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ABSTRACT

We describe the use of a coplanar waveguide (CPW) whose slots are filled with a resistive film, a resistively loaded CPW (RLCPW), to mea-
sure two-dimensional electron systems (2DESs). The RLCPW applied to the sample hosting the 2DES provides a uniform metallic surface
serving as a gate to control the areal charge density of the 2DES. As a demonstration of this technique, we present measurements on a Si
metal-oxide-semiconductor field-effect transistor and a model that successfully converts microwave transmission coefficients into conduc-
tivity of a nearby 2DES capacitively coupled to the RLCPW. We also describe the process of fabricating the highly resistive metal film required

for fabrication of the RLCPW.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085112

I. INTRODUCTION

Coplanar waveguide (CPW) is a standard and well-
characterized type of microwave transmission line which has
the advantage of being constructed on a single plane. A CPW,
as shown in Figs. 1(a) and 1(b), is constructed from a metal film
forming a driven center conductor and broad ground planes
separated by slots. Placing a CPW in capacitive or direct con-
tact with a two-dimensional electron system (2DES) allows for
broadband measurements of absorption and phase shift due to the
2DES. CPW-based microwave spectroscopy of this sort has been
performed on 2DES hosted in semiconductors' and on large-area
graphene.”* In these measurements, the transmission through the
CPW is particularly sensitive to the conductivity of the 2DES under
the slot regions of the CPW.

In studying 2DES, it is often necessary to vary the den-
sity of the system by means of biasing a metallic gate. Some
semiconductor-hosted 2DES and high quality graphene and tran-
sition metal dichalcogenides are not charged by deliberately placed
dopants but rely on charge induced by a gate. Such gates, if in

close proximity to the 2DES, create complications for CPW based
microwave measurements because a highly conducting gate screens
the microwave electric field, reducing the sensitivity to changes in
the conductivity of the 2DES. One approach to this problem has
been to fabricate gates spaced away from the CPW and the 2DES and
biasing these gates with high voltage. This method’ was performed
with a front gate, spaced by a vacuum (or air) gap and a thin glass
plate above the CPW, as shown in Fig. 1(a), and also with gates on
the back side of a semiconductor wafer (far below the CPW in the
figure). When the spaced front gate is used, the density in the slots
and under the CPW metal is mismatched unless the 2DES is biased
precisely relative to the CPW to match the density in the slots; such
matching is difficult in practice. Both the back and spaced front gates
have a limited range of density tunability, require high bias volt-
age, and do not work in some samples. Another approach, which
uses a highly conductive gate combined with a sensitive density
modulation technique to detect cyclotron resonance, is described
in Ref. 4.

In this paper, we demonstrate microwave measurements using
a resistively loaded CPW (RLCPW), as shown in Figs. 1(c) and 1(d),
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FIG. 1. Coplanar waveguide (CPW) and resistively loaded coplanar waveguide (RLCPW), on top of a two-dimensional electron system (2DES) hosted in a semiconductor.
The 2DES is separated from the CPW or RLCPW by a dielectric layer shown as light blue, which has thickness d and dielectric constant . The highly conductive center
conductor and ground planes are shown as gold and the 2DES as red. The slot width is w. In the RLCPW case of (c), the resistive film that bridges the RLCPW slots is
shown as green. (a) CPW in cross section. (b) Schematic of CPW in top view. (c) and (d) RLCPW schematics in cross section and top view, respectively. The model in the
text refers to points A and B, which mark the edges of the center conductor and side plane at the slot.

in which a resistive film gate is placed under the highly conduc-
tive CPW conductors and only partly screens the microwave field.
This is analogous to the use of semitransparent gates in optical
experiments. Our motivation for this is experimentation in het-
erojunction insulated gate field effect transistors (HIGFETs),”
which are semiconductor devices known to give particularly low
disorder and wide density tunability. However, for the proof-
of-concept demonstration, in this paper, we present data on a
Si metal-oxide-semiconductor field-effect transistor (MOSFET), a
well-understood device whose large disorder is expected to render
its conductivity nearly independent of frequency in our measuring
range.

