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Spectral Dependence of Light-induced

Microwave Reflection Coefficient from

Optoelectronic Waveguide Gratings
Walter Platte

Abstract—After a short description of the method of operation
of optoelectronic microwave filters, a detailed analysis of the spec-

tral dependence of light-induced microwave reflection coefficient
from an optoelectronically generated distributed Bragg reflection
waveguide grating is reported. The theory is based on an im-
proved stepped-impedance model utilizing a diffusion-controlled
abrupt-profile approach of photoconductivity along with a con-
formal mapping technique for the quasi-static evaluation of the

spectral performance of photoiuduced wave attenuation. The

validity of theory is clarified and the calculated results are

compared with experimental results. As a useful result for future

applications, an optimum excitation wavelength of about 825

urn for a fiber-optically controlled lab-tested 50f2 full-substrate

silicon coplanar waveguide has been obtained.

I. INTRODUCTION

T HE DISTRIBUTED Bragg reflection (DBR) characteris-

tics of a periodic-structure waveguide or transmission line

can successfully be utilized for the realization of frequency-

selective microwave or millimeter-wave devices such as band-

reject filters [1] and grating reflectors, e.g., in a stabilized-

feedback Gunn oscillator [2], [3]. Usually, the periodic per-

turbation in the direction of wave propagation is achieved by

abrupt changes in pertnittivity or cross-sectional dimensions

(e.g., reduced waveguide thickness [1]-[3]), thus producing

a permanent, normally noncontrollable grating structure (Fig.

l(a)).

However, when replacing the total dielectric (or a suit-

able cross-sectional portion of it) by semiconductor material,

it is possible to generate the grating configuration opto-

electronically through an appropriate optical excitation of

the semiconductor surface. For this purpose, the originally

homogeneous, unperturbed semiconductor waveguide is pho-

toexcited by a locally varying periodic CW illumination (Fig.

l(b)), which correspondingly causes a periodic distribution

of the photoinduced charge carriers inside the semiconductor
material. Thus, a nonpermanent photoconductivity grating is

created.

Owing to constructive interference on the one hand and

light-induced substrate losses on the other, a total light-induced

microwave reflection coefficient of up to 4070 (at X-band fre-

quencies) can be achieved selectively. Since the grating period

ManuscriptreceivedJanuary15, 1993;revisedMarch 24, 1994.This work
wassupportedby the GesellschaftderFreundeund FoerdererderUniversitaet
der BundeswehrHamburg e.V.

The author k with the Insdtut fuer Hochfrequenztechnikund Optoelek-
tronik, Universitaetder BundeswehrHamburg,D-22043Hamburg,Germany.

IEEE Log Number9406815.

_ REDUCED-THICKNESS WAVEGUIDE GRATING >

)/’ i
dielectric waveguide

microwave signal
perturbed section

_ OPTOELECTRONIC WAVEGUIDE GRATING _

pattern - contro[[ed CWillumination plasma zone

o 0 +-”

//”
~

mci’dent
I semiconductor wavegulde

microwave signal
,[, (2,1

‘L&!gC2
‘\(qlJl_JTA:Lz

-z

a

b

c

d

Fig. 1. (a) Longitudinal section of a square-shaped dielectric waveguide

with permanent reduced-thickness DBR grating structure. (b) Longitudinal
section of a square-shaped semiconductor waveguide with optically in-

duced (nonpermanent) photoconductivity grating. (c) Actual distribution of
photoconductivity A.a(z) in the case of substantial charge carrier diffu-

sion into the (z-) direction of wave propagation. (d) Diffusion-controlled
abrupt-profile approach of photoconductivity Au&I(z), constituting the basis

of the stepped-impedance model for the analysis of optoelectromc DBR
gratings. For simplicity, a three-element grating structure ( .V = 3) with

symmetric excitation (1I = 12) is plotted. RP is the reference plane of total
light-induced microwave reflection coefficient I’N.

can be changed by altering the illumination pattern, such a

finite periodically photoexcited transmission line structure may

be developed for light-induced tunable filters or reflectors.

Of course, its specific stopband behavior disappears at the

light-off condition. In general, its microwave performance is

goverued by the inherent carrier diffusion mechanisms in such

a way that the transverse diffusion mainly influences the light-

induced losses [4], whereas the longitudinal carrier diffusion

(in the direction of wave propagation) can effect a smooth
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broadening of the grating profile (Fig, 1(c)), which reduces

reflectance and selectivity [5], [6].

