and the etch rate 15000 A min™.
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Figure 5-19 Utilisation factor as a function of flow rate as calculated from Equation 5-6 with the

sample area 1cm? and the etch rate 5000 A min™.
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In 2* Chapman and Minikiewicz define a low flow region where any variation of the
rate has a large effect on the etch rate (due to the relative scarcity of etchants) and a
high flow region where a change in the flow rate has little effect due to the over
supply of etch gases. From Figure 5-18 and Figure 5-19 it is possible to conclude that
a flow rate of 10 sccm should be sufficient for 1cm? samples; however, in this model
reactions with the sidewalls of the chamber are ignored or assumed negligible. In
large reactors, like the Oxford Instruments ICP range, this assumption is less likely to
be valid though conditioning the chamber with an appropriate plasma before the etch
will help to make it more so. Experimentally there should be a region where there is
an insufficient supply of etchants to sustain the etch and a region at higher flows
where little variation is observed, such as was the case in >* where little variation

with flow was exhibited between flows of 15 and 60 sccm.

Also in *** Chapman and Minkiewicz give Equation 5-7, describing the probability
that an active species will react with the substrate before being pumped away in the
high flow region, where the symbols are the same as for Equation 5-6 except Q is now
in units of millitorr litres per second (1sccm = 12.7 mtorr I/s), ¢- bar is the mean
speed of the reactive species, R; is the probability of reaction per incident active

species and P is the pressure in torr.

O T o e e e bt st Equation 5-7

From Equation 5-7 we may see that the probability that an active species reacts with
the substrate before being pumped away is reduced by increasing the flow rate and by

decreasing the pressure.

265

From “*° the maximum possible value of the trapping probability is given as Equation

5-8
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*
&y =1—exp| - 2'4;# R L Equation 5-8
1-04- 4 +(u )" \ kg T

where D represents the depth of a potential well that traps the gas at the surface of the

material, T, and T are the temperatures of the gas and the solid, respectively, and uis
the ratio of the masses of the gas and solid atoms as shown in Equation 5-9. However,
due to the scarcity of data about the adsorbtion and desorbtion of chlorine to GaN

there was no way of calculating the required quantities.

S o s Equation 5-9

The best way of estimating D was from data related to the adsorbtion and desorbtion
of chlorine on GaAs, for which the state of the art is far more advanced. Using an

2% the depth of a potential well is

average of the barrier heights calculated in
calculated is 0.044eV and the calculated trapping probability as a function of substrate
temperature for adsorbtion to nitrogen (N) is shown in Figure 5-20 for a gas at room
temperature. The graph for adsorbtion to Ga looks very similar to that for adsorbtion
to N. From these graphs we see that a gas atom impinging on a substrate at room

temperature will stick to it approximately 50% of the time.
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Figure 5-20 Variation of the maximum trapping probability of a Cl atom to a N atom on a GaN

surface as a function of temperature calculated from Equation 5-8.

Using a value for R; in Equation 5-7 of 0.5 and a mean gas molecule velocity of
30000 cm/s, the probability that an active species will react with a 1cm? sample of
GaN before being pumped away for flow rates of 5, 10 and 15 sccm and pressures

from 1 to 20 mtorr, calculated with Equation 5-7, are shown in Figure 5-21.
Obviously if the probability of a reaction occurring is less than 0.5 the probability that

an etchant will react with the surface before being pumped away is reduced. This

effect is shown in Figure 5-22 as a function of pressure for a flow rate of 10 sccm.
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Figure 5-21 Probability that an active molecule will react with the substrate before being pumped
away as a function of pressure for five flow rates as calculated with Equation 5-7. The mean
speed of a molecule was taken as 30000 cm/s and the probability of a gas particle incident on the

surface reacting with the substrate as 0.5.

—+—Rs=05
—a— RS = 0.25
—m—Rs = 0.1
i RS = 0.05

reacts with the surface before being

Probability that an etchant molecule

0.00 A e T T

0 5 10 15 20

Pressure / mtorr

Figure 5-22 Graph showing the effect of decreasing the probability of an impinging etchant
molecule reacting with the substrate (Rs) on the probability that an etchant will react with the
substrate before being pumped away, (the flow rate is set at 10 sccm the other parameters are the

same as before).
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Figure 5-23 Variation of GaN etch rate as a function of pressure for various inductively coupled

plasmas.

From Figure 5-23 we see that there is, in all the plasmas shown, an initial increase in
the etch rate as the pressure is increased followed by a decrease at higher pressures.
The mechanism for the decrease at higher pressures is the decrease in the plasma
density normally attributed to the increased frequency of recombination between ions

and electrons at higher pressures.

GaCl GaCl, GaCls NCl;

Heat of Formation (kJ/mol) -84 -260 -448 -229
Boiling Point (°C) 535 ~206 71
Melting Point (°C) 172 ~77 -40

Table 5-3 The heat of formation, boiling and melting points of several of the important etch

products from chlorine etching of GaN 267,

The heats of formation of some of the different Ga and N chlorides, as well as their
melting and boiling points, are shown in Table 5-3. As may be seen the heat of
formation decreases (becomes more negative) as the chlorine number increases

indicating an increasing exothermic reaction. Also the boiling and melting points of
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the gallium chlorides decreases as the chlorine to gallium ratio increases and one must

guess a similar behaviour for the nitrogen chlorides.

In 2°® Winters gives several steps for an etch to proceed and illustrates these steps with
the etching of silicon with CF3. These steps are shown below but with chlorine

etching of GaN given as an example instead.

1. Adsorbtion (nondissociative and dissociative):
Cly(gas) + GaN .— Cl,(ads) + GaN
Cly(gas) + GaN — 2Cl(ads) + GaN

2. Formation of product molecule:
xCl + Ga — GaCl,(ads) (x=1,2 or 3)
xCl + N — NCl,(ads) (x=1,2 or 3)

3. Desorbtion of product molecule:
GaCl,(ads) — GaCl,(gas)
NCl,(ads) — NCl,(gas)

Winters also includes a step for desorbtion of any residue, in the case of CF; etching
of Si, the carbon residue. This may be relevant for plasmas containing large amounts
of BCl;. Winters, carries on to state that any of the above steps may be rate limiting. It
would therefore be good to know whether chlorine reacts with the GaN surface at
room temperature and pressure to form chlorides with either nitrogen or gallium
without the need for ion bombardment to break any bonds. If a spontaneous reaction
between chlorine and GaN does occur at the GaN surface then it is almost certainly
the desorbtion of the product molecule rather than its formation that is the rate
limiting step of the GaN etch. The temperature dependence of the etch (Figure 5-7)
could either be due to the temperature changing the rate at which chlorine reacts with
GaN to form an etch product, or it could be due to the increase rate that the etch

products evaporate from the surface.
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Because GaN does not etch well in wet chemical etchants and because GaAs has a
higher etch rate than GaN (GaAs has similar etch products but a lower bond strength
than GaN), it was thought that it was the strong bond strength of GaN that limited the
etch rate of GaN. The implication for etching with chlorine is that the Ga and N atoms
prefer to bond to one another rather than to Chlorine. The standard heat of formation
of stoichiometric GaN is given in ** as =157 + 16 kJ/mol, in agreement with several
other values from the literature. This value compared with the values for the gallium
chlorides in Table 5-3 indicates that the reaction of Ga with N is more favourable than
that of Ga with Cl but is less favourable than the reaction of Ga+yCl to form GaCl,
where y is 2 or 3. The differences in the heats of formation of the GaN and GaCl is

about 73 kJ/mol or 1eV per molecule.
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5.3.7 Sidewall profiles and etch damage

The SEM images in  etched at 30mtorr do not show obvious signs of under cutting
as might be expected, and in fact exhibit the opposite with acute angled sidewalls.
However, much better profiles have been achieved at lower pressures (see Figure 5-25
and Figure 5-26. The etch rate for Figure 5-25(b) was ~ 3800 A/min, for Figure
5-26(b) it was ~ 2400 A/min).

891814 28KV JHu*

(@)

<0

Figure 5-24 SEMs of Si0. masked GaN etched in ((a) & (b)) C12ZAr plasmas at 30mtorr, 70°C,
10% Ar, -120V dc bias and 600W power to the coil, and ((c¢) & (d)) C1./BCIL: plasmas at 30mtorr,
70°C, 10% BC13,-120V dc bias and 600W power to the coil22l.
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(a) (b) (¢)

Figure 5-25 SEM micrographs for GaN etched at (a) 250, (b) 500, and (c) 1000W ICP source
power. ICP etch conditions were 32 seem Cl2 s seem BCI3, S seem Ar, -100 V dc bias, and 2

mTorr pressure 2P.

(2) (b) ()

Figure 5-26 SEM micrographs for GaN etched at (a) -50, (b) -150, and (c) -300 V dc bias. ICP

etch conditions were 32 seem Cl2 s seem BCI3, 5 seem Ar, 500 W ICP source power, and 2 mTorr

270
pressure

The study from which the SEM micrographs (Figure 5-25 and Figure 5-26) are taken
investigated the affects that mesa etch conditions had on the reverse bias leakage of
p-i-n junction diodes at -30V. In this study Schottky contacts were deposited first and
then mesa etched and ohmic contacts deposited after the etch (see Figure 5-27). Their
results show that the reverse leakage current of the diodes increased by approximately
two orders of magnitude when the dc bias used in the mesa etch was increased to -

350V dc bias from -250V. The value at -250V was equivalent to the value at -25V.
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The reverse leakage current increased approximately exponentially with increasing
power to the coil from 100W to 1000W, whereas it remained approximately
unchanged as a function of %Cl; in the plasma (500W coil power, -100V dc bias,
2mtorr and 40 sccm total flow rate). As a function of pressure, the reverse leakage
current dropped approximately two orders of magnitude when the pressure was
increased from 1 to 2 mtorr and remained at the lower level up to the highest
measurement pressure of 10mtorr. Annealing of damaged diodes up to 500°C did not
improve the reverse leakage current and annealing at 600°C was found to increase the

leakage current.

In their study of plasma-induced damage to Schottky diodes on n-GaN %', Khan et al.
deposited ohmic contacts, etched the surface with a Cly/Ar plasma rinsed the surface
with 1:1 HCL:H,0, and then deposited Ni/Au Schottky contacts. They found that
changing the ICP coil power from 100 to S00W had little affect on the barrier height,
breakdown voltage (the voltage at which the leakage current reached 1mA), ideality
factor and forward turn-on voltage; this was at a dc bias of -100V a pressure of 3mtorr
and a total gas flow rate of 20sccm (70% Cl,). The etch rate for all powers was always
less than 1500 A/min. The above four factors, Schottky barrier height, breakdown
voltage, ideality factor and forward turn-on voltage, all remained essentially constant
as a function of the etch duration (300W coil power, -100V dc bias, 3mtorr pressure,
70% Cl;, and 20sccm total flow rate). For a plasma with 300W coil power at a
pressure of 3mtorr, 20 sccm 70% Cl,, the Schottky barrier height, breakdown voltage,
ideality factor and forward turn-on voltage all drop as a function of dc bias, as shown

in Figure 5-28.
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Figure 5-27 Schematic of the mesa isolated p-i-n diode used in the study of ICP damage by Shul

et al. 2P.
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Figure 5-28 Graph showing the deterioration in (from top) Schottky barrier height, breakdown
voltage, forward turn on voltage and ideality factor of Ni/Au Schottky diodes when the dc bias of

the inductively coupled plasma used to etch the surface beneath the contact is varied 27\

144



5.4 Experimental work

5.4.1 Introduction

The motivation for the experiment was the perceived lack of studies of the selectivity
of gallium nitride (GaN) to photoresist (PR). To the author’s knowledge before the
work reported here there was only one published study of the selectivity of GaN to PR
in an inductively coupled plasma etcher (ICP) using the BCl3/Cl, chemistry 212 and
this was in a magnetised ICP. In this study we used an orthogonal experimental
design to optimise the etch rate of GaN and the selectivity of GaN to PR in BCl,/Cl,

based plasmas.

5.4.2 Experiment

Two wurtzite GaN epilayers grown on c-plane sapphire with the parameters shown in
Table 5-4 were bought from Technologies and Devices International, Inc. (TDI Inc.)
and coated with approximately 1 micron of S1813 SP15 photoresist. The photoresist
was patterned with lines of varying widths and samples with a cross-sectional area of
approximately 1 cm” were cleaved from the two wafers. Samples from the two wafers

were not differentiated.

Diameter | Ng-N, Thickness o Surface
Sample N° 3 Conductivity
(mm) (cm™) (um) treatment
AP-15-1 50 1-5x10'° ~3.6 n-type as grown
AP-19-1 50 1-5x 10° ~35 n-type as grown

Table 5-4 Parameters of the two GaN on sapphire wafers used in this etch study.

The experiment was performed in an Oxford Instruments System100 with ICP 180 at
the Oxford Instruments Plasma Technology site in Yatton. A schematic of the Oxford
Instruments Plasma Technology ICP 180 generator is shown in Figure 5-29. 13.56

MHz power supplies delivered power to both excite the plasma and generate dc bias.
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Before the first etch was performed the chamber was conditioned with a plasma that
was the same as the first etch plasma, run for fifteen minutes. Before each etch an
argon based pre-etch was used to de-scum and remove any oxides from the surface.

The parameters for the pre-etch are shown in Table 5-5.

Viewport for optical
emission spectroscopy or
laser interferometry

Gas inlet with
axially symmetric

, Quartz or

alumina tube

distribution
V»)»SSSSS
Electrostatic er cooled
shield 30j| antenna
205mm diameter
cryo-cooled/healed Wafer clamping
lower electrode with mechanism
helium assisted heat
transfer
Sputter
shield

200mm diameter
high conductance
pumping port

Figure 5-29 Schematic of the Oxford Instruments Plasma Technology ICP 180 Source 273

flow rate  ICP Power RF Power Pressure Temp  He pressure Time
(seem) W) (W) (mtorr) O (torr) (sec)
50 500 125 10 10 15 30

Table 5-5 Parameters for the Ar pre-etch used to de-scum the wafer surface and remove any

native oxide before the BCL/CI. etch.

The thickness of the PR on each sample was measured at Oxford Instruments using a
nanospectrometer made by Nanometrics before each etch. After each etch the etch
depth was measured in several places across the sample with the PR still in place

using a Sloan Dektak, the PR was then removed with acetone and the etch depth re-
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measured. From these measurements we calculated the etch rate and the selectivity of

GaN to PR i.e. the etch depth of the GaN divided by the etch depth of the PR.

