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Optically CW-Induced Losses in Semiconductor
Coplanar Waveguides

WALTER PLATTE AND BERNHARD SAUERER

Abstract —This paper presents a qnasi-static anafysis of photoindnced

wave attenuation in a continuously illuminated coplanar wavegnide trans-

mission line on semieondnctor substrate, using a conformal mapping

technique. The relevant effects of charge carrier diffusion and surface

recombination on photoeonductivity and plasma penetration depth have

been incorporated into the theory. This finally aflows a quantitative esti-

mate of opticafly induced losses as a function of the various fight source

and substrate parameters by means of nnmencafly cafcsdated diagrmns. In

the particular case of small-plasma-depth excitation, an approximate, ana-

lytical expression for the light-controlled attenuation constant is presented.

Initial experimental restdts are in relatively good agreement with the

theory.

L INTRODUCTION

w ITHIN THE last decade the pulse-induced optical

control of microwave or millimeter-wave compo-

nents has been established as a very attractive and practi-

cal technique of high flexibility y allowing scope for con-

structional details. In particular considerable success has

been achieved in the field of optoelectronic microwave

switching (OMS), where broaql-band capability, sub-

nanosecond speed, simplicity of operation, and near-per-

fect isolation are of primary imp@tance [1]. In most cases

of interest, e.g. for the optoelectronic generation of very

short microwave or millimeter-wave bursts [2]–[5] or for

optoelectronic sampling [6]–[8], small gap-structure MIC

devices on a semiconductor or semi-insulating substrate at

low-duty pulsed excitation have been used. As the pulse

widths of the applied laser pulses are predominantly much

smaller than the excess carrier lifetime of the semiconduc-

tor material used, carrier diffusion and surface recombina-

tion effects may be neglected; hence the dc and microwave

performances of OMS devices have commonly been calcu-

lated by means of the well-known lumped-element analysis

[1]-[3].

For some time now, increasingly active interest in quasi-

CW or even purely CW-induced optical control of MIC

components on semiconductor isubstrate has been ob-

served. This is primarily due to the prospect of novel

components or devices, especially with regard to MIC

measurements. For example it should be possible in the

near future to realize an optic~ly controlled coplanar
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waveguide sliding termination where the intensity-graded

top-side CW excitation generates a smoothly tapered abs-

orbing plasma wedge capable of being moved opl,o-

electronically. Such a device would represent the CW

version of the pulse-induced edge-excited optoelectronic

microwave load reported previously [9]–[1 1]. In addition,

the recent advance of laser diode and LED array techncJ-

ogy with respect to the CW optical output power contribu-

tes considerably to the growing interest in this topic.

For estimating the applicability of CW-light-controlled

transmission line sections to innovative instrumentation

and measurement techniques, the optically induced i]n-

crease in attenuation of a semiconductor coplanar wave-

guide line is quantitatively analyzed by means of a co]n-

formal mapping technique. In consequence of the CW

illumination, the strong influence of carrier diffusion and

surface recombination processes on the induced photoccm-

ductivity and the plasma penetration, depth has to be

considered. This implies calculation of the attenuation of a

microwave signal propagating through semiconductor

material having two-dimensionally inhomogeneous photo-

conductivity. The results are presented partly in the form

of analytical expressions which are applicable within a

wide range of relative dielectric constants and characteris-

tic impedances, and partly in the form of specific diagrams

referred to a 50 Q coplanar transmission line on Si, GaAs,

and InP substrates.

II. QUASI-STATIC ANALYSIS OF SEMICONDUCTOR

COPLANAR WAVEGUIDE

A. Conformal Mapping Method

The coplanar waveguide (CPW) configuration to be

analyzed is shown in Fig. l(a), where the semiconductor

substrate thickness is assumed to be sufficiently large, and

hence can be considered infinite in the analytical model.

The ground planes are assumed to be infinitely wide and,

in addition, the strip and the ground plane metallization

thickness t is considered negligible. Supposing a uniform

top-side CW laser irradiance across the slot width W, and

neglecting carrier diffusion and surface recombination ef-

fects for the present, the excited regions below the

air–semiconductor boundary of the slots may be consid-

ered approximately as small plasma strips of rectangular

cross section W X d, where W= bl – al is the plasma strip

width and d is the plasma penetration depth. The condu~c-
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Fig. 1. Conformaf transformation planes for CPW analysis. (a) Real

configuration of top-side CW-dluminated CPW on semiconductor sub-

strate. (b) Equivalent paraflel-plate capacitor model.

tivity UP of the plasma strips is assumed to be homoge-

neous and is OP= o~ + Au, where CJdis the dark conductiv-

ity of the semiconductor substrate and ACJis the induced

photoconductivity.

The Schwarz–Christoffel transformation mapping the

lower half of the z plane into the interior of the lower

rectangle in the w plane (Fig. l(b)), with conductor surface

on the top and the bottom and air-semiconductor inter-

faces on the sides, is given by [12], [13]

./

-? Adz
W=u+ju=

‘m

(1)
o/~z

where A is a constant, al and bl denote the specific strip

and slot dimensions of the CPW as shown in Fig. l(a), and

ZI = xl+ jyl describes the point to be transformed. Like-
wise the upper half of the z plank is transformed into the

upper rectangle of the w plane. Both rectangles may be

considered parallel-plate capacitors of equal electrode

width 2a and equal plate spacing b, connected in parallel.

