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The coupling effect of air-bridges on broadband spiral inductors in SiC-based MMIC technology has been investigated
deeply. The fabricated 1-nH spiral inductor on SiC substrate demonstrates a self-resonant frequency of 51.6 GHz, with a
peak Q-fact of 12.14 at 22.1 GHz. From the S-parameters measurements, the exponential decay phenomenon is observed
for L, Q-factor, and SRF with the air-bridge height decreasing, and an analytic expression is concluded to exactly fit the
measured data which can be used to predict the performance of the spiral inductor. All the coefficients in the formula have
specific meaning. By means of establishing the lumped model, the parasitic coupling capacitance of the air-bridge has been
extracted and presents the exponential decay with the air-bridge heights decreasing which indicates that this capacitor is
directly related to the coupling effect of the air-bridge. Through the electromagnetic field distribution simulation, the details
of the electric field around the air-bridge have been presented which demonstrate the formation and the variation principles
of the coupling effect.
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1. Introduction
Microstrip spiral inductors are important passive compo-

nents for radio frequency (RF) chocking, tuning, matching and
filtering and are extensively used in monolithic microwave in-
tegrated circuits (MMIC) design. Large amounts of experi-
mental and theoretical work have been done to investigate the
characteristics of microwave spiral inductors on different sub-
strate. In Ref. [1], an air-bridge based on-chip suspended in-
ductor on sapphire has been proposed. With lower parasitic ca-
pacitance and smaller substrate loss, the Q-factor has been im-
proved to 10.6, with a self-resonant frequency of 10 GHz. In
Ref. [2], spiral inductors have been fabricated by using copper-
damascene interconnects on high-resistivity silicon (HRS) and
sapphire substrates. The 1.4-nH inductors have Q-factors of 30
at 5.2 GHz and 40 at 5.8 GHz for the HRS and the sapphire
substrates, respectively. Abundant spiral inductors based on
GaAs[3,4] and low-resistivity silicon[5–7] substrates with dif-
ferent structures have been investigated intensively and out-
standing performances have been reported. With smaller rel-
ative dielectric constant and higher thermal conductivity, the
parasitic capacitance of the SiC-based devices and circuits is
smaller and the thermal reliability of them is improved. With
these advantages, SiC can be a splendid candidate for high
frequency and high power applications. It is an ideal substrate

for AlGaN/GaN heterojunction epitaxy,[8,9] because SiC has
excellent thermal conductivity and superior lattice matching
with GaN material. So SiC-based GaN MMIC has a good
prospect in power and microwave applications. But the spiral
inductors based on SiC substrate have never been individually
reported before.

The goals of inductor design for MMIC applications are
large inductance with small size, high Q-factor and high self-
resonant frequency (SRF). The performances of the spiral
inductors are limited by the conductor losses,[10] the sub-
strate losses,[11] and the coupling effect between the microstrip
lines.[12] Moreover, the coupling effect of the air-bridge also
has a significant effect on the inductor performance, because
the air-bridge, the underpass line and the dielectric between
them can effectively form parallel-plate capacitors and these
shunt capacitors will deteriorate the inductance, the resonant
frequency, and the Q-factor in a certain way. But as far as the
authors know, the mechanism of the air-bridge coupling effect
has not attracted enough attention and seldom been investi-
gated before.

In this paper, planar spiral inductors with air-bridges have
been fabricated on 4H–SiC substrate and the coupling effect
of air-bridges has been explored in detail. The fabricated
spiral inductor on SiC substrate demonstrates a self-resonant
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frequency of 51.6 GHz, with a peak Q-factor of 12.14 at

22.1 GHz. From the S-parameters measurements, the expo-

nential decay phenomenon is observed for L, Q, and SRF with

the air-bridge height decreasing, and an analytic expression is

concluded to fit the measured data exactly which can be used

to predict the performance of the spiral inductor. All the co-

efficients in the formula have specific meaning. The parasitic

capacitor for the coupling effect of the air-bridge has been ex-

tracted based on the lumped model and the field distribution

in the air-bridge area has been calculated by electromagnetic

(EM) simulation. The Q-factor, inductance, and self-resonant

frequency dependence of the air-bridge height has been dis-

cussed.

2. The fabrication of the on-chip spiral inductor
and the measurement results
Figure 1(a) shows the microphotograph of the fabri-

cated on-chip spiral inductor on 100-µm-thick 4H–SiC sub-
strate. The underpass line metal Ti/Au with a thickness of
20 nm/400 nm was evaporated and then the 200-nm-thick SiN
dielectric layer was deposited by plasma enhanced chemical
vapor deposition (PECVD). Then the via-hole for the inter-
connection between the underpass line and the top spiral metal
was etched by inductively coupled plasma (ICP). The 3-µm-
thick Au of the top metal was electroplated and the substrate
was thinned to 100 µm and electroplated again from the back-
side. Figures 1(b) and 1(c) show the SEM images of the air-
bridges and the single air-bridge structure.