In order to etch the samples, they were attached to a silicon carrier wafer with silicon
based wafer grease, which improved the thermal contact between the sample and the
wafer. Thermal contact between the cyro-cooled lower electrode and the silicon
carrier wafer was ensured by a helium gas flow between the lower electrode and the
carrier wafer. The orthogonal experimental design and its basis and usefulness are
well discussed in *’*. Table 5-6 shows the variable settings used in the experiment.
Other variable parameters: the lower electrode temperature, the total flow rate of gas
entering the reactor, the pressure of the helium used to improve thermal contact
between the carrier wafer, the lower electrode and the etch time were kept constant
throughout the experiment at 10°C, 100 sccm, 15 torr and 1 minute, respectively. Run

2 was repeated enabling the calculation of the experimental uncertainty.
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8vl

Original PR
. PR GaN ICP RF
DC bias | Selectivity PR thickness Pressure
Etch rate Etch rate % Cl, Power Power Run
(-V) GaN:PR . thickness | after etch (mtorr)
(nm/min) (nm/min) (W) (W)
(nm) (nm)
270 1.00 115 700 585 115 5 25 500 75 1
270 0.46 195 800 605 90 10 50 600 75 2
270 0.85 130 700 570 110 15 75 700 75 3
320 0.73 110 770 660 80 15 50 500 100 4
270 0.79 330 780 450 260 5 75 600 100 5
315 0.57 115 700 585 65 10 25 700 100 6
350 0.58 190 740 550 110 10 75 500 125 7
360 0.20 50 700 650 10 15 25 600 125 8
327 0.59 488 800 312 286 5 50 700 125 9
270 0.69 160 820 660 110 10 50 600 75 Rpt 2

Table 5-6 Each run is a set of parameters that constitute one etch with one set of results resulting from each run.




5.4.3 Experimental Results with the ICP 180

27 the average of the results gained at each variable setting e.g. RF power at 75

From
W may be plotted in order to see the affect of varying a parameter, here RF power, on
any measurable outputs. The dependence of the GaN etch rate, PR etch rate, dc bias,
and selectivity output averages on RF power, ICP power, pressure and %Cl; are
plotted in Figure 5-30 to Figure 5-33. The lines shown in these graphs are there as a
guide to the eye only. The uncertainties calculated using Equation 5-10 and the results
from Run 2 and its repeat are + 10% for etch rate, + 20% for the selectivity and + 2%
for the dc bias. In the graphs shown here the uncertainty is shown as = 10% for the
etch rate + 20% for the selectivity and = 2% for the dc bias. A major source of this
uncertainty is believed to be the Dektak measurements, the reason for the large
uncertainty was the small depths etched in the one minute etch time. Because the
features etched were very small, the roughness of the surface and of the photoresist
was significant compared to the depth of the feature making accurate measurement of
depths difficult. Larger depths would be facilitated by a longer etch time but this etch

time is limited by the selectivity of the etch to gallium nitride over photoresist and the

photoresist thickness.

. highest result - lowest result )
Uncertainty = ——=———————————————— ... Equation 5-10

highest result + lowest result

As shown in Figure 5-30 our results showed that as RF power was increased from
75W to 100W the etch rate of GaN increased but then showed no significant increase
when the RF power was increased from 100W to 125W, this was despite the
monotonic increase in dc bias that was observed as the RF power was increased. The
etch rate of the photoresist increased as the RF power increased. The difference
between the etch rate of the GaN and the etch rate of the PR led the selectivity of GaN
to PR remain the same within experimental uncertainty and then decrease when the

RF power was increased to 125W.
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Figure 5-30 Top, GaN etch rate and PR etch rate as a function of RF power; below, the dc bias
and selectivity for the same runs; the uncertainty shown for the etch rates, selectivity and de¢ bias

is = 10%, £20% and +2%, respectively.
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As shown in Figure 5-30 the etch rate of GaN did not increase monotonically with RF
power as would be expected from previous results published in the literature, other
results taken with the ICP180 when the other variables were held constant (see
Section 5.4.4) and the etch rate variation of the photoresist seen in the same graph.
This could be due to the increase in dc bias having less effect at higher values once a
certain threshold is passed; also, there could be a linear variation that is obscured by
the large experimental uncertainty associated with the data coupled with the small

variation of the GaN etch rate over the range of these variables.

When one looks at the original results more closely, one can see that the reason for
the plateau in the average etch rate shown is the abnormally low etch rate of run 8
where the other parameters were 600W ICP, 25% Cl,, 15mtorr (125W RF power).
This could have been a mistake, except that the result was re-taken and a result similar
to that shown discovered; so what could be the cause for the low etch rate? On
studying the results further we see that run 8 is the only run to have the combination
0f 25% Cl, and 15mtorr pressure. As is seen in Figure 5-32 and Figure 5-33, 25% Cl,
and 15 mtorr pressure both led to low etch rates. If one looks at those results where
the %Cl, was 25% and examine how the etch rate varied as a function of pressure it is
observed that at 15 mtorr the etch rate was 10 nm/min, at 10mtorr the etch rate was 65
nm/min and at 5 mtorr the etch rate was 115 nm/min. This was despite the fact that
the last result had both the lowest RF and the lowest ICP power of the three results.
Similarly if one looks at just the results with 15mtorr of pressure and vary the %Cl,.
At 25% Cl, the etch rate was 10 nm/min at 50% it increased to 80 nm/min and at 75%
Cl; the etch rate increased to 110 nm/min; this was again despite some changes in RF
and ICP power that we would expect would act against such a trend. Indeed if we
look at the variation in the results as set out in Table 5-7 then it is clear that the higher
results are confined to the top right hand corner (the result at 5 mtorr and 50% Cl, was
made with 125W RF power and 700W ICP power, whereas the Smtorr and 75% Cl,
result was taken at 100 W RF and 600W ICP power). Similar behaviour is observed
for the photoresist though with the effect less marked (see Table 5-8).
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25% 50% 75%

5 mtorr 115 286 260
10 mtorr | 65 90 110
15 mtorr | 10 80 110

Table 5-7 Showing the variation in the etch rate of gallium nitride observed when only pressure

and %Cl,; are examined and the other variables discounted.

25% 50% 75%

5mtorr | 115 488 330
10 mtorr | 115 195 190
15 mtorr | 50 110 130

Table 5-8 Showing the variation in photoresist observed when only pressure and %Cl, are

examined and the other variables discounted.

This effect is not caused by changes in the dc bias; as is made clear in Table 5-9 the

dc bias does not exhibit any pattern of values.

25% 50% 75%
Smtorr | 270 327 270
10 mtorr | 315 270 350
15 mtorr | 360 320 270

Table 5-9 Showing the variation in dc bias observed when only pressure and %Cl, are examined

and the other variables discounted.

So, in essence what the anomalous RF power result is telling us is that there is a
strong underlying effect caused by the combination of %Cl, and pressure that is

stronger than the effect of RF power on the etch rate.

The above reasoning implies that the increase in etch rate must be due to something
other than the ion flux to the wafer or the dc bias i.e. the effect must be of a chemical
nature with a decrease in a certain reactive gas species caused by the combination of a

low % Cl; and a high pressure (from Table 5-7 it seems that the decrease in pressure
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or the increase in %Cl; both independently act somewhat to mitigate the combined

effect).

The above combination effect, due to the nature of the experiment, will have affected
all the results and needs to be taken into consideration when analysing the rest of the
results. In order to avoid such combination effects separation between the variable
settings should be as large as possible in orthogonal design experiments; however, in
this experiment where a high selectivity was desired, seeming to demand low powers,
the choice of parameters was deliberately limited to values that were thought likely to

give a high selectivity.

Figure 5-31 shows the etch rate of gallium nitride and photoresist, the selectivity and
the dc bias varied as a function of ICP power. As may be seen, the etch rate of the
photoresist increased linearly as a function of ICP power whereas the etch rate of GaN
does not increase quite linearly, with the increase from 500 to 600W less than that
from 600 to 700W. This non-linear behaviour is possibly caused by the anomalous
run 8 as already commented on; such an adjustment to make the variation of the etch
rate of GaN linear would require an increase in etch rate observed at 600W to 127
nm/min from 120 nm/min; such an increase would lead to the selectivity showing no
variation within experimental uncertainty as a function of ICP power. Similarly if the
GaN etch rate as a function of RF power is made to increase linearly the selectivity as
a function of RF power seems to decrease linearly though truly this is obscured by the
large experimental uncertainty. To get the GaN etch rate as a function of RF power to
increase linearly, the etch rate must be increased by approximately 25 nm/min this is
compared to only 7 nm/min for the ICP power. This seems to indicate that ICP power
seems to act to mollify the effect of the combination of a high pressure and a low

%Cl,.

The dc bias as a function of ICP power would be expected to show a monotonic
decrease as the ICP power was increased, as may be seen in Figure 5-31 this is not
observed and again this is assumed to be an artefact of the experimental design though

again the uncertainty in the results would allow for a linear variation.
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The variation of the etch rates and selectivity, as well as the dc bias as a function of
pressure are given in Figure 5-32. The variation of the etch rates follows
approximately the same trend being, oddly enough, approximately the inverse of the
variation shown by the dc bias. As dc bias is inversely proportional to the flux to the
wafer this would suggest that the flux to the wafer or the reaction or desorbtion of
etch products at or from the surface respectively limits the etch rate in this case.
However, in the graph of the etch rate of GaN as a function of pressure, it can be seen
that the etch rate increases by approximately 140nm/min for a decrease in dc bias of
approximately -20V (a pressure decrease from 10 to 5 mtorr). This increase in etch
rate is much greater than any of the increases seen for RF or ICP power suggesting
that the dc bias is not the only factor at work. From 2°' at 1 mtorr the number of gas
molecules in 1 micron cubed is approximately 35, it could be that at higher pressures,
recombination of molecules limits the number of reactive radicals. Recombination of
electrons and ions limits the ion numbers, and the decreased mean free path of atoms
increases the number of collisions in the dc bias sheath causing a reduced efficacy of
the power used generating the plasma and the dc bias. The increase in the etch rate as
the pressure decreases was seen in other experiments (results from which are given
below) and seems to be a valid, reproducible phenomenon in BCl3/Cl, plasmas
generated in Oxford Instrument ICPs; however, in the experiments shown below the

increase was quasi-linear.

The variation of the measured parameters (GaN etch rate, dc bias etc.) as a function of
%Cl; is shown in Figure 5-33. The dc bias is seen to decrease linearly as the %Cl; in
the plasma is increased, this implies that the increase in the %Cl; is increasing the ion
flux to the substrate. This could be due to the slightly smaller ionisation energy of

273y or due

chlorine gas compared to boron tri-chloride gas molecules (11.5 cf 11.6 eV
to the different cross sections or the fact that the more energy will be lost
disassociating BCl; in BCI, BCl,, B with little consequence for the etch. The etch
rates of both the PR and the GaN, however, do not show linear behaviour with both
etch rates increasing as the %Cl; is increased, peaking or plateauing at 50%. This
indicates that in this case it is chemical effects, such as the amount of CI radical,
rather than the dc bias or ion flux that are the dominant factors in determining the etch

rate.
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Interestingly, in the other work presented below that investigated the efect ofthe %Ch
on the etch rate of both GaN and PR an almost linear increase in the etch rates as the

% CIL: was increased was exhibited.

Addition of BCIs to a chlorine plasma has been shown to improve the anisotropy of
the etch for GaP and GaAs 276. This is thought to be due to BCI: forming a polymer
on the surface ofthe material being etched, acting to inhibit the horizontal etch. In this
same study, however, the addition of BCIs to a plasma used to etch GaN did not
improve the anisotropy o f the etch which was near perfect even without BCIs
addition. This is thought to be due to the higher bond strength of GaN as compared to
GaAs or GaP meaning that little etching occurs without an ion flux to break the bonds

to allow etching.

Figure 5-34 Image of the GaN surface etched with the optimised etch for two minutes.

Figure 5-34 shows an scanning electron microscope (SEM) image ofthe surface of
the gallium nitride etched with an etch that was a combination ofthe parameters used
to find the above trends in etch rate, selectivity and dc bias; this plasma was the
optimum etch that was found following the method of Yin and Jillie 274 and gave an
etch rate 0of 215 nm/min and the selectivity of GaN to PR 0f0.81 both of which were
above the expected values calculated from the non-optimised results. The parameter
settings of'the optimised etch was a RF power of 50W, an ICP power of 700W, a

pressure of 10 mtorr and a %Cl: or 75%. As may be seen, the side walls ofthe etch
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were quite rough and far from vertical, this almost certainly due to the photoresist
mask used to pattern the sample rather than any other factor. The SEM image in
Figure 5-34 is of a sample that was etched for two minutes, all the other samples from
which data was taken were etched for just one minute. As may be seen from Figure
5-34 the etch depth even after two minutes with one of the faster etches of which
measurements were taken the etch depth is still quite shallow, it is this shallowness of
the etches that is a major cause of the uncertainty in the results as at this depth Dektak
measurements are plagued with signal noise that is a significant proportion of the
actual etch depth, this of course implies that the slower etches have a larger

uncertainty in their etch rate values than the faster ones.

5.4.4 Further Results

The plasmas observed with the orthogonal experimental design did not yield very
high etch rates. Further experiments were performed to increase the etch rate of
gallium nitride by increasing the RF power and ICP power while keeping the other
parameters at their optimised values. The results of these two sets of experiments are

shown in Figure 5-35 to Figure 5-38.

As can be seen, the etch rate of both gallium nitride and photoresist seemed to
increase linearly with power applied both to the ICP coil and to the lower electrode,
this is as would be expected. In the case of increased RIE power, the dc bias increased
linearly and in the case of ICP power the dc bias decreased linearly again, as would be
expected. Interestingly the selectivity in both cases remained constant within
experimental error. It should be noted that because the etch depth in these etches was
much greater, the uncertainty in the Dektak measurement is much reduced, hence, the
uncertainties used here are smaller than those shown for the previous etches. To
further increase the etch rate a single etch was performed with an ICP power of
1700W and an RF power of 225W (a d.c. bias of -465V) with the other parameters set
to their optimum values. This etch gave an etch rate of 660 nm/min with a selectivity
of 0.9 - much higher than would have been expected from the other results. Figure
5-39 shows an SEM image of the GaN etched with this higher power etch for a

minute and a half.
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The roughness ofthe sidewalls is again attributed to mask roughness or striations

caused by ions striking the photoresist sidewall.

