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Abstract— The traveling-wave photodetectors (TWPD) dis-
cnssed here offer theoretical quantum efficiencies approaching
100% while maintaining a very large electrical bandwidth.
Additionally, they are capable of dissipating the high-power
levels required for large dynamic range applications. In this
paper, the power dissipation limit of the TWPD is explored.
A small-signal steady-state model is developed that includes
the effects of electrical propagation losses along the detector.
Fabrication details are presented and experimental data shows
a 3 x 1250 ~mz detector with a 4.8-GHz bandwidth.

I. INTRODUCTION

H IGH-POWER photodetectors are important in applica-
tions such as RF power generation using optical hetero-

dyning and large dynamic range communication ~ystems. This
paper describes the modeling and fabrication of a traveling-
wave photodetector (TWPD) that is capable of dissipating
very large power levels while maintaining a high electrical

bandwidth. The TWPD is a waveguide photodetector featuring
an electrode geometry that is velocity matched to the optical

signal. Such a detector was proposed by Taylor et al. [1]

and recently pursued independently by several groups [2]–[5].
The TWPD presented in this paper is targeted at large power
dissipation. This unique capability is achieved by the TWPD’s
large size. Large size, high bandwidth, and high quantum
efficiency are inherent to this traveling-wave design.

The TWPD differs significantly from “traditional” photode-
tectors that are electrically lumped. The electrical bandwidth
of a traditional photodetector is RC limited. Therefore, one
strives to minimize capacitance, C’, by reducing the detector’s

size. This has the unfortunate side effect of reducing the
lumped detector’s responsivity and maximum power dissipa-
tion. The TWPD avoids these limitations by being electrically
distributed.

Fig. 1 illustrates the fundamental operation of the TWPD.
Light is launched into an optical waveguide formed in the
junction of a p-i-n diode (GaAs/AIGaAs in present design).
The thickness of the absorbing region in the p-i-n diode is
adjusted to set the absorption length in tlheoptical waveguide.
Use of a thin absorbing layer (=100 ~ for GaAs @ 1.06
~m) permits for a very large absorption length due to its very

low confinement factor of the guided light. The absorption is
selected to be high enough for the majority of the light (say
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Fig. 1. Diagram of a TWPD. (a) Qualitative optical and RF power levels
are shown along the detector’ slength. (b) Physical diagram.

95%) to be absorbed for high quantum efficiency, while still
being low enough to allow for a ‘large device length to achieve
high power dissipation. Light is “detected” in an extended
region along the p-i-n diode. This causes distributed current
generation along the detector’s length. The detector’s metal
electrodes are designed to allow for this generated current
(RF signal) to “travel” in phase synchronism with the light. If
velocity matching is achieved, the photo-generated distributed
current will add at the detector’s output.

II. LIMITS ON DErECTED POWER

The large power handling capability of the TWPD can

best be understood by a simple analysis of the temperatures
generated within tlie detector under static operation. The
optical power distribution along a TWPD can be expressed as

IP(z)I = F)e-’a”z (1)

where CVOis the field absorption coefficient of the optical mode
propagating along the detector and P. is the optical power
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Fig. 2. Plot of percentage light detected as a function of the modal optical
absorption coefficient for various detector lengths. Dashed line shows the peak
temperature rise assuming PoPt = 0.’225 W, 3 x 3 pmz guide dimension and
a 50-//m-thick GaAs substrate.

entering the detector’s input facet at z = O. The optical power
absorbed per unit length at any point along the detector is then

P...(z) = -*= ‘2%P0.-’”.’. (2)

Assuming no back-reflection at the detector’s far end, the total
light detected is

/

1

PdM,T = Fab. (z)clz = PO[l – e-za”~] (3)
o

where 1 is the detector’s length. Fig. 2 shows the percent-
age detected light for several different detector lengths as a
function of optical absorption coefficient. The light that is not

detected is radiated at the far end of the detector.
To determine the temperature rise resulting from this ab-

sorbed light, the thermal impedance, 19,must be determined
for a particular detector configuration. For the geometry of the
TWPD shown in Fig. 1, the thermal impedance is approxi-
mately that of a planar line heat source on top of a dielectric
slab [6]

( )/O=ln ~ 7rk (4)

where C is the substrate thickness, d is 112 the guide’s width,
and k s 0.038 W/°C mm for GaAs at 60”C. For our

detectors, d = 1.5 &m and L’ = 50 ~~m, which gives O =
37.2°C mti. Due to the weak dependence of (4) on
physical dimensions, this thermal impedance should be typical
for most TWPD’s.

