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ABSTRACT

Epitaxial regrowth of GaN pn junctions is a key technology for realization of a variety of high-performance GaN power electronic devices.
However, the regrowth process can introduce impurities and defects that degrade a device’s performance. Here, we show that scanning
Kelvin probe force microscopy and scanning capacitance microscopy can be used in a cross-sectional geometry to probe dopant distributions
and an electronic structure in epitaxially grown GaN pn junctions. These measurements enable profiling of potential and dopant distributions
across GaN pn junctions produced by uninterrupted epitaxial growth and by regrowth on an etched surface. Clear differences are observed in
comparisons to the electronic structure of these two types of junctions that can be correlated with results of complementary characterization of
dopant distributions reported for similarly grown structures. These measurements also suggest the presence of defects in etch-and-regrow pn
junction structures that extend nearly 1 μm below the regrown interface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071422

I. INTRODUCTION

Gallium nitride (GaN) shows outstanding promise for applica-
tion in next-generation power electronics due to its high breakdown
electric field, chemical stability, and robustness to high operating
temperature.1–4 However, high-performance GaN power electronic
devices must overcome a variety of challenges including
selective-area doping for certain high-performance device geome-
tries5,6 and suppression of electronically active defect formation.7–9

A promising approach for selective-area doping as required in, for
example, lateral pn junctions is etching followed by epitaxial
regrowth.10 However, interfaces formed using this approach tend to
have higher leakage current due to defects induced by the dry
etching process.11 Characterization of such defects, including local
inhomogeneities associated with the spatial distribution of defects,
often requires that measurements be performed on cross-sectional

surfaces exposed by cleaving or etching.12,13 Scanning probe
microscopy performed in a cross-sectional geometry offers unique
capabilities for the characterization of the electronic structure with
nanoscale spatial resolution in both the vertical and lateral direc-
tions in epitaxial layers and devices.14–21

In this article, we present cross-sectional scanning Kelvin
probe force microscopy (SKPM) and scanning capacitance micros-
copy (SCM) measurements performed on epitaxially as-grown and
etch-then-regrow GaN pn junctions. Cross-sectional SKPM and
SCM are shown to enable profiling of potential and dopant distri-
butions in GaN pn junctions and also detection of variations in
local dopant concentration, particularly at low to moderate doping
levels. These studies reveal clear differences in the electronic struc-
ture of these two types of junctions that can be correlated with
results of complementary characterization of dopant distributions
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reported for similarly grown structures and suggest the presence of
defects in etch-then-regrow pn junction structures extending nearly
1 μm below the regrown interface.22

II. EXPERIMENT

All samples for these studies were grown by metalorganic
chemical vapor deposition (MOCVD) on c-plane n-type GaN sub-
strates with a carrier concentration of ∼1018 cm−3. 6500 nm of unin-
tentionally doped (UID) GaN was grown initially for all samples.
For the as-grown pn junction structures, as shown in Fig. 1(a),
400 nm of p-type GaN was grown directly on the UID GaN layer
without any growth interruption, using Cp2Mg as the dopant
source. For the etched + regrown structure shown in Fig. 1(b), the
UID GaN layer was removed from the growth chamber and etched
using an inductively coupled plasma (ICP) etch system with 400W
of ICP etching power to remove approximately 1500 nm of GaN. A
400 nm p-type GaN layer was then grown atop the etched surface

under the same conditions as for the as-grown pn junction struc-
ture. All samples then underwent a rapid thermal anneal at 700 °C
for 20 min in N2 ambient to activate the p-type dopants.

Cross-sectional surfaces were prepared by polishing chips
approximately 3 × 5mm2 in area from their original thickness of
300 μm to a final thickness of 200 μm. 800-grit SiC abrasive was
used on a polishing plate rotating at 300 rpm to thin samples via
polishing on the back side of the GaN substrate. The polishing rate
was 10 μm/min. Polished samples were then cleaved along a [1�100]
direction to expose a (11�20) cross-sectional surface. Cleaved
samples were then mounted in a custom-built sample holder for
scanned probe microscopy (SPM) measurements. Typical cleaved
surfaces used for SPM measurements exhibited root-mean-square
(RMS) surface roughness of ∼2 nm over an area of 5 × 5 μm2. Such
low roughness is required to minimize the effect of surface topogra-
phy on cross-sectional SKPM and SCM measurements.23 All SPM
measurements were performed using a Bruker Dimension Icon
scanned probe microscope system. Both SKPM and SCM measure-
ments were performed using Bruker MESP-RC-V2 Co-Cr conduc-
tive probe tips, which have a typical tip radius of 35−50 nm. In all
cases, bias voltages were applied to the sample relative to a
grounded probe tip, with the electrical contact made at both the
top (p-GaN epitaxial layer) and bottom (n-GaN substrate) of the
sample. All measurements were performed at room temperature in
ambient air conditions, without any ambient room illumination.

