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Traveling-Wave Photodetector Theory
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Abstract—Photodetector efficiency decreases as bandwidth in-  TWPD bandwidth is limited by the optical absorption coef-
creases. Bandwidth-efficiency limitations of traveling-wave pho- ficient and the velocity mismatches between the optical wave
todetectors (TWPD's) are substantially greater than those of o,y the forward- and reverse-traveling electrical (photocurrent)

lumped-element photodetectors because the velocity-mismatch ) LS .
bandwidth limitation is independent of device length. TwPD's Waves rather than aRC bandwidth limitation determined by

can be long for high efficiency without significantly compro- the total junction area. For devices significantly longer than
mising bandwidth. The TWPD is modeled by a terminated the absorption length, this bandwidth limitation is roughly
section of transmission line with a position-dependent photocur- independent of device length. This is why TWPD’s can

rent source propagating on it at the optical group velocity. A . .
wave model for the transmission line confirms the accuracy have larger bandwidth-efficiency products than are possible

of an equivalent-circuit model for electrical wave propagation. [N lumped-element photodetectors. _
The velocity-mismatch impulse and frequency response are de- The concept of the TWPD was first proposed in 1990 as

termined by absorption coefficient and wave velocities rather a means to overcome the bandwidth-efficiency limits of con-
than junction capacitance and load resistance. The velocity- ventional photodetectors [8]. Both p-n and Schottky junctions

mismatch bandwidth limitations can be written in a simple briefl ti d. alth h th | desi listed
form which elucidates the factors affecting device response. A were brietly mentioned, althoug € several designs liste

discretized periodic TWPD is described by the same equations as in the proposal were of the metal-semiconductor type. No
the fully distributed version. This more complicated device offers detailed theory or experimental results from these designs have
additional degrees of freedom in design and potentially improved peen reported.
performance. In 1991, a velocity-matched p-i-n TWPD was proposed
Index Terms—High-speed circuits/devices, photodiodes, pho- [9], although a quantitative theory of the effects of velocity
todetectors, optical waveguides, optoelectronic devices, 5'°W'Wa"ematching on device response was not included in this report.
structures, traveling-wave devices, ultrafast optoelectronics. Electrical waves generally propagate in a slow-wave mode on
a p-i-n waveguide. Experiments derived from this proposal and
I. INTRODUCTION directed toward high-power applications have recently been

HE bandwidth-efficiency product of a photodetector imr_eporteq togethgr vyith a frequency-domain analysis based on
T poses a bound on the speed and sensitivity of the pif! eauivalent-circuit model [10]. _ o
toreceiver in which it is used. Bandwidth-efficiency products The theory of TWPD's, based on an equivalent-circuit
of conventional vertically illuminated photodetectors (VPD'sfn0del and quantifying the velocity-mismatch impulse re-
are limited to about 40 GHz (in GaAs) [1]. The bandwidthSPOnse f';lnd associated banplwdth Ilmltatlons was |n|t|a}lly
efficiency product can be improved by guiding the light pe|deta|led in 1992 [7], and the first experimental demonstration
pendicular to the collection field, as in a waveguide photodéf TWPD's followed in 1994 [11]. The TWPD's had signifi-
tector (WGPD) or a traveling-wave photodetector (TWPD), sgantly higher bandwidth-efficiency products than comparable
that absorption and carrier drift are orthogonal. WGPD’s and VPD’s on the same wafer, breaking records by
The TWPD is based on the WGPD, an in-plane illuminatd@rge margins [12], [13]. The velocity-mismatch bandwidth
photodetector in which transparent dielectric cladding layelignitation has been cast in a simpler form which affords
about the absorbing core form a dielectric optical waveguididysical insight and allows the use of standard design methods
[1]-[6]. However, the TWPD is a distributed structure thaor TWPD’s [7], [14].
overcomes th&®Cbandwidth limitation of the lumped-element TWPD's can be fabricated in many different configurations.
WGPD. This is accomplished by implementing an electrodée photodetector element can be a semiconductor p-i-n,
arrangement designed to support traveling electrical wav@ghottky, or metal-semiconductor—metal (MSM) diode. It can
with characteristic impedance matched to that of the exterri@ve gain, as in a photoconductor or avalanche photodetector.
circuit [7]. The geometry can be of any form in which the photodetector
function is incorporated over the length of a simultaneous
Manuscript received June 18, 1996; revised April 28, 1997. This woftPtic@l and electrical waveguide. The photodetector could be
was supported by the DARPA Optoelectronics Technology Center and Uig@ntinuous over the length of the waveguides, as in a fully
Prﬁgfgm, ég‘inzomvial-samﬁtiggsb eoartment of Electrical and Com utqistributed TWPD. Alternatively, a passive or active optical
Eng.ineéring, Uni)\//ersity of California gt Santa Barbara, CA 93106 USX. lﬁ’avegmde periOdica"y loaded by discrete photodetector el-
is now with Hewlett-Packard Laboratories, Palo Alto, CA 94304 USA. ements is called a periodic TWPD. All TWPD’s share the
M. J. W. Rodwell and J. E. Bowers are with the Department of Electricndamental velocity-mismatch bandwidth limitation.
and Computer Engineering, University of California at Santa Barbara, C . L
93106 USA. In this paper, a wave model for a fully distributed, parallel-
Publisher Item Identifier S 0018-9480(97)05999-1. plate, p-i-n TWPD provides the basis for the theory of dis-
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tributed photodetection. Quasi-TEM propagation is verified Electric Wall

