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Fabrication and Characterization of Coplanar
Waveguides on Silicon Using a Combination

of Si02 and SR020

Rebeca Leal-Romero, José Eleazar Zuiiiga-Judrez, Ignacio E. Zaldivar-Huerta, Member, IEEE,
Maria del Carmen Maya-Sanchez, Member, IEEE, Mariano Aceves-Mijares, Member, IEEE, and
J. Apolinar Reynoso-Hernandez, Member, IEEE

Abstract—In this work, the use of silicon rich oxide (SRO) and
chemical vapor deposition SiO> double layers as passivation films
of coplanar waveguides (CPW) on high resistivity silicon (HR-Si)
with an NT backside is studied. The microwave performance of
the fabricated CPWs is evaluated by computing the attenuation
loss of the devices in the 0.045-50 GHz frequency range. Ex-
perimental results show that the NT layer can be used without
affecting CPW performance. Also, using a combined dielectric
layer (SRO,/Si0O), the attenuation losses are reduced compared
to single dielectric layers.

Index Terms—Attenuation constant, coplanar waveguide
(CPW), dielectric constant, silicon rich oxide (SRO), traveling
wave.

I. INTRODUCTION

HE increasing number of microwave functions that can

be performed by semiconductor devices has contributed
to the use of coplanar waveguide (CPW) and transmission lines
on monolithic microwave integrated circuits (MMICs) and mi-
crowave integrated circuit (MICs). CPW allows the superficial
connection of flip-chip active and passive devices reducing the
cost and size of the packages [1], [2]. Researchers are now de-
voted to integrate all parts on the same monolithic Si chip, and
many reports using silicon to develop high frequencies devices
can be found in the literature. Currently, efforts are being focus
on decreasing the losses of CPWs built on silicon. So in order to
reduce the conductor and dielectric looses a thicker metal layer
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as well as thicker dielectric layer are often used [3]-[6]. How-
ever, the interface losses [5] which are due to charge carriers at
the interface between the dielectric layer and silicon can not be
reduced increasing the thick metal and the thick dielectric layer.
Therefore the passivation layers placed between the electrodes
and the substrate play a very important role, for example in [7]
it is reported that the inclusion of a discontinuous SiO, film be-
tween the CPW metal electrodes and the HR-Si (High Resis-
tivity Silicon) substrate reduces the DC leakage current. Fouad
et al. [8] have proposed the use of Benzocyclobutene (BCB) di-
electric as a passivation film on micromachined structures using
low resistivity silicon. In [9], it was successfully demonstrated
that the use of silicon rich oxide (SRO) on HR-Si substrate re-
duces attenuation losses. In addition, if HR-Si is used as a sub-
strate of silicon integrated circuits a highly doped back layer is
needed to make contact with the common substrate [10]. HR-Si
is usually lightly type N, and an NT backside layer is done
by implantation. However, to our knowledge the effect of the
N™ layer on the attenuation losses of the CPWs has not been
studied until now. Thus, the purpose of this paper is to investi-
gate the microwave performance of a CPW fabricated on high
resistivity silicon (HR-Si) substrate with an N™ backside layer
and the use of the SRO20 as pasivation layer for reducing the
losses due to charge carriers at the interface. In addition, the
study includes the combination of silicon dioxide (SiO3) and
silicon rich oxide (SRO) double layers between the CPW metal
conductors and the substrate. The experimental details are dis-
cussed in Section II. Section III describes the electrical char-
acterization methods used to calculate the attenuation constant
(), the effective dielectric constant (e ), and the characteristic
impedance (Z) parameters. Section IV is devoted to showing ex-
perimental results. Finally, in Sections V and VI, the results are
discussed and conclusions are drawn.

