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Abstract

We demonstrate flexible 3 dB and 6 dB microwave attenuators using multilayer graphene grown
by the chemical vapor deposition method. On the basis of the characterized results of multilayer
graphene and graphene—Au ohmic contacts, the graphene attenuators are designed and measured.
The flexible graphene-based attenuators have 3 dB and 6 dB attenuation with a return loss of less
than —15 dB at higher than 5 GHz. The devices have shown durability in a bending cycling test
of 100 times. The circuit model of the attenuator based on the characterized results matches the

experimental results well.
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(Some figures may appear in colour only in the online journal)

Introduction

Flexible microwave systems have been dynamically devel-
oped because of various advantages: they are lightweight,
bendable, portable, and inexpensive to manufacture [1, 2].
Although many kinds of research have been proposed [3-7],
few flexible attenuators have been reported. Flexible
attenuators with constant attenuation are required in various
flexible microwave systems to control the signal power level.
Therefore, flexible attenuators, as components of flexible
circuits, need to be developed for flexible microwave systems.
Conventional thin-film resistors such as nichrome (NiCr),
copper-nickel (CuNi), and tantalum nitride (TaN) are used for
portable terminal attenuators [8—11]. However, these materi-
als are of limited utility for flexible electronics due to their
intrinsic mechanical properties. As an alternative, atom-thick
graphene is a highly promising candidate material for flexible
attenuator systems because graphene not only has splendid
mechanical properties but also tunable resistance through the
use of multilayer stacks, different metal catalyst films, and
electrostatic/chemical doping [12-16]. Furthermore, gra-
phene-based attenuators possess greater power handling
capability than conventional resistive layers due to their high
breakdown-current density [17, 18]. In this paper, we
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demonstrate a flexible and practical microwave attenuator
fabricated using multilayer graphene on a PET substrate. The
attenuator was designed based on experimental results
involving RF transmission properties and graphene—Au
ohmic contact properties. The flexible graphene attenuator
shows 3 dB and 6 dB attenuation, which matches simulation
results, and excellent mechanical flexibility.

Experimental setup

Figure 1(a) is a photograph of a test structure to characterize
the graphene layer and graphene—Au ohmic contact [19]. The
characteristics of the graphene layer, graphene—Au ohmic
contact, and coplanar waveguide (CPW) transmission line
need to be considered to optimize the design of the attenuator.
To analyze their effects, we built the test structure with
multilayer graphene on Au CPW transmission lines with a
90 um center line and a 6 ym gap, which have a characteristic
impedance of 50£2, on 188 um-thick polyethylene ter-
ephthalate (PET) substrate. In the first step, the PET substrate
was pre-annealed at 120 °C for 1 h to avoid thermal expansion
during the fabrication process. Ground (G)-signal (S)-ground
(G) electrodes were formed on the PET substrate by thermal
evaporation of Au metal (40 nm), with the liftoff pattern made
by the photoresist. The transmission line was fabricated with a

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. (a) Photograph and lumped circuit model of the test structure to characterize multilayer graphene and graphene—Au ohmic contacts
on 188 um PET substrate. (b) Raman spectrum of four-layer stacked graphene. (c) Measured 1/real(Y11) of the test structure with different
graphene lengths (Lg). (d) Measured imag(Y11)/w of the test structure with different lengths of the graphene—Au ohmic contact (Loc).

40nm Au layer to achieve good flexibility, and the Au
transmission lines were designed to be very short to minimize
the loss of the GSG electrodes because transmission lines
with a thin metal layer have a high insertion loss. Since the
Au thickness is thinner than the skin depth in the designed
frequency range (377 nm at 40 GHz), this transmission line
has the advantage of less loss variation over the frequency
range. We used four-layer graphene to achieve suitable sheet
resistance on the PET substrate [20]. The graphene was
synthesized on a Cu foil by a typical chemical vapor
deposition technique [13]. The graphene layer was wet-etched
with 0.1 M of ammonium persulfate (APS) and transferred
onto the Au—PET substrate using a polymethyl methacrylate
(PMMA) supporting layer. The top PMMA was removed by
acetone after the PMMA—graphene—Au-PET sample was
dried. By repeating this simple wet transfer process, high-
quality four-layer graphene was achieved. The pattern of
multilayer graphene was defined by photolithography and O,
plasma [21]. Figure 1(b) shows the Raman spectrum of four-

layer stacked graphene. The intensity ratio of G and the 2D
peak indicate properties of typical four-layer stacked gra-
phene: the upper and lower layers are randomly oriented, and
the low intensity of the D peak indicates low defect density of
the graphene [13].