The ratio a/b can be conveniently expressed as [14]

a/b= K(k)/K’(k) (2)

where K(k) is the (tabulated) complete elliptic integral of

the first kind with modulus k = al/bI, and K’(k) = IV(k’)

with k’= (1 – k 2)1/2. Accurate and simple analytical ex-

pressions for the ratio K/K’ as a function of k are

available in the literature [15].

Assuming sufficiently small laser irradiance, the in-

fluence of the optically induced excess carriers on the

electric and magnetic field configurations is of secondary

importance.1 In this case, the total line capacitance per

unit length C’, including the empty space half-plane, may

be written as [14]

C’=C:+C{ =2cO(cj +l)a/b= 2~O(cj+ l) K(k)/K’(k)

(3)

where C.’ refers to the semiconductor-loaded capacitor

and Cd to the air capacitor.

The quasi-static characteristic impedance Z, for the

quasi-TEM mode propagating in the CPW line is then

given by [14]

K’(k)
Zyw – ‘o

4& K(k)
(4)

where c,. is the effective dielectric constant of the CPW

according to c,. = (c: + 1)/2, C; is the real part of the

relative permittivity, co is the free-space permittivity, and

Z.= 120T 0 is the intrinsic impedance of free space.

Equation (4), in conjunction with the analytical expression

for K/K’ [15], enables the k value to be calculated for a

given set of Z[ and c:. For example, considering a 50 Q,

CPW line on Si (f:= 11.7), GaAs (c;= 12.9), or InP (c;=

12.55) substrate, one obtains ksi = 0.462, kGu, = 0.424,

and kInP = 0.434.

In order to transform the plasma regions or, more

generally, the mesh of orthogonal lines and boundaries

within the cross section of the semiconductor substrate

(where specific points have been labeled @,@, @, etc.,

Fig. l(a)), the elliptic integral (1) has to be solved with

complex arguments. For this purpose the z values have

been normalized to al, i.e., z’= z/al= x/al+ jy/al. Then

by substituting z{= X[ + jy{ = sin ql = sin(+l + jfll), the

elliptical integral can be rewritten in the form

w A

f

91 dcp
w’=u’+ju’=—=—

al albl o {m”

A
—– —~(ql> k) (5)

albl

where F( rpl, k) is an incomplete elliptic integral of the first

kind with complex amplitude rpl = @l + jdl and modulus
k, and A /albl is a scale factor which has been chosen to

be unity in the following analysis to obtain a/al= K(k)

and b/al = K’(k), without affecting generality. The trans-

formation proceeds by separating F(cpl, k) into real and

imaginary parts according to

w’=F(@l +j6Jl, k)= F(al, k)+jF(&, k’). (6)

The numerical evaluation of the modified amplitudes al

lFor a more rigorous approach, dielectric relaxation and space charge
effects have to be considered, particularly in the case of semi-insulating
material. However this would imply a considerable increase in complexity
of both the carrier transport and the wave propagation analysis, and
hence has been disregarded for this quasi-static approximation.



PLATTE AND SAUERER: OPTICALLY INDUCED LOSSES IN COPLANAR WAVEGUIDES 141

jv’

t

dark triangle region

photoconductive ‘nose’
I u’

y’=-o.05

-0.1 ‘
-0,2’

-0.5

-1.0

-2.0

-5.0

=Rs$iir
K’(k)

I*K

~ K(k) ~

Fig. 2. Actuaf distribution of x’= constant and y’= constant lines

within the right-hand half of the lower rectangle in the w’ plane,

calculated for a 50 0 CPW configuration on silrcon substrate

(k= 0.462).

and & can be accomplished in reasonably straightforward

fashion by means of the following equations [16]:

cot4al – [cot*@l + k2sinh2f31csc2@l – (1– kz)] cot2 al

-(l- k’)cot’$l=o (7)

k 2 tan’ PI= tan2@l cot 2 al – 1 (8)

where *I and 01 can easily be calculated from the relations

X[ = cosh 191sin @l and y[ = sinh 61cos @l, referring to the

above substitution. Since the CPW configuration is sym-

metric with respect to the vertical plane at x = O, only one

half (x ~ O) of the structure needs to be considered for the

purpose of conformal mapping.

As a result the specific shape of the transformed plasma

region and its position within the lower rectangle in the w

plane are qualitatively shown in Fig. l(b). An accurate plot

of a mapped 50 Q CPW configuration on silicon substrate

(k= 0.462) is presented in Fig. 2, exhibiting the actual

distributioti of x’ = constant and y’= constant lines in the

w‘ plane.

B. General Calculation of Wave Attenuation

Wave attenuation in a photoexcited CPW line on semic-

onductor substrate is caused by four loss components:

conductor losses (a=), dielectric losses (a,), dark-conduc-

tivity losses (ad), and photoconductivity losses (aPJ.

