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Abstract: AlGaN is an important material for deep ultraviolet optoelectronic devices and
electronic devices. The phase separation on the AlGaN surface means small-scale compositional
fluctuations of Al, which is prone to degrade the performance of devices. In order to study
the mechanism of the surface phase separation, the Al0.3Ga0.7N wafer was investigated by the
scanning diffusion microscopy method based on the photo-assisted Kelvin force probe microscope.
The response of the surface photovoltage near the bandgap was quite different for the edge and the
center of the island on the AlGaN surface. We utilize the theoretical model of scanning diffusion
microscopy to fit the local absorption coefficients from the measured surface photovoltage
spectrum. During the fitting process, we introduce as and ab parameters (bandgap shift and
broadening) to describe the local variation of absorption coefficients α(as, ab, λ). The local
bandgap and Al composition can be calculated quantitatively from the absorption coefficients.
The results show that there is lower bandgap (about 305 nm) and lower Al composition (about
0.31) at the edge of the island, compared with those at the center of the island (about 300 nm for
bandgap and 0.34 for Al composition). Similar to the edge of the island, there is a lower bandgap
at the V-pit defect which is about 306 nm corresponding to the Al composition of about 0.30.
These results mean Ga enrichment both at the edge of the island and the V-pit defect position. It
proves that scanning diffusion microscopy is an effective method to review the micro-mechanism
of AlGaN phase separation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

AlGaN is a direct bandgap semiconductor material. The bandgap of AlGaN changes when
the Al components increasing from 3.42 eV to 6.20 eV. In recent years, AlGaN materials have
been widely used in the field of solid-state deep ultraviolet photoelectric devices, including
deep ultraviolet light-emitting diodes (LED), lasers, and photodetectors [1–3]. AlGaN is also
an important material for electronic power devices such as high electron mobility transistors
(HEMT) and Schottky diodes with high breakdown voltage [4–8]. The performance of these
devices depends on the crystal quality of the AlGaN material. Especially for the AlGaN materials
with high Aluminum composition, the surface migration velocity of Al and Ga atoms vary greatly
during the epitaxy growth process, which leads to small-scale phase separation [9–11]. This may
increase the density of local states, and affect the carrier transport and the light emission process,
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thus degrading the luminescent performance [12,13]. To improve the device’s performance,
researchers have explored how to effectively suppress phase separation by adjusting the stress
during the growth process [14]. In the field of test analysis, various methods are used to study
the micro-mechanism for phase separation to support the improvement of the epitaxy process,
such as photoluminescence spectrum (PL), cathodoluminescence spectrum (CL), and near-field
scanning optical microscopy (SNOM). One of the main characteristics of phase separation is that
there are multiple emission peaks in the photoluminescence spectrum. The spatial resolution of
the commonly applied confocal photoluminescence spectrum is at the micron-scale, reflecting
the spectral changes around larger V-pits and defect structures over 10 µm, corresponding to the
component heterogeneity. For smaller structures, it can be measured by cathodoluminescence
spectroscopy [15,16] and SNOM [10,17–19] methods with a resolution of 100 nm. For example,
A. Knauer et al. [15] used the CL method to find the deviation of the luminescence peak at the
edge of the step due to the phase separation. Andrea Pinos [10,18] et al. used the SNOM method
to find the deviation of the near-field fluorescence spectrum peak at the edge of the island structure
on the AlGaN surface, which corresponds to the enrichment of Ga near the step. All these
characterization methods are based on luminescence peaks. However, for non-recombination
centers such as V-pit defects, the luminescence spectrum is hard to acquire and analyzed.

