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Impact of Light Illumination and Passivation Layer
on Silicon Finite-Ground Coplanar-Waveguide

Transmission-Line Properties
Solon J. Spiegel, Associate Member, IEEE,and Asher Madjar, Fellow, IEEE

Abstract—Modeling of silicon finite-ground coplanar-wave-
guide (FGCPW) transmission lines is presented in this paper. It
is shown that the effective substrate conductivity increases in the
presence of illumination and in the presence of a passivation layer
in the slot regions independently. As a result, the losses of trenched
FGCPW are lower than conventional FGCPW transmission
lines. The strong dependence of the substrate conductivity on
illumination suggests that optically controlled attenuators can
be implemented with FGCPW transmission lines exhibiting
practically no phase change between the different attenuation
states. A new contrast ratio for optically controlled transmission
lines is derived.

Index Terms—Coplanar waveguides, silicon substrates, trans-
mission lines.

I. INTRODUCTION

STRINGENT cost, size, power consumption, and perfor-
mance demanded from modern commercial and military

systems have led to rapid advances in the areas of monolithic
microwave integrated circuits (MMICs) [1], [2], RF micro-
electromechanical devices (RFMEMs) [3], [4], and microwave
packaging [5]–[8] technologies. The high level of integration of
analog and digital circuits and the off-chip elements has shifted
the conventional design approach, where each subsystem is
designed separately, to a more unified approach for systems,
circuit, and packaging. In such a dense environment, it is
very difficult to take into account the interaction between the
different elements of a module (MMICs, application-specific
integrated circuits (ASICs), shield, interconnects, etc.), partic-
ularly when multiple technologies are employed. As a result,
the actual system performance is different from the predicted
system performance based on wafer measurements data.

Hybrid integration of active devices on high-resistivity silicon
substrates offers an attractive cost/performance solution for mi-
crowave subsystems. For instance, Ramamet al. [9] shows a
subharmonic mixer designed at 94 GHz and Sakayet al. [10]
describes a single stage amplifier at 40 GHz. In addition, silicon
substrates provide the means (optical benches) of conveying the
optical signals. The use of optical techniques for the control
of microwave circuits has been described in [11]–[14]. A gain
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control up to 45 dB using a commercial AlGaAs laser diode is
demonstrated in [12].

Coplanar-waveguide (CPW) transmission lines have been
recently recognized as a preferable propagation medium at
millimeter-wave frequencies in comparison with the commonly
used microstrip lines. The dispersion characteristics of CPW
lines are analyzed in [15]–[18]. One of the main advantages
of a CPW transmission line and its variations (CPW [16],
trenched finite-ground coplanar waveguide (FGCPW) [19], fi-
nite-ground coplanar (FGC) [20], conductor-backed CPW [21],
quasi-CPW [22]) is the ability to support small and low-cost
packages. The existence of an upper ground plane allows a
straightforward integration between the flip-chip devices and
the mounting substrate. The strong electric-field confinement
at the slot areas in high aspect-ratio CPW lines reduces the
propagation of undesirable non-TEM modes. As a result,
CPW lines present lower dispersion characteristics and higher
isolation between adjacent elements than microstrip lines. On
the other hand, at relatively lower frequencies, where the main
loss contributor stems from the conductor losses, CPW lines
are expected to have higher losses per wavelength. The losses
CPW transmission lines, however, can be somewhat reduced
by a reduction in the circuit size due to an improvement in the
isolation between adjacent elements.

High thermal conductivity and low dielectric-loss substrates
are the key parameters in CPW-based circuits. Unlike microstrip
circuits, where the heat flows through the substrate and via holes
to a high thermal conductivity carrier, e.g., molybdenum, the
heat sink in CPW structures is mainly determined by the thermal
conductivity of the substrate as well as by the thermal and elec-
trical properties of the interconnects. Substrates, such as silicon,
present a reasonable compromise between losses and thermal
conductivity. The thermal conductivity of silicon is approxi-
mately 150 W/mK. The losses of a CPW transmission line on a
high-resistivity silicon substrate (HRSS) lower than 0.2 dB/mm
at 40 GHz [23] are considered acceptable for most of the mi-
crowave and the millimeter-wave applications.