Hence, the total attenuation constant acpw maybe written

as

acpw= ac + lx, + ad + ap~. (9)

When a quasi-static approximation is valid, one can use

Wheeler’s incremental inductance rule for evaluating con-

ductor (ohmic) losses. An analytical expression for a, is

available in the literature [14].

Dielectric losses in CPW lines are usually calculated

from [14]

LJqf:zo fc;
ixe= tan8<=13.64—

4& r

tan 8C dB/unit length
CO ‘re

(10)

where co is the velocity of light in free space, f is the

signal frequency with u = 2 ~f, and tan 8, = c;/c~ is the

“polarization loss tangent” of the semiconductor sub-

strate. It should be noted that (10) is based on the assump-

tion of small losses, i.e., tan 8,<<1. In addition a filling

fraction of 0.5 for the CPW has been assumed.

Similarly, the losses due to substrate conductivity can be

determined from (10) by replacing tan 8, by the conductiv-

ity loss tangent tan 80 = G’/uC,’, where G’ is the total

conductance per unit length of the parallel-plate capacitor

model (Fig. l(b)) and C,’ = 2tocja /b according to (3). This

substitution finally results in

ZOG’ b .ZoG’ K’(k)
ad + aph = —.— .—. —

8& a 8& K(k)
(11)

again assuming small losses, i.e., G’ << 6JCr’. If no excita-

tion occurs the conductivity losses are governed merely by

the dark conductivity cr~ of the substrate. Thus, one ob-

tains aP~ = O and G’= 20~a/b, yielding .

ad = ZouJ4& = 2.17ZooJ& dB/unit length.

(12)

In the case of excitation, an inhomogeneous distribution

of conductivity is built up within the lower rectangle in the

w’ plane according to u(u’, u’) = rr~ + Ao( u’, u’), where for

the present the induced photoconductivity Ao(u’, u’) is

piecewise uniform because of the assumptions mentioned

in subsection II-A.

In order to obtain the optically induced (net) increase in

attenuation explicitly as a function of light source and

substrate parameters, it is very useful to separate photo-

conductivity losses and dark-conductivity losses. This can

be achieved by utilizing a capacitor substitution as shown

in Fig. 3, where the right-hand half of the mapped CPW

configuration is finally replaced by a ‘capacitor of rlormal-

ized electrode width a/al = K(k) with uniform dark con-

ductivity Ud and a fictitious shunt capacitor of normalized

electrode width s with uniform photoconductivity Ao.
Thus, G’ may be written in the form G’= G; + AG’ with

G;= 2cr~K(k)/K’(k) and AG’ = 2Aos/K’(k), which fi-

nally enables the photoconductivity losses to be expressed

separately as an additive term aP~ in (9) according to

ZOAU S ZOAO s
(YPh= —.—

4& K(k) ‘2”17 & “ K(k)

dB/unit length. (13)
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Fig. 3. Replacement of(a) mapped CPWconfiguration by(b) anequiv-
afent two-section capacitor with uniform conductivities Ud and UP,
respectively, and (c) its finaf separation for the analysis.

As the curved interface lines between the dark and the

excited regions cannot be described in a closed analytical

form, and hence G’ cannot be expressed in terms of simple

functions, in general the evaluation of aP~ has to be

accomplished numerically.

C. Optically Induced Attenuation at Small Plasma Depths

When considering very thin plasma strips of normalized
plasma depth 8<<1, where 8 = d/al (Fig. l(a)), and sup-

posing 0.2 ~ k s 0.8 (which covers the wide scope of CPW

configurations for actual and future applications with re-

spect to Zl and c;), the mapped plasma region appears as

a narrow and elongated quasi-rectangular shunt zone of

normalized minimum width K -=< K’(k) with two triangle-

like “noses.” This can be verified from Fig. 2, where the

shadowed area, for example, represents the photoconduc-

tive shunt zone in the case of y’= – S = – 0.05.

Motivated by the presumption that it should be possible

to find an analytical approximation of s as a function of 8,

k and contrast ratio v = Au\od, at least at the aforemen-

tioned condition of small plasma depths, the influences of

the photoconductive noses and of the dark triangle regions

(between electrode and photoconductive shunt zone) on

the total parallel-plate conductance G’ have been studied

analytically by means of the simplified configuration shown

in Fig. 4(c) [17], [18]. The essential results of this analysis

can be summarized as follows. Owing to the effect of

lateral carrier diffusion (see Section III), the “dark” trian-

gle regions are actually flooded by excess carriers from the

plasma region, and hence become photoconductive too.

Bearin8 in mind that an effective increase in conductivity
because of diffusion is only obtained across a distance

equal to the ambipolar diffusion length La (Fig. 4(a)), the

dark triangle regions are sufficiently photoconductive, and

consequently may be entirely incorporated into the plasma

shunt zone K X K’(k) if K ~ q1,2, where ql and qz are the

normalized widths of the mapped diffusion zones

(Fig. 4(b)). As ql > qz, due to the conformal mapping,
K ~ ~z is the stronger requirement, so the condition for

nonaffecting triangle regions can be written as

( 1
K< K(k)– F arcsin

1
–,k .