In this paper, we demonstrate a realization of scanning diffusion microscopy method [20]
to explore the nanoscale phase separation on the AlGaN surface. The method is based on
photo-assisted Kelvin-probe force microscope (KPFM) which can acquire surface photovoltage
(SPV) with nanoscale spatial resolution at different light wavelength λ. The responses of surface
photovoltage near the bandgap are quite different for the center and the edge of the island
structures. By fitting the surface photovoltage curve SPV(λ), the local absorption coefficient
spectrum are calculated. The different values of bandgap Eg and Al composition x at the center
and the edge of the island structures are quantitatively calculated from the local absorption
coefficient spectrum. The results show that the value of Eg at the island edge is lower than that
at the island center. These results are consistent with the description that the Ga-rich regions
are around island boundaries and layer steps in the previous references. Similar to the edge
of the island, there is also a lower bandgap and lower Al composition at the V-pit defect. It
proves that the scanning diffusion microscopy method based on photo-assisted Kelvin-probe
force microscope is an effective method to review the nanoscale mechanism of AlGaN phase
separation.

2. Experiments and methods

The sample is an Al0.3Ga0.7N wafer with nominal Al ratio of about 0.3. AlGaN epitaxial layers
are grown on sapphire substrates with AlN templates by metal organic chemical vapor deposition
(MOCVD). A scanning electron microscope (SEM, S-4800 of HITACHI Company, Japan) was
applied to scan the fresh cleaved cross section of the sample. The SEM image is shown in
Fig. 1(a), in which the thickness of the AlGaN layer and AlN layer is marked.

The photoluminescence (PL) spectrum was obtained by our home-built deep UV confocal
time-resolved photoluminescence spectrum system. The excitation light source is a 266 nm
femtosecond pulsed laser with an average power of about 1 mW . The laser is focused to the
sample surface through a reflective objective lens. The excited photoluminescence is collected
through the same objective lens and then focused to a pinhole, which is then received by the
spectrometer to obtain a confocal photoluminescence spectrum. The spatial resolution of the PL
spectrum is about 2 µm. The typical PL result and the peak separation fitting results are shown
in Fig. 1(b). There is one peak at 300.5 nm and one peak at 306.6 nm, which represents two
different bandgaps, indicating that the Al0.3Ga0.7N wafer has phase separation.

The surface photovoltage spectrum was acquired by a home-built photo-assisted KPFM system
with the schematics described in our previously published paper [20,21]. Different from the
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Fig. 1. (a) SEM image of the cross-section of the Al0.3Ga0.7N sample, in which the
thickness of the AlGaN layer and AlN layer are marked; (b) typical photoluminescence
spectrum of Al0.3Ga0.7N sample; (c) using the measured absorption coefficients to fit the
bandgap of Al0.3Ga0.7N.

commonly used two-pass mode, the KPFM measurement is performed in single-pass mode on
an atomic force microscope (NTEGRA SPECTRA, NT-MDT) with details described in our
previously published paper [20]. Applying this mode, the topography and the surface potential
can be measured simultaneously in a single-pass scan and the spatial resolution of the surface
potential is about 10 nm. The typical resonance frequenciesω1 andω2 of the tips (ACCESS-EFM,
Appnano) are about 67 kHz and 420 kHz, respectively. The tunable monochromatic light focused
on the tip apex during the SPV(λ) measurement is generated by a white light source (Laser-Driven
Light Source, EQ99, Energetiq) and a monochromator (IHR320, Horiba JY). In our experiments,
the slit width of the monochromator is 0.5 mm corresponding to about 2 nm spectral resolution.
The light spot diameter (Dflux) on the sample is about 22.5 µm and the light power (Pw) is
measured by the power meter to calculate the light flux P0(λ) [20].

The SPV (λ) measurement is performed by ramping the light wavelength from 345 nm - 280 nm
with a fixed step of 0.4 nm. A shutter is installed on the path of the incident light. For each
wavelength λ, the shutter is closed and the scan will be performed in KPFM mode and the surface
potential values in darkness are recorded as Vdark(λ). Then the shutter is opened to illuminate the
sample. The tip is held until a steady surface potential is measured. Then the topography and the
surface potential values are scanned and recorded as Vlight(λ). At each pixel, the SPV spectrum
SPV(λ) = Vlight(λ) − Vdark(λ) is calculated.

