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Abstract — In this paper, an inverted scanning microwave
microscope (iISMM) is used to characterize the channel of a gate-
less GaN/AIN high-electron-mobility transistor (HEMT). Unlike
conventional SMM, iSMM allows for 2-port measurements.
Unlike conventional iSMM, the present iSMM probe is connected
to Port 1 of a vector network analyzer with the HEMT drain and
source remain on Port 2. Under different DC biases Vs (applied
through the iSMM probe) and Vps (kept constant at 1 V), changes
in both reflection coefficient S11 and transmission coefficient S21
are monitored as the iSMM probe scans along the width of the
channel, revealing significant nonuniformity. Additionally,
changes in Su and S21 are significant when Vs > —4 V, but
insignificant when Ves = —8 V, consistent with the measured
threshold voltage at —6 V for a gated HEMT. These results confirm
that iSMM can be used to locally modulate the channel conduction
of a HEMT while monitoring its RF response, before the actual
gate is added. In turn, the nonuniformity measured by the iSMM
can be used to diagnose and improve HEMT materials and
processes.

Index Terms — Scanning microwave microscope, transfer
characteristics, two-dimensional electron gas, GaN HEMT

1. INTRODUCTION

The scanning microwave microscope (SMM) has been
proven to be a useful metrology tool for semiconductor
characterization and biological imaging [ 1]-[5]. The raster scan
controlled by the feedback of force as in an atomic force
microscopy (AFM) affords SMM nanometer vertical resolution
and sub-micrometer lateral resolution. The microwave signal
injected through the SMM probe allows it to analyze the
electromagnetic properties of the sample from the reflected
signal. The microwave signal penetrates into the sample on the
order of micrometer to characterize layers below the surface.

Recently, an inverted SMM (iISMM) has been developed to
improve the dynamic range, bandwidth, and robustness of
SMM [6]. The improvements by the iISMM have been shown in
characterization of biological cells and 2D atomic layers [6],
[7]. Unlike conventional SMM, the iSMM allows 2-port
measurements in which the SMM probe is grounded while
scanning over a sample mounted on a transmission line with its
input and output connected to Port 1 and Port 2, respectively,
of a vector network analyzer (VNA). To evaluate the possibility
of further improvement to 3-port measurements, in this paper,
the iISMM probe is connected to Port 1 of the VNA while
scanning over an ungated GaN/AIN high-electron-mobility
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transistor (HEMT) [8]. The drain remains connected to Port 2.
To modulate the HEMT channel, in lieu of an actual gate, a DC
bias is superimposed on the iSMM probe as in conventional
SMM [9], [10] and detailed below.

II. EXPERIMENTAL

Fig. 1 illustrates the iSMM based on a Keysight
Technologies 7500 AFM equipped with an N9545C SMM
nose cone and a Rocky Mountain 25Pt300A platinum
probe with a spring constant of 18 N/m. The probe is
affixed to a cantilever with its deflection monitored by a
laser. The cantilever, in turn, is connected to Port 1 of a
Keysight Technologies E8062B VNA through a coaxial
cable. The cable is shunted by a 50-Q resistor for
impedance matching around 3 GHz and its harmonics. Fig.
2(a) is a photograph of the iSMM with its sample chamber
open to show the sample holder mounted on the ceiling of
with three cables connected to the source, gate and drain
of the ungated GaN/AIN HEMT. Fig. 3 shows the details of the
HEMT mounted on a printed circuit board (PCB) and, in turn,
the sample holder. The drain is connected to Port 2 through a
bond wire, a PCB via, an SMA connector on the PCB bottom,
and a coaxial cable. The source is grounded.

The VNA generates on Port 1 a 0-dBm signal at 12.97
GHz. Following near-field interaction with the sample, the
reflection coefficient S;; and the transmission coefficient
S>1 are measured on Port 1 and Port 2, respectively, while
the AFM topography is simultaneously recorded. The
intermediate frequency bandwidth is set at 500 Hz as a
compromise between the scan rate and the signal-to-noise
ratio (SNR). With a scan rate of 16 pixel/s, it takes
approximately 5 min to scan a 2 um % 32 um area with a
resolution of 16 x 256 pixels. A Keysight E3620A dual
DC power supply provides the gate-source bias Vgs to the
HEMT via a Keysight 11612A bias-T on Port 1 and the
drain-source bias Vps via an internal bias-T built in the
VNA on Port 2.

Fig. 2(b) illustrates the sample structure grown by
Veeco using metal-organic chemical vapor deposition on
700-um 3-kQ-cm Si. It can be seen that the structure
consists of sequentially grown layers, starting with a 100-
nm AIN nucleation layer, followed by a 500-nm AlGaN
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Fig. 1. Schematic of the present iSMM setup.
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Fig. 2. (a) Photograph of the iSMM with its sample chamber open. (b) Sample
layer structure.

buffer layer, an 800-nm GaN channel layer, a 1-nm AIN
barrier layer, and, finally, a 10-nm Ino.17Alo.s3N cap layer.
Thus, the channel conduction is through a two-
dimensional electron gas at the GaN/AIN heterojunction
11 nm below the surface except where it is isolated by dry
etching to a depth of 170 nm.