(a) (b) (c)

(a) (b) (c)

Fig. 1. (color online) (a) The microphotograph of the fabricated on-chip spiral inductors on SiC substrate, (b) the scanning electron microscopy (SEM)
image of the air-bridges, and (c) the SEM image of a single air-bridge.

To investigate the coupling effect of the air-bridge, spiral
inductors with different air-bridge heights are fabricated with
coplanar waveguide to microstrip transitions and measured by
the vector network analyzer. Then the S-parameters of the
transition structures are de-embedded by the corresponding
TRL calibration standards.

(a) (b)

Fig. 2. (color online) The measured S-parameters for inductor 1 with
the air-bridge heights of 0 µm, 0.1 µm, 0.5 µm, 1.0 µm, and 2.5 µm in
the frequency range from 0.1 GHz to 60 GHz, (a) S11 and (b) S21.

Figure 2 presents the measured S-parameters for induc-
tor 1 with the line width of 4 µm and the gap width between
lines of 4 µm. As it is indicated, with the air-bridge height de-

creasing, the measured S-parameters keep almost consistent in
the lower frequency band, but vary significantly in the higher
frequency band in the same direction.

Then the measured two-port parameters are transformed
into one-port parameters by terminating one of the ports with a
ground using the computer aided design software. The induc-
tance is calculated by dividing the imaginary part of the input
impedance (inductive stored energy) by the angular frequency
assuming that the effect of the parasitic capacitance in the in-
ductors at the frequencies much lower than the self-resonant
frequency is negligible, as equation (1) shows. The unloaded
Q-factor is determined by dividing the imaginary part (stored
energy) of the input impedance by the real part (dissipated en-
ergy), as equation (2) shows.[13]

L =
Im(Zin)

ω
, (1)

Q =
Im(Zin)

Re(Zin)
. (2)

Figure 3 shows the calculated L and Q-factor for the inductors
with different air-bridge heights, and the details are shown in
Table 1. As figure 3(a) shows, the inductor with the air-bridge
height of 2.5 µm demonstrates a self-resonant frequency high
up to 51.6 GHz. With the air-bridge height decreasing, the
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strong coupling effect of the air-bridge can significantly de-
teriorate the self-resonant frequency which is moved from
51.6 GHz to 42.1 GHz. So with a lower height, the operating
frequency band of the spiral inductor is narrowed down which
is undesired in high frequency and wideband applications.

The deterioration of the self-resonant frequency can also
be seen from the Q-factor curves as shown in Fig. 3(b). When
the Q-factor curve crosses the zero line, the self-resonant fre-
quency is reached, which is consistent with Fig. 3(a). When
the air-bridge height is decreased, the peak Q-factor decreases
from 12.14 to 11.13 and the corresponding frequency moves
from 22.1 GHz to 17.6 GHz. So with the coupling effect of the
air-bridge weakened, the Q-factor can be improved further.
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Fig. 3. (color online) The calculated (a) inductance, and (b) Q-factor of
Inductor 1 with different air-bridge heights.

Table 1 shows the calculated results for the inductors with
different dimensions. With the air-bridge height decreasing
from 2.5 µm to 0 µm, the inductance values increase. The
larger inductance value for lower air-bridge height indicates
the strong coupling effect between the air-bridge and the un-
derpass line which can result in the increase of the mutual in-
ductance. Compared to inductor 1, inductor 3 with larger di-
mension exhibits a more significant variation in the amplitude
because the overlapped area between the top spiral metal and
the underpass line is larger. Moreover, when the air-bridge is
higher than 0.5 µm, the inductance is almost constant which
indicates that the coupling effect of the air-bridge is negligible.

When the air-bridge height is decreased, the Q-factor and SRF
of inductors 2 and 3 present the same variation tendency as in-
ductor 1, which demonstrates the existence and the functions
of the coupling effect.

Table 1. The characteristics of the on-chip spiral inductors with differ-
ent air-bridge heights.

