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Numerical Analysis of Traveling-Wave
Photodetectors’ Bandwidth Using the
Finite-Difference Time-Domain Method

Soon-Cheol Kong, Seung-Jin Lee, Jung-Hoon Lee, and Young-Wan Kkaiber, IEEE

Abstract—We present full-wave analysis of traveling-wave
photodetectors (TWPDs) using the finite-difference time-domain
(FDTD) method. Impulse response in the frequency domain is
obtained after time-domain data are calculated by the FDTD
method. The impulse response includes the optical field profile,
carrier transit time, microwave loss, microwave dispersion, and
velocity mismatch all together. Three-decibel bandwidth is ana-
lyzed with the thickness of ani-layer and waveguide width as the
design parameters. It is shown how transit time and microwave
characteristics affect the bandwidth according to the TWPD’s
length. Three-decibel bandwidth is dominated by carrier transit
time in case the device length is shorter than 300-500m under
the conditions given in this paper. However, if the device length
gets longer, microwave characteristics affect the bandwidth.

Index Terms—Finite-difference time-domain (FDTD) method,
RF optic link, traveling-wave photodetector (TWPD).

I. INTRODUCTION

[5], which impedance matching to the load circuit can elimi-
nate. A velocity-matched p-i-n TWPD was reported in [6]. Some
papers showed impulse responses resulted from velocity mis-
match, considering the input facet as an open or matched ter-
mination. However, these papers did not take into account mi-
crowave loss together [5], [7].

A high bandwidth-efficiency product and high saturation
output current are important aspects in the study of high-speed
photodetectors. Microwave loss limits the bandwidth of
TWPDs in the case of high-power photodetectors because they
need long device length (hundreds of micrometers) and a low
modal optical absorption coefficient. This paper focuses on the
bandwidth-limiting factors according to the device length and
the tradeoff between the bandwidth and output current.

Most of the studies on TWPDs have been done by the equiva-
lent-circuit model, in which the inductance value of a ridge-type
coplanar waveguide (CPW) (hybrid coplanar) approximates to

ESEARCH ON millimeter-wave photonics will con-that of a planar CPW. However, this calculation uses a geomet-

tribute to communication service where wired angcal factor and, therefore, it limits the device type for exact sim-
wireless systems are integrated. In such integrated systeniation. Especially in a case that the distance between the signal
an ultrawide-band and efficient photodetector such as etectrode and ground electrode increases, it is difficult to con-
traveling-wave photodetector (TWPD) would be an essentiitier fringing fields and to define the type of TWPD (microstrip

component.

or CPW).

The concept of a traveling-wave device was first suggestedin this paper, analysis is carried out using the finite-difference
by Soohocet al.in 1981 [1] and the TWPD was reported bytime-domain (FDTD) method [8]. This method is a numerical
Tayloret al.in 1990 [2] to get over the limitation of bandwidthanalysis technique that discretizes the Maxwell’'s equations;
efficiency product of conventional lumped-type photodetectongiereby any complicated structure can be simulated easily
The TWPD can be utilized with other optical waveguide dewithout treating a special boundary condition for material
vices [3], and it can especially be integrated with a semicobecause the constitute parameters., o) reflect the material
ductor optical amplifier [4]. In general, the TWPD’s characterproperty and the configuration of the device. For that reason,
isticimpedance is matched to the output port and, consequendlyridge-type CPW TWPD of multilayered structure can be
only a traveling wave exists in the device without a reflecteshalyzed exactly considering microwave loss, dispersion, and
wave. A peculiar characteristic of the TWPD is the fact thafelocity mismatch by the FDTD method. In [9] and [10],
the bandwidth of the TWPD is limited by the optical-absorpfull-wave analyses of photoconductive switches have been

tion-coefficient velocity mismatch, not by &Ctime constant
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studied using a self-consistent FDTD modeling with a charge
transport.

