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Abstract— This article demonstrates the feasibility in using a
scanning microwave microscope (SMM) to probe the transfer
characteristics of an ungated GaN high-electron-mobility transis-
tor (HEMT). To guide the experiment and to interpret the result,
an equivalent circuit is proposed to model the probe-sample
near-field interaction, and the model is validated by simulation
and experimentation. In the experiment, the SMM probe with
a dc bias voltage acts as a surrogate to locally modulate the
2-D electron gas (2DEG) at the GaN heterojunction. Because the
present SMM is most sensitive to a 2DEG sheet resistance RSH
between 104 �/□ and 106 �/□, the unbiased RSH is determined
to be (3 ± 3) × 103 �/□, in contrast to ∼450 �/□ determined by
Hall measurements. However, with the bias decreasing from 0 to
−8 V, the 2DEG is depleted and its resistance is increased to (5 ±

2) × 105 �/□ with an on/off ratio of 160, a peak transconductance
around −5 V, and a threshold voltage of −6 V. These results agree
with the dc-measured current–voltage characteristics on a gated
HEMT after its fabrication is completed. This shows that the
SMM could be a powerful tool for in-process monitoring and
material/device correlation.

Index Terms— 2-D electron gas (2DEG), GaN high-electron-
mobility transistor (HEMT), scanning microwave microscope
(SMM), transfer characteristics.
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I. INTRODUCTION

THE scanning microwave microscope (SMM) has been
proven as a metrology tool, including the characterization

of semiconductors, dielectrics, and biological cells [1], [2],
[3], [4], [5]. Typically, in an SMM, a metal probe is scanned
across the sample surface with the height controlled through
the feedback of force as in an atomic force microscope (AFM).
Meanwhile, a microwave signal is injected through the probe,
and the magnitude and phase of the signal reflected from the
sample are the characteristic of the electromagnetic properties
of the sample. Unlike the AFM, the SMM can sense the
properties of buried structures below the surface [6], [7], [8],
[9], [10], [11], such as the 2-D electron gas (2DEG) at an
AlN/GaN heterojunction.

GaN high-electron-mobility transistors (HEMTs) have high
breakdown voltage, high carrier density, and high electron
saturation velocity [12], [13], [14]. These attributes make
GaN HEMTs attractive to next-generation wireless commu-
nications, including applications in high-power amplifiers,
low-noise amplifiers, and other integrated circuits [15], [16],
[17]. To facilitate these applications, the electrical properties
of the HEMT heterostructure need to be constantly charac-
terized. Typically, Hall measurement or contactless resistivity
mapping [18] is used to characterize the heterostructure before
device fabrication, and the dc current–voltage measurement
is used to characterize the HEMT device after fabrication.
However, when these measurements do not agree with each
other, it is not obvious when the heterostructure properties are
degraded during fabrication. Usually, the Hall measurement
is destructive, and the contactless resistivity mapping requires
bare wafers and achieves only millimeter resolution, making
them unsuitable for in-process monitoring. Similarly, the dc
measurements, averaged over the entire HEMT, lack spatial
resolution for the characterization of material nonuniformity
on the nanoscale.

In this work, we show that the SMM, with a biased
probe, can be used to nondestructively measure the local
2DEG sheet resistivity and transfer characteristics during the
HEMT fabrication process. The SMM also reveals localized
defects in the HEMT channel with submicrometer spatial
resolution.
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Fig. 1. Schematics of an AFM-based SMM.

II. EXPERIMENTAL SETUP

Fig. 1 illustrates the present experimental setup based on
a Keysight Technologies 7500 AFM with an N9545C SMM
nose cone. The AFM/SMM dual-function probe is a Rocky
Mountain 25Pt300A platinum probe having a spring con-
stant of 18 N/m. The probe is attached to a 300-µm-long,
60-µm-wide, and 2-µm-thick platinum cantilever. The can-
tilever, in turn, is connected to a Keysight Technologies
E8062B vector network analyzer (VNA) through coaxial
cables. The cables are shunted by a 50-� resistor for
impedance matching around 3 GHz and its harmonics. This
resistor is rated for 2 W. Therefore, even under a bias as
negative as −8 V, no significant heating or bias drift is
experienced.

