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ABSTRACT: We report on AlxGa1−xN heterostructures
resulting from the coherent growth of a positive then a
negative gradient of the Al concentration on a [0001]-oriented
GaN substrate. These polarization-doped p−n junction
structures were characterized at the nanoscale by a
combination of averaging as well as depth-resolved exper-
imental techniques including: cross-sectional transmission
electron microscopy, high-resolution X-ray diffraction, Ruth-
erford backscattering spectrometry, and scanning probe
microscopy. We observed that a small miscut in the substrate
orientation along with the accumulated strain during growth
led to a change in the mosaic structure of the AlxGa1−xN film,
resulting in the formation of macrosteps on the surface.
Moreover, we found a lateral modulation of charge carriers on the surface which were directly correlated with these steps. Finally,
using nanoscale probes of the charge density in cross sections of the samples, we have directly measured, semiquantitatively, both
n- and p-type polarization doping resulting from the gradient concentration of the AlxGa1−xN layers.
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1. INTRODUCTION

Compositionally graded AlxGa1−xN films have recently become
very interesting as a result of their potential to enhance p-type
doping due to the so-called polarization doping effect.1 The
advantage of this has been demonstrated through devices such
as deep-ultraviolet light-emitting diodes,2,3 lasers,4 and p−n
junctions.5 Additionally, strain accumulation in these graded
films has been shown to incline threading dislocations (TDs),
allowing them to annihilate with each other, resulting in the
growth of high quality GaN layers.6,7 The depth profile of the
Al concentration determines much of the properties of these
graded AlxGa1−xN layers. Additionally, the influence of the layer
thickness on polarization-induced doping and the properties of
the resulting 3-dimensional electron slab (3DES) have been
determined.8 However, in all previous studies, the polarization-
induced doping results from the compositional grading of Al
from xAl = 0 → xAl = 10−30%. In a previous work,9 we showed
the possibility of growing graded AlxGa1−xN coherently strained
to the GaN substrate with starting Al concentrations of xAl >
0%, creating an additional way for tuning the polarization-
induced doping carrier densities in graded AlxGa1−xN layers.

Indeed, growth of graded AlxGa1−xN coherently strained to
GaN starting with an Al concentration, xAl > 0%, can modify
the strain profile due to the lattice mismatch at the interface.
Consequently, this changes the piezoelectric component of the
polarization, resulting in a similar change to the carrier
concentration. Moreover, when the starting Al concentration
exceeds a critical value a polarization-induced 2-dimensional
electron gas (2DEG) at the AlxGa1−xN/GaN interface can be
created. This can be used to realize a new approach for the
fabrication of ultralow resistance nonalloyed ohmic contacts for
GaN-based transistors.10 The grading of the Al composition
from the channel layer (2DEG) to the heavily doped (n+-GaN)
ohmic layer eliminates abrupt heterojunction band offsets and
creates a direct 3D-to-2D contact.
Coherent growth of AlxGa1−xN layers on GaN results in

tensile stress. Depending on the Al concentration and the layer
thickness, stress relaxation may occur during deposition to
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partially relieve the accumulated strain by plastic deformation
(cracks, dislocations), resulting in noncoherent growth. For
fixed composition AlxGa1−xN layers, the critical thickness for
this strain relaxation in AlxGa1−xN/GaN heterostructures has
been demonstrated for a wide range of xAl.

11,12 The critical
thickness has been measured to be ∼100 nm for nongraded
AlxGa1−xN with xAl ∼ 14%,12 which has been the typical
thickness of graded AlxGa1−xN from previous studies.1−8 For
graded AlxGa1−xN layers, however, there is no similar data
regarding the critical thickness for relaxation in the literature.
Moreover, for graded AlxGa1−xN starting with Al concen-
trations of xAl > 0%, the strain accumulation is larger leading to
smaller critical thicknesses. Consequently, in order to exploit
such polarization engineered structures a deeper understanding
of these strains is necessary.
In this study, we have investigated ∼200 nm thick AlxGa1−xN

