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ABSTRACT

Although the scanning microwave microscope (SMM) is based on the atomic force microscope (AFM), the SMM
differs from the AFM by being able to sense subsurface electromagnetic properties of a sample. This makes the SMM
promising for in-depth nondestructive characterization of nanoelectronic structures. However, the SMM raw data is
convoluted with the sample topography, making it especially challenging for quantitative characterization of
nonplanar structures. In this paper, using the topography information simultaneously obtained by the AFM and the in
situ extracted probe geometry, we de-embed from the topography-corrupted SMM data the sheet resistance of 2D
electron or hole gas (2DEG or 2DHG) buried at the interface of an AIN/GaN heterostructure, including the lateral
depletion of the 2DEG from an etched step. The SMM results are validated by Hall-effect measurements. The
limitation and possible improvement of the present technique are discussed. With improved setup, the SMM can
be used to nondestructively monitor the local sheet resistance of 2DEG or 2DHG during device manufacture.

These studies help pave the way to 3D microwave tomography on the nanometer scale.

» E-mail: xw569 @cornell.edu
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Based on a scanning nanoprobe in near-field electromagnetic interaction with the sample, a scanning microwave
microscope (SMM) can have nanometer spatial resolution similar to that of an atomic force microscope (AFM),!”
despite the centimeter-long microwave. Different from the AFM, the SMM is sensitive to subsurface electromagnetic
properties of a sample and is promising for in-depth nondestructive characterization of nanoelectronic structures.®®
However, the SMM raw data is convoluted with the sample topography, making it especially challenging for
quantitative characterization of nonplanar structures.'®!! In this paper, using the topography information
simulaneously obtained by the AFM and the in situ extracted probe geomety, we overcome the challenge to de-embed
from the topography-corrupted SMM data the sheet resistance of 2D electron or hole gas (2DEG or 2DHG) buried at
the interface of an AIN/GaN heterostructure. The results are validated by Hall-effect measurements on other chips
from the same wafers.

For proof of principle, AIN/GaN heterostructures are chosen, because the 2DEG or 2DHG can be induced at
the interface by polarization alone without dopant ions to impede the SMM signal.'>!3 Additionally, AIN
and GaN have similar dielectric constants (8.5 and 8.9, respectively),'* which simplifies simulation and
analysis. Technologically, 2DEG and 2DHG AIN/GaN heterostructures are the foundations of n- and p-type
GaN field-effect transistors. The former is key to high-power microwave and millimeter-wave amplifiers;'”
the latter is critical to push-pull analog amplifiers and complementary logic based on wide-bandgap
semicondutors.'®

Fig. 1 illustrates schematically the three types of AIN/GaN heterostructures used: (a) a flat 2DEG
heterostructure, (b) a patterned 2DEG heterostructure, and (c) a patterned 2DHG heterostructure
(supplementary material, sample preparation). All layer compositions and thicknesses are verified by x-ray
diffraction leaving unknown the sheet resistance of the 2DEG or 2DHG. Although the sheet resistance can
be characterized by the Hall-effect measurement, it may differ from that of the actual device after fabrication.
As part of device fabrication, the active regions of 2DEG and 2DHG are isolated by selective-area ion
bombardment (10> cm™2 N at 35 keV) or BCl;-based plasma etching. The former results in a flat surface;
the latter results in steps of 39 nm and 200 nm on the 2DEG and 2DHG heterostructures, respectively. Both
flat and patterned heterostructures are scanned at 6.2 GHz, a tradeoff between sensitivity and signal-to-noise
ratio. The scanned data are compared with that simulated with the sheet resistance of the 2DEG or 2DHG as

a fitting parameter. In the simulation, the 2DEG or 2DHG region is treated as a pure conductor, with the
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FIG. 1. (a) Flat 2DEG, (b) patterned 2DEG, and (c) patterned 2DHG heterostructures.
remaining heterostructure treated as a pure insulator. To further simplify the simulation, the dielectric
constant of GaN, AlGaN, or InAIN is assumed to be the same as that of AIN. Similarly, the dielectric constant
of AIN is assumed to be the same before and after ion bombardment. The difference from using precise dielectric
constants for the different layers is negligible (suplementary material, simulated effect of permittivity difference
between AIN and GaN). Although the metal probe forms a Schottky contact with AIN and GaN, the effect of the
Schottky barrier on these wide-bandgap semiconductors is negligible (suplementary material, simulated effect of
schottky barrier).