II. FABRICATION DESCRIPTION

Fig. 1 shows the structures fabricated. In all cases high
resistivity silicon (HR-Si) type N was used as a substrate. The
resistivity of the wafers is 4000 (2-cm with 400 pm of thickness
and an N layer is formed in the substrate’s back implanting
Phosphorus. Fig. 1 shows the schematic representation of the
different structures built. For the structures corresponding to
Fig. 1(a) and (c), the SiO2 was obtained by the use of an atmo-
spheric pressure chemical vapor deposition (APCVD) system,
and the gases used were SiHy, Oy and Ns,. For structures
corresponding to Fig. 1(b) and (c), the SRO was obtained by

1521-3331/$25.00 © 2008 IEEE
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Fig. 1. Schematic of the CPW fabricated on Si HR and Si HR-N+
TABLE 1
DEPOSITIONS CONDITIONS FOR SIO> AND SRO3o AND THICKNESS MEASURED
Dielectric | Technique Gases Temp (°C) | Time (min) | Thickness (um)
SiO, APCVD SiHy, Os, N, 450 45 2.03
SROy LPCVD SiH4, N,O 700 125 0.67
TABLE II
CPW DIMENSIONS: MEASURED (NOMINAL)

Structure T (um) s (um) r (um) Dielectric
CPW1 350 (360) 95 (100) 55 (50) SiO,
CPW2 350 (360) 95 (100) 55 (50) SRO,
CPW3 350 (360) 95 (100) 55 (50) SRO,/ SiO,

the chemical reaction between SiH4 and N5 O in a low pressure
chemical vapor deposition (LPCVD) system. The excess of
silicon is determined by the gas ratio Ry [11] (Rg = 3 produces
17% silicon excess and Rg >100 produces stoichiometric
Si02). Rg = 20 was used in this experiment. Table I shows the
deposition conditions and the layer thickness obtained under
those conditions. The thickness and the refractive index of the
dielectric films were measured using a Gaertner ellipsometer
model L117 with a 6328 A helium neon laser and a 70° angle
of incidence. Aluminum was used as a conductive layer on the
strips and it was obtained by evaporation with an electron gun.
The dielectric films and aluminum layer were patterned to form
the ground (T) and the signal (s) strips with a gap (r) between
the ground and the signal strips. The dimensions of the strips
were measured using an optical microscope and a reticule with
a filament. Results of the measurements are shows in Table II
(the values between parentheses correspond to the dimensions
of the mask used). The length of the structures is 1 and 4 mm,
referred to as LA and LC, respectively. The thickness of the
aluminum layer is 1.3 pm and it was measured by the use of an
Alpha Step profiler.

III. THEORETICAL METHODS

In the microwave characterization of the CPW investigated,
an automatic network analyzer HP85510C system (ANA), a

Cascade microtech™ probe station and coplanar probes were
utilized. To assess the high frequency performance of the CPW
under study we use the characteristic impedance (Z.) and the
propagation constant (). From the knowledge of the propa-
gation constant the dielectric constant and the line losses are
determined.

A. Evaluation of the Characteristic Impedance

To determine the characteristic impedance of the CPW the
S-parameters are measured. This was achieved by calibrating
the ANA at the end of the probe tips using the Line-Reflect-
Mach (LRM) calibration technique in the 0.045-50 GHz range.
The measured S parameters are converted to a transmission ma-
trix (T) to determine the line impedance using the method re-
ported in [9], [12]. The characteristic impedance (£ ) is com-
puted from the reflection coefficient (I") as [9]

24 = 7o <—1+F) (1)

1-T

I can be determined by the solution to the quadratic expression

2
Vo (L (tay —t11) —t
r 21 T 22 11 12

where t;; (with 2 = 1,2 and j = 1, 2) are the elements of the
transmission matrix T of the CPW.

@
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Fig. 2. CPW Losses as a function of frequency on Si HR and on Si HR-N* for (a) all the structures, (b) Al/SiO2/Si, (c) AlI/SRO-¢/Si, and (d) Al/SRO2,/Si0-/Si

structures.

