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The scanning capacitance microscope (SCM) is a powerful tool to characterise local electrical properties in GaN-based
high electron mobility transistor (HEMT) structures with nanoscale resolution. We investigated the experimental setup
and the imaging conditions to optimise the SCM contrast. As to the experimental setup, we show that the desired tip
should be sharp (e.g., with the tip radius of ≤ 25 nm) and its coating should be made of conductive doped diamond.
Most importantly, its spring constant should be large to achieve stable tip-sample contact. The selected tip should be
positioned close to both the edge and Ohmic contact of the sample. Regarding the imaging conditions, we also show
that a dc bias should be applied in addition to an ac bias because the latter alone is not sufficient to deplete the two-
dimensional electron gas (2DEG) in the AlGaN/GaN heterostructure. The approximate range of the effective dc bias
values was found by measuring the local dC/dV-V curves, yielding, after further optimisation, two optimised dc bias
values which provide strong, but opposite, SCM contrast. In comparison, the selected ac bias value has no significant
impact on the SCM contrast. The described methodology could potentially also be applied to other types of HEMT
structures, and highly-doped samples.
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I. INTRODUCTION

Scanning capacitance microscopy (SCM) is an atomic force
microscopy (AFM)-based technique. It can be used to charac-
terise the carrier density and type near the surface of semicon-
ductor materials1. Numerous studies have used SCM to study
different semiconductor materials such as Si2,3, Ge4, GeSi5,6,
InAs7, GaAs8, GaN9,10 etc, and different structures such as
quantum dots7, nanowires11,12, quantum wells13, etc. Our in-
terest lies with the group-III nitrides, being an important semi-
conductor for electronic14–17 and optical18–21 devices. SCM
studies of GaN bulk materials have been done in both plan-
view9,10 and cross-sectional10 geometries. Typically, plan-
view studies are conducted on the as-grown surface of a sam-
ple while cross-sectional studies are conducted on cleaved sur-
faces. For example, Hansen et al9 made a plan-view SCM
study of the relationship between dislocation-related surface
pits and the near-surface electrical properties of GaN films
grown on c-plane sapphire. Recently, Minj et al22 studied III-
N heterostructures in cross-section. By combining SCM data
with conductive-atomic force microscopy (C-AFM) data, they
revealed the nature of free carriers originating from extrinsic
n-type and p-type dopants and showed the existence of po-
larization induced confined carriers, providing evidence for
both a two-dimensional electron gas and significantly a two-
dimensional hole gas.

GaN-based high electron mobility transistors (HEMTs) are
promising for high power switching applications14,16 and RF
applications15. Choi et al23 conducted a cross-sectional SCM
study of GaN-based HEMT structures grown on Si(111), with
a focus on the electrical properties in the buffer layer. There
are also plan-view studies of GaN-based HEMT structures
to investigate the electrical properties in the two-dimensional
electron gas (2DEG) layer near the surface, which is of signifi-

cant importance. The large lattice mismatch between GaN and
commonly used substrates such as sapphire, SiC, and Si typ-
ically leads to a large density of threading dislocations (TDs)
in epitaxial device layers24. In the case of Si substrates25,26,
TDs with a typical density of ∼ 109 cm−2 propagate through
the 2DEG and terminate at the surface, forming surface de-
fects such as pits27. These surface defects may result in device
reliability challenges such as device breakdown28,29, current
collapse30,31, etc. Additionally, the inhomogeneity of the Al-
GaN barrier layer in terms of layer thickness and composition
may also cause local variation in the electrical properties of
the 2DEG32,33. For example, Smith et al investigated local lat-
eral variations in AlGaN barrier layer thickness32, negatively
charged threading edge dislocations33, and charging effects34.
These above examples indicate that SCM is a promising tool
to study the impact of the surface defects and barrier layer in-
homogeneity on the local electrical properties of HEMTs with
micron- to nanoscale resolution.