The VNA generates a 0-dBm signal at 12.97 GHz, which is
emitted from the probe. The 0-dBm power provides adequate
signal-to-noise ratio (SNR) yet is minimally invasive. The
12.97-GHz frequency is chosen for its maximum imaging
contrast. Following near-field interaction with the sample, the
signal reflected back through the probe is also detected by the
VNA. The intermediate frequency bandwidth of the VNA is set
at 500 Hz, trading off the SNR for the scan rate. With a scan
rate of 200 pixel/s, it takes approximately 4 min to scan a 15 ×

15 µm area with a resolution of 256 × 256 pixels. A Keysight
Technologies E3620A dual-output dc power supply provides
a gate–source voltage VGS through a Keysight 11612A bias T
to the probe and a drain–source voltage VDS through a bond
wire to the drain electrode of the HEMT (Fig. 2).

To increase the sensitivity to the 2DEG sheet resistance
RSH, a relatively large probe is used at the expense of spatial
resolution. The probe is scanned across the sample in a
contacting mode with a force of approximately 200 nN applied
through the piezoelectric stage and sensed by the cantilever
deflection. Assuming the probe tip is a half sphere and the
probe body is a truncated cone, the probe geometry can be
calibrated by the measured capacitance-height dependence as
the probe approaches a grounded metal sample holder [19],
[20], [21]. Thus, by fitting the reflection coefficient measured
as a function of the height above the holder, it is determined
that the probe tip has a radius r = 0.4 µm, and the probe
body has a height h = 60 µm and a half cone angle θ = 20◦.
According to [19], [20], and [21], the uncertainty in r has
the greatest impact on the SMM conductance and capacitance
contrasts. In the present case, the resulted uncertainty in the
SMM conductance/capacitance contrasts is approximately 3%,

Fig. 2. (a) SMM sample chamber showing the sample holder mounted on
the ceiling of the chamber in contact with the SMM nose cone. (b) Bottom
of sample holder showing coaxial cables interconnected through the sample
holder to the source and drain transmission lines on the top. (c) Top of sample
holder showing an ungated HEMT chip attached to the source and drain
transmission lines. (d) Micrograph showing the scanned area (dotted) with
respect to the source and drain electrodes of an ungated HEMT wire bonded
to the transmission lines.

which is negligible compared to the overall uncertainty in the
extracted RSH.

The HEMT heterostructure is grown by a commercial
supplier on a 700-µm-thick high-resistivity Si substrate using
metal–organic chemical vapor deposition without doping. With
their wide bandgaps, the intrinsic carrier density at room
temperature is negligible and these undoped nitrides can be
treated as dielectrics, such as high-resistivity Si and semi-
insulating GaAs. As shown in Fig. 3(a), the growth starts
with a 100-nm AlN nucleation layer, which is followed by
a 500-nm AlGaN buffer layer, an 800-nm GaN channel layer,
a 1-nm AlN barrier layer, and finally, a 10-nm In0.17Al0.83N
cap layer. Consequently, the 2DEG is induced by piezoelectric
doping [22] 11 nm below the surface at the AlN/GaN het-
erojunction. During the HEMT fabrication, the 2DEG regions
are isolated by dry etching to a depth of 200 nm, and
40/200-nm-thick Ni/Au source and drain electrodes are formed
before the SMM scan. Normally, the source–drain spacing is
2 µm. However, for the proof of concept, a “fat” HEMT with
a channel area of 100 × 200 µm between the source and
drain is chosen to ensure the relatively large SMM probe is
not impeded by the source and drain electrodes.

Fig. 3(b) shows the AFM topography image and line scan
from the active region (with 2DEG) to the isolated region
(without 2DEG). The spots in the isolated region are debris
accidentally left by the fabrication process. They serve as
landmarks to ensure the same area is scanned by the SMM
repeatedly.

III. MODELING AND SIMULATION

To guide the experiment and to interpret the result, a simple
equivalent circuit model is first developed. It is then validated
by numerical simulation. Following most quantitative SMM
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Fig. 3. (a) HEMT cross section schematics. (b) AFM topography image and
line scan from the active region to the isolated region.