The total light-induced microwave retiection coefficient

r~ from an N-element optoelectronic grating can be

approximately calculated by means of an improved stepped-

impedance model [7], which is based on the diffusion-

controlled abrupt-profile approach of photoconductivity shown

in Fig. 1(d). Herein, the high-level photoconductivity AUH of

the excited section as well as the low-level photoconductivity

AmL of the dark section is governed by longitudinal carrier

diffusion. In comparison with the initial abrupt-profile concept

used earlier [8] (where longitudinal carrier diffusion has been

neglected), the introduction of a diffusion-controlled step

height opens a more detailed and extensive DBR analysis

(Section II).

Since the lengths 11 and 12 of the excited and dark sections,

the period A (Fig. 1), the total length of the grating struc-

ture, and the amount of photoconductivity can be changed

by altering the illumination pattern and the intensity, the

grating parameters (i.e., center frequency, bandwidth, and

reflectance) can be optically controlled. As an illustmtive

example, Fig. 2 shows the first lab-tested prototype of light-

induced DBR microwave filter on silicon substrate illuminated

by a pattern-controlled LED-fed fiber bundle array on top

of the coplanar waveguide (CPW) [9]. The price one pays

for the capability of optical control manifests itself in the

optically induced losses that clearly injure the reflection and

selectivity characteristics. However, it has been demonstrated

from a numerical optimization of microwave performance with

respect to the excitation pattern (with 11 # 12), the number of

grating elements, and the controlling irradiance (at a given

wavelength) that optimized optoelectronic waveguide gratings

can exhibit DBR characteristics certainly comparable to those

of dielectric permanent-grating devices [ 10].

Moreover, another improvement of DBR performance can

be achieved by optimizing the optoelectronic parameters such

as carrier lifetime r, surface recombination velocity V$, and

optical wavelength A Concerning ~, an optimum value of

about 10–5s in bulk silicon was already derived and reported

[5]. As to VS, a perfect semiconductor surface with VS = O

would be best, but cannot be realized, of course. Hence,
~, < 2000 cm/s should be considered to be the realistic

opti~ttm [11], which can be attained through the treatment

of waver surface with special etchants or the evaporation

of antirecombination coatings. Finally, as the absorption of

light is a prerequisite of operation along with a dominant

spectral dependence, A can be also considered as a quantity

that may be involved in the optimization procedure. For this

reason, the spectral dependence of light-induced microwave

reflection coefficient from a silicon CPW DBR grating is

analyzed quantitatively in this paper, resulting in the optimum

wavelength of optical excitation.

II. LIGHT-INDUCED MICROWAVE REFLECTION COEFFICIENT

For the plasma-induced semiconductor CPW (Fig. 2) in

which the major portion of losses is caused by the domi-

nance of shunt conductance per unit length, the characteristic

fiber bund[e encased in a

flexible plastic trunking
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Fig. 2. Sketch of the first prototype of light-reduced DBR microwave filter

on sihcon substrate illuminated by a pattern-controlled LED-fed fiber bundle
array on top of the coplanar waveguide. (a) Total configuration with cutaway
section of the molding head. (b) Cross-sectional view of the molding head. (c)
Ideal profile of photoconductivity Aa(z ) in the case of negligible longitudinal

charge carrier diffusion.

impedance 2P may be approximately calculated from [5]

2P R 21(1 –jA0,)-1/2 (1)

where Z1 is the real characteristic impedance of the dark C PW,

e.g., 21 = 50f2 [9], and A 0. is the effective photoconductivity

loss tangent [5], [8]. Assuming uniform illumination in the

direction of wave propagation (along with an inhomogeneous

excitation in both transversal directions, of course), AO. is

given by [8]

Ati= = (q.qP/w~o~re)A~e (2)

where qc is the dielectric filling fraction [12], w = 2n~ with

signal frequency f, ~. is the free space permittivity, and e~~

is the overall effective dielectric constant of the silicon CPW,

including the upper half-space dielectric loading by the light-

emitting stacked-fiber region of the molding head (Fig. 2) [9].
The plasma filling fraction qp (which is identical to the l:erm

s/K used in [4]) takes account of the fact that only a fractioln of

the total CPW cross-section is really photoconductive. Ame is

the effective CW-induced photoconductivity, which considers

the actually inhomogeneous cross-sectional distribution of

excess carrier density due to transversal carrier diffusion [4]

(Section 111).