The optimisation of SCM characterisation for chemically
doped samples has been widely reported35–38. However, its
optimisation for polarisation-induced doping has not been re-
ported, making the collection of reliable data difficult. Here,
as an example of a polarisation-doped sample, we address
the optimisation of SCM for GaN-based HEMTs in plan
view. Although previously reported plan view SCM images
of HEMTs32–34 are, as we have noted above, indicative of the
promise of the technique in this context, the contrast which
has been achieved in these studies is generally weak and only
at a micron-scale resolution, suggesting that further optimi-
sation is necessary. We suggest that it should be possible to
achieve resolution in SCM of HEMTs of the order of tens of
nanometers, although this will be fundamentally limited by ei-
ther the size of the tip or the thickness of the barrier, whichever
is the larger of the two.
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Therefore, to reach the full potential of the SCM technique
for the plan-view characterisation of GaN-based HEMT het-
erostructures, we focus here on investigating the impact of
the experimental setup and imaging conditions on the SCM
contrast. To aid the SCM setup optimisation process, the se-
lected sample is a HEMT structure of which the surface ex-
hibits a low density of fissure formation. Surface fissures in
AlGaN/GaN structures have been found to compromise the in-
tegrity of the 2DEG39. Our preliminary observations showed
that the fissures indeed cause local variations of the SCM con-
trast. Hence, this study should be seen firstly as a practical
guide for plan-view SCM analysis of HEMT structures in par-
ticular and secondly as a contribution towards the develop-
ment of a solid basis for studies into the relationship between
surface defect structure, sub-surface layer inhomogeneity, and
near-surface electrical properties of semiconductor structures
in general.

II. SCANNING CAPACITANCE MICROSCOPY

A. Working principle

In SCM, a conductive tip scans over a semiconductor sur-
face in contact mode40. If the semiconductor surface has a
natural oxide layer, a metal-oxide-semiconductor (MOS) ca-
pacitor will be formed by the conductive tip, the oxide layer,
and the semiconductor40. SCM also works reasonably well
even without an oxide layer on the semiconductor surface as
long as the tip-sample contact forms a Schottky barrier41. In
either case, a high-frequency ac bias is applied to the tip to
induce capacitance changes which occur in a doped layer due
to either the accumulation or the depletion of mobile carriers
in the near-surface region [Fig. 1 (a)]1. For a change in bias of
fixed amplitude (∆V ), the local carrier density will determine
the change in local capacitance (∆C)1. Surface regions with
lower local carrier density can be more easily depleted, hence
∆C is bigger. As a result, the slope of the local C-V curve is
steeper. In SCM, a change in bias (∆V ) is achieved via the
application of an ac bias, and the output signal is the dC/dV
amplitude, which is larger for lower local carrier densities.
Hence, a map of the dC/dV amplitude signal can indicate the
distribution of local carrier density.

In semiconductors with high carrier density, the dC/dV am-
plitude signal can be weak or even hardly detectable because
standard SCM setups apply insufficient ac bias to achieve de-
pletion. However, the effective depletion of carriers is a pre-
requisite for SCM characterisation because sufficient capaci-
tance change is needed.

The sign of the C-V curve slope, given by the dC/dV phase
signal, can indicate n-type or p-type material40. Surface
topography, dC/dV amplitude map, and dC/dV phase map
are acquired simultaneously, allowing a direct correlation be-
tween surface features and local electrical properties.

In practice, biases are applied to the sample while the tip is
grounded for convenience. This is equivalent to the tip being
biased relative to the sample as described above.

B. Challenges of plan-view studies of HEMT structures

GaN-based HEMT structures are characterised by a 2DEG
with a high carrier density near the surface. It is challeng-
ing to achieve plan-view SCM contrast in HEMT structures
because the carrier density of the 2DEG is so high that stan-
dard imaging conditions for GaN, in which only an ac bias
is applied1, may not be sufficient to achieve carrier depletion
[Fig. 1 (b)]. Hence, in addition to the ac bias, a dc bias should
also be applied to help deplete the 2DEG and thus achieve
SCM contrast. Therefore, we need to develop techniques to
facilitate accurate, convenient determination of the effective
dc bias value.