heterostructures (HS) with Al concentration increasing from
xAl ∼ 7% to xAl ∼ 20−30% at the center of the structure then
decreasing back to xAl ∼ 7%, with the whole structure
coherently strained to the [0001]-oriented GaN template. We
first evaluate the structural quality of the active layer by high-
resolution X-ray diffraction (HRXRD), transmission electron
microscopy (TEM), Rutherford backscattering spectrometry
(RBS), and atomic force microscopy (AFM) and correlate the
results with the Al content. Finally, charge sensing scanning
probe microscopy (SPM) techniques are applied to correlate
structural properties with the related localized charge type and
density in the AlxGa1−xN HS.

2. EXPERIMENTAL DETAILS
Crystal growth of AlxGa1−xN in this work was performed in a
Veeco Gen-II plasma-assisted molecular beam epitaxy
(PAMBE) system. The samples were grown on substrates
from KYMA Technologies consisting of ∼5 μm of [0001]
oriented GaN grown on AlN/sapphire by hydride vapor phase
epitaxy (HVPE). The substrates were first heat cleaned at 700
°C for 1 h in order to remove any residual surface
contaminations. Then, a 240 nm thick Ga-polar, undoped
GaN buffer layer was grown under gallium-rich conditions and
a substrate temperature of 690 °C. Finally, the AlxGa1−xN layers
were grown with the substrate at a temperature of 710 °C
under Ga-rich conditions by linearly changing the temperature
of the Al effusion cell based on the calibration reported in our
previous work.9 For sample G1 (xAl

max = 22%) the Al cell
temperature, TAl, was ramped from 957 to 1005.5 °C over 25
min and then immediately decreased over another 25 min. For
sample G2 (xAl

max = 32%) the same procedure was done, keeping
the same starting Al cell temperature but changing the
maximum to TAl = 1026 °C.
The structural properties of the as-grown samples were

characterized as follows: (1) HRXRD was performed using a
Philips X’pert MRD equipped with a standard four-bounce
Ge(220) monochromator on the 1.6 kW Cu Kα1 X-ray tube
with vertical line focus and a three bounce (022) channel cut
Ge analyzer crystal. (2) RBS measurements were performed
using the NEC Pelletron Accelerator (3SDH-2 Pelletron) at the
Laboratory for Ion Beam Techniques (ITE-IFPAN, Warsaw,
Poland) with a collimated (1.5 mm2) 2 MeV He+ beam. The
backscattered ions were detected at an angle of 170° to the
incidence direction with a Si surface barrier detector with an
active area of 50 mm2. (3) Cross-section transmission electron
microscopy (TEM) studies were conducted in an FEI Titan
80−300 TEM equipped with Schottky FEG operated at 300 kV

and an EDS detector for elemental analysis. Finally (4) SPM
measurements were carried out using a NanoScope IIIa
Dimension 3000 scanning probe microscope using ultrasharp
silicon tips with additional PtIr coating for electrostatic
measurements. Surface potential and charge density mapping
was performed at the nanoscale by Kelvin probe force
microscopy (KPFM) and electrostatic force gradient micros-
copy (EFGM).

3. RESULTS AND DISCUSSION
First, in order to accurately determine the strain state and depth
profiles of the Al concentration (xAl) in the AlxGa1−xN HS, we
use HRXRD. Figure 1 shows the HRXRD reciprocal space map
(RSM) for the asymmetrical (202̅5) reflection of both samples
G1 and G2.