The initial absorption coefficients α(λ) of the AlGaN sample is measured by a variable angle
spectroscopic ellipsometer (VASE, M2000DI manufactured by J. A. Woollam Co.Inc.). The
complex dielectric functions are fitted at each wavelength. A PSEMI model [22] is applied to
fit the dielectric functions. The absorption coefficients can be calculated from the dielectric
functions with the PSEMI model and the fitted 11 parameters: α (λ) = PSEMI (En, Br, . . . , λ),
where En is the absorption edge offset and Br is the absorption edge broaden. A typical absorption
coefficient curve near the bandgap of the AlGaN sample is shown in Fig. 1(c).

During the fitting process of SPV(λ), we introduce as and ab parameters to describe the local
variation of absorption coefficients α(as, ab, λ). For as = 0 and ab = 1, the α(as = 0, ab = 1, λ)
presents the initial absorption coefficients. For as ≠ 0, the absorption edges will have a blue or
red shift which means the shift of the bandgap. For ab ≠ 1, the absorption edges will be steeper
or broadened. Then the local absorption coefficients can be described with following equation
[20]:

α (as, ab, λ) = PSEMI (En + as, Br × ab, . . . , λ) (1)

The local variation of absorption coefficients can be ascribed to local environmental perturba-
tions including the small-scale composition fluctuations of Al.
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Finally, The following equation is applied to fit the bandgap shift as, the bandgap broadening
ab, minority carrier diffusion length L, and the parameter R0 related to the rate of surface
recombination from SPV(λ) [20]:(︂

eq×SPV(λ)/(k0T) − 1
)︂
/P0(λ) =

(︂
1 − eα(as,ab,λ)×L

)︂
/R0 (2)

where q is the electron charge, k0 is the Boltzmann constant, T is the temperature, P0(λ) is the
incoming light flux, R0 is a parameter related to the surface recombination velocity. The details
of the theoretical model are presented in our previous published literatures [20,21].

3. Results and discussions

Figure 2(a) shows the surface morphology of the Al0.3Ga0.7N sample with the size of 20 µm.
The surface of the sample in this area is composed of several micron scale island mesas. The
marked positions A and B are at the edge and the center of an island, respectively. Figure 2(b)
shows the surface potential measured at positions A and B. Figures 2(c)–(f) show the surface
potential distribution illuminated with light wavelength at 325 nm, 310 nm, 305 nm, and 300 nm,
respectively. In order to clearly compare the surface potential contrast changes of different
position, all the above surface potential images are 0th order flattened with the same data scale of
±90 mV. As shown in Fig. 2(b), there is a drop of the surface potential in the wavelength range
from 345 nm towards 325 nm for both position A and B. Such a drop can be explained by the
absorption of light near the interface between the AlGaN layer and the AlN buffer layer. The
light-generated holes diffused to the interface while the electrons diffused to the surface of the
AlGaN [23,24]. The collection of electrons at the surface lowers the surface potential for both
positions. As shown in Fig. 2(c), under 325 nm illumination which is lower than the AlGaN
bandgap (about 302 nm, from Fig. 1(c)), the surface potential at the edge (position A) is a little
higher than that at the center (position B) of the island. Then as shown in Fig. 2(b) in the range
from 325 nm towards 310 nm, the potential drop at the edge of the island is much lower than that
at the center. Such a result means more and more absorption of light and holes collected at the
edge of the island while little absorption occurs at the center. So under 310 nm illumination, as
shown in Fig. 2(d), the surface potential at the edge is much higher than that at the center and the
potential contrast between positions A and B reaches the largest. Then in the wavelength range
from 310 nm to 305 nm, as shown in Fig. 2(b), the potential at the center begin to rise quickly
corresponding to high light absorption. Finally, under 300 nm illumination which is higher than
the AlGaN bandgap, the potential contrast between position A and B reversed. The potential
at the center exceeds that at the edge, as shown in Fig. 2(f). The surface potential spectrum
and these potential images clearly show the different absorption coefficients between the edge
(position A) and the center (position B) of the island.

