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Band bending at the surfaces of In-rich InGaN alloys
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The band bending and carrier concentration profiles as a function of depth below the surface for
oxidized In,Ga,_,N alloys with a composition range of 0.39 =x=1.00 are investigated using x-ray
photoelectron, infrared reflection, and optical absorption spectroscopies, and solutions of Poisson’s
equation within a modified Thomas—Fermi approximation. All of these InGaN samples exhibit
downward band bending ranging from 0.19 to 0.66 eV and a high surface sheet charge density
ranging from 5.0 X 10'? to 1.5X 10" ¢cm™. The downward band bending is more pronounced in the
most In-rich InGaN samples, resulting in larger near-surface electron concentrations. © 2008
American Institute of Physics. [DOI: 10.1063/1.3033373]

I. INTRODUCTION

Group III-N semiconductors have many fundamental
properties that make them promising for use in optoelec-
tronic and electronic devices. The ternary InGaN alloys have
intrinsic band gaps that span a wide range of energies, from
0.64 (Ref. 1) to 3.44 eV,” enabling a device to be produced
by a single material system that covers a large optical
window.> It has also been reported that GaN has a high
efficiency of luminescence’ and that InN has a small electron
effective mass and high electron drift velocityf”7 giving this
semiconductor system excellent optical and transport proper-
ties. To produce high-speed electronic or optoelectronic de-
vices from InGaN, more needs to be understood about the
interface properties, such as how to form reliable contacts to
the surface and how to control the surface sheet charge den-
sity. Therefore several investigations into the surface elec-
tronic properties of InGaN have been carried out in the past
few years.4’8_12

Usually an electron depletion layer is observed at the
surface of n-type III-V semiconductors. However, n-type
InAs and InN exhibit a surface electron accumulation
layer. 314 Thig can be explained by the extremely low con-
duction band minimum (CBM) at the I" point in both InN
(Refs. 10 and 15) and InAs.'*'® Hence the branch point en-
ergy, defined as the crossover point from states that are pre-
dominantly acceptorlike to states that are predominantly do-
norlike, is located high in the conduction band of InN.
Surface states will be primarily donorlike (acceptorlike)
when the Fermi level is below (above) the branch point en-
ergy. For InN, the Fermi level position is usually below the
branch point energy, enabling the existence of unoccupied
donorlike surface states. These positively charged states pin
the surface Fermi level position near the branch point energy,
resulting in the Fermi level increasing at the surface of InN.
Alternatively, this can be viewed as the conduction and va-
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lence bands bending downward with respect to the Fermi
level at the surface of InN. Hence an electron accumulation
layer is formed at the surface of InN.

Previously, x-ray photoelectron spectroscopy (XPS) has
been performed on n-type InGaN samples to determine the
surface Fermi level position as a function of composition.&'2
Veal er al.® reported that the surface Fermi level position
varies from high above the CBM in InN to significantly be-
low the CBM in GaN with the surface Fermi level position
and branch point energy of In,Ga;_,N intersecting at a com-
position of approximately x=0.43.%"? Without knowledge of
the bulk Fermi level position, this intersection point was
taken to be the composition at which a transition from sur-
face electron accumulation to depletion occurs. This is a rea-
sonable first approximation, but the extent of downward
band bending can only be obtained from knowledge of both
the surface and bulk Fermi level positions.

This paper reports a detailed investigation of the surface
and bulk Fermi level positions for a range of compositions of
InGaN using XPS and infrared reflection and optical absorp-
tion spectroscopies. Detailed knowledge of both the surface
and bulk Fermi level positions enables quantitative determi-
nation of the behavior of the surface space charge region as a
function of composition. To examine the band bending and
carrier concentration profile as a function of depth below the
surface, Poisson’s equation was solved within a modified
Thomas—Fermi approximation (MTFA).

Il. EXPERIMENTAL DETAILS

Samples of 200 nm thick In,Ga;_ N were investigated
with a composition range of 0.39=x=1.00. The InGaN
samples were grown by plasma assisted molecular beam ep-
itaxy (MBE) on an 80 nm thick GaN buffer layer, grown by
MBE, on a template that consists of a 3 um thick Si-doped
GaN layer, grown by metal-organic vapor phase epitaxy, and
on a 330 wm thick (0001) sapphire substrate. In the previous
investigation of InGaN space charge region behavior, Veal et
al.® used samples with a large range of thicknesses, from 100
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FIG. 1. (Color online) X-ray diffraction of the five InGa;_,N samples
showing the composition range to be 0.39 =x=1.00.

to 500 nm grown by MBE or metal-organic chemical vapor
deposition, while samples used in this investigation are all
200 nm thick and were all grown by MBE.