Here, we see that the peaks from the AlxGa1−xN HS are
vertically aligned with the GaN substrate, indicated by the red
vertical dashed lines. This demonstrates that the AlxGa1−xN HS
is fully strained on and coherent with the GaN for both samples
G1 and G2 with the same in-plane lattice parameters (aHS =
aGaN ∼ 0.3184 nm). Thus, the distribution of xAl along the
growth direction (c-axis direction) of the graded film affects
only the out-of-plane lattice parameter (cHS). To find the
variation in cHS throughout the thickness of the AlxGa1−xN layer
we measured the symmetric (0002) RSMs and simulated the
extracted 2θ/ω-scans. This is shown in Figure 2 for sample G2
(see Figure S1 in Supporting Information for sample G1).
Here, the back pane shows both the simulated 2θ/ω-scan

and the extracted one which was taken from the RSM in the
bottom pane at a ω value where the peaks are maximized. For
the simulations a kinematical approach assuming epitaxial
compositionally graded layers was used.9 In addition, assuming
biaxial strain and Vegard’s law, we calculated the depth profiles
of the Al concentration by using the in-plane lattice constant
aHS and the distribution function of cHS shown in Figure 2
(inset). As seen in Figure 3a, the Al concentration profiles are
Λ-shaped as expected from the growth. The concentration, xAl,
changes nearly linearly from 7.5% to xAl

max = 22(32)% over ∼90
nm and back to 7.5% over ∼90 nm for G1(G2). The good fit of

Figure 1. (202 ̅5) RSMs of graded AlxGa1−xN HS on GaN for samples
G1 and G2. The inset illustrates the influence of lateral coherence
length (Lc) and tilt (τ) on broadening the peak comparative to the
diffraction vector (Q). Qz and Qx are the components of Q.
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the simulation with the 2θ/ω-scans (Figure 2) indicates the
high accuracy of the Al concentration profiles, whereas the
precision of the in-plane lattice constant, aHS, determines the
accuracy of the composition/strain profiles. Additionally, RBS
was used to determine the distribution of Al in the graded
layers. This technique can provide a measurement of the
compositional profiles with depth resolution of a few
nanometers independent of lattice strain. Moreover, performing
RBS in channeling mode (RBS/c) can give additional
information about structural properties. RBS/c spectra were
analyzed using the Monte Carlo simulation computer code

McChasy.13,14 The random and [0001] channeled RBS spectra
for sample G2 are shown in Figure 3b (see Figure S2 in
Supporting Information for sample G1). The high energy range
(>1500 keV) corresponds to scattering off of Ga atoms. The
signal from Al (∼1000 keV) is very weak and overlaps with Ga
due to the lighter mass. However, the Al content can be
determined indirectly by the deficiency of Ga at a given depth
assuming the correct stoichiometry of nitrides, i.e., N content of
50 at. %.15 It should be noted that, in comparison with the wide
area integral analysis from HRXRD, RBS is a very local method.
Furthermore, HRXRD and RBS spectra were simulated with a
depth resolution of ∼0.5 and ∼10 nm, respectively. Thus, a
slight discrepancy between HRXRD and RBS data should be
expected. The results of the Al concentration estimate resulting
from the random RBS spectra simulation are shown in Figure
3a as the columns. A very good correlation between Al depth
profiles estimated by HRXRD and RBS measurements was
obtained for both samples.
The structural quality of the graded AlxGa1−xN HS was

evaluated from the ratio between random and channeled
backscattering yields in RBS/c, i.e., the minimum back-
scattering yield, χmin. Low values of χmin (2−5%) indicate a
high crystal quality.15 For our samples we have χmin = 1.6% and
χmin = 1.9% for G1 and G2, respectively. The absence of any
obvious feature from Al in the channeled spectra is a direct
result of the homogeneity of the layers and the perfect AlGaN/
GaN interfaces. Thus, HRXRD and RBS/c agree on the quality
of the pseudomorphic growth.
A more detailed study of structural properties of graded

AlxGa1−xN HS was performed by further analysis of HRXRD,
cross-sectional TEM, and AFM surface morphology. Epitaxial
III-nitride films are usually described by a mosaic model, which
assumes that the film consists of tilted (with respect to the
substrate normal) and twisted (about the substrate normal)
mosaic blocks.16−18 The range of orientation of the mosaic
blocks with respect to each other, as well as their coherence
lengths, affect the full width at half-maximum (fwhm) of the
reflected spots in the RSM as is shown in the inset of Figure 1.
Here, the lateral coherence length (Lc) and tilt (τ) broaden the
spot in the asymmetrical RSM in directions inclined to each
other; i.e., the contribution from Lc is parallel to the surface
plane (along the Qx component of diffraction vector Q),
whereas the contribution of τ is normal to Q.16 As can be seen
from Table 1, the extracted parameters of mosaicity for
AlxGa1−xN HS layers differ from that of the GaN substrate.

