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Effects of surface states on electrical characteristics of InN and In,_,Ga N
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Surface states are known to pin the Fermi level in InN and In;_,Ga,N, strongly affecting charge distribution
and transport on the surface and at interfaces. By solving Poisson’s equation over a range of bias voltages for
an electrolyte-based capacitance-voltage measurement configuration, we have calculated the band bending and
space charge distribution in this system and developed an electronic model generally applicable to both p- and
n-type group-Ill-nitride thin films. Both conduction band nonparabolicity and band renormalization effects due
to the high surface electron concentration were included. The calculated space charge distributions, using the
majority dopant concentration as a fitting parameter, are in excellent agreement with experimental data. The
model quantitatively describes increasingly strong n-type electrical characteristics on the surface due to elec-
tron accumulation in p-type In;_ Ga,N for decreasing values of x. This also provides a general understanding
of the effect of mobile carriers on capacitance-voltage measurements.
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The widely tunable band gaps of the group-III-nitride al-
loy system present a promising opportunity for optoelec-
tronic and photovoltaic applications.!> However, progress
has been hampered by difficulty in producing p-type materi-
als, particularly on the lower band gap end of the In;_,Ga N
alloy with In-rich compositions. Recent findings using
electrolyte-based capacitance voltage measurements provide
evidence that it is possible to dope InN p-type.>* However,
while a recent calculation confirms bulk p-type conductivity
across the composition range of In;_ Ga,N,> a method for
quantitative evaluation of the active acceptor concentration is
still absent due to the complications arising from the pres-
ence of donorlike surface states.

It has been recognized that surface states which pin the
Fermi level (Ep) tend to fall near a universal energy level,
known as the Fermi stabilization energy (Eps).>® Epg lies
4.9 eV below the vacuum level, coinciding with the so-called
branch point energy,” and falls into the band gap for most
semiconductors. However, in InN and In-rich In,_.Ga,N and
In;_,AlLN, it is located deep in the conduction band, about
0.8 eV above the conduction band edge (Ec) or 1.5eV
above the valence band edge (Ey) of InN,? due to their ex-
ceptionally large electron affinity. This energy configuration
causes strong electron accumulation near the surface,>>%°
hiding the p-type activity in the acceptor-doped bulk. Elec-
trical properties, measured by Hall effect, are determined by
electrical transport in the surface layer rather than in the bulk
of the sample. Further complications from the conduction
band nonparabolicity and band renormalization also arise at
such high electron concentrations near the surface.!”

In view of the lack of a complete modeling of this effect
in InN and In;_,Ga,N, we calculated the band bending and
charge distributions along the depth in both n- and p-type
In;_,GaN as a function of composition, bulk doping, and
external bias using Poisson’s equation. The calculation took
into account the nonparabolicity of the conduction band
within the Kane k-p model and the renormalization effects
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due to electron-electron and electron-ion interactions, both of
which become significant at high electron concentrations
such as in the surface layer.'” This model was used to quan-
tify active dopants in InN films whose charge concentration
profiles were measured using electrolyte-based capacitance
voltage (ECV) profiling. Previous work using ECV (Refs. 3
and 4) and the hot probe test!! has provided evidence of
p-type activity in Mg-doped InN grown by molecular beam
epitaxy. Our model quantitatively describes n-type electrical
behavior at the surface due to electron accumulation in both
donor and acceptor doped InN, in agreement with ECV mea-
surements of these films. This model was also applied to the
alloy system In;_,Ga,N, providing a method to analyze the
doping and space charge profile even in the presence of
strong surface accumulation or inversion caused by dense
surface states.

The electron potential in InN as a function of depth dic-
tates the band bending and is related to the charge distribu-
tion by the one-dimensional Poisson equation,

d*V(2) e

En —{N,—n[V(z)]+ p[V(2)]}, (1)
Z €p€,

where N, is the charge due to the majority ionized dopant,
which equals —N, if acceptors and N, if donors. The free
electron distribution n(V) is given by the Fermi distribution
in conjunction with the density of states of the conduction

band,
_ ” pc(E - V)
n(V) = f 1+ expl(E - Ep)lkgT] dE, @

where p (E) is the density of states calculated from the non-
parabolic conduction band dispersion obtained in Kane’s k- p
model.'” A similar expression was used for p(V), assuming a
parabolic valence band with effective hole mass of 1.65m,.'?
In our simulation, we assume zero current flow, such that Eg
is flat throughout the entire film, lining up with Ey at the
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FIG. 1. (Color online) Calculated band diagram and associated
carrier concentrations near the surface at zero applied bias for
n-type InN doped with Ny=8x 10'8 cm™ in (a) and (c), respec-
tively, and for p-type InN doped with N,=2.3x 10" cm™ in
(b) and (d). For the n-type case, the free hole concentration
(~10% cm™) is negligible, hence it is not pictured.

surface [Fig. 1(a)], which is equal to Epg (1.5 €V above Ey)
at zero bias. The conduction band edge E at the surface,
which sets the boundary condition V(z) at z=0, lies at
E,—A(n) above Ey, where E,=0.7 eV and A(n) represents
the downward shift of E.- caused by the conduction band
renormalization effect from electron-electron and electron-
ion scattering.'® The renormalization effect becomes signifi-
cant at high electron concentrations such as in the surface
accumulation layer discussed here, resulting in a band-gap
narrowing of >0.15 eV per decade of increase in n when n
> ~ 10" ecm™3. On the surface, A(n) was determined by the
value of n at z=0, which is obtained from solving Eq. (2)
self-consistently with V=V(0). The doping level, Ny or N,,
sets the boundary conditions at large depth such that as
z—, dV(z)/dz—0 and V(z) is equal to the bulk E. given
by charge neutrality, n[V(ec])=N, or p[V(®)]=N,.