Results and discussion

To characterize the RF transmission properties of multilayer
graphene, the input and output CPW transmission lines are
connected to the multilayer graphene, which has a length and
width of Lg and W, respectively. The equivalent lumped
circuit model of the test structure is shown in the inset of
figure 1(a). Coc and R are the capacitance and resistance of
the ohmic contact, Rg is the resistance where only the gra-
phene layer exists (not overlapping the Au electrode), and Cg
is the parasitic capacitance between CPW transmission lines
of the test structure. From the circuit model, Y11 of the two-
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Table 1. Parameters of the graphene test structure model.

W (um) Loc (um) Rg(2) Cg(fF) Roc (2) Coc (pF)
80 30 215 7 12 4.0
80 40 215 9 17 6.0
80 50 215 10 19 6.0
port test structure can be expressed as
Y11 = ([ (Re + 2Roc)

+ @RocRa (C3cRoc + 2C§RG)]

+ j[ 20CocRGe + @CaRS

+ 203 CocCaRARE(Ca + COC/Z)])/

((RG + 2Roc )’ + 40”RERE(Co + coc/z)z). 1)

To find the graphene resistance in the form of sheet
resistance, Lg is varied from 80 ym to 400 ym, whereas W
and Lo are fixed at 80 ym and 10 ym, respectively. Since the
length and width are defined as the number of resistive
squares, the graphene size is varied from one to five squares.
The two-port S-parameters of the test structures are measured
from 0.5 GHz to 40 GHz and transformed into the Y-para-
meters [22]. Since, from equation (1),

1

_— = Rg + 2R 2
real (Y11) g T eroc &

-0

and Rpc is fixed, Rg can be found from the 1/real(Y11)l,, _o
differences between the test structures with various Lg.
Figure 1(c) shows the measured 1/real(Y11), and the sheet
resistance of the multilayer graphene can be estimated to be
2150 sq_1 from the measured results at the lowest frequency
of 0.5 GHz.

To characterize the graphene—Au ohmic contact, the
graphene—Au overlap length (Loc) is maintained in the range
30 yum to 50 um, whereas Lg and W are maintained at 80 ym.
Figure 1(d) shows the imag(Y11)/@w for Loc of 30, 40, and
50 um. Since Coc is much larger than the parasitic capaci-
tance Cg_from equation (1) Cg can be derived from

imag(Y11) _ 1
0 w2, L
Coc CG

The imag(Y11)/w lines converge to a fixed capacitance
after 10 GHz, which means that 40 GHz is a high enough
frequency for @ — o0, and Cg can be estimated to be 7 ~ 10 fF
depending on Lg. Roc and Coc define the slope of the imag
(Y11)/w convergence, and the value of Roc and Coc can be
found by curve-fitting the imag(Y11)/w lines. The model
parameters of the fitted curve are Roc=11~190Q and
Coc=4000~6000 fF for Loc=30~50um. The model
parameters for the various Loc are summarized in table 1. The
series impedance of the ohmic contact is the parallel combi-
nation of Roc and 1/jwCqc, and the impedance of the ohmic

= Cg. 3)
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Figure 2. Measured and modeled S-parameters of a 200 yum CPW
transmission line with GSG probe contact resistance and
discontinuity.

Table 2. Parameters of the line model at 30 GHz.

Rs (@) Rpua (@) Cpua ((F)  Zo () a (dBmm™)

Eeff

1 10 1 50 30 3

contact is around 4 Q2 at 5 GHz and becomes even lower at
higher frequency. Therefore, graphene-based microwave cir-
cuits with 50 £ port impedance are not affected much by
ohmic contact impedance at higher than 5 GHz as long as the
ohmic contact is large enough (80 x 30 um?). Therefore, we
designed the microwave attenuators for frequencies higher
than 5 GHz.

Figure 2 shows the measured S-parameters of a 200 ym
CPW transmission line. From the experimental result, we
obtained the transmission line characteristics and the dis-
continuity of the GSG probe contacts through curve fitting in
order to conduct more accurate attenuator modeling. Cp,q and
Rpag are due to the pad parasitics of the GSG contacts, Rg is
the probe contact resistance, and TLIN is the general model of
transmission line. Table 2 summarizes the modeled values,
where Z, e, and a are the characteristic impedance, effective
relative dielectric constant, and line loss of TLIN at 30 GHz,
respectively. The characteristic impedance Z is 50 2, and &
(3.0) is smaller than eppt (3.4) since the transmission line is
CPW, where some fields from the conductor exist in air. As
the frequency increases, the transmission line loss increases
due to the finite conductivity of 40 nm-thick Au. The loss is
about 1.7dB mm™" at 10 GHz and 3 dB mm™" at 30 GHz.