Since the Lc corresponds to the mean distance between TDs,
increasing of Lc indicates an improvement of structural quality
of the HS layers for both samples. However, at the same time,
increasing τ indicates an increase in the distribution of the
orientations between HS mosaic blocks. These changes are
more significant for sample G2, for which the Al concentration

Figure 2. (0002) RSM (bottom) and extracted scans of ω (left) and
2θ/ω (right) for graded AlxGa1−xN HS (G2) on GaN. The inset
presents the results of 2θ/ω-scan fitting for the out-of-plane lattice
parameter cHS distribution as functions of thickness in the graded
AlxGa1−xN HS.

Figure 3. (a) Al concentration depth profiles for samples G1 and G2
(extracted from XRD (line) and RBS (column) measurements). (b)
Random and [0001]-aligned RBS/c spectra for the graded AlxGa1−xN
HS G2. Solid (red) lines represent the fitted curves. The arrows
(black) indicate the energy of backscattered He+ ions by film atoms.

Table 1. Structural Parameters of G1 and G2 Samples
Obtained from the HRXRD Data

(202 ̅5) RSMs (0002) RSMs

sample layers Lc (nm) τ (arcsec)
Δω

(arcsec)
Ns

(× 108 cm−2)

G1 AlGaN-HS 227 ± 34 173 ± 7 258 1.35
GaNtempl. 173 ± 16 150 ± 7 264 1.4

G2 AlGaN-HS 176 ± 22 162 ± 16 321 2.1
GaNtempl. 118 ± 8 117 ± 5 317 2
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is higher. It should be noted that the line widths (Δω) of the
(0002) rocking curves for the AlxGa1−xN HS and the GaN
substrate extracted from RSMs (see Figure 2, left side panel)
are not significantly different for both samples; i.e., the
mosaicity is the same in the film as the substrate.
There are three kinds of TDs present in AlxGa1−xN HS

epilayers and GaN template layers: screw, edge, and mixed.19,20

The pure screw-type TD has a Burger’s vector, |bs| = c, in the
[0001] direction. The pure edge-type TD has a Burger’s vector,
|be| = 1/3 × a, in the [112 ̅0] direction. And, the mixed-type TD
has a Burger’s vector, |bm|

2 = (1/3 × a)2 + c2, in the [112 ̅3]
direction. Thus, the different XRD reflections are sensitive to
various types of TDs.19 The pure screw and screw component
of mixed TDs cause the broadening of the symmetric
reflections, while the edge-type TDs affect them very little.
Therefore, by using the equation Ns = Δω2

(0002)/(4.35 × |bs|
2)

we calculate the density of screw-type TDs. As can be seen
from Table 1, there is not much difference between the density
of screw-type TDs for AlxGa1−xN HS and GaN substrate. For
both samples we find a range of Ns = 1÷2 × 108 cm−2, which is
typical for GaN templates and epitaxial layers.20 As a result, we
conclude that the main source of TDs in the HS is the GaN
substrate. To investigate this further, cross-sectional TEM was
employed to examine the structural quality of the AlxGa1−xN
HS epilayers and the HS/GaN interface. Figure 4a shows a

dark-field image taken under 2-beam conditions with (11 ̅02)
reflecting planes of the sample G2. These conditions make
most dislocations visible independent of their nature. This
image shows that the growth of the AlxGa1−xN HS thin
epilayers on top of the GaN template does not interfere with
the propagation of TDs. Furthermore, these Al-graded layers
do not introduce additional defects. This is confirmed also by
observation of the interface between HS epilayers and GaN at
higher magnification. The resulting HRTEM image is shown in
Figure 4b. This image shows that due to the coherent growth of
the graded AlxGa1−xN HS on GaN the interface is atomically
flat and that good epitaxial growth occurred for both G1 and
G2 samples. Thus, in spite of starting the HS with an Al
concentration of xAl = 7.5% (corresponding to ∼0.2% in-plane
lattice mismatch with GaN), the main structural imperfections
in the AlxGa1−xN HS layers are only those TDs which originate
in the underlying GaN substrate.