Fig. 4. Modeled (solid curves) versus simulated (dashed curves) conductance
and capacitance contrasts as functions of 2DEG sheet resistance RSH.

studies, we solve the inverse problem by first assuming differ-
ent values of the 2DEG sheet resistance and calculate/simulate
the SMM conductance/capacitance contrasts, as shown in
Fig. 4. We then compare the modeled/simulated conduc-
tance/capacitance contrasts to that measured in order to extract
RSH. In short, RSH is fitted to the data instead of derivation
from the data, typical of quantitative SMM studies. As detailed
in the following, the uncertainty in the extracted RSH caused
by the limited sensitivity of the SMM does not justify more
complicated modeling or analysis. This fitting approach is
validated by comparing the extracted RSH with that measured
by the Hall effect, as described in Section IV-A.

A. Equivalent Circuit Model

In contrast to conventional equivalent circuit models [23],
we propose a three-element equivalent circuit of different
topologies for the present sample, as shown in Fig. 5. This is
because the 2DEG in the HEMT channel is ohmic-connected
to the source and drain electrodes with a channel resistance of
R0 [14], and it acts as a ground plane to shield the electrical

Fig. 5. Equivalent circuit model with the ground plane in the middle of the
sample.

field from penetrating below the 2DEG. C1 represents all lay-
ers of the heterostructure above the 2DEG with their respective
dielectric constant and thickness. The layers below the 2DEG
are immaterial. C2 represents the fringing capacitance between
the probe body and the sample. Thus

Y = G + jωC =
jωG0C1

G0 + jωC1
+ jωC2 (1)

where G0 = 1/R0 and the second term jωC2 dominates the
interaction admittance when the SMM is scanned over the
isolated region. Therefore, the admittance contrast between
the active and isolated regions is

1Y =
jωG0C1

G0 + jωC1
(2)

and the conductance contrast 1G and capacitance contrast 1C
are

1G =
G0ω

2C2
1

G2
0 + ω2C2

1
(3)

and

1C =
G2

0C1

G2
0 + ω2C2

1
. (4)

As expected, 1G ≈ G0 if R0 ≫ ωC1 and 1C ≈ C1 if R0 ≪

ωC1. Meanwhile, 1G ≈ 0 if R0 ≪ ωC1 and 1C ≈ 0 if R0 ≫

ωC1. In between the extremes, 1G peaks when R0C1 = 1/ω,
whereas 1C monotonically decreases from C1 to 0. Therefore,
1C is the most sensitive to R0 when R0 = 1/ωC1, whereas
1G is the most sensitive to R0 when R0 is slightly larger or
smaller than 1/ωC1. In other words, for sensitivity, the SMM
frequency should match the inverse of the R0C1 time constant.
Giving a fixed ω = 2π · 12.97 GHz, the probe can be biased
to partially deplete the 2DEG so that R0 ≈ 1/ωC1 ≈ 105 �

for high sensitivity. From 1C when VGS = 0, C1 = 73 aF.
Fig. 4 plots (3) and (4) as functions of R0.

B. Numerical Simulation

Three-dimensional finite-element electromagnetic simula-
tion is performed by using the COMSOL ac/dc module.
Quasi-static approximation is invoked because the wavelength
in GaN around 10 GHz is on the order of 1 cm, which
is significantly longer than the SMM probe diameter or the
HEMT heterostructure thickness. To simply the heterostructure
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Fig. 6. Simulated electrical potential distribution around the SMM probe
(left) with and (right) without the 2DEG.

for simulation, the InAlN and AlN layers above the 2DEG
are assumed to have the same dielectric constant of 8.5, while
all other layers above silicon are assumed to have a dielectric
constant of 8.9 [24]. According to [24], ignoring the difference
in dielectric constants of AlN, GaN, and their alloys has negli-
gible impact on the SMM conductance/capacitance contrasts.
The 2DEG is modeled by an electric-shielding boundary con-
dition with a sheet resistance RSH and an equivalent thickness
of 2 nm. The round 2DEG area in interaction with the SMM
probe can be approximated by a square, so that RSH ≈ R0 [25].
Fig. 6 shows the simulated potential distribution with 2DEG
(RSH = 102 �/□) and without 2DEG (RSH = 108 �/□). It can
be seen that the 2DEG is an effective ground plane preventing
the electric field from extending below it. The simulated 1G
and 1C agree with those modeled by the equivalent circuit,
as shown in Fig. 4. The small difference in 1G when RSH ≈ 0
is irrelevant because there 1G is independent of RSH and,
hence, cannot be used to extract RSH.