When the wavelength of the incident light is lower than the bandgap, the photon energy is
insufficient to cause electron transition, resulting in weak light absorption. Conversely, when the
wavelength of the incident light is higher than the bandgap, the valence band electrons absorb
energy and transition to the conduction band, leading to a sharp increase in light absorption.
Therefore, there is a significant difference in carrier diffusion before and after the bandgap,
resulting in different surface potential distributions. The surface potential changes at the edge
and center of the islands in Fig. 2 under monochromatic light at wavelengths of 325 nm, 310 nm,
305 nm, and 300 nm fully demonstrate that the bandgap of point A at the edge of the islands is
between 310 nm and 305 nm, while the bandgap of point B inside the islands is between 305 nm
and 300 nm, which is highly consistent with the emission peak positions in the PL spectrum.

In order to quantitatively study the local absorption coefficients change of AlGaN, we fitted
the SPV(λ) spectrum following Eq. (2) in the range from 325 nm to 287 nm pixel by pixel on
the line through positions A, B and C as shown in Fig. 3(a). Figure 3(b) shows a typical fitting
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Fig. 2. (a) Surface topography image of Al0.3Ga0.7N; (b) surface potential change of point
A and point B; (c)–(f) are the surface potential images under the monochromatic light of
325 nm, 310 nm, 305 nm, and 300 nm.

process with the left and right parts of Eq. (2) and the fitted local absorption coefficients plotted.
Figure 3(c) shows the surface topography profile on line ABC. Figure 3(d) shows the surface
potential profile under the irradiation of 310 nm monochromatic light. As shown in Fig. 3(e), the
bandgap Eg was calculated from the fitted local absorption coefficients α(as, ab, λ). There is
lower bandgap (about 305 nm) at the edge of the island (position A and C), compared with those
at the center of the island (about 300 nm at position B).

In previous published work on GaN surface, The variation of the bandgap Eg at nanoscale was
ascribed to several reasons [20]: (1) the local environmental perturbations including the local
tilted potential near the surface in the depletion region corresponds to a bandgap shift of about
2 meV to 6 meV; (2) the spectrum resolution of the light sources applied in the ellipsometer and
the photo-assisted KPFM setups. The typical spectrum resolution of 1.6 nm for our ellipsometer
corresponds to a bandgap shift of about 15 meV. However, in this case on AlGaN surface, the
bandgap shift of different locations is as high as 5 nm (67 meV). Furthermore, the local bandgap
fluctuation is consistent with the typical PL peaks (about 301 nm and 307 nm) shown in Fig. 1(b).
So the local variation of absorption coefficients on AlGaN surface should be mainly ascribed to
the small-scale compositional fluctuations of Al.

As shown in Fig. 3(f), the local Al composition x is calculated from the bandgap Eg with the
following equation:

Eg = xEAlN + (1 − x)EGaN − bx (1 − x) (3)
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Fig. 3. (a) Surface potential image of Al0.3Ga0.7N irradiated by 310 nm monochromatic
light; (b) typical fitting process of Eq. (2). The blue line is the curve calculated from the
experimental data according to the left side of Eq. (2), and the red dotted line is the curve
fitted according to the right side of Eq. (2). The orange solid line is the absorption coefficient
corrected by parameter as and ab. (c) The surface topography profile on line ABC; (d) surface
potential profile on line ABC under the irradiation of 310 nm monochromatic light; (e)
bandgap variation on line ABC calculated from the fitted local absorption coefficients. (f)
Al composition variation on line ABC; (g) fitted minority carrier diffusion length L on line
ABC.

where EAlN is the bandgap of AlN (≈ 6.20 eV); EGaN is the bandgap of GaN (≈ 3.42 eV) [25];
and b (≈ 1 eV) is the bowing parameter [26]. There is lower Al composition (about 0.31) at the
edge of the island (position A and C), compared with those at the center of the island (about 0.34
at position B). These results means a Ga enrichment at the edge of the island which makes the
local bandgap lower.

