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Impact of Light lllumination and Passivation Layer
on Silicon Finite-Ground Coplanar-Waveguide
Transmission-Line Properties
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Abstract—Modeling of silicon finite-ground coplanar-wave- control up to 45 dB using a commercial AlGaAs laser diode is
guide (FGCPW) transmission lines is presented in this paper. It demonstrated in [12].
is shown that the effective substrate conductivity increases in the Coplanar-waveguide (CPW) transmission lines have been

presence of illumination and in the presence of a passivation layer " ized ferabl fi di t
in the slot regions independently. As a result, the losses of trenched recently recognized as a preterable propagation medium a

FGCPW are lower than conventional FGCPW transmission Millimeter-wave frequencies in comparison with the commonly
lines. The strong dependence of the substrate conductivity on used microstrip lines. The dispersion characteristics of CPW
illumination suggests that optically controlled attenuators can |ines are analyzed in [15]-[18]. One of the main advantages
be implemented with FGCPW transmission lines exhibiting ot 5 cpw transmission line and its variations (CPW [16],
practically no phase change between the different attenuation _ - .
states. A new contrast ratio for optically controlled transmission tr.enChed finite-ground coplanar waveguide (FGCPW) [19], fi-
lines is derived. 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
. INTRODUCTION at the slot areas in high aspect-ratio CPW lines reduces the

TRINGENT cost, size, power consumption, and perfoRfopagation of undesirable non-TEM modes. As a result,

ance demanded from modern commercial and militakPW lines present lower dispersion characteristics and higher
systems have led to rapid advances in the areas of monolitisiglation between adjacent elements than microstrip lines. On
microwave integrated circuits (MMICs) [1], [2], RF micro-the other hand, at relatively lower frequencies, where the main
electromechanical devices (RFMEMs) [3], [4], and microwawess contributor stems from the conductor losses, CPW lines
packaging [5]-[8] technologies. The high level of integration i@ expected_to_havg higher losses per wavelength. The losses
analog and digital circuits and the off-chip elements has shiftéd®W transmission lines, however, can be somewhat reduced
the conventional design approach, where each subsystenWsa reduction in the circuit size due to an improvement in the
designed separately, to a more unified approach for systeh§§lation between adjacent elements. .
circuit, and packaging. In such a dense environment, it isHigh thermal conductivity and low dielectric-loss substrates

very difficult to take into account the interaction between tha'e the key parameters in CPW-based circuits. Unlike microstrip
different elements of a module (MMICs, application-specifi&'rcu'tS:Where the heat flows through the substrate and via holes
integrated circuits (ASICs), shield, interconnects, etc.), parti2 @ high thermal conductivity carrier, e.g., molybdenum, the
ularly when multiple technologies are employed. As a resuh?atsml_(l_n CPW structures is mainly determined by the thermal
the actual system performance is different from the predicté@nductivity of the substrate as well as by the thermal and elec-
system performance based on wafer measurements data. trical properties of the interconnects. Substrates, such as silicon,
Hybrid integration of active devices on high-resistivity silicorPrésent a reasonable compromise between losses and thermal
substrates offers an attractive cost/performance solution for fnductivity. The thermal conductivity of silicon is approxi-
crowave subsystems. For instance, Ranral. [9] shows a mately 150 W/mK. The losses of a CPW transmission line on a
subharmonic mixer designed at 94 GHz and Sakagl. [10] high-resistivity silicon substrate (HRSS) lower than 0.2 dB/mm
describes a single stage amplifier at 40 GHz. In addition, silicé 40 GHz [23] are considered acceptable for most of the mi-
substrates provide the means (optical benches) of conveying ¢f@vave and the millimeter-wave applications.
optical signals. The use of optical techniques for the control Silicon FGCPW transmission lines require the presence of a

of microwave circuits has been described in [11]-[14]. A gaiR@ssivation 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
Manuscript received May 19, 2000. charges.accumulated at t_he interface, the existent traps in the
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SILICON Fig. 2. FGCPW differential transmission line.
Fig. 1. Cross section of a trenched FGCPW transmission line. T-FGCPW and the conventional FGCPW transmission line

simply by FGCPW.