and correspondence with an equivalent-circuit model is es- 4 >z
i . . . . Insulator di/2

tablished. The velocity-mismatch impulse response is used to )

find the velocity-mismatch frequency response, and a simple

approximation for the velocity-mismatch bandwidth limitation d

is derived. The resulting expressions are general and applicable Semiconductor
to any TWPD. Theoretical performance of the periodic TWPD

is then analyzed, considering advantages and disadvantages
relative to the fully distributed TWPD.

&

Contact

s
Metal d,,

7
Il. THEORY OF DISTRIBUTED PHOTODETECTION / // 7

A. Wave Model i Air
X

A TWPD is generally much shorter than the electrical
wavelengths that it is designed for, but much longer than its @
optical absorption length. The interaction of the optical and
electrical waves, or photodetection, occurs over the relatively Electric Wall
short optical absorption length. This length, together with the °_n_"
electrical and optical wave velocities, determines the device ¥
response. Thus a distributed, rather than lumped, model is
required.

The fully distributed parallel-plate p-i-n TWPD allows Th
an analytical representation and serves as a model for the
electrical propagation characteristics [7]. This model is eas- y —<>—fo—<>— Th-
ily adapted to TWPD’s using other types of photodetector Thn o -3
elements, such as Schottky or MSM diodes. In addition to
forming a photodiode, the metal-clad, p-i-n structure is a
parallel-plate electrical waveguide, and double-heterostructure
semiconductor layers form a planar dielectric optical wave- Mo
guide. The parallel-plate configuration allows two-dimensional
(2-D) analysis [15]-17]. Coplanar and hybrid structures nom- )
inally require three-dimensional (3-D) analyses [18]-[26];

however, certain symmetries often permit an effective dimeﬁig' 1. TWPD half-waveguide (a) layer structure and (b) transmission-line
! equivalent circuit for transverse resonance. Waves propagate indiection

sional reduction [27]-[31]. and are resonant parallel to theaxis.
The p-i-n TWPD  structure is similar to

metal-insulator-semiconductor  (MIS)  structures  th@jectromagnetic waves will propagate only in the transverse-
have been extensively analyzed [15]-{31], and the genefaljnetic (TM) mode up to frequencies far above 1 THz in
characteristics of the waves supported on these structures &(&on-dimension waveguides. Assuming no variation in the

similar. This is seen by assuming that the p and n layefSyirection, theH-field is purelyy-directed. TheH-field for
of the TWPD are of equal conductivity and thickness, angs .14 layer is then

then applying image theory. The waveguide is cut in half,

as shown in Fig. .1(a), with an electric.wall at the plane of | —g|H, e/ kenath2) L g emi(heno—k:2)
symmetry. The p-i-n TWPD now looks like an MIS structure
with a perfect conductor as the top metal. A thin (10-nm)
contact layer is included in the model of Fig. 1 to simulate
the metal-semiconductor junction. whereH represents the wave component amplitugdg, is the