IV. RESULTS AND DISCUSSION

A. Biased SMM

To locally modulate the 2DEG of an ungated HEMT by
the SMM probe, VGS is applied to the probe from 0 to −8 V
then back to 0 in 1-V steps while VDS is kept at 1 V. The bias
leaves no lasting effect because the first and last scans without
bias give similar results. The measured reflection coefficients
under each bias are used to extract the interaction admittance
Y between the SMM probe and the 2DEG [19], [20], [21],
as well as 1Y , 1G, and 1C . It can be seen in Fig. 7 that as
VGS decreases, 1G appears to peak around −6 V while 1C
monotonically decreases, qualitatively in agreement with both
modeled and simulated behaviors shown in Fig. 4.

By quantitatively fitting the measured 1G and 1C with (3)
and (4), RSH can be extracted (Fig. 8) after subtracting
from as-measured 1C the topography crosstalk 1CP , which
originates from the different heights of the active and isolated
regions [21]. Even with exactly the same heterostructure and
RSH in both regions, when the SMM probe is elevated by
200 nm, the change in the fringing capacitance 1CP will be
recorded as part of 1C . 1CP has hitherto not been considered
in either the equivalent circuit model or numerical simulation,
because it can only be experimentally determined. Since the
as-measured 1C = 18 aF when VGS = −8 V, 1CP = 18 aF
because the 2DEG channel is depleted and there should be no

contrast between active and isolated regions. The topography
crosstalk has negligible effect on 1G.

Thus, when VGS = 0, 1G = 0.2 ± 0.2 µS and 1C =

73 ± 5 aF. Hence, RSH = (3 ± 3) × 103 �/□ (Fig. 8).
This RSH value can be order-of-magnitude higher than the
sheet resistance of 450 �/□ measured by the Hall effect,
reflecting the limited sensitivity of 1G and 1C to RSH when
RSH < 104 �/□. On the other hand, when VGS = −5 V,
1G increases to 1.4 ± 0.2 µS, while 1C decreases to 52 ±

6 aF. With RSH approaching 1/ωC1, the sensitivity is increased,
so that RSH = (9 ± 3) × 104 �. When VGS is decreased from
−6 to −8 V, 1G decreases from 1.9 ± 0.2 to 1.5 ± 0.2 µS,
while intrinsic 1C decreases from 15 ± 4 to 0 ± 3 aF.
Consequently, RSH = (5 ± 1), (6 ± 1), and (8 ± 2) × 105 �

for VGS = −6, −7, and −8 V, respectively. Across different
VGS values, the standard deviations in 1G and 1C remain
approximately constant around 0.3 µS and 4 aF, respectively.
In fact, the standard deviation in ω1C is comparable to the
standard deviation in 1G, reflecting the noise floor of the
present measurement setup.

B. Defects in 2DEG

In addition to extracting RSH, the SMM can resolve defects
in 2DEG with submicrometer spatial resolution. Despite the
uniformity in 1G and 1C in most cases (Fig. 7), localized
defects can be seen in the 1G and 1C images with VGS =

−5 V just before the 2DEG is fully depleted. For example,
the dotted area in Fig. 7 containing two adjacent defects
is zoomed in, as shown in Fig. 9. It can be seen that the
conductance is ∼0.3 µS higher, while the intrinsic capacitance
is ∼20 aF lower inside the defects than that outside the defects,
implying lower RSH. The diameter of the defects appears to
be approximately 1/3 µm, which reflects the SMM probe
size. Even with a sharper SMM probe, what is measured is
the electrical influence zone of the defects. Their physical
structure may be much smaller in any case. Moreover, the
depth at which the defect is located will affect the maximum
achievable resolution of the SMM, regardless of the probe size.
Meanwhile, no topography contrast can be seen by the AFM
on the surface above the defects [Fig. 9(a)]. To illustrate this
point, 1G and 1C inside a defect are compared with that
outside the defect as functions of VGS (Fig. 10). It can be seen
that the defect region has not only a less negative threshold
voltage but also a less steep subthreshold slope. The defect
density is on the order of 108/cm2.