. In order to reduce the complexity of the transmission-line
th? slot areas Ie_ads_to a reduction of the §_urface charge. Aﬂ?ddel, the ground plane is considered large enough to neglect
Iytlcal_tran$m|SS|on line models for lossy silicon substrates i€ influence of the oxide layer underneath the ground metal
descrlb_ed in [25] and [26]. layer, i.e.,C2, — oo. This assumption is justified for most of

In this Paper, .the deperyde_nce O.f the substr'a.te conductlv&sw designs, where the ground plane is set to at least twice the
on the_ pe_lsswgtlon Iaye_r IS mvestlg_ated for s_|l|con FGCPWistance between the ground lines to reduce the effect of a fi-
trgns_m|ss_|on Ilne_s. Section I descrlbgs the differential tran ite-width ground plane on the characteristic impedance.
mlss!on-_lme equwalent_model and its (_jepe_nde_nce on t ®Fig. 2 shows the simplified differential transmission-line
passivation layer. The influence of the illumination on th quivalent model. The signal-to-ground capacitaidg, and
differential transmission-line equivalent model is analyze are represented by a single capacitafite The T-type
The results show that the effective substrate conductivity varig, Sivalent transmission-line model can be applied to analyze
according to the light illumination and to the surface charges dependence of the transmission-line parameters on the pas-

the slot areas. Finally, th.e amplitude and phas_e O_f the_'nsertQOation layer and on the light illumination at low frequencies,
and return losses of silicon FGCPW transmission lines e atAl < N4

presented. It will be shown that, at frequencies above 1 GHz, | experiments, the length of the silicon T-FGCPW and
silicon FGCPW transmission lines act as an optically controllq_cbcpw(m) equals 500Q:m and the dimension#’, S, and
variable attenuator having phase linear with frequency. The oo chown in Fig. 1, equal = 75 um, S — 52 pm. and

linear phase characteristics of FGCPW transmission Iings: 360 um. The transmission-line parameters were extracted

enabl_es the appearance .Of new applications suc_h as gam COWB% thez-matrix representation of the transmission line at fre-
at microwave and millimeter-wave frequencies for pha%fuencies below 1 GHz wheml < \/24

tracking systems, automatic gain control, power control dev

4 . '®The series transmission-line parametBr\l and L, Al are
for transmitter modules, and temperature control devices.

given by

R, Al =Re (Z11 + Zoy — 2751) 1)

Il. TRANSMISSION-LINE MODELING 1
LAl = ; Im (le + Zoy — 2Z21) (2)

The cross section of the trenched FGCPW transmission-line
structure considered in this paper is shown in Figi¥lis the

width of the signal lineS is the width of the slot, and- is the The equivalent shunt element., Al and C, Al are ex-

width of ground lines. The capacitan€d,,. andC2,,, stand for ;
the capacitance of the oxide layer under the signal and grOLR]I‘&SSGd in terms dF, AL CpAl Cp Al andCox Al by

lines, respectively. The capacitance, andC2, represent the C... 2 1
Al = Re 3

wherew = 27 f.

capacitance between the signal and ground lines of CPW struc-  GeqAl =G,

tures. The signal-to-ground coupling through the substrate is c gox + G 2
given by C1,, and through the air dielectric b§2,,. The sub- CoqAl = 7P N\] = L Im <L> . (4)
strate conductivity and influence of surface charge are taken into Cox + Cp w Za1

account by the shunt conductanGg. The series elements, Equations (3) and (4) are valid f@#,Al < wC,Al The

andL; describe the resistance and self-inductance of the ceniglue of C.. Al must account for the capacitance of the re-

conductor line. The capacitance is expressed in p|cofarads/reﬁl(—)n underneath the center conductor line and for the fringe

limeters, the inductance in henries/millimeters, the resistanceclglpacitance The latter contribution is particular relevant for

ohms/millimeters, and the conductance in siemens/miIIimetegna”_signw linewidth of a CPW transmission line. The value
The difference between the trenched FGCPW model §} ~

. . . ; Al can be calculated by
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

ox

OOXAZ = <TKEOXEO + Cfringe) Al (5)
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whereW is the width of center conductor lin&;, is the thick- 2.0
ness of the oxide regior, is the dielectric constant of the 18
oxide layer, ané, = 8.854 x 10~'* F/cm. The fringe capaci- (S
tanceClring. is written as [26] SRR S Focow (na ummated)
N o T-FGCPW (illuminated)
(\ll 1.2 o T-FGCPW (notilluminated)
271' 1 o
Chringe = Ereft€ - = 6 oot
ringe reff€0 <ln(1+T+ T(T+2)) T) ( ) l.\!-lv- oe
N: 061y ¢ .
fd i i el oG 5 A AN
where T’ 2T/t and t is the thickness of f[he metal s 0_4:%0 E% :
layer. The value ofC. Al can also be determined from gsﬁ.@ % 2
lim,,_,g [w_l |m(Z21)_1]. 02¥ o ’
The influence of the passivation layer and the light illumi- T 02 o3 o2 o5 o6 07 o5 o5 10
nation on the transmission-line losses is investigated for the
T-FGCPW and FGCPW transmission lines. We analyze the fol- Frequency (GHz)

lowing four different cases:
1) FGCPW not illuminated;