Another challenge is that the contrast reported
previously32–34 is often weak and only with micron-
scale resolution. One possible reason for the weak contrast
could be the significant distance (e.g., typically > 20 nm)
between the conductive tip and the sub-surface 2DEG with no
carriers in the intervening region (Fig. 1 (b)). This means that
the plates of the local capacitor are effectively further apart,
reducing the capacitance signals and hence providing weak
contrast. Therefore, the plan-view SCM contrast should be
carefully optimised while maintaining a nanoscale resolution.

C. Scanning capacitance spectroscopy

The scanning capacitance spectroscopy (SCS) mode of
SCM records local dC/dV-V curves at selected points on the
sample surface.

In SCS mode, a tip is precisely positioned at a target posi-
tion and contacts with it. As illustrated schematically in Fig.
2 (a), a certain ac bias is additionally applied at a certain dc
bias of the local C-V curve, so that the dC/dV amplitude value
at this dc bias can be measured. This will contribute one data
point to the local dC/dV-V curve. A complete dC/dV-V curve
can be constructed if the ac bias sweeps the whole range of
the dc biases. The dC/dV-V curve (Fig. 2 (b)) is expected to
be in the shape of a peak because it is the first derivative of
the C-V curve (Fig. 2 (a)). The peak position may indicate the
effective dc bias that provides the strongest SCM contrast.

We explore the use of dC/dV-V curves in SCS mode to iden-
tify an appropriate dc bias for SCM imaging of HEMT struc-
tures.

III. EXPERIMENTAL

In this study, SCM was operated in an open-loop contact
mode1 using a Bruker Dimension Icon Pro AFM coupled with
a Bruker SCM module. The measurements were taken at room
temperature using a 90 kHz ac bias and a 990 MHz capaci-
tance sensor. Three types of probes were tested for SCM char-
acterisation of HEMT structures. Their nominal properties are
listed in Table I for comparison.

The HEMT structure was grown on a Si (111) substrate
by metal organic vapor-phase epitaxy (MOVPE). Its epitax-
ial structure is shown in Fig. 3. The buffer structure consists
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FIG. 1. Schematic of the formation of a nanoscale MOS capacitor by the conductive tip, oxide layer, and semiconductor sample in SCM: (a)
in the case of an n-doped bulk semiconductor, a depletion region is modulated under the tip with an applied ac bias; (b) in the case of a HEMT
structure, the 2DEG with high carrier density is difficult to deplete due to the insufficient ac bias in standard SCM setups. The intensity of the
blue color indicates the distribution of electrons. Based on1.

FIG. 2. (a) Principle of scanning capacitance spectroscopy mode in
SCM, based on the C-V curve of an n-type semiconductor. The tip
is biased while the sample is grounded. Adapted from Bruker SCM
manual; (b) the corresponding dC/dV-V curve.

of a 1.7 µm thick compositionally-graded AlGaN layer and
800 nm thick GaN buffer layer on top of which were grown
a GaN channel, an AlN exclusion layer, an AlGaN barrier,
and a GaN cap with thicknesses of 200 nm, 1nm, 8 nm and 5
nm respectively. All layers were unintentionally doped ex-
cept the compositionally-graded AlGaN buffer layer which
was iron doped. The Al ratio in the AlGaN buffer layer de-
creased gradually along the growth direction. Hall effect mea-

TABLE I. Properties of the three probes used in this study. They are
all made of silicon but coated with different materials. Tip radius
and spring constant are nominal values. Both SCM-PIC-V242 and
DDESP-V243 are the products of Bruker TM while AD-450-AS44 is
the product of Adama Innovations TM.

