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Quantification of polarization bowing in III-nitrides by off-axis electron holography
and impact on the polarization controversy
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Polarization engineering has played an important role in advancing IlI-nitride semiconductor devices over re-
cent decades. However, the exact magnitude and orientation of polarization remain highly debated, as significant
discrepancies persist among different theoretical approaches and experiments. Therefore, we combine off-axis
electron holography with surface potential calibration and self-consistent electrostatic modeling to directly
measure quantitatively polarization changes at In,Ga;_,N/GaN interfaces. The results reveal a pronounced
nonlinear, cubic dependence of spontaneous polarization on indium composition responsible for theoretical
overestimation of polarization changes. Moreover, we show that only a layered hexagonal reference phase,
rather than the zinc-blende phase, provides an accurate description of the experimental bowing of spontaneous
polarization and hence a consistent theoretical framework of polarization in group-III nitrides. These results
reconcile experiment and theory and provide a reliable basis for polarization engineering in InGaN alloys.

DOI: 10.1103/4rsc-ysk8

I. INTRODUCTION

Wartzite (WZ) structure group III-nitride semiconductors
exhibit substantial polarization, enabling key functionalities
such as two-dimensional carrier gases [1], polarization doping
[2], and the quantum-confined Stark effect [3], but also lim-
iting quantum well efficiency. Hence polarization engineering
is essential for achieving high-performance group II-nitride
devices, requiring precise quantification and understanding.
Yet, the magnitude, orientation, and composition dependence
of polarization remain controversial [4].

On the theoretical side, the effective spontaneous po-
larization (Pgyon) is not an absolute quantity, but rather
defined relative to a chosen reference structure [5]. Consistent
comparison across different Ill-nitride compounds there-
fore requires a common reference with well-defined—ideally
zero—formal polarization, independent of chemical compo-
sition [6]. To date, zinc-blende (ZB) and layered hexagonal
(LH) structures have been employed as references. Both ref-
erence structures predict significant nonlinear dependencies
(bowing) of Pipon on alloy composition [7-9], but opposite
orientations and very different magnitudes [8,10-14], rais-
ing concerns about the suitability of the chosen reference(s)
[6,8,12,14,15] and thus rendering theoretical predictions in-
conclusive.

On the experimental side, measurements of polariza-
tion changes at In,Ga;_,N/GaN and Al,Ga;_,N/GaN
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heterointerfaces exhibit significant variability (see Fig. 2 of
Ref. [6]), likely reflecting differences in samples’ qualities,
measurement accuracy, and surface effects. Moreover, the ex-
perimentally measured values are systematically lower than
those predicted theoretically [6,16]. These issues cast doubts
on both the precision of experimental quantification of po-
larization and the adequacy of current theoretical models for
capturing the composition dependence of polarization in WZ
group III-nitrides.

Here, we resolve this controversy by quantitatively deter-
mining the composition dependence of Py, in high quality
In,Ga;_,N using off-axis electron holography in transmis-
sion electron microscope (TEM). We directly measure phase
shifts across biaxially strained In,Ga;_,N/GaN interfaces
and extract total polarization changes through surface poten-
tial calibration and self-consistent electrostatic simulations.
Combining this with high-resolution strain analysis allows
separation of the piezoelectric contribution (Ppiezo), yielding
the effective Py,,. We find that only a layered hexagonal
reference with [0001] orientation consistently describes the
experimental data. Furthermore, Pyyo, exhibits a strong non-
linearity: at low indium content (x < 0.25) the bowing follows
a parabolic form, while the overall dependence requires a
cubic function, producing an S-shaped trend. These results
provide quantitative insight into the intrinsic polarization of
In,Ga;_,N, reconcile theoretical and experimental discrepan-
cies, and refine the framework for polarization in group-III
nitrides.

