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Abstract

The superconducting coplanar waveguide (SCPW) cavity plays an essential

role in various areas like superconducting qubits, parametric amplifiers,

radiation detectors, studying magnon-photon, and photon-phonon coupling.

Despite its wide-ranging applications, the use of SCPW cavities to study

various van der Waals 2D materials is relatively unexplored. The resonant

modes of the SCPW cavity exquisitely sense the dielectric environment.

In this work, we measure the charge compressibility of bilayer graphene

coupled to a half-wave SCPW cavity. Our approach provides a means to
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detect subtle changes in the capacitance of the bilayer graphene heterostructure,

which depends on the compressibility of bilayer graphene, manifesting as

shifts in the resonant frequency of the cavity. This method holds promise

for exploring a wide class of van der Waals 2D materials, including transition

metal dichalcogenides (TMDs) and their moiré where DC transport measurement

is challenging.
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Superconducting coplanar waveguide (SCPW) cavities are structures designed to confine2

and manipulate electromagnetic fields at microwave frequencies,1 which are widely used in3

diverse areas like coupling to superconducting qubit for readout,2–5 parametric amplifiers,6,74

bolometers,8,9 fast charge sensing of quantum dots,10 studying magnon-photon interaction5

in van der Waals magnets,11,12 studying interaction with spin ensemble,13–15 and studying6

nanomechanical devices.16–18 The SCPW cavities when operated at resonant frequency are7

very sensitive and find application in detecting small changes in the electromagnetic field,19,208

and radiation.21 Consequently, SCPW cavities offer powerful and sensitive tools for investigating9

the electronic properties of van der Waals materials.10

Van der Waals 2D materials consist of atomically thin layers stacked on top of each11

other through weak van der Waals force. These materials exhibit extraordinary electronic,12

optical, and mechanical properties due to their reduced dimensionality. Furthermore, the13

stacking of various van der Waals materials at specific angles between layers gives rise to14

new functionalities and electronic properties.22–25 While various measurements have been15

conducted to study these materials, most have focused on low-frequency DC transport16

measurements. One of the key limitations of DC transport measurement is that it requires17

ohmic contact between the electrodes and 2D materials. There is a wide range of 2D18

materials where establishing ohmic contact is challenging. The significant advantage of19

the microwave technique is that it enables contactless transport measurements, such as20

measuring the electrical conductivity of 2D heterostructure through the transmission of21
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a capacitively coupled cavity, without the need for physical contacts or electrodes that22

might disrupt the behavior of 2D materials. The microwave cavity-based techniques exploit23

the extreme sensitivity of the resonant frequency to the effective dielectric or magnetic24

environment, and the high quality factor of the cavity improves this sensitivity. Numerous25

studies have employed microwave techniques to analyze low-dimensional materials. These26

studies encompass diverse applications, including measuring the charge occupation of quantum27

dots,26 assessing minute capacitance,27 and measuring the impedance of low-dimensional28

materials,28 exploring the microwave properties of graphene-based Josephson junction and29

their potential applications.9,29–3630

In our work, we show an effective application of SCPW cavities to explore electronic31

compressibility, a parameter related to the density of states (DOS) in bilayer graphene32

(BLG). The BLG heterostructure is used as one of the coupling capacitors of a half-wave33

(λ/2) cavity with the ability to apply gate voltages to tune its band structure.37 Specifically,34

we extract the capacitance of the BLG stack from the transmitted signal through the cavity,35

where the resonant frequency shifts with the capacitance of the stack. This capacitance36

measurement allows us to extract the compressibility of the BLG. Moreover, the dual gate37

geometry of the device allows independent control of the charge density (n) in the BLG and38

perpendicular displacement field (D). The displacement field tunes the band gap of the BLG,39

thus modifying its DOS. Our compressibility measurement can capture this small opening of40

the band gap. Our method could be useful in studying various other 2D materials, and bilayer41

graphene serves as a demonstrator for the study of materials with small tunable gaps in the42

electronic spectrum. Extending our work to other 2D heterostructures could offer a highly43