Several stages were carried out differently between the original orthogonal
experiment and these additional etches. Firstly, as the etches used higher power the
need for the argon pre-etch was no longer as pressing and in fact, no argon pre-etch
was used. A second difference was that a new photoresist was spun on and patterned
for this second set of experiments in order to avoid any effects of photoresist
degradation over time. It is believed that the procedure followed both times was the
same; however, in the original experiment photoresist was spun onto the entire wafer
whereas in the later experiments the photoresist was spun onto the approximately one
centimetre-squared samples one at a time. There was a noticeable difference in the
quality ofthe two masks, possibly due to the way they were handled during transit.
The improved selectivity seen in the experiments could be due to the method used to
pattern the samples or it could just be an effect of the higher powers used or the lack

ofargon pre-etch.

Figure 5-39 The pattern produced with the ICP380 parameters 50%C12, 50% BCI3, Smtorr
pressure, 100sccm total flow, 1700W ICP power and 225W RF power; table temperature was
10°C.

162



The orthogonal experimental design is well suited for systems like the ICP etcher
where there is a vast parameter space where the result of varying one parameter is not
necessarily independent of the level of another. Because of the way the effect of each
variable is calculated when using the orthogonal experiment design i.e. from results
taken without true control of the non-variable parameters. If a trend is seen, it is a
trend that expands throughout a multi-parameter space rather than just a trend seen at
a particular set of values. In this respect the orthogonal experimental design saves far
more samples than it seems to at face value, as to gain such a picture of the trends
over such a large parameter space with one dimensional searches would take vast
numbers of samples. However, as has been noted above and in the paper by Yin and
Jillie, by varying the other parameters whilst varying the variable whose effect is
being studied, the effect of the variable can be diluted; hence, the strength of this
method is also its weakness and it is very important that, with the orthogonal
experimental design, a significant spacing is left between parameter settings so that
combination effects do not obscure the true effect of varying a parameter. Even if
such precautions are taken it will never be possible to be 100% certain of results

which are statistically derived from other measurements.

The decision to use the orthogonal experimental design depends on the requirements
of the data. If a multi-parameter space needs to be characterised as quickly as possible
for global trends then, if it is possible to space parameter settings so that other factors
are not likely to obscure the effect of the variables, then the orthogonal experimental
design may be used providing that 100% accuracy of the results is not required.
However, if results that are one hundred percent certain are required then the
traditional one-dimensional searches, where one parameter is varied and all others
held constant, should be used. It is the authors opinion that orthogonal experimental
design is a powerful experimental technique when used correctly, the above data are
flawed because the parameter settings were not spaced apart enough and the etch

depth was too shallow making experimental uncertainty too large.
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5.4.5 Comparison of the Results with the Literature

In the most directly comparable study (Lee et al. 2’%) the best result measured was an
etch rate of 400 nm/min with a selectivity of gallium nitride over photoresist of 2.1.
This result was found at 100% BCl; using permanent and electro-magnets to
condition the plasma. The best result they found without the use of magnets to
condition the plasma was an etch rate of approximately 200 nm/min coupled with a

selectivity of GaN to photoresist of approximately 1.4.

In their study Chang, Liu and Jeng >’ looked at the selectivity of GaN to nickel (Ni),
silicon dioxide (SiO,) and PR masks in BCIl3/Ny/Ar plasma. Their best result for the
GaN masked with PR coupled an etch rate of approximately 400 nm/min with a
selectivity of 1.65; however, the selectivities for the Ni and SiO; were much greater,

at best 15 and 5.6 respectively.

In their more recent study Kim et al 2”” were able to couple an etch rate of 640
nm/min with a selectivity of 1.5 whilst maintaining reasonable etch anisotropy in an
inductively coupled BCIl3/HBr plasma. In the other plasmas that Kim et al.
investigated, Cl,/HBr and HCI/HBr, the selectivity was always below 0.8. In their
study Kim et al used a very high ICP power, 1600W, a moderate dc bias, —-150V, a
low temperature, 3°C, and a high flow rate of 100 sccm whilst pressures were

maintained at approximately 10mtorr

5.4.6 Experimental results with the ICP 380

The above work on the ICP 180 had been undertaken in order try and develop an etch
which yielded a high selectivity of GaN over PR. Further result were needed to
characterise the etch rate of GaN and selectivity of GaN over PR of plasmas generated
by the ICP 380 at Cardiff University. Due to the above problems that were
encountered with the orthogonal experimental design it was decided that it would be
better if reliable results were taken and the one-dimensional search methodology was

adopted for these experiments.
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To measure the etch rates of the gallium nitride and photoresist in this experiment a
different method of measurement was used to that in the experiments with the
ICP180. The ICP 380 was equipped with a laser interferometer that could be used to
measure the etch rate of transparent films with the reflections from the top surface and
any underlying material interfering destructively and constructively in varying
amounts as the surface was etched closer to the underlying material. This variation of
constructive and destructive interference is registered as a sinusoidal wave that
progresses as the material is etched. If the thickness of the layer was known then one
sample could be etched until the sinusoidal oscillation ended (a non-transparent
material is reached) or the signal changed significantly (interface between two
different transparent materials) and the total etch depth could then be divided by the
number of oscillations observed to give the etch depth for each oscillation. Once the
etch depth of each oscillation is known (it was 0.144 pm/osc for the GaN used here
and 0.198 pm/osc for the photoresist) the time taken to etch from one peak to the next
(one oscillation) could be measured (the time taken is actually recorded above the sine
wave trace and correlated to the peak with a ruler) and used to calculate the etch rate
of the plasma that is being used. In this way for a single sample many measurements
can be taken (in this case the GaN used was over 3 microns thick and the entire set of

sixteen results was taken on only two samples).

In order to calculate the etch depth per oscillation for the photoresist used, one quarter
of a three inch silicon wafer was patterned with thick S1813 SP15 (~1.4 pm by using
two 4000rpm spin-ons with 3min 97°C bakes after each spin-on). Samples of
rectangular shape ~ Smm by 8 mm were cleaved from this wafer and one patterned
and used to measure the etch depth of the photoresist with the Dektak. Once the
photoresist thickness was known the sample was etched until all the photoresist was
removed which took eight minutes. The depth per oscillation was then calculated. The
depth per oscillation for gallium nitride was found by patterning one sample with
thick S1813 SP15 photoresist in the same way as the silicon; however in this case the
above method yielded a photoresist thickness of greater than 1.6 um. This sample was
then etched for eight minutes and the etch depth measured by the Dektak; the
measured etch depth was then divided by the number of oscillations recorded to find

the depth per oscillation. All the samples were of approximately the same area though
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the difficulty of cleaving GaN on sapphire substrates meant the equivalence was only

approximate.

Once the depth per oscillation for the photoresist and the gallium nitride had been
calculated for each set of etch parameters, enough of the material was etched to yield
two clear peaks or troughs in the interference pattern for each plasma. The time taken
to etch between the two peaks or troughs was measured and the etch rate calculated
from the etch depth per oscillation for each plasma. In this set of experiments the etch
rate was measured as a function of RF power, ICP power, % Cl, in the BCL;/Cl,
plasma, pressure and flow rate. As trends in the etch rate and selectivity were being
sought, parameters were spread from the lowest levels used to the highest, four values
of each parameter were used to give a better idea of any trend than the three values
used in the ICP 180 study. The control values for this experiment were 175W RF
power, 1250 W ICP power, 67% (0 dp) Cl,, 1 Smtorr pressure and 24 sccm flow rate.
When one of the parameters was varied, all the other parameters were held at their
controlled values. Run-to-run uncertainty was calculated from a repeat of the
measurement of the controlled plasma (all the parameters set at their control values).
The the fourth and seventeenth etches for both the GaN and PR were controlled
etches. The uncertainty for both the GaN and PR etch rates was found to be +1%,
which actually did not show up on the graphs. The uncertainty in the selectivity is

shown as £2%.
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Figure 5-40 Graphs of the etch rate of GaN and PR and the selectivity of GaN over PR as a

function of RF power

The results as a function of RF power are given in Figure 5-41, as can be seen the etch
rates and selectivity follow the same basic pattern, increasing monotonically but with
a slightly slower rate at higher powers than at lower powers. If it were not for the high
precision of the data it would be tempting to say that the true, linear, nature of the
results was obscured by experimental uncertainty; however, due to the small
uncertainty in the results and the large range over which the results are taken this
reduction in the rate of increase of the etch rates and selectivity as the etch rate is
increased is assumed to be due to the decreased efficacy of the etch at higher powers,
due to the increased power hampering as much as aiding the etch process by
dislodging reactants or hindering reactions. It could thus be possible that if the RF
was increased even further that a stage would be reached where the etch rates would
start to decrease as the RF power was increased as the chemical component of the
etch was no longer effective and the etch became predominantly physical (sputtering
or chemical reactions alone yielding much slower etch rates than the combined action

of both etch mechanisms). It was quite surprising that the selectivity increased as the
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etch rate and RF power was increased, normally the opposite would be expected (as

was found on the study with the ICP 180).
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Figure 5-42 graph of the selectivity of GaN over PR and the etch rates of PR and GaN as a

function of ICP power.

The effect of increasing the ICP power on the measured parameters is shown in
Figure 5-42, as may be seen again the etch rates are seen increasing as a function of
the power inputted to the coil; however this time the etch rate of the photoresist jumps
from being near to that of the gallium nitrides at SO0W to being higher at 1250 W,
from this point on the etch rate of GaN and the PR increases at approximately the
same rate, this is shown by the change in the selectivity which drops sharply from a
high of over 0.9 to around 0.7 where it remains approximately constant as the ICP
power is increased. This change in the selectivity or the rate at which the two
materials are etched again can be attributed to the softness of the PR which responds
to a much greater degree to the increase in the ICP power at lower powers than the
tougher GaN which begins to respond in a manner equivalent to that of the PR at

higher powers as seen.
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Figure 5-43 Etch rate of photoresist (PR) and gallium nitride (GaN) as a function of the %Cl, in
the plasma, the selectivity of GaN over PR (the etch rate of GaN + the etch rate of the PR) is also

shown

The dependence of the etch rates and selectivity on the %Cl, in the plasma is given in
Figure 5-43, the etch rate of both the photoresist and the gallium nitride increase as
the percentage of chlorine in the feedstock gases is increased, the selectivity also
increases as the %Cl; is increased implying that the increase in the etch rate of the
gallium nitride is slightly greater than the increase of the photoresist as a function of
the %Cl,; in the plasma. The increase in etch rate will be due to a combination of the
increased ion density as the %Cl; is increased (as was seen in the study using the ICP
180) and also due to a increased amount of reactive chlorine radicals as was discussed

above (see Section 5.3.1).
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Figure 5-44 Gallium nitride and photoresist etch rates as a function of chamber pressure in an

Oxford Instruments ICP 380, the selectivity of GaN over the photoresist is also shown.

The measured results as a function of pressure are shown in Figure 5-44, as was
mentioned earlier the etch rate as a function of pressure shows broadly the same linear
decrease as was noticed in the ICP 180 study, the reason for the increase in etch rate
as the pressure is decreased has already been discussed in relation to the results of the

study conducted with the ICP 180 and this reasoning will not be repeated here.
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Figure 5-45 Graph showing the variation of the etch rate of gallium nitride, the variation of the
etch rate of photoresisit (PR) and the variation of the selectivity of GaN over PR as a function of

the flow rate of gases into and out of the plasma.

The dependency of the selectivity and the etch rates measured on the flow rate is
presented in Figure 5-45. As may be seen there is an initially a large increase from a
flow rate of twelve to a flow rate of twenty four sccm but then only a slight increase
when the flow rate is increased to higher flow rates. This is approximately the
behaviour predicted in 2** due to a lack of reactants at lower flow rates, which once
past an equilibrium does not act to increase the etch rate. 12 sccm is quite a high flow
rate to see such an effect and it could be due to the large size of the cavity of the ICP
380. Further results at lower flow rates would be needed to clarify this point as it

could just be a dc bias or other plasma based effect.
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5.4.7 Conclusions

In this chapter an orthogonal experimental design was used to examine the effects of
varying the pressure, RF power, ICP power and %Cl, of a BCl3/Cl, plasma on GaN
etch rate and the selectivity of GaN to PR. Unfortunately due to the choice of the
parameters a strong combination effect was noticed that affected the results and made
them unreliable. In orthogonal design experiments, care needs to be taken in choosing
the variable settings used to ensure that the variable exerts a sufficient influence on
the measured parameter to ensure that such combination effects do not override the
effect of the variable that is being observed. From the orthogonal design and the later
experiments to increase the etch rate, the effect of both the chemical and physical
aspects of the plasma on the etch rate of gallium nitride are both clearly exhibited.
Both these aspects are important in the etching of gallium nitride whereas much
literature places a greater emphasis on the physical action of ion bombardment chiefly
due to the slow etch rate of gallium nitride in wet chemical etches. The highest etch
rate etch found in this study with an etch rate of 660 nm/min coupled with a
selectivity of 0.9 a result that is comparable with the best results found in the
literature. One dimensional search type etches performed in the ICP 380 system at
Cardiff University yielded good results that showed clear trends in the etch rates and
selectivity of gallium nitride and of gallium nitride over photoresist respectively. Due
to the small uncertainty in these results, conclusions based on them were possible that

would not otherwise have been so.
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6 Microwave FET processing

6.1 Introduction

As mentioned above a few steps are required to make a basic working transistor, these
include a good material on which to base the device, a mask set for isolating the
device, defining the source and drain contacts and defining the gate contacts, a
method for isolating the device, a good ohmic metallisation for the source and drain
and a rectifying contact for the gate. In this chapter the steps that were taken to
address the requirements of a working high frequency heterostructure field effect
transistor are described. The material that was used to fabricate the devices was
bought from Nitronex and was grown on silicon which made it both cheaper and easy

to cleave.

Firstly in this chapter the mask pattern used for the fabrication of FETs is presented.
Patterns made with this mask set were found to have rough sidewalls that were
noticeable at high optical magnifications, this roughness was eventually concluded to
be due to the roughness of the mask that was a print taken from a sub-master mask. It
was decided that metals deposited by lift-off using these masks were sufficiently good
for development work though for high quality devices a master or sub-master mask

would be better.