II. METHODS

As a model system we use a metal organic vapor phase
epitaxy grown heterostructure consisting of four 45 nm
In,Ga;_,N/300 nm GaN pairs on low threading dislocation

Published by the American Physical Society
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FIG. 1. (a) Electrostatic phase map of an In,Ga;_,N
(45 nm)/GaN (300 nm) heterostructure with In composition x
of 0.030, 0.062, 0.102, and 0.132 increasing from right to left. The
[0001] growth direction points to the left side. (b) Optical electron
phase profile extracted from the phase map shown in (a). (¢) Si
doping concentration measured by SIMS.

density (~1 x 10° cm™2) freestanding GaN(0001) substrate.
X-ray diffraction yields In contents of the four layers of x =
0.030 £ 0.005, 0.062 £ 0.005, 0.102 £ 0.005, and 0.132 £
0.005. The Si doping level throughout the heterostructure is
3 x 10'8 cm~3(+30%), while the GaN buffer includes an n —
n* doping junction for surface potential calibration of TEM
lamellae. The doping concentration, measured by time-of-
flight secondary-ion mass spectrometry (TOE.SIMS 5, NCS
IONTOF GmbH), is shown in Fig. 1(c).

Electron-transparent lamellaec were prepared using a FEI
Helios Nanolab 400s dual-beam focused ion beam (FIB) sys-
tem using Ga ions at an acceleration voltage of 30 kV. To
reduce surface damage and remove the amorphous layer in-
duced during high-energy milling, low-voltage polishing steps
at 5 kV and 2 kV were applied in the final stages of sample
preparation. The crystalline thicknesses of the lamellas were
determined via convergent beam electron diffraction (CBED).
The thicknesses of the lamellas for EH were constant over the
field of view.

The lattice constants and strain are derived from high angle
annular dark field (HAADF) scanning TEM images by fitting
Gaussians to the atomic columns, with the GaN buffer as
calibration. The obtained strain values are in line with XRD
measurement. The chemical composition is probed by energy
dispersive x-ray spectroscopy (EDX). The EDX composi-
tions are consistent with the secondary ion mass spectrometry
(SIMS) results.

Off-axis electron holography measurements were carried
out in a 300 kV image-aberration-corrected FEI Titan G2
60-300 HOLO microscope equipped with an electron biprism
[17] using an electron beam dose of 17.8 e/(nm?s). At this
dose rate no changes of the phase contrast with beam expo-
sure time occurred [18]. To suppress diffraction contrast and
enhance the phase sensitivity, the lamellae were first tilted
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FIG. 2. (a) Out-of-plane ¢ and (b) in-plane a lattice constants
measured across the GaN/In,Ga;_,N/GaN heterostructure. The un-
strained lattice constants of GaN and In,Ga;_,N calculated using
Vegard’s law are indicated by the blue and yellow histogram bars, re-
spectively. The data (red and black symbols) reveal a lattice matched
growth with biaxial strain.

off-zone axis by 7.85° with the tilt axis perpendicular to the in-
terface. Second, additional (perpendicular) tilts along an axis
parallel to the interface normal were applied and hologram
tilts series in steps of ~0.16° were acquired. The complex
amplitude/phase images reconstructed from the hologram se-
ries were averaged for tilt ranges of 4(0.86-2.52)° during
postprocessing, suppressing diffraction contrast, analogous to
the precession in the four-dimensional scanning transmission
electron microscopy (STEM) technique. Alternatively, some
data points were extracted from holograms, where the tilts
were adjusted such that the diffraction contrast is minimized.
Both approached yield consistent data. The resolution of the
phase maps obtained is 4.6 nm, on top of which a blurring due
to tilt is present, yielding a combined resolution limit of about
7.5 nm.

III. EXPERIMENTAL RESULTS

Figure 1(a) shows an electrostatic phase map reconstructed
from an electron hologram of the four In,Ga;_,N layers
with increasing In composition x along the [0001] growth
direction. The corresponding phase profile [Fig. 1(b)] reveals
higher electron optical phase in each In,Ga;_,N layer relative
to GaN, with the plateaus becoming more pronounced as
In concentration increases. Beyond the plateaus, the profile
exhibits asymmetric interface peaks: large positive peaks at
GalN/In,Ga;_,N interfaces (left side) and negative peaks at
In,Ga;_,N/GaN interfaces (right side), an asymmetry that
grows with indium content.