This structure is analyzed by starting with the time—harmon{f:émsverse propagation constant in it layer, andk. is the
form of Maxwell's equations in linear media, using cosin ' Y

based ph Congitudinal propagation constani? = w?u,e, = k2, + k2
ased phasors is the dispersion relation. The transverse wave impedance of
V x E = —jwuH 1a) thenth layer isn., = k.n/we,. The electric fields are found
. directly from (1b).
V x H = jweE. (1b) A set of waves in the form of (3) satisfying the boundary
Low-loss dielectrics are assumed and conductivity is incorpgonditions of the structure will propagate longitudinally (in

rated into the dielectric constaat= ¢’ — jo/w. The wave the z-direction) and resonate transversely (in thdirection).
equation follows directly from (1) The transverse resonance condition is used to find the lon-

gitudinal propagation constarit., which characterizes the
V?H + w?ueH = 0. (2) mode. Methods from mathematically equivalent, and perhaps

Thn

+ H_+nej(kl‘”’”_kzz) L H__,cikematkz) | (3)
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Fig. 2. Magnetic-field distribution in a parallel-plate TWPD at 10 andFig. 3. Electric-field components in a parallel-plate TWPD at 10 and

100 GHz for a range of semiconductor layer resistivities of 1-X@@0m. The
traces are coincident for all of the plotted semiconductor layer resistivities.

100 GHz for semiconductor layer resistivity of 10D m.

Insulator Contact
more familiar, transmission-line theory apply, and the problem Semiconductor ” Metal Air
can be analyzed using the transmission-line circuit analog for T T T Ty
transverse resonance shown in Fig. 1(b). 102 eE | pg (@pm) f=100 GHz 4
The net impedance of the metal-air layers is reduced tos 5 5 E
a simple expression by assuming the wave impedance in th& 0 r 10 ]
metal is much less than the transverse wave impedance i@ 10 r \102 L
air, 7, = VJjwpo/om <€ ngo [15]. The transverse wave ‘g [E/ ol E, ,
impedance of the metal-air layers is then given by & w2l ? 5 \
= 3 10 1
Moo % fm coth [(1 - j)fl} @ B F '
sm U-' 10.4
u i
where 65, = v/2/wpoon, is the skin depth in the metal. [
Nemo — 1/omd,y, at low frequencies, angl,..o — 7, at high 106 T
frequencies. 0 02 04 06 08 1 1.2 14

The transverse resonance conditigp, + 7,— = 0, is

Tlzm0 + Jnl‘c tan(kacc dc)
o Nxe + j%mo tan(kacc dc)
o Nes — Nxi tan(kamdz/2) tan(kacs ds)

=0. (5)

+Jn

Depth, x (um)

Fig. 4. Electric-field components in a parallel-plate TWPD at 100 GHz for
semiconductor layer resistivities of 1-100Bum.

The magnitudes of bothE-field components at 10 and
This equation is solved numerically fér, via the dispersion 100 GHz are plotted in Fig. 3 for a semiconductor resistiv-
relation [32]. The electrical phase velocity and field attenuatioty of 100 Q-zm, which is a typical resistivity for heavily

constant are found from the real and imaginary parté.of doped semiconductor. Most of the voltage is supported by
The insulator and semiconductor layer thicknesses are chotien insulator layer. Transverse fields in the semiconductor
such that a Jxm-wide waveguide will have a characteristicand metal layers and longitudinal fields in the insulator and
impedance of about 5@. semiconductor layers increase with increasing frequency. The
Field distributions in the waveguide are plotted in Figs. 2-éhange in longitudinal fields in the metal layers reflects the
for an insulator layer thickness of 0,2m. (The bandwidth changing current distribution inferred from Fig. 2.
limitation arising from the drift time of photogenerated carriers Fig. 4 shows theE-field components at 100 GHz for
in a GaAs layer of this thickness is greater than 100 GHamrious semiconductor resistivities. Thecomponent in the
The H-field magnitude at 10 and 100 GHz is plotted in Fig. Zemiconductor approaches the value in the metal as the re-
This plot shows that most of the current is carried in the metsiktivity is decreased, as expected. Theomponent does not
layers, although the penetration into the metal decreases wittange significantly with semiconductor resistivity. Fields in
increasing frequency. The current in the semiconductor layen® semiconductor and metal layers produce longitudinal and
increases slightly with frequency. Varying the resistivity of theransverse currents, causing attenuation on the waveguide.
semiconductor layers over three orders of magnitude produtémste that thexz- and z-components are nearly equal in the
little effect on the overall current distribution in the device. semiconductor layers when the semiconductor resistivity is
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.2 TABLE |
— 10 . T T o T PARALLEL-PLATE TWPD BE.EMENT VALUES FOR
‘e [ =100 GHz d; (um) ] THE EQUIVALENT-CIRCUIT MODEL IN FIG. 6
=
= 2d
% +jop.e, w
O 0.48 (MIM)
Z 103l y | _ P, 2d, _ 0, wd,
5] ] Z =— G =——
= 1+ jope, w 32
S Tt -
CIC) ---------- w D
£ C=¢— L, =y,—
< d " /Jow
% — Gold Metal
o Perfect Metal p is resistivity ande = 1/p is conductivity;c and
1074 A S SO DN 4 are permittivity and permeability. The metal-air
10° 10! 102 103 104 transverse wave impedaneg o is defined in Fig.

