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Abstract
Ohmic contacts to wide bandgap nitrides have been realised, but little is known about their
behaviour at low temperatures. To address this, an established Ti/Al/Ti/Au contact stack on
AlGaN/GaN heterostructures has been characterised from 320 to 80 K. Two structures were
investigated, with very similar ambient 2D electron gas transport characteristics despite their
difference in AlGaN barrier thickness and composition. This allowed for direct comparison of
contact behaviour across different heterostructures. Upon annealing at <800 ◦C for samples
with 29 nm AlGaN barriers, contacts which had Ohmic characteristics at room temperature
exhibited a gradual onset of Schottky behaviour as the measurement temperature was lowered.
When non-Ohmic behaviour was observed, a combination of direct tunnelling,
Fowler–Nordheim tunnelling and a thermally assisted Fowler–Nordheim mechanism is
suggested to describe the carrier transport. In this case, annealing at 800 ◦C for 30 s proved
sufficient to ensure Ohmic behaviour when tested from 320 to 80 K. For a heterostructure with
8 nm AlGaN, the required annealing temperature to maintain consistent Ohmic behaviour across
the temperature range was reduced to 750 ◦C. From these observations, the determining factor
for Ohmic behaviour is suggested to be the thickness of the AlGaN barrier–either as-grown, or
the effective thickness following the formation of TiN protrusions into the AlGaN barrier during
annealing. The understanding provided here allows tailoring of either the processing conditions
or the heterostructure, and may aid with design of novel devices for low temperature operation.
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1. Introduction

AlGaN/GaN heterostructures form the basis of nitride high
electron mobility transistors (HEMTs). The 2D electron
gas (2DEG) that forms at the heterostructure interface has
excellent transport properties, with typical mobilities of
∼1500 cm2 V−1 s−1 and sheet carrier densities in the order
of 1013 cm−2 at room temperature [1]. As the temperature
is decreased, the sheet carrier density remains high and the
mobility improves by up to an order of magnitude [2, 3].
Such 2DEGs are exploited in the design of nitride HEMTs,
wherein metallic contacts are deposited atop the heterostruc-
ture to allow connection to an external circuit and use as a tran-
sistor. The improved 2DEG properties at low temperatures are
beneficial for a range of applications; for example, alongside
superconducting components in high power electric motors for
large-scale transport [4, 5]. Transistors with the capability to
operate at the required cryogenic temperatures for effective
superconductivity can help increase the overall efficiency and
simplify the design of the system. Whilst AlGaN/GaN het-
erostructures form a promising basis for transistors for such
applications due to the impressive performance of the 2DEG,
reliable operation of the metallic contacts at low temperatures
is also crucial.

Prior studies into contact behaviour have put significant
emphasis on minimising the specific contact resistance, ρc,
of Ohmic contacts. Whilst this is undeniably an important
parameter, it alone cannot describe the full range of beha-
viour exhibited by the contacts [6]. Understanding the trans-
port mechanisms behind the contact behaviour will facilit-
ate better contacts without subjection to very high temper-
ature anneals. In previous reports, the lowest values of ρc
have been achieved following annealing at temperatures up to
950 ◦C [7–9]. However, not all structures are able to withstand
these conditions. The most commercially viable normally-off
HEMTs are fabricated with p-GaN gates [10–12], but struc-
tures containing p-GaN have been shown to degrade following
exposure to high temperatures [11]. Rapid thermal annealing
at elevated temperatures has also been suggested to increase
the density of surface donor states, pinning the Fermi level
[13], and a trend for worsening edge acuity of the contact
metals at higher annealing temperatures has been identified
[9, 14]. Furthermore, a recent study by Yu et al suggests the
increased thermal budget from a high temperature anneal-
ing step could be detrimental to the 2DEG transport prop-
erties in AlGaN/AlN/GaN structures, lowering the mobility
by exacerbating the alloy disorder scattering [15]. Therefore
the emphasis for this work is not merely on reducing ρc, but
on achieving reliable Ohmic contacts with relatively gentle
annealing processes, and the dependence of this on the struc-
tural properties of the heterostructure.

