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In many studies, the value of the experimentally determined internal piezoelectric field has been
reported to be significantly smaller than theoretical values. We believe this is due to an inappropriate
approximation for the electric field within the depletion region, which is used in the analysis of
experimental data, and we propose an alternative method. Using this alternative, we have measured
the strength of the internal field of InGaNp-i-n structures, using reverse bias photocurrent
absorption spectroscopy and by fitting the bias dependent peak energy using microscopic theory
based on the screened Hartree-Fock approximation. The results agree with those using material
constants interpolated from binary values. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1896446g

The internal field in GaN based quantum wells plays an
important role in the operation of nitride-based light emitting
diodes and lasers, affecting the emission wavelength,1 the
oscillator strength,2 and the recombination lifetime,3 hence
an accurate value of the internal field is essential in under-
standing the properties of these devices. The internal field
skews and breaks the symmetry of the well, causing spatial
separation of the electron and hole wave functions and hence
reduces the electron-hole overlap function. Reported values
of the internal field4,5 for the same nominal indium content
vary by more than a factor of two, which is far greater than
the expected error due to unintended variations in the indium
content. Also there are large reported differences between
theoretical and experimental results.6

The majority of approaches to determine the internal
field, have relied upon counteracting the quantum-confined
Stark effect with an externally applied reverse bias and mea-
suring properties of the quantum well as a function of this
applied reverse bias. The reverse bias acts to oppose the
internal field reducing the effect of the induced quantum con-
fined Stark effect. At low bias, the well is skewed due to the
internal field. At a critical bias, the contributions from the
applied bias and the internal field are equal and opposite. In
this case, the overlap of electron and hole wave functions
and the ground state electron to heavy hole transition energy
are maximized.

The value of the externally applied bias to achieve flat
band s“square-up” the quantum welld can then be used to
obtain the internal field. The net internal fieldE in the well
sE=0 when the well is squared is related to the applied biasV
using:4

E =
f0 − V − EintNLw

du +
dd

2

+ Eint, s1d

whereEint, Lw, N, f0, dd, and du are the internal field, the
quantum well width, the number of quantum wells, the
built-in potential and the depletion and intrinsic widths, re-
spectively. The width of the intrinsic regiondu is given by
the sum of the multiple well and barrier widths. The internal
field Eint, is the sum of the fields due to the piezoelectric
effect and the spontaneous polarization. The first term of Eq.
s1d is the background field written as the total voltage drop
divided by the distance, over which that drop occursswhere
V is negative for reverse biasd. The depletion widthdd is the
sum of thep and n type depletion widthssdp+dnd and the
factor of 1/2 is used to maintain consistency with Poisson’s
equation.

The depletion widthdd varies with the applied bias and,
to understand this relationship fully, we need to take into
account the spatial variation of charge and field in ap-i-n
junction. It is a common assumption, in the analysis of pi-
ezoelectric field data, that the depletion widthdd, in a p-i-n
structure can be approximated using an abruptp-n junction,
which assumes that there is no field across the intrinsic
i-region.4,6 However, there is a constant fieldsEÞ0d across
the intrinsic region for all values of reverse bias, which can
be verified using one of the many modeling packages that are
available that self-consistently solve the Poisson and
Schrödinger equations. Results obtained using the Simwin7

package are shown in Fig. 1 and demonstrate that the field is
nonzero across the intrinsic region. Hence, an approximation
that is valid for thep-i-n structure should be used. The deple-
tion width using thep-i-n model can be written asadElectronic mail: smowtonpm@cardiff.ac.uk
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dd = − du +Îdu
2 + 2SND + NA

NAND
D sf0 − Vd«0«

e
, s2d

whereNA andND are the acceptor and donor doping densi-
ties, respectively. By settingdu=0 thep-n approximation can
be recovered but, of course, this does not describe ap-i-n
structure and is not consistent with the use of Eq.s1d or even
a modified form of Eq.s1d wheredu=0.

In many studies, the value of the internal field obtained
from experimental work has been up to a factor of two
smaller than that obtained from theoretical calculations. Ap-
plying the p-i-n approximation to published results is diffi-
cult, since in most cases the details are insufficient to reas-
sess the data. However, in the case of Ref. 6, we are able to
reinterpret the experimental data including the effect of the
intrinsic region on the depletion width. Using thep-n junc-
tion approximation, Takeuchiet al.6 report values of 89 and
13 nm for the depletion width at biases of210 and 3 V,
respectively. They then go on to match the experimentally
observed results with an internal field ofEint=1.2 MV cm−1,
which compares to a theoretical value ofEint=2.5 MV cm−1

obtained by interpolating the piezoelectric and elastic con-
stants from the binary values.8 Recalculating these results
using thep-i-n junction model, we get values of 49 and 1.5
nm for the depletion widthsscorresponding to210 and 3 V,
respectivelyd and the flat band voltage of214 V corresponds
to a internal field ofEint=2.6 MV cm−1, which is within 5%
of the theoretical result.