The peak temperature rise occurs at the optical input of the
detector where the absorbed optical power density is the largest
[P,b, (0) from (2)]. Notice that this peak power is controlled by
the optical absorption coefficient, a., which can be controlled
over a very large range. Therefore, in principle, a TWPD can
be designed for any power level up to the catastrophic optical
damage limit that typically occurs for a semiconductor facet
at an incident optical power density of 5 MW/cm2 [7] or if
coupled into a 3 x 3 pmz waveguide, PO z 0.23 W. Using
this power level and the thermal impedance found above, the
peak temperature rise caused by the absorbed light is shown

as the dashed line in Fig. 2. This plot shows that significantly
high temperatures will occur within the TWPD independent of
the electrical bias applied. For example, assuming that 50”C
is the maximum temperature rise that can be tolerated, the
absorption coefficient must be less than 30 cm– 1. To have

95% of the light detected, the detector length must exceed
500 pm. Thus, for high power applications, the TWPD will
necessarily be long.

With the optical power level used above and assuming the
detector’s quantum efficiency approaches 100%, the resulting
photocurrent is over 190 mA at 1.06 ~m optical wavelength.

At a typical detector bias voltage of several tens of volts, this
will result in an additional several watts of electrical power
dissipation within the detector and a several fold increase in
the detector’s internal temperature.

Interestingly, with the optical power levels considered here,
the resulting current levels could produce several Watts of RF
into 50 0. The detector could be driven by the beat product
from two lasers slightly detuned to produce the desired RF
operating frequency (optical heterodyne). Such an approach
has recently been demonstrated at frequencies up to 1.2 THz

[8]. When operated at large optical powers, simple circuit
analysis shows that this technique has a maximum wall-plug
conversion efficiency (dc bias supply to RF) approaching
50% assuming the minimum possible dc bias voltage is used
[9]. Unfortunately, this is not without a cost as seen in the
above thermal calculations. If several Watts of RF power are
desired, traditional high-bandwidth (small-size) photodetectors
are inadequate and a detector like the TWPD is required.

III. SMALL-SIGNAL TWPD MODEL

A detailed frequency-domain model for the TWPD has been

developed that incorporates electrical loss. This model was
developed during the early part of this project [10], assumes
small-signal steady-state operation, and has similar results to a
time-domain model described recently by Giboney et al. [1 1].

Assuming no back reflection at the far end of the device
(100% optical absorption), and excitation by two equal-power
(Po) lasers offset by the RF operating frequency, the optical
intensity P1 within the photodetector can be described by

P~(z, t) = 2P. (1 + sin(wrft – ~oz))e-2a”z (5)

where w,f is the angular RF beat frequency, z is the position
along the length of the detector, and fiO is the propagation
constant of the rf modulated light (/?Ow 2nm0/&f). Dropping
the DC term, (5) can be rewritten in phasor-wave notation at
the RF-operating frequency #,f

pi(z) = 2POe–7”z (6)

where

‘yO= 2Q0 + j[?o. (7)

The exponential decay of the light as it propagates is due to
photon absorption generating electrons and holes. The local
current generated at any point along the detector is related
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Fig. 3. Equivalent transmission-line cwcuitfor TWPD.

to the amount of light absorbed at the point multiplied by a
conversion factor

(e~o 44(2)1e-,pozai(z) _ —
dz hc dz

(8)

where & is the intrinsic quantum efficiency, e is the charge
of an electron, h is Planck’s constant, & is the optical
wavelength, and c is the speed of light. The intrinsic quantum

efficiency is the fraction of electrons collected at the ohmic

contacts to absorbed photons. Carrier transit times within the
detector are neglected, allowing for (8) to be valid at all
operating frequencies. Combining (6) and (8) gives

dh(~) = ~oe--yoz

d.z
where

(9)

(lo)

This distributed current is coupled to the electrical propa-

gation along the detector as described by the time-harmonic
telegraphist’s equations

dV

dz
— = –ZI (11)

and

(12)
dz dz

where the second term of (12) is the differential current source
given by (9). The transmission line equivalent circuit is shown
in Fig. 3. This model is only approximate since the current

source is not in parallel with the capacitance. The inco~oration
of the current source as shown in Fig. 3 is appropriate provided
that the transverse electrical loss is small compared to the
electrical energy storage along the detector. This assumption is
true for the electrode structure considered in the next section.
Equations (11) and (12) can be combined to form a second

order differential equation of the voltage (V) along the line

(13)

where ye = ~ is the traditional electrical propagation
constant along the detector.

A simple analytical solution of (13) results from variation
of parameters

V(z) = V~e7’z + Vze-T”z + ——
(7:2% ‘-’”Z” ’14)

The first and second terms in the right hand side of (14)

are the backward and forward propagating waves along a

o
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Fig. 4, Theoretical TWPD electrical response with output terminated in Z.
(thick lines) and with both input and orrlput terminated in Zo (thin lines) for
several different optical absorption values.

transmission line. The third term is the detected light’s sig-
nal impressed along the line. Applying boundary conditions
determines values for VI and V2.