The most common metallisation scheme used in the fab-
rication of Ohmic contacts to AlGaN/GaN heterostructures is
a Ti/Al/x/Au stack. These metals have been carefully selec-
ted to enhance the Ohmic contact [16]: Ti reacts with nitro-
gen within the AlGaN barrier, forming TiN and leaving nitro-
gen vacancies, in a process controlled by the Al in the metal

stack, which can also react with Ti. There are several metal-
lic possibilities for the barrier layer ‘x’ [17–20]; titanium is an
established option that has been used here [14, 19–23]. The
contacts have been fabricated with varying parameters, and
their electrical characteristics probed. Several carrier trans-
port mechanisms have previously been proposed in the context
of Schottky contacts on AlGaN/GaN heterostructures in the
reverse bias regime [24–30], and the applicability to this scen-
ario has been assessed here. The majority of previous studies
on Schottky contacts have focussed on temperatures upwards
of 223 K [25, 31, 32], with those on Ohmic contacts focussing
solely on reducing ρc. In this work, measurement temperatures
varied from 320 down to 80 K, with the aim of providing prac-
tical engineering advice on the fabrication of contacts for this
low temperature regime.

2. Methods

The AlGaN/GaN heterostructures used for this investiga-
tion were grown using MOVPE, with trimethyl gallium,
trimethyl aluminium and ammonia precursors, on Si(111)
substrates—a layer schematic is shown in figure 1(a). Two
wafers were used in this investigation: wafer A has a nom-
inally 29 nm thick Al0.28Ga0.72N barrier with room temper-
ature mobility µ≈ 1850 cm2 V−1 s−1 and sheet carrier dens-
ity ns ≈ 1.1 × 1013 cm−2, and wafer B has a nominally 8 nm
thick Al0.39Ga0.61N barrier with µ≈ 1800 cm2 V−1 s−1 and
ns ≈ 1.1× 1013 cm−2 at room temperature. These values were
obtained from Hall measurements on samples patterned with
Ohmic contacts in van der Pauw geometry. By adjusting both
the AlGaN barrier thickness and composition, very similar
transport characteristics are achieved, allowing direct compar-
ison of carrier transport between wafers with different bar-
rier properties. Both include a nominally 1 nm AlN exclusion
layer to reduce penetration of the 2DEG into the barrier. The
compositionally graded AlGaN buffer layer has been doped
with iron using ferrocene to pin the Fermi level and reduce the
effects of unintentional doping [33]. Both wafers were grown
under identical conditions. For both, the barrier growth tem-
perature was approximately 1025 ◦C, well above any temper-
atures the wafers were subjected to during the contact anneal-
ing procedure.

The selected metallisation scheme for this work is
Ti/Al/Ti/Au, with intended thicknesses of 15/50/30/80 nm
[19]. The geometry of the contacts is akin to a lateral diode,
with a circular inner contact of diameter 766 µm surrounded
by a larger annular outer contact at a separation of 400 µm.
This is shown in figure 1(b), with an indication of how it was
connected to the external circuit for testing. The outer contact
is considered to be roughly Ohmic at all temperatures due to its
large area. This geometry was achieved by employing standard
photolithographic procedures, and annealing was then carried
out in an RTP600S rapid thermal annealer. Annealing temper-
atures trialled were 700 ◦C, 750 ◦C and 800 ◦C, for 30 s, 60 s,
90 s and 120 s. Each combination of annealing temperature
and time was performed on a different chip from the wafer.
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Figure 1. (a) Schematic of the AlGaN/GaN heterostructure. Wafer A has 29 nm of Al0.28Ga0.72N and wafer B has 8 nm of Al0.39Ga0.61N.
The dotted line represents the 2DEG. (b) Image of the deposited contact geometry, with a schematic of the external connections.