SKPM measurements24–26 were performed with a tip lift height
of 30 nm and an ac tip drive voltage of 500 mV. In brief, SKPM
yields a measurement of the difference in local surface potential
between the conductive AFM probe tip and the sample surface
below the tip apex. The quantities plotted as “Potential” in subse-
quent figures correspond to the sample bias voltage Vs that must be
applied to the probe tip to offset the work function difference
between the probe tip and the sample surface. Because the work
function of p-type GaN is greater than that of n-type GaN, this
applied potential is more positive for p-type GaN than for n-type
GaN.

SCM measurements were performed in contact mode as a
function of dc voltage applied to the sample, with an ac sample
voltage amplitude of 1.5 V at 90 kHz. The measured SCM signal cor-
responds to the derivative of the high-frequency tip-sample capaci-
tance with respect to the sample voltage Vs, averaged over the range
of ac voltage modulation. In this article, we present the SCM data
signal, which consists of the dC/dV amplitude signal with a sign
corresponding to that of dC/dV. The sign of the SCM data signal
indicates the type of carrier being modulated; a low-signal amplitude
indicates high carrier concentration while a high signal amplitude
indicates low carrier concentration.23 Also, the SCM signal is small
when the sample is in accumulation or at its maximum depletion
depth below the surface and nonzero for voltages between these
regimes of behavior. For voltages applied to the sample with the
probe tip grounded, as shown in Fig. 1, a positive SCM signal is
measured for p-type GaN and a negative signal for n-type GaN.

III. RESULT AND DISCUSSION

Figure 2(a) shows an AFM topograph and a simultaneously
acquired SKPM image of a 3000 × 500 nm2 area of the cleaved

FIG. 1. Schematic illustrations of cross-sectional SKPM and SCM characteriza-
tion of (a) as-grown and (b) etch-and-regrow GaN pn junctions. Bias voltages
Vs are applied to the sample with the probe tip grounded.
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cross-sectional surface near the final growth surface of an
as-grown GaN pn junction, as illustrated schematically in Fig. 1(a).
Figure 2(b) shows line profiles extracted from each image in the
[0001] direction, averaged across the 500 nm extent of each image
in the [1�100] direction. The position of the final growth surface is
easily determined from the topographic image, and the position of
the as-grown pn junction interface is taken to be 400 nm from the
final growth surface. A series of small steps, 10–20 nm in height, is
visible within the p-GaN layer, but these appear to have only a
slight effect on the measured surface potential shown in Fig. 2(b).

From the SKPM surface potential difference line profile in
Fig. 2(b), we see that the work function of the cross-sectional
surface reaches a maximum value very close to the position of the
as-grown pn junction interface. The work function then decreases
gradually across the junction depletion region, which we estimate
from the surface potential profile to be ∼650 nm in width. The
measured shift in the surface potential across the depletion layer is
590 mV, which is considerably less than the expected potential shift
of approximately 3.3 V that would be expected for the dopant con-
centrations present in the junction. We attribute this difference to
partial pinning of the Fermi level at the cross-sectional surface,
which can arise from the presence of surface states on the cleaved
surface.27,28 The likely presence of such partial pinning on the
cross-sectional surface combined with the complex three-
dimensional geometry of the tip and pn junction also makes it dif-
ficult to interpret the detailed shape of the potential profile directly
in terms of ionized dopant charge densities in the pn junction
depletion layer. However, we expect the total measured junction
depletion layer width to be relatively insensitive to such effects.
Assuming then that the p-type dopant concentration Na is much
greater than the n-type dopant concentration Nd in the vicinity of
the pn junction, we can easily show that29

Nd � 2εsVbi

qW2
,

where εs is the dielectric constant of GaN, Vbi is the built-in poten-
tial of the pn junction, q is the magnitude of the electron charge,
and W is the junction depletion layer width. Taking εs ¼ 8:9ε0
where ε0 ¼ 8:85� 10�12 F/m, q = 1.602 × 10−19C, Vbi = 3.3 V, and
W = 650 nm, we obtain Nd = 7.7 × 1015 cm−3, which is comparable
to the typical donor concentration of ∼1016 cm−3 in UID GaN.23,30