As was mentioned before, isolation of the devices was achieved by etching of the
material so that only a small region was left un-etched, this method is suited to HFET
devices as the material becomes resistive once the 2-DEG is etched through requiring
shalloWer etch depths. The etching was performed in the ICP380 for which a study of
the etch rate of gallium nitride has already been presented. As will be shown, a
problem with using an etch for isolation purposes is that the gate, source and drain
metallisations must transcend the discontinuity between the etched materials and the
un-etched materials, this can cause metal thinning which in turn can cause problems

with the device performance. One solution to this problem is to use thicker metals;
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here a method of melting photoresist leading to shallow sidewall gradients due to

surface tension is found to work as well.

Several plasma etchings were used to etch the device mesa isolations. As is shown
below all the etched material yielded a similar sheet resistance as measured using
TLM patterns formed with various ohmic contacts. A slight correlation between the
dc bias of these etches and the conductivity of the wafer is noticed, as long as the etch
depth is kept reasonably low. The reason for this could be due to damage to the

surface through the photoresist or strain relaxation in the layers.

Both ohmic and Schottky contacts are investigated. A good Schottky contact is
presented and it is the authors view that with further efforts to treat the surface this
contact could be made to exhibit state of the art parameters; however, as it is, it is a
workable contact. No ohmic contact with a resistance of the required order of
magnitude was discovered, some of the failure mechanisms for ohmic contacts are

presented after the results of the TLM measurements taken with the contacts tried.

At the end of the chapter the best dc transistor characteristic that was gained during
this work is presented. Due to a higher than expected sheet resistance after etching
and poor ohmic contacts the transistor only exhibits a very low saturated drain-source
current; however, or possibly because of the feeble current drain, the breakdown

voltage of the FET is found to be near 90V.

6.1.1 The mask pattern used for processing.

The photolithography mask pattern used for the fabrication of microwave field-effect
transistors (FETs) was designed by Peter Lomax, formerly a postgraduate student at
Cardiff University, and fabricated by Align-right (now Photronics UK Itd). The mask
set consisted of both a positive and negative mask. The masks were copies of a
submaster retained by Align-right, both had clearly printed on them the words HEMT
Test Array 1 (HTA1). The HTAI mask set contained all the features necessary for the
fabrication of a FET and these features and the FET fabrication process are reviewed

here.
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It was found during FET process development that a close contact between the mask
and the photoresist was essential for good small feature pattern transfer and metal lift-
off using the bi-layer photoresist method. This required complete removal of edge
beads, something which is not strictly necessary with larger features. The mask HTA1
contained features for the removal of edge beads shown schematically in Figure 6-1.
These patterns allowed either a central square to be exposed while the edge beads
were shadowed (for negative photoresist), or for the centre to be shadowed while the
edge beads were exposed (positive photoresist). The inverse of the two patterns shown

in Figure 6-1 was also available on the other mask in the set of two.

Figure 6-1 Schematic diagram of form of patterns used for edge bead removal, black regions
indicate regions of chrome (opaque) and white regions clear glass, the inverse (black = white) of

the patterns shown above was also available on the other mask.

The second pattern that was necessary in the fabrication of a FET was the pattern for
the device mesa isolation. Device mesa isolation was used to ensure that current flow
between the source and drain of the FET was limited to the region covered by the
gate. Mesa isolation was achieved by patterning the sample and then etching the
heterostructure until the 2-DEG was destroyed everywhere apart from where the
photoresist protected the sample. A picture of the mesa patterns for a 100pum (two
50um gates) gate width device and a S0pm (two 25um gates) gate width device is
shown in Figure 6-2. The dark squares in Figure 6-2 are where the photoresist would
remain if the photoresist were positive as for the Shipley S1813 photoresist used here.
As may be guessed correctly the vast majority of the sample is etched leaving only the

small bits of sample underneath the photoresist un-etched and conductive.
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Figure 6-2 Picture taken through a microscope of the mesa isolation patterns for the 100pm (left)

and 50pm (right) single gate devices.

After the mesa etch the ohmic contact pads for the source and drain were laid which,
was because the ohmic contacts required a high temperature anneal whereas the gate
metal needed no anneal. The through-microscope photo of the source-drain
metallisation pattern for the two widths of gate available on this mask (100 pm and
50pm) is shown in Figure 6-3. The cross at the bottom-centre of Figure 6-3 was the
alignment mark that was supposed to be used to align the gates with the source-drain
metallisation though in practice it was often difficult to see through the alignment
mark while simultaneously keeping the sample free to move beneath the mask unless
the photoresist on the sample was very flat. Apart from the 100pm and 50pm devices
there was also a large part ofthe mask dedicated to FETs with larger gate widths (for
higher powers), these larger devices had mesas similar to the smaller gate width
devices. Almost all ofa source-drain metallisation pattern for a 200pm gate width

device is shown in Figure 6-4.
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Figure 6-3 Microscope picture of the source-drain metallisation for a single gate 100pm gate

width device (left) and a single gate SO0pm gate width device (right).

Figure 6-4 Source drain pads for a two gate device with alignment marks also shown.

After the deposition and anneal ofthe source-drain pads, the gate metal was
deposited. The gates that could be defined by photolithography had a width of 50pm
or 100pm and a length of either 2 or 4 microns (see Figure 6-5 and Figure -
respectively). Apart from this there were, on the mask, several gate pads without gates
that could be used in conjunction with an electron beam writer to gain access to other

gate dimensions Figure 6-7.
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Figure 6-5 The two types of 2 micron gate length devices on the mask, on the left the 100pm wide

device and on the right the S0pm device.

Figure 6-6 Through-microscope photograph of the two 4 micron gate length devices.

Figure 6-7 The gate pads without gates that would be used in conjunction with an electron beam

writer.

Also available on the HTA1 mask set were patterns for the test of ohmic contacts
using the transfer length method (TLM). Those familiar with the TLM method will
know that a mesa should be etched to ensure that current only flows in a restricted
region and that contact regions must be formed with differing spaces between them on
this mesa, those unfamiliar with the TLM are referred to  for a good description.

The mesa mask pattern, in this case, looked similar to two rectangles as drawn in
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Figure ¢ -s . A SEM micrograph ofa TLM mesa may be found in the copy of the
physics thesis by Mark Dineen held in the Trevithick library at Cardiff University.

Figure 6-8 Schematic of the TLM mesa pattern of the maskH £ M T testarray [.

The TLM metalisation patterns in this case were of two types, one that fit over the
larger rectangle mesa, and one that fitted over the smaller rectangle mesa. These two
patterns were similar, one just being smaller than the other and they are shown,
respectively the larger and the smaller, in Figure 6-9 and Figure 6-10. It should be
noted that the spacing between contacts is the same for both the large and small TLM

contact patterns and that these spacings are 20, 10, 5 and 2 pm.

Figure 6-9 Larger TLM contact pattern with varying distances between pads.
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Figure 6-10 Smaller TLM contact pattern. The distances between pads are the same as those in

the larger pattern.

6.2 Pattern definition

In preliminary fabrication steps it was noticed that some features had very rough sides
with the roughness significant in comparison to the width ofthe transistor gates of the
HTAI mask (see Figure 6-11). It was suggested that the length of the exposure time,
or the concentration ofthe developer solution could cause this roughness 97Q. It was
also pointed out that the mask itself was not perfectly smooth and that the mask might
be a factor 279. As the developer was a 6:1 H20:2401 the concentration of the
developer was removed as a factor; the literature accompanying the developer
recommends a dilution of4:1 for fine features; also, a developer with a concentration
ofs:1 H20:2401 developer failed to improve the pattern roughness consistently.
Furthermore, varying the exposure time had no consistent effect on the roughness,
though over exposing led to larger feature sizes. Another factor that was considered
was the effect of edge beads in increasing the separation ofthe mask and photoresist;

however, edge bead removal again led to no consistent improvement in the roughness.

The mask was probably too rough to transfer good patterns. Comparison of the pattern
given by the gate mask (which was particularly rough) with the pattern given by a part
of'the mask that was less rough seemed to indicate that the mask roughness was a

considerable factor in the pattern roughness. However, occasionally good results such

as those of Figure 6-12 were seen even with the rough mask.
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Figure 6-11 Example of the rough sidewalls that were routinely observed (this was for a 4s expose
and 15s develop time). The gate width is fifty microns, slightly more than half of which is shown,

the gate length is 2 microns.

Figure 6-12 An example of the good results that were occasionally seen despite the mask
roughness. The gate width is fifty microns, slightly more than half of which is shown, the gate

length is 2 microns.

The mask pattern that was used to make the patterns shown in Figure 6-11 and Figure
6-12 is shown in Figure 6-13. To solve the problem ofrough features it was suggested
that a sub-master mask be bought. The masks in the clean room at the time were

copies printed from a sub-master and it was believed that a sub-master would be much

smoother. Such a mask would have cost in total next to £1000. Before a sub-master
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mask was bought it was suggested that the metal patterns deposited using the masks
we already had be examined after lift-off. Figure 6-14 shows the gate fabricated using
the process described in the Appendix D. It was judged that such a feature would be

sufficient though a sub-master would be desirable.

Figure 6-13 Microscope image of the mask pattern shown in Figure 6-11 and Figure 6-12. The

gate width is fifty microns, slightly more than half of which is shown, the gate length is 2 microns.

Figure 6-14 Through-microscope photograph of the gate metallisation post lift-off. The gate
feature shown is the same as that in Figure 6-11 to Figure 6-13. The gate width is fifty microns,

slightly more than half of which is shown, the gate length is 2 microns.
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6.3 Photoresist flow bake to reduce mesa sidewal angle

A problem with the fabrication of heterostructure field effect transistors (HFETSs)
found previously was that the mesa-isolation of the device by etching could cause
the gate metal that passed over the mesa edge to thin, and sometimes even break
completely (Figure 6-19). Device isolation is required to stop conduction between the
source and drain and gate apart from in a small region covered by the gate fingers. As
is shown in the sequence of figures from Figure 6-15 to Figure 6-17, Figure 6-18

shows a schematic ofthe layout of a completed device.

Figure 6-15 Schematic showing plan and side view of the device mesas once etched

Drain Source

Figure 6-16 Rough schematic of what a single gate device looks like once the source drain pads

have been deposited on the mesa.
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Figure 6-17 Schematic showing the allowed current paths over the mesas (green (lighter) arrows)

and some of the previously allowed but now forbidden current paths (red (darker) arrows).

Figure 6-18 Schematic showing a completed device with device mesa, source, drain and gate.

Both the thinning of the metal as it traverses the mesa and the complete break caused
problems with the electrical performance of devices and previously the solution was
to use a thicker gate metal. Another solution would be to reduce the angle that the
mesa sidewall makes with the horizontal in some manner such as 3D grey scaling of
the resist. Unfortunately the method of 3D grey scaling of the mask was not easily
practicable at the time and instead it was suggested that a flow bake of the resist

such as that used in the manufacture of micro-lenses from sapphire = might
decrease the angle of the photoresist sidewall and that this pattern would be

transferred into the etched material.
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Thin metal going
over mesa

Figure 6-19 SEM image of the metal thinning over the mesa etch 280

The experiments to test whether photoresist flow baking reduced the angle ofthe
mesa sidewall were performed first on silicon to test the concept cheaply. Three
samples were subjected to, as-well as the standard S1813 SP15 spin-on and pattern
steps (see Appendix D), a bake at 180°C for 5, 10 and 15 minutes, respectively, after
the develop step. The profile that was achieved after 5, 10 and 15 minutes of flow
bake time was very similar. The profiles ofa control and a flow baked sample, as
measured with a Dektak profilometer, are shown in Figure 6-20 and Figure 6-21

respectively.
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Figure 6-20 Profile of photoresist measured with Dektak profilometer without any flow bake
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Figure 6-21 Profile of a 10 minute flow baked photoresist pattern analogous to the one shown in

Figure 6-20.

In the results reported here specific mesa patterns were designated on the sample by a
grid of letters and numbers so that the same patterns could be measured before and

after the etch and compared.

The dimensions of the un-etched control sample and the etched samples that were
measured are shown in Figure 6-22 (For details of the plasma used to etch the samples

please see the Appendix D). The dimensions of the flow baked samples that were
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measured before the photoresist was removed are shown in Figure 6-23. The reason
for the two different sets of measurements is the difference in profile as shown in

Figure 6-20 and Figure 6-21.

o [
b L
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D

Figure 6-23 Schematic of the dimensions taken from the flow baked samples both before and

after etching, before the photoresist was removed.

All of the measurements were taken using the Dektak surface profilometer at Cardiff
University using a low speed, a scan length of 75 microns and a peak surface profile.
This scan took 1500 measurements across the 75 microns and therefore had a
resolution of 0.05 microns or 50 nm. In both cases /4 and / were used to calculate the
sidewall angle and these dimensions were taken from as close as possible to the edge
of the photoresist once the gradient had become approximately constant i.e. within 1

micron of it.
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Figure 6-24 Graph of the effect of the flow bake time on the mesa sidewall angle, the line is a least

squares fit to the data and the uncertainty shown is +/- 5%.

As Figure 6-24 shows, the flow bake did appear to decrease the sidewall angle as
expected; however, the change was not much and in these experiments the sidewall
angle was already very shallow, so indeed the problem would seem to be how to make
the sidewalls steeper, not more shallow. If the trend shown in Figure 6-24 were to
continue a flow bake of 45 minutes would reduce the sidewall angle to 5° and a bake
at 180°C for 90 minutes would reduce the sidewall angle to 1°. A photograph taken
through a microscope of the mesa etched for 8 minutes with a 10 minute flow baked
photoresist is shown in Figure 6-25. In Figure 6-25 the sloped sidewalls are clearly
seen, though in actual mesa etches the etch depth would be much less than shown and

hence the slope would be less noticeable.
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Figure 6-25 Eight minute etch of 10 minute flow baked photoresist. The sloping sidewall is clearly

seen. The mesa pattern shown is for a 2 x 25 pm gate width device.

A fortunate side effect ofthe flow bake that was not predicted was the increase in etch
selectivity caused by the flow bake that may be seen in Figure 6-26. There was an
increase in selectivity from the control sample (0 minutes flow bake) to the 5 minute
flow bake of approximately four times and this increased to approximately five times
when the bake time was increased to 15 minutes. Ifthe trend shown in Figure 6-26
were to continue the photoresist selectivity would be increased by an order of

magnitude after a 40 minute bake at 180°C.
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Figure 6-26 Graph of the selectivity of silicon over photoresist calculated by dividing their
respective etch rates as a function of the bake time at 180°C. The lines were added by eye, by the

author. Uncertainty is shown at +/- 5%.