Electrical measurements were performed using an Ecopia
HMS 5000 Hall effect measurement system, interfaced with a
Keithley 2400 SourceMeter. In the Ecopia setup, the samples
are immersed in liquid nitrogen and then heated in a controlled
manner to 320 K. Measurements were taken every 40 K dur-
ing this heating process, with a source voltage of −5 to +5 V
and the current compliance set to 100 mA. Transmission elec-
tron microscopy (TEM) images and energy dispersive x-ray
spectroscopy (EDX) were obtained with an FEI Tecnai Osiris
equippedwith a Super-X EDS detection system. Samples were
prepared in a dual beam FEI Helios Nanolab focussed ion
beam microscope (FIB).

3. Results and discussion

3.1. Effects of annealing temperature on current–voltage (I–V)
characteristics

I–V curves were recorded between 80 and 320 K for wafers
A and B, with contacts annealed at varying temperatures.
Figure 2 shows these data for three contacted samples from
wafer A: annealed at 700 ◦C, 750 ◦C and 800 ◦C, all for
30 s. Figure 2(a) shows non-linear characteristics, even at
room temperature, with the extent of the non-linearity depend-
ing strongly on measurement temperature. This is similar to
the turn-on characteristic seen for Schottky diodes, with the
threshold voltage increasing as the temperature is lowered.
At high applied voltages, the current flow increases at lower
measurement temperatures, but the opposite trend is observed
for the lower magnitude bias region. This gives rise to a ‘cros-
sover point’, as shown on the plot for both the negative and
positive bias quadrants. Figure 2(b) displays similar trends,
but the crossover point has now shifted closer to the origin. In
figure 2(c), the I–V plots are linear across the entire temperat-
ure range. There is zero threshold voltage, and these contacts
can now be considered Ohmic. Contacts annealed at 800 ◦C
for 60, 90 and 120 s also displayed Ohmic behaviour, but
annealing at 700 ◦C for 120 s was insufficient to ensure Ohmic

behaviour at low temperatures. Henceforth, samples annealed
at 700 ◦C, 750 ◦C and 800 ◦C for 30 s will be the focus, to
explore the (seemingly greater) dependence on annealing tem-
perature as opposed to time.

The overall electrical behaviour is a combination of any
external metallic connections (taken to have very low resist-
ance), the contact resistance and the resistance of the 2DEG.
This total resistance is given by the inverse gradient of the I–V
plots. At biases of greater magnitude than the crossover point
in figures 2(a) and (b) and all biases in figure 2(c), the total res-
istance can be seen decreasing as the temperature is lowered.
This is the expected trend for AlGaN/GaN heterostructures
with Ohmic contacts, as confirmed by variable temperature
Hall measurements on these wafers. At higher bias, the con-
tact resistances must therefore be lower than that of the 2DEG,
as the behaviour of the latter appears to dominate the temper-
ature dependence of the electrical characteristics beyond the
crossover point. At smaller magnitude biases in figures 2(a)
and (b), the contacts appear to provide the dominant contribu-
tion. The crossover point marks the boundary between these
two regimes.

Similar characteristics for wafer B are shown in figure 3.
Whilst there is some non-linearity illustrated in figure 3(a),
annealed at 700 ◦C for 30 s, it is significantly smaller in extent
than that seen in figure 2(a) for wafer A. Figures 3(b) and (c)
show complete linearity within the accuracy of our measure-
ment. This suggests the barrier characteristics strongly influ-
ence the electrical behaviour, which will be explored in greater
detail in section 3.

For subsequent analysis, the reverse bias regime has been
selected, allowing equivalent comparisons to reverse bias leak-
age in Schottky diodes [24–30]. This corresponds to the inner
contact being negatively biased and the outer contact being
positively biased. Despite the inner and outer contacts being
fabricated identically, such analysis is assumed applicable due
to the much larger area of the outer contact.