@)

2) FGCPW illuminated; o018
3) T-FGCPW not illuminated; 0.014 S EGChw ndllmted)
4) T-FGCPW illuminated. - S T-FechW et mnated)
In our experiment, a white light source was positioned at a & e At Mg

distance of 3 cm away from the surface of the substrate. The < °'°
spot size on the sample is 9pf x 5000um, i.e.,(25 +2G + N 000
W) x L. Due to the nature of the light source, most of the energy =
was wasted by not impinging on the slot ar¢&sx L) of the A e R
FGCPW structures. On-waferparameters of T-FGCPW and 0.004
FGCPW transmission lines were measured with the light source 0.002
switched on and off. The results provide a qualitative rather than -
quantitative estimate of the dependence of the transmission-line 04 02 03 04 o5 oe o7 08 o0 1o
properties on the optical power density at the sample.
Fig. 3(a) shows thaf?, Al depends neither on the illumina- Frequency (GHz)
tion, nor on the passivation layer. In other words, the conductor )
loss is insensitive to the light illumination and to the presence A
of the passivation layer. f':rgdjénc(ya.)r{eal(zu + Zs2 —2Z51) versus frequency. (Bje(1/Zs1 ) versus
Fig. 3(b) shows the dependence of the equivalent substrate

conductivity(G.qAl) on the light illumination and passivation
layer. Under illumination, the substrate losses increase due¥z€d below 1 GHz. The values 6. Al, G, Al, andL, Al are

the increase of the effective substrate conductivity. A compak29 PF. 0.8 pF, and 1.8 pH, respectively. The propagation con-

ison between T-EGCPW and EGCPW transmission lines indtant remains unchanged fpr the dlﬁerent values of the substrate

cates that the removal of the oxide layer causes a reductiorffrductivity, as described in the Section IV.

the substrate losses. The variation in the effective substrate con-

ductivity can be explained by the accumulation, inversion, and [ll. FABRICATION

depletion of charges at the Si-SiGnterface, by the variation A 1000-A SiO, layer was thermally grown on the sur-

of the interface trapped charges, and by the charges locategife of a 330um-thick high-resistivity silicon substrate

the SiG; region. o (p =2 1200 © - cm). A composite layer, i.e., Ni-Cr-Au, with
Finally, Fig. 4(a) and (b) show the real and imaginary parts gfickness equals 5000 A, was then deposited on the surface

the characteristic impedance of silicon T-FGCPW and FGCP¥Y the oxide and covered with photo-resist. Following the

fcransmissior) lines. At low frequencies, the characteristifinition of the exposed regions, a 2:B-thick galvanic gold

impedance is strongly dependent on the substrate lossespital was formed using electroplating techniques. Finally, the

either the gpsence of illumination or at high frequencies, ttg;oz layer was etched down using a buffered oxide etch (BOE)

loss quantitiesG., Al and R,Al are much smaller than thegoytion. The low etching rate enabled the trenches to be formed

reactive termd., Al andC, Al. Thus, above 10 GHz, the charyyhile minimizing the undercutting and not degrading the line

acteristic impedance can be approximated by the characterigfigiallization. No metal was deposited on the backside surface.
impedance of a lossless transmission line [27]

LAl = CpALZ2. @) IV. RESULTS

Fig. 5 presents the return losses of the 5@0@-silicon
Table | summarizes the extracted values of the series reSisFGCPW and FGCPW transmission lines. At low frequencies,
tance and the effective shunt conductivity for the four cases d@he characteristic impedance depends upon the value of the
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Fig. 4. (a) Characteristic resistance versus frequency. (b) Characteriig- 6. Insertion loss of FGCPW transmission lines.
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TABLE | 75 W = 75umt T W
SUMMARY OF THE EXTRACTED TRANSMISSION-LINE LOSSES 70 : X *?”,‘?ﬁ.’
| T AL
=3 63 . s FGCPW (lluminated)
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c
=]
T-FGCPW illuminated 0.4 0.00580 5
S
FGCPW not illuminated 0.4 0.00267 a:)
g
FGCPW illuminated 0.4 0.01120
s P

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 coefﬂmer&t

i.e., the characteristic impedance can be expressed solely as a'

function of L,Al and C,Al. From Fig. 5, it is seen thaf;

is practically the same for all the cases at frequencies abamd 7, respectively. The attenuation of the transmission lines

20 GHz. increases by approximately the same amount of the effective
The plot ofS>; and the attenuation (decibels/centimeters) alubstrate conductivity, indicating that the dielectric loss is the

T-FGCPW and FGCPW transmission lines are shown in Figspéedominant loss in the presence of the illumination.