sensitive and non-intrusive means of investigation, further enhancing our understanding of44

various 2D materials’ properties. Most of the existing techniques to measure the capacitance45

of low-dimensional materials rely on lumped element circuits operating within a few hundred46

kHz range.38,39 Whereas, our SCPW cavity operates at a few GHz frequency. The choice47

of GHz frequency range allows scopes for fast dynamical measurements in a cavity-coupled48
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system10,13,40 and can be extended to 2D material platforms as well.41 A theoretical study49

has recently been conducted on quantum geometry-originated capacitance in insulators;4250

measuring the capacitance of flat-band moiré systems could provide insights into the quantum51

geometry. In addition, the moiré platform has been proposed as a route toward the quantum52

simulation of correlated electronic states.43 Our technique can be useful to probe many of53

these quantum simulators experimentally.54

Figure 1: Coupling the 2D heterostructure to a superconducting cavity. a, The
representative schematic of the device. The λ/2 cavity is designed on a MoRe-sputtered
SiO2 (280 nm)/intrinsic Si (500 µm) substrate. The inset on the bottom left shows the
finger coupling capacitor designed on the left side of the cavity. The inset on the bottom
right side shows the zoomed-in image of the BLG heterostructure which serves as the second
coupling capacitor C2. The scale bar on the top left is 200 µm. b, The optical image of
the BLG heterostructure. The microwave (MW) signal and applied DC voltage schemes are
indicated in the figure. The scale bar is 20 µm. c, The cross-sectional schematic of the BLG
heterostructure. d, The schematic diagram of the equivalent circuit. The BLG stack plays
the role of the coupling capacitor C2 marked by the blue dashed box.

Figure 1 a shows the schematic representation of the fabricated device. The device is55
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fabricated on SiO2 (280 nm)/intrinsic Si (500 µm) substrate. The substrate is initially56

DC magnetron sputtered with 50 nm MoRe, a type-II superconductor. Following this,57

photolithography and reactive ion etching are used to pattern the λ/2 SCPW cavity onto58

the substrate. The cavity is designed to have a resonant frequency of around 6 GHz and59

a characteristic impedance of 50 Ω. The cavity is coupled to the input and output ports60

via coupling capacitors for transmission measurements. A finger coupling capacitor of 3.461

fF is designed at the input side.1 At the output side, the van der Waals heterostructure62

serves as the coupling capacitor. In our work, the stack consists of a BLG flake encapsulated63

between a top hBN and a bottom hBN (see Supplementary Section 1 for details). Figure 164

b shows the optical image of the heterostructure. The cross-section of the heterostructure is65

schematically shown in Figure 1 c. The bottom gate voltage is applied through a low-pass66

(LP) filter linked to the CPW’s central conductor at the voltage node to minimize microwave67

loss.44 A bias tee is used to apply the top gate voltage through the output microwave port68

(see Supplementary Section 2 for measurement details). The BLG is biased to the zero69

potential through another LP filter. The ability to apply multi-terminal DC voltages is70

an added advantage as many moiré heterostructures have a band structure that is widely71

tunable with displacement field. The equivalent circuit of the device is illustrated in Figure72

1 d, where the heterostructure plays the role of the tunable coupling capacitor C2 which is73

marked by the blue dashed box.74

The measurements are done in a dilution fridge at 20 mK. The device is loaded inside75

an aluminum puck to eliminate stray magnetic fields and create a better electromagnetic76

environment at the base temperature. The transmission coefficient S21, the ratio of the77

transmitted signal to the input signal, is measured as a function of frequency using a vector78

network analyzer (VNA). The amplitude and phase of the transmission coefficient, S21 is79

plotted in Figure 2 as a function of signal frequency at zero gate voltages. The π phase80

change is the characteristic of a λ/2 cavity measured in transmission mode. The resonant81

frequency of the cavity is around 5.152 GHz. In Supplementary Figure S2 the COMSOL82
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simulation result of the cavity is shown.83

5.10 5.12 5.14 5.16 5.18 5.20
fs (GHz)

−50

−48

−46

−44

−42

−40

−38

−36

−34

|S
21
|2  

(d
B)

−75

−50

−25

0

25

50

75

∠
S 2

1 
(d

eg
)

Figure 2: Cavity characterization. The red curve and the blue curve show the amplitude
(|S21|2) and phase (̸ S21) of the transmission coefficient respectively of the cavity at zero gate
voltages. The resonant frequency is around 5.152 GHz. The cavity is showing a π phase
change at the resonance which is the characteristic of a λ/2 cavity measured in transmission
mode.