III. RESULTS AND DISCUSSION
A. AFM Topography and DC Current-Voltage Characteristics

Fig. 4(a) shows the AFM image of the channel of the ungated
HEMT. It can be seen that the channel is approximately 2.5-um
long and 24-um wide. Because the radius of the iSMM probe
tip is approximately 0.5 ym, the scan length from the source to
the drain is limited to 2 um. On the other hand, the scan width
is purposely made larger than 24 um, so that the measure data
outside the channel can be used as a reference. Fig. 4(b) shows
the AFM line scan across the middle of the channel halfway
between the source and drain. It confirms that the etch depth is
approximately 170 #m outside the channel.

Fig. 5 shows the DC-measured transfer and output
characteristics of a gated HEMT on the same chip as the
ungated HEMT. It can be seen that the threshold voltage Vry =
—6V.

B. Reflection Coefficients Measured by iSMM

Fig. 6 shows the iISMM images and line scans of changes in

(b)

©

Fig. 3. (a) Source and drain cables connected to the PCB bottom via SMA
connectors. (b) The PCB top with the HEMT chip mounted in the middle and
its source and drain wire-bonded to two coplanar transmission lines each
terminating in a via. (¢) The HEMT with two parallel channels and two sources.
The left source is shorted to the drain by a bond wire, while the right source is
grounded. The right channel is scanned by the iSMM probe.

the magnitude and phase of the reflection coefficient, A|S1i?
and AZS11, respectively, with respect to the average outside the
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Fig. 4. (a) AFM image of the channel of an ungated HEMT. (b) AFM line scan
across the middle of the channel halfway between the source and drain.
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Fig. 5. DC (a) transfer and (b) output characteristics of a gated HEMT.
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Fig. 6. Images and line scans by iSMM of changes in (a) magnitude and (b)
phase of the reflection coefficient under different gate biases.

channel. V'ps =1 V. With Vgs = 0 or —4, finite changes can be
seen so that A|S)1]> = 0.1 dB and AZS); = 0.2°. However, with
Vas = —8 V, changes reduce to AlS)1|> = 0.07 dB and AZS); =
0.1°, indicating that the channel is depleted which is consistent
with Vg = —6 V of the gated HEMT. From the iSMM line
scans, it can also be seen that the channel is non-uniform across
its width with the left side generally lower than the right side.
Since the DC measurement of a gated HEMT only gives the
total current across the entire width of the channel, the detailed
variation revealed by iSMM can help diagnose material or
process problems.

C. Transmission Coefficients Measured by iSMM

Fig. 7 shows the iISMM images and line scans of changes in
the magnitude and phase of the transmission coefficient, A|S»[?
and AZS»1, respectively, with respect to the average outside the
channel. Vps = 1 V. In general, changes in S>; are not as
prominent as in Sy, but the same trend is discernable. With Vs
=0 or —4, AlS21]> = 0.03 dB. With Vs = —8 V, changes reduce
to AlSu[* = 0.015 dB, again indicating that the channel is
depleted. In all cases, AZS;; = 0.04°, probably due to
topography crosstalk instead of channel conduction [11].
Nonuniformity across the channel width is also observed, but
not as obvious as in Si;.

From the above, A[S1i|* and AZS) appear to have higher
sensitivity and SNR than A[Sxi]> and AZS,; have, which is
opposite to our previous observation with the iISMM probe
grounded [6], [7]. This is because in the present case the HEMT
is better matched in the input than the output. In particular, the
HEMT drain is connected to Port 2 via a millimeter-long bond
wire with a large associated inductance. Consequently, [Si|* is
on the order of =50 dB, resulting in low sensitivity and SNR. In
the future, better iSMM sensitivity and SNR in both Sj; and Sy,
can be expected with improved input and output impedance
matching.
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Fig. 7. Images and line scans by iSMM of changes in (a) magnitude and (b)
phase of the transmission coefficient under different gate biases.

IV. CONCLUSION

This study investigates the use of an iSMM for in-process
characterization of the GaN/AIN heterostructure. The iISMM-
measured reflection and transmission coefficients are effective
in detecting variations in conduction through the
heterostructure. The detected variations are consistent with
current-voltage  characteristics = measured  after  the
heterostructure is gated and turned into a HEMT. The iSMM
detects nonuniformity across the width of the channel which
can help diagnose material or process problems. With the
success in connecting the iSMM probe to the VNA for both
stimulating and sensing microwave signals, in the future, the
iSMM can be configured in 3 ports for more complicated but
informative  measurements such as  intermodulation
measurements.
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