Microstrip and Air-bridge L/nH SRF Q peak
gap width/µm height/µm @5 GHz /GHz /(@f GHz)

Inductor 1 4×4

0 1.02 42.1 11.13 (17.6)
0.1 1.01 47.6 11.71 (20.6)
0.5 1.00 50.1 11.89 (20.6)
1 1.00 51.2 11.92 (22.1)

2.5 1.00 51.6 12.14 (22.1)

Inductor 2 8×8

0 1.51 22.3 12.84 (12.4)
0.1 1.49 28 13.87 (12.6)
0.5 1.48 30 14.23 (13.1)
1 1.47 30.3 14.36 (13.1)

2.5 1.47 30.7 14.46 (13.1)

Inductor 3 12×12

0 2.49 12.8 12.69 (5.1)
0.1 2.36 15.8 13.83 (7.1)
0.5 2.29 17.7 14.33 (7.6)
1 2.27 17.8 14.40 (7.6)

2.5 2.27 18.3 14.42 (8.1)

Figure 4 shows the L dependence of the air-bridge for dif-
ferent inductors, which is in accordance with Table 1. To ex-
plain the variation quantitatively, equation (3) is applied to fit
the original curves, which can effectively describe the expo-
nential decay variation.

y = A0 · exp
(
−x
k0

)
+ y0. (3)

In Eq. (3), y0 is the displacement value in the y direction
from the X axis, which stands for the inductance value. A0 is a
correction factor for the variation of the inductance amplitude.
k0 is a scalability factor in the X-axis direction which can char-
acterizes the climb rate of L when the air-bridge height varies.
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Fig. 4. (color online) The L dependence of the air-bridge height for
different inductors.

As figure 4 indicates, when the inductance dimension is
increased, y0 will increases which equals to the inductance
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in the lower frequency. A0 becomes larger because the air-
bridges cover more area, resulting in a stronger coupling ef-
fect, and the amplitude of the inductance varies more severe.
Additionally, when the overlapped area between the air-bridge
and the underpass line is enlarged, k0 is almost the same. This
is because there exists interaction between A0 and k0, and the
variation of k0 is not significant enough. To observe the mean-
ing of k0, more inductor samples with different dimensions
should be fabricated and measured carefully.
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Fig. 5. (color online) The Q-factor dependence of the air-bridge height
for different inductors.

Figure 5 presents the Q-factor dependence of the air-
bridge height for different inductors. The original data can also
be exactly fitted by Eq. (3), and the coefficients have the same
meaning for Q-factor. As it is indicated in Fig. 5, the peak Q-
factor which is represented by y0 has an optimum value when
the dimensions increase to a certain degree like inductors 2 and
3. The variation of A0 also demonstrates the fact that the cou-
pling effect will become stronger with the dimensions increas-
ing and the amplitude of Q-factor will decrease more rapidly.
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Fig. 6. (color online) The SRF dependence of the air-bridge height for
different inductors.

In Fig. 6, the SRF dependence of the air-bridge height
for different inductors is plotted, and equation (3) can also ex-
plain the relation between SRF and the air-bridge height ex-

actly. In this relationship, y0 stands for the SRF when the air-
bridge is high enough and its coupling effect can be neglected.
A0 and k0 account for the amplitude correction and the climb
rate of SRF respectively when the air-bridge height is varied.
When the dimensions of the inductor are decreased, the level
of the SRF is raised significantly, and the variation of the SRF
is steeper which can be reflected by A0.

3. The parasitic capacitor in the lumped model
for coupling effect
To investigate the coupling effect more deeply, a lumped

element equivalent model has been established and the pa-
rameters have been extracted to study the parasitic effect
separately.[1] Compared to Ref. [1], two lumped inductors
Ls1/Ls2 are added to characterize the input and output termi-
nal connection microstrip, and the calculation for the coupling
capacitor Cp is modified due to the multi-component dielec-
tric between the air-bridge and the underpass line. Figure 7(a)
shows a comprehensive lumped elements equivalent circuit for
the on-chip spiral inductor. The main inductor is represented
by Lm. The conductor loss is simulated by Rs. Cg1/Cg2 can fit
the capacitor between the spiral inductor and the back ground,
and Rg1/Rg2 can fit the substrate loss.

The lumped Ls1 and Ls2 can be deduced by fitting the S-
parameters between the lumped inductors and the interconnec-
tion microstrip at the input and output terminals in CAD tools.
After Ls1 and Ls2 is de-embedded, the data are converted to
Y -parameter and the equivalent circuit is shown in Fig. 7(b),
in which the circuit can be divided into three main parts, and
expressed by Eqs. (4), (5), and (6)

Ya = Y11 +Y21, (4)

Yb = Y22 +Y21, (5)

Yc =−Y21 =−Y12. (6)

With the specific value of Ya and Yb, the components in
them could be determined by Eqs. (7)–(10).