1(b) and expressed in (4 is the device width and
D =d; +2(ds +d.). Other dimensions are indicated
in Fig. 1(a).

Resistivity (€-pm)

Fig. 5. Field attenuation constant as a function of semiconductor layer
resistivity at 100 GHz. Curves for gold and perfect conductor metal layers
cladding the parallel-plate p-i-n waveguide with insulator layer thicknesses Electric Wall

of 0.2 um are plotted. Attenuation of a gold MIM waveguide with insulator o gctric vva 0 —> 7
layer thickness of 0.4@&m (giving characteristic impedance of 30 for a

JE— C,- Insulator

1-um-wide waveguide) is shown for comparison.
Semiconductor
about 102-pm. This is approximately a point of minimum 7 AAAA
attenuation, evident in the plot of field attenuation constant ’ G,
versus semiconductor resistivity in Fig. 5. Also shown for '
comparison in Fig. 5 are plots of the attenuation constant of a Z Contact
waveguide with perfect metal rather than gold, and of a gold Z Z
metal—insulator-metal (MIM) waveguide. o 2% 7 o
/L L
B. Equivalent-Circuit Model Lois
The fact thatE, is much larger tharE. in the insulator, i, Air
across which most of the voltage appears, together with x

the fact that the mode is TM, establishes that propagation
on the TWPD is approximately TEM, or quasi-TEM. A
transmission-line equivalent-circuit model accurately describes
the properties of a quasi-TEM waveguide.

Such a circuit for a TWPD is shown in Fig. 6, and the Zo.Zs | =
element values for a parallel-plate TWPD are listed in Table I.
Fig. 6(a) shows the physical origins of the circuit elements.
Conduction and displacement currents in the contact and semi- (b)
conductor layers are accounted for by resistances in paraﬂ@[ 6. TWPD equivalent-circuit models for (a) transmission-line character-
with capacitances, as shown in Fig. 6(b). At frequencies fatics and (b) semiconductor and contact layer impedances. Circuit elements
below the dielectric relaxation frequencies of the conta@te identified with their a;socia;ed layers from Fig. 1. Element values for a
and semiconductor layersofee. < 1 and wp.e, < 1), parallel-plate TWPD are listed in Table I.
the i-layer capacitance dominates the overall transmission
line capacitance. While the i-layer capacitance is inversedgmiconductor layer&, includes a divisor of three to account
proportional to the i-layer thicknesg);, the inductance per for the current distribution in the semiconductor layers [17].
unit length is proportional to the overall thickness between The electrical wave velocity, field attenuation constant, and
metal layers,D (= d; + 2(ds + d..)). These dependencies orcharacteristic impedance calculated from the equivalent-circuit
different thicknesses reflect the spatial separation of voltagedel are compared with those from the transverse resonance
and current which results in a slow-phase velocity and logolution in Figs. 7-9 for semiconductor resistivities of 10, 100,
characteristic impedance. and 1000€2-um. The accuracy of the propagation constant

The z-component of theF-field in the metal layers is from the equivalent-circuit model is excellent to beyond 1 THz
much larger than the:-component from Figs. 3 and 4, sobecause complex impedances were used to model the contact
waves in the metal propagate nearly parallel to thaxis. and semiconductor layers. The equivalent-circuit model also
Thus, the transverse wave impedance of the metal-air laypredicts characteristic impedance very well, aside from some
expressed in (4) is also the metal impedance listed in Tablddviation at high frequencies in the = 1000 £-m traces.
for the equivalent circuit. The parallel conductance of th€he accuracies shown in these plots hold with variations in

(@
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Fig. 7. Parallel-plate TWPD electrical velocity versus frequency from tranig. 9. Characteristic impedance of a.in-wide parallel-plate TWPD from
verse resonance solution and equivalent circuit model for semiconductor lajf@nsverse resonance solution and equivalent circuit model. The traces are
resistivities of 10, 100, and 1000-zm. The full thickness of the insulator coincident over the range of plotted semiconductor layer resistivities except
layer is 0.2m. at high frequencies for both real and imaginary parts.