The device is fabricated in a dual-gate configuration, which enables independent control84

over the carrier density (n) of the BLG and the perpendicular displacement field (D) by85

adjusting both the top gate voltage (VTG) and the bottom gate voltage (VBG). In addition, the86

bilayer graphene is biased to 0 V to provide a ground reference for the DC electrostatic tuning87

of the system. In pristine BLG, the two graphene layers are electrically identical making it an88

inversion-symmetric system. Consequently, there is no band gap in its electronic structure89

as shown in Figure 3 b. Upon applying a perpendicular displacement field, an electrostatic90

potential difference is created between the two layers (shown in Figure 3 a), breaking the91

inversion symmetry and resulting in the opening of a band gap (shown in Figure 3 b).92

There are two ways to probe the system experimentally. Firstly, one measures the S2193

frequency response of the cavity-coupled device at each of the values of VTG and VBG creating94

a 4-dimensional dataset, and secondly, by observing cavity response at a frequency close to95
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Figure 3: The transmitted signal through the cavity as a function of the gate
voltages. a, Upon applying a perpendicular displacement field, an electrostatic potential
energy difference is created between the two layers of bilayer graphene, resulting in the
breaking of inversion symmetry. b, Left: The schematic shows that the pristine bilayer
graphene has a zero band gap in its electronic structure. Right: Upon applying a
perpendicular displacement field, a gap opens up due to the breaking of inversion symmetry.
c, For each (VTG, VBG) the transmitted signal through the cavity is measured as a function
of frequency. The peak value of the amplitude of the transmission coefficient, max(|S21|2) is
plotted as a function of VBG and VTG. There is a finite offset in both VBG and VTG axes due
to charge doping in BLG from the metallic gates. The measurements are done at 20 mK. d,
max(|S21|2) is plotted as a function of n and D/ϵ0. The region of the low transmission along
the displacement field corresponds to the opening of the band gap in BLG.
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the resonant mode of the system and varying the gate voltages creating a 3-dimensional96

dataset. In this work, we focus on the first method of probing the system. For each (VTG,97

VBG), S21 as a function of frequency is measured. Then the peak value of |S21|2 for each98

(VTG, VBG) is extracted from the data, which is plotted in Figure 3 c. The data is also99

taken on the second way where the transmission signal is measured at a fixed frequency100

close to the resonance (see Supplementary Figure S3). In our data, an offset of VBGoffset =101

-1.15 V and VTGoffset = -2.7 V is observed in VBG and VTG respectively, likely due to the102

charge doping in graphene from the metallic top and bottom gate which has been previously103

reported.45 The data offers clearer physical insights if plotted in (n, D) space instead of (VBG,104

VTG). The transformation from (VBG, VTG) to (n, D) is achieved using the following set of105

equations: n = (CBGV
′
BG + CTGV

′
TG)/e and D = (CBGV

′
BG − CTGV

′
TG)/2, where CBG (CTG)106

is the capacitance of the bottom (top) gate, V ′
BG(V

′
TG) = VBG(VTG) − VBGoffset(VTGoffset) is107

the offset corrected bottom (top) gate voltage, and e is the electronic charge. The plot in108

Figure 3 c is transformed to (n, D/ϵ0) plane from (VBG, VTG) plane in Figure 3 d. Only109

the positive displacement field sector data is shown here (see Supplementary Figure S4 for110

the full range data). A region with low transmission appears along the electric displacement111

field axis. This region corresponds to the opening of a band gap in the BLG caused by the112

perpendicular displacement field.37 The width of the low transmission region at a particular113

displacement field relates to the band gap of BLG at that displacement field. On looking114

closely at the data, one can see in the low transmission region, two subfeatures emerge.115