The SMM probe, while in contact with the sample, is scanned across the sample surface by a piezoelectric stage,
so that AFM and SMM signals can be obtained simultaneously (supplementary material, measurement setup). The
basic calibration procedure is conventional and briefly summarized here.!”'® The AFM signal, calibrated by a 110-
nm-thick grating, determines the sample topography. The SMM signal, defined as the complex reflection coefficient
Si1 and calibrated in situ by "short" and "open" standards,'” determines the probe-sample interaction conductance and

capacitance after de-embedding the effects of cables and connectors.'® "Short" is achieved by contacting the probe
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FIG. 2. (a) Probe schematic and (b) normalized line profile of AFM topography scan, and (c) normalized
line profile of SMM capacitance contrast of a patterned 2DEG heterostructure with the 2DEG depleted by
dfrom the edge. Dashed curves are simulated.

with the metal sample holder next to the sample chip. "Open" is achieved by lifting the probe 3 um above the sample
holder. In between, the height (z) dependence of the interaction capacitance as calibrated by operating the AFM in the
electrostatic force mode,' is used to extract the probe geometry which may vary with usage.?*?! As illustrated in Fig.
2(a), the probe geometry is modeled by a half ball attached to a truncated cone, which is in turn attached to a cantilever.
For the present probe, the ball radius » = 0.95 pm, the half-cone angle 6 = 33°, and the cone height & = 55 um. The
ball radius is a tradeoff between sensitivity and spatial resolution. The slender cone of the probe minimizes the
cantilever capacitance. Fig. 2(b) and Fig. 2(c) are discussed after Fig. 4 is discussed.

It is commonly assumed that the topography effect on the total interaction capacitance, including that of
the ball (Cgarz), cone (Ccone), and cantilever (Ccanry), is a function of z only.!%?! This allows the topography
effect to be corrected by the z values measured by the AFM. However, when the topographic feature size
(e.g., step height) approaches the probe size (r), Cparr and Ccone can also be functions of the lateral distances
x and y from the feature. Therefore, in this work, we use 3D COMSOL to simulate the topography effect on
Cparr and Ccone as the probe scans across an active region of 2DEG or 2DHG (supplementary material,
simulation method). The topography effect on Ccanrs is neglected, because, with the slender cone, it is
estimated to be on the order of 0.01 fF and much smaller than the total capacitance contrast induced by the
2DEG or 2DHG as shown in Fig. 3, Fig. 4, and Fig. 5. These figures also show agreement between simulation
and measurement. Later, in the discussion of Fig. 4, it will be shown that by considering the probe size
relatively to a step height and its lateral distances x and y from the step, we can determine the depletion

width of the 2DEG from the step.
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FIG. 3. (a) AFM topography image, (b) SMM conductance/capacitance contrasts, (¢) SMM conductance
image, and (d) SMM capacitance image of a flat 2DEG heterostructure [Fig. 1(a)]. Dashed curves are

simulated.

Fig. 3 shows the AFM topography image and SMM interaction conductance and capacitance images for
the flat 2DEG heterostructure [Fig. 1(a)]. It can be seen in Fig. 3(a) that the AFM image is featureless except
atomic steps of 0.3 nm. By contrast, the 2DEG region is distinguishable in the SMM images by average
conductance contrast of 0.47 + 0.3 uS and capacitance contrast of 0.18 + 0.03 fF with respective to the
isolated region. These contrasts are averaged from the x-y line scans across the images of Fig. 3(c) and Fig.
3(d) (supplementary material, line profiles). These measured contrasts are consistent with that simulated as
illustrated in Fig. 3(b). However, the conductance contrast can narrow down the range of the 2DEG sheet
resistance to 960 + 840 Q/o, in general agreement with the Hall-measured value of 450 Q/0. The uncertainty
in sheet resistance is enlarged by the relatively weak dependence of the conductance contrast on the sheet

resistance around 1 kQ/o. Had a higher frequency been used to make the dependence steeper around 1 kQ/o,
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FIG. 4. (a) AFM topography image, (b) SMM conductance/capacitance contrasts, (¢) SMM conductance
image, and (d) SMM capacitance image of a patterned 2DEG heterostructure [Fig. 1(b)]. Dashed curves
are simulated.
the uncertainty in sheet resistance can be reduced (supplementary material, simulated effect of SMM
frequency). By contrast, although the capacitance contrast can have a relatively small uncertainty (0.18 +
0.03 fF), its dependence on the sheet resistance around 1 kQ/o is rather flat, making it even less certain to
determine the sheet resistance from the capacitance contrast. Nevertheless, the above result demonstrates the
SMM's below-surface sensitivity to electrical features not detectable by the AFM.?? The SMM precision can
be improved by using a higher frequency, which shifts the sensitive region to lower sheet resistance (Fig.
S5).