10“: S L L

Field Attenuation Constant (um™")

1073 3 Fig. 10. TWPD equivalent circuit for midrange frequencies.
— Transverse Resonance 1 wherev, = w/8 = 1/VLC. The loss is proportional to the
--- Equivalent Circuit . .
oy square of frequency, and consists of terms proportion&ldo
0.1 1 10 100 1000 and GL. The minimum in Fig. 5 occurs wheRC = GL.
Frequency (GHz) The characteristic impedance is
LW
Fig. 8. Parallel-plate TWPD field attenuation constant, comparing transverse Zo =~ Ry [1 + jg(RC’ — GL)} @)

resonance solution and equivalent circuit model.

where Ry = /L/C. The effect of RC and GL on the

the insulator layer thickness as well, so the equivalent-circaiharacteristic impedance is to add a small reactance, which
model can be considered generally reliable to 1 THz for tltisappears wheRC = GL. Itis clear from (6) and (7) that the
structures of interest here. standard lossless transmission-line equations for phase velocity

At frequencies far below the dielectric relaxation frequerand characteristic impedanag,= 1/v/LC, andZ, = \/L/C
cies of the contact and semiconductor layers, the impedanees good approximations for TWPD'’s.
of those layers are real and it is convenient to represent them
as a resistorR = R. + R,. Also, the metal impedancecC, Velocity-Mismatch Impulse Response

does not significantly affect the propagation characterlstlcsThe TWPD velocity-mismatch impulse response is deter-

wh_en w.Lm/Zm > 1 Thgs, n th_e frequency range Ofmined by the optical absorption coefficient and the mismatch
critical interest, the TWPD is conveniently represented by ﬂi)eetween the optical group velocity and the forward- and

equivalent circuit of [7], reproduced here in Fig. 10. reverse-photocurrent wave phase velocities [7]. The impulse

The propagation characteristics in the mld-freq_uency ranf;]eesponse resulting from these effects, and no others, is derived
(WLm/Zm > 1, wRC < 1, andwGL < 1, covering from here

about 10 GHz to several hundred gigahertz in Figs. 7-9) arer, : . . .
. . . . TWPD | f transmis-
of greatest interest for TWPD'’s, since the device bandW|d§”i| © is modeled by a terminated section o

falls within th Th | i tant on line with an exponentially decaying photocurrent source
bae Swvrvilttel: IS range. the complex propagation constan C%rllopagating on it at the optical group velocity. Light absorbed

) in the i-layer generates electrical waves as an optical impulse
Yprop & — (RC + GL) + ji (6) propagates on the structure. Electrical waves propagate in
PP 20, Ve both directions on the waveguide as they are produced by the
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traveling photocurrent impulse source. The total forward-going
electrical wave is composed of the wave which originally was
forward-traveling, plus the wave which started out reverse
traveling and was reflected at the device input end.

It is helpful to start in the inertial frame of reference of the
forward-going electrical wave. The total forward-going charge
density wave in the forward-going electrical wave frame of
reference is

p(#,t) = % Lol e "% u(') + yLa’ e

Photocurrent

(-] (8) -

—_— 0
impulse

where@ = Nyun;¢ is the total charge available in the optical
impulse (V,y, is the number of photons in the impulse apd
is the fraction of absorbed photons generatingy pairs which
are collected)]" is the optical waveguide confinement factor,
« is the i-layer material optical power-absorption coefficient,
~ is the electrical reflection coefficient at the device input end,
and is the unit step function. Converting back to the device
rest frame according te’ = z — v.t, & = a/(1 — ve/vo),
ando” = /(1 + ve/v,) gives the forward-traveling charge A >V,
density wave Light

Impulse

Q la

—_—Tae (. _»
P(Zat):§ me Tve 7o % ”et)u(z—vet)

Photocurrent

| e — Lo (z—vet)
T eTtve/vo e et_ ). 9
Gy u(vet = 2)|. (9)
The current at the device output is the total forward-
going charge density wave profile times the electrical wave
velocity, i(t + £/ve) = p(z,t + z/ve) - ve. Accounting for the
(unusual) case when, > v,, the TWPD velocity-mismatch r

hotocurrent impulse response is Input
P P P (input Distance (Output)

Photocurrent

(Very Small
Light Impulse)

. £ . e
tym <t + —> == % [|wf|e“’ftu(—wft) +’7w,,c “'Ttu(t)]
Ve Fig. 11. Spatial plots of the velocity-mismatch impulse response when the