Silicon FGCPW transmission lines require the presence of a
passivation layer between the metal lines and the substrate to
avoid the formation of Schottky junctions. Silicon nitride, as
well as silicon dioxide, is a viable insulating candidate. The
charges accumulated at the interface, the existent traps in the
passivation layer, and the interface trapped charges cause an in-
crease of the effective substrate conductivity and, in turn, of the
dielectric losses. Since most of the electric field is confined at
the slot-area CPW lines, removing the passivation layer from
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Fig. 1. Cross section of a trenched FGCPW transmission line.

the slot areas leads to a reduction of the surface charge. Ana-
lytical transmission line models for lossy silicon substrates are
described in [25] and [26].

In this paper, the dependence of the substrate conductivity
on the passivation layer is investigated for silicon FGCPW
transmission lines. Section II describes the differential trans-
mission-line equivalent model and its dependence on the
passivation layer. The influence of the illumination on the
differential transmission-line equivalent model is analyzed.
The results show that the effective substrate conductivity varies
according to the light illumination and to the surface charges at
the slot areas. Finally, the amplitude and phase of the insertion
and return losses of silicon FGCPW transmission lines are
presented. It will be shown that, at frequencies above 1 GHz,
silicon FGCPW transmission lines act as an optically controlled
variable attenuator having phase linear with frequency. The
linear phase characteristics of FGCPW transmission lines
enables the appearance of new applications such as gain control
at microwave and millimeter-wave frequencies for phase
tracking systems, automatic gain control, power control device
for transmitter modules, and temperature control devices.

II. TRANSMISSION-LINE MODELING

The cross section of the trenched FGCPW transmission-line
structure considered in this paper is shown in Fig. 1.is the
width of the signal line, is the width of the slot, and is the
width of ground lines. The capacitance and stand for
the capacitance of the oxide layer under the signal and ground
lines, respectively. The capacitance and represent the
capacitance between the signal and ground lines of CPW struc-
tures. The signal-to-ground coupling through the substrate is
given by and through the air dielectric by . The sub-
strate conductivity and influence of surface charge are taken into
account by the shunt conductance. The series elements
and describe the resistance and self-inductance of the center
conductor line. The capacitance is expressed in picofarads/mil-
limeters, the inductance in henries/millimeters, the resistance in
ohms/millimeters, and the conductance in siemens/millimeters.

The difference between the trenched FGCPW model in
Fig. 1 and the conventional FGCPW model is that, in the latter,
the oxide layer stretches over the slot regions. In this paper,
we will designate the trenched FGCPW transmission line by

Fig. 2. FGCPW differential transmission line.

T-FGCPW and the conventional FGCPW transmission line
simply by FGCPW.

In order to reduce the complexity of the transmission-line
model, the ground plane is considered large enough to neglect
the influence of the oxide layer underneath the ground metal
layer, i.e., . This assumption is justified for most of
CPW designs, where the ground plane is set to at least twice the
distance between the ground lines to reduce the effect of a fi-
nite-width ground plane on the characteristic impedance.

Fig. 2 shows the simplified differential transmission-line
equivalent model. The signal-to-ground capacitance and

are represented by a single capacitance. The T-type
equivalent transmission-line model can be applied to analyze
the dependence of the transmission-line parameters on the pas-
sivation layer and on the light illumination at low frequencies,
i.e., at .

In our experiments, the length of the silicon T-FGCPW and
FGCPW equals 5000 m and the dimensions , , and

, as shown in Fig. 1, equal m, m, and
m. The transmission-line parameters were extracted

from the -matrix representation of the transmission line at fre-
quencies below 1 GHz where .

