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Radio-frequency modeling and parameter extraction of
graphene on-chip spiral inductors
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Abstract: An improved equivalent circuit model for graphene spiral inductors based on physical principles is pre-
sented in this letter. The model is a mr-circuit with additional parallel RC network in the series branch. A parameter
extraction approach for proposed model, which combines the analytical approach and empirical optimization proce-
dure, is also investigated. Good agreement is obtained between the simulated and measured S-parameters up to 40
GHz.
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Introduction

On-chip spiral inductor, with low cost and ease of
process integration, has been widely applied in radio-fre-
quency integrated circuits such as RF amplifiers, mixers,
voltage-controlled oscillators, and impedance-matching
circuits'"?'. With the emergence of 5G communication
system , conventional metal passives are facing challenges
for their high loss caused by skin effect in high-frequency
circuit. Graphene, with extraordinary electrical and ther-
mal conductivity, is a promising material for high-fre-
quency applications including low-loss interconnects and
passives'’ . Theoretical works'*®! have identified that
graphene pose to be a very attractive candidate for high-
quality inductor design due to its large momentum relaxa-
tion time, and planar nature which enable graphene be
patterned using high-resolution lithography without the
need of metal conducts in carbon nanotube bundle-based
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inductors. References 3 reported the design and fabrica-
tion of graphene on-chip inductors.

Accurate modeling and modeling parameters extrac-
tion techniques for on-chip inductors is extremely impor-
tant for optimizing the device performance and under-
standing the device physical mechanisms'®. Many re-
searchers have reported the modeling of conventional

. [2,6-10] .
metal inductors and parameter extraction me-
thods' "> ™/ Most of them are based on a m-like topol-
ogy'>"" | with other modified double-m model ™’ and T-
model **). However, the high-frequency behavior of gra-
phene pose a new problem for the design of modeling.
The physical model for graphene inductors proposed in
Ref. 3, composed of many elements, suffers from the dif-
ficulties of parameter extraction. The frequency-depen-
dent elements in the simplified model"*! are also difficult
to implement in time-domain simulators such as

SPICE!™.
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To overcome these restrictions, an improved equiva-
lent circuit model that utilize only frequency independent
elements, along with the parameter extraction method, is
proposed. This paper is organized as follows. Sect. 1 gives
the proposed equivalent circuit model of graphene on-chip
inductors, which compared with conventional model. In
Sect.2, the basic procedure for extracting the model pa-
rameters is presented. Sect. 3 discusses the extraction re-
sults. The conclusions are given in Sect. 4.

1 Model of inductors

1.1 Device structure

The schematic view of test-structure layout and the
graphene on-chip inductor are shown in Fig. 1"/ and
Fig. 2, respectively. To implement the inductor, the pre-
pared multilayer graphene films are transferred onto SiO,
(300 nm)/ Si (10 © - cm) substrate firstly. Subse-
quently, graphene films are patterned into ribbon coils
and an isolation dielectric layer ( Al,0;:50 nm) is grown
over the graphene multi-turn inductors. In the final step,
metal contacts and pads (Ni/Au; 20 nm/80 nm) are de-
posited and patterned, followed by an annealing
process'”). By using de-embedding technology, which
process is described by Ref. 3 and Ref. 13, the parasitic
effects of test structure can be eliminated and measured
S-parameters of the single graphene spiral inductor are
actually needed for the following modeling process.

Fig.1 Schematic view of test structure
I O e e N S

Graphene

300 nm SiO, on Si

Fig.2 Schematic of graphene inductor
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1.2 Conventional equivalent circuit model

A traditional single mr-model is used to characterize

the performance of a spiral inductor on silicon'”), as

shown in Fig. 3. The model is composed of three seg-
ments : the series branch, which consists of L, R, L,
and R, and two shunt branches, modeled by C, , C,
and R;. L, and R represent the inductance and resis-
tance of the spiral and underpass, respectively. The skin
effect is modeled by the parallel inductance and resis-
tance L, and R,. C, represents the oxide capacitance

whereas R and C represent the silicon substrate resist-

sl o

ance and capacitance, respectively.