(10) light impulse is at/4 (top plot), in the middle (center plot), and at the output
end (bottom plot) of a TWPD with open-circuit input termination = 1).

for min(¢/v,, £/ve) <t < £/v, + 2¢/ve and zero elsewhere,

where charge be equally split between the forward- and reverse-

wy = Lave /(1 — ve/v,) (11a) traveling photocurrent components. As a result, the heights
-T 1 (11b) of these two components are generally different where they
wr = Lawve /(1 + ve /vo) meet, forming a discontinuity in the photocurrent response at

are characteristic frequencies of the forward and reverff@t point. _
waves. Equation (10) is a general description of the current! € Velocity-mismatch impulse response can be made much

response of a TWPD to an optical impulse applied at its inpaip®"t€r by placing a matched termination at the input end of
considering only velocity mismatch. the TWPD (’y.: 0). The reﬂected_wave is then absorbed
Fig. 11 depicts the propagation of a light impulse and ttfd only the first term in (10) remains. However, half of the
photogenerated electrical waves on a TWPD, showing tﬁgotocurrent is lostin thet_ermlnatlon.Thls is d_lscussed further
formation of the velocity-mismatch impulse response in spadB. the frequency domain in the following section.
(A temporal velocity-mismatch impulse response from (10) is
plotted in [7].) The response is composed of two exponentigl Velocity-Mismatch Bandwidth Limitation
components, which in general have different decay constants,-
Conservation of energy and charge requires that the inte r%l
of the photocurrent response of an infinitely long TWP
with v+ = 1 equal the total charge available in the optica
pulse Q = Npn(0)n;q = Eonig/hv, where Ej, is the total ,
energy in the optical impulse. Furthermore, conservation of Gym(w) - 1[
momentum for the electrical waves dictates that the total 2

he velocity-mismatch frequency response is the Fourier
nsform of the impulse response (10). For long TWPD's,
af > 1), this is given by

Wy Wy

e (12
U (12)

Wy — jw
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Fig. 12. Velocity-mismatch electrical-frequency responses for velocityig. 13. Normalized 3-dB electrical bandwidths f = 1 and~ = 0

matched(ve /v, = 1) and mismatchedv./v, = 0.33) TWPD's with  TWPD’s versus velocity mismatch. The broken line shows the constant
open-circuit(y = 1) and matched~ = 0) input terminations. Also shown approximation(1/1.5) to they = 1 curve.
is the effective area approximation.

in terms of fractional photocurrent. The photocurrent respongaanges little. As illustrated in Fig. 13, the velocity-mismatch
for v = 0 reduces to a single-pole response with a 3.gBandwidth limitation for ay = 1 TWPD is approximated by
electrical bandwidth limitation 0B,m¢ = w; /2w, since only Tav,
the forward-traveling wave contributes. Bym1 & 3. :
The TWPD with matched input terminatiopy = 0) has
greater immunity to in-band response ripple resulting frofidependent of optical velocity, with less than 6% error over
an impedance mismatch at the end of a long transmissiti¢ entire range of velocities from completely mismatched to
line. However, TWPD's, while optically long, generally carPeyond matche® < v./v, < 1.47. Increasing the electrical
be electrically short<1 ps), and the electrical distance fromvelocity increases the velocity-mismatch bandwidth limitation,
a TWPD input to an amplifier input can be much shorter thdiit velocity-matching is surprisingly of almost no direct value.
the shortest wavelength of interest. Undesirable circuit effedfsfact, the mismatched case, whetgv, > 1, is preferable to
resulting when a TWPD with open-circuit input terminatiohe matched case. /v, = 1, given the same optical velocity.
(v = 1) is connected to a mismatched load can be designedrhe velocity-mismatch bandwidth limitation foy = 1 in
to occur above the highest frequency of interest. (13) can be cast in a more familiar form by a simple sub-
Fig. 12 shows the effects of velocity-mismatch on thgtitution for the electrical velocity from the standard lossless
velocity-mismatch frequency responses of TWPD’s havirgansmission line equations
open-circuit(y = 1) and matched~ = 0) input terminations. 1 o
In the velocity-mismatched case. /v, = 0.33), they =1 By = 570 15
curve intersects the = 0 curve at the—3 dB point of the a0t L9
~ = 0 response, so the TWPD response with open-circuit inpBidently, they = 1 TWPD velocity-mismatch bandwidth
termination(y = 1) is larger than that of the TWPD with limitation is comparable to thRC bandwidth limitation for a
matched input terminatiofry = 0) over its entire bandwidth. WGPD of fixed area
The TWPD with matched input terminatigy = 0) has no 15
bandwidth limitation in the velocity-matched casg/v, = 1, Avm1 = wF_ (15)
but is still limited to 50% efficiency. The velocity-matched o
~ = 1 curve is always above the = 0 curve. The net where w is the waveguide width. In fact, this area can be
bandwidths of TWPD's are limited by other factors, and thesed to approximate the frequency response up to the velocity-
overall bandwidth-efficiency product is generally worse imismatch bandwidth limitation with less than 4% error, as
devices with matche@y = 0) input terminations [7]. illustrated in Fig. 12. In practice, TWPD overall bandwidth
Comparing they = 1 curves in Fig. 12, it appears thatcan be found by replacing the device physical junction area
velocity matching has little effect on their 3-dB electricain standard lumped-element calculations with the velocity-
bandwidths. Fig. 13 confirms that the= 1 curve is almost mismatch effective area.
independent of velocity mismatch, while the= 0 curve is The effective length in (15)¢y,1 = 1.5/T«, would allow
strongly dependent. In the time domain, the response ofoaly 78% internal quantum efficiency in a WGPD of the
~ =1 TWPD is composed of forward- and reverse-travelingame bandwidth. However, the TWPD can be made much
waves. While velocity matching compresses the tempoidahger physically to achieve close to 100% internal quantum
duration of the forward-traveling wave, it stretches the reversefficiency without sacrificing bandwidth. This is the main
traveling wave, so the overall duration of the= 1 response advantage of the TWPD.