The RLCPW retains the advantages of wide bandwidth and
coplanar (single-surface) construction but presents a uniform sur-
face to the sample. In semiconductors, this removes the density
gradient due to Schottky potentials and reduces strain due to dif-
ferential contraction relative to a conventional CPW. Microwave
measurements can couple capacitively to samples, so in that case, are
essentially contactless, although a single contact to a sample (possi-
bly only at elevated temperature) is required to induce the carriers.
The contact, which can be challenging in undoped devices, can be
highly resistive, with a leak of 10'*Q or more sufficient to popu-
late most samples. A limitation of the RLCPW measurement is that
it becomes insensitive if the 2DES conductivity is much less than
that of the resistive film, so fabricating a high resistivity film in the
RLCPW is an important aspect of the design. In the following, we
describe fabrication and measurement of an RLCPW with a high
resistivity metal film on the Si MOSFET. In addition, we present
an analytical model for conversion of microwave transmission

measurement to a 2DES conductivity for the capacitively coupled
case and compare its results to the measurements.

Il. EXPERIMENT SETUP AND MOSFET DEVICE

Figure 1(d) shows a schematic of the experiment with a top
view of the RLCPW, which we fabricated as a gate on a MOSFET
with an oxide thickness of 35 nm. The edges of the RLCPW are
tapered to facilitate a low-reflectance connection to microstrip lines
on a kapton film, which are in turn connected to coaxial cables.
The length of the RLCPW between the tapers is 2.5 mm, the cen-
ter conductor width is 45 ym, and the slot width (w) is 30 ym.
The sample is located in a 0.3 K cryostat and is connected to a
room-temperature network analyzer, which serves as a transmitter
and receiver. Ohmic contacts on the device enable dc measure-
ments of the MOSFET and allow the 2D channel to be populated by
the gate.

For the purpose of charging the channel, the RLCPW can be
regarded as a uniform gate. (The microwave voltage applied between
the RLCPW center line and its ground planes is much smaller than
the dc bias voltages.) For convenience of the microwave connections,
the RLCPW is grounded to the cryostat, and we apply negative bias
(=Vy4) to the contacts of the MOSFET relative to that ground to
populate the channel. The device substrate is lightly p-type doped
with a room temperature resistivity of 1-10 Q cm. This lightly doped
substrate freezes out at low temperatures and minimizes microwave
absorption at our measuring temperature of 0.3 K. The properties
of the oxide layer of the MOSFET are important for the model cal-
culation of conductivity from microwave absorption: the MOSFET
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had an oxide thickness of 35 nm and we took the oxide dielectric
constant to be 3.7.

A. Resistive film

A key component of the RLCPW is the resistive film. Here, we
used a recently developed thin film composed of evaporated Ge, Ni,
and Pt layers.'* The thicknesses of the Ge, Ni, and Pt layers were 20,
0.5, and 1 nm, respectively. After deposition, the film was annealed
in a forming gas environment at 525 C for 10 s. This thermal
treatment created a resistive film with a resistivity on the order of
1-10 kQ/sq."* In this work, we obtained the 2D resistivity of the film,
pr % 3390Q /sq, from the dc resistance between the center conductor
and the ground planes, making use of the much higher conductivity
of the side planes and center conductor.

Ill. EXPERIMENTAL RESULTS

Using the ohmic contacts, we characterize the MOSFET by
standard techniques of dc transport for different V;, as magnetic
field (B) is varied. Figure 2(a) shows the diagonal and Hall resis-
tances, Ry and Ry, vs B, for several bias voltages. As V7, is increased,
Ryx decreases and the slope of the Hall resistance decreases due

Vi

— 35
— 4
—_—5
—_—
—_—5

2
S21 (dB)

-1 0 1 2 3
B (Tesla)

FIG. 2. Field dependence at various gate bias voltages, V). (a) DC resistances vs
magnetic field. Solid lines are longitudinal resistance Ry (kQ2), and dashed lines
are Hall resistance Ry, (kQ2). (b) Transmission coefficient || (dB) vs magnetic
field at various frequencies. The upper (red) group of curves is for Vj, = 4 V and
the lower (blue) is for V, = 6 V. The curves are offset vertically for clarity.

ARTICLE scitation.orgljournal/rsi

to increasing 2D density, n [shown below in Fig. 4(a)]. The Hall
resistance follows the classical formula Ry, = B/ne. Prominent in
these and subsequent traces vs magnetic field is a peak at B = 0 due
to weak localization; the apparent slight displacement of this peak
from B = 0 in some traces is an artifact of the remanent field in the
superconducting magnet.