Types Coating materials Tip radius Spring constant
SCM-PIC-V2 Platinum-iridium 25 nm 0.10 N/m
DDESP-V2 Doped diamond 100 nm 80 N/m
AD-450-AS Doped diamond 10 nm 450 N/m

surements at room temperature yield a sheet charge density of
1.12× 1013 cm−2 and a mobility of 1.79× 103 cm2V−1s−1.
The sample surface shows a low density of nanoscale fissures
(Fig. 4) which have been previously reported in similar Al-
GaN/GaN heterostructures39. Our preliminary observations
suggest that the fissures cause SCM contrast because the lo-
cal structural changes alter the 2DEG properties. Here, we
use the contrast generated by the fissures to optimise the plan-
view SCM experimental procedure. We aim to address the un-
derlying structure-property relationships in a later manuscript.
To ensure a minimal resistance of the complete SCM circuit
[Fig. 1], Ohmic contacts were fabricated on the sample sur-
face by depositing Ti/Al/Ti/Au (15/50/20/100 nm) layers fol-
lowed by rapid thermal annealing (RTA) at 710 ◦C. We note
that Minj et al22 have also stressed the importance of using
Ohmic contacts in SCM of GaN-based samples. However,
our approach is distinct from that they use for cross-sectional
SCM characterisation. Minj et al22 employ a back-contact.
If this approach were used for GaN-on-Si HEMTs to con-
duct plan-view SCM characterisation, signals would be ap-
plied through the substrate, via unintentionally doped regions
at the nitride-silicon interface45 and across the highly resistive
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FIG. 3. Epitaxial structure of the HEMT sample.

FIG. 4. Peak force AFM image of HEMT surface with fissures.

buffer region23. This would result in significant voltage drops,
rendering the signal-to-noise ratio lower. Here, the Ohmic
contacts were connected to the 2DEG directly, avoiding these
additional resistances, and avoiding complications in data in-
terpretation which may arise from applying a bias across mul-
tiple heterointerfaces.

The experimental setup for SCM characterisation of the
HEMT test sample is shown in Fig. 5. The Ohmic contact
of the sample was electrically connected to the steel disk us-
ing silver paste. Then, the magnetic sample holder connected
the steel disk with the biased AFM sample stage. Biases were
applied to the sample via the biased stage instead of to the
tip, which was grounded. Hence, a low resistance electrical
connection between the Ohmic contact of the sample and the
biased sample stage is paramount to the experimental setup.

Prior to metallization and the SCM characterisation, the
same HEMT sample was characterised using a mercury probe
capacitance-voltage measurement system from the Materials
Development Corporation at the bias frequency of 10 kHz.
The mercury probe was 766 µm in diameter. In contrast to the
case in SCM, the mercury probe was biased while the sample
was grounded.

FIG. 5. Schematic of the experimental setup. (a) Side view and (b)
top view.

FIG. 6. Mercury C-V curve of the HEMT structure and its first
derivative. The probe was biased while the sample was grounded.

IV. RESULTS AND DISCUSSION

A. C-V and dC/dV-V curves of the HEMT structure

1. Mercury C-V curve

Fig. 6 shows a macroscopic C-V curve of the HEMT struc-
ture measured using the mercury probe. The sloping region
only covers a narrow range of dc bias, which corresponds to a
narrow peak in the dC/dV-V curve. Therefore, the effective dc
bias range for SCM imaging is also expected to be narrow.
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FIG. 7. (a) Two different scanning positions on the sample surface:
at a large distance from the sample edge versus close to the edge; (b)
When the tip is at a distance from the sample edge, stray capacitance
between the cantilever and the sample is expected to be large. It may
"drown out" the desired MOS capacitance signal between the tip and
the sample. Based on10.

2. Comparison of dC/dV-V curves captured using different
probes in SCS mode

a. SCM-PIC-V2 tip We started with an SCM-PIC-V2
tip with the spring constant of 0.1 N/m which is a conven-
tional choice for SCM characterisation of GaN23,45–47.