Ly
(o, AAAL
Cox J_
Rsi Csi Csi Rsi
O O

Fig.3 Conventional mr-model of metal inductors
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The equivalent series resistance R, (f) and series
inductance L (f) were extracted from Y,,, the transmis-

sion admittance between two ports, which is transformed
from de-embedded S-parameters, as follows:

1

R 4ol () =-3= . (D)
12
And the quality factor was evaluated by
Im(Y,,)

Y Rery) -

where Y|, is the input admittance of the circuit.

The skin effect has been taken into account in the
conventional equivalent circuit model. The parallel L
and R are added to model both the drop of series in-
ductance L, and the increase of series resistance R_. In
Ref. 13, useful approximate formulas were derived for
predicting increases in equivalent series resistance with
frequency, as follows:

R = Ry[1 +11—0(fm)2] . (3)

where w,,;, means the frequency at which the current

crit
crowding begins to become significant ;
W = SR, S @)
o W
where P is the turn pitch, W is the trace width and R
means the trace’ s sheet resistance.

However, the high-frequency behavior of the gra-
phene inductor is contrary to conventional metal induc-
tors, as shown in Fig.4. R_and L, remain approximately
constant before 20 GHz, but R, shows continued declines
in the frequency range of 20 ~40 GHz while L, rises sig-
nificantly in this range. Thus, a new equivalent circuit is
needed to model these characteristics over the entire fre-
quency range.

1.3 Improved equivalent circuit model
Considering the drop-down of series resistance and

sheet
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Fig.4 Comparison of (a) equivalent series resist-
ance, and (b) series inductance between the measure-
ment and conventional model
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the rise of series inductance at high frequency, a capaci-
tance C is added in parallel with R to model the high-
frequency characteristics.

Figure 5 shows the improved equivalent circuit mod-
el. For simplifying the following parameter extraction
procedure, parasitic effects between graphene and sub-
strate will be neglected. The simplification procedures,
referring the transmission matrix that converted from de-
embedded S-parameters in Ref. 3, prove that the tested
inductor can be reasonably equivalent to the series im-
pedance topology. The equivalent series resistance and
inductance in Eq. 1 is analyzed to find out the effect of
the parallel capacitance C, they can be expressed as fol-
lowed :

R, o’ R, L,
R — £ + s s , 5
L e TR e Y
CR’, R’ L,
L — L _ Sl + s s
o) = Lo -1 0 CR, R + o'}

(6)

Equations 5-6 and the curve of R (f) versus fre-
quency with different C value, shown in Fig. 6, provide a
qualitative description of the effect of C. Comparing Fig.
4 and Fig. 6, the model without C could not predict the
decline of the equivalent series resistance and the rise of
equivalent series inductance at high frequency, but the
new model with a RC network could. Moreover, the
higher value of C intensifies the drop of R (f) and the
rise of L_(f). The effect of parallel capacitance C will be
quantitatively evaluated in Sect. 2, along with parameter

extraction procedures.

Cox_L

Fig.5 Improved equivalent circuit mod-
el of the graphene inductor
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Fig.6 Comparison of (a) equivalent series resist-
ance, and (b) series inductance between the meas-
urement and improved model ( C2 is larger than C1)
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2 Parameter extraction

Firstly, from Fig.5, the equivalent series resistance
and inductance can be expressed as Egs. 5-6. The DC
resistance and inductance are then equal to Eqs. 5-6 e-
valuated at w =0

R, =R, , (7)
L, =Ly +L, - CR, . (8)
From Eqs. 5-6, R, and L, in Egs. 7-8 can be re-

placed by the measured R, and L, , so we have

de o

2 2
w RalLs’] Rd(*
R, = -+ , (9
L0) = e o T wer, 0 Y
2L3 ZC3 R4,
Lg(w) — de w L w de