Figure 2(b) shows the microwave transmission |521|2 at vari-
ous frequencies (f), for V, =4 and 6 V. Unlike the dc Ry curves
of panel (a), the curves exhibit an upward curvature, which arises
because the transmission is sensitive to oy rather than Ryy. The |s2; |2
traces are offset from each other for clarity, and their B dependence
changes little for the different frequencies. Measurements with long
thin transmission lines are nearly insensitive to oy, as has been
shown for measurements in the quantum Hall regime.’

IV. ANALYTICAL MODEL

The model presented here can be used to calculate complex
transmission coefficient s,;'° from a 2DES conductivity, given the
dimensions of the RLCPW, the film resistivity, and the per unit area
capacitance between the 2DES and the film. To convert measured
521 to 2DES conductivity, the model must be inverted, which is con-
veniently done numerically. A more time-consuming alternative to
the model is to use commercially available simulator software, such
as Sonnet,'® which we used to check the analytical model.

Figure 1(b) shows a schematic cross section of the RLCPW sys-
tem narrowly spaced above a 2DES. We model the system in the
quasi-TEM approximation, which is applicable to situations where
the wavelength is much larger than the RLCPW slot width. Besides
high frequency effects, which become important when the wave-
length approaches w, the model neglects edge effects'” and also the
capacitance due to lines of force, which terminate at both ends on the
2DES; both these effects are small for the RLCPW with achievable
film resistivities. For w > d, even with the smallest achievable film
conductivity oy, these effects are not important. Quantum (density of
states) capacitance'® is neglected in this paper and is not important
for the MOSFET device but could be incorporated in the coupling
capacitance when appropriate.

We consider a distributed circuit, composed of parallel plate
transmission lines comprised of the 2DES and the metal above; this
approach has been used elsewhere.'””” In the present case, the par-
allel plate lines are transverse (y direction in Fig. 1) to the RLCPW
propagation direction (x in the figure, pointing toward the viewer of
the figure) of the RLCPW. The parallel plate lines, whose top layer is
the RLCPW and whose bottom layer is the 2DES, have voltage and
current related by

Vi=-ZiL, Vs=-0'L, I =(V,-V))iwC,,

1

L= (Vi - V1)iwC,, W

where primes indicate differentiation in y. V1, I; pertain to the top

layer RLCPW and V>, I, to the 2DES. C. is the capacitance per unit

area of the dielectric layer, given by C. = ¢/d, where d is the dielec-

tric thickness. Z; is taken to be zero for the highly conductive center
conductor and side planes and a}l for the region of the slots.

We calculate the complex transmission coefficient s;;1'” using

the circuit of Fig. 3 to obtain the load admittance Y per unit length
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A B 50 Q measuring system, in which the complex transmission
coefficient of the RLCPW is
\ film ,/
z
$21 R (3)

- (2% + 1) cosh(Trl) + 2zg sinh(Trl)

2DES

V. MICROWAVE CONDUCTIVITY MEASUREMENT
WITH THE RLCPW

ZC ZS We demonstrate microwave conductivity measurement with
the RLCPW by comparing microwave and dc conductivities, rely-
ing on the independence of the conductivity of the MOSFET on
the frequency. The disorder in the MOSFET leads to a short carrier
momentum relaxation time, 7. Frequency independence is expected
when 27f 7 << 1. Using 7 ~ gxxm* [ne®, where o,y is taken at zero fre-

e quency and field, and for Si the relevant effective mass m* ~ 0.19
- free electron masses,”> we find 7 < 2.2 x 107" 5. Hence, wr < 1 is

FIG. 3. Circuit model, with Z; the impedance from the center conductor coupled to satisfied for our measuring conditions (f < 4 GHz).

the 2DES and Z; the impedance from the side plane to the 2DES. A and B are the We use the dc data of Fig. 2(a) to test obtaining the 2DES
same points as in Fig. 1. Z; and Zs are per unit length in the propagation direction, conductivity oxx from microwave measurements. The dc resistivity,
and the 2DES and film are coupled capacitively. P, is calculated by the van der Pauw method”* from resistances

obtained from different sets of ohmic contacts at the edges of
the RLCPW. We find the dc 0. from the tensor inversion, ox
= pxe/ (Pix + p3y), Where the part of Ry, that is antisymmetric about
B=0is Pyy