We also see in Fig. 2(b) that the measured surface potential
decreases slightly in the [0001] direction, i.e., moving toward the
final growth surface, within the p-type GaN region. This may occur
due to the existence of a slightly different Fermi level pinning posi-
tion on the as-grown (0001) surface compared to that on the
cleaved (11�20) cross-sectional surface, or to reduction of the total
tip-sample capacitance very close to the sample edge at the final
growth surface. Neither of these possibilities is expected to influ-
ence the characterization of the electronic structure at or below the
as-grown or etched + regrown interfaces of interest in this study.

Figure 3(a) shows the surface potential difference profiles
extracted from SKPM imaging of both as-grown and etched +
regrown pn junction structures, as shown in Figs. 1(a) and 1(b),
respectively, with the locations of the final growth surfaces as deter-
mined from topographic images aligned in the plot. While the
surface potential differences measured for both structures are
nearly the same at the final growth surface, they diverge within the
p-GaN region below the surface, and at the pn junction interface,
the surface potential difference is significantly lower in the etched +
regrown structure than in the as-grown structure. Prior studies on
identically grown structures22 and a variety of other GaN junction
structures produced by etching followed by epitaxial regrowth11,31

have indicated that there is typically a very high concentration,
ranging from 1018 to 1019 cm−3, of Si present at the regrown inter-
face. The reduced surface potential difference observed at the

FIG. 2. (a) AFM topograph (top) and SKPM image (bottom) of the as-grown pn
junction structure and (b) line profiles of topography and surface potential differ-
ence extracted from the images shown in (a). The line profiles are constructed
by averaging each signal in the vertical image direction across the entirety of
each image shown in (a).
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etched + regrown pn junction interface in Fig. 3(a) is consistent
with the presence at the interface of a high concentration of Si,
which would partially or completely compensate the p-type
dopants and lead to a reduction in work function and surface
potential difference measured at the interface. The actual reduction
in surface potential may be underestimated in these measurements
due to averaging of the tip-sample electrostatic interaction over the
finite tip size and due to the 30 nm lift height employed in the
SKPM measurement.

Also evident in Fig. 3(a) is an increase in the depletion layer
width in the etched + regrown junction compared to that in the
as-grown junction. We estimate from Fig. 3(a) that the pn junction
depletion layer width for the etched + regrown junction is approxi-
mately 950 nm compared to 650 nm for the as-grown junction.
This observation is consistent with the creation of defects below the
regrown interface by the dry etching process that partially compen-
sates, e.g., by carrier trapping, the charge associated with ionized
dopants introduced into the pn junction depletion layer during the

epitaxial growth process. In addition, based on the measured deple-
tion layer width, these defects appear to influence the junction
structure to depths approaching a micrometer below the etched +
regrown interface.

Figure 3(b) shows surface potential difference profiles
extracted from the SKPM image of 10 × 10 μm2. SKPM images
extend from the final epitaxial growth surface to the n-type GaN
substrate region, averaged over a 2000 nm extent of each image in
the [1�100] direction. A number of features are evident in the pro-
files. First, both the as-grown and etched + regrown structures
exhibit a layer of increased surface potential difference just below
the substrate–epitaxial layer interface. This feature is most likely a
consequence of defects or impurities present near the surface of the
substrate prior to epitaxial growth; such defects could trap elec-
trons, leading to an increase in work function and in the corre-
sponding measured surface potential difference. This behavior is, as
expected, unaffected by the differences in growth and etching pro-
cedures associated with the pn junction interface, which is several
micrometers above the substrate–epitaxial layer interface, but helps
validate the ability of cross-sectional SKPM surface potential differ-
ence profiles to reveal variations in the electronic structure within
an epitaxial layer or a substrate. Figure 3(b) also reveals smaller var-
iations in measured surface potential difference within the UID
layer in the as-grown junction structure. We attribute these, based
on SCM measurements shown in Fig. 4, to small variations in
donor concentration with depth.