1 + kLa/al
(14)
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Fig. 4. (a) Actuaf position and shape
diffusion zones, (b) equivalent parallel-plate ~onfigurati~n at small-
plasma-depth condition, and (c) a simplified model for the analysis.

photoc;nductive
‘nose’

(c)

of the plasma region and its

Moreover, s has been found to depend on the total area

A,(6, k) of the two photoconductive noses, weighted by

the contrast ratio v. As a result, the simplified-model

analysis yields

[ ‘i:::)]s(8, k,v)=K 1+ (15a)

with

An(8, k) =A(8)km(8) (15b)

and

K =D(k)ti (15C)

where A(8) is a fifth-degree polynomial, m(8) and D(k)

are correction factors, and B is a constant.
Referring to (15a) and (15c), the simple relation s = K =

D(k). 8 is obtained at the high-excitation condition (v >>

1), which agrees exactly with the physical situation in the

parallel-plate configuration.

In addition, the exact structure (Fig. 4(b)) has been

investigated by means of a computer analysis. The corre-

sponding numerical results then have been utilized to

specify A(8), m(b), D(k), and B for the purpose of best

fit as follows [17]:

A(8) =A5(logfs)5+ . . . + Al(logti) + AO (15d)

with

A5 = –0.035279, Ad= –0.516164, A3 = –3.046445,

A2 = –8.532793, Al= –11.475891, and AO = –5.478049,
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Fig. 5. Plot of normalized width s/K of photoconductive shunt zone as

a function of normalized plasma penetration depth 8 with contrast
ratio v as parameter (smafl-plasma-depth approximation). The curves

apply to 50 Cl CPW transmission lines on GsAs, InP, and Si substrates
(0.40 ~ k’~ 0.50).

and

nz(8)=0.0810g 8-O.77 (15e)

D(k) = tan(l.56k +0.115) (15f)

B= O.89 (15g)

In conclusion, when evaluating the photoinduced at-

tenuation aP~ from (13) and (15) in consideration of (14),

an overall accuracy of at least 28 percent is obtained,

supposing 10–5~8~10–2, 0.2 Sk S0.8, and l~v~co.

As an example Fig. 5 shows the ratio s/K as a function of

13 with v as parameter, originally calculated for a 50 Q

CPW transmission line on a silicon substrate (k= 0.462).

Moreover these curves apply practically within the range

0.40 ~ ks 0.50 (thus including 50 Q CPW lines on GaAs

and InP substrates), because a corresponding change in k

leads to only a small change of s/K which is less than or

equal to the line width. The broken curves indicate an

extrapolation which indeed is quite obvious, but is not

included in the small-plasma-depth analysis.

III. ANALYSIS OF OPTOELECTRONIC PERFORMANCE

A. Diffmion-Controlled Distribution of Photoconductivity

In the case of optical CW excitation, the distribution of

photoconductivity within the plasma region and its near
environment is strongly influenced by carrier diffusion and

surface recombination processes, and hence is really inho-

mogeneous. For a rigorous analysis of these mechanisms,

the two-dimensional continuity equation for the induced

excess carrier concentration would have to be solved in

conjunction with some boundary conditions which are

uniform CW- irradiance

00-0-0

to the surface ! xl 1m~~g;zq,‘-= ====II*. ---- ~’
into the bulk carrier diffusion

(a)

-W12 6 +W12 x

(b)

k

&(y)
Auo equivalent step profi[e

/

*.
o I/ar d, Y

(c)

Fig. 6. (a) Cross-sectional view of optically excited CPW slot region,

(b) the corresponding lateral distribution of photoconductivity Au(x),
and (c) the profile Au(y) generated perpendicularly to the illuminated

surface.

usually difficult to measure, This, however, would finally

result in relatively complex equations of little practical

advantage.

Therefore this section refers to a simplified, experimen-

tally confirmed analysis [19] where the two-dilnensional

distribution of photoconductivity Au(x, y) has been ap-

proximated by the product of the separate profiles Au(x)

and Au ( y )/AuO, each calculated from an idealized excita-

tion model with perfect one-dimensional carrier flow.

When considering the cross-sectional slot region of a

CPW line of the type shown in Fig. 6(a), where the

coordinate system has been placed in the middle of the

gap, and furthermore supposing a trapless single-crystal

material, a uniform CW irradiance across the gap, a

quasi-neutral excess carrier generation, no carrier flow in

the y direction, and negligible contact recombination at

the strip and the ground plane metallization, the

diffusion-controlled profile Au(x) is approximately given

by [19], [20]

Ao(x) = Ao~[l–exp(– W/2 L.)cosh(~/-L~)l,

O ~ x ~ W/2 (16a)

Au(x) = Au~sinh(W/2L.)exp(– x/La),

W/2 ~ X ~ co (16b)
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with

La= [(2pnpP~k~T/q)(P. + P,)-’]’”. (16c)

W is the gap width, L. is the ambipolar diffusion length,

Au~ is the maximum photoconductivity at x = O, p. and

pP are the nobilities of electrons and holes, ~ is the excess

carrier lifetime, k~ is Boltzmann’s constant, T is the

absolute temperature, and q is the electronic charge. Car-

rier lifetime and nobilities are assumed to be independent

of excess carrier density. A typical shape of Au(x) is

shown in Fig. 6(b). It is seen that the lateral carrier

diffusion causes a significant loss of photoconductivity at

the ends of the illuminated gap zone, which can drastically

reduce the effective gap (or parallel-plate) conductance G’

(subsections II-B and II-C).