The source modeling is applied to the numerical simulation
considering the photocurrent that is generated in the active
1-layer when an optical signal propagates. We also derived
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High Frequency Structure Simulator (HFSS) and the results
ere compared with those attained by the FDTD method
to validate our simulation results. However, only our FDTD
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Fig. 1. (a) TWPD structure with electrodes for dc bias. (b) Cross-sectional layer structure of the TWRB-p{ehe view of the TWPD used in the FDTD
simulation o = 5.7 pm).

simulation can obtain an impulse response considering the TABLE |
propagation of both the optical wave and microwave because CONSTITUTIVE PAR(AMET_E?SOT'F*(’; :LRLE&S;EE';;’)\' THE SMULATIONS
the HFSS software calculates just the microwave property. o=

It will be shown that a broader bandwidth can be obtained in
TWPDs with a lower microwave loss and enhanced microwave Relative Conductivity (o)

velocity in case of an open input facet, and that impedance Permittivity (&) (S/m]
matching can be achieved by proper design of cross-sectional " e: Conductor 7
geometry. (Gold) 1.0 4.1x10
P+ 12.4 20000
[I. DEVICE STRUCTURE AND FDTD FORMULATION
P 13.26 1980
We consider a layer structure of a ridge-type traveling-wave : i
coplanar waveguide (TW CPW) photodetector (bulk) on a Ac“‘;;‘;g“’":
semi-insulating InP substrate for 1.5% operation, as shown I Cladding region : 0
in Fig. 1. Intrinsic Iy 62Gay 38AS0.83P0.17 (Ay = 1.485 pm) 11.55
active region (0.2:m thickness) is sandwiched by undoped N 13.26 24000
InGaAsP (1.3Q) layers. InP is used for the p- and n-type contact
layers. N+ 12.4 560000
The FDTD method solves the Maxwell’s curl equations di-
rectly. Yee's mesh [8] is used to accommodate the detailed con- Substrate 12.4 0

figuration of our device structure. Since the divergence equations
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Fig. 2. Microwave fields distribution (log scale) on a cross section of the output port calculated by HFSS. (a) Electric field. (b) Magnetic field.

are notindependent, we just need the following two equationsA. Source Modeling for Impulse Response

V= 0B 1 A TWPD has optical power input and microwave current
b= T ot @ output and, therefore, we need a source modeling for FDTD

_ 9D - simulation to get an impulse response. The optical power
VxH= E"’J' @ absorbed per unit length at any point along the detector

The differential equations are discretized for simulatioft Pas(y) = —d|P(y)l/dy = TagPoe "%, wherel
coding of our geometry, and the electric and magnetic fields the op_tu_:al confmement fa_CtO.b‘O IS th? power absorp-
are calculated in both the time and space domains. As ttﬁ%n coefﬂmen_t, andr’ is th? |nc_|dent optical power. For a
field components are governed by Maxwell's equations, treurce modeling of the Opt'c"’?' impulse response, we reg_a_rd
three-dimensional (3-D) multilayered structure is consider otogenerated current.densny as a produced c_onductlwty
completely with the constitutive parameters (permittivit ,y photogenerated carriersl.(y) can then be written as
permeability, and conductivity). To ensure stability of th&2=(¥) = alunn + jpp)E=(y) = quanki=(y) = qusan,
FDTD algorithm, the Courant condition is applied [11] anavhereq |s_the eleme_ntary charge and, is the carner satura-
Mur's absorbing boundary condition [12] is used to simulation velocity. To derive a formula for a current density source,

; ; let.J. (v)/q [(# of EHP)/(s- A)] equal(\/he)(Paps(y)/Wi)
;mivsaoﬁ]ag;gloﬂsf outgoing waves on the outer boundary, \[%(g of photons)/(s A)] with »; (the internal quantum efficiency)

= 1, where)\ is the optical wavelength, is the Plank constant,

Fig. 1(c) shows the cross section of the TWPD in the 4 is th de width. Th ¢ densit h
xz-plane. Both optical wave and microwave propagate in gdhd Vi 1S the waveguide widih. The current density can then

y-direction. Taking advantage of the lateral symmetry, only t ¢ written as

half-space is used for numerical simulation and, therefore, the

memory requirements and calculation time are reduced. The J.(y) = qA TagPye T0v, 3)

magnetic wall(H, = H, = 0) is applied on the,z-plane as heW;

a symmetry condition. The material constitutive parameters

used in the simulations are listed in Table I. The conductorFhe validation of (3) can be identified by taking the surface inte-

thickness was set to 0;6n in all simulations. In the conductive gral of J.. That is to say/ hoto = fODL fow“' J.(y)dzdy yields

media, the conductivity is given by = ¢ (u,n + ppp), which  PygA(1 —e~T0PL) /1 as expected, wheiiel. denotes the de-

incorporates the doping concentrations of the material and tfiee length.