Scanning capacitance microscopy (SCM) and scanning capaci-
tance spectroscopy (SCS) measurements provide additional insights
into the electronic structure of as-grown and etched + regrown pn
junction structures. Figure 4 shows a series of SCM images of the
as-grown pn junction structure in the geometry shown in Fig. 1(a),
obtained at dc bias voltages ranging from −6 to +4 V. The locations
of the final growth surface, the as-grown pn junction interface, and
the substrate–epitaxial layer interface are indicated for each image.
The clear contrast in the SCM images, corresponding to changes in
dopant concentration or other aspects of the electronic structure
introduced during epitaxial growth, are evident. Smaller variations
are occasionally observed, particularly in the UID GaN region,
along the [1�100] direction, i.e., parallel to the pn junction interface.
A detailed examination of the dependence of SCM signal values on
dc bias voltage provides insight into the electronic properties of the
structure at different locations and their correlation with results of
SKPM potential profiles as shown in Fig. 3.

Figure 5 shows a series of scanning capacitance spectra
extracted from 15 × 15 μm2 bias-dependent SCM images of the
as-grown pn junction structure such as those shown in Fig. 4. The
spectra shown in Fig. 5(b) were extracted at the locations indicated
in Fig. 5(a), with each point plotted corresponding to the SCM
signal measured at the indicated dc sample bias voltage and posi-
tion in the [1000] direction, averaged across a 3000 nm distance in
the lateral [1�100] direction located at the bottom of each image. At
location 1, within the p-type GaN layer, the dependence of the
SCM signal on dc bias voltage is as expected for p-type GaN:
the SCM signal, which is proportional to dC/dV, the derivative of
the capacitance with respect to the applied bias voltage, is very
small at very positive or very negative dc bias voltages for which
the tip-sample capacitance is in accumulation or high-frequency

FIG. 3. Line profiles of both as-grown and etched + regrown pn junction struc-
tures showing (a) the region in the immediate vicinity of each pn junction and
(b) the entire epitaxial layer structure and top portion of the n-GaN substrate.
The locations of the final growth surface, the pn junction interface, and the
epitaxial layer–substrate interface are indicated.
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depletion, respectively, and a positive SCM signal is measured as
the dc bias voltage sweeps the tip-sample capacitance through
depletion between these regimes. Similar behavior, but with a
smaller SCM signal amplitude, is observed at location 2, near the
p-type edge of the pn junction depletion layer. The reduction in
SCM signal amplitude can be explained as a consequence of the
very low hole concentration within the junction depletion layer

combined with some spillover of holes from the adjacent p-type
region. At location 3, well within the pn junction depletion region,
the SCM signal at all bias voltages is very low due to the absence of
mobile carriers in the pn junction depletion region, leading to
small tip-sample capacitance and therefore dC/dV at all dc bias
voltages.23

At location 4, within the pn junction depletion region but
closer to the n-type GaN layer, the SCM signal spectrum begins to
resemble that of n-type GaN: the SCM signal is very small at large
positive or negative bias voltages and becomes negative at interme-
diate bias voltages as the dc bias voltage sweeps the tip-sample
capacitance from accumulation (at negative sample bias voltages)
to high-frequency depletion (at positive bias voltages). This

FIG. 5. (a) Line profile of the surface potential difference measured by SKPM for
as-grown pn junction structure in geometry shown in Fig. 1(a). The positions of the
final growth surface and the pn junction interface are indicated. (b) SCM signal
spectra at locations 1–6 indicated in (a), extracted from SCM images of the
as-grown pn junction at bias voltages ranging from −10 to +10 V in 1 V steps. The
distances of each location below the final growth surface are approximately 240,
530, 650, 710, 1310, and 2950 nm for locations 1, 2, 3, 4, 5, and 6, respectively.

FIG. 4. 15 × 15 μm2 SCM images of the as-grown GaN pn junction structure in
the geometry shown in Fig. 1(a) for dc bias voltages of +4, +2, 0, −2, −4, and
−6 V. Positions of the final growth surface, the pn junction interface, and the
epitaxial layer–substrate interface are indicated for each image.
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behavior can occur even within the pn junction depletion region
due to spillover of electrons from the adjacent n-type GaN layer,
once the distance to the n-GaN layer is sufficiently small. At loca-
tion 5, within the UID GaN layer, the dependence of the SCM
signal on dc bias voltage is again as expected for n-type GaN.
Finally, at location 6, n-type SCM signal contrast is observed but
the SCM signal amplitude is reduced compared to that at location

5. Similar behavior has been reported for lightly doped n-type
GaN20 and attributed to the fact that at sufficiently low donor con-
centrations in GaN, too few electrons are available in the vicinity of
the probe tip to enable full formation of an electron accumulation
layer below the probe tip apex. The SCM signal spectrum at loca-
tion 6, therefore, suggests that the donor concentration at that loca-
tion is lower than that of the surrounding material. The increased
SKPM potential signal measured at that location, as shown in
Fig. 5(a), is consistent with this interpretation.