In order to evaluate the morphology of the AlxGa1−xN films
at different growth stages, AFM measurements were performed.
The surface of the buffer is typical for films grown in step-flow
mode with terrace height and width of ∼0.5 and ∼130 nm,
respectively (Figure 5e). This height is almost the same as the

two bilayer steps of GaN (c = 2 × 0.259 nm = 0.518 nm) and
corresponds to an epitaxial misorientation (step angle) of α ∼
0.22°. In order to confirm the misorientation of the GaN buffer
and the crystallographic tilt between the GaN and the sapphire
c-axes, as well as their directions, HRXRD 2θ/ω-scans as a
function of sample rotation were measured.
The sapphire substrates revealed miscuts of 1.1 ± 0.1°

toward the [12 ̅10] direction, resulting in the GaN layer
misorientation of α ∼ 0.22° toward the [11̅00] direction. This
tilt between GaN and sapphire can be explained by the
extended Nagai theory.21 Note the V-shaped pits that are
clearly detected on the surface are the result of holes decorating
the TDs which are terminated on the surface and which pin the
propagation of steps in the step-flow growth regime.
Following from Figure 5a and b the deposition of the 90 nm

thick graded AlxGa1−xN film dramatically alters the surface

Figure 4. (a) DF image taken under 2-beam condition with g = [11̅02]
showing that AlxGa1−xN HS (G2) layers do not introduce additional
dislocations. (b) HRTEM image along [11 ̅20] of the interface between
the graded AlxGa1−xN layer (G2) and the GaN template.

Figure 5. AFM images of as-grown AlxGa1−xN films: samples with xAl
max

= 22% (a) and 32% (b) after growth of the positively graded film, i.e.,
at the half thickness of structures and surfaces of final G1(c) and
G2(d) structures. Surface of GaN template shown in (e).
Corresponding height profiles of samples illustrated in (f).
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morphology of the crystal. Macrosteps appear due to step
bunching on the surface of both the xAl

max = 22 and 32% films
with heights of 31 and 43 nm, respectively. The typical width of
the terraces is the same for both films (∼3.0 μm). The heights
of the macrosteps decrease by a factor of 2 after further
deposition of the 90 nm reverse graded AlxGa1−xN film (15 and
20 nm for samples G1 and G2, respectively). Whereas the GaN
buffer layer was found to have a misorientation angle, α ∼
0.22°, toward the [11 ̅00] direction, the first 90 nm deposition
of the graded layers resulted in larger values of α of 0.6° and
0.8° for the xAl

max = 22 and 32% films, respectively. Then, the
second 90 nm deposition reduced α to 0.3° and 0.4° in samples
G1 and G2, respectively. Typical height profiles across the
terraces are shown in Figure 5f. Thus, AFM results reveal that
step-bunching results from growing the strained material on
vicinal substrates which is well described by surface diffusion
and the Ehrlich−Schwoebel effect.22,23 See Figure S3 in the
Supporting Information for a diagram of the strain in the as-
grown layers. If the diffusion lengths of adatoms are longer than
the step terrace width, the Ehrlich−Schwoebel barrier at the
step edge promotes step-bunching. Moreover, the strong
correlation between the step heights and the surface
composition (xAl) also indicates that strain and relaxation are
in part responsible for the large step features. Note that step
bunching can lead to the lateral modulations of charge carriers
and local fluctuations of surface potential along steps, which will
be discussed below.
A small feature differs significantly in the G1 and G2 samples.