It was believed that the reason for the shallow sidewalls seen in the control in the
above studies was that the contact mask was not in good enough contact with the
photoresist and that therefore diffraction was decreasing the sidewall slope 284 The
reason for the poor contact was assumed to be edge beads, which are beads of
photoresist that build up the edge a sample if the sample does have a sloping edge to
prevent the build up. Once the edge beads were removed the sidewall angle increased
to between 20 and 25°, though this figure might be limited by the resolution ofthe
Dektak. In this case, after annealing at 180°C for five minutes the angle ofthe

sidewall reduced to near 1:° as seen before.

Later studies showed that the resist could not be flow baked and then exposed and
developed; if this were not the case a high selectivity could be coupled with a
relatively steep sidewall. There is thus a compromise between the selectivity and

sidewall angle with a high selectivity giving a lower sidewall angle.

To test whether the same effect would be exhibited on GaN, a sample was patterned
with device mesas; the edge beads were reduced though not completely removed due
to lack oftime and the mesas once patterned were flow baked at 180°C for 5 minutes.
The etch was performed in the same chemistry as before and the etch lasted for 2
minutes. The average angle of five measured mesa edges was 13°to 0 dp with a
standard deviation 0f0.5°. The etch rate ofthis etch was ss nm/min, leading to an
etch depth of approximately 438 nm. A photo of an example of a mesa after the etch

is shown in Figure 6-27.

Figure 6-27 Through-microscope picture of the mesa etch with flow baked photoresist on GaN.
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To confirm whether gate metal would cross the mesa edge without thinning, gate
metal was deposited onto the mesa Figure 6-28, Figure 6-29 and Figure 6-30. As may
be seen, for the gate metal that was used here namely (20/80 nm Ni/Au) there was no

observable gate metal thinning.

Figure 6-28 SEM image of the gate metal over the mesa

Figure 6-29 Higher magnification image of Figure 6-28
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Figure 6-30 The gate metal over the mesa shown in Figure 6-28 and Figure 6-29 at the same

magnification as the feature shown in Figure 6-19

6.4 Mesa etches

The HFET material used in this study was fabricated on a two-inch silicon wafer (a
schematic ofthe layer structure is given in Figure 6-31). The AIN/(Al)GaN transition
layer is used to relax the strain in the layer and reduce the number of dislocations and
defects, caused by heteroepitaxial growth on a substrate with a quite large lattice
mismatch with GaN, that propagate into the devices layers (the lpm buffer layer and
upwards). The micron of GaN combined with the 175A of AlGaN causes a 2-DEG to
form at the GaN/AlGaN interface providing the A1GaN is of sufficient thickness. The
GaN cap layer decreases the 2-DEG sheet carrier density and hence increases the Hall
mobility which can lead to an increase in the sheet resistance . The GaN cap layer
has also been shown to reduce gate leakage current for material similar to that shown
in Figure 6-31. This was thought to be due to the piezoelectric effect shown in Figure
2-¢ but could easily also be due to the increased quality ofthe gallium nitride layers
compared to the AlIGaN . Nitronex, the company that grew this wafer, have had

some success with devices made from 10 cm diameter substrates
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Figure 6-31 Schematic of the structure of the wafer bought from Nitronex for the purpose of
fabricating HFETs

During the tests of the mesa etches described below it was found that 50 nm was a
suitable depth for the mesas. A 10 nm etch was too shallow to be seen even with a
microscope and although 30 nm could be seen with a microscope, it could not be seen
through the bi-layer resist and therefore made alignment difficult. The sheet resistance
of the wafer was found to be approximately 700 to 800 ohms/square this compares
with 300 ohms/square for the Nitronex material presented in 2*¢ and 500 ohms/square

for that in 2¥.

6.4.1 Results and Discussion

As seen in Table 6-1 there seems to be a correlation between the sheet resistance of
the materials once etched and the dc bias of the etches, the exception being the etch
which showed no conductivity due most likely to the fact that the etch depth was too
great. A factor that could have contributed to the decreased sheet resistance could be
the damage of the surface through the photoresist by the plasma; Nitronex themselves
have noticed that if the wafer is covered immediately with silicon nitride before any
processing is carried out, the final device performance is improved 2*®. Whether an
interaction with the surface is the cause of the drop in conductivity could be checked
by using a tougher mask such as SiO; or metal, or by using a thicker mask such as that
created by several layers of S1813 SP15. A third reason for the drop in conductivity
could be relaxation of strain in the heterostructure layers. As was shown in the

introduction, 2-DEGs formed with III-nitride heterostructures are due to a polarity
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discontinuity at the interface and a charge caused by strain in the layers. It could be
that the mesa etch causes the layers to relax reducing the electron density in the 2-
DEG.
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Etch Sheet Helium Table | Chamber ICP RF
] Etch rate DC bias Flow rate (sccm)
depth | resistance . Pressure | Temp. | Pressure | Power Power
(nm/min) V)
(nm) (Q/0) (torr) €C) | (mtorr) | (W) (W) BCl; Ch
400 - 80 10 20 10 1000 190 100 25 15
77 750 15 10 20 10 300 110 50 25 15
54 850 108 10 20 10 0 420 300 25 15
32 700 11 10 20 10 2500 40 20 25 15

S6l

Table 6-1 Details of the plasma etching (generated in the ICP 380) that were used to etch device mesa isolations, also included is the sheet resistance

taken from TLM patterns fabricated on the mesa etched material.



6.5 Ohmic contact studies

Ohmic contacts were fabricated using the method outlined in the Appendix D after a
mesa was etched with the plasmas as described above. In order to characterise the
contacts made to the HFET material the transfer length method (TLM method) was
used. To characterise ohmic contacts using the TLM method an array of contacts is

required with different spacings between adjacent contacts (Figure 6-32)

i

Figure 6-32 Schematic diagram of the layout of contacts used in the TLM method (contacts

shown as black rectangles with identical width Z and length L. The width of the conducting
channel is W).

The total resistance R,,; measured between two adjacent contacts is given by

R,
R = —V;—x F2R AR e Equation 6-1

tot

Where Ry, is the sheet resistance in /0, x is the distance between the two contacts, W
is the width across which conduction occurs between contacts, R, is the contact
resistance and R, is the resistance of the probes used to take the measurement. If R, is
negligiable and the width of the conducting channel between contacts is made equal to
the width of the contacts (normally this is achieved by etching a channel in the
semiconductor) then the resistance will vary linearly as a function of the distance
between the contacts with an intercept at x equal to zero of 2R and a gradient of Ry/Z
% Hence, by plotting the resistance between adjacent channels as a function of the
distance separating the contacts both the sheet resistance and the contact resistance

may be calculated.
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From ** contact resistance is given by

R, = e coth L sttt s n s ss e s e asanasasasnanasans ... Equation 6-2
L.Z L,
Where
L e Equation 6-3
= [T sssesessescscsesscansscsessscccssccscscnnnane con uation 06-.
' R.\'h 1

L is called the transfer length and it is length of contanct that is required for
approximately 63% of the total current flow to transfer from the semiconductor to the
contact. 7. is the specific contact resistance measured in Qcm®. From Equation 6-2

when L >1.5Lr

R R i s e R b e e bt s Equation 6-4

Inserting Equation 6-4 into Equation 6-1 gives

Rlot = R."h
VA

(T 70 I— Equation 6-5

From Equation 6-5 the intercept of the resistance dependence with the abscissa
(extrapolated from the observed dependence of resistance on contact spacing) will
yield twice the transfer length. The transfer length and sheet resistance once know

may be used to calculate the specific contact resistance using Equation 6-3.

The above analysis assumes that the fabrication of the contact to the semiconductor
has not changed the sheet resistance underneath the contact. This assumption can only
be said to hold true for unalloyed, epitaxially grown contacts. For other contacts,
especially those that are annealed, diffusion of metals into the semiconductor will
cause a low resistance layer (sheet resistance ) to form under the contacts 290 This

leads Equation 6-5 to become

R,x _.r.L,
R, =—2=4+2 “‘Z“ ............................................................................................... Equation 6-6

197



L = =5 s Equation 6-7

In order to calculate the transfer length and the specific contact resistivity for this
second case the end resistance of the contacts must be measured. For the case shown

in Figure 6-34

ettt atttttn e a et et s e s s e s e s b et eSS s b e s et e s e R s S0 ROR SRR RSN TE SR RRE RS SRR RRe SR ansesase Figure 6-33

—L —» active layer

Substrate

Figure 6-34 Showing possible method of measuring end resistance, the contacts and conducting

channel are the same width Z.

From *°
R L
“ = cosh(—) .............. Equation 6-8
end Te
And
r.L.
R,, = %— ............................ Equation 6-9
sinh| — |Z
L,

From Equation 6-8 and Equation 6-9 the new transfer length and the sheet resistance
under the contact may be found. From Equation 6-7, once L7, and 7. are known, the

specific contact resistance is found.
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In Figure 6-35 an example of the TLM measurements used to characterise the contacts
to the HFET material is given. The contact shown in Figure 6-35 is for
15nm/100nm/50nm/100nm Ti/Al/Ti/Au contacts. The results for the contacts that
yielded sensible TLM measurements are given in Table 6-2. The 30/180/40/130 nm
Ti/Al/Ti/Au contacts shown in Table 6-2 were adapted from the optimum Ti/Al/Ni/Au

2! the others were adapted from this contact as the experiments

contact reported in
progressed. The use of the Pt layer in 15/100/50/40/200 nm Ti/Al/Ti/Pt/Au contact
was in order to stop the Au and the Al mixing which, was thought to be a problem.
Other results were taken but are not shown here as these results were taken without
mesa etching a defined conduction channel. It was believed that this would only result
in a small difference between results taken with a mesa defined channel but this
proved not to be the case with large discrepancies between the etched and un-etched

results.

For comparison with the values acquired here contact resistances of 0.7-2.3 Q mm

12%2, whereas recently a Ti/Al/Ti/Au contact with a

was measured by Bardwell et a
contact resistance of 0.5 was fabricated **>. As may be seen from the table of contact
resistances our best results were roughly an order of magnitude higher than those
found in the literature, reasons why this may have been the case are given below.
From the average value of the sheet resistance (~760€/0) the sheet carrier density in
the 2-DEG may be calculated. Assuming an electron mobility in the range 600-1400
cm?/Vs the 2-DEG sheet carrier density is calculated as being within the range

1.4x10" — 5.9x10" electrons/cm?
Figure 6-36 shows an example of the dependence of the conductivity of a contact as

the anneal temperature is varied. The minimum at a particular temperature is well

known to occur.
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Figure 6-35 TLM measurements of 15/100/50/100 nm Ti/Al/Ti/Au ohmic contacts on
GaN/AlGaN/GaN HFET annealed for 30s at 800°C. The mesa width was 100 microns.
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Figure 6-36 Dependence of 30nm/180nm/40nm/150 nm Ti/Al/Ti/Au chmic contact resistance as a

function of temperature of a 30s anneal.
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10T

Anneal temperature

Transfer

Contact Contact Sheet
Thickness of each . .
Metals and time resistance | resistance | resistance length
metal (nm)
(°Cls) @ (Q.mm) QM) (am)
Ti/AVTi/Pt/Au 15/100/50/40/200 500/30 800 80.0 - 5
Ti/AlVTi/Au 15/100/50/100 800/30 93 9.3 740 14
Ti/AVTi/Au 30/180/40/130 700/30 80 8.0 700 7
Ti/AI/Ti/Au 30/150/40/130 700/30 120 7.2 850 7

Table 6-2 Summary of the ohmic contact resistances and sheet resistivities found for various contacts to the etch

HFET material bought from Nitronex (note, the transfer lengths were taken assuming that there was no change to

the sheet resistance under the contact, an assumption that is likely false and which will lead to inaccurate values).




6.5.1 Failure mechanisms

If a representative value of the material resistivity of between 200 and 400
Ohm/square is taken and combined with a representative value of contact resistance
for a good contact of 0.5 Ohms, we find that for a 20 micron gap one-hundred
microns wide we would expect a current flow of between approximately 12 and 24
mA at 1V. The reason such values were not seen is due both to the high ohmic contact
resistance of the source and drain contacts and the higher than expected contact
resistance. In the following sections several failure mechanisms for the contacts
fabricated here are suggested. Often for a particular contact, several of these
mechanisms would present themselves at once, which factor was dominant for each
contact fabricated is not known absolutely though it is suspected that it would have
varied dependent on the particular contact with each being partially to blame for a

poor contact.

6.5.1.1 Gold cap layer too thin

30/100/30/30 nm Ti/Al/Ti/Au contacts were used by the optoelectronic physics group
based in Cardiff and a study of these contacts similar to these has been reported in the
literature ***. These contacts as fabricated here were found to be unreliable sometimes
giving what seemed to be a good ohmic contact and sometimes giving no contact at
all. An oxide layer was found to form on the surface of this contact after annealing,
which was believed to be due to the gold cap layer being too thin permitting Al and Ti
to diffuse into the surface and oxidise in large amounts; this process might have been
helped by the fact that the chamber of the rapid thermal annealer (RTA) was not
pumped during annealing. The oxide layer exhibited itself through several effects.
Firstly'at low voltages (several tenths of a volt) there was no conduction between
probes placed on the same piece of metal whereas over 10 mA would be drawn at the
same voltages on a true metal. Secondly, a breakdown effect was seen both when both
probes were placed on the same metal and when conduction was between two
contacts; this breakdown effect was such that at higher voltages ~3V current would

suddenly begin to flow in large amounts, as expected. After breakdown, currents
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would flow in their expected amounts even at low voltages or if the voltage was
reduced to zero and then increased again; however, the breakdown was also localised
as, if the probe was lifted from the contact and replaced, current would once again not

flow in the expected amounts.

Figure 6-37 Optical microscope image 0f30/100/30/30 nm Ti/Al/Ti/Au annealed at 800°C for 30s

6.5.1.2 Gold cap layer islanding

Several contacts were annealed with > 150nm of Au as a top surface. These contacts
were, in order of increasing gold thickness, 15/200/40/200 nm Ti/Al/Ti/Au,
15/100/50/40/200 nm Ti/Al/Ti/Pt/Au, 30/180/40/300 nm Ti/Al/Ni/Au, 30/180/40/600
nm Ti/Al/Ni/Au. The gold on all these contacts would island when annealed at
different temperatures, but > 600°C; however, gold islanding was not isolated to
contacts with very thick cap layers, 25/100/70/90 nm Ti/Al/Ti/Au and
25/100/60/10/80 nm Ti/Al/Ti/Ni/Au contacts both exhibited this phenomena (see
Figure 6-40) though in both cases there was a higher gold coverage ofthe uncovered
areas. Figure 6-38 shows an example of what a contact looks like once gold islanding
has occurred. EDX spectra ofthe light and dark regions in Figure 6-38 are given in

Figure 6-41 and Figure 6-42, respectively.
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Gold is put on the surface ofa contact to stop the reactive metals underneath from
oxidising, if the gold islands like this metal oxidation should occur leading to a poor
contact. This means that the high temperatures needed to make the titanium and

aluminium layers react and diffuse through the GaN cap layer cannot be reached.