Focussing on the non-Ohmic regime shown in figures 2(a)
and (b), the I–V characteristics for the reverse bias region
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Figure 2. Current–voltage characteristics for three samples from wafer A, annealed at (a) 700 ◦C, (b) 750 ◦C and (c) 800 ◦C, all for 30 s.
Crossover points are marked with black arrows.

Figure 3. Current–voltage characteristics for three samples from wafer B, annealed at (a) 700 ◦C, (b) 750 ◦C and (c) 800 ◦C, all for 30 s.

Figure 4. Plots of log(current) vs voltage for the two samples from wafer A showing non-Ohmic behaviour, annealed at (a) 700 ◦C and (b)
750 ◦C for 30 s. Black arrows indicate the crossover points, and shoulders in the data, indicating that different carrier transport mechanisms
are applicable in different temperature and bias regimes, are marked by purple arrows.

of these samples are shown on a log scale in figure 4. The
crossover points discussed above have again been labelled,
and further analysis will consider biases of lower magnitude
than this, where the contacts are suggested to be the primary
contribution to the observed trends. Inspection of figure 4(a)

up to this point reveals the currents increase with the mag-
nitude of the applied bias and with increasing measure-
ment temperatures, with the impact of temperature being
most pronounced under low magnitude bias. There are also
‘shoulders’ in the plots, which are particularly prevalent at
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lower temperatures. Figure 4(b) shows similar trends, but gen-
erally higher currents. The positions of the shoulders have
also shifted to lower magnitude biases. The presence of these
shoulders suggests there is no single carrier transport mech-
anism that dominates over the entire voltage range, particu-
larly at lower temperatures, but rather a combination of mech-
anisms is acting. Possible mechanisms will be considered in
subsequent sections, with a tentative proposition for domin-
ant (but not sole) mechanisms in different regimes across the
voltage and temperature range being discussed in section 4.
The samples show some leakage, but this is not uncommon
for Schottky diodes on GaN [34, 35]. The following section
explores the carrier transport.

3.2. Modelling non-Ohmic behaviour

In ideal Ohmic contacts, electron transport does not appear
hindered upon inspection of the I–V plots. In reality, there
may be a barrier present, yet it is small enough for carriers
to tunnel through without observably affecting the data. This
tunnelling process is, in the ideal case, independent of tem-
perature, with the only source of temperature dependence for
the I–V curves in figure 2(c) then being the expected semi-
conductor properties. In this regime, the resistance decreases
as the temperature is lowered, as discussed. However, where
an opposite temperature dependence is observed, as for the
non-Ohmic samples here, this implies there is a further,
temperature-dependent mechanism at play, affecting the trans-
port of carriers into the semiconductor. A number of mechan-
isms have been suggested to describe reverse leakage carrier
transport in AlGaN/GaN Schottky diodes [25, 31, 32, 36, 37].
These include trap-assisted tunnelling, Frenkel–Poole emis-
sion and Fowler–Nordheim tunnelling. These studies often
suggest involvement of multiple mechanisms acting simul-
taneously, tending also to investigate the higher temperature
rather than low temperature regimes.

Analyses in this section will focus on the sample annealed
at 700 ◦C for 30 s, as this displayed the greatest degree of
non-linearity in its I–V characteristics—other samples will
be explained with reference to the behaviour of this sample.
Fowler–Nordheim tunnelling considers tunnelling through a
triangular energy barrier, giving a current, I, that depends on
field, E, as described by equation (1) [25]:

IFN = AE2 exp

(
−B
E

)
, (1)

where A and B are constants. Therefore a straight line on a plot
of ln

(
IFN
E2

)
against 1

E would indicate that Fowler–Nordheim
tunnelling is dominant. Figure 5(a) shows a plot for this
sample, over the entire studied temperature range, at reverse
biases up to the crossover point.A temperature dependence can
be seen, with the measurement temperature having a bigger
impact at lower magnitude biases. All the plots have a negat-
ive gradient, but it is not constant over the entire voltage range.