When applying a locally periodic CW excitation in the

direction of wave propagation, the induced photoconductiv-

ity Ao(z) also varies periodically exhibiting, in general, a

smeared profile (Fig. 1(c)) caused by longitudinal carrier

diffusion [13]. Referring to detailed investigations on the effect

of profile broadtming [7], the diffusion-controlled extreme
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Fig. 3. (a) Relative spectral response SA (photosensitivity) of bulk silicon
material at T = 300K exhibiting the peak wavelength AP = 860 nm. (b)

Radiation absorption coefficient a, of high-purity single-crystal silicon at
T = 300K as a function of optical wavelength A.

values A~Jf and AOL can be obtained from

AaH & AcT.[1 – exp (–11/2L.)] (3a)

AOL & At7, exp (–tI/2La) (3b)

where La is the arnbipolar diffusion length (Section III). Fig.

(3a) and (3b) is valid for the number of grating elements

IV > 2, symmetric excitation with 11 = 12, and 11/L. >4.

Lik~wise, AO(Z) varies periodically where the extreme values

AOH, and AOL may be obtained from (2) by replacing

Aa. with AaH or AaL from (3). Finally, when substituting

AO, by AO(Z), it is seen from (1) that 2P also shows a

locally (and continuously) periodic variation. The resultant

light-induced reflection coefficient 17N then can be exactly

calculated by means of an appropriate integration procedure

[14] which, in this case however, would imply an immense

numerical effort. Therefore, an approximate calculation of 17N

by means of a diffusion-controlled abrupt-profile approach of

photoconductivity Aofif (z) (Fig. l(d)) is preferred. From this,

a stepped-impedance profile 2P(z) with ZH = 2P (AaH)

and ZL = 2P (AaL ) is obtained causing the step reflection

coefficient 17~t from a single discontinuity according to

r.t =
ZH - ZL - (1 -jAT9L)’/2 - (1 -jA19H)’/2

ZH + ZL – (1 –jAOL)l/2 + (1 –jAOH)l/2 ‘4)

where the microwave signal is assumed to propagate from the
low-photoconductivity section into the high-photoconductivity

section.

In the case of low excitation with A@H,L << 1, (4) yields

Ir,t I < 1. This allows us, from small-reflection theory

[14], to calculate the reflection coefficient 17,, from a single

excited section (N = 1) by summing up only the first-order

contributions according to

r,, & r.~{1 – exp [-2zl(~H + .~~iY)]} (5)

where ~fJ is the (uniform) attenuation constant of the high-

photoconductivity section and ~H is the phase constant. Like-

wise, supposing Ir,. I << 1, the total light-induced microwave

reflection coefficient 17N from an N-element optoelectronic

grating with symmetric excitation (11 = 12, Fig. l(d)) then

may be expressed as [5]

rN E 17,3~exp{-21~(v - 1)
2/=1

~ [(~H + CYL) +j(pH + @L)]} (f5)

where ffL and ~L are the attenuation and phase constants of

the low-photoconductivity sections. Since multiple reflections

are neglected, an error of ~ 470 is introduced as long as

lr~ I ~ 40% [14]. Referring to the low-excitation condition

again, ~ff and ~L are obtained from [5]

~H = ~L - ~1 = (w2f10WreOG-e)’/2 (7)

where ~1 is the phase constant of a lossless CPW and W. and

p, are the free-space and relative permeabilities, respectively.

~H and O!L can be approximately calculated from [5]

~H,L Y ~. + AI? H, L@l/2 (8)

where a. is the frequency-dependent attenuation constant of

the dark silicon CPW used [9].

Further, the relationship between center frequency ~C and

specific grating length 11 is given by

fc = l/4~l(PoPr’0G-e) l/2 (9)

assuming AOH,L << 1 and N >> 1 [5], [9]. Finally, this

improved DBR analysis can be easily checked via the limiting

condition of negligible longitudinal carrier diffusion according

to 11/La + cm, yielding AGH = Ao. and AoL = O from

(3). These are the constant-level step heights of the simplified

stepped-impedance model used formerly [8], [9].