Frequency (GHz)

Attenuation of FGCPW transmission lines.



SPIEGEL AND MADJAR: IMPACT OF LIGHT ILLUMINATION AND PASSIVATION LAYER ON SILICON FGCPW TRANSMISSION-LINE PROPERTIES 1677

TABLE I
CONDUCTORLOSS DIELECTRIC LOSS AND CONTRAST RATIO OF SILICON FGCPWAND T-FGCPW TRANSMISSIONLINES

Conductor loss factor (mm™) | Dielectric loss factor (mm™) |C.R.
T-FGCPW not illuminated 0.0008 0.0034
T-FGCPW illuminated 0.0008 0.0290 6.1
FGCPW not illuminated 0.0008 0.0134
FGCPW illuminated 0.0008 0.0560 3

The effective dielectric loss factor (mm) is expressed by
1
Qg = Q(Ge[[ZC) (8)
and
2 v ?
£ Gox 2 R
Get = —wesigo + G <7> 2 z g
. P\ Cox + Cp S )
wheres = ¢, + je; andeg;e, is the permittivity of the silicon 2 - \
substrate. The second term of the effective substrate conduc- fF SRA. VOO S
tivity indicates that the effective dielectric loss varies with the T-Egggﬁfg&fﬂ?ﬁ:‘zﬁ‘e%eﬁ) """""""
intensity of the light illumination. The extraction 6#.,Al with N TErecewumnsed [
and without illumination was shown in Fig. 3(b). B TTe 10 15 20 25 30 35 a0 a5 o
The conductor loss factor (nm) is expressed by
1 /R, Frequency (GHz)
Qe = | —— (9)
2\ Zc
and Fig. 8. Insertion phase of FGCPW transmission lines.
¢ —1
R,Al = [%5 tanh <_>} effective dielectric constant. This is not valid, however, for deep
6 trenches where the effective dielectric constant varies according

whereo. is the metal conductivity is the skin depth, antlis  to the depth of the trench [22].

the metal thickness. Table Il outlines the conductor and dielec-One of the possible applications of these devices is in the
tric losses and the contrast ratio (CR) for optically controlle@rea of an optically controlled wide-band attenuator when small
devices. The strong dependence of dielectric loss of silicon sugase errors for the different levels of attenuation are required.
strates on illumination allows silicon T-EGCPW and EGCPWor instance, in a complete millimeter-wave monopulse receiver
transmission lines to be used as optically controlled devices URit in which the phase tracking between channels is crucial,
new CR for optically controlled transmission-line devices ca Silicon transmission line can be placed between the trans-

be defined in terms of the conductor and dielectric losses by Mitter/receiver (T/R) switch and the low-noise amplifier (LNA)
g i) aqin) stages to improve the system dynamic range and to avoid driving
A= () s =)

Gy + @ Gty (10) the LNA into the nonlinear regime. The low phase error in com-
: e e n . parison with either p-i-n or pseudomorphic high electron-mo-
where the indexegl. andn.ill. stand for illuminated and nonil- bility transistor (oHEMT) attenuators ensures the phase tracking

luminated, respectively.
’ ! . . between monopulse channels.
Table Il outlines the conductor and dielectric losses for the P

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 We have presented the effect of the light illumination and
due to: 1) low conductor loss in comparison with the dielectrithe passivation layer on the silicon FGCPW transmission lines.
loss and 2) to the higher ratio between illuminated and nonillin the presence of illumination, the effective substrate conduc-
minated dielectric losses. tivity increases, leading to an increase in the dielectric losses.
The insertion phase at frequencies above 1 GHz is neithigre losses of T-FGCPW, due to the removal of the oxide layer
sensitive to illumination, nor to the passivation layer, as shovirom the slot regions, are smaller than the losses in conventional
in Fig. 8. This is justified by the fact that the propagation cofFGCPW. The strong dependence of the effective substrate con-
stant(3) is weakly dependent on the equivalent substrate comdctivity on illumination suggests that silicon FGCPW trans-
ductivity sinceR;Geq < w?L;Ceq. The removal of the 1000-A mission lines can be applied for implementing wide-band mi-
oxide layer from the slot regions does not alter the value of tikeowave and millimeter-wave optically controlled variable at-

V. CONCLUSION
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