Concerning the profile Au(y), a negligible carrier flow

in the x direction is now supposed. All other assumptions

mentioned above apply, and Au(y) then may be expressed

as [21], [22]

Ao.

“1

a,L; + V,r

I

exp(–~o)- L +U7 exp(–~/LJ s

as

o~y~cc

with

AOO= (@%Co)(~n + P,)(1 – R)a,SAPrP/A

where ar( A ) is the radiation absorption coefficient,

strongly depends on optical wavelength A [3], o,

(17a)

(17b)

which

is the

surface recombination velocity, h is Planck’s constant, and

co is the velocity of light in free space. R(A) is the surface

reflectivity, and S(A) is the relative spectral response of

the semiconductor material exhibiting a peak response at

the optical wavelength AP [3]. P is the incident optical

power and A is the illuminated area. Moreover the inter-

nal quantum efficiency of the semiconductor material has

been assumed to be unity, which corresponds to perfectly

intrinsic photogeneration (of electron–hole pairs exclu-

sively).

It is seen from (17a) that Au(y) results from the super-

position of an absorption term which is proportional to

exp ( – a. y ), and a u,-controlled diffusion term which is

proportional to exp ( – y/La). The general shape (Fig.

6(c)) is characterized by the typical loss of photoconductiv-

ity within the surface region and, on the other hand, by a

relatively large plasma depth, which can exceed the optical

penetration depth l/a,. This illustrates well the influence

of surface recombination and carrier diffusion.

B. Effective Photoconductivity and Plasma Depth

To take advantage of the results presented in Section I,

where the actually inhomogeneous distribution of photo-

conductivity has been replaced by a piecewise-uniform one

as a first-order approximation, the quasi-real profile Au( y)

can be replaced by a step profile of constant photoconduc-

tivity Auw which extends over an effective plasma penetra-

tion depth de (Fig. 6(c)), according to [19]

AuO

‘0”1 = (1+ arLa)

and

(18)

“[*(a:::)l”rL”’(’-a’La) ’19)

A discussion of d, as a function of optical wavelength in

terms of a,(A) shows that d,= l/ar in the long-wave-

length region (a,L. <<1) and de= L. in the short-wave-

length region (ayL. >> 1).

For incorporating also the effect of lateral carrier diffu-

sion into the concept of piecewise-constant photoconduc-

tivity, the actual profile Au(x) within the range – W/2 ~

x ~ + W/2 can be replaced by an effective (uniform) pho-

toconductivity Au, (Fig. 6(b)), which can be calculated

approximately from [19]

Au, ==Au~(W/4L~)(l – {2)”2

~{Arth[(l-r)/(l+ J)]’/’}” (20a)

with

(=exp(-W/2L~). (20b)

This expression holds true practically within the wide

range of 1< v s cc at arbitrary W/L., where v~ =—m—

Au~/u~, accepting a maximum relative error of 1.6 percent

with respect to the exact v~-controlled equation [18], [19].

A discussion of A~e as a function of W/La shows that

AOe/AOm= 0.5 W/L~ if W<< La (strongly interfering

lateral diffusion), and Ao,/AuM = 1 if W>> La (negligible

lateral diffusion). In this way, the excited slot regions of a

semiconductor CPW line may be regarded as rectangular

parallelepipeds plasma strips of cross section W x d, and
homogeneous photoconductivity Ao.. Thus the analysis

presented in Section II can be used again by substituting
d-d,, V-VM, and Au ~ Au,. Of course this implies an

additional error of up to 30 percent in the worst case of
W<< L. [17], [18]. Concerning an estimate of aP~ as a

function of W, itshould be noted that 8 also depends on

W according to S = d,/al along with al= Wk/(1 – k),

and hence the condition 8<<1 (Section II) can be violated

with decreasing W.

IV. RIGOROUS NUMERICAL EVALUATION OF s/K

Discarding both the restriction of very small plasma

depths and the assumption of a piecewise-constant photo-

conductivity, the general computation of aph and s/K has

been accomplished as follows. Initially a mesh of orthogo-

nal lines aligned with the coordinate axes is “drawn” over
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(a) (b)

Fig. 7. Paratlel-plate capacitor model presented as (a) a row-and-col-

umn arrangement of rectangular paraflelepiped bars of semiconductor
materiaf, and (b) choice positions of the discrete “conductivity points”

within the cross section of a single bar.

the cross-sectional region of the parallel-plate capacitor in

the w‘ plane (Fig. 7). Thus the capacitor may be visualized

as a row-and-column arrangement of rectangular paral-

lelepipeds bars of semiconductor material connected in

parallel. To ensure a sufficiently small mesh width, par-

ticularly within the regions of strongly inhomogeneous

excitation, the mesh width is reduced with increasing

gradient of photoconductivity [17].