Among all possible defects, such as process defects,
we speculate that the defects observed by SMM are caused
by threading dislocations and, in particular, screw dislocations
threading through the HEMT heterostructure. It has been
reported that the density of GaN heterostructure is on the
order of 109/cm2 [26]. However, of all threading dislocations,
typically up to one third are screw dislocations or mixed
screw-edge dislocations. Compared to edge dislocations, screw
dislocations tend to be larger spatially and electrically and to
induce a larger quantity of deep traps. This implies that of
all threading dislocations, only 108 cm2 matter electrically,
in agreement with the SMM observation. Note that normally
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Fig. 7. SMM-measured (a) conductance contrasts and (b) capacitance contrasts on an ungated HEMT with the SMM probe biased under different VGS values.

Fig. 8. SMM-measured conductance contrast (◦) and capacitance contrast
(□) as functions of (a) VGS and (b) RSH.

threading dislocations can also be observed structurally by
AFM. However, when the present large probe is used for
simultaneous AFM/SMM, it may not have sufficient spatial
resolution for the threading dislocations structurally by AFM.

Fig. 9. Zoomed-in images of (a) AFM topography contrast, (b) SMM
conductance contrast, and (c) SMM capacitance contrast around two defects,
as well as linear scans along the dotted lines across the defects.

Fig. 10. SMM-measured conductance and capacitance contrasts inside (solid)
and outside (dashed) the defect region as functions of VGS.

The large probe also makes it difficult for SMM to electrically
resolve a dislocation density as high as 109/cm2.

Presently, the SMM spatial resolution is limited by the
probe size, which, in turn, is limited by the SMM sensitivity.
The present analysis shows that the maximum sensitivity is
achieved when RSH ≈ 1/ωC1. Although a smaller probe makes
C1 smaller, it can be compensated by a higher ω. By changing
the VNA and the coaxial cables, we have incrementally
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Fig. 11. Transfer characteristics measured by the SMM on an ungated HEMT
versus that by the dc measurement on a gated HEMT.

Fig. 12. (a) Transfer and (b) output characteristics measured on a gated
HEMT by the dc measurement.

improved the SMM bandwidth above 10 GHz as in the present
12.97-GHz case. Most recently, we have further improved the
bandwidth to 15 GHz. For order-of-magnitude improvement of
the SMM bandwidth, major modifications of the setup, as in

the case of an inverted SMM [27], are needed. For example,
to confidently resolve RSH ∼ 500 �/□, a frequency of 75 GHz
is required using the same probe size.

C. Transfer Characteristics

Fig. 11 compares the transfer characteristic measured by the
SMM on the ungated HEMT with that by the dc measurement
on a gated HEMT with the same heterostructure. The gated
HEMT has a gate length of 2 µm and a gate width of
25 µm. It can be seen that the characteristics generally follow
each other, and both indicate a threshold voltage between
−5 and −6 V. However, the SMM-measured RSH is lower
above the threshold, resulting in order-of-magnitude lower
on/off ratio when compared to the dc-measured value of ∼103.
This shows the limited dynamic range of the present SMM.
As illustrated in Fig. 4, the SMM is sensitive to RSH only from
104 to 106 �/□.

For the sake of completeness, Fig. 12 shows the
dc-measured transfer and output characteristics of the gated
HEMT. It can be seen that, above the threshold voltage, the
drain current ID is orders-of-magnitude higher than the gate
current IG. However, even with VGS decreased to −8 V, IG
appears to saturate around 10 µA as for a normal Schottky
contact without any sign of breakdown.

V. CONCLUSION

An SMM probe, when biased with a dc voltage, can act
as a surrogate for local modulation and characterization of
the 2DEG in a GaN HEMT heterostructure. In this case, the
interaction between the SMM probe and the 2DEG can be
modeled by a simple equivalent circuit, which is validated
by finite-element simulation and experimental measurement.
Guided by the model, the HEMT channel resistance and trans-
fer characteristics have been quantitatively characterized and
correlated to that measured on the HEMT after its fabrication
is completed. Defects in 2DEG are revealed by the SMM but
not by the AFM or dc measurement. Thus, the SMM can
be used as a powerful in-process monitor for material/device
correlation.
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