These subfeatures correspond to two charge neutrality points and can be attributed to the116

spatial inhomogeneous doping in the device, a consequence of its larger overall area of ∼30117

µm2. In the data shown in Figure 3 c and d van-Hove singularity-like feature appear at the118

band edge of the BLG, which is a characteristic of BLG band structure (see Supplementary119

Section 4.3 for details).120

To extract the capacitance of the heterostructure, the data is fitted with the scattering121
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coefficients S21 of a capacitively coupled λ/2 CPW cavity, which can be written as46122

S21 =
2

A+B/Z0 + CZ0 +D
+ b, (1)

where A, B, C, and D are the elements of the transmission matrix or ABCD matrix123

A = cosh(γl) + sinh(γl)
jωC1Z0

, B = sinh(γl)
(
Z0 − 1

ω2C1C2Z0

)
+ cosh(γl)

(
1

jωC1
+ 1

jωC2

)
124

C = sinh(γl)
Z0

, D = cosh(γl) + sinh(γl)
jωC2Z0

125

where l is the length of the transmission line, γ = α+jβ is the complex propagation constant126

of the microwave field, Z0 is the characteristic impedance of the transmission line. For λ/2127

cavity βl = π + π(ω − ω0)/ω0, where ω0 is the bare resonant frequency and αl = π/(2Qi),128

where Qi is the internal quality factor of the cavity. b is to account for and adjust the129

reference value of the transmission signal.130

In Figure 4 a, the resonant frequency, i.e. the frequency at which the amplitude of S21131

is maximum is plotted in the (n, D/ϵ0) plane. In Figure 4 b the frequency line-slice for132

two (n, D/ϵ0) points are shown. When the BLG has an opening in the gap, its resonant133

frequency shifts downwards, and this frequency shift becomes more pronounced as the band134

gap increases.135

For each (n, D/ϵ0), S21 frequency response is fitted using Equation 1. To address136

the observed asymmetry in the frequency line-slice data caused by background effects, a137

skewness term (1 + erf (s(f − f0))) is multiplied with the fitting function, where erf is138

the error function and s is the skewness factor. The extracted capacitance value C2 from139

the fitting is plotted in Figure 4 c (for details of the fitting procedure see Supplementary140

Section 5). This capacitance value, which increases when a gap opens in the BLG, directly141

correlates with the DOS of BLG. Using our cavity-based technique, sub-femtofarad change142

in capacitance can be measured accurately (see Supplementary Figure S6). The accuracy of143

our capacitance measurement has been compared with other state-of-the-art techniques38,39144

(see Supplementary Section 7 for details).145
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Figure 4: Measurement of the capacitance of the BLG heterostructure. a, Shows
the change in resonant frequency as a function of n and D/ϵ0. The resonant frequency is
shifting downwards with the gap opening in BLG. b, Shows the frequency line-slice at two
(n, D/ϵ0) points as marked in panel a. c, Shows the extracted capacitance C2 from the
fitting as a function of n and D/ϵ0. The capacitance increases with gap opening in BLG,
which is a consequence of the decreased density of states (DOS) of the BLG, which can
also be interpreted from Equation 2. d, Left: In pristine BLG when there is no band gap
in its electronic structure, the DOS of BLG is high. The BLG acts more like a metal in
this regime, thus effectively screening the electric field between the top and bottom gates.
Right: With a gap opening in BLG induced by a perpendicular displacement field, the DOS
of BLG significantly decreases, transforming BLG into more of an insulator. Consequently,
the screening effect becomes less prominent. e, Shows the extracted dg from the panel c
using Equation 2, where dg is related to the inverse DOS ( 1

e2
∂µ
∂n
) of BLG as dg =

ϵ0
e2

∂µ
∂n
. The

inset shows the line slice of dg with n at D/ϵ0=0.3 V/nm.
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The extracted capacitance C2 represents the penetration field capacitance between the146

top gate and bottom gate, where grounded BLG screens the electric field due to its finite147