We can clearly see tiny pits along step edges in Figure 5c and d,
whereas the step edges are straight in Figure 5a and b. Note
that there are no V-shaped pits detected on the investigated
surfaces of the 90 nm thick films. It is known that open pits can
be observed on a free crystal surface if the surface energy is
comparable with the dislocation strain energy.24 In our case, the
surface pits could be made unstable by increasing the surface
energy (increasing xAl, i.e., surface strain) and/or terrace width
of steps on the growing crystal surface.25 Thus, tiny pits along
step edges can be explained by moved (or inclined) TDs
toward [1−100] direction which terminate at macrostep
positions on the surface. It should be noted that inclination
of TDs was previously proposed as a mechanism to relax
compressive stress in AlxGa1−xN layers but is not reported in
tensile layers.26,27 The tensile strained AlxGa1−xN grown on an
[0001]-oriented GaN substrate can relax by a combination of
cracks and interfacial misfit dislocations.11,12,18,28 Since our
AlxGa1−xN HS is grown coherently on GaN, AFM and TEM
measurements do not show any evidence of crack or misfit
dislocation formation. Nevertheless, the changes of the Lc and τ
mosaic parameters for AlxGa1−xN HS and the GaN substrate
(see Table 1) can be explained by changes in density of
dominant edge-type TDs. Indeed, locking and dragging of TDs
by macrosteps for AlN and GaN grown on vicinal sapphire
(0001) substrates was previously observed.29,30 Moreover, it
was found that the formation and the lateral propagation of the
macrosteps play an important role in the reduction of the TD
density via interactions between TDs. For graded-AlxGa1−xN
layers this phenomenon should be extensively investigated
because apart from the formation of macrosteps here we have
the strain field increasing over the thickness of the layers.
Therefore, they simultaneously influence both the motion and
inclination of TDs.
The structural properties of the AlxGa1−xN HS were

correlated with the local electrical properties at the nanoscale

using a charge sensing SPM technique. The two-path KPFM
technique allows simultaneous topography and contactless
surface potential mapping based on nullifying of the tip−surface
electrostatic force by applying an opposite DC potential to the
tip.31 Fixed surface charges on the sample alter the local surface
potential and are measured by KPFM. In addition to the
(0001) surface KPFM analysis, specially prepared cross sections
of samples G1 and G2 were investigated by KPFM as well as a
similar EFGM to identify any regions of static electric field
build-up distributed across the layers. EFGM visualizes the
electrostatic force gradient acting between a probe and a sample
due to localized charge, electric potential, and possible tip−
surface contact potential difference. It is based on the same
principle as KPFM, but the amplitude or phase of the tip
oscillation is mapped instead of surface voltages.32−34

Figure 6 shows the results for sample G2 which
demonstrated a stronger effect than G1. Here, we see that

the KPFM measurements (shown in mapping in Figure 6b and
in profile in Figure 6c) reveal surface potential variations at the
step edges. The potential difference between the surface of the
smooth terraces and the macrostep was found to be up to 500
mV (Figure 6c) with the position of the maxima strongly
correlating with the step edges. However, there was no strong
correlation found between the height of the steps and height of
the potential maxima. This indicates that the surface relief has
little influence on the KPFM measurements and points to the
complex nature of step edge potential. The Kelvin signal can be
shown to be proportional to the amount of charge on the
surface near the tip. Here, the positive proportionality factor
depends only on the tip radius, lift height, and the derivative of
the capacitance with respect to the change in height, ∂C/∂h,
which is negative. It is custom to show the Kelvin signal as
positive for positive surface charge buildup; therefore, the final
sign of the proportionality constant is switched. Therefore, our
positive KPFM signal indicates a positive charge at the
macrostep edges.
It is known that surface steps can form electrostatically

confined one-dimensional channels.35,36 However, this effect is
too small to be the only source of the measured maximum
potential differences in Figure 6. These large fluctuations are
most likely due to the compositional variations during growth
at the macrosteps. Indeed, favorable Ga incorporation has been