Figure 6-38 SEM image of the 15/200/40/200 nm Ti/Al/Ti/Au annealed at 800°C for 30s, the light

regions are area of coalesced gold whereas the dark regions are predominantly aluminium.

Figure 6-39 SEM image 0f30/180/40/300 nm Ti/Al/Ni/Au contacts annealed at 700°C for 30s. The

light regions surrounding the contacts were identified as by EDX analysis as Si.
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It was initially thought that it was the thickness of'the gold that decided whether the
gold would island; however, it seems to be more complex than this as 30/180/40/150
nm Ti/Al/Ti/Au contacts were found to form no islands whereas, as mentioned above,
thinner layers of gold with thinner aluminium and thicker titanium layers did; this
would seem to imply that there is a reaction between the metals and the gold which

stops the gold from islanding.

Figure 6-40 SEM image showing islanding on a 25/100/60/10/80 nm Ti/Al/Ti/Ni/Au contact. The

whiskers around the contacts are thought to be titanium
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Figure 6-41 EDX spectra of the dark regions of Figure 6-38, attention is drawn to the small amounts of gold, large amounts of gallium and presence of

silicon when compared to the spectra taken before the anneal. (Figure 6-45)
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spectra of the light regions of the contact shown in Figure 6-38. Note the larger amount of gold, smaller amount of Al and lack of Si, also the

large amounts of gallium as seen as-well in Figure 6-41 when compared to the un-annealed sample (Figure 6-45)



6.5.1.3 Silicon Diffusion

Silicon was noticed in several contacts and also, later on, in regions without contacts.
This silicon was first assumed to be SiO, contamination from the e-beam evaporator
where SiO; had been evaporated extensively from the same boat holder as the Al
before the metal deposition; however when both Ti and Al were evaporated on their
own no silicon was seen. Silicon was later found in parts of the wafer without contacts
present, areas that v;fould have had no metal deposited onto them, or where the entire
contact had lifted off before annealing (see Figure 6-40, to be compared with Figure
6-44). Also for the same contact, Si was more likely to be seen at higher temperatures.
It was therefore concluded that the silicon was from the substrate (a schematic of the
wafer structure is given in Figure 6-31). Silicon diffusion into the device layers and
contacts would almost certainly degrade the device though it is not certain how far the
silicon diffused though one of the Ti/Al/Ti/Pt/Au contacts analysed with EDX
contained 18.42% Si (25.48% Al, 5.78% Ti and 57.08% Ga) a significant proportion.
Also Si diffusion in some parts of the wafer seemed to change the texture of the
surface, indicating that in some places on the wafer Si diffusion to the surface or near

surface was exhibited Figure 6-39.
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Figure 6-43 EDX spectra of a blank region of the HFET wafer after annealing
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6.5.1.4 Gallium Diffusion

Comparing the data shown in Figure 6-38 to Figure 6-42 for the 15/200/40/200 nm
Ti/Al/Ti/Au contact after an anneal at 800°C for 30s with that of Figure 6-45 for the
contact before the anneal shows that there was a large increase in the amount of
gallium seen in the contacts after the anneal. Quantification of the EDX spectra are
given in Table 6-3. Although the increase in gallium in the area outside of the gold
island could be due io the removal of the intervening gold, the fact that the amount of
gallium as a percentage of the metals found is seen to increase even where the gold
has islanded suggests that there has been some gallium diffusion into the contacts
from the material. Such diffusion could cause an increase in the contact resistivity as
gallium vacancy is a triple acceptor in GaN with an acceptor level approximately 140
meV above the valence band edge. However, recently it has been speculated that the
gallium diffusion actually improves the contact resistance by causing nitrogen
vacancies to form (gallium vacancies cause a charge imbalance which is compensated

for with nitrogen moving into the vacant gallium site leaving nitrogen vacancy a n-

type dopant) 2.
Element Amount seen Amount seen after After anneal
before anneal anneal (gold island) | (outside gold island)

% % %

Ga 28.98 43.63 70.61

Au 68.91 43.21 -

Al - 11.71 21.79

Ti 2.11 1 1.45 2.55

Si - - 5.05

Table 6-3 Table showing the change in the amount of a particular metal found in 15/200/40/200
nm Ti/AUTi/Au contacts dependent on the region of the contact and whether the contact had

been annealed or not.
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6.5.1.5 Bimetallic compound formation

Bimetallic compound (or purple plague as it is more commonly termed) is a well
know cause of contact degradation. Purple plague is the name given to the purple
coloured intermetallic compound that forms when aluminium with a 2% silicon
impurity is annealed with gold at a temperature of greater than approximately 200°C.
Purple plague was first discovered in connection with wire bonding where it was a
cause for bond failure; however this bimetallic compound also reduces the
conductivity of the contact metals. Bimetallic compound was seen in some of the
contacts with 40 nm spacer layer between the Au and the Al layers. As the metals
themselves have a negligible resistance when oxide free (the interface between the
metals and semiconductors providing the biggest problems), a thick layer could be
used to reduce the formation of purple plague and indeed contacts with 60 or 70 nm of
Ti as a spacer showed no bimetallic compound. The observation of purple plague
(A”Au phase) was observed recently in @(where it was concluded that Ti was not a
good barrier layer for separation of Al and Au. The authors also noticed that the
formation of purple plague led to a rough surface morphology as shown in Figure

6-46.

)ﬂ'ﬁM * (o
gtrm tuu#lﬁ«».lt

Figure 6-46 SEM micrograph showing the rough surface morphology observed in 293 to

accompany the formation of A12Au phase in 1Onm Ti/50nm Al/20nm Ti/30nm Au contacts.
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6.6 Schottky contacts

The voltage current characteristic of a Schottky diode according to the thermionic

emission theory is given by **°

q\V —R1 q\V —R1 )
I=1 liexp(%) - ljl ~ 1 exp((—nk—T—s——) ..................................... Equation 6-10

Where Ry is the series resistance which includes the contact resistance of the metal
and the sheet resistances of the metal to semiconductor junction and the GaN film; n
is an ideality factor that indicates how well the observed I-V characteristics fit

thermionic emission theory (n=1/ being an ideal fit). I; is the saturation current given

by
I,=5-A"T?exp L Equation 6-11
‘ kT

Where S is the contact area, ¢, the Schottky barrier height. A" is the effective

Richardson constant given by

** mt
A =120( J ................................................................. Equation 6-12
m

e

Where m,” is the effective mass of an electron in the material the Schottky contact is
being made to. Using a value 0.22m, for the effective electron mass in GaN, A7 is

calculated as 26Acm 2 K2 %%,

Equation 6-10 may be simplified to

qv :
I = 1 EXP| == | cereerrrrereeresnereenessssessssessssssssssssssenssssssssasssssssasssssssssssessassnensasasassensss Equation 6-13
s p( nkT)

When the current multiplied by the sheet resistance /. Rs is small compared to the
applied voltage V. If the natural logarithm of the current is plotted as a function of
applied voltage then there will, at low voltages, be a linear region where Equation
6-13 holds true. From extrapolation of the linear region to the abscissa intersection the
saturation current /; and hence the Schottky barrier height ¢, may be found and from
the gradient of the linear region the ideality factor » may be found. The sheet

resistance R; may be estimated from the linear region of conventional forward bias I-
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V plot and this estimate may be used with Equation 6-10 to increase the linear region

of the In(])=f(V).

6.6.1 30/60 nm Ni/Au

A 30/60 nm Ni/Au Schottky contact was the first examined. A sample of the I-V
characteristics of this contact are shown in Figure 6-47. These contacts were of a very
poor quality, exhibiting performance many times worse than the state of the art (see
the caption of Figure 6-47); particularly poor was the ideality factor, the saturation
current and the breakdown voltage. Ni/Au contacts have been shown to form into the
((1,1,1) phase on GaN (both Ni and Au are observed in the (1,1,1) phase). In this
phase Ni has a slightly higher work function than Au and should therefore form
slightly better Schottky contacts.
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Figure 6-47 (0.15¢cm)* 30/60 nm Ni/Au Schottky contact fabricated on GaN, the ohmic contacts
used to probe the Schottky contact were 30/100/30/30 Ti/AlV/Ti/Au contacts annealed at 800°C for
30s. These contacts exhibited an Is of 5.6x10° A, an ideality factor of 4.3 and a barrier height of

0.56V (averaged over four contacts) and a reverse leakage current of -1.853 mA at -1V.
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6.6.2 150 nm Au

After the first set of contacts an all gold contact was tried. Gold contacts have
exhibited varying performances highly dependent on the surface pre-treatment 295 296
However, all the published results have reported results significantly better that the
ones found here (Figure 6-48). This being said gold would not be this author’s first
choice of contact as gold contacts tend to flake off during probing and also, as

297

reported recently ©°', may be more prone to degradation than Ni/Au contacts which

are also more durable during probing as-well.
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Figure 6-48 The gate current as a function of source gate voltage for a one hundred micron
device with a 160 nm Au gate. The saturation current Is was 2.8x10°® A, the ideality factor was
18.1 and the barrier height was 0.48 V (gate area was taken as 250 microns square), the reverse

leakage current reached -1 micro-amp at -10V.

6.6.3 6/150 nm Ni/Au

The third Schottky contact that was tested used only a very thin layer of Ni to improve
the durability of the mostly Au Schottky contact. Fortunately this very thin layer of
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Figure 6-49 The gate current as a function of source gate voltage for a one hundred micron

device with a 6/150 nm Ni/Au gate. The saturation current Is was 1.8x10™'" A, the ideality factor

was 1.86 and the barrier height was 0.66 eV (gate area was taken as 250 microns square), the

reverse leakage current reached -1 micro-amp at -10V and -10 micro-amps at -90V.
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Figure 6-50 More detailed forward turn-on characteristics of the 6/150 nm Ni/Au Schottky

contact detailed in Figure 6-49.
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nickel also improved the characteristic of the diode which now exhibited a ideality
factor of 1.86 and a barrier height of 0.66V. Although this was still far short from the

best contact being reported in the literature at the time (see 2% or 2°8

among others)
these contacts had a high breakdown voltage and a reverse leakage current that was
very low. The ideality factor and the barrier height could both almost certainly be

improved by treatment of the surface prior to the metal deposition.

The In(D)=f(V) and In(l)=f(V-IR,) plots for this 6nm/150nm Schottky contact are
shown in Figure 6-51. Rs was estimated from the linear part of Figure 6-50 (from 0.8-

1V) as being 1162€, this high resistance was most likely due to the small size of the

contact.
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Figure 6-51 Variation of the natural logarithm of the forward current measured as a function of
applied voltage without taking account of the series resistance (black squares) and with (red

triangles).
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The reasons for the behaviour of the Schottky contacts reported above are given in *°.

Due to the short range nature of bonds between metals, for good adhesion surfaces
must be adjacent. In **° the authors report on an oxy-nitride layer on the surface of
GaN which separates Au contacts from the GaN surface. Ni layers remove this
interface layer whereas Au does not; this was thought to be due to the much greater
solubility of oxygen and nitrogen in Ni than in Au. This thin interfacial layer explains
the poor adhesion of the Au contacts compared to the Ni/Au contacts. Also reported
in *° was the much greater crystal quality of Ni/Au contacts compared to Au gold
contacts. This is due to the much greater lattice mismatch between Au and GaN

2% thin Ni layers form epitaxially on GaN

compared to Ni and GaN. As is reported in
i.e. the Ni and GaN lattices align; furthermore, the Au layer will align with the Ni
layer, yielding a high structural quality. The above is true for thin films of Ni (~5nm),
but the structural quality is found to deteriorate as the Ni thickness is increased; this
explains why the 6nm/150nm Ni/Au contact was observed to have much better

properties than the 30nm/60nm Ni/Au contact.

6.7 Device theory and results

In this section first a device model is presented and use to model a MESFET type
device reported in the literature. After the theoretical dc IV curves generated with the
model are compared with the experimental results reported the dc IV curves of one of
the HFET devices fabricated by the author are presented. From this dc IV curve the
drain current as a function of gate voltage is plotted and from the fit to these data the

transconductance of the device as a function of the gate voltage is also plotted.

6.7.1 Device model

In this section the MESFET model presented in s applied to a MESFET with the
parameters of the GaN based device reported in *®°. These parameters were a gate

width Zs of 100um, a gate length Lg of 0.3 um, a active layer depth W of 200 nm, a
doping level N of 2.7x10"7 ¢cm™, a mobility z of 270 cm*V™'s™" and a source gate and

gate drain Lg; = Lgy=1 pm. The gate metalisation was Pt/Au and using values for the

219



work function of GaN and Pt of 4.1 and 5.65 the built in voltage across the depletion
region associated with Schottky diode Vo is 1.55V.

Figure 6-52 shows a schematic of a realistic MESFET device. In order to calculate a
basic model of the behaviour of such a device several simplifying assumptions are
made: both the drain and source resistances are neglected, the depletion region
underneath the gate is taken to slope linearly from the source edge of the gate to the
drain edge where it ends abruptly, one-dimensional conduction in the x-direction only
is assumed, hot electron effects such as the substrate current shown are neglected and
the electric field is assumed to vary linearly as a function of distance along the

channel. This situation is shown schematically in Figure 6-53.
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Figure 6-52 (above) schematic of an n-type MESFET showing depletion region at the surface and
under the gate and channel and substrate current. (Below) Approximate variation of the electric
field from left to right in the region from under the left-hand side of the gate to the edge of the

drain.
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Figure 6-53 Schematic of the simplified physical model that will be used to model the dc IV
output characteristic of a MESFET

When the source drain voltage is zero the voltage across the depletion region is

14

across depletion

SV g0 F V5 veererrriiniensssssssssssssssssasssssnns Equation 6-14

Where Vg is the voltage of the source relative to the gate. From 14

[Z00NE) 7 OO e ssssssee . Equation 6-15

Where ¢ is the dielectric constant of the semiconductor and g is the charge of an
electron. Hence the device will become pinched off when a the souce-gate voltage

equals the pinch-off voltage
Yy = W s sesss e Equation 6-16

When a voltage is applied across the device Equation 6-15 becomes

2
Vip + Vo +V(x) = gNTd()i)_ ................... vereessnensasans Equation 6-17
&

Using dividing Equation 6-17 by Equation 6-16 and rearranging one finds that

.................... . Equation 6-18

172
Vio + Vs, + V(x)J

b(x)=W 1—(
Ve +Vgo
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An element of the channel length Ax has a resistance

_AV(x) _AV(x)-b(x)-gNu-Z,
=== .