Next at five specific points which are cruciformly posi-

tioned within the cross section of each bar (and where the

distance between the outer points and the mesh line is 20

percent of the mesh width), the actual “point” conductiv-
ity o. (with n =1,2, - “ .,5 and o.= Ao~ + Od) is determined

by inverse conformal mapping of the w‘ position P~(u’, u’)

into the corresponding z position P.(x, y), utilizing the

Jacobian elliptic function am( F, k) [16], [23], and further

by calculation of Au. from Au(x, y) = Ao(.i?) oAo(j)/AuO

(Section III). In consequence of the different choices of the

coordinate systems shown in Fig. l(a) and Fig. 6(a), the

substitutions 2 = x – (al + W/2) and j = – y have to be

considered also.

Finally, the average (uniform) conductivity u~ of a single

bar is given as the arithmetic mean of the discrete values

a i.e., u~ = ad + Z; = ~AuH/5. The total conductance per

u% length G‘ of the parallel-plate capacitor is then calcu-

lated by summing all the resistivity contributions of the

bars within a single column and, subsequently, summing

all the conductivity contributions of the columns. Refer-

ring to the capacitor substitution (Fig. 3) used for the

separation of ad and aP~ (subsection II-B), ,s/K( k ) can be

obtained from

s G’ K’(k) Ud

K(k) = 2Au~ “ K(k) – Au~
(21)

where the factor 1/2 in the denominator indicates that

only one half (O ~ u’ ~ K) of the capacitor configuration

has been considered for the purpose of numerical evalua-

tion.

1(--4 10-3 10-2 10-1 1 10

normalized plasma penetrahon depth 3

Fig. 8. Plot of normalized width s/K of photoconductive shunt zone as

a function of normalized plasma penetration depth 8 with maximum

contrast ratio v~ as parameter. Accepting an error of ~ 4 percent,
these curves practicably apply within the range 0.40s k ~ 0.50 for
arbitrary ~ and a, Z103 cm–l.

Fig. 8 shows the resulting ratio s/K as a function of 13

with v~ as parameter, calculated for a 50 Q C!PW trans-

mission line on silicon substrate (k = 0.462, ~ =10 ‘“ Gs) for

He-Ne laser excitation (a, = 3600 cm-1, S’= 0.70). When

comparing these curves with the results obtained from the

small-plasma-depth analysis (Fig. 5), it can be seen that in

each case the corresponding curves lie very close to each

other for 8<<1, disregarding an inherent discrepancy fac-

tor not exceeding E, which seems to be remarkably small

with regard to the approximations used in subsection II-C.

Fig. 9 illustrates the slight second-order dependence of,.
s/K on the absorption coefficient a, and carrier lifetlme

T, for example at v~ >103. For a correct interpretation of

these diagrams it should be recalled that S itself is a

function of a, and ~ according to (19) with 8== de/al

(first-order dependence). At small plasma depths, i.e., S ~

0.1, the ratio s/K obviously exhibits no second-order

dependence on a, or r, whereas for 8> 0.1 there is an

evident second-order dependence on a,, which is addition-

ally sensitive to ~ at small absorption coefficients ar ~103

cm- 1. Moreover, concerning the overall performance of

the photoinduced attenuation constant aP~ as a function

of a; and ~, it should be. noted that aP~ explicitly clepends

on Au (or Aue), which is also sensitive to a, and ~

according to (20), (18), (17b) and (16c).

Likewise, the ratio s/K of a 50 Q CPW line on GAs as

well as on InP substrate has been computed, resulting in

similar diagrams which in the most interesting case of

ar> 103 cm–l practically agree (error: ~ 4 percent) with

those shown in Fig. 9. Hence, the set of curves presented in

Fig. 8 can be used successfully within the range 0.40 ~ ks

0.50 (see subsection II-C) for arbitrary ~ and (x,~103

cm – 1. Of course this behavior considerably simplifies the

evaluation of optically induced losses. It is primarily due

to (i) the special presentation of s/K as a function of

8( ~, a., U<,k, W), (ii) the choice of a. as parameter instead
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Fig. 9. Illustrative presentation of the slight second-order dependence

of normalized width s/K on radiation absorption coefficient a, and

carrier lifetime ~ in the case of k = 0.462 and ZJmz 103.

of the optical wavelength A, and (iii) the fact that the

influence of I?(A) and S(A) on s/K is only of secondary

importance with respect to the influence of a,(A).

Finally it is interesting to note that the maximum value

of s/K appears for 8 =1, where the effective plasma

penetration depth is equal to or close to half the strip

width.

V. EXPERIMENTAL RESULTS

The experimental results reported here have been ob-

tained from a 50 ~ CPW transmission line on silicon

substrate measuting 2.54 cm x 2.54 cm X 0.05 cm and

mounted in a CPW test fixture as shown in Fig. 10. The

‘ = 11.7, ad = 2.5 X 10-4substrate parameters were c,

(Q. cm)-’, 7=10-6 s, L.= 47 pm, (p. + pP) = 2100

cm2/Vs, v. = 102 cm/s, R = 0.30, and AP = 860 nm

(manufacturer’s specification sheet: Siemens AG, Munich),
The Au metallization thickness was about 7 pm.