Figure 6. Surface potential fluctuations over the terraces of sample G2.
Topography (a), KPFM map (b), and corresponding profiles (c) are
shown.
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found on the side facets of large surface macrosteps.37,38 These
potential variations could additionally be enhanced by a higher
density of TDs which have been shown to be concentrated near
the step edges and lead to additional charge trapping and some
strain relaxation.29,30 This inhomogeneous dislocation distribu-
tion results in inhomogeneous electric characteristics of the
AlxGa1−xN HS.
Graded layers in the investigated samples were detected by

KPFM on well-prepared cross sections. The tip geometry and
lift height used limit the lateral resolution to ∼20 nm. KPFM
maps over the samples’ cross sections were collected and the
signal profiles extracted. Figure 7a shows profiles recorded by

the neutral KPFM tip and with ±5 V additionally applied to the
tip. For convenience deep in the sapphire substrate was selected
as the reference “0” level for these measurements. The AlN
seed layer, the GaN template, and the grown structure show
little contrast and are poorly resolved with a neutral tip (curve
“neutral tip” in Figure 7a).
Application of an additional voltage to the tip increases the

tip−surface electrostatic interaction and the level of the KPFM
signal. At the same time, the potential on the tip modifies the
surface charges, and the sign of the DC voltage determines the
surface polarization. In our case, a negative potential on the tip
leads to an increase of positive charges at the surface of the
GaN template, and some increasing of the signal is detected
over the region of the GaN buffer and the AlGaN layers (curve
“−5 V DC”). Monotonic increase of the KPFM signal through
the GaN template reflects its inhomogeneous nature. This is
most likely directly related to the gradual annihilation of
threading dislocations as the material grows thicker because
dislocations are known to accumulate static charges along the
dislocation line. Inversion of the DC voltage on the tip leads to
an inversion of the KPFM signal due to the resulting inverted
polarization of the surface (curve “+5 V DC”). For this applied

bias we still observe the gradual increase in signal throughout
the template region; however, near the surface we find a
noticeable signature coinciding with the graded AlxGa1−xN HS.
The sharp change in slope of the curve in the center of the
region is a direct result of the polarization doping changing
from n-type to p-type by reversing the grade in the AlxGa1−xN
composition. It can be shown that the gradient of this measured
local surface potential is proportional to the local density of
charge (Figure 7b). As a result, we can see some anomalous
concentration of charges in the substrate at the sapphire/AlN
interface when a DC voltage is applied to the tip. We can
speculate that this is a secondary result of the large charge
density within the AlN layer inducing a charge in the subsurface
layer of sapphire. Above the AlN, however, there appears to be
a uniform decreasing of the charge density continuing through
to the top of the GaN template for all curves. This is again
consistent with a decreasing density of threading dislocations as
the distance from the substrate increases and an unintentionally
doped layer is close to the GaN/sapphire interface.39 Finally,
the gradient curves show a sharp increase in charge density in
the graded AlxGa1−xN HS. For the neutral tip we find a
symmetrical increase of charge density on either side of the
maximum in Al concentration. For this condition there is no
determination of charge sign. However, the addition of a DC
potential to the tip polarization effects results in large amplitude
and asymmetrical maxima which switch polarity at the Al
concentration maximum and switch polarity with the sign of
the DC voltage. This illustrates a large charge separation by the
symmetrical Al-graded layer structure and is a direct measure of
both positive and negative charge densities resulting in the
positive and negative grade in the Al concentration.
Figure 8 shows the EFGM map and profiles which are

derived from the maps by averaging in the vertical directionFigure 7. (a) KPFM profiles of the cross-section of sample G2
extracted from corresponding maps (not shown). The data were
collected using a neutral tip as well as a tip with +5 and −5 V DC
applied bias. (b) Gradients of the measured KPFM surface potential
corresponding to the profiles shown in (a). The local gradient of the
surface potential illustrates semiquantitatively the sign and density of
the free charge. The sample structure is shown in the background of
both (a) and (b).