skin effect into the simulation. In the intrinsic and substrate For a practical application of (3) to consider the carrier transit

layers, the conductivity is assumed to be zero. time, the photocurrent [A/&] in thei-layer att = nAt (n is the
The distance between the signal and ground electrddes ( time-step index) is expressed as follows:

5.7 pum)andthe ground electrode width§.3 xm)inFig. 1(b) are

fixed for all simulations. The space steps used®re= 0.3 um,

Ay = device length/15, andz = 0.1 ym, and the total mesh J™ (i, 4, k) = Zprofite[i]na Zprofile n = topeld] — 1
dimensions are 58 59 x 65 in thez-, y-, andz-directions, re- = (ta —t1)/n-
spectively. Also, the time incremef\¢) used is 0.2 fs. 1 2\ '

The simulated results presented in this paper are divided into X Lo, P,e”T¥0i%%  (4a)

two classes. One is the response of the optical impulse and the (2 = t1)/n2 heW;
other is the characteristic of the microwave. ofp(i, k) = Xprofite|t] X Zprofile[ K] (4b)
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wherei, j, and k are integer indexes of the, iy, andz-axes conductive media At is the time increment in the FDTD
respectively, ana.. is defined ad¥; /Az. Here, it is assumed simulation) from the top and bottom actiidayer, respectively,
that the photogenerated carriers drift across ttager with the and photoabsorption layer thicknessia§aturation velocity is
saturation velocity and that the output terminal is impedantieenv.,, = d/{At(t2—t1)}. Also,1/v, = (1/vi+1/v})/2,
matched regardless of the characteristic impedance of thberev. andwv, are the electron and hole velocities, is used
TWPD. Thus, there exists only a traveling wave, and in the HE3]. In (4a), the photogenerated carriers in the intrinsic region
optic link communication system, the output can be matchede expressed as the current density, which can be applied into
to the next circuit using an impedance transformer. We defi@) for (¢, [4] + t1) At =t = (topt[j] +t2)At. Here tope [j]AL

t1 x At andt; x At as the carrier drift time to reach theis the time for the incident optical signal to reach a position
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Fig. 6. RF refractive index with the parameter of the : (a) thickness of-thger (1; = 1.2 um) and (b) waveguide widthh(= 1.4 pxm).

(y = jAy) from the input end at optical group velocity. In (4b)ciency product with open-circuit input termination is generally

ofp(s, k) is the optical field profile in therz-plane calculated larger than with a matched input termination [5].

by the effective index method [14]. In this study, the 100-array

element§ of?proﬁle[k], which are_zz-posi_tion dependent in (4b)_, B. Microwave Characteristics

are applied into (4a) as a function of time. Thus, the transit time

effect is considered in the source modeling of the FDTD code. We use a Gaussian pulse as an excitation of the input signal to
Since the higher efficiency helps relieve the burden imposesaluate the broad-band microwave behavior. We obtained the

on millimeter-wave components and also makes their integfeequency-domain parameters by Fourier transforming the data

tion easier, the input facet of the waveguide is open terminateldtained in the time domain. The structure of the TWPD guides

in the impulse response simulations. This makes high efficienttye optical signal and also plays the role of the microwave trans-

with 100% reflection at the input end, and the bandwidth-effinission line. The following equations were used to calculate the
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microwave characteristic impedance and propagation constant.
They are easily derived from the transmission-line equations

Zel£,95) =\ Zopen(F,35) X Zaoms(fo35) ()

1 —1 Zshort(f7 yi)

v(f5 i) I tanh Zopen (1 41) . (6)