The series transmission-line parameters and are
given by

(1)

Im (2)

where .
The equivalent shunt elements and are ex-

pressed in terms of , , and by

(3)

(4)

Equations (3) and (4) are valid for . The
value of must account for the capacitance of the re-
gion underneath the center conductor line and for the fringe
capacitance. The latter contribution is particular relevant for
small-signal linewidth of a CPW transmission line. The value
of can be calculated by

(5)
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where is the width of center conductor line, is the thick-
ness of the oxide region, is the dielectric constant of the
oxide layer, and F/cm. The fringe capaci-
tance is written as [26]

(6)

where and is the thickness of the metal
layer. The value of can also be determined from

Im .
The influence of the passivation layer and the light illumi-

nation on the transmission-line losses is investigated for the
T-FGCPW and FGCPW transmission lines. We analyze the fol-
lowing four different cases:

1) FGCPW not illuminated;
2) FGCPW illuminated;
3) T-FGCPW not illuminated;
4) T-FGCPW illuminated.

In our experiment, a white light source was positioned at a
distance of 3 cm away from the surface of the substrate. The
spot size on the sample is 900m 5000 m, i.e.,

. Due to the nature of the light source, most of the energy
was wasted by not impinging on the slot areas of the
FGCPW structures. On-wafer-parameters of T-FGCPW and
FGCPW transmission lines were measured with the light source
switched on and off. The results provide a qualitative rather than
quantitative estimate of the dependence of the transmission-line
properties on the optical power density at the sample.

Fig. 3(a) shows that depends neither on the illumina-
tion, nor on the passivation layer. In other words, the conductor
loss is insensitive to the light illumination and to the presence
of the passivation layer.

Fig. 3(b) shows the dependence of the equivalent substrate
conductivity on the light illumination and passivation
layer. Under illumination, the substrate losses increase due to
the increase of the effective substrate conductivity. A compar-
ison between T-FGCPW and FGCPW transmission lines indi-
cates that the removal of the oxide layer causes a reduction in
the substrate losses. The variation in the effective substrate con-
ductivity can be explained by the accumulation, inversion, and
depletion of charges at the Si–SiOinterface, by the variation
of the interface trapped charges, and by the charges located in
the SiO region.

Finally, Fig. 4(a) and (b) show the real and imaginary parts of
the characteristic impedance of silicon T-FGCPW and FGCPW
transmission lines. At low frequencies, the characteristic
impedance is strongly dependent on the substrate losses. In
either the absence of illumination or at high frequencies, the
loss quantities and are much smaller than the
reactive terms and . Thus, above 10 GHz, the char-
acteristic impedance can be approximated by the characteristic
impedance of a lossless transmission line [27]

(7)

Table I summarizes the extracted values of the series resis-
tance and the effective shunt conductivity for the four cases an-

(a)

(b)

Fig. 3. (a)Real(Z +Z �2Z ) versus frequency. (b)Re(1=Z ) versus
frequency.

alyzed below 1 GHz. The values of , , and are
129 pF, 0.8 pF, and 1.8 pH, respectively. The propagation con-
stant remains unchanged for the different values of the substrate
conductivity, as described in the Section IV.

III. FABRICATION

A 1000-A SiO layer was thermally grown on the sur-
face of a 330-m-thick high-resistivity silicon substrate
( cm). A composite layer, i.e., Ni-Cr-Au, with
thickness equals 5000 A, was then deposited on the surface
of the oxide and covered with photo-resist. Following the
definition of the exposed regions, a 2.5-m-thick galvanic gold
metal was formed using electroplating techniques. Finally, the
SiO layer was etched down using a buffered oxide etch (BOE)
solution. The low etching rate enabled the trenches to be formed
while minimizing the undercutting and not degrading the line
metallization. No metal was deposited on the backside surface.

IV. RESULTS

Fig. 5 presents the return losses of the 5000-m silicon
T-FGCPW and FGCPW transmission lines. At low frequencies,
the characteristic impedance depends upon the value of the
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(a)

(b)

Fig. 4. (a) Characteristic resistance versus frequency. (b) Characteristic
reactance versus frequency.