In addition, the strain state was assessed from a and ¢
lattice constants measured by atomically resolved HAADF
imaging (Fig. 2). GaN layers show bulk-like lattice con-
stants and thus are nearly unstrained, while In,Ga;_,N layers
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FIG. 3. (a)-(d) Experimental (black) and its best-fit calculated (red line) phase shift profiles, the potential of vacuum (orange), conduction
band (green), and valence band (blue) across the interface of GaN/In,Ga;_,N/GaN heterostructures with In composition x of 0.030, 0.062,
0.102, and 0.132, respectively. The particular lamella had a thickness of 137 nm. (e) Sketch map of spontaneous polarization, piezoelectric
polarization, interface polarization difference, and bound charges in the heterostructures as deduced in the main text. (f) Band diagrams of the

heterostructure (left) without polarization and (right) with polarization.

exhibit a lattice constants matching GaN and enlarged c lattice
constants, consistent with biaxially strained growth.

IV. QUANTITATIVE DETERMINATION
OF POLARIZATION

For quantitative analysis, zoomed phase profiles of each
In,Ga;_,N layer are shown as black lines in Figs. 3(a)-3(d).
The plateau regions mainly arise from differences in mean
inner potential and electron affinity between In,Ga;_,N and
GaN [19]. In contrast, the asymmetric positive and negative
peaks indicate bound charges at heterointerfaces due to polar-
ization discontinuities [cf. Fig. 3(f)]. Their extent and slope
are shaped by electrostatic screening from free carriers. Note,
in commonly used (undoped) quantum wells the polarization
field is unscreened and thus linear [20-22]. The In,Ga;_,N
layers used here are thick enough to screen most of the po-
larization field in the center of the layers, leading to separate
peaks. Thus the holography-derived electrostatic potential re-
flects a complex interplay of mean inner potential and the
free carrier redistribution caused, e.g., by electron affinity,
polarization, and electrostatic screening. Additionally, FIB-
induced defects create surface potentials at lamella surfaces
[23,24]. To disentangle these effects and quantify polarization
changes, we employ self-consistent electrostatic simulations
fitted to the data.

The simulation follows a three-step approach [19]: (i) de-
termine the TEM lamella surface potential using a grown-in
doping structure [19,24], (ii) calculate self-consistently the
electrostatic potential and carrier concentrations of chemically
sharp interfaces including polarization and surface potential

using a finite-difference Poisson solver assuming Fermi-Dirac
carrier statistics [25,26], and (iii) compute the electron op-
tical phase map by integrating the potential along the beam
direction [19]. The calculated profiles, broadened by a moving
average to account for experimental tilt, are fitted to the data
with polarization differences between GaN and In,Ga;_,N as
free parameter.

A. Determination of surface potentials

To quantitatively extract polarization changes at
In,Ga;_,N/GaN interfaces, calibration of the lamella
surface potential is required. FIB preparation induces
an amorphous shell and a defect-rich crystalline zone,
leading to Fermi-level pinning and carrier depletion near
the surfaces [19,23,24,27,28]. These depletion regions
reduce the electrically active thickness of the lamella, such
that neglecting them would misestimate the polarization
discontinuity.

The calibration follows Refs. [19,23,24,29], using the n*-n
doping step in the GaN buffer. At this step a phase shift of
0.22 £ 0.02 rad is measured [Fig. 1(b)]. Based on the dop-
ing concentrations [Fig. 1(c)], electrostatic simulations yield
a surface Fermi-level pinning of 0.69 £ 0.10 eV above the
valence band edge, consistent with earlier work [19,23]. The
pinning originates from Cy implanted during FIB preparation
of the TEM lamellae [23,29]. The pinning is defined by the
(—/0) charge-transfer level of Cy, whose energy relative to
the vacuum energy is almost identical for both InN and GaN
[30]. Thus the extracted pinning level can be used uniformly
across all layers as a calibrated input for the phase analysis.
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TABLE I. Fit values of the mean inner potential differences with
respect to GaN for the different In,Ga;_,N layers.

X MIPInXGa],XN‘MIPGaN %
0.030 0.27 +0.06
0.062 0.40 +0.08
0.102 0.56 +£0.12
0.132 0.74 +£0.14

B. Mean inner potential differences

As outlined above, the differences in mean inner potential
between the GaN and In,Ga;_,N layers induce the plateau
offsets between the materials in the phase profiles. Hence the
mean inner potential differences are used as fit parameter.
The obtained values are given in Table I. Note that the po-
larization induced features at the interfaces are not affected
by the mean inner potential differences and hence essentially
no cross-correlation of the errors is present.