Here, Zopen and Zgno,e are the input impedances (at the
position ofy;) of a TWPD with open and short termination,
respectively, andl is the distance between the load and
field observation positiony;). The input impedance with
open- or short-output termination is calculated by applying
Z(f.yi) = FIV(t,y)]/FII(t vi)], where F denotes the _
Fourier-transform operator. The electric and magnetic Waﬁ%a
are enforced on the device-output plane for short and open
conditions, respectively. Voltages and currents in the time
domain are obtained by taking the line integral of the electric Electric- and magnetic-field distributions are shown in Fig. 2.
field between the center conductor and ground electrode, aHee Simulation was executed by Agilent HFSS (version 5.6),
by taking the closed integral of the magnetic field around thhich uses the finite-element method (FEM) as a numerical
center conductor, respectively. Liaagal.analyzed the case of technique. The lengths of arrows are plotted in a log scale. The
a CPW and slotline by applying (5) and (6) in [15]. figures show that the-n layer almost blocks the electric field,
but the magnetic field penetrates the and substrate region.
The real parts of the characteristic impedance values calculated
by both the FDTD method and HFSS are compared in Fig. 3.

The FDTD simulation enables us to consider transit-time efhe waveguide width was set to 1.2 and g in the simu-
fect, optical-field profile, microwave loss, microwave dispertation of Fig. 3(a) and the results were obtained at a frequency
sion, and velocity mismatch all together. Théayer material of 100 GHz. Only the resistances are shown because the reac-
optical power-absorption coefficient used in the simulation tance values are close to zero. Fig. 3(b) shows the characteristic
1000 cnT!. We analyzed with two parameters the thickness @hpedance as a function of frequency. High resistance can be
thei-layer and the waveguide width @ndW; in Fig. 1). From achieved by having a narrow waveguide width and a deep thick-
(6), we obtained the propagation constant= o+ j3), and its ness of thé-layer, and 50 output-impedance matching can be
real and imaginary terms represent microwave loss and disper-
sion, respectively. 1Agilent HFSS 5.6 Agilent Technol., Palo Alto, CA, 2000.

8. Optical field distribution in the intrinsic active region for source
eling of the TWPD’s input signal.

Ill. RESULTS AND DISCUSSIONS
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Fig. 9. Photocurrent at the output in the time domain. (a) Comparison of the experimental [17] and FDTD data. Impulse response ok I7({iaditith). m?
TWPD with 10.5 fC (linear regime) of photogenerated chaigg.t = 1 V, A = 830 nm, TE illumination). (b) FDTD simulation of the impulse response with
250 and 50Q:m of device lengthl(”; = 3.0 um, » = 1.0 pm, time step= 0.2 fs).

