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INTRODUCTION

The scanning microwave microscope (SMM) is a
tool for spatially-resolved microwave
characterization of nanoelectronic materials and
devices. The microscope incorporates a sharp, near-
field probe, which measures local changes in
reflected microwave signals from a device under
test (DUT). With proper calibration and modeling, a
variety of parameters can be extracted from the
measurements, including impedance,! absolute
capacitance,23 and dopant concentration.*5 Here,
we describe two additional capabilities of the SMM
related to dopant profiling. First, we discuss the
capability to tune the contrast in d(S11)/dV images
of variably-doped samples by adjusting the SMM
operating frequency. Second, we demonstrate
capabilities to locate a p-n junction within a GaN
nanowire (NW) and observe changes in the junction
morphology as a function of applied SMM bias.

The commercial SMM used in these experiments
is illustrated in Fig. 1(a) and described elsewhere.2
The SMM incorporates a broadband (DC to 18 GHz)
signal path with an atomic force microscope (AFM),
effectively forming a one-port microwave network
in which the DUT acts as a load. With the AFM
operating in contact mode, the complex scattering
parameter for the reflected microwave signal, S1;, is
measured by use of a vector network analyzer.

Thus, the acquires
topographic data along with images of Si:.
Additionally, by applying a small, low-frequency
modulation bias to the SMM probe, a lockin
technique can be used to extract the derivative
d(S11)/dV, which is proportional to the absolute
capacitance.? In addition to the modulation bias, a
variable DC bias (V) may be applied to the probe
tip, allowing for measurement of the dC/dV versus V
curve. In turn, measurements of the voltage
dc/av
determination of dopant concentration.*
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FIGURE 1. (a) Simplified schematic of the commercial
SMM (b) Simple circuit used to model probe-DUT
interactions. Both figures based on Reference 7.



FREQUENCY-DEPENDENT
SENSITIVITY OF SMM

SMM measurements can be used to extract
calibrated, spatially-resolved dopant profiles.* Such
measurements require well-characterized reference
samples with regions of known dopant densities.
Here, we measured samples produced by the IMEC
Center for Advanced Metrology Solutions.® The
samples are p-type doped Si, topography-free and
comprise a series of parallel dopant density regions
with densities varying in decade increments (1016
cm3, 1017 cm3, 1018 cm3, and so on). Each region is
a stripe about 1.5 pm wide and many mm long.

In Fig. 2, d(S11)/dV images of the reference
sample are shown at three operating frequencies:
2.20 GHz, 13.37 GHz, and 17.86 GHz. Regions of
constant dopant density run vertically through the
image as indicated by dashed lines in Fig. 2. The DC
SMM bias was adjusted from 0.00 V to -3.00 V
during image acquisition. Beginning at the topmost
horizontal scan lines, the data was acquired with a
bias of 0.00 V. Throughout the scan, the bias was
adjusted sequentially until the bias was -3.00 V in
the bottommost scan lines. In the 2.20 GHz image,
maximum contrast is observed in the 1016 cm-3 and
1017 cm3 stripes. In the 13.37 GHz image, the
contrast is altered, though both the 1016 cm-3 and
1017 cm3 stripes still show significant contrast.
Finally, in the 17.86 GHz image, maximum contrast
is confined to the 1017 cm-3 stripe.

One simple approach to understanding the
frequency-dependent contrast is to model the path
from probe to ground with a lumped element
circuit, shown in Fig. 1(b).” The total capacitance,
Crotal, is @ series combination of the depletion layer
capacitance, Cp, and the oxide capacitance, Cox. Cp is
calculated via a standard MOS model, with the
probe tip acting as the metal, the Si acting as the
semiconductor, and the Si oxide in between. Rs is
the local sheet resistance and Rx is the resistance of
the Si sample between the local region under the
probe and the ground connection. Both Ciotar and Rs
depend on local dopant density. Thus, for a given
dopant density, a selection frequency (7s)! may be
calculated from tser = §(Rs + Rx) Crotal, Where & is a

dimensionless factor that depends on probe
geometry. The existence of a selection frequency for
each dopant density enables the SMM to enhance
sensitivity and image contrast by an adjustment of
operating frequency.

IMAGING P-N JUNCTIONS

In addition to the SMM'’s frequency-dependent
sensitivity to the magnitude of the dopant density,
the SMM is also capable of locating p-n junctions
within a device. In order to demonstrate this, we
imaged axial p-n junction GaN NWs with the
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FIGURE 2. d(S11)/dV images of the variably doped Si
sample taken at SMM operating frequencies of 2.20 GHz,
13.37 GHz, and 17.86 GHz. Vertical dashed lines indicate
boundaries between differently doped regions. Solid line
indicates sample edge. DC probe bias sequence indicated
at the right side of the 17.86 GHz image.



SMM. The GaN NWs were synthesized by plasma-
assisted molecular beam epitaxy and doped in-situ
during growth to produce axial p-n junctions.? The
thinner NW root was doped p-type, for
approximately 40% of the overall growth duration
and the thicker NW tip was doped n-type. Single
NWs produce diode-like [-V characteristics,
although the individual p-sections exhibited low
conductivity.

Fig. 3 shows images of GaN NWs dispersed on
SiOx / Si. The topography image is consistent with
other studies of these NWs, displaying maximum
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FIGURE 3. (Top) Contact AFM topography of GaN NW
(12 um X 12 pm). (Middle) dC/dV phase image, operating
frequency 18.5 GHz. (Bottom) dC/dV amplitude images of
p-n junction at 0 Volts and -5 Volts. Note that the color
scale is reversed in the bottom panel.

apparent diameter on the order of 200 nm and a
gradual taper in the diameter over the length of the
wire. The apparent length of the structure is about
6 um. However, the apparent length decreases to
about 4 pm in simultaneously acquired dC/dV
amplitude and phase images (phase image shown in
Fig. 3, middle panel). In other words, only the n-
type segment of the NW shows a response in the
dC/dV  images. To study bias-dependent
morphology of the p-n junction, additional NWs
were dispersed on a TiAl metal layer supported by
SiOx / Si. In the bottom panel of Fig. 3, the apparent
length of the n-type segment increases by about
200 nm when a bias of -5 V is applied to the SMM
probe. While a full theory of these phenomena is
still under development, it is clear that SMM is
capable of locating p-n junctions in devices and
enables bias-dependent study of the morphology of
such junctions.
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