Rg1 =
1

Re(Ya)
, (7)

Cg1 =
Im(Ya)

2π f
, (8)

Rg2 =
1

Re(Yb)
, (9)

Cg2 =
Im(Yb)

2π f
, (10)

where, Re and Im mean taking the real part and the imagi-
nary part, respectively. In the Yc part, there are two reactive
elements which cannot be calculated directly, so one of them
should be determined first. Assuming that Cp is only formed
by the capacitor between the air-bridge and the underpass line,
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and the formed capacitor is an ideal parallel-plate capacitor
which can be obtained by Eq. (11).

Cp =
εeff ·S

d
, (11)

where S is the cross-over area between the air-bridge and un-
derpass line, d is the height of the total thickness of the air
layer and the SiN layer under the air-bridge, and εeff is the
effective dielectric constant which can be obtained by Lichte-
necker formulation,[14] as equation (12) shows.

ε
k
eff = vε

k
1 +(1− v)εk

2 , (12)

where εeff is the effective dielectric constant of the composite,
ε1 and ε2 are the dielectric constants of the individual elements
in the composite, v is the volume fraction of the first element,
and when the elements are connected in series, k equals 1.

(a)

(b)

port 1 port 2

Cp

Rs LmLs1 Ls2

Rg1 Cg1 Rg2 Cg2

port 1′ port 2′

Ya Yb

Yc

Fig. 7. (a) The lumped element model for the on-chip spiral inductors,
and (b) the equivalent circuit after Ls1 and Ls2 are de-embedded.

With Cp determined, Lm and Rs can be calculated by
Eqs. (13) and (14).

Lm = Im
(

−1
Y21 + j ·ωCp

)
/ω, (13)

Rs = Re
(

−1
Y21 + j ·ωCp

)
. (14)

With the calculated initial value, the model is then opti-
mized by gradient algorithm until the local minimum error is
reached.

Figure 8 shows the extracted parameters for the 4-turns
spiral inductors with different air-bridge heights. The parame-
ters that do not appear in Fig. 8 are almost independent of the
air-bridge height.
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Fig. 8. (color online) The extracted parameters of the lumped model for
different spiral inductors, (a) Cp, (b) Rs, and (c) Lm.

Figure 8(a) shows the extracted Cp of different inductor
with different air-bridge heights. The value of Cp which rep-
resents the coupling effect consists of two parts. One part is
resulted from the coupling effect between the microstrip lines
which can be determined when the air-bridge height is high
enough and its coupling effect can be neglected. This part
will remain constant for the same inductor dimension, and
independent of the air-bridge height. The other part is con-
tributed from the coupling effect of the air-bridge. Take in-
ductor 1 as an example. When the air-bridge height is de-
creased, Cp increases significantly from 6.93 fF to 13.75 fF.
Compared with inductor 1, inductors 2 and 3 with larger di-
mensions present the same regularity. And with the dimen-
sions of the spiral inductors increasing, the area under the air-
bridge becomes larger, resulting in a larger coupling capacitor,
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which can be deduced from the capacitance expression of the
parallel-plate capacitors. Moreover, the variation of Cp with
the air-bridge height also presents the principle of exponential
decay. The curves can be well fitted by Eq. (3), and the fitted
results is shown in Fig. 8(a). With the dimensions of the in-
ductor increasing, A0 increases rapidly, and the amplitude of
Cp varies more significantly because of the larger parasitic ca-
pacitor area. y0 stands for the Cp when the air-bridge is high
enough and its coupling effect can be neglected.

The variation of Rs is almost independent of the air-bridge
height, but the value is not constant as figure 8(b) shows. Con-
cerning a single inductor, Rs is randomly distributed in a small
range when the air-bridge height varies. This is resulted from
the gradient optimizing algorithm for the parameter optimiz-
ing and Rs is a fitting value which is distributed in a reasonable
range. But compared with inductor 1, inductor 3 with a larger
dimension has smaller Rs because the wider microstrip pos-
sesses lower resistivity.

Compared with L in Table 1, the extracted Lm in Fig. 8(c)
is smaller. This is because in the lumped model in Fig. 7(a), the
inductive components consist of Ls1, Ls2, and Lm. And when
compared to (Ls1 +Ls2 +Lm), the calculated L in Table 1 has
a comparable value. Additionally, when the air-bridge height
decreases, the it gets closer to the underpass line, and the cou-
pling effect become stronger. Then Lm increases with the mu-
tual inductance gaining, which is in accordance with the result
in Table 1.