DOS.39,47 By considering the BLG as an infinitely thin sheet, the expression for the measured148

capacitance can be written as39149

C2 =
ϵ0Atdgϵ

2
hBN

dgϵhBN (db + dt) + ϵ0dbdt
+ CS. (2)

Here At is the area of the top gate covering the BLG. db and dt are the thickness of the150

bottom hBN and top hBN respectively. ϵhBN and ϵ0 are the permittivity of hBN and free151

space respectively. dg = ϵ0
e2

∂µ
∂n

is the parameterization of 1
e2

∂µ
∂n

in units of length, where ∂µ
∂n

152

is the inverse DOS of the BLG. The inverse DOS is related to the electronic compressibility153

(K) as K−1 = n2 ∂µ
∂n
. The stray capacitance CS is assumed to be 47.81 fF, is estimated154

using the area of the top gate 110 µm2 and the dt = 32.9 ± 0.6 nm and db = 50.1 ± 1155

nm. These thickness values have been measured using atomic force microscopy (AFM) (see156

Supplementary Section 6 for details). From Equation 2 one can see that the C2 increases as157

the DOS decreases. In the pristine BLG, the DOS is high when there is no band gap in its158

electronic structure. As a result, BLG screens the electric field between the top and bottom159

gates more effectively resulting in a decrease in the C2 (as depicted in Figure 4 d). Upon160

applying a perpendicular displacement field, a gap opens in BLG, substantially reducing the161

DOS. Consequently, the screening is less effective for gapped BLG (as shown in Figure 4 b),162

and C2 increases.163

From the extracted capacitance C2, dg is obtained using Equation 2 and is shown in164

Figure 4 e. The value of dg matches well with previous reports.39 The line slice of the165

extracted dg at D/ϵ0=0.3 V/nm is shown in the inset of Figure 4 e. The dg has a sharp166

peak at n = 0 and decreases asymmetrically on either side of n =0. The peak in dg can167

be interpreted as the emergence of a band gap in bilayer graphene (BLG), resulting in a168

reduced DOS. The data can be explained by a minimal tight-binding model of BLG. The169
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inverse DOS has been calculated by solving the tight-binding Hamiltonian with a gap size170

∆ which agrees well with the experimental data (see Supplementary Section 8 for details).48171

In summary, in this study, a half-wave SCPW cavity is used to characterize the electronic172

compressibility of BLG, establishing a direct correlation between the transmitted signal173

through the cavity and the band gap in BLG as a function of the displacement field. Also,174

from the shift in resonant frequency, the capacitance of the stack is extracted, which directly175

correlates with the inverse DOS of the BLG. This non-contact microwave cavity-based176

technique provides a scope for non-invasive sensing of DOS in 2D materials.177

Our methodology can be easily extended to the study of other 2D materials as well.178

Furthermore, this technique holds promise for gaining insights into moiré superlattices of179

transition metal dichalcogenides, which have gained significant attention as a promising180

platform as a quantum simulator.43 Importantly, our technique overcomes the challenge of181

contact resistance that hampers the study of many exciting 2D materials. In addition, the182

choice of microwave frequencies will also enable fast dynamical measurements10,13,40 in a183

cavity-coupled 2D van der Waals system.184

The Supporting Information is available free of charge via the internet at http://pubs.acs.org.185

The Supporting Information contains device fabrication, measurement details, COMSOL186

simulation, additional data, fitting procedure, atomic force microscopy of the hBN flakes,187

comparison with other works, and density of states calculation of bilayer graphene.188
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(25) Pan, Y.; Fölsch, S.; Nie, Y.; Waters, D.; Lin, Y.-C.; Jariwala, B.; Zhang, K.; Cho, K.;291

16



Robinson, J. A.; Feenstra, R. M. Quantum-Confined Electronic States Arising from292
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