The In,Ga;_N alloy composition was determined by
x-ray diffraction, shown in Fig. 1, using the GaN(0002) peak
as a reference. Using this technique it is possible that a small
overestimation of the In content occurs (less than 5%). Nev-
ertheless, since the samples have a high In content, they are
expected to be almost fully relaxed. All of the x-ray diffrac-
tion spectra exhibit two Bragg peaks, InGaN(0002) and
GaN(0002), which correspond to the epilayer and buffer lay-
ers, respectively. From Fig. 1 it can be seen that the In-
GaN(0002) peak for the samples defined as Inj gsGa, 5N and
Ing70Gag 3N is broad and appears to be composed of two
peaks. This suggests that there might be a small amount of
phase separation for these samples.

Oxidized samples were studied because the conventional
cleaning method, ion bombardment and annealing, produces
donorlike defects near the surface of InN and In-rich InGaN
alloys, resulting in an increased near-surface electron
concentration.'” 2’ Unconventional methods have been suc-
cessful in cleaning both InN (Ref. 19) and GaN;*' however,
cleaning InGaN alloys would require such methods to be
optimized for each composition and hence cleaning is not a
practical process to employ. The surface contaminants could
potentially change the surface Fermi level pinning; however,
previous studies suggest that the surface Fermi level shift
with oxygen adsorption is negligible.&Z%24

XPS was utilized to determine the separation of the sur-
face Fermi level to the valence band maximum (VBM) for
the InGaN alloys. XPS measurements were performed at
room temperature on a Scienta ESCA300 spectrometer at the
National Centre for Electron Spectroscopy and Surface
analysis, Daresbury Laboratory, UK. The samples were
probed with a photon beam of energy hv=1486.6 eV pro-
duced by a monochromated rotating anode Al K« x-ray
source. The emitted photoelectrons were analyzed by a 300
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mm radius hemispherical analyzer with a slit width of 0.8
mm and at a pass energy of 150 eV. The effective instrumen-
tal resolution is 0.45 eV and is caused by a Gaussian convo-
lution of the analyzer broadening with the natural line width
of the source, 0.27 eV. The Fermi level position was cali-
brated using the Fermi edge of an ion bombarded silver ref-
erence sample.

Additionally In 3d, Ga2p, N 1s, O ls, and C ls core
levels were investigated with XPS to determine the contami-
nation present and the native oxide layer thickness. The na-
tive oxide consisted of group III-O species but no evidence
of N-O bonding was observed. The native oxide layer thick-
nesses were estimated to be less than 1 nm on all samples
from the relative intensities of the core level peaks.

Single field Hall effect measurements for these InGaN
samples are influenced by parallel conduction due to the high
electron concentration in the GaN:Si template and the sur-
face space charge region. Hence Hall effect measurements
would overestimate the InGaN epilayer bulk carrier concen-
tration and thus miscalculation of the bulk Fermi level posi-
tion would occur.

Consequently, to determine the position of the bulk
Fermi level, the infrared reflection and optical absorption of
the InGaN samples were measured using a Perkin-Elmer
Spectrum GX Fourier transform infrared spectrometer and a
Perkin-Elmer Lambda 25 UV/vis spectrometer for energies
below and above 1.2 eV, respectively. The reflection spectra
were recorded for an incident and reflected angle of 35° to
the surface normal and the reflectance was determined by the
ratio of reflection from the sample and from a highly reflec-
tive optical mirror.

lll. RESULTS, ANALYSIS, AND DISCUSSION

The position of the VBM with respect to the surface
Fermi level was determined by extrapolating the leading
edge of the valence band photoemission spectra to the inter-
section with the background level to account for the finite
resolution of the spectrometer,25 as shown in Fig. 2. This
yields a VBM to surface Fermi level separation, &, of 1.45
eV for InN, which increases to 2.38 eV for Inj39Gaj N, the
least In-rich sample, as shown in Table III.