Figure 6 shows a series of scanning capacitance spectra
extracted from SCM images of the etched + regrown structure
shown in Fig. 1(b). The spectra shown in Fig. 6(b) were extracted at
the locations indicated in Fig. 6(a) and averaged in the lateral direc-
tion in the same manner as the SCM spectra shown in Fig. 5. At
location 1, within the p-type GaN layer, the SCM signal behaves as
expected for p-type GaN. The signal amplitude at this location is
lower than that for the as-grown pn junction structure, shown in
Fig. 5(b), most likely due to variations in the SCM signal amplitude
that can occur as a result of differences in tip geometry, particularly
the tip radius near its apex.32 At location 2, within the pn junction
depletion region but close to the adjacent p-type GaN layer, the
SCM signal spectrum exhibits behavior characteristic of p-type
GaN due to the spillover of holes from the adjacent p-type GaN
that enables the formation of a hole accumulation layer at the loca-
tion for sufficiently large positive sample bias voltages. At location
3, farther within the pn junction depletion region, the SCM signal
at all bias voltages is very low due to the absence of mobile carriers,
as was observed within the depletion region of the as-grown junc-
tion. In the case of the etched + regrown junction, however, the
reduced signal amplitude persists over a larger region, as indicated
by SCM signal spectra for locations 4 and 5. Non-negligible SCM
signals are observed in these locations only at −2 V, with very small
SCM signals measured at all other bias voltages. At location 6,
within the pn junction depletion region but closer to the n-type
GaN layer, the SCM signal spectrum begins to appear like that of
n-type GaN, behavior similar to that observed at the corresponding
location in the as-grown pn junction structure. At locations 7 and
8, within the UID GaN layer, behavior corresponding to n-type
GaN is observed, as expected. These results confirm the presence of
a substantially larger depletion region in the etched + regrown pn
junction structure relative to that in the as-grown junction, corrob-
orating the conclusion drawn from the SKPM measurements. For
both junction structures, spillover of electrons into the pn junction
depletion region from the adjacent n-type GaN layer can extend up
to ∼400 nm into the junction depletion region, while spillover of
holes extends less than 200 nm into the junction depletion region.

IV. CONCLUSION

In summary, we have used cross-sectional SKPM and SCM to
characterize the electronic structure of MOCVD-grown GaN pn
junctions produced either by uninterrupted epitaxial growth or by
dry etching of a UID GaN epitaxial layer followed by epitaxial
regrowth of p-type GaN on the etched surface. Cleaving to expose
a (11�20) cross-sectional surface for scanned probe imaging allows
the electronic structure of such junctions to be probed directly with
nanoscale spatial resolution. Cross-sectional SKPM imaging is

FIG. 6. (a) Line profile of surface potential difference measured by SKPM for
the etched + regrown pn junction structure in geometry shown in Fig. 1(b). The
positions of the final growth surface and the pn junction interface are indicated.
(b) SCM signal spectra at locations 1–8 indicated in (a), extracted from SCM
images of the etched + grown pn junction at bias voltages ranging from −10 to
+10 V in 1 V steps. The distances of each location below the final growth
surface are approximately 240, 530, 650, 830, 940, 1000, 1650, and 3070 nm
for locations 1, 2, 3, 4, 5, 6, 7, and 8, respectively.
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shown, for the first time, to enable profiling of potential distributions
in both types of GaN pn junctions and also detection of variations
in local dopant concentration, particularly at low to moderate
doping levels, due to corresponding shifts in local surface potential.
Cross-sectional SCM measurements corroborate the dopant distribu-
tions deduced from SKPM measurements and also show that
tip-induced spillover of mobile carriers near pn junction depletion
layer edges can significantly influence SCM measurements.
Comparisons of cross-sectional SKPM and SCM measurements for
as-grown and etched + regrown GaN pn junctions reveal clear differ-
ences in the electronic structure at and near the pn junction inter-
faces. SKPM characterization reveals a local reduction in surface
potential at the etched + regrown interface consistent with widely
reported observations of Si dopant spikes that can be present at such
interfaces, while both SKPM and SCM measurements indicate that
etched + regrown junctions exhibit an increased pn junction deple-
tion layer width most likely associated with etch-induced defects that
extend nearly a micrometer below the etched + regrown interface.
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