Sumner10 suggests that the tip should scan the edge of the
sample to reduce the stray capacitance between the sample
and the cantilever which may ‘drown out’ the desired SCM
signals [Fig. 7]. To verify that, local SCS measurements at
the same ac bias were conducted from the centre to the very
edge of the HEMT sample of 1 cm × 1 cm in size. The over-
lapping area between the sample and the cantilever and hence
the associated interstitial stray capacitance decreased as the
tip was moved from the sample centre towards its edge. A
continuous increase in the peak height in the dC/dV-V curves
was observed [Fig.8]. The curve labeled with ’edge’ was col-
lected at the furthest point just before the tip lost contact with
the sample. The nominal length of the cantilever is 450 µm.
When the tip was positioned on the sample surface at a dis-
tance of more than 450 µm from the sample edge, the metal-
coated chip (see Fig. 5 (a)) might also contribute to the stray
capacitance.

Also, the distance d between the Ohmic contact and the
tip position should be kept small to avoid a significant volt-
age drop between the contact and the tip position, otherwise
it will not be possible to accurately estimate the bias at the tip
position [Fig. 5 (b)].

So, as a general rule, the tip should be positioned close to
both the sample edge and the Ohmic contact so that strong
dC/dV-V peaks can be achieved.

Regarding the SCM-PIC-V2 tip itself, although it has a
chance to provide strong dC/dV-V peaks as shown, the re-
peatability is rather poor because the tip’s spring constant is
very small and hence the tip-sample contact is unstable at high
biases. In particular, there may be local charging on the sam-
ple surface at high biases and hence a tip with a small spring
constant may be easily repelled and lose contact with the sur-

FIG. 8. Evolution of peaks in the local dC/dV-V curves recorded at
different distances from the sample edge. SCM-PIC-V2 tip was used.

FIG. 9. Local dC/dV-V curves were recorded at different ac biases.
DDESP-V2 tip was used.

face intermittently. Additionally, the tip’s metal coating can
be easily worn with an increased tip electrical resistance and
a blunt tip apex as result, especially when scanning hard ma-
terials like GaN in contact mode.

b. DDESP-V2 tip Next, a DDESP-V2 tip with a hard di-
amond coating and large spring constant (80 N/m) was tested.
It provides strong dC/dV-V peaks with good repeatability be-
cause the large spring constant of the tip allows for a stable
tip-sample contact which is the key to electrical characteri-
sation. Also, the lifetime (i.e., the duration of the ability to
capture electrical signals) of the tip is much longer.

The DDESP-V2 tip was used to investigate the impact of
the ac bias on the dC/dV-V peak. Four different ac biases
swept the same range of the dc biases. As shown in Fig. 9, the
peak intensity increases as the ac bias is increased while the
peak shift is insignificant.

Both Fig. 8 and Fig. 9 show that the peaks appear only
within the positive dc bias range. Also, we note an increase
in the dC/dV signal at larger negative sample biases in Fig. 9.
At these biases we have observed in tunneling AFM (TUNA)
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FIG. 10. Topography image of the HEMT structure surface with
nanoscale fissures, captured using a DDESP-V2 tip.

FIG. 11. Schematic structure of an AD-450-AS tip. Adapted from48.

experiments that current flows from tip to sample. We also
observed damage to the sample surface in this regime (see
Fig. S2 in the supplementary material). Data interpretation
in this regime of the curve thus becomes difficult as the stan-
dard capacitor model is invalid in this regime and sample is
damaged. Hence, in further optimisation of the SCM imaging
conditions, we will only focus on the positive dc bias range.

However, the large DDESP-V2 tip radius (nominal tip ra-
dius: 100 nm) unfortunately prohibits SCM mapping at a
nanoscale resolution (Fig. 10).

c. AD-450-AS tip An AD-450-AS tip consists of a
diamond-covered bulk silicon tip (Fig. 11). At the apex of
the bulk tip is the sharp Adama diamond tip48. The tip is
quite stiff with a spring constant of about 450 N/m. It com-
bines all the desired properties to achieve dC/dV-V peaks (Fig.
12) with good repeatability, together with nanoscale resolu-
tion and a long lifetime. Although the dC/dV-V peak intensity
is relatively low, it is sufficient to identify the peak position.
The peak intensity is limited because the tip is sharp and ro-
bust, which means that the area of the local capacitor remains
small. As a result, the capacitance signals are always weak.