achieved by an appropriate choice of those design parametgigth gets narrower. As the transverse capacitance increases,
(around 2u:m of waveguide width). the microwave phase velocity decreases. The capacitance is
Equations (5) and (6) are used in order to obtain microwapeoportional toW; /h. This basic principle agrees well with the
properties of TWPDSZ,,en and Zqnore in (5) and (6) are result shown in Fig. 6. However, there is tradeoff in practical
frequency-domain data. Thus, by utilizing the time-domain r@pplication because it is difficult to make a narrow waveguide
sponse traces such as in Fig. 4, we obtained their correspondindth, and the thick core of thélayer limits the bandwidth
Fourier transform data, as shown in Figs. 5—7 (FDTD resulfjue to the carrier transit time and time delay is increased with
The incident wave is a Gaussian pulse, and Fig. 4 depicts tha thick-cladding layer.
the current wave with an open load and the voltage wave withTransmission characteristics by the two methods are com-
a short load become out-of-phase at the termination, as @ared in Fig. 7 to validate the simulation results for a fixed
pected. The distandeé) between the load and field observatiorstructure ; = 3.0 um, » = 1.0 um). The HFSS is a 3-D
point was 30um. Simulations in Figs. 5(a), 6(a), and 10(aglectromagnetic (EM) simulator, and only microwave charac-
were executed with the waveguide width of L.eh, and the teristics are available from it. For the calculation of the im-
i-region’s thickness in Figs. 5(b), 6(b), and 10(b) was fixed @ulse response, we modeled the signal source considering the
1.4 um. Simulations were executed for a typical case with theptical wave field profile and carrier transit time for the space
active i-region’s thickness of 200 nm. Fig. 5 shows the fieldnd time domains, respectively. The optical wave field distribu-
attenuation constaiity) as a variation of frequency. Microwavetion of waveguide in the:z-plane was obtained by applying the
loss can be reduced with a thickayer and a narrow width of effective index method [14]. Fig. 8 presents the calculated op-
the waveguide. tical field distribution in the intrinsic active region (core). These
RF refractive indexes are presented in Fig. 6. They acalculated data are applied to (4b) for source modeling, and (4a)
calculated from the value of effective permittivity andand (4b) are related to the longitudinal and transverse directions,
are closely related to the imaginary term of the propageespectivelyJ. (y) is calculated from (4a) at anyposition and,
tion constant according t@.s(f) = +/een(f)ur/eo and in order to consider the carrier transit time, the optical wave
eei(f) = VO?(f)/w?uo. The microwave phase velocity isfield profile that is a function of the:- and z-position is ap-
very low in the low frequency band, but it converges as the frplied into the FDTD code. As a result, the FDTD code with (4)
guency goes up. This indicates that the microwave is dispersemables us to obtain an impulse response considering the carrier
only in the low-frequency band (below approximately 15 GHiransit time, optical field distribution, velocity mismatch, and
in Fig. 6). Strictly speaking, however, this frequency point ahicrowave property.
criterion [the bending point of the curves in Figs. 3(b), 5-7(a)] Fig. 9 shows the impulse response in the time domain.
may not be exact in fact because the FDTD method show§@ validate our simulation results, the linear impulse re-
dc offset [16] and also the HFSS has low-frequency limitatiosponses are compared with the experimental data in Fig. 9(a).
The results of Fig. 6 represent that microwave speeds go Tipe experimental response from [17] (GaAs—-AlGaAs p-i-n
as the thickness of thelayer gets thicker and the waveguidegraded double-heterostructure TWPD with 190 nm of de-
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800 T T T T TTT] T T T T TTTT TABLE 1l
ot time off 3-dB BANDWIDTH AND RF REFRACTIVE INDEX ACCORDING TOWAVEGUIDE
Transit time effect GEOMETRY (DEVICE LENGTH = 100 em, v, = 0.5 x 107 cm/s)
Not considered
600 —O—  Vsat = 100000 [m/s] Wa"eil‘,‘;‘:;
'E —/A— Vsat= 50000 [m/s] 1.2 um 3.0 um 4.8 um
) —a—  Vsat= 25000 [m/s] Thickness
~, L of i-layer
g 97 GH 88 GH 84 GH:
o= transit time effect z z Z
E 400 it time ef 0.8 pm (3.54) “3) (4.76)
'g dominant region
<
2 - icrowave characteristics 1.0 gm 99 GHz 95 GHz 87 GHz
< dominant region (323) (3.94) (4.35)
200
12 102 GHz 96 GHz 90 GHz
< Hm (3.0) (3.66) (4.05)
| 1.4 um 106 GHz 97 GHz 93 GHz
0 L ‘ S H (2.83) (3.45) (3.82)
10 100 1000
Device Length [um]
Fig.10. Bandwidth of TWPDs according to the device length with and without TABLE Il
considering the carrier transit time. 3-dB BANDWIDTH AND RF REFRACTIVE INDEX ACCORDING TOWAVEGUIDE
GEOMETRY (DEVICE LENGTH = 300 pm, v = 0.5 x 107 cm/s)
pletion-layer thickness) agrees well with that by our FDTD Waveguide
method Ay = 0.35 um was used for this simulation). The width 1 30 g
photocurrents at the output are plotted with a device length 5.\~ S Hm T Hm ©Hm
of 250 and 50Qum in Fig. 9(b). It took 63 min/10000 time of i-layer
steps for a personal computer (PC) (800-MHz Pentium Il with
. . i 56 GHz 44 GHz 39 GHz
786-MB RAM on Windows 2000) to simulate the impulse 0.8 um

. ; . (3.59) 43) (4.76)
response. More microwave loss is seen in the longer TWPD.