The spectral dependence of 17N is manifested by the

wavelength-dependent quantities AO. (A) and Ao, (~), re-

spectively, which govern ZH,L (A) and ~H,L (A) in accordance

with (1) and (8). Hence, it is quite consistent to analyze Ail. in

detail (Section III) with explicit regard to all the wavelength-

dependent quantities being incorporated into AO,. As an

anticipatory result from the following analysis, it is seen

that the spectral response of A8, is caused by the spectral

dependence of the inherent DBR sensitivity M (Section III)

which dominates the spectral dependence of 17N(A) via

ZH,L(A). The influence of ~(~) on I’~(A) via ~H,~(~) is

found to be of secondary importance.

111. DEFINITION AND SPECTRAL

DEPENDENCE OF DBR SENSITIVITY

Referring to detailed investigations on the transverse dif-

fusion mechanisms and surface recombination processes in a

photoexcited semiconductor CPW [4], [ 11], [15], Am. can be

expressed as

Acr. = (q/hc)(u. + VP)(l – R) Sx&a.7FlF2p (lo)

where q is the electronic charge, h is Planck’s constant, c is the

velocity of light in free space, VT and flP are the nobilities of

electrons and holes, and S~ is the relative spectral response of

the semiconductor materiall exhibiting a peak response at the

optical wavelength AP (Fig. 3(a)). R is the surface reflectivity

1From manufacturer’s specification sheet (Siemens AG, Munich).
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Fig.4. (a) Plasma filIingfractionqP and(b) diffusion-controlled relative
loss of photoconductivity F1 of the prototype silicon CPWasa function of

Optical wavelength A with charge wm-ier lifetime r as paramete~ (S’ = 710
pm, tV=460pm, H= 500pm, u, =21JOOcm/s, T’=300K).

at&, a. is the radiation absorption coefficient (Fig. 3(b)) [16],

~is the carrier lifetime, andpisthe controlling irradiance. F1

covers the relative loss of photoconductivity through carrier

diffusion into the direction of surface normal, which is due to

absorption and surface recombination, according to [11], [15]

FI = (1 + C+L.)-l [+(”:K::’)l-””L’’(’-L’)’)
(11)

where u. is the surface recombination velocity, and La is the

ambipolar diffusion length given by

‘a = [(2PrL/4p~~~/q)(Kn + &p)-1]1/2 (12)

with the absolute temperature T and Boltzmann’s constant k.

The relative loss of photoconductivity through lateral carrier

diffusion into the dark substrate regions (which are shaded by

the CPW electrodes) is considered by F2, according to [4],

[15]

F2 e

with

(W/4LU)(l - ~’)’f’

Arth[(l – ~)/(1 + c)]lt’
(13a)

< = exp (-W/2L.) (13b)

and slot width W of CPW (Fig. 2(a)). By substituting (10)

into (2), AO. can be rewritten as

where the term in square brackets denotes the inherent DBR

sensitivity E of an optoelectronic CPW grating [11]. For

practical reasons, (14a) may be rewritten in the form

AO.(A) = ~(~)p/~ = run(~) (p/m~cm-2)/(j’/G~z)

(14b)

with the normalized (dimensionless) DBR sensitivity fin =

K x 10–12VAS cm–2.

Referring to (14a), the spectral dependence of ~ (or ~n)

is determined by the product of Sx (A) and a.(A) (Fig.

3), qp(A),and FI(A).The plasma filling fraction qp can
be evaluated from a quasi-static analysis of photoinduced

H -03
E 0.5 0.7 0.9 1.1

-0

Eo

optical wove(ength A (pm)

(9

0

E 03 0.5 0.7 0.9 1.1
k
c opticol wavelength A (pm)

Fig. 5. Calculated spectral dependence of normalized DBR sensitivity rc~
of the prototype silicon CPW with surface recombination velocity v, as
parameter in the case of (a) r = 10–65 and (b) r = 10–5s; (S = 710
fire, W = 460 flm, H = 500 &m, T = 300 K).

wave attenuation in a semiconductor CPW, using a confmrnal

mapping technique [4]. As a result, qp appears as a function

of normalized plasma penetration depth 6 where qp(6)has to

be evaluated numerically. 6 itself, however, can be expressed

as [4], [15]