(13)

(14)
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impedance looking backward. The velocity-mismatch impulse
response and bandwidth limitation of a constant-impedance

Light - —— — .. structure are given by (10) and (12) wiif replaced by
—»’i ~eo7v()»~ e ? e :”fo,vo FO{ . Kd/KL.

R

i

impedance looking forward in the structure a#g_ is the
R,%
0.7 -

L2V,

J’zd,cd

.C . o
& The parameters for a velocity-matched periodic TWPD are
@) found with appropriate substitutions in the standard lossless
transmission-line equations for characteristic impedance and

PG phase velocity

%R"/Kd Z_IZ* = M =1+ Kd—Cd (16)
—K,C, —K,C, 3R Zy v3 KiCL
é)’ ‘LKC where Z;, and Z, are the characteristic impedances of the
: T @ unloaded and loaded transmission lineg, is the phase
®) velocity of the unloaded transmission line, afig andC,; are

the capacitances per unit length of the unloaded transmission

Fig. 14. Periodic TWPD (a) conceptual model showing a transmission lin ; ; g
loaded by discrete photodiodes in an optical waveguide and (b) equivaltlﬁl}e and the photodiode. The optical group veloaityis set

circuit diagram, including scaling factors which account for lengths dgqual to the phase velocity of the loaded transmission line.
photodetector and transmission-line sections relative to the optical waveguihmplicit in these equations are constraints on the characteristic

impedance and fractional lengths, < Zp/Zy < neg, 1 <

E. Periodic TWPD K; < neg, and 0 < Ky < 1, wheren.g is the effective
The analysis thus far has focused on continuous or ful'ndex of refraction of the linear optical waveguide. The largest
yactional photodiode length and shortest electrical length,

distributed TWPD’s. A periodic TWPD, in which discrete ." th ) bandwidth and mini total mi
photodetectors in an optical waveguide connect to an electri L{'ng the maximum banawidth and minimum total microwave

transmission line [33], [34], has similar characteristics al SS, occurwhqn the transmission-line lengths are equal to the
can be analyzed using similar methods. Two advantagesOJJ-‘II'C‘G‘I waveguide lengthsi¢, = 1.
a periodic structure are greater design flexibility and reduced 1

electrical loss. However, the periodic TWPD has several o ) )
practical disadvantages. Fabrication would be much more com- € theory of distributed photodetection explains the effects