The position of the peak given by the first derivative of the
mercury C-V curve (Fig. 6) and that of the peaks in the SCS
dC/dV-V curves (Fig. 8, 9, 12) are in close agreement. The
reason for the opposite polarity is that the probe was biased in
the mercury C-V measurement while the sample was biased
in SCS. The different width of the dC/dV-V peaks observed
in the two cases could be caused by the difference in elec-

FIG. 12. A local dC/dV-V curve was recorded by using an AD-450-
AS tip.

TABLE II. Performance of the three probes used in SCS mode and
SCM mode.

Types Lifetime Nano Resolution SCS repeatability
SCM-PIC-V2 Short Yes Poor
DDESP-V2 Long No Good
AD-450-AS Long Yes Good

tric field uniformity; the non-uniform field radiating from the
small SCS tip is in contrast with the uniform field radiating
from the relatively large mercury contact. Overall, SCS can
help to identify an effective dc bias for the SCM imaging of
HEMT structures through the dC/dV-V peaks.

The performance of the three probes is summarized in Ta-
ble II. Tables I and II together illustrate that a desired tip
should be sharp, stiff, and coated with conductive hard ma-
terial so that it can provide nanoscale resolution, repeatable
SCS dC/dV-V curves, and a long lifetime, which are difficult
to achieve using the conventional metal-coated tips which are
often employed in SCM of chemically doped samples. Based
on our experiments, the diamond-coated AD-450-AS tip pro-
vides the best balance of characteristics among the tips trialed
here. Hence, for the subsequent experiments, it is chosen for
SCM imaging of the HEMT test structure.

B. Local dC/dV-V curves captured on and off fissures

For the SCS mode measurements, two areas of interest are
defined: a measurement point on a fissure and another on a re-
gion without fissures (hereafter described as "off fissures") as
marked in Fig. 13. The tip was precisely positioned on these
two points on the sample surface (which was realized by using
the "point and shoot" function in the Bruker Dimension Icon
Pro AFM). The test conditions are the same for both points,
with a 1.6 V ac bias sweeping the same positive range of the
dc biases from 0 V to 8.2 V.

The resulting two dC/dV-V curves are shown in Fig. 14. To
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FIG. 13. One point on a fissure (highlighted in blue) and another
point off fissures (highlighted in red) were tested in SCS mode.

FIG. 14. Two dC/dV-V curves were captured on a fissure and off
fissures on the HEMT surface in SCS mode.

highlight the peaks, only the dc bias range from 1 V to 5 V is
shown. The effective dc bias for SCM imaging of this sample
is expected to be in the dc bias range covered by the peaks
(approximately 2-4 V). Hence, for the subsequent optimisa-
tion of the SCM contrast, different dc biases within that range
were explored at a constant ac bias of 1.6 V.

C. Optimisation of the SCM contrast of the HEMT
structure

1. Optimisation of dc bias

Optimisation of dc bias was divided into two ranges to
cover the respective left and right flanks of the dC/dV-V peaks.
In dc bias range 1 (2 to 3 V), five different and evenly dis-
tributed dc bias values (2.1, 2.3, 2.5, 2.7, and 2.9 V) were
tested in the same scanned area in random order. The dc bias
was varied for each 200 nm-wide horizontal section at a con-
stant ac bias of 1.6 V. The same procedure was followed for
exploring the optimum dc bias value in dc bias range 2 (3 to

FIG. 15. (a) Topographical and (b) 0th-order flattened dC/dV-V am-
plitude data for an area on the HEMT surface. The ac bias value was
kept constant at 1.6 V but the additional dc bias value varied from
2.1 V to 2.9 V when the tip was scanned in different stripes. Fissures
show bright dC/dV-V amplitude contrast at dc bias values of 2.7 and
2.9 V as highlighted whilst the contrast is very weak at other dc bias
values.