[

2 L.(I + cirL.) + ‘U.T
6==

r L. + VST 1
“[&(atY::T)larLa’(’-a“5)

where S is the strip width of CPW (Fig. 2(a)). It is seen that

6 is a wavelength-dependent quantity via a, (A), resulting in

qp = qp (A).’ For example, Fig. 4(a) shows qp of the prototype

silicon CPW (S = 710 pm, W = 460 pm, substrate thickness

H = 500 pm, Zi = 500, V.S= 2000 ctrds [9]) as a function

of A with T as parameter. Finally, the spectral dependence of

F1 (A), also imposed by a.(A), can be easily obtained from

(11) (Fig. 4(b)). Referring to (14) again. the total spectral

dependence of fin can be evaluated now. As a result, Fig.

5 shows fin(A) of the aforementioned silicon CPW with v,

as parameter for ‘ra = 10–6s and ~b = 10–5s, substituting

(p. + p,) = 2100 cmzlvs, R = 0.30, q, = 0.50, e.. = 6.432
[9], & = 860 nm, F’(7a) = 0.8760, and F’(-rb) = 0.6783.

IV. RESULTS AND CONCLUDING REMARKS

As a final step of analysis, the spectral dependence of light-

induced microwave reflection coefficient (at arbitrary signal
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Fig. 6. Calculated spectral dependence of light-induced major-lobe peak
reflection coefficient \17Ja,r( ~ = ~c ) I from the prototype silicon CPW with (a)

number of grating elements N as parameter for p = 300 mW/cm2, and with
(b) incident CW irradiance p as parameter for N = 8; (Z1 = 12 = 0.27 cm,
$ = ~. = 11 GHz, r = 10–6s. VS = 2000 cm/s, T = 300 K). Experimental

results (x) and their corresponding calculated values (o) are recorded. as well.

frequency ~, in general) can be easily calculated from (6),

bearing in mind that r,~ as well as QH,L are conditioned by

fin (A) via AOH,L (tsn). In most cases of interest, the goal of

optimization procedure is to achieve maximum reflectance at

the center frequency. Hence, it is quite consistent to evaluate

the spectral dependence of light-induced major-lobe peak

reflection coefficient IFN (~ = ~c) I. Corresponding results

from the prototype silicon CPW are presented in Fig. 6

with IV and p as parameters. It is seen that the spectral

performance of peak reflection coefficient is very similar to

that of DBR sensitivity (Fig. 5(a), WS = 2000 cm/s), both

exhibiting maximum response at about 825 nm, which is the

optimum wavelength of excitation in this case.
Referring to the assumption A~H,L <<1 again, frOm (4) one

obtains \I’s~(A)l c AOH,L(A), and hence lr.~(~) I m ~~(~).

With special regard to this latter relation. a detailed discussion

of (6) reveals that the overall spectral response is clearly

dominated by ~~ (A), while the influence via aH,L (~) is of

little significance. This second-order dependence causes only

a slight downward shift of optimum wavelength by some few

nanometers with an increase in IV or p, respectively (Fig.

6). Thus, the optimization of DBR microwave performance

with respect to the excitation wavelength may be success-

fully accomplished via ~~ (~) rather than riV (~), so reducing
numerical effort.

Moreover, it is seen that the optimum wavelength appears

quite close to & of the relative photosensitivity (Fig, 3(a)).

This is not necessarily the case, and is due here to the

given constellation of the CPW dimensions, i.e., H, S, and

W. Referring to similar investigations with GaAs, InP, and

CdS, the aforementioned cognition have been found to be

independent of semiconductor material, thus rising the theory

presented here to apply generally. As the spectral dependence

of DBR characteristics and, in consequence, the optimum

wavelength of excitation are governed by transverse carrier

diffusion (and, thus, are sensitive to the CPW dimensions), H,

S, and W can be also considered as quantities that may be

engineered to optimize device performance. A corresponding

overall optimization of a full-silicon CPW grating, involving

T, v,, J, H, S, W, N, and p along with 11 # 12, is currently

in progress.