Two sets of boundary conditions can be applied to (14) that
are particularly informative. The first allows the input end of

the detector (where the light enters the device) to be open
with the output end terminated, as was shown in Fig. 1. The

second set corresponds to the termination of both the input
and the output ends in Zo. The first set of boundary conditions
corresponding to an open input and terminated output are

1(0) = O and
v(l)
— = Z1.
I(1)

(15)

Applying these boundary conditions to (14) gives

and

where Zo = ~ is the characteristic impedance of the
detector. The RF output power from the detector is the power
developed in the output load Zt

p,, _ IV(Z)12
Q7 “

(18)
LZJ1

Fig. 4 shows a calculation of normalized electrical response
as a function of frequency for several different optical ab-

sorption lengths using the open input boundary conditions of
(15). In this calculation the detector is assumed to have Zo =
Z1 =50 0, infinite length, perfect velocity match between the
electrical signal and the light (n~f = no = 3.5), and no

electrical propagation loss. All normalized responses in this

paper are with respect to a conventional lumped photodetector
of equiwdent quantum efficiency, infinite bandwidth, and
driving a 50 Q load. Interestingly, there is a 6 dB drop in the
TWPD’s response with a characteristic frequency determined
by the value of the optical absorption coefficient (a..). The
6 dB asymptotic value at high frequencies indicates that the
“effective” photocurrent is 1/2 of a lumped detector or, equiv-
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alently, the detector’s responsivity (or quantum efficiency)

is being halved. Since the detector’s dc quantum efficiency
is nearly 100%, the effective quantum efficiency at high
frequencies is 50%.

The second set of boundary conditions, corresponding to
terminating both ends of the detector, provides additional
insight in detector operation. If both ends of the device are
terminated in Zo, the necessary boundary conditions are

yfJ) _ v(o) = Z.

I(1) I(0)

Applying this to (14) gives

and

kb(z + ‘%20) ~-(70+7.)4
Vjl =

2(% –%)

(19)

(20)

(21)

Shown in Fig. 4 (labeled dual) is a calculation of normalized
detector response as a function of frequency for several differ-
ent optical absorption lengths using the boundary conditions

set by (19). The same parameters are used as were used in
the calculation for the single termination case. Here, a similar
drop in response is seen except only a 3 dB reduction in
signal occurs at high frequencies; however, this rolloff starts
with a 3 dB lower low-frequency response as compared to the
single termination case. The 3 dB reduction in response at low
frequencies is consistent with applying two 20 terminations
in parallel to a lumped detector. Interestingly, these two

reductions in combination result in a high-frequency response
approaching the same value as the single termination case.

The dual termination response curves plotted in Fig. 4
include the power delivered to both terminations. It is in-
formative to plot the response of the signal delivered to
either termination separately. Fig. 5 shows the response of the
signals from either port when a. = 5 cm– 1. Interestingly, the
signal on the input termination (PRI) rolls off at a rate of 20
dB/decade like a simple RC, whereas the signal on the output
termination (~Ro ) is frequency independent. The rolloff on the
input side occurs at the transition frequency where the detector

effectively becomes distributed. The –3 dB point exists where

~. = & or equivalently at

(22)

where c is the speect ‘of light and n,f is the RF index of
propagation along the detector. There is no signal at the input
side of the detector at high frequencies. This explains why the
single termination and dual termination solutions approach one
another at high frequencies. One important result of the dual
termination case is that a frequency independent response can
be obtained by terminating both sides of the detector and only
using the signal from the detector’s output side.

To this point, all simulations have assumed a perfect velocity
match. The model developed here is quite general and arbitrary
velocity mismatches can be analyzed. Fig. 6 shows a contour
plot of normalized response as a function of frequency and
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Fig. 6. Theoretical TWPD response as function of RF index and frequency.
The same parameters were used as in Fig. 4 with aO = 5 cm– 1.

RF index. The optical index is fixed at 3.5 and the detector
is terminated only on the output end. The RF index (c/wP)
is plotted from the speed of light (n=f = 1) to 1/6 the
speed of light (n,f = 6). Slicing Fig. 6 along n,f = 3.5
produces the QO = 5 cm– 1 single termination curve in
Fig. 4. At low frequencies where the electrical wavelength

exceeds l/cto, the RF index has little effect on the device’s
response since it is effectively electrically lumped. At very
high frequencies, where the wavelength is much less than
I/aO, the velocity match becomes critical as expected. Clearly,
long high-frequency TWPD’s need to be velocity matched to
be effective.