Having established the approach for interpreting the
measured flat band voltage to yield the internal field, we
present photocurrent absorption results and make compari-
sons with absorption spectra calculated at the level of quan-
tum kinetic theory. This comparison allows us to fit data
measured as a function of bias to determine the bias neces-
sary to achieve the flat band condition. The photocurrent
absorption measurements were carried out by shining light
onto the end of the facet, using a method similar to the pho-
tovoltage experiments,9,10 and the magnitude and energy of
the peak of the absorption spectra were measured as a func-
tion of reverse bias. Since the magnitude of the measured
absorption signal depends upon the extraction of carriers
from the device, which may be incomplete at low values of
reverse bias,11 we pay particular attention to the peak energy
of the absorption spectra. The structure investigated was
grown on s0001d sapphire and consists a of 4µm n-GaN
buffer layer, a 50 nmn-doped In0.02Ga0.98N defect reduction
layer, 500 nm of Al0.07Ga0.93N and 100 nmn-GaN. The ac-

tive region consists of five 3.5 nm In0.1Ga0.9N quantum wells
sQWd embedded between 6.5 nm In0.01Ga0.99N barriers. A 20
nm p-doped Al0.2Ga0.8N barrier was used help prevent car-
rier leakage, the device was completed with 100 nmp-doped
GaN, 500 nm ofp-doped Al0.07Ga0.93N and topped with 100
nm of p-GaN.12 The composition and thickness of the active
region were determined by x-ray diffraction, and the donor
and acceptor concentrations wereND=231018 cm−3 and
NA=131020 cm−3, respectively.

The total width of the intrinsic region,du, in this sample,
from the sum of the multiple well and barrier widths, is 56.5
nm. Using thep-i-n approximation of Eq.s2d, the depletion
width dd for the In0.1Ga0.9N sample as a function of applied
reverse biasV is plotted in Fig. 2. The depletion width ob-
tained using thep-n approximation is also plotted for com-
parison and demonstrates that the use of thep-n approxima-
tion significantly over estimates the depletion width and
consequently leads to an underestimation of the internal field
due to the piezoelectric effect and spontaneous polarization
using Eq.s1d.

The net internal field was calculated as a function of
reverse bias using Eq.s1d and its effect was taken into ac-
count in the calculation of the absorption spectrum using
microscopic theory based on the screened Hartree-Fock
approximation13

FIG. 3. Energy of the peak absorption as a function of applied biasV for
measured valuesssymbolsd and a line fitted to the data using the theory with
the internal field as a free parameter.

FIG. 1. Calculation of the field across thep-i-n structuresRef. 6d with a
schematic of the active region superimposed for reference, whereLw andLb

are the well and barrier widths, respectively.
FIG. 2. Depletion widthdd as a function of reverse bias using thep-n stop
lined andp-i-n approximationssbottom lined.
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a =
n

2p«0nc"v
E

0

` kumku2

1 − qskd
sfek+ fhk − 1d
isvk − nd + g

dk, s3d

where mk, g, and q(k) are the dipole matrix element, the
dephasing rate, and the Coulomb enhancement, respectively.

The experimentally determined energy of the peak ab-
sorption is plotted in Fig. 3 as a function of the applied
reverse bias. The experimental data are fitted using the the-
oretical model, where the internal field is the fitting param-
eter. The best fit is calculated for an internal field ofEint
=1.9 MV cm−1. This compares with 1.8 MV cm−1 obtained
using the calculation when the material constants are ob-
tained by interpolating the binary values.8

A comparison of the experimental and calculated results
for the amplitude of the measured peak absorption is shown
in Fig. 4 and shows there is good agreement at high values of
bias but poor agreement at low bias. At low bias there is
incomplete extraction of the carriers and hence there is a
reduction in the apparent absorption using photocurrent
spectroscopy.11 The comparison indicates that measurements

of the amplitude of absorption using photocurrent spectros-
copy are inappropriate to determine the internal field.

In summary, we established the importance of using a
correct description for the depletion widths ofp-i-n struc-
tures. By reassessing published work based on thep-n junc-
tion approximation, we found that it overestimated the deple-
tion width and gave a reduced value for the internal field. We
demonstrated close correlation between the microscopic
theory and experimental results for the absorption peak en-
ergy, but found that the apparent magnitude of the absorption
was probably affected by the efficiency with which carriers
are extracted at low bias. We concluded that the energy of the
peak absorption was more useful for experimental determi-
nation of the internal field. We found that the measured in-
ternal fields were consistent with calculations using piezo-
electric and elastic constants interpolated from the binaries.
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FIG. 4. Amplitude of the peak absorption as a function of applied biasV for
measuredssymbolsd and calculatedslined values. The measured data include
any effect due to incomplete extraction of the photogenerated carriers.
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