The device under test was a trisection CPW structure

which consisted of & normal line section (i.e., the actual

test section, strip width 2al = 1200 ~m, slot width W= 700

pm, line length 1 =10 rim) and two taper sections (with

2al = 515 pm and W= 300 pm at the substrate edge) for

proper adaptation of the CPW dimensions to the SMA

connector dimensions, so maintaining Z, = 50 Q. To real-

ize a greater effective substrate thickness (which has been

assumed infinite for the analysis), the aforementioned test

specimen was actually mounted on a “pile” of three fur-

ther silicon substrates of 0.05 cm thickness each [25].

Fig. 10. Photograph of silicon CPW transmission line mounted
CPW test fixture, and black paper mask.

Moreover, the test section was mask-limited to prevent

excitation of the taper sections.

in a

any

In a first experiment (A), the CPW line was illuminated

by a 40 mW He-Ne laser (A= 633 nm) wliich was ad-

justed at a suitable spread of beam for realizing a nearly

homogeneous (effective) irradiance of about 30 mW/cm2

across the test aperture measuring 10 mm X 2.6 mm.

In a second experiment (B), the test section was il-

luminated by six 50 mW LED’s (Hitachi HLP 50 RC,

A=834,., 854 rim), each coupled to a noncoherent glass

fiber bundle of about 40 cm length using 460 individual

step-index fibers in parallel. At their output ends, the six

bundles were potted in an epoxy resin molding in such a

way that two rectangular output faces of 0.7 mm X 10 mm,

arranged like a sign of equality, with 1.2 mm spacing

between them could be realized. Thus, the fiber bundle

configuration was used as a shape-changing light guide

system (“circle-to-slit” transformation) to match the six

LED beam cross sections to the CPW areas to be il-

luminated [25]. Owing to separate driver circuits, the cur-

rents through the LED’s could individually be adjusted in

order to produce a quasi-homogeneous irradiance of 30

mW/cm2 as well.

In a third experiment (C), the LED’s were then operated

at their rated current value of 200 mA, thereby producing

an irradiance of 357 mW/cm2 at the semiconductor
surface. In this case, the molding head was positioned with

its shortest possible distance to the substrate, given by the

140 ~m thickness of the black paper mask [25].

The measurement of photoinduced attenuation was

easily performed by means of a simple power meter (hp

432A), which made it possible to read small changes in

attenuation with a resolution of 0.05 dB after adjusting the

meter to the O dB dark-state full-scale value for each

measuring point.

As a result, Fig. 11 shows the photoinduced insertion

loss LPh of the silicon CPW test section versus signal

frequency f under the excitation conditions A, B, and C
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Fig. 11. Photoinduced insertion loss Z,ph and photoinduced attenuation

const~t aph of silicon Cpw test section versus signal frequency ~ in
the case of He-Ne laser excitation (A) and IR-LED excitation (B, C).

(A): He-Ne laser excitation, ~ = 633 nm, P/A= 30 mW/c&. (B):
IR-LED excitation, ~ = 840 nm, P/A= 30 mW\cd. (C): IR-LED

excitation, A = 840 nm, P/A = 357 mW~cn?. The length of excited
CPW section was f =1 cm.

mentioned above. As the experiments were accomplished

at sufficiently well realized “matched conditions” (where

the impedances of signal source and load are equal to the

characteristic impedance 21 of the dark CPW line), the

ordinate scale also allows a direct reading for the photoin-

duced attenuation constant aP~ in dB/cm according to

LPh = aPh. 1 with 1=1 cm, supposing uniform excitation

across W X 1.

Although of slight interest here, the insertion loss of the

dark CPW (including the SMA connectors) was measured

ranging from 0.8 dB at 1 GHz up to 2 dB at 18 GHz [25].

Moreover, the photoinduced attenuation aP~ was measured

as a function of forward current 1 through the LED’s,

which were series-connected in this case. From the aph – I

characteristic (modulation characteristic), a slight sublin-

ear behavior with increasing current could be observed

[25]. This effect” can be explained by the theory presented

here, bearing in mind that aP~ is proportional to Au and

s/K, where Au is proportional to P and I, respectively,

whereas s/K decreases with increasing v~ and I, respec-

tively (Fig. 8).

For comparison, the theoretical results are summarized

as follows. In the case of He–Ne laser excitation (A), one
obtains Au~ = 4.14x 10-3 (Q cm)-l along with a,(A = 633

nm) = 3600 cm-l [24], S’(A = 633 nm) = 0.70 [3] and P/A

=30 mW/cm2, v. =16.6, de= 49.8 pm, 8 = 0.0829, Aoe

= 3.78X 10-3 (Q -cm) -l, and s/K= 0.070 from Fig. 8,

which finally yields aPh,A = 0.086 dB/cm from (13), using

c,, = 6.35 and 20= 377 fl.