The overall accuracy of the calculated results may be

estimated from the individual accuracies of the conformal

mapping technique (CMT) on the one hand and the improved

stepped-impedance model (ISIM) on the other. The validity

of the CMT used implies limited ranges of values of the

basic microwave and optoelectronic parameters, which has

been extensively discussed in prior publications [4], [5]. From

this, a CTM accuracy of ~ 28~0 is obtained for the chosen

parameters according to Fig. 6 along with an arbitrary WS,
7 g 10–4S, and ~c = 1–30 GHz. The ISIM accuracy can be

evaluated from a worst-case error estimation of riV (~ = ~C)

as a function of p, N, and fc, which has been reported

recently [17]. Herein, the worst-case condition is defined as

11/L. = 4, which means very strong carrier diffusion into

the direction of wave propagation and, hence, results in a

very low COntraSt ratio AOH /A~L = 6.4. In this (WOrSt)

case, the distribution of induced photoconductivity Ao(z) is

quite similar to a sinusoidal profile which, of course, has no

importance with respect to any application, but allows the error

estimation to be performed through strongly reduced numerical

effort. As a result, the maximum error of the major-lobe peak

reflection coefficient amounts to 37~0 in magnitude and 110 in

phase [17]. However, when assuming T ~ 10–~s again along

with ll/L. > 20 and AOH/ACTL > 2.2 x 103 for successful

applications, the specific ISIM error becomes negligible [17].

Thus, the overall accuracy may be estimated as s 28% for

p s 103 mWcm–2, N ~ 2, and ~C = 1–30 GHz.

Concerning the experimental verification of ~~ (A, v,) and
lrN(~, v., N) 1, it is well understood that a change of A

through the full range from 0.3 pm up to 1.1 pm or a variation

of v, from O to 104 cmls, or an increase in N from 2 through

20 is not easy to accomplish in practice.

Until now, some experiments with two different excitation

wavelengths have been performed. First, an 11-GHz four-

element grating structure (N = 4) was induced by 840

nm 110 mWcm–2 LED-excitation of a full-substrate silicon

CPW with r = 10–GS and v, = 2000 cmls [9], using a

configuration quite similar to that shown in Fig. 2. Through a

suitable change of the illumination pattern, an eight-element

grating (N = 8) was obtained resulting in a changeover of

center frequency to 22 GHz. Fig. 7 shows the measured and

calculated reflection spectra, where the illumination pattern

coefficient n = O indicates symmetric excitation with 11 =

12 [9]. It is seen that the discrepancy between theory and

experiment is relatively small and, particularly for the major-

lobe peak reflection coefficients, amounts to less than 5% at

the given parameter constellation. In a recent experiment, the

four-element grating again was induced by p = 300 mWcm–2

at ~ = 840 nm, resulting in 1174(11GHz) I = 9.270. The

corresponding calculated reflection coefficient is 8.4~o. Both

values are recorded in Fig. 6(a).

Second, another full-substrate silicon CPW with unpro-

tected, naturally oxidized surfaces (with VS = 104 cm/s and
r = 10–6s) was excited by a krypton ion laser radiating at 647
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fc = 22 GHz

0 10 20 30 Lo

signal frequency f ( GHz )

Fig. 7. Measured and calculated reflection spectra of a silicon coplanar
waveguide LED-induced DBR microwave filter with optically controlled

change of center frequency from (a) 11 GHz to (b) 22 GHz [9]. The optical
excitation was p = 110 mWcm– 2 at A = 840 nm with T = 10–6s and

v. = 2000 c~s. (n = O means 11 = 12).

nm and supplying an irradiance of p = 440 mWcm’2 from

the fiber bundle output [11]. The induced grating structure

was characterized by IV = 4 and ~C = 11 GHz. The measured

major-lobe peak reflection coefficient was 3.7~0; this theory

yields 4.4y0. Likewise, the aforementioned silicon substrate

CPW with etched surfaces (with v. = 2000 ctrds and r =

10-6s) was excited by p = 300 mWcm-2. A major-lobe peak

reflection coefficient of 7.4y0 at 11 GHz could be measured,

whereas this theory yields 6.5Y0. Both values are recorded in

Fig. 6(a), as well.

Finally, as a more futuristic idea, the disadvantage of sub-

stantially reduced DBR efficiency through optically induced

losses could be overcome in replacing the full-semiconductor

substrate by a conditional artificial dielectric (CAD) [18]. This

is a composite of small semiconductor crystallite embedded

in a polymeric host material. On illumination, the optically

induced electric and magnetic dipoles in each obstacle increase

the effective dielectric constant rather than the photoconductiv-

ity. Once matured, this approach could significantly improve

the spectral and microwave performances

waveguide gratings.
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