B. Evaluation of the Attenuation and the Effective Dielectric
Constants

Prior to the attenuation constant and the dielectric constant es-
timation the line propagation constant was determined using an
improved Line-Line (L-L) method [13], [14]. The main feature
of the improved L-L method is that the ANA is not calibrated,
and only the switching errors are corrected with the procedure
reported in [15]. Indeed, the use of an uncalibrated ANA im-
proves the measurements because residual errors generated by
the non-idealities of the standards are eliminated. Then, to as-
certain the attenuation constant («) and the effective dielectric
constant (g0 ), we first determine the traveling wave () of the
line using the method reported in [13], [14]. Two uniform CPWs
of different length but with the same characteristic impedance
are used. According to the method reported in [13], [14] -y can
be calculated by

1

=L L In(A) 3)

v

where Lo and L; are the lengths of the long and the short lines,
respectively, and A can be computed using the expression (17)
reported in [13]. The propagation constant (-y) is defined as

y=a+jps 4

where « is the attenuation constant (Np/m) and [ is the phase
constant (radians/m). On the other hand, the effective dielectric

constant is given as
Be 2
off = _ 5
Eoff <27r 7 (%)

where ¢ and f are the speed of light and the frequency,
respectively.

IV. EXPERIMENTAL RESULTS

The attenuation constant, «, and the effective dielectric
constant, ., were computed from the knowledge of ~, as
described in the Section III-B. The lines LA (1 mm) and LC
(4 mm) were used as L; and Lo, respectively. Fig. 2 shows
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structures.
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Fig. 4. CPW Characteristic impedance versus frequency for all the structures.

the frequency dependence of the attenuation constant. Fig. 2(a)
compares the losses of the SiO2, SROyy, and SRO(/SiO;
structures fabricated on HR-Si substrate with and without the
N back layer. From Fig. 2(a) it is observed that the losses of
the SRO,(/Si0; structures deposited on the HR-Si substrate
without N are the lowest of all. Structures made of SiO, and
SROy single layers have similar losses and the N™ layer has a
minimum effect, as can be seen from Fig. 2(b) and (c). How-
ever, the structure SRO5y shows lower losses than the structure
SiO, at low frequency. Because the SiO» layer is thicker than
the SRO» layer it would be expected that the losses in the SiO»
structure were lower than the losses of the SROyq structure.
However, we observe that the SRO5q structure has lower losses
than SiOs structure. This reduction of the losses can be due to
an improvement of the interface losses. The SRO2(/Si05 dual
layer produces the lowest losses; see Fig. 2(d). However, the
Nt layer increases the losses in this structure, but continues

being similar to the single layers. Plots of the effective dielec-
tric constant (e.g) versus frequency for the lines fabricated on
HR-Si with and without an implanted N™ back layer are shown
in Fig. 3. The frequency dependence of this parameter indicates
whether a transmission line is dispersive or not. In all cases
the value of e.¢ is approximately 6 and is practically constant
in the measured frequency range. Significant changes are not
remarkable between the two types of substrate used. Finally,
Fig. 4 shows the frequency dependence of the characteristic
impedance for the lines fabricated on HR-Si and HR-Si-NT,
respectively. This value is between 47 and 53 2. A significant
difference in the line impedance between the two types of sub-
strate is not observed. The impedance of the SROy structures is
lower than for the other two types of structures. The impedance
of the CPW structures depends on the dimensions (r, s and
T) and the substrate characteristics. Indeed, it is expected that
the characteristic impedance varies since the dielectric layer is
different.

V. CONCLUSION

In this paper, we have evaluated and compared the attenua-
tion coefficient, the effective dielectric constant, and the char-
acteristic impedance of the CPWs fabricated on HR-Si sub-
strates with and without a NT back layer. Different dielectric
films such as SiOs, SRO5(/SiOs and SRO5¢ were used. The
double layer of SRO2(/SiO2 on a HR-Si substrate has a pos-
itive impact on the CPW losses. In fact, we have found a re-
duction of the attenuation coefficient using this kind of dielec-
tric compared with single layer dielectrics. On the other hand,
when a high resistivity Si substrate with an N back layer was
used, the losses for SRO5(/SiO5 structures increase. However
the losses obtained are similar to those of the CPW structures
using SiO2 and SRO9g. The losses of SiOy and SROyq struc-
tures do not present important changes when they are deposited
on HR-Si-N. Therefore, the impact of the N™ back layer in the
substrate on the loss is not significant. The effective dielectric
constant and the characteristic impedance do not present signif-
icant changes when the CPWs are fabricated on HR-Si or on
HR-Si-N*.
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