Optical absorption spectroscopy was utilized to deter-
mine the bulk Fermi level position. The infrared, visible, and
ultraviolet transmissions of the InGaN samples were mea-
sured at room temperature as a function of photon energy.
The transmission was converted into the absorption coeffi-
cient assuming a constant refractive index by using the Moss
rule.”® Figure 3 shows the experimental absorption spectra
for In,Ga;_, N with 0.39 =x=0.85. The oscillatory structure
is attributed to Fabry—Pérot interference. This Fabry—Pérot
oscillation corresponds to the GaN:Si template layer thick-
ness and continues past the absorption edge, which is con-
sistent with these oscillations corresponding to the 3 um
thick GaN:Si template layer rather than the In Ga;_,N layer.

The absorption coefficient of the InGaN samples was
modeled using the one electron model considering only di-
rect transitions between the valence band, E,, and the con-
duction band, EC,27 and neglecting band tailing effects,
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FIG. 2. (Color online) Valence band XPS spectrum for In,Ga,_,N alloys
with the leading edge linear fit extrapolated down to the background level.
The VBM occurs at the intersection of the linear fit and the background
level. The binding energy scale is with respect to the surface Fermi level,
E 5. Therefore the separation between the VBM and the surface Fermi level,
&, is the energy at which the intersection occurs.

g
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where €, is the permittivity of vacuum, 7 is the refractive
index, and fgp is the Fermi—Dirac distribution. The density of
states, g(e), is derived using the alpha approximation for the
nonparabolic conduction band
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where E, is the band gap and my is the electron effective
mass at the CBM. The InN and GaN band gaps at room
temperature were taken to be 0.64 (Ref. 1) and 3.44 eV,
respectively, and the band gap across the composition as be-
ing described by a bowing parameter b of 1.7 eV.”® The
effective masses at the CBM for InN and GaN were taken to
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FIG. 3. (Color online) The experimental absorption spectra for In,Ga;_ N
with 0.39=x=0.85.
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FIG. 4. (Color online) The experimental infrared reflectivity spectrum for
InN plotted with the simulated spectrum.

be 0.045m, and 0.20m,, respectively, and the value of mj as
a function of composition as being described by a bowing
parameter of 0.7b=0.119."° The bulk Fermi level position
can then be varied until the modeled absorption edge
matches the experimental absorption edge. The bulk Fermi
level values are listed in Table III.

The InN bulk Fermi level position determined by optical
absorption spectroscopy was considered unreliable because
of the large Urbach tailing. Therefore the optical absorption
derived bulk Fermi level positions were used for the four
most Ga-rich InGaN samples and infrared reflection spec-
troscopy was performed on InN to determine its bulk Fermi
level position.

The infrared reflectivity of InN was measured at room
temperature as a function of photon energy. Figure 4 shows
the experimental and simulated infrared reflectivities for
InN. The oscillations observed in the experimental spectrum
are due to Fabry—Pérot interference, corresponding to the
GaN:Si template thickness.

The infrared reflectivity of a (0001) sapphire sample was
also measured at various angles for modeling purposes. The
dielectric function of sapphire was simulated with the factor-
ized model®'*? to incorporate the transverse optical and lon-
gitudinal optical phonon frequencies, while the infrared re-
flection spectrum for the InN sample was simulated using a
two-oscillator dielectric model, classical free-carrier absorp-
tion theory and a multilayer structure approximation, to in-
corporate the two buffer layers and the (0001) sapphire
substrate.”>** Three parameters, the phonon damping coeffi-
cient, the free-carrier lifetime, 7, and the plasma frequency,
w,, were modified until the simulated spectral features
matched those in the experimental infrared reflectance spec-
tra. The values for the high-frequency constants, €., the
static dielectric constant, €,, the transverse optical phonon
frequency, wrg, and the longitudinal optical phonon fre-
quency, wy o, for InN and sapphire are listed in Table I, while
the values used for 7 and w, for the InN layer, two buffer
layers, and substrate are given in Table II.

The carrier concentration, n, can be calculated from the
plasma frequency, w,, using the relation
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TABLE I. The parameters used in the infrared reflectivity simulations,
where €, €, wro, and w; are the high-frequency and static dielectric
constants and the transverse and longitudinal optical phonon frequencies,
respectively.

\e) @ro
€. €, (meV) (meV)

InN* 6.70 10.50 59.24

Sapphire” 3.06 9.39 47.79 48.09
54.53 59.75
70.60 78.15
78.68 112.47

“References 45 and 46.