+
1 + ' CR’,

B Ril + szfl
(10)
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The range of R, can be obtained from Egs. 34 in
the conventional circuit model. After neglecting the small
high-order w’ -terms, we have

1 w \2
Ry = 6Ru () o

For a certain C value, two frequency points, near

the center point of R_(f) rising range, are needed to ex-

tract R, and L.
At frequency f,, we have
w?Rlefl Rdc

Rs(wl) =

+
R, +wl} 1+wCR,
(12)
At frequency f, :
2713 2 N3 pé
wZle wZC Rd(‘
L =L, - +
(o) = Ly R+l 1+wCR,
(13)

By solving Eqs. 12-13, R and L, can be deter-
mined. The value of R, and L, can then be calculated
from Eqs. 7-8.

The extracting process is illustrated as Fig. 7. First-
ly, R, and L, are measured at low frequencies, and the

range of R, is determined. Then set the initial value of
C, the value of R, L, R, and L obtained using Eqs.
7-8, 12-13. The value of C is updated to reduce the

errors of the simulated and the measured S-parameters.

Reflection coerficient measurement
of graphene inductor

Determination of Ry and L, and
the range of Ry

| Set the initial value of C |<—|

Update C

A A

Calculate the values of Ry, Ly, Ryand L

The values of R, and L is
physically expected

S-parameters fit will with the
measured ones

I Get the extracted parameters

Fig.7 The flow chart of extracting parameters
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3 Results and discussion
To verify the modeling and parameter extraction

methodology proposed in this paper, we apply it to ex-
tract parameters of an 3/4-turn graphene inductor with

the outer diameter being 24 wm, the trace width 3 pum
and the turn pitch 62 nm. The S-parameters were meas-
ured with a  commercial  ground-signal-ground

(GSG) ') using Agilent N 5227 A Network Analyzer
and a microwave probe station equipped with Cascade In-
finity GSG-probes®'. Advanced Design System ( ADS)
is then used to simulate the equivalent circuit model. An
agreement is performed to S, in order to extract the fitted

circuit parameters for a given device.

Figure 8 shows the elements R, L, and L, versus
C. Tt can be found that R, and L increase with the in-
crease of C. The magnitude variation of L, is very small.
From Eq.7, R, is constant and equal to R,,. From Eq.
11, we can obtain that the maximum value of R is 47.5
Q). Therefore, the corresponding C is the range of 21.2 ~

35.7 {F.
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Fig. 8 Extracted parameters R , L, and L, versus C
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To represent the fitness between measured and mod-
eled S-parameters, the error functions are defined as

AS, = [sh -sel/lsl L (a4)
AS, = IS, =S l/1sy (15)

S;f[ represents the measured S-parameters. S;}q repre-
sents the S-parameters of new equivalent circuit model.
qu represents the S-parameters of conventional model.

Figure 9 shows the mean errors and maximum errors
of S, and S,, versus C between 20 ~40 GHz. It can be
observed that, in the range of 21.2 ~35.7 {F, the lowest
mean error is obtained at 30 fF while the lowest maximum
error at 33 fF. And the optimum value of C is 30 fF for
all concerned. The value of the fitted parameters for the
graphene inductor are shown in Table 1.

Figure 10 shows the comparison of modeled and
measured S-parameters and Q values up to 40 GHz. Good
agreements are obtained over the whole frequency range,
it demonstrate the accuracy of the extracted values.
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Table 1 Extraction elements of graphene inductor

£1 ABRRBFRERNSH 2 B ]
Elements  C/fF Ro/Q  R,/Q  Lg/nH  L,/nH 1mprovec mode .
Values 30 132 33.9 0.9 0.2 15[ —©—conventional model o
3 o
Z, =
Figure 11 shows the comparison of S, and S,, error % I OoO
percentage between the two models. It can be observed “ S o
that the proposed model can describe the characteristics I °
of graphene inductor more accurately than the conven- M
ti'onal one. The error percentage of conventional model L o o 30 20
rises dramatically, while the S, a.md S, error of proposed /IGHz
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