Figure 5(b) shows a zoom of figure 5(a), highlighting the
region with higher applied field. Linear fits within this regime

are shown. The extent to which Fowler–Nordheim tunnelling
appears applicable changes depending on the measurement
temperature. From 80 to 160K, the linear fit seems appropriate
at applied negative bias greater than roughly 1 V in magnitude
( 1E <0.0085 m MV−1). There is also very little temperature
dependence in this regime. Relating this back to figure 4(a),
the top shoulder occurs at approximately −1 V, appearing to
correlate to the onset of linear behaviour in figure 5. At tem-
peratures above 160 K, the linear fits for each temperature
seem suitable across a wider range of applied field, but there
is greater variation with measurement temperature. Referring
back to equation (1), Fowler–Nordheim tunnelling alone does
not exhibit a temperature dependence.

With this in mind, equation (1) can be modified with an
Arrhenius multiplier to acknowledge the contribution of a
thermally activated process to the overall mechanism of car-
rier transport. The activation energy for this process is denoted
by EA:

IFN = AE2 exp

(
−B
E

)
exp

(
−qEA

kT

)
. (2)

As an example, an Arrhenius plot for this sample is shown
in figure 5(c), at an applied negative bias of 1.5 V. This
reveals two distinct regimes. At temperatures from 80 K to
160 K, the gradient is very shallow. In this regime, the non-
thermally dependent Fowler–Nordheim tunnelling appears to
be an applicable mechanism of carrier transport. At temperat-
ures exceeding 160 K, there is a second straight line of steeper
gradient. From this, an activation energy of 0.025 eV can be
calculated. Physically, this is suggested to describe a thermally
assisted Fowler–Nordheim tunnelling regime, wherein elec-
trons are thermally promoted to a level from which Fowler–
Nordheim tunnelling is possible. This is well supported by the
fact that the calculated activation energy, 0.025 eV, is equal to
3
2kT at 200 K.

The question then remains as to the most dominant car-
rier transport mechanism at temperatures of 160 K and below
and applied negative biases smaller than 1 V in magnitude.
Here, the data in figure 5(b) begin to deviate from the linear fit,
indicating Fowler–Nordheim tunnelling is no longer suitable.
Equation (3) relates to a direct tunnelling mechanism, wherein
tunnelling through the barrier occurs regardless of the barrier
shape [38]. For this dataset, the exponential factor C will not
change between samples or temperatures:

ln(I) = ln(V)−C. (3)

Figure 5(d) shows the ln(I) vs ln(V) plot for the low temper-
ature, low applied field regime. The linear fits appear roughly
applicable within a limited range (ln(E) < 18.35), suggesting
direct tunnelling may be the dominant (but perhaps not sole)
mechanism at these low applied fields. Diagrams represent-
ing the transport mechanisms discussed will be presented and
explained in section 4.

This analysis so far has referred to the sample annealed
at 700 ◦C for 30 s, but the analysis proves very similar for
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Figure 5. (a) Fowler–Nordheim tunnelling plot for the sample from wafer A annealed at 700 ◦C for 30 s. (b) Zoom of this plot with initial
linear fits shown, indicating the applicable regime for this mechanism. (c) Arrhenius-style plot illustrating different regimes of temperature
dependence. (d) Direct tunnelling plot, with linear fits indicating the region where this mechanism is valid.

other samples. For example, reproducing this modelling for
the sample annealed at 750 ◦C for 30 s shows very similar
trends; Fowler–Nordheim tunnelling, its thermally assisted
variant, and direct tunnelling all have apparent regions of being
the most dominant transport mechanism. The main variation
between samples is the onset of the different mechanisms.
The position where direct tunnelling appears more applicable
than Fowler–Nordheim tunnelling occurs at a smaller mag-
nitude bias for the sample annealed at 750 ◦C compared to
700 ◦C. This is consistent with the positions of the shoulders in
figure 4(b) shifting to lower absolute biases than in figure 4(a).