PReference 32.

( nez ) 172 (3)
w,=|———| ,
P\ e e0(m™)

where (m") is the density of states averaged effective mass,
Womy [ 2E

(m")=—0 f (1 + —)g(E>fFD(E>dE. @)
nJg E,

To calculate the bulk Fermi level position from the carrier
concentration, carrier statistics are used.

To determine the location of the surface and bulk Fermi
levels with respect to the branch point energy the relative
position of the VBM to the branch point energy was taken to
be —1.83 eV for InN (Ref. 15) and —2.4 eV for GaN,”’
giving the InN/GaN valence band offset value as 0.57 eV,
which is consistent with some previous studies, although
there are a large variety of results reported, as discussed in
detail in Ref. 39. The valence band offset is expected to vary
linearly with the composition.37

Figure 5 shows the VBM, CBM, and bulk and surface
Fermi level positions across the composition range with re-
spect to the branch point energy. Both the surface and bulk
Fermi level positions are below the branch point energy for
the In-rich InGaN alloys. This allows the existence of unoc-
cupied donorlike surface states that have donated their elec-
trons into the surface electron accumulation layer. This is
also consistent with the downward band bending ranging
from 0.19 to 0.66 eV. For the Iny39Gag 4N alloy, the surface
Fermi level is located 0.2 eV above the branch point energy,
indicating a surface electron depletion layer is present but the
downward band bending of 0.19 eV indicates that this
sample exhibits a surface electron accumulation layer. Any
uncertainty in the surface and bulk Fermi level positions will
result in a wider range of possible surface sheet charge den-

TABLE II. The variable parameters used in the infrared reflectivity simula-
tions, where 7and w), are the free-carrier lifetime and the plasma frequency,
respectively.

(ps) w, (meV) =25 meV
InN 0.83 112
GaN 3.33 1
GaN:Si 0.20 62
Sapphire 0.67 0
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FIG. 5. (Color online) The CBM and the VBM of In,Ga,_,N as a function
of x with respect to the branch point energy, Ez. The band gap bowing is
shown entirely in the CBM as the separation of the VBM and the branch
point energy is expected to vary linearly with composition. The relative
positions of the surface and bulk Fermi levels, E and Eyp, that were deter-
mined by XPS and infrared reflection and optical absorption spectroscopies,
as a function of x, are also shown as triangular and square points, respec-
tively. The dashed (dotted) line is a guide to the eyes for the bulk (surface)
Fermi level position.

sities and within the error bars the surface Fermi level could
be at the branch point energy and this sample could exhibit
no band bending.

From Fig. 5 it also appears that the surface Fermi level is
pinned closer to the branch point energy with increasing Ga
fraction. For a simplistic approximation the change from an
accumulation layer to a depletion layer would be marked
with both the surface and bulk Fermi levels intersecting the
branch point energy at the same composition. However, the
branch point energy is defined as the crossover point from
states that are predominantly acceptorlike to predominantly
donorlike. Therefore it is possible for some donorlike surface
states to exist just above the branch point energy. Hence
downward band bending can still occur when the surface and
bulk Fermi levels are slightly above the branch point energy.

Hence the exact character of the Inj39Gaje;N sample
surface charge region will be dependent on the exact location
of the surface and bulk Fermi levels. All of these observa-
tions above indicate that, for similar bulk Fermi levels, the
transition from an accumulation layer at the surface of In-
rich In,Ga;_,N to a depletion layer at the surface of Ga-rich
In,Ga;_ N will be at a composition of slightly less than x
=0.39. This result, obtained from the relative positions of the
bulk and surface Fermi levels, occurs at a slightly less In-rich
composition than the intersection of the surface Fermi level
best fit line with the branch point energy, which is a com-
monly used method of approximating the composition at
which the transition occurs, as seen in previous studies.®!?
Nonetheless, the surface charge layer character for an indi-
vidual InGaN sample will be dependent on its particular sur-
face and bulk Fermi level locations.

The band bending and carrier concentration profiles as a
function of depth from the surface were evaluated by solving
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FIG. 6. (Color online) The carrier concentration as a function of depth from
the semiconductor surface for InN and Ing39GajyeN. Inset: the CBM and
VBM positions with respect to the Fermi level, E, as a function of depth
from the semiconductor surface.