C. Extraction of polarization from phase profiles

The total polarization change APy = P32 — PS&IG”N at

the interface of (In,Ga)N grown on top of GaN is obtained by
fitting simulated to experimental phase profiles. Figures 3(a)—
3(d) show excellent agreement between experiments (black)
and simulations (red) for all four layers.

The corresponding simulated band diagrams, also shown
in Figs. 3(a)-3(d) as orange, green, and blue lines, reveal
pronounced band bending at the interfaces due to bound
charges originating from polarization discontinuities: neg-
ative charges at In,Ga;_,N/GaN(0001) and positive ones
at GaN/In,Ga;_,N(0001) interfaces. Figure 3(f) highlights
the effect of polarization by comparing calculations with-
out (AP = 0, left) and with finite APy, (right). Without
polarization, the band profile remains nearly symmetric and
dominated by electron affinity and band gap offsets. Including
polarization introduces a screened electric field, giving rise to
an overall asymmetric band structure. At the GaN/In,Ga;_,N
interface, the positive bound charge induces a 2DEG, effi-
ciently screening the polarization field. To avoid inaccuracies
from neglecting quantized states at the interfaces in our purely
electrostatic model (without solutions of the Schrodinger
equation), AP,y is extracted at the In,Ga;_,N/GaN interface
with negative bound charge, where no 2DEG forms.

The obtained polarization is consistently larger in the
In,Ga;_,N layers than in GaN, resulting in negative po-
larization changes AP, as defined above. The obtained
APy values derived from three lamellae are shown in
Fig. 4 as red circles. We obtained a weighted average of
the polarization change APSE™™ = —0.00091 = 0.00034,
—0.00442 4+ 0.00107, —0.00622 £ 0.00089, and —0.0077 £
0.00135 C/m2 for x = 0.03, 0.062, 0.102, and 0.132, respec-
tively (Fig. 4). These values demonstrate both reproducibility
and a clear compositional trend. The analysis assumes polar-
ization along [0001], consistent with the LH reference model
of Dreyer et al. [6]. If the polarization orientation is reversed
(as in a ZB reference model), the AP,y values simply switch
sign while retaining the same magnitudes.
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FIG. 4. Polarization change, APy = PS%N — PSS;IG‘I)N, at the
biaxially strained In,Ga;_,N/GaN interface as a function of In
composition x. Red circles represent values extracted from electron
holography in this work. Their error bars originate from the noise of
the phase profiles and the assumed 30% error of Si doping. The blue
solid line represents the prediction of Egs. (1) and (2) for an ideally
biaxially strained In,Ga;_,N/GaN interface without bowing of the
spontaneous polarization [6]. In contrast, the purple solid line shows
the theory including the here determined bowing of the spontaneous
polarization for an ideally biaxially strained In,Ga;_,N/GaN inter-
face. The blue solid squares and purple solid diamonds represent
the same, i.e., theory without and with bowing of the spontaneous
polarization, respectively, but using the experimentally measured
strain values. The error bars primarily stem from the accuracy of the
lattice constant measurement.

V. DISCUSSION OF POLARIZATION CHANGES

A. Comparison with previous measurements

The polarization changes at the biaxially strained
In,Ga;_,N/GaN interface from our electron holography mea-
surements (red circles) align well with the range of previous
data (see compilation in Ref. [6]).

B. Comparison with the modern theory of polarization

Next, we compare our experimental results with predic-
tions of the modern theory of polarization [5] in wurtzite
group-III nitrides. For a biaxially strained In,Ga;_,N/GaN
interface, a strain-free theory is inapplicable (predicting
positive polarization changes, contrary to experiment). We
therefore recall the strain-dependent model for the total po-
larization along the ¢ direction [6]:

Potal = Pspon + 2e1(e3 — Pspon) + €3e33, (D

with, in the case of ideal biaxial strain,

=—-2—¢, 2
€3 C3361 2)

155302-4



QUANTIFICATION OF POLARIZATION BOWING IN ...

PHYSICAL REVIEW B 113, 155302 (2026)

TABLE II. Materials constants used here for GaN and InN. The
piezoelectric constants are the average of values compiled in Tables
2 and 3 of Ref. [31] and those reported in Refs. [6,32-34] with
standard error of the mean. The effective spontaneous polarizations
with ZB reference structure Py,on, zg are taken from Ref. [6]. The
respective values with LH reference structure Pypo, 1y are taken from
Ref. [8], since this work calculated Py 11 also for ternary com-
pounds, needed for comparison with experimental values in Fig. 6.
The Py, i values for the binary GaN and InN compounds are
almost identical to those of Ref. [6]. The elastic constants are the
average of values given in [34-44] with the standard error of the
mean.