AR ... Equation 6-19

Letting 4x tend to zero and eliminating b(x) using Equation 6-18, Equation 6-19 may

be written.

1/2

Vo + V.,

I, -dx=gNuWwZz|1- ( so T Vs ¥ V(x)j N7 1 4.5 [ Equation 6-20
. VP + VB()

Where 1, is the drain current. Using the boundary conditions inherent with the linearly

tapered depletion region with neglected source and drain resistances i.e. at x=0

V(x)=0 and at x=Ls V(x)=V 4, where V; is the drain-source voltage, and intergrating

we have

372 3/2
Id = M Vd.\- - z (V1 + VHO VBO * VSG * Vds + ‘2' (VP + VBO M : dV(x)
L, 3 V, +V,, 3 V,+V,,

........................................................................ ... Equation 6-21

Where Equation 6-21 is valid when Vg2 Vp-Vss and V<V 455 for Vo< Vp-Vs.
Equation 6-21 is plotted for the GaN MESFET reported in 390 4n Figure 6-54. As may
be seen by comparing Figure 6-54 with Figure 6-55 (the experimental results for the
device modelled in Figure 6-54) the model predicts well the threshold voltage of the
device and if the drain current density were an order of magnitude lower the model

would fit the observed characteristics well.
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Figure 6-54 The theoretical curves generated from using the parametes given in the text. The
experimentally observed I-V characteristics are shown in Figure 6-55, the order of magnitude
difference between the theoretical and experimental results are due to the theorectical model
neglecting the source and drain resistances. The gate voltage is shown varied from +1 to -9V in

2V steps

The reason that the drain current density is an order of magnitude higher for the
theorectical devices compared to the experimentally observed characteristics is due to
the fact that the source-gate and gate-drain resistances were neglected in the model.

From H4the resistance of a region of semiconductor is given by

Equation 6-22

~

B qMJ_WZG
Equation 6-22 gives for the devices considered here a source-gate resistance (equal to
the gate-drain resistance) of 47f2 and a resistance for the region under the gate of

14Q. Hence the device model has a total resistance of 14 Q whereas the actual device

would have a resistance in the range of 108 Q approximately an order of magnitude

higher. This explains the higher drain current density predicted by the model.
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Figure 6-55 Experimental dc IV characteristics of the device reported in ** the parameters of
which were used to generate the theoretical dc IV curves shown in Figure 6-54. The gate voltage

is shown varied from +1 to -9V in 2V steps

6.7.2 Experimental results

Despite the poor ohmic contacts and the high sheet resistance of the mesa isolated
HFET material with the 15/100/50/100 nm Ti/Al/Ti/Au ohmic contacts annealed at
800°C for 30s a device was fabricated using this sample. The gates were fabricated
with 6 nm of nickel followed by approximately 150 nm of gold. There was a large
deviation in the saturation current exhibited across the wafer which ranged from
approximately 0.2 mA to 2.3mA. The characteristics for the 2.3mA Ipm.x device are

shown in Figure 6-56.
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Figure 6-56 Device dc characteristics for a 100 micron gate length device, 15/100/50/100 nm
Ti/AI/Ti/Au ohmic contacts annealed at 800°C for 30s and 6/150 nm Ni/Au Schottky contacts.
Saturation occurs at Vg = 0V with Vg = +0.5V showing no significant current increase. Device

was pinched of at Vg = -3V. Gate voltage is shown stepped in 0.5V steps.

The device is pinched off at -3V gate voltage with saturation occurring more or less at
0V, +0.5V hardly increases the drain current at all. These devices started to break
down at around 90V, this is quite a high breakdown voltage for a gate with no specific
design such as gate pads to mitigate the high fields at the drain side edge of the gate
such as a gate pad. This high breakdown voltage is either due to the small current that
was being drawn through the device or to the fact that there was a offset of the gate

towards the source in these devices.

From Figure 6-56 the drain current as a function of gate voltage could be determined.
A graph of this device characteristic is given in Figure 6-57. From the polynomial fit

to the I versus V,, data the transconductance given by Equation 6-23 may be found.

g, = DL e .. Equation 6-23
av

sg

The transconductance a function of gate voltage is given in Figure 6-58.

225



2.5 -

y =-0.02x° - 0.2116x - 0.779x" - 1.32¢
-1.3147x¢ - 0.0721x + 2.27

las (MA)

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
Vgs (V)

Figure 6-57 Variation of I, as a factor of the gate voltage applied (grounded source). The line

shown is a fit to the data shown by the equation shown. Pinch-off is estimated from the fit to the

data to be -2.9V.
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Figure 6-58 Variation of transconductance as a function of the applied gate voltage for the device

whose IV characteristics are shown in Figure 6-56
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6.8 Summary

Three steps must be achieved in order to fabricate a basic working field effect
transistor: the device must be isolated, ohmic contacts with a low contact resistance
and a rectifying gate contact must be formed. The HFET material that was used in this
work had a higher sheet resistance than would have been expected (300 to 400
ohm/square would have been preferred); however, it was not possible to take
advantage of what current carrying capacity the material offered as the ohmic contacts
that were fabricated in this work gave contacts with resistance that were two orders of
magnitude too high. Various reasons for this high contact resistance are given in the
text including oxidation of the Ti and Al and diffusion of Si and Ga. The quality of
ohmic contacts to HFET material is very sensitive to a number of different
interrelated parameters and it is important to obtain the combination exactly right
otherwise, as was seen above, only poor results will be found. This is especially true
for GaN and AlGaN because of their wide band gaps and high density. A workable
Schottky contact has been demonstrated though special cleaning and annealing
methods could be developed to improve on the results found. Despite the high sheet
and contact resistance a device showing a transconductance was fabricated; however
because of the low current, and the fact that the device pitch was 100 um smaller than
the pitch of the probes available at the time it was not possible to make any RF

measurements of the device.
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7 Thesis summary and future work

Alloying of the III-nitrides allows heterostructure devices to be fabricated. Due to the
strong ionic bonds of AIN and GaN they and their alloys are wide band gap material
and hence once fabricated into devices can hold high voltages, suffer from low noise
and can be run at higher temperatures than traditional III-V and silicon based devices.
Due to the way in which 2-DEGs form in III-nitride heterostructure field effect
transistors an electron concentration orders of magnitude higher than that found in III-
V HFETs is possible, this high current carrying capability coupled with the high
voltages leads to high power devices. Because the III-nitrides may be engineered into
heterostructure field effect transistors with high transconductance, and because of the
low relative permittivity and hence low gate capacitance, high frequency operation
should be possible. Couple this with high power and with operation possible in both
high temperature or otherwise hostile environments e.g. space, gallium nitride based
transistors become enabling devices for a wide range of novel system formats or
improvements, such as on engine sensors, improved power amplifiers for mobile

phone base stations or satellite communications.

Some properties of gallium nitride and of field effect transistors made from this
material are presented in this thesis. The crystal structure of the lowest energy (and
therefore the most common) state of gallium nitride, wurtzite gallium nitride is
presented. The thermal properties of gallium nitride including its melting point,
thermal conductivity and thermal expansion coefficient are given. The thermal
conductivity of gallium nitride, which theoretical predictions have given to be as high
as that of silicon carbide, is one of the reasons that gallium nitride makes such good
high power devices. The band structure of wurtzite gallium nitride and its variation
with temperature and stress is presented as well as the effective electron mass and the
ionisation energies of some of the dopants of gallium nitrides. Some of the
mechanical properties of GaN are offered including the hardness, which is of course a
relative scale whereby harder materials scratch less hard materials (diamond is the
hardest material known to man). The electrical properties of gallium nitride are

discussed including the reason for the n-type conductivity of intrinsic gallium nitride,
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the DX-centre like behaviour of some of the dopants of gallium nitride (Section

3.5.1), and the mobility and velocity of electrons in gallium nitride.

A new method of measuring the conductivity of a semiconductor wafer that is non-
destructive, requires no wafer processing and that works on thin, micron-thick
semiconductors is presented. This method utilises the effect that conduction in a
semiconductor has on the bandwidth of the resonant peak of a microwave dielectric
that is placed near to it. The increase in the bandwidth that is exhibited when the
microwave dielectric is placed near the semiconductor is due to ohmic power loss in
the semiconductor. Because during resonance the electric and magnetic fields outside
the dielectric drop exponentially as a function of distance away from the dielectric, as
the dielectric is move towards and away from the semiconductor wafer there is a
noticeable change in the bandwidth of the resonant peak as the electrics fields in the
wafer increase and decrease and the amount of power lost through ohmic heating is
increased or decreased. This increase or decrease of the bandwidth of the resonant
peak as a function of distance towards or away from the semiconductor may be
measured experimentally and correlated to the conductivity of the semiconductor if
the thickness of the conductive region is known. The experimental results taken from
a wafer of gallium nitride are presented; these results were in accordance with the
expected conductivity calculated from the charge carrier concentration of the wafer

given by the manufacturer and mobility values taken from the literature.

A relevant background to ICP etchers is presented; this includes how ICP plasmas are
initiated and sustained, and how inductively coupled plasmas are used in the
semiconductor processing industry. A literature review of the uses of chlorine based
ICPs in etching the IlI-nitrides, principally gallium nitride, is given, this includes
trends in the etch rate as a function of %Cl; in the plasma, pressure, temperature,
power to the coil antenna, and power used to create dc bias. After this a section giving
some theory about effects that could limit the etch rate of any particular material in a
given plasma are given though again the emphasis is on the etching of gallium nitride
with chlorine based plasmas. Experimental results are presented for the etching of
gallium nitride with a photoresist mask in both Oxford Instruments ICP 180 an ICP
380 systems. Measurements of the etch rate of gallium nitride and the selectivity of

gallium nitride to photoresist are given. The experiments performed in the ICP 180
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were supposed to yield an etch that was highly selective of GaN over photoresist; the
best results were gained after an extension to the original experiment and were an etch
rate of 660 nm/min coupled with a selectivity of 0.9 which, was comparable with
results found in the literature. The results taken with the ICP 380 show good trends
for all the system parameters that were varied, the uncertainty associated with these
measurements was much less than those associated with the ICP 180 due to the

method of measurement.

Plasmas generated using the ICP 380 were used to electrically isolate the
heterostructure field effect transistors that were fabricated at Cardiff University using
material that was supplied by Nitronex a company that specialises in the growth of III-
nitride heterostructure material for FET fabrication on silicon. In order to facilitate the
easy traverse of the mesa edge by the gate, source and drain metals a method of flow
baking the resist to make the sidewalls of the etched mesas acute was developed. A
workable Schottky contacts to this HFET was developed. The best ohmic contact
reported here had a resistance of 7.2 {O/mm approximately an order of magnitude
worse than the best results found in the literature. Despite the poor ohmic contacts and
a material sheet resistance that was higher than would have been ideally liked a batch
of working devices was fabricated. These FETs exhibited a minute source drain
current but dc I-V characteristics were taken and those for the best device fabricated

are presented.

There are several extensions that could be made to the above work. The first and most
obvious flaw in the work is the lack of a good ohmic contact to the material. It is very
important that a good ohmic contact is found at the start of the project, and it should
be the first thing that is attempted once the process operator has enough experience to
ensure that mistakes are kept to a acceptable minimum. The problem with contact
formation is that there are a great deal different, interrelated factors that will affect the
final contact. In this respect it could be that the orthogonal experimental design could
offer a way of finding a good contact quickly. Whatever the method a systematic
search varying the metal thickness of all the metals in the contact as well as the anneal
temperature and time should be conducted. In order for such a search for a good
contact to be successful a large amount of time, effort and money would have to

spent, this is especially irksome as even afterwards it is not guaranteed that the
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contact will work on any material other than that on which it was first fabricated. It
would be interesting (but costly) to see how the contact had to be varied for different
materials parameters i.e. the thickness of cap or spacer layers etc. It has previously
been reported in the literature that etching of the gallium nitride surface has the effect
of improving the contact resistance of ohmic contacts made to the etched surface; this
is thought to be due to the preferential etching of the lighter more reactive nitrogen
atom leading to nitrogen vacancies which dope the surface n-type. Once a reliable
contact is found it could be improved by etching of the surface in this though of

course experiments to find a suitable etch would need to be performed.

For the method of measuring the conductivity it would be interesting to know how
well the cylindrical co-ordinate based system used by Superfish works approximating
the conductivity of small square samples (such an experiment was performed but it
was before the method had been corrected for various errors that were leading to
erroneous results). If a good approximation was given then this method would
become useful even after the wafer had been cleaved; this would mean that the
method would be useful for all wafer sizes not just the size for which a cavity had

been fabricated for.

Further work to be carried out on the Schottky contacts includes developing better
surface preparation procedures to improve the barrier height and the ideality factor of
the contacts; however, until a good ohmic contact is fabricated this is not critical as,

as has been mentioned, this Schottky contact seems to work well enough.
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8 Appendixes

Appendix A. Wurtzite Miller-Bravais indices *°’

MILLER-BRAVAIS INDICES for plan

* Define a set of four basis
vectors, a4, az, a3, and ¢
as shown at right:

« Determine the intercepts
of the plane of interest on
the four basis vectors

» Take the reciprocals of
the intercepts
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Why bother with an extra index?

Now planes in the same family are identified by
permutations of the (first three) indices, as with Miller
indices for the other systems:
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Appendix B: Superfish.

A large part of the following discussion is extracted from the help documentation that
comes as part of the Superfish package; the reader is directed to this source for further

information on any of the points covered below.