Poisson’s equation40 within a MTFA.>***'"* The high-
frequency dielectric constant for GaN was taken to be 5.35%
and it was assumed that €, varies linearly with
composition.45 Figure 6 shows the band bending and carrier
concentration profile for InN and Ing 39Gag ¢;N. From Fig. 6,
it can be seen that the extent of downward band bending and
near-surface carrier concentration is higher with a larger In
content. Also, from Poisson’s equation, the surface sheet
charge density can be calculated from the gradient of the
band bending potential at the surface.”® The surface sheet
charge density varies from 5.0 X 10'? to 1.5X 10'* cm™2, see
Table III, confirming the presence of a surface electron ac-
cumulation layer in the In,Ga,;_ N samples with a composi-
tion range of 0.39=x=1.00 and that this electron accumu-
lation layer is more extreme in the most In-rich InGaN
samples.

The XPS determined surface Fermi level position may
be slightly underestimated when there is significant down-
ward band bending since the measured surface Fermi level is
averaged over a finite depth; 95% of the signal originates
from approximately 72 A as the inelastic mean free path of
electrons with a kinetic energy of 1485 eV is ~24 A in
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In,Ga,_N. XPS is surface sensitive because the photoelec-
trons undergo inelastic scattering in the bulk of the sample.
The probability of a photoelectron being detected without
energy loss has an exponential depth dependence, which
means that the photoelectrons from the surface dominate the
signal. From Fig. 6 it can be seen that the CBM and VBM
rapidly bend near the surface of the semiconductor over a
distance shorter than the XPS sampling range. Therefore the
Fermi level rapidly changes as a function of depth from the
surface. This small underestimation means that the surface
electron accumulation could be slightly more extreme than
predicted here by Poisson’s equation within a MTFA using
XPS determined surface Fermi level positions.

The trend observed in this study, of the band bending to
become less extreme and the size of the surface sheet charge
density to decrease with increasing Ga content in the InGaN
samples, is consistent with previous reports into the transi-
tion from surface electron accumulation in InN to depletion
in GaN.? However, the transition from a surface electron
accumulation layer to a surface electron depletion layer is
found to be at a lower In composition than previously deter-
mined. Also the values for CBM, VBM, band gap energy,
and valence band offset produce carrier concentration and
surface sheet charge density values that are in agreement
with earlier literature for InN,&w’12 although, in these earlier
studies, the bulk Fermi level was either not determined or
overestimated on the basis of single field Hall effect mea-
surements.

The presence of a surface electron accumulation layer in
In-rich InGaN will have a profound effect on electronic
properties. For example, only Ohmic contacts will be formed
at metal/In-rich InGaN interfaces and hence this will impact
on the potential device types. The inherent nature of the sur-
face accumulation layer in In-rich InGaN, resulting from the
surface and bulk Fermi level positions, will make controlling
or eliminating the space charge layer easier for more Ga-rich
InGaN alloys. Therefore the most effective applications for
In-rich InGaN may well be those that exploit the surface
electron accumulation layer.

IV. CONCLUSIONS

The positions of the surface and bulk Fermi levels for
In,Ga,_,N with a composition range of 0.39=x=1.00 have
been measured by XPS and infrared reflection and optical
absorption spectroscopies and compared to the position of
the branch point energy. The differences in the surface and

TABLE III. The values of the surface and bulk Fermi levels with respect to the VBM, E and Ey, respectively,
band bending, Vy;, bulk carrier concentration, bulk n, and surface sheet charge density, ny, that have been

determined for the In,Ga,_ N samples.

Eg Eyr Vib bulk n Ny
Sample (eV) (eV) (eV) (10" cm™) (10" cm™)
InN 1.45 0.79 0.66 3.73 15.10
Ing §sGag 15N 1.69 124 0.45 25.54 13.66
Ing 70Gag 30N 1.62 130 032 7.61 6.55
Ing 53Gag 4N 2.04 1.68 036 8.38 8.17
Ing 30Gag o, N 238 2.19 0.19 25.82 4.96
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bulk Fermi level positions were used to calculate the extent
of the band bending and the surface sheet charge density by
solving Poisson’s equation within a MTFA. The most In-rich
InGaN samples exhibit extreme downward band bending and
a high surface sheet charge density, whereas for the least
In-rich sample, Inj39Gay 6N, the band bending is much less
and the surface sheet charge density is lower.
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