In, the case of low LED excitation (B), one obtains

Au~ = 4.8x10-3 (fl. cm)-l along with a,(A = 840 nm) =

700 cm-l, S(A = 840 nm) = 1 and P/A= 30 mW/cm2,

Vm= 19.2, de= 61.6 pm, 8 = 0.1024, Aoe = 4.38 X 10-3

(Q. cm)-l, and s/K= 0.080, resulting in a,~,~ = 0.11

dB/cm. High LED excitation (C) with P/A = 357

mW/cm2 finally yields Acr. = 0.052 (L? ocm) -1, v,. = 228

and aP~,c =1.35 dB/~m. As aP~ is approximately insensi-

tive to signal frequency (apart from a slight frequency

dependence of c,. [14]), the calculated aP~ values have

been presented as horizontal lines in Fig. 11, for simplicity.

It is seen that, on the whole, the theoretical and experi-

mental results agree fairly well. 2 At frequencies below

X-band, however, the curve C of the measured aP~ values

at high LED excitation exhibits a distinct roll-off with

decrease in frequency. This effect can be explained by the

fact that, for such a high photoexcitation and sufficiently

low frequencies, the CPW is operated under a high-loss

condition according to G‘ z u C,’, where aP~ becomes sen-

sitive to frequency and (10) is no longer valid (see Sec-

tion VI).

VI. CONCLUDING Rmmucs

The results presented in this paper are based on the

quasi-static analysis with the assumption that the semicon-

ductor substrate acts like a low-loss dielectric and is thick

enough to be considered infinite. From this, the fun&unen-

tal mode of propagation may be regarded as a dielectric

quasi-TEM mode. This conventional TEM approximation

is valid within a relatively wide frequency range (here up

to 20 GHz) where the upper limit is governed by the actual

values of cj; al, and bl and, of course, the substrate

thickness is finite in practice. With the further increase in

frequency, the mode would undergo a dispersive effect

similar to that reported in the case of the standard CPW

on ceramic substrate [14].

In the case of photoexcited CPW on semiconductor

substrate, however, the validity of the quasi-TEM concept

is attached to the further condition that the effective

plasma depth d, must be much. smaller than the skin

depth d,, where d,= [2/opO(ud + Au@)]l/2. Otherwise, i.e.,

when the product of the frequency and the effective photo-

conductivity is large enough to yield de z d,, the excited

CPW would behave in a way that is highly dispersive due

to the skin effect.

A quantitative estimate of optically induced losses has

been made for the case of small losses according to G’<<

u c,’, which normally correspond to the low-excitation

condition ( Ud+ Au,s/K ) << cococ;. This condition is USU-

ally satisfied over a wide range of irradiance (e.g. up to

2The agreement between theoretical and experimental results may be
considered fairly satisfying with special regard to the fact that although

the values of c;, OJ, r, La, and v, used in this paper are from the

substrate manufacturer and a, and S were taken from literature, these
values can differ considerably (partly up to 200 percent) from the actuaf
parameter values of the test substrate. Moreover, the irradiances could be
measured only with a 10 percent accuracy, and of course the actuaf

substrate thickness was not infinite.
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about 100 mW/cm2 for high-resistivity silicon substrates)

if the frequency is not too low. On the other hand, when

applying stronger irradiances to operate the CPW under

the high-excitation condition according to ADeS/K >>

c.xoc; , the calculation of photoinduced attenuation can

also be accomplished, in principle, by utilizing the TEM

approach presented here. For this purpose, however, it is

necessary to replace the “low-loss equation” (10) by a

more general expression [10], [11], which finally implies a

somewhat more complicated separation of ad and aP&

Moreover, normal operation of highly CW excited CPW’S

can only be achieved in conjunction with highly effective

heat sinking.

In conclusion, the quasi-TEM approach allows a

quantitative estimate of optically induced losses in CPWS

on semiconductor substrate, varying the specific parame-

ters of the substrate, the waveguide structure, and the light

source. Preliminary experiments with a 50 Q CPW trans-

mission line section on 4000 Q. cm silicon substrate were

performed over the frequency range 1–18 GHz, applying

30 mW/cm2 CW irradiance from a He–Ne laser as well as

from an IR LED. The measured values of photoinduced

attenuation constant agree fairly well with the theory,

although the analysis reported here must be considered

only approximate concerning the simplified incorporation

of carrier diffusion and surface recombination effects and

the disregard of finite-extent ground plane effects and test

fixture influences.

Nevertheless, both the theoretical and experimental re-

sults give rise to the expectation that optically CW-induced

attenuation up to 10 dB/cm or even more (without the

need for excessive heat sinking) should be feasible, espe-

cially in regard to the continuous advance in the technol-

ogy of high-CW-power laser diodes and LED’s. Apart

from the way of employing higher irradiances, a significant

increase in attenuation can successfully be obtained by

using substrates of higher carrier lifetime (e.g. silicon with

r =10-4 s) in conjunction with smaller (optimized, 8 =1)

CPW dimensions. From this aspect, the paper is under-

stood as a useful contribution for the purpose of prompting

further efforts in the development of optoelectronically

controlled MIC devices, which are still far away from

being mature at the present.
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