Figure 4(b) shows real diagonal conductivities Re(oxx), vs V5,
obtained from dc measurements through the contacts and from

in the propagation direction, presented to the RLCPW by the resis-
tive film and by the capacitively coupled 2DES. In the figure, the
impedances Z = (1/iowC.)"? and Z. = Z; coth[(iwC./0)"?a/2]
result from Eq. (1) applied to a side plane and the center conductor
regions. The resistive film and 2DES couple is between the points
marked A and B in the figure. Here, Z; is taken for a wide side plane,

assuming that the current vanishes within the ground plane as y gets 40 s l I I I e
farther from the outer edge of the slot, and would need to be modi- ' g a) ° o
fied to include the outside boundary of the side plane in the case'””’ © 3.01 o
of low loss and large kinetic inductance, o 2.0+ o *
Z ®
= 10 o °
1 0 1/2 af2 af2 ||a o ® | , , , , ,
0 Zo 0 zwop Z-d|el 1.2f b) Jl
0 e Mw e —e M a cs 1.0F "
* |}
0 e"Zao 0 eizyW(Zs -2B) Z;+2B||ca -
/(/‘)\ 0.8 n + 1
g .
with Z = (07" +071)/2, y = (2iwC.Z)"*, = Z]y, and & = (yor)™". ’\:,} 0.61 " ]
Of the coefficients ¢, obtained from solving this system, only c; & "t
is of interest and gives the admittance due to the sample layer, g 0.4k LIS i
per unit length in the propagation direction of the RLCPW, as ~ ¢ B de
YL = —ci(o +0). :_"' 0.5 GHz
We design the RLCPW in the quasi-TEM approximation such 0.2 ® + 3 GHz 1
that if the sample layer and the resistive film were absent, the Ll
underlying CPW with characteristic impedance Zo = 50 Q) and phase 0.0 = . L L . . ]
velocity vyo would result.”’ (Presently, this task can easily be per- 2 3 4 5 6 7 8
formed for a substrate of known dielectric constant using online Vy V)
calculators.””) The model for the RLCPW incorporates Y} into the
admittance per unit length in the propagation direction resulting in FIG. 4. (a) MOSFET areal density, n, vs bias voltage, V. (b) Real diagonal con-
propagation constant ' = [ie(iw + Y1 Zovpo ) ] 1/2 /vpo and character- ductivity of the MOSFET, Re(oxx ), vs V, measured at dc and calculated by means

_1/2 of the model (see the text) from normalized |sy|? at 0.5 and 3 GHz.

istic impedance zg = (1 —iY1Zyvpo/w)™ /. zr is normalized for a
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s1 measurements at frequencies of 0.5 and 3 GHz. To avoid the
sharp B = 0 weak localization feature in the conductivity, the data
were taken with a 2 T magnetic field. To remove the frequency
dependent effects of cables, the 0.5 and 3 GHz Re(0.x) data shown
were obtained using a simplified calibration procedure, assum-
ing zero absorption from the 2DES at zero bias. We measured
$1(Vy)/s21(V = 0) and iteratively compared it to the results of the
model discussed in Sec. IV for varying g, s21(0)/s21 (o = 0), taking
the imaginary part of ¢ to be zero, as is appropriate for 27f7 < 1.
The dc and microwave Re(0yx) data are grouped together, demon-
strating our main point that the RLCPW method can be used to
obtain o with appropriate modeling. There are several sources of
discrepancies between the points of the three traces on the graph.
First, dc resistivity measurements used to calculate Re(oxx) probe
different areas on the MOSFET than the RLCPW measurement,
which reports conductivity as an average mainly from the areas
under the RLCPW slots. The differences between the two microwave
frequency data at larger Re(ox) may be due to the increase in
reflection from the RLCPW, which is not removed by the simple
calibration procedure.

In summary, we have demonstrated that microwave-frequency
measurements can be carried out with an RLCPW transmission line
as a sample is gated with a resistive film to vary induced carrier den-
sity widely. We have shown that the conductivity of the gated 2DES
can be obtained quantitatively from such measurements by means
of an analytic model into which the resistivity of the film loading the
RLCPW is incorporated.
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