GaN InN
e3 (C/m?) —0.408 £ 0.028 —0.501 £0.026
es3 (C/m?) 0.768 £ 0.047 0.934 £ 0.059
Pipon, LH (C/m?) 1.299 1.032
Pypon, 78 (C/m?) —0.035 —0.053
Ci3 (GPa) 108.2 £2.2 952 +2.3
C3; (GPa) 391.9+33 231.9 £ 3.8

where Py,o, is the effective spontaneous polarization. es; are
the proper piezoelectric constants and Cy3 and Cs; are the elas-
tic constants. For improving the accuracy of these constants
we took an average of the literature values for WZ structure
GaN and InN, as summarized in Table II. ¢; is the strain in the
a-b (0001) plane (i = 1) and [0001] ¢ direction (i = 3).

As a first approximation, the expected polarization change
AP for an ideally biaxially strained interface, computed
from Eqgs. (1) and (2) using linear interpolation (Vegard’s law)
of Pipon, €3i, and Cj;, is shown in Fig. 4 as a blue line. Here,
the LH reference structure is used; the ZB reference gives
nearly identical values [6]. Alternatively the strain values can
be derived directly from the measured a and c lattice constants
(Fig. 2) without using Eq. (2) shown as blue squares. For both
the ideal biaxial and measured strain, the polarization changes
calculated using Eq. (1) exceed our experimental as well as
most literature values.

This suggests that either some material constants used in
Egs. (1) and (2) are inaccurate or their linear interpolation
is insufficient due to bowing. Three types of parameters are
relevant.

(i) Elastic constants. Their effect is minor because €3
contributes little to polarization, making bowing-induced de-
viations negligible. Density functional theory (DFT) predicts
a linear composition dependence for (Al,Ga)N and (In,A)N
[45], implying a similar behavior for (In,Ga)N. This is sup-
ported by the fact that using measured strain values (instead
of elastic constants) Eq. (1) still overestimates polarization
changes. Elastic constants are therefore not critical.

(ii) Piezoelectric constants. Bowing can also be neglected
since (a) the difference between GaN and the largest In
composition here is below 3%, (b) DFT predicts a linear
composition dependence of the piezoelectric constants of
(Al,Ga)N and (In,Al)N (Figs. 26 and 27 in [45]), suggesting
the same for (In,Ga)N, and (c¢) DFT predicts a nearly linear
composition dependence of the piezoelectric polarization for
(In,Ga)N [8].

Zincblende reference
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FIG. 5. Composition dependence of the spontaneous polariza-
tion Pgpo, of InGa;_ N derived using spontaneous polarization
values with ZB reference structure. The red squares show the values
determined from electron holography measurements, while the navy
diamonds, olive squares, and blue colored symbols and navy star
represent calculated values from Refs. [6-8,10,11]. The theoretical
results do not match to the sign of curvature of experimental data,
suggesting that the ZB reference structure is inadequate to describe
the experimentally determined composition dependence of the effec-
tive spontaneous polarization.

Using smaller piezoelectric constants would reduce polar-
ization changes in Eq. (1), but matching experiments would
require a 60% reduction, corresponding to a deviation from
literature values of ~8c (Table II), which is extremely un-
likely. Thus deviations cannot be attributed to piezoelectric
constants.

(iii) Effective spontaneous polarization. For (In,Ga)N al-
loys only two DFT calculations address the composition
dependence of the spontaneous polarization [7,8], while all
others restrict the calculations to the binary end members
[6,10,11,46]. Taking ternary compositions into account, DFT
shows significant bowing in the composition dependence of
spontaneous polarization [7,8].

Therefore, we used the effective spontaneous polarization
Pgon(x) in Eq. (1) as a fit parameter to fit the experimen-
tal weighted average polarization change AP (x) (given
above), using the measured strains and constants given in
Table II. The analysis is performed for two reference cases:
(i) polarization pointing along the [0001] (—c direction), using
Pyponzp values with ZB reference structure), and (ii) polariza-
tion pointing along the [0001] (+c direction), using PsponLH
with the LH reference structure. The extracted Pypo, values for
In,Ga;_,N are plotted as red squares in Figs. 5 and 6 for ZB
and LH reference structures, respectively. Error bars reflect a
0.5% uncertainty in In composition and strain measurement
erTors.