The structure of the Al0.3Ga0.7N sample used in this paper is sapphire / AlN / AlGaN. During
the epitaxy process of the AlGaN layer, the Ga atom had a larger migration rate and a longer
migration distance than the Al atom at the same temperature. At the substrate surface with
macro-steps, Ga atoms reach the boundary of the islands more quickly than Al atoms, while Al
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Fig. 4. (a) Surface topography image of Al0.3Ga0.7N sample; (b) surface potential image
of Al0.3Ga0.7N irradiated by 310 nm monochromatic light; (c) surface topography profile
on line DEF; (d) surface potential profile on line DEF under the irradiation of 310 nm
monochromatic light; (e) bandgap variation on line DEF calculated from the fitted local
absorption coefficients; (f) Al composition variation on line DEF; (g) fitted minority carrier
diffusion lengths on line DEF.

atoms cannot have the same distribution with Ga atoms [9,10,13]. This resulted in the enrichment
of Ga atoms at the edge of the islands [10,11,27]. The experimental results of this paper agree
with the conclusions of previous references. As there are more Ga atoms at the edge of the islands
compared to the inside, according to Vegard’s law (Eq. (3)), the bandgap of the edge correspond
to a longer wavelength, leading to different emission peaks in the PL spectrum. Moreover, the
different bandgap results in varying local absorption coefficients between the edge and the interior
of the islands, which generates different surface potential distributions at these positions under
illumination of monochromatic light at different wavelengths.

As shown in Fig. 3(g), the fitted minority carrier diffusion length L on line ABC was also
calculated by fitting Eq. (2). The minority carrier diffusion length of point B (633 nm) in the
island region is larger than those of point A (150 nm) and C (15 nm) at the edges, due to the
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presence of numerous dislocations and defects at the edges that hinder the long-range diffusion
of minority carriers.

The change of the local absorption coefficient can also be found at some V-pit defects on
the surface. Figure 4(a) is the surface topography image of another region on the Al0.3Ga0.7N
surface and Fig. 4(c) shows the surface topography profile on the line DEF. There is a V-pit at
position D. Position E and F are at the center and the edge of the island, respectively. Figure 4(b)
is the surface potential distribution of this region under the irradiation of 310 nm monochromatic
light and Fig. 4(d) shows the surface potential profile on the line DEF. Similar to the absorption
behavior shown in Fig. 2, both positions D and F have larger potential than position E under
irradiation of light with a wavelength little lower than the bandgap of the sample. The SPV(λ)
spectrum was fitted following Eq. (2). The bandgap Eg and Al composition were calculated and
shown in Fig. 4(e) and Fig. 4(f), respectively. There is a lower bandgap (about 306 nm) and lower
Al composition (about 0.30) at the V-pit defect (position D), compared with those at the center of
the island (about 303 nm for bandgap and 0.32 for Al composition at position E). The results
present that the V-pit defects can be one of the origins of phase separation on the AlGaN surface.
As shown in Fig. 4(g), the minority carrier diffusion length at point D (10 nm) where V-pits are
located is also smaller than that of point E (130 nm) inside the island, which is also attributed to
the hindering effect of V-pits on the long-range diffusion of minority carriers.

4. Conclusions

We applied a realization of scanning diffusion microscopy method based on the photo-assisted
Kelvin-probe force microscope to explore the nanoscale mechanism of the phase separation
of AlGaN. The theoretical model presents not only minority diffusion lengths but also local
absorption coefficients by fitting the surface photovoltage spectrum SPV(λ). The local bandgap
Eg and Al composition x can be calculated from the fitted absorption coefficients with nanoscale
spatial resolution. The response of the surface photovoltage near the bandgap was quite different
for the edge and the center of the island on the AlGaN surface. The bandgap at the edge of the
island is about 305 nm corresponding to the Al composition of about 0.31, while the bandgap
inside the island is about 300 nm corresponding to the Al composition of about 0.34. This
is consistent with the PL spectrum results with two peaks fitted at 301 nm and 307 nm. The
experimental results at the V-pits defects are similar to those at the edge of the island. Our
experiments show that the edges of the islands and V-pits on AlGaN surfaces are the main reasons
for nanoscale composition fluctuations and the phase separation in the PL spectrum. Scanning
diffusion microscopy is an effective method to review the phase separation on the AlGaN surface
at the nanoscale.
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