Figure 1 illustrates the surface band bending at zero bias
for n-type doping of Ny=8.0X10'8 cm™ (a) and for p-type
of N,=2.3X 10" cm™ (b). In both cases, the conduction and
valence bands are bent far below Ep, giving rise to strong
electron accumulation on the surface to a depth of ~10 nm.
The electron and hole concentrations are shown in Figs. 1(c)
and 1(d) for the n- and p-doped films, respectively. For the
n-doped film, n decreases from 3.5X 10%° cm™ on the sur-
face to Ny in the bulk. In the p-doped film, n drops from
3.5 10?° cm™ on the surface to a negligible minority level
in the bulk. This surface inversion layer is followed by a
depletion region before eventually reverting to bulk p-type
behavior. Hence surface pinning creates a native n*/p junc-
tion at a depth of ~5 nm in p-doped InN film. This natural
shallow junction could be measured in carefully designed
experiments and may be exploited for device applications.
This demonstates that surface electron accumulation must be
included in interpretations of surface-sensitive spectroscopic
and electrical measurements of InN. A similar surface elec-
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FIG. 2. (Color online) 1/C? as a function of applied bias deter-
mined by ECV measurements for unintentionally doped and Mg-
doped InN along with two calculated curves for Nyg=8
%10 cm™ and N,=2.3X10'"° cm™. The inset shows the band
bending configuration calculated for the unintentionally doped (a)
and Mg-doped (b) films at their respective VE&X,
tron accumulation effect was observed in other materials
with large electron affinities, such as InAs,'® which also has
its surface Ey pinned above its E¢. Significant band-gap nar-
rowing due to the band renormalization effect is also evident
in this electron accumulation layer. The direct band gap is
reduced from the intrinsic £,=0.7 eV to ~0.25 eV at z=0.

Electrical characterizations often use the Hall effect,
which measures the free carrier concentration averaged over
the depth weighted by mobility. For nonuniform distributions
such as these, capacitance-voltage (CV) profiling yields
more information as it probes the net charge concentration
as a function of depth. However, due to the surface Ep
pinned above E, the required Schottky contacts for conven-
tional CV profiling have not been achieved. Instead, an
electrolyte has been used to form a rectifying contact.>*!3 A
bias voltage (Vi) applied to the electrolyte with respect to
the grounded sample bulk shifts the surface Fermi level to
Er=FEgg+ Vi, Thus a negative Vi, causes the surface en-
ergy bands to move upward relative to Erg, making the sur-
face bands bend less than in Fig. 1(a). At sufficiently large
negative Vy;,,, a flat band, followed by surface depletion, and
eventually inversion band configuration can be realized for
both n- and p-doped films, provided that the electrolyte or
film junction does not break down at these voltages.

The total space charge (Q) in the system was calculated
over a wide range of Vi, by integrating N,q—n(z)+p(z)
over z. The capacitance was computed from C(Vy,)
=dQ(Viias)/ dVyias- The capacitances of an unintentionally
n-type-doped and an Mg-doped InN film were measured us-
ing the ECV method as a function of bias voltage. Both
experimental and calculated data are shown in a Mott-
Schottky representation (1/C? vs Vi, in Fig. 2. A sample-
independent voltage offset, known as the rest potential, to
account for the difference between Egg and the chemical po-
tential of the electrolyte,'* was added to the ECV data when
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comparing with the calculated curves. A peak occurs for
1/C? with different height and at different VZ<“* for these two
samples.

In conventional C-V experiments in the depletion regime
on samples with no surface Fermi level pinning, the slope on
the Mott-Schottky plot is inversely proportional to the ion-
ized net-dopant concentration. For our choice of bias voltage
polarity, a negative (positive) slope would indicate a donor
(acceptor) doping in the sample. However, in the case of
space charge accumulation or inversion which is common for
narrow-gap semiconductors at high bias, this simple net-
dopant interpretation is no longer valid because mobile car-
riers are present in significant quantity and contribute to the
capacitance reading as well. Surface Fermi level pinning fur-
ther complicates the picture. Our model accounts for all
these effects and agrees well with the ECV data previously
used as evidence for p-type activity in Mg-doped InN.? In
fitting to both the peak height and position, the only param-
eter that was adjusted is the doping level N, or Ny (aside
from the constant rest potential'3). Assuming a majority dop-
ing level of N;=8.0X 10'"® cm™, we achieve a good fit to the
unintentionally doped InN sample, whose n-type character is
most likely due to intrinsic defects from growth, often on the
order of mid-10'7 to mid-10'" cm™.!° In comparison, the
Mg-doped InN fit well with N,=2.3 X 10" cm™, signifying
p-type activity below the surface layer in this film. By ex-
perimentation, we found that including both the band nonpa-
rabolicity and band renormalization effects achieves the best
fit with the experimental ECV data.