Calculated Pypon values are also displayed for comparison
as blue/green symbols. With the ZB reference structure, the
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FIG. 6. Composition dependence of the spontaneous polariza-
tion Py, of InyGa;_N derived using spontaneous polarization
values with LH reference structure. The red squares show the values
determined from electron holography measurements while the blue
squares represent calculated values from Ref. [8]. The data points
deviate from Vegard’s law. The cubic fit to all calculated and mea-
sured data points (purple dashed line) reveals that even a parabolic
bowing (blue dashed line) cannot describe the whole composition
range. Only for low In concentration, x < 0.25, is a parabolic fit (red
line) accurate, yielding a bowing parameter of 0.382 & 0.075 C/m?>.

calculated bowing shows a negative curvature, failing to cap-
ture the experimentally found positive curvature (Fig. 5). In
contrast, the Pypon values based on the LH reference structure
agree well with calculations (Fig. 6), indicating that only
the LH-based polarization model [6,8] accurately describes
the experimental data. This supports effective spontaneous as
well as total polarization pointing in the [000+1] direction,
as sketched in Fig. 3(e). This orientation is consistent with
high-resolution TEM imaging of group-III and N column dis-
placements [4,13]. Therefore, subequent discussion focuses
on the LH-based Py, values in Fig. 6.

We now address the optimal bowing model. The parabolic
fit (blue dashed line in Fig. 6) based solely on calculated
Pypon(x) values (blue symbols) [8] does not match the ex-
perimental data (red symbols). Instead, a better description
incorporating both experimental and calculated values re-
quires a cubic (S-shaped) composition dependence, with the
best fit (purple dashed line) given in units of C/m? by

Pspon(x) =1.299(1 — x) + 1.0303x — b(x) - x(1 — x), (3)
where
b(x) = 0.105 — 0.238x. 4

However, since experimental data are currently limited to the
Ga-rich side of (In,Ga)N, we adopt a more practical parabolic
fit valid for small In contents (x < 0.25) in units of C/mz,

shown as the red line:

Popon(x) =1.299(1 — x) + 1.278x — 0.382x(1 — x)
with x < 0.25. ®)]

The full composition dependence of Pyyoq (x) will require revi-
sion as data for In-rich alloys become available.

Next, we compare the total polarization change, A Py (x),
calculated using the refined bowing parameters for Pypon(x) at
x < 0.25 [Eq. (5)], with experimental values in Fig. 4. The
computed APy, (x) (purple diamonds) shows significantly
improved agreement with the measured data (red circles)
compared to the model without spontaneous polarization bow-
ing (blue line and symbols). This confirms that bowing is a
key factor in resolving discrepancies between experiment and
theory.

Finally, the strain values were calculated assuming a linear
interpolation of the lattice constants, due to inconclusive lit-
erature values [47-50]. If a lattice constant bowing would be
considered, the spontaneous polarization would still remain
smaller than the linear interpolation, corroborating the results.

VI. CONCLUSION

Using off-axis electron holography combined with surface
potential calibration and self-consistent electrostatic model-
ing, we quantitatively determined the total polarization change
at In,Ga;_,N/GaN interfaces. By measuring the strain in
STEM images, we separated the total polarization change
into its piezoelectric and spontaneous components. The effec-
tive spontaneous polarization exhibits a pronounced nonlinear
composition dependence: at low indium concentrations it
can be described by a parabolic form, while over the full
composition range a cubic dependence is required. Fitting
the experimental data for x < 0.25 yields a bowing parame-
ter of 0.382 4 0.075 C/m?. This bowing of the spontaneous
polarization explains the systematic overestimation of total
polarization changes in theoretical models. Furthermore, we
find that only a layered hexagonal reference phase provides an
accurate description of the experimentally determined bowing
of the spontaneous polarization, in contrast to the commonly
used zinc-blende reference. These results establish a consis-
tent theoretical framework for group-III nitrides and clarify
the composition dependence of polarization in the technolog-
ically important In,Ga,_,N alloy.
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