Considering alternative mechanisms, an Arrhenius temper-
ature dependence has also been shown to correlate to both
Frenkel–Poole emission [26] and trap-assisted tunnelling [27].
However, neither of these mechanisms appear to fit the results
obtained here as effectively (see supplementary information).
Greco et al [32] present an Arrhenius dependence for a 2D
variable-range hopping mechanism, but their calculated activ-
ation energy is an order of magnitude larger than the value
obtained here, suggesting this mechanism is not suitable either
in this case.

3.3. TEM of metal/AlGaN interface

To correlate the observed electrical behaviour withmicrostruc-
tural characteristics, the samples have been imaged in cross
section using TEM. The images obtained illustrate the form-
ation of an extra layer between the AlGaN surface and the
deposited metal, confirmed by EDX to be TiN—see figure 6.
This layer is approximately 1 to 2 nm wide. For each sample,
the AlGaN barrier thickness after annealing was measured by
counting lattice fringes on high resolution images (images in
supplementary information). Within each image, the thickness
was taken as the mean over five positions. For the images
obtained, no significant difference in AlGaN barrier thickness
following annealing at different temperatures was observed.
However, some changes upon annealing at higher temperat-
ures were seen when observing a broader area of the samples.
Figure 7 shows a TEM image from the wafer A sample
annealed at 800 ◦C, the hottest temperature trialled in this
work, for 30 s. This sample showed Ohmic behaviour. A
protrusion, confirmed with EDX to be TiN, was seen at the
metal-AlGaN interface, but no such protrusions were identi-
fied within the imaged regions of the other samples.

6



J. Phys. D: Appl. Phys. 58 (2025) 135117 F Adams et al

Figure 6. EDX scans showing a layer rich in Ti and N at the
interface of metal (above) and AlGaN (below). This sample was
annealed at 700 ◦C for 30 s.

Figure 7. Cross-sectional TEM image of wafer A, showing the
protrusion of the TiN layer into the AlGaN barrier, for the sample
annealed at 800 ◦C for 30 s.

The interfacial TiN is formed during the annealing step,
consuming some of the AlGaN barrier in the process. As this
reaction proceeds, nitrogen is drawn from the AlGaN bar-
rier, resulting in the formation of nitrogen vacancies [16, 39,
40]. These are negatively charged, so increase the local car-
rier concentration. Formation of TiN was confirmed at all
annealing temperatures, but there were no significant differ-
ences between the thicknesses of the interfacial layer follow-
ing the varying annealing steps. For wafer A, with its thick
AlGaN barrier as-grown, protrusions such as that observed

in the sample annealed at 800 ◦C are suggested to be the
determining factor for Ohmic behaviour at all measurement
temperatures. Such protrusions have previously been sugges-
ted to assist with Ohmic contact formation, by shortening the
tunnelling distance between the metal and 2DEG within the
heterostructure [41] or even consuming the entire AlGaN bar-
rier so as to directly contact the 2DEG [19, 42, 43]. They have
been linked to the presence of threading dislocations in the
AlGaN/GaN. Notably, the protrusion here does not consume
the entire AlGaN barrier—roughly 8 nm remains—but this
contact still retains Ohmic behaviour to 80 K. Assuming this
protrusion is a significant aid to Ohmic contact formation, this
demonstrates that total barrier consumption is not essential to
ensure Ohmic behaviour—there may instead be a minimum
AlGaN thickness through which tunnelling is trivial. This sug-
gestion is supported by experiments on wafer B. With a nom-
inal 8 nm barrier as-grown, Ohmic contacts at all measurement
temperatures were formed after annealing at 750 ◦C for 30 s,
as shown in figure 3(b). The fact that there is still a minimum
annealing temperature required to achieve Ohmic behaviour
at all measurement temperatures for wafer B indicates that,
regardless of protrusion formation, the TiN interfacial layer
formed during the annealing process is critical for ensuring
Ohmic contacts.