The matched microwave attenuator can be made with
three resistors in /7 or T configurations, and the resistor values
depend on the attenuation levels. For the I1-type attenuator
design in figure 3(a), the values of resistances (R, R,) can be
determined from the port impedance (Zp). The R; and R,
values of the A-dB /T attenuator can be calculated as

_ Zo A/10 —A/20
Rl_?x(lo —1)><10 , 4)
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Figure 3. (a) Structure of the /I-type microwave attenuator. (b) Photograph of the graphene attenuator. (c) Circuit model of the graphene
attenuator cascaded with the modeled ohmic contact and graphene layer and CPW transmission line. (d) Measured and modeled S-parameters

of the 3 dB and 6 dB graphene attenuators.

Zo X (10A/'° - 1)

= 100 o x 100 4 1 ®

Because the CPW transmission line has ground planes on
both sides of the signal line, R, is divided into two Rgpy,
which are connected to two ground planes. For the 3 dB
attenuator, it can be calculated that Rg;=17.62 and
Rg,=5842, and the 6dB attenuator should have
Rg1=37.4 Q2 and Rg, =302 2. We designed the dimensions
of RGl and RGZ (WRGh LRGI’ WRGZ’ and LRGZ) using the
characterized sheet resistance of graphene layers, and they are
summarized in table 3. The graphene resistors are integrated
into the 50 2 CPW transmission line as shown in figure 3(b).
The graphene layer and Au CPW transmission lines have a
5 ym margin in preparation for fabrication misalignment, as
shown in the inset of figure 3(b). We simulated the graphene
attenuator with a commercial electromagnetic and circuit
simulator using previously characterized results (graphene—
Au ohmic contact and line model) as shown in figure 3(c).

Table 3. Design parameters of the graphene attenuator.

WR1 LR1 WR2 LR2

Rgi (€2)  (m)  (um) Re (@) (um)  (um)
3dB 17.6 80 4.5 584 3 6
6dB 374 80 8.5 302 6.5 6

Figure 3(d) shows the measured and modeled S-para-
meters of the 3 dB and 6 dB attenuators. They have 3 dB and
6 dB attenuation (S21), and the input and output return loss
(S11, S22) is less than —15dB at higher than 5 GHz. The
graphene attenuators show the designed attenuation and low
return loss at frequencies higher than 5 GHz because these
attenuators are not affected by the ohmic contact resistance
due to the ohmic contact capacitance. Table 4 summarizes the
circuit model parameters of the attenuators. Rg; and R, have
the same values as those calculated by equations (4) and (5).
Loc of the attenuators is 30 ym, and therefore Roci, Rocs,
Coc1, and Cpocs have reasonable values compared with the
previously characterized results (table 1). Rocy and Co, are
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Table 4. Parameters of the graphene attenuator model.
Rei @) Coi (fF) Ra2 (2) Co2 ((F)  Roci () Coci fF)  Rocz () Coc2 ((F)  Rocs (€2)  Cocs (F)
3dB 17 100 585 1 300 100
6dB 3255 20 300 1 20 4000 90 170 14 4500
(a) cycles. The bending tests demonstrate the stable and reliable

(b) 0
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Figure 4. (a) Photograph of an array of devices on a PET substrate.
(b) The variations of attenuation and return loss at 10 GHz and
bending radius of 5 mm.

the model of short ohmic contact lines (®©, @ in figure 3(b)).
These 5 um-long ohmic contacts are prepared as a margin for
fabrication misalignment.

The mechanical flexibility of the graphene-based
attenuator on a PET substrate was studied by characterizing
the device performance during repeated bending. The device
was repeatedly bent along directions parallel to the attenuator
channel length. Figure 4(a) shows an array of devices on the
PET substrate and the magnified image of the attenuator
arrays (inset). Figure 4(b) shows the variations in attenuation
and return loss at 10 GHz after repeated bending to a radius of
5mm, which corresponds to a tensile strain of 2%. The
devices exhibit stable operation without significant change in
attenuation and return loss (2.3 dB) even after 100 bending

operation of the graphene-based attenuators.

Conclusion

In conclusion, we designed and fabricated flexible graphene-
based attenuators having 3dB and 6dB attenuation for
applications at higher than 5 GHz. The flexible graphene-
based attenuators are well matched, and the return loss is less
than —15 dB. The graphene-based attenuators show mechan-
ical stability and stable attenuation along with the intrinsically
flexible characteristics of graphene. We also confirmed that
circuit models of the flexible graphene attenuators accurately
predict the performance of the device. These modeled char-
acteristics can provide a route to developing various practical
flexible microwave components such as variable attenuators
and power dividers.
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