4 V).
Fig. 15 shows the SCM results in dc bias range 1. Rela-

tively good dC/dV-V amplitude contrast was observed at dc
bias values of 2.7 and 2.9 V in which the areas with fissures
show up as brighter than the areas off fissures. Only weak
contrast was recorded at other dc bias values. Fig. 16 shows
the SCM results in dc bias range 2. The areas with fissures
show dark dC/dV-V amplitude contrast at dc bias values of
3.1, 3.3, 3.5, and 3.9 V except for 3.7 V.

The dc bias optimisation procedure for this present sample
indicates that a dc bias value of 2.9 V is best for a bright con-
trast for areas with fissures (Fig. 15) while a dc bias value
of 3.3 V provides the strongest dark contrast for areas with
fissures (Fig. 16). Fig. 17 compares the same sample sur-
face scanned at the two optimised dc bias values, highlighting
the contrast inversion between the two corresponding dC/dV-
V amplitude images (Fig. 17 (b) and (c)). We note that we are
observing features with width as small as about 60 nm (Fig.
17 (c)), consistent with our suggestion that the SCM resolu-
tion should be in the tens of nanometers regime.

In Fig. 17 (b) and (c), almost all the fissures seen in the to-
pographical image (Fig. 17 (a)) show contrast, which suggests
that fissures may have different local electrical properties from
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FIG. 16. (a) Topographical and (b) 0th-order flattened dC/dV-V am-
plitude data for the same area. The ac bias value was kept constant
at 1.6 V but the additional dc bias value varied from 3.1 V to 3.9 V.
Fissures show dark dC/dV-V amplitude contrast at dc bias values of
3.1, 3.3, 3.5, and 3.9 V as highlighted. 3.7 V provides a very weak
contrast.

the surroundings.
The electrical properties of individual fissures may also dif-

fer from each other. Additionally, some non-fissure regions
show similar (bright) contrast to the regions with fissures.
This phenomenon may have different causes such as a sub-
surface inhomogeneity of the AlGaN barrier layer thickness
or alloy composition32,33. We aim to discuss the underlying
structure-property relationships of the present sample in de-
tail in a future manuscript.

It is important to note that observing a nanoscale feature
such as a fissure exhibiting dark (or light) contrast in SCM is
not diagnostic of its impact on the 2DEG, since whether it ap-
pears dark or light is sensitively dependent on the applied dc
bias. These effects can only be understood in the context of
bias-dependent imaging and/or SCS spectroscopy. The SCM
contrast inversion reported in chemically doped samples is of-
ten said to be surface state related49. However, the mechanism
of contrast inversion is different in samples with polarisation-
induced doping like GaN-based HEMTs. To understand that,
two hypothetical HEMT structures with different threshold
voltages are taken as an example. A change in the thresh-
old voltage (Fig. 18 (a)) is expected to lead to a peak shift in
the corresponding dC/dV −V curve (Fig. 18 (b)). Thus, the
relative dC/dV amplitude relationship of them is just the op-

posite if they are probed at two different fixed dc bias values in
both flanks of the peaks. As a result, the interpretation of the
SCM contrast of GaN-based HEMTs is not straightforwardly
related to carrier density as in chemically doped samples1 but
is influenced by shifts in threshold voltage.

2. Optimisation of ac bias

The impact of ac bias on SCM contrast of HEMT sample
surface was also examined. The dc bias was fixed at the op-
timised value of 3.3 V while five different and evenly dis-
tributed ac bias values in the range around 1.6 V (1.0, 1.3,
1.6, 1.9, and 2.2 V) were tested for 200 nm-wide horizontal
sections in random order. As shown in Fig. 19, ac bias has no
significant impact on the SCM contrast as long as it exceeds
the threshold value at which SCM contrast can be seen.