Fig. 4 shows that the active region of the patterned 2DEG heterostructure [Fig. 1(b)] is distinguishable in
not only the SMM conductance/capacitance images, but also the AFM topography image as expected. As the

probe scans from the Ing7Alos3N mesa down to the GaN region, the average contrast is 200 = 6 nm in
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topography, 0.35 £ 0.25 uS in conductance, and 0.29 + 0.02 {F in capacitance. Comparing the measured and
simulated conductance/capacitance contrasts, the conductance contrast can again narrow down the 2DEG
sheet resistance range to 1.4 + 1.1 kQ/o, which is higher than the Hall-measured value of 200 Q/a. The
reason for the discrepancy needs to be further investigated. Upon close examination, it can be seen that the
contrast between Ino.17Alp.g3N and GaN is sharp in the AFM image, but an extra fringe beyond the edge is
present in the SMM images. The extra SMM fringe can be explained by the finite SMM probe size compared
to the step height. As illustrated in Fig. 2(b), when the probe starts to roll off the edge, its overlap with the
2DEG decreases and so does the interaction capacitance. However, when the probe just lands on GaN, its
side contacts the 2DEG edge, resulting in a local peak in the capacitance and an extra fringe in the image.
The height of this peak and the depth of the valley before the peak may be modulated by the 2DEG depletion
width d from the edge as indicated by the simulated C(x) characteristics shown in Fig. 2(c). Comparing the
simulated and measured data, it is estimated that d = 0.2 um. This shows that SMM can be used to quantify
not only the sheet resistance of the 2DEG, but also the depletion width of the 2DEG from the etched step.
Similar to Fig. 4, Fig. 5 shows that the active region of the patterned 2DHG heterostructure [Fig. 1(c)] is
distinguishable in not only the SMM conductance/capacitance images, but also the AFM topography image.
As the probe scans from the GaN mesa down to the AIN region, the average contrast is 39 + 2 nm in
topography, 2.8 + 0.7 uS in conductance, and 0.23 + 0.02 fF in capacitance. It can be seen that the higher
sheet resistance of the 2DHG makes it more sensitive to the SMM conductance contrast, so that it is more
accurately determined to be 13 + 5 kQ/o, which agrees with the 15 kQ/o value of the Hall measurement.
Compared to Fig. 4, the SMM images of the 2DHG do not show any extra fringe near the etched step,
probably because the step height of 39 nm is much smaller than the probe radius. On the other hand, the
SMM images show defect spots that are absent in the AFM image. These defects appear darker, indicating
higher resistance than the surrounding 2DHG. The defect density is approximately 3 x 107 cm™2, which is
orders-of-magnitude lower than the typical threading dislocation density in AIN and GaN layers grown on
foreign substrates such as Si, SiC, and Al,053.2% This suggests that not all dislocations are electrically active.?*
The nature of these defects needs to be better characterized, because they can be scattering centers for mobile

holes.
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FIG. 5. (a) AFM topography image, (b) SMM conductance/capacitance contrasts, (c¢) SMM conductance
image, and (d) SMM capacitance image of a patterned 2DHG heterostructure [Fig. 1(c)]. Dashed curves
are simulated.

In conclusion, the SMM-measured sheet resistances of the 2DEG and 2DHG in AIN/GaN heterostructures
are generally consistent with Hall-measured values, whether the heterostructure is flat or not. The extra fringe
in a patterned 2DEG heterostructure is attributable to the depletion of the 2DEG from the etched step. Defects
that are more resistive in SMM images of a patterned 2DHG heterostructure suggest that not all dislocations
are electrically active. The SMM sensitivity can be improved by using a much higher frequency (presently
limited to 10 GHz) or an inverted SMM.? Modifying the present setup for an inverted SMM can greatly
extend the bandwidth and the dynamic range because the inverted SMM can measure the transmission
coefficient in addition to the reflection coefficient. With improved sensitivity, the SMM may be used to
nondestructively monitor the local sheet resistance of 2DEG or 2DHG in actual device structure during

fabrication. Presently, the SMM characterizes the sheet resistivity but not the carrier type. The carrier type
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(2DEG vs. 2DHG), is inferred from the band diagram and confirmed by the Hall measurement. If necessary,
a DC bias can be added to the SMM microwave signal, and, by detecting the increase or decrease of the sheet
resistance under a positive or negative bias, SMM can also confirm the carrier type and the 2DEG/2DHG
electrostatics.

Sample preparation, measurement setup, simulation method, line profiles, simulated effect of SMM
frequency, simulated effect of permittivity difference between AIN and GaN, and simulated effect of
Schottky barrier are included in supplementary material.
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Data Availability

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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