In both n- and p-type films, C is large (thus 1/C? is small)
at small V,;,,, due to the total space charge (Q) being domi-
nated by electrons accumulated on the surface. This amount
is determined by the Ep pinned well above the conduction
band E. and is enhanced by the conduction band nonpara-
bolicity and band renormalization effects. Consequently, Q is
very sensitive to the shift of Ep by Vy,,,, which translates to a
large C=dQ/dVy,. At a certain Vo= V2% however, when
the surface Ey is displaced into the band gap, Q becomes
desensitized to the change in Vy;,,, because Er. is too far from
both E. and Ey to populate or depopulate the conduction or
valence bands. For this Vi;,, the system has the smallest C

and thus has a peak in 1/C?. The band configuration at V2%

bias
is depicted in the inset of Fig. 2 for the two films under
investigation. As Vy;,, becomes more negative, the surface Eg
approaches Evy to induce free holes, such that Q resumes its
high sensitivity to Vy;,,. Hence both n- and p-doped InN
films show a peak in their Mott-Schottky plots. Therefore a
mere change of slope sign in the Mott-Schottky plot is not
evidence for the presence of surface inversion; rather, as will
be shown below, the peak position and height can be used to
evaluate the doping type and the bulk doping level, respec-
tively.

As can be seen from the inset of Fig. 2, the position of Ey
at V¢ relative to the surface Ey and Ec is not the same for
n- and p-doped films. It is closer to Ey (Ec) on the surface
for n- (p) -doped InN, resulting in a more negative VI for
n-doped films than for p-doped ones. The surface Ef position
where Q is the least sensitive to changes in Vi, is not at the

midgap; instead, it is pushed away from the doped band
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FIG. 3. (Color online) Calculated peak value of 1/C? (lower)
and VIS (upper) as a function of doping level for n- and p-doped

InN. Note the logarithmic scales.

since Q changes rapidly at the onset of depletion. This effect
breaks the symmetry of the surface Ef in the band gap, and
quantitatively identifies the type and level of doping in the
bulk from the position and height of the 1/C? peak. In Fig. 3
we show VP and the peak height calculated as a function of
doping level for both n- and p-doped InN. It can be seen that
ngj‘:‘ is largely independent of N, for p-type doping, and is
more negative and scales approximately logarithmically with
N, within the range of interest for n-type doping. This dif-
ferent behavior arises from the much larger density of states
in the valence band than in the conduction band in InN. The
peak height scales almost linearly with 1/N, or 1/N, as seen
from the log-log plot. When the film is doped with higher N,
or Ny, O can be changed more rapidly by depleting these
dopants even at VX, which makes it more sensitive to

changes in Vi, (hence a lower peak height). As ECV is
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FIG. 4. (Color online) Calculated peak value of 1/C> (a) and
VPek (b) as a function of Ga fraction for n-type and p-type
In,_,Ga,N with a majority dopant level of 8 X 10'® cm=3. (c) Con-
duction and valence band alignment of In;_,Ga/N relative to the
valence band edge of InN. The Fermi stabilization energy is shown

as a reference level.
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essentially the only technique for measuring the doping level
in the presence of surface accumulation in narrow-gap semi-
conductors such as InN and InAs, our model provides a gen-
eral guideline and calibration for analyzing doping levels for
narrow-gap semiconductors. The conventional net-dopant
interpretation, which relates the sign of slope on the Mott-
Schottky plot to the type of doping and the magnitude of
the slope to 1/N, or 1/Njy, is valid only in the regime where
the surface is in depletion, i.e., between —1.0 and —1.5 V in
Fig. 2.

This model can also be extended to other group-IIl-nitride
systems with similar band structures. We investigated the
band bending for the extensively studied In;_,Ga,N alloys by
expressing their Ec and Ey on the absolute energy scale'®
[Fig. 4(c)] and using linear extrapolations between InN and
GaN (Ref. 17) for their dielectric constant, carrier effective
mass, and other band parameters.'® Using a doping level N4
or N, of 8.0 10'® cm™ as an example, we found significant
surface electron accumulation, higher than the doping level,
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for x < ~0.7 at zero bias. The 1/C? peak height and position
are shown in Figs. 4(a) and 4(b) as a function of x. As ex-
pected, the peak in 1/C? for n-type alloys, indicating the
turnover from depletion to inversion, occurs at very large
negative biases, so they will always exhibit n-type character
unless strongly biased without breakdown. For p-type alloys
at zero bias, p-type character is evident on the surface only
for relatively large Ga fractions. Displacing Ef to near Ey
(E¢) on the surface for n (p) -doped alloys maximizes 1/C?,
such that the shift of VEZ™* toward negative (positive) direc-
tions with increasing x reflects the increasing (decreasing)
distance of Ey (E¢) from Egg as illustrated in Fig. 4(c).
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