V. COMMENTS

The relatively low signal-to-noise ratio of the SCM data
collected with the sharp AD-450-AS tip is the result of a com-
promise between topographical nanoscale resolution (e.g., for
fissures) and a low capacitance signal due to the small tip-
sample contact area. Therefore, a high SCM contrast at a
high topographical resolution cannot be achieved simultane-
ously on this sample with the current SCM module. However,
HEMT structures with thinner barriers may allow better signal
to noise ratios, whilst in the general case, more sensitive de-
tectors and the emerging scanning microwave impedance mi-
croscopy technology50 may offer a solution to this dilemma.

Similar phenomena such as contrast inversion shown in this
paper can also be seen when using other SCM tips. As an
example, clear contrast inversion is shown by the DDESP-
V2 tip in Fig. S1 in the supplementary information. Due to
the poor spatial resolution related to the large tip radius, it is
impossible to correlate the contrast with surface defects such
as nanoscale fissures, but the global phenomenon is clearly
shown.

Except for the characterisation of the surface features such
as fissures, the methodology in this paper can also help us to
use SCM to gain insights into the sub-surface features like
inhomogeneities of the AlGaN barrier layer’s thickness or
composition in GaN-based HEMT structures32,33. These sub-
surface features might not lead to identifiable surface topog-
raphy. In that case, high topography resolution may not be
necessary, and hence the decision on optimum tip type might
be different. We might recommend the DDESP-V2 tip to get
stronger SCM signals with the bigger tip-sample contact area
in some cases.

VI. CONCLUSION

The impact of the experimental setup and imaging condi-
tions on the contrast observed in plan-view SCM character-
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FIG. 17. (a) Topographical and (b), (c) dC/dV-V amplitude data for the same area. (a) and (b) were captured simultaneously at ac bias value of
1.6 V with dc bias value of 2.9 V while (c) was additionally captured at the same ac bias value but with different dc bias value of 3.3 V. Both
(b) and (c) are 2nd-order flattened. The red lines are intended to indicate the same position, showing the sample drift between different scans.
The yellow arrow in (c) highlights a feature with width as small as about 60 nm.

FIG. 18. Schematic drawing of the (a) C −V and (b) dC/dV −V
curves of two hypothetical HEMTs with different threshold voltages
Vt h,1 and Vt h,2.

isation of a HEMT structure with surface fissures has been
investigated.

In terms of the experimental setup, the desired tip should
be sharp enough to achieve nanoscale resolution. Its coating
should be made of conductive hard material to have a long
lifetime. The key point is that it should have a large spring
constant to provide a stable tip-sample contact and hence re-
peatable SCS and SCM signals. The selected tip should be
positioned close to both the sample edge and Ohmic contact
to enhance both SCS and SCM signals.

In terms of the imaging conditions, this study shows that,
in addition to the ac bias, a dc bias should be applied to help

FIG. 19. (a) Topographical and (b) 2nd-order flattened dC/dV-V am-
plitude data for the same area. The dc bias was kept constant at 3.3 V
while the ac bias varied from 1.0 V to 2.2 V when the tip was scanned
in different stripes.

deplete the 2DEG of the HEMT structure and hence achieve
SCM contrast. The local dC/dV-V curves provided by the SCS
mode indicate the approximate range of the effective dc bias
values. The further optimisation of the dc bias can eventually
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determine two optimised dc bias values which can provide the
strongest SCM contrast. Contrast inversion is observed be-
tween them. It was experimentally demonstrated that the dc
bias has a significant impact on the SCM contrast while the
ac bias value is less important, provided the latter exceeds a
certain threshold value.

This study provides a solid basis for studies into the
structure-property relationships in GaN-based HEMT struc-
tures. The impact of fissures, dislocations and inhomo-
geneities in barrier on threshold voltage will be the subject of
future studies. The methodology could potentially also be ap-
plied to other types of HEMT structures such as GaAs-based
HEMT structures, and other highly-doped samples.
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