plicated than for a fully distributed TWPD. Optical reflection®y Which TWPD's are capable of larger bandwidth-efficiency
and scattering can degrade the bandwidth and efficiency, &fgducts than lumped-element devices, and it provides tech-
microwave loss may still be significant for very long devicedliques for design and analysis of TWPD’s. A wave model
A conceptual model of a periodic TWPD is depicted iisupports equivalent-circuit represen.tatlons of TWPD’s that
Fig. 14(a). The discrete photodetector elements are pla@&furately model complex propagation constant and charac-
periodically in an optical waveguide and connected to dgristic impedance. The output characteristic impedance of a
electrical transmission line. The corresponding circuit mod&WPD is defined to be matched to that of the load. The
is shown in Fig. 14(b). The parallel conductance of the dop&}smatch between the velocity of the optical wave and the
semiconductor layers of a fully distributed structure and th¢elocities of the photogenerated electrical waves limits TWPD
associated electrical attenuation can be largely eliminatedbandwidth, as does microwave loss.
a periodic structure. The inductance is approximately that of The velocity-mismatch impulse response is determined by
the transmission line, and the capacitance is the sum of the absorption coefficient and the optical-group and electrical-
diode and transmission-line contributions. The photodiodehase velocities. It is generally characterized by two ex-
optical waveguide, and transmission-line lengths can be varie@nential components due to forward- and reverse-traveling
independently, so the fractional lengths in Fig. 14(K), = Photogenerated electrical waves. The velocity-mismatch im-
lr)t, and K4 = {4/4,, scale the transmission line andoulse response can be arbitrarily short with the quantum
photodiode lengths relative to the optical waveguide lengthgfficiency limited to 50% by absorbing the reverse-traveling
The flexibility offered by the periodic TWPD would al-wave in a matched input termination. However, devices with
low techniques such as impedance tapering. A decreas@en-circuit input terminations are generally more efficient
impedance taper from the TWPD input to the output wouldver a given bandwidth.
continuously reflect the reverse traveling wave, potentially To first order, the velocity-mismatch bandwidth limitation
increasing the bandwidth without compromising efficiencyf devices with open-circuit input terminations is actually
This technique has been used to eliminate the backward waveependent of the mismatch between the electrical and optical
in traveling-wave amplifiers [35]-[37]. velocities, but depends linearly on the electrical velocity and
The overall device bandwidth is limited by the bandabsorption coefficient. This leads to a simple interpretation.
widths of the individual photodetector elements and velocifihe velocity-mismatch bandwidth limitation of a TWPD with
mismatch. TheRC bandwidth limitations of the discrete pho-open-circuit input termination is comparable to a lumpd
todetectors are calculated from a lumped-element model whindwidth limitation where the effective area determining
load impedance oFo Zo— /(Zo+ + Zo—), WwhereZy, is the the capacitance is 1.5 absorption lengths times the device

. CONCLUSION



1318

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 8, AUGUST 1997

width. Thus, the frequency response of a TWPD is essensg] Y. Fukuoka and T. Itoh, “Analysis of slow-wave phenomena in coplanar
tially independent of its physical length, and nearly 100%

internal quantum efficiency can be attained without sacrificingg
bandwidth. Furthermore, expressing the velocity-mismatch waveguide for monolithic integrated circuitdZEE Trans. Microwave

frequency response in terms of an effectiR€ frequency

20]

waveguide on a semiconductor substratelgctron. Lett, vol. 18, no.
14, pp. 598-590, July 1982.
Y. Fukuoka, Y. C. Shih, and T. Itoh, “Analysis of slow-wave coplanar

Theory Tech.vol. MTT-31, pp. 567-573, July 1983.
R. Sorrentino, G. Leuzzi, and A. Silbermann, “Characteristics of

response provides a reasonably accurate means of using tra- metal—insulator—semiconductor coplanar waveguides for monolithic
ditional design methods.

A discretized periodic TWPD offers additional degree&

1]

microwave circuits,” IEEE Trans. Microwave Theory Techvol.
MTT-32, pp. 410-416, Apr. 1984.
C. K. Tzuang and T. ltoh, “Finite-element analysis of slow-wave

of freedom in design and potential performance advantages schottky contact printed linesfEEE Trans. Microwave Theory Tegh.
over the fully distributed version at a cost of increased

complexity. In this type of device, the electrical propagatio

2]

vol. MTT-34, pp. 1483-1489, Dec. 1986.
T. G. Livernois and P. B. Katehi, “A generalized method for deriving
the space-domain Green’s function in a shielded, multilayer substrate

characteristics are largely decoupled from the photodiode structure with applications to MIS slow-wave transmission linéSEE

design, so techniques such as impedance tapering may be

to improve bandwidth without sacrificing efficiency. Desigrjlr23
and analysis techniques follow from those for fully distributed
TWPD’s.
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