3.4. Discussion and proposed transport scheme

Collating all the above observations, conduction band dia-
grams for the tentatively proposed carrier transport mech-
anisms for different electric field and temperature regimes
are shown in figure 8. The diagrams also indicate addi-
tional electron states that are available at energies greater
than the Fermi level, hypothesised to be surface trap states
that have been enhanced by the thermal annealing process.
Traps are known to be present at the AlGaN surface of
AlGaN/GaN heterostructures [44], and the process of anneal-
ing may increase the number of surface trap states [45]. The
exact nature of these trap states is difficult to determine, but
their presence and related energy levels could be confirmed
by deep-level transient spectroscopy [46] or current transi-
ent spectroscopy [47], which is beyond the scope of this
report.

• Figure 8(a) illustrates direct tunnelling, wherein the electron
must tunnel through the entire width of the barrier, regard-
less of its shape.

• Figure 8(b) shows Fowler–Nordheim tunnelling. Under this
applied bias, the energy band skews, to the extent that the
Fermi level in the semiconductor drops below that in the
metal. This results in the triangular energy barrier shown.

• Figure 8(c) represents a thermally assisted Fowler–
Nordheim scheme. The electrons within the metal can now
be thermally promoted to the higher available states prior
to tunnelling. This promotion leads to a smaller required
tunnelling distance, at which point the thermal promo-
tion effectively becomes the rate-limiting step to carrier
transport.
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Figure 8. Conduction band diagrams for the proposed transport mechanisms, illustrating (a) direct tunnelling, suggested at temperatures up
to 160 K and low magnitude applied bias, (b) Fowler–Nordheim tunnelling, suggested at the same low temperatures but greater magnitude
applied bias, and (c) thermally assisted Fowler–Nordheim tunnelling, suggested for temperatures greater than 160 K. The green dashed line
represents the Fermi level.

These three suggestedmechanisms together provide a possible
description of the dominant mechanisms of carrier transport
across the studied range of biases and temperatures, although
other mechanisms may also play a role. Direct tunnelling is
tentatively hypothesised to be the primary transport mechan-
ism at temperatures from 80 to 160 K under applied reverse
bias of lowmagnitude (<1 V).With greater magnitude reverse
bias but still low temperatures, so the higher energy states
are unattainable, Fowler–Nordheim tunnelling seems applic-
able. At increased temperatures, the higher energy states can
be reached by thermal promotion, and it seems the Fowler–
Nordheim tunnelling can be modified with an Arrhenius-like
thermal dependence.

The above is applicable to non-Ohmic contacts, with the
analysis being carried out on samples from wafer A follow-
ing annealing at 700 ◦C and 750 ◦C for 30 s. TEM analysis
confirmed the formation of TiN in all samples, but protrusion
formation was only seen following annealing at 800 ◦C for
30 s, which resulted in Ohmic behaviour at all measurement
temperatures down to 80 K. The remaining barrier under this
protrusion was roughly 8 nm, equal to the initial barrier thick-
ness of wafer B. For this latter wafer, no protrusions were
observed, but the samples were Ohmic down to 80 K. This
implies the key factor is the remaining thickness of AlGaN
to tunnel through. Contact pads for circular transmission line
measurement studies [48] were fabricated on wafer B, with
inner diameter 200 µm and separations ranging from 20 to
100 µm, and annealed at 800 ◦C for 60 s. From these, contact
resistances were calculated as (5.6± 0.9) Ωmm at room tem-
perature and (4.7± 0.9)Ωmm at 80 K, similar values to those
reported by Fay et al [19]. The tendency for non-Ohmic beha-
viour to become apparent at cryogenic temperatures indicates
that measuring electrical properties at low temperatures may
be a useful approach to ensure completeness of future contact
studies.