The tails of the signal come from the fact that part of the 61 GHz 50 GHz 41 GHz

photogenerated electrical wave arrives late at the load as it 1.0 pm (3.23) (3.94) (4.35)
traveled backward and was reflected at the open input facet.
After an impulse response of lightwave is calculated in the time 67 GHz 53 GHz 44 GHz

domain with a fixed light absorptiom{ = 1000 cm~1), it is 1.2 pm

Fourier transformed to obtain the frequency response.

The impulse response is obtained as follotvg.is set to de- 14 71 GHz 55 GHz 48 GHz
vice length/15 with 59 mesh dimensions in thelirection. For aHm (2.83) (3.45) (3.82)
example, when the device length is 1o®, Ay is setto 1Qum.
The impulse response is calculated at the position thatis 15 grids
away from the input end. During the simulation, the wave traveisnited by microwave features when the device length is much
forward and, at the output, reflection (error By3C) occurs. longer because the values of 3-dB bandwidth converge irrespec-
However, the reflection cannot reach the observation point e of the transit time. Consequently, the dominant bandwidth
fore the simulation ends. Thus, we obtain the impulse resporigeiting factor depends on the TWPD’s length. The transit time
exactly without any reflection from the output end. affects more bandwidth with increasing transit time, and there

Fig. 10 shows an interesting example, i.e., how the transitists a bandwidth limitation, however short the device length
time and microwave characteristics have an effect on the baigl-It is an important problem to find out the optimal waveguide
width. Here, it is assumed that the TWPD operates at a lindangth for the high bandwidth-efficiency product and good lin-
regime, and the activelayer has 0.2¢m thickness. The satu- earity, although they are beyond the scope of this paper. On
ration velocity of photogenerated carriers under reverse dc bthe other hand, the objective of this paper is to analyze the
was assumed to b, 107, 0.5 x 107, and 0.25x 10" cm/s bandwidth limitation considering the microwave loss, disper-
in the simulation. Although the saturation velocity is close tsion, and the velocity mismatch. It is observed in Figs. 5 and
0.5 x 10" cm/s in practice, the results with various values d that the deepei-layer or narrower waveguide makes better
Vsat are given for the purpose of bandwidth analysis. Here, tiheicrowave property. Thus, it should be underlined that low mi-
waveguide width is 3.Qum and the thickness of thelayer is crowave loss or low RF refractive index enhances 3-dB band-
1.0 um. width and that the tendencies of bandwidth limitation and mi-

If the device length is shorter than 300-50®, 3-dB band- crowave characteristics according to the design parameters are
width is dominated by carrier transit time effect. However, it isoincident (Tables Il and Ill). It is noticeable that if input ter-

(3.0) (3.66) (4.05)
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minal is open, bandwidth is proportional to microwave phase11]
velocity, and it is very important how well velocity is matched
only in the case of an impedance matched input port [7]. The
simulation results in Tables Il and 11l correspond to it. Tables II[12]
and Il show 3-dB bandwidth and an RF refractive index).
In terms of device design, narrow waveguide is required, but it
would be a tradeoff with the possibility of fabrication. When [13]
the waveguide width is reduced from 4.8 to L&, the band-
width is strongly increased by more than 40% in case that devic%‘”
length is 30Q:m. With device length of 10pm, the FDTD sim-  [15]
ulation shows approximately 106 GHz of bandwidth when the
thickness and width are 1.4 and L&, respectively.

(16]

IV. CONCLUSION

We have developed a numerical modeling tool by applying d17]
3-D FDTD method for investigating the effects on bandwidth
of TWPDs. Full-wave analysis in this paper is very meaningful
as follows. First, all the geometry and material have been incor-
porated into the numerical technique. Second, impulse respo,
has been calculated, taking into account at once the optical fi
distribution, carrier transit time, microwave loss, dispersion, a
velocity mismatch. The thickness of tixdayer and waveguide
width has been used as design parameters, and it has been s
how these parameters contribute to the microwave characte’
tics and 3-dB bandwidth. We have obtained bandwidth of 1(
GHz with a fixed device length of 100m for 1.4u.m i-layer’s [
thickness and 1.24n waveguide width. We have also shown
that there exists a dominant factor for bandwidth limitation as
cording to the TWPD'’s length.
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