Fish and CFish are the radio-frequency field solvers of the collection of programs
called Superfish. Fish solves problems with real fields. CFish is a version of Fish that
uses complex variables for the RF fields, permittivity, and permeability. Both
programs must be run after Automesh for radio-frequency field problems. The codes

are run in the following order:

e Automesh

e Fish or CFish

e WSFplot (optional)
e SF7

Fish assumes cylindrical symmetry unless told not to; hence, for a problem with
cylindrical symmetry only half of the radial cross-section of the problem needs to be
described and the fields solved for. Figure 8-1 shows the area defined for solution for
the case of a cylindrical cavity; this cylindrical cavity has a ledge with a height of
approximately half the cavity’s height; on the ledge is placed a semiconductor wafer;
in the centre of the wafer there is placed a cylindrical quartz stand and on the quartz
stand there is a dielectric resonator which is resonating. Figure 8-1 shows the field
lines of the solution generated by Superfish for this case. The dielectric is actually
quite hard to see due to the density of field lines within and near to it. The actual
cavity which Figure 8-1 describes could be formed completely by rotating Figure 8-1
by 360° with its right hand edge of the figure as the axis of rotation.
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Figure 8-1 showing how the problem area defined for Superfish (here shown solved with field

lines) is only half the radial cross section of the complete cylindrical volume.

Figure 8-1 is actually the graphical output of the fields generated by the code in
Figure 8-2. In order to describe a problem such as that in Figure 8-1 code such as that
shown in Figure 8-2 must be written for input to the Automesh program; this problem
description is usually written, modified and run as a .zx¢ file but the file type .am may
be used to run Automesh. The title ofthe input file, in Figure 8-2 “Gallium nitride
wafer. Wafer-dielectric separation 6mm” is entered before the first REG namelist.
Titles of up to ten 80-character title lines are allowed. Each Superfish subprogram
prints the problem title in its respective output file. Automesh will write a warning

message if the input file contains no title lines or more than ten title lines.

Automesh can read four sets of namelist variables named REG (for region), PO (for
point), MT (for material table) and POA (for single-point boundary values). Namelist
sections start with &REG, &PO, &MT, or &POA or with SREG, $PO, $MT, or
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$POA and end with &END or just & or with $SEND or $. The REG namelist defines
properties of a region defined by a series of connected points. The connected points,
defined by consecutive PO namelist entries, usually forms a closed region with
straight lines connecting the points. A boundary condition may be defined by the user
on an unclosed region (a series of connected points that do not form a polygon) using
the IBOUND variable. The PO points that define a region must follow their associated
REG namelist. A new REG namelist starts a new region. The order of occurrence of
REG and PO sections is important. If different regions overlap or share a boundary,
subsequent regions replace properties defined by previous regions. The lines that
connect different points defined by the namelist variables PO are straight lines by

default but may be made non-linear.

The PO namelist points for the first region must define a closed area that all other
regions must fit into. Points in other regions may lie along the region 1 boundary but
these points must traverse the boundary in the same direction used for region 1 to
avoid potential meshing errors. Several variables can only appear in the first REG
namelist. These include the KPROB, ICYLIN, DX, DY, XDRI,YDRI NBSUP,
NBSLO, NBSLT and NBSRT. Other variables that are not used by Automesh that are
passed to the solver codes through the Automesh solution file can appear in any REG
namelist, but it is recommended that they appear in the first region. Automesh stores
only the last entry for a variable in the solution file. FREQ and MAXCY, also shown
at the top of Figure 8-2 are respectively a guess value (or starting value) of the
resonant frequency of the system and the maximum number of iterations FISH will

cycle through trying to fit the resonant conditions '*.

KPROB specifies the problem type: KPROB = 1 is Superfish problem (RF
frequency), KPROB = 0 is a Poisson or Pandira problem (electrostatics). ICYLIN
specifies the co-ordinate system 0: rectangular; 1: cylindrical. For problems with
cylindrical symmetry, the correspondence between coordinates R,Z and X,Y depends
upon the type of problem. For Superfish problems, X and Y refers to Z and R
respectively. The default co-ordinates of a Superfish problem are cylindrical. DX and
DY specify the X and Y mesh size in the first region. The default value of DX is 2%
of the maximum X value and the default Y value is calculated from the X value

depending on the problem '*!. XDRI and YDRI designate the x and y co-ordinates of
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the point that the system is driven from. In the case of Figure 8-1 the excitation point

is shown by the black dot in the centre of the dielectric.

NBSUP, NBSLO, NBSLT and NBSRT are the variables used to define the boundary
conditions of region 1 and they are only used for this first region, IBOUND being
used for all others. NBSUP, NBSLO, NBSLT and NBSRT define respectively the
boundary conditions for the upper, lower, left-hand and right-hand edges of the first
region. The Poisson Superfish codes can accommodate two types of boundary
conditions. The Dirichlet boundary, in honor of P. G. L. Dirichlet (1805-1859) and the
Neumann boundary, in honor of Karl Gottfried Neumann (1832-1925). The essential
characteristics of the Neumann and Dirichlet boundary conditions are given in Table

8-1.

Field Dirichlet Neumann
Magnetic parallel to boundary. perpendicular to
boundary.
Electric perpendicular to parallel to boundary.
boundary.

Table 8-1 Table showing characteristics of magnetic and electric fields at Neumann and Dirichlet

boundaries ',

From these conditions and a knowledge of the problem needing to be solved the
boundary conditions at the various boundaries may be set. For a Dirichlet boundary
set the relevant parameter (e.g NBSUP, NBSLT, IBOUND etc.) equal to 0 and for a

Neumann boundary set it equal to 1.

The default boundary conditions for the outside edge of the system and the interfaces

between regions are shown in Table 8-2 and Table 8-3.
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Variable Superfish
NBSUP 1
NBSLO 0
NBSRT 1
NBSLF 1

Table 8-2 Table showing default values for NBSUP, NBSLO, NBSRT and NBSLF the boundary

conditions for the outermost edge of the system being modelled.

Default values in: Superfish
First region IBOUND =1
Other regions IBOUND =1

Table 8-3 Table showing default values for the boundaries between materials defined within

region 1.

The REG namelist variable MAT is the material number for a region. Every new
region uses the default value MAT = 1 if the variable does not appear in the REG
namelist. MAT = 0 is assumed to be metal (g; = o0 and p, = ), and MAT = 1 is
assumed to be air or vacuum (g; = 1 and p; = 1). If numbers other than 0 or 1 are used
in a Fish or CFish problem, then MT namelist sections must be used to define the
permittivity and permeability of each material using the variable names EPSILON for
the relative permittivity and MU for the relative permeability (for TM modes); in Fish
problems values of the relative permeability and permittivity are real only. MTID =
number is used in an MT namelist to assign material properties to the material with
MAT = number. By default each MT namelist is given an ID number that corresponds
to its sequential location in the file. Default MTID numbers start with 2 in Superfish

problems.
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Gallium nitride wafer. Wafer-dielectric separation 6mm
&reg kprob=1, dx=0.03, dy=0.03, nbsup=0, nbslo=0, nbsrt=0, nbslf=0,
XDRI=3.343, YDRI=0.265, freq = 2940, maxcy=10 &

&po x=0.0, y=0.0 &
&po x=5.1,y=0.0 &
&po x=5.1, y=2.65 &
&po x=0.0, y=2.65 &
&po x=0.0, y=0.0 &

&reg mat=3 &

&po x=2.4,y=0.0 &
&po x=2.41,y=0.0 &
&po x=241,y=2.5&
&po x=2.4,y=2.5 &
&po x=2.4,y=0.0 &

&reg mat=4 &

&po x=2.41,y=0.25 &
&po x=3.01, y=0.25 &
&po x=3.01,y=0.3 &
&po x=2.41,y=03 &
&po x=2.41,y=0.25 &

&reg mat=5 &

&po x=3.01, y=0.0 &
&po x=3.44, y=0.0 &
&po x=3.44, y=0.53 &
&po x=3.01, y=0.53 &
&po x=3.01,y=0.0 &

&reg IBOUND= 0 &
&po x=0.0, y=2.45 &
&pox=24,y=245 &
&po x=2.4,y=2.65 &

&mt mtid=3
epsilon=1.0
mu=9.418 &

&mt mtid=4
epsilon=1.0
mu=4.25&

&mt mtid=5
epsilon=1.0
mu=106 &

Figure 8-2 Example of a Superfish program for the gallium nitride on sapphire wafer (mu=9.418)

a 6mm quartz stand (mu = 4.25) and the TiO, resonator (mu=106)
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Appendix C: Mathcad code

Transfer of data from Superfish to Mathcad.

The fields calculated by Fish are written to an output file by SF7: Qutsf7.txt. The
fields in Qutsf7.txt are in the form of a table of field magnitudes, with each set of
magnitudes corresponding to one point of the mesh used in finding the problem’s
solution. If this file is cleaned of all the text except the field magnitudes and converted
to a.prn file from a .#xt file Mathcad can read the numerical field data into an array
and perform calculations with it. The code used to calculate g(%) and to fit g(h) and
then to fit the fit to g(h) to the experimentally observed variation of bandwidth with

height above the wafer is given below.
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Appendix D: FET fabrication process

Sample Cleaning

The sample of semiconductor was cleaned following the standard operating procedure
(SOP) for cleaning at the time. Four beakers, one containing trichloroethane, one
containing acetone, one containing methanol and one containing isopropanol (IPA)
were placed on a hot plate set to ~ 110°C for ten minutes. While the beakers were still
on the hotplate set to ~110°C the sample was placed in each beaker for five minutes in
the order trichloroethane, acetone, methanol, isopropanol. The sample was blown dry
with nitrogen before transferring it from one beaker to another and was blown dry
with nitrogen after the final soak in IPA. After this the sample was examined with a
microscope. If there was dirt still on the sample the sample would be put in acetone
and then wiped with a cotton bud until clean as viewed under the microscope apart
from the steps after the source-drain metal deposition when the risk of removing the

metalisation prevented this.

Photolithography

Mesa pattern

In this case only S1813 SP15 was needed and this was spun on at 6000rpm with a
spin time of 50s. Once the spin had finished the sample was removed and placed on a
97°C hotplate (on a glass microscope slide) for three minutes; this soft bake removed

the solvent from the resist making it less likely to stick to the mask during mask

alignment.

The mesa pattern was exposed for approximately 5s and developed for approximately
15 seconds in AZ2401 developer; however the exposure time was dependent on the

state of the mask aligner lamp which changes with time hence these figures are only
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an approximation. Once the photoresist was patterned with the mesa pattern the
sample was baked at 180°C for 15 minutes in order to reduce the angle of the

sidewalls.

Edge bead removal

To remove the edge beads found on samples without tapered edges the mask pattern
shown in the right hand side of Figure 6-1 could be used. To remove the edge beads
the sample was first brought into firm contact with the mask to stop any movement of
the sample as the photoresist dried during exposure. The sample was then given a
long exposure of at least 36 seconds. The sample was then developed for
approximately two minutes in 6:1 deionised water: AZ2401 developer solution until

the edge beads were removed.

Metal lift-off

To define metal contacts a bi-layer resist lift-off process was used. The samples were
cleaned as explained before. Next, two drops of EXP04002 lift-off photoresist were
dropped onto the sample and spun on at 6000rpm. This lift-off photoresist was baked
for one minute at 97°C followed by two minutes at 125°C, this was achieved using
two separate hotplates and it was important that the sample be placed directly onto the
hotter hot plate once it was removed from the cooler one, failure to do this resulted in
the develop time of the lift-off resist being too quick. Once the lift-off photoresist had
been baked a layer of SP1813 SP15 was spun onto the sample. For thin contacts a
6000rpm spin speed was used, giving a total photoresist thickness of about 0.6
microns after the oxygen plasma ash (see below); these sample was baked for two
minutes at 97°C. For thicker contacts 2 layers of as SP1813 SP15 photoresist were
spun on at 4000rpm,; after a layer was spun-on at 4000 rpm the sample was baked for
3 minutes at 97°C, two 4000 rpm spin-ons gave a thickness of approximately 1.6

microns after the oxygen plasma ash (see below).
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After the resist had been spun on edge beads were removed and the pattern would be
exposed and developed. The expose time in this case was approximately Ss for the
thinner photoresist and approximately 7.5s for the thicker. The sample would first be
developed in AZ2401 for 20 seconds and then in neat PSC developer for
approximately 2-3 minutes, though in practice the sample would be developed in the
PSC developer in 20-30s steps until the required length was well known; only a very
small amount of undercutting was needed (the undercutting would only be barely
visible on the highest magnification of the optical microscopes in the clean room at
the time) over developing could lead to distortion of features particularly the thin lines

of photoresist separating the contacts of the TLM pattern.

After the source-drain metallisation pattern had been developed a plasma ash
(exposure to an oxygen plasma) was needed in order to remove any photoresist that
remained in the exposed areas. Without one of these etches the metal once deposited
would lift-off, or would come loose under probe contact. The plasma ash was
accomplished in the barrel plasma asher in the Materials and Mineralogy department.
The etch rate of photoresist in the barrel asher was a strong function of the sample’s
position in the chamber (see Figure 8-3). The reason for the change in etch rate as a
function of distance into the chamber was presumed to be due to the fact that the
electrodes which generated the plasma were set-back a couple of centimetres from the
chamber entrance. The samples used earlier on were placed next to the chamber door
for 30s; however, in later studies (due to concerns about whether any photoresist was
being left on the surface) the samples were placed at approximately 3.5 cm into the
chamber and etched for 30s, even though an EDX study did not show any significant
difference between a control sample and samples placed at Ocm, 3.5cm or 7cm from

the chamber entrance.
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Figure 8-3 Photoresist etch rate as a function of distance into the barrel asher chamber.

Ohmic and Schottky contact metallisations

Ohmic contacts anneal program

Samples were left in the rapid thermal annealer (RTA) for five minutes with nitrogen
flowing into the chamber at 100 flow units as measured by the sho-rate flow meters
installed in the RTA. The program for the anneal was a 1min ramp from 20°C to ten
degrees celsius below the desired temperature followed by a 15s ramp from ten
degrees below the desired temperature to the desired temperature, followed by a 30s
anneal at the desired temperature followed by a two minute ramp down to 20°C with

nitrogen flowing. This was followed by an automatic cooling step.

Schottky contacts

Schottky contacts were made using the lift-off process described above; however,

instead of the oxygen plasma ash, a 30s 1:9 HF acid:H,O dip was used instead. The
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samples were transferred from the dilute HF acid etch to the metal evaporator as

quickly as possible (less than five minutes).

Plasma etches

Plasma etch used for development of flowbake

Gas flow RF DC ICP Chamber | Table | Helium
Etch rate
rate (sccm) | Power | bias | Power | Pressure | Temp. | Pressure
(A/min)
Ch | BClz | (W) V) (W) (mtorr) &) (torr)
15 25 100 190 | 1000 10 20 10 800

Samples were etched for two minutes, thermal contact between the silicon sample and

the silicon carrier wafer was ensured by fomblin oil.
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