These findings also highlight the need to tailor the fab-
rication process for the sample in question—heterostructures
with different barrier properties will have different processing
requirements to ensure Ohmic contacts. The area of the con-
tact should also be considered; for very small contact areas, the

likelihood of a protrusion being present would be lower given a
fixed number density of protrusions. Conversely, more protru-
sions would be expected for contacts of much larger area. This
supports the treatment of the larger outer contact as Ohmic in
our analysis.

The ability to tailor the heterostructure and subsequent pro-
cessing in this manner can prove beneficial in its own right,
giving two methods—adapting the heterostructure itself (spe-
cifically the AlGaN barrier properties) or the contact fab-
rication process—of achieving the desired electrical beha-
viour. For example, if thermal budget is a concern, a thin-
ner AlGaN barrier facilitates Ohmic contact formation with
lower temperature annealing steps. On the other hand, if a thick
AlGaN barrier is required, Ohmic contacts are still achiev-
able by increasing the annealing temperature. The intended
device application is also a consideration—for RF applica-
tions thinner barriers are generally preferred, whereas power
devices may use thicker AlGaN barriers. Increasingly, the use
of a Schottky drain contact has been reported to give higher
breakdown voltage and lower leakage current in AlGaN/GaN
HEMTs [23, 49–52]. The ability to control the degree of rec-
tifying behaviour through adapting the fabrication process
could improve their functionality, when compared to using
conventional high work function metal contacts such as Ni/Au
[53, 54]. An alternative approach to achieving Ohmic beha-
viour at low annealing temperatures is the use of gold-free
contact metallisations, such as Ta/Al-based contacts. These
enable Ohmic contact formation at even lower annealing tem-
peratures (around 600 ◦C), but may require an extra step of
recess etching the AlGaN barrier [55, 56]. Additionally, the
behaviour of these contacts at low temperatures has not been
explored.

4. Conclusion

The effects of varying annealing conditions on the low tem-
perature behaviour of Ti/Al/Ti/Au contacts to AlGaN/GaN
heterostructures were investigated. Two wafers were tested,
which possessed very similar ambient Hall effect character-
istics despite their different AlGaN barrier properties. For the
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heterostructure with a 29 nmAlGaN barrier, contacts annealed
at 700 ◦C and 750 ◦C for 30 s were found to display an
onset of Schottky behaviour as the measurement temperature
was lowered from 320 K. Analysis of the contact character-
istics, in the regime where the contacts dominated the overall
behaviour, showed a combination of carrier transport mech-
anisms. At temperatures up to 160 K and under low mag-
nitude reverse bias, direct tunnelling has been tentatively sug-
gested to dominate, although it may not be the sole mechanism
operational even under these conditions. As the magnitude of
the applied bias increases, Fowler–Nordheim tunnelling seems
more applicable, and at higher temperatures thermal promo-
tion to trap states was suggested to occur prior to the proposed
Fowler–Nordheim tunnelling, reducing the effective tunnel-
ling distance. TEM images, coupled with EDX analysis, con-
firmed the formation of a TiN layer at themetal-semiconductor
interface. Protrusions of this layer into the AlGaN barrier were
identified as the determining factor for Ohmic behaviour at all
temperatures. It is not necessary for these protrusions to com-
pletely consume the AlGaN barrier and contact the 2DEG;
a shortening of the tunnelling distance through partial bar-
rier consumption proved sufficient. In this case, annealing
at 800 ◦C for 30 s enabled the formation of local protru-
sions which consumed all but ∼8 nm of the AlGaN barrier.
Correspondingly, contacts to a wafer with nominally 8 nm of
AlGaN as-grown presented Ohmic characteristics at 80 K after
annealing at 750 ◦C for 30 s—no protrusions were observed
in this case. This demonstrates the ability to fabricate low
temperature Ohmic contacts to AlGaN/GaN heterostructures,
even with thick AlGaN barrier layers, without the need to
anneal at temperatures exceeding 800 ◦C.
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