Figure 8. Cross-section mapping of the carrier localization by EFGM
on sample G2. Maps are shown in (a), and the corresponding averaged
profiles of the EFGM amplitude signal are shown in (b). The maps are
collected using a neutral tip and a tip with +5 and −5 V DC applied
bias. Scheme of the structure shown in background of (b), and the
horizontal scale of (b) applies to both (a) and (b).
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over the total structure of sample G2 starting from within the
sapphire substrate up through the graded AlxGa1−xN layers.
EFGM data are independent of the sign of the applied voltage,
V, and can be shown to be proportional to V2.
However, variation in the induced surface charges results in a

force differential between the tip and the surface that increases
with tip voltage. The EFGM amplitude signal was collected
with the tip at a lift height of 20 nm and DC voltages of ±5 V
applied between the tip and the substrate surface. If no DC
voltage is applied (Figure 8a, top frame), the only contrast is a
very weak one from an AlN seed layer which is detected at the
interface between the sapphire surface and the base of the GaN
template. We find that application of both +5 and −5 V results
in a very similar decrease of the EFGM amplitude near the
sapphire surface and a slow rise throughout the GaN template
layer toward the surface. The highly negative signal amplitude
at the base of the template is once more consistent with a
significant density of trapped charge on threading dislocations
and/or unintentional doping,40,41 both of which decrease as the
density of dislocations decreases throughout the thickness of
the GaN template layer as indicated by the decrease in the
amplitude of the EFGM signal. After a brief region of stability
through the GaN buffer layer, we find a sharp increase in the
EFGM amplitude with some instability as it falls off of the
surface of the sample measuring an epoxy used to mount the
cross-section of the sample. The polarity of the DC voltage on
the tip has a significant influence on the EFGM signal
amplitude in the area of the AlxGa1−xN layers which correlates
with the KPFM data (Figure 7).
In summary, KPFM and EFGM detect free charge carrier

densities in the AlxGa1−xN HS. The extraordinary macrosteps
found on the growth surface act as localization centers for free
charge. This could be due to both dislocation pinning and
simple field enhancement. However, the EFGM data from the
cross sections of our samples indicate that there is a correlation
between a high density of dislocations and trapped charge, i.e.,
close to the substrate both the dislocation density and the
observed carrier density are high, and as the film gets thicker
there is a reduction in dislocations and a corresponding
observation of a reduced charge density. Therefore, we might
conclude that the localization of charge on the surface indicates
an accumulation of dislocations at the step. This has been
observed for thicker GaN growths and is directly related to the
miscut of the substrate.29,30 However, for our samples, the
macrosteps appear to be correlated with the strain in the
surface material. More study is required to understand what the
direct relationship is between polarization doping and defect-
related modulation of charge carriers. The accumulation of
static charges at macrosteps on the surface and along the
dislocation line can lead to some anisotropy in the polarization-
induced charge carriers.

4. CONCLUSIONS
Compositionally graded AlxGa1−xN heterostructures have been
grown by PAMBE and their properties probed at the nanoscale.
HRXRD, HRTEM, and RBS indicate all HS layers are coherent
to the GaN (0001) substrate with the Λ-shaped Al
concentration profiles starting from 7.5% to xAl

max = 22(32)%
over ∼90 nm and back to 7.5% over ∼90 nm. It was found that
the vicinal substrate usage and strain accumulation during the
growth can enhance the step-flow growth finally leading to the
giant step-bunching effect. This leads to changes in the mosaic
structure of graded AlxGa1−xN layers as well as the

accumulation of TDs at the step edges. By using KPFM
techniques we show that surface macrosteps act as reservoirs
for free charge carriers. Additionally, by measuring these
samples in the cross-section, we get a direct measurement of
the charge density throughout the sample thickness including
the GaN template and the graded AlGaN film. A substantial
signature of charge accumulation due to threading dislocations
throughout the template is apparent and decreases toward the
sample surface. Additionally, a direct observation of both
electron and hole doping in the graded layers is observed. This
is very significant due to the widely observed difficulty in hole
doping GaN and even more so AlxGa1−xN.
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