4. The field distribution results by electromag-
netic simulations for the air-bridge
To further investigate the coupling effect of the air-bridge,

the electromagnetic simulation based on the finite element
method (FEM)[15] is performed and the field distribution re-
sults are discussed. Figure 9 shows the electric field distri-
bution results for inductor 1 with different air-bridge heights.
The flat top metal accounts for the major area of the air-bridge
and the maximum electric field intensity (Em) of the air-bridge
is focused here, which makes the main contributions to the
coupling effect. So the electric field intensity under the flat
top metal for different air-bridges is discussed detailedly.

Figure 9(a) shows the electric field distribution for induc-
tor 1 with a 0-µm-high air-bridge. Because the air-bridge, the
SiN and the underpass line metal have formed an MIM ca-
pacitor, the electric field is strong in the dielectric layer, and
the maximum electric field intensity is almost 7.31×107 V/m,
which indicates the existence of strong coupling effect and
deteriorates the frequency performance and the Q-factor sig-
nificantly. Figure 9(b) shows the electric field distribution

results for inductor 1 with a 0.5-µm-high air-bridge. With
the existence of a 0.5-µm-thick air layer, the maximum elec-
tric field intensity is 6.46× 106 V/m in SiN and as high as
2.42× 107 V/m in the air layer. The coupling capacitor is re-
duced to 7.75-fF compared with 13.75 fF when the height is
zero. With the height lifted to 2.5 µm as figure 9(c) shows,
the air layer is thicker, the maximum electric field intensity is
weakened to 1.77×106 V/m in the SiN dielectric, and the cou-
pling capacitor is reduced to 6.93 fF, which is mainly resulted
from the coupling effect between the lines. In this condition,
the coupling effect of the air-bridge can be neglected.

7.7973T107

7.3099T107

6.8226T107

6.3353T107

5.8479T107

5.3606T107

4.8733T107

4.3860T107

3.8986T107

3.4113T107

2.9240T107

2.4366T107

1.4620T107

9.7466T106

4.8734T106

7.8174T101

E field/V-per-m

E field/V-per-m

E field/V-per-m

2.5836T107

2.4221T107

2.2606T107

2.0992T107

1.9377T107

1.7762T107

1.6147T107

1.4533T107

1.2918T107

1.1303T107

9.6884T106

8.0737T106

6.4589T106

4.8442T106

3.2295T106

1.6148T106

3.6153T101

1.4120T107

1.3237T107

1.2355T107

1.1472T107

1.0590T107

9.7075T106

8.8250T106

7.9425T106

7.0600T106

6.1775T106

5.2950T106

4.4125T106

3.5300T106

2.6475T106

1.7650T106

8.8255T105

5.9346T101

(a)

(b)

(c)

Fig. 9. (color online) The electric field distribution results for inductor 1
with the air-bridge heights of (a) 0 µm, (b) 0.5 µm, and (c) 2.5 µm.

In Fig. 10, the maximum electric field intensity of spiral
inductors with different dimensions are listed and compared
according to the calculated results by the electromagnetic sim-
ulation software. When the air-bridge height is decreased, the
maximum electric field intensity in SiN grows rapidly. The
same phenomenon occurs in the air layer. When the air-bridge
height is 0.1 µm, the Em in the air is of the order of 108 V/m,
much larger than the Em in SiN when the height becomes zero.
But the relative dielectric constant Er of SiN is about 6.8, much
larger than that of the air with the value of 1. So the coupling
capacitor of the 0 µm-high air-bridge is still larger than that of
the 0.1 µm-high air-bridge.
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Fig. 10. (color online) The maximum electric field intensity (Em) of the
air-bridge with different heights, (a) Em in SiN, and (b) Em in air.

5. Conclusions

The planar broadband spiral inductors with air-bridges in
SiC-based MMIC technology have been fabricated and stud-
ied. The 1-nH inductor shows a high self-resonant frequency
of 51.6 GHz, with a peak Q-factor of 12.14 at 22.1 GHz.
The coupling effect of the air-bridge in spiral inductors has
been investigated deeply. The calculated results from the mea-
sured S-parameters show that the inductance, the self-resonant
frequency and the Q-factor will deteriorate significantly with
the air-bridge height decreasing. The exponential decay phe-

nomenon is observed for L, Q, and SRF with the air-bridge
height decreasing, and an analytic expression is concluded to
fit the measured data exactly which can be used to predict the
performance of the spiral inductor. All the coefficients in the
formula have specific meaning. The relative lumped model
and the electromagnetic field distribution is presented for the
inductors with different air-bridge heights to explore its para-
sitic capacitor and the maximum electric field intensity vari-
ation, and the exponential decay phenomenon of the parasitic
capacitor indicates that it is directly related to the coupling ef-
fect of the air-bridge.
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