TABLE I
SUMMARY OF THE EXTRACTED TRANSMISSION-LINE LOSSES

effective conductivity. Owing to its high value in the presence
of the light illumination, the refection coefficient is large at low
frequencies. At high frequencies, however, the effective shunt
conductance does not contribute to the reflection coefficient,
i.e., the characteristic impedance can be expressed solely as a
function of and . From Fig. 5, it is seen that
is practically the same for all the cases at frequencies above
20 GHz.

The plot of and the attenuation (decibels/centimeters) of
T-FGCPW and FGCPW transmission lines are shown in Figs. 6

Fig. 5. Return loss of FGCPW transmission lines.

Fig. 6. Insertion loss of FGCPW transmission lines.

Fig. 7. Attenuation of FGCPW transmission lines.

and 7, respectively. The attenuation of the transmission lines
increases by approximately the same amount of the effective
substrate conductivity, indicating that the dielectric loss is the
predominant loss in the presence of the illumination.
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TABLE II
CONDUCTORLOSS, DIELECTRIC LOSS, AND CONTRAST RATIO OF SILICON FGCPWAND T-FGCPW TRANSMISSIONLINES

The effective dielectric loss factor (mm) is expressed by

(8)

and

where and is the permittivity of the silicon
substrate. The second term of the effective substrate conduc-
tivity indicates that the effective dielectric loss varies with the
intensity of the light illumination. The extraction of with
and without illumination was shown in Fig. 3(b).

The conductor loss factor (mm) is expressed by

(9)

and

where is the metal conductivity, is the skin depth, andis
the metal thickness. Table II outlines the conductor and dielec-
tric losses and the contrast ratio (CR) for optically controlled
devices. The strong dependence of dielectric loss of silicon sub-
strates on illumination allows silicon T-FGCPW and FGCPW
transmission lines to be used as optically controlled devices. A
new CR for optically controlled transmission-line devices can
be defined in terms of the conductor and dielectric losses by

CR (10)

where the indexes and stand for illuminated and nonil-
luminated, respectively.

Table II outlines the conductor and dielectric losses for the
four cases analyzed and the CR of the FGCPW and T-FGCPW
transmission lines. The CR of the T-FGCPW was found higher
than FGCPW transmission lines for optically controlled devices
due to: 1) low conductor loss in comparison with the dielectric
loss and 2) to the higher ratio between illuminated and nonillu-
minated dielectric losses.

The insertion phase at frequencies above 1 GHz is neither
sensitive to illumination, nor to the passivation layer, as shown
in Fig. 8. This is justified by the fact that the propagation con-
stant is weakly dependent on the equivalent substrate con-
ductivity since . The removal of the 1000-A
oxide layer from the slot regions does not alter the value of the

Fig. 8. Insertion phase of FGCPW transmission lines.

effective dielectric constant. This is not valid, however, for deep
trenches where the effective dielectric constant varies according
to the depth of the trench [22].

One of the possible applications of these devices is in the
area of an optically controlled wide-band attenuator when small
phase errors for the different levels of attenuation are required.
For instance, in a complete millimeter-wave monopulse receiver
unit in which the phase tracking between channels is crucial,
a silicon transmission line can be placed between the trans-
mitter/receiver (T/R) switch and the low-noise amplifier (LNA)
stages to improve the system dynamic range and to avoid driving
the LNA into the nonlinear regime. The low phase error in com-
parison with either p-i-n or pseudomorphic high electron-mo-
bility transistor (pHEMT) attenuators ensures the phase tracking
between monopulse channels.

V. CONCLUSION

We have presented the effect of the light illumination and
the passivation layer on the silicon FGCPW transmission lines.
In the presence of illumination, the effective substrate conduc-
tivity increases, leading to an increase in the dielectric losses.
The losses of T-FGCPW, due to the removal of the oxide layer
from the slot regions, are smaller than the losses in conventional
FGCPW. The strong dependence of the effective substrate con-
ductivity on illumination suggests that silicon FGCPW trans-
mission lines can be applied for implementing wide-band mi-
crowave and millimeter-wave optically controlled variable at-
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tenuators having low phase errors for the different levels of at-
tenuation.
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