IV. ELECTRODE DESIGN

As already stated, the detector’s optical waveguide and elec-
trodes must be designed for a velocity match. The propagation
velocity of light in the waveguide is fixed by its dimensions
and material composition. In a GaAslAIGaAs material system
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the optical index will always be approximately 3.2. The

actual optical velocity is not particularly critical since the RF-

propagation velocity can be varied over a large range after the

optical waveguide is designed. The metal electrode structure

comprised of metal on top of the optical waveguide and

ground planes to either side along with the “buried” heavily-

doped n+ layer, forms a slow-wave coplanar transmission
line (see Fig. 7). The electrical propagation velocity of this

transmission line is tunable over a large range by varying the

line’s dimensions. Hence, a velocity match can be achieved.

To achieve a velocity match and predict the detector’s band-

width, a model for electrical propagation along the detector is

necessary. The type of transmission line formed in this de-

tector is commonly called a “slow-wave coplanar waveguide”
[12]. Such transmission lines require “full-wave” analysis for

rigorous modeling [13]. For our purposes, quasi-TEM analysis

[14] satisfactorily describes this line’s properties.

The line’s quasi-static impedance per unit length, Z, and

admittance per unit length, Y, as shown in the equivalent

circuit in Fig. 3 must be determined. J3riefly, the inductance

per unit length, L, is approximately that of a conventional

coplanar waveguide. The capacitance, C, is estimated to be

that of a parallel-plate capacitor. Assuming that the detector
will be operated at large reverse bias, the semiconductor layers
in the rib will be largely depleted. Then, semiconductor losses

associated with transverse current flow can be included in

the model as a series resistance, RT, as shown in Fig. 3.

The metal losses, Z~, are assumed to be similar in form to

those of a parallel plate waveguide and calculated as discussed

in [14].
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Fig. 8. Theoretical (symbols) and experimental (lines) microwave RF Index
and attenuation at –20 V bias.

With the impedance, Z, ancl admittance, Y, known, the
complex propagation constant, ~/e, and the complex character-
istic-impedance, Zo, can be determined. A design was selected
which offers a 50 L? characteristic impedance and a velocity
match to the light. The final structure is shown in Fig. 7. As
seen in the next section, these dimensions are amenable to the
optical design. Using these dimensions, the theoretical curves
in Figs. 8 and 9 were generated.

Measurements of electrical propagation along the electrodes
were performed by special test structures that have electrical
probe contacts at both ends of the device. On-wafer microwave
probes were then used to measure the electrode’s two-port S-
parameters. These S-parameters were then directly converted
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Fig. 9. Theoretical (symbols) and experimental (lines) microwave charac-
teristic impedance at –20 V bias.

to transmission line parameters as described elsewhere [15].
Measurements on a 2.25-mm-long test device are summarized
in Figs. 8 and 9.

In Fig. 8, an excellent correspondence is seen between the
measured and experimental RF index with both being quite
close to the desired optical index (3.2). Also in Fig. 8 are plots
of the theoretical and experimental RF attenuation (dB/mm).
Again an excellent correspondence exists. The attenuation is
adequate for this application though device performance would
improve if the attenuation could be further reduced. Since
metal loss is dominant, the only practical method for reduction
of the attenuation is to increase the center strip width. Fig. 9
shows a plot of the theoretical and experimental characteristic
impedance which is quite close to 50 fl. This 50 Q impedance
level allows this device to be easily inserted into conventional
50 Q RF circuits/systems.

V. OPTICAL DESIGN

Our present design is optimized for 1.06 ~m optical wave-
length. The detector can be extended to other wavelengths by
changing material systems. For example 1.55 ~m operation
could be obtained with an InGaAs quantum well on a InP sub-
strate. All of the discussions here as well as the fundamental
operation of this device are wavelength independent.

The key to proper optical design of a TWPD is to tailor
the absorption length of the light in the waveguide so as to
reduce the absorbed power density as discussed in this paper’s
first section. This is done by employing a single quantum well
of GaAs or InGaAs with a high absorption coefficient within
an otherwise transparent waveguide. Total waveguide loss is
determined by the absorption coefficient of the quantum well
multiplied by the percentage of total light in the waveguide that
actually travels inside the quantum well (the overlap integral
of the waveguide mode and the quantum well). The quantum
well itself must be designed so that the electron-hole excitonic
resonance occurs at the desired photon energy. This determines
the width and composition of the quantum well. Our final
quantum well design used 30% Iridium and a 130 ~ width to
ensure that the absorption edge of the well is slightly lower in
energy than the desired 1.064 ~m operating wavelength. Room

Nt?x

I
1.2 ~m

I 11

Fig. 10. Contour plot of constant electric field of the TEOO mode.
corresponds to Al mole fraction. Lighter gray is higher Al content.

Shading
Contonr

values- are 0.1 (outermost contour) to 0.9 (innermost contour) with a step of
0.1.

temperature absorption measurements show that the absorption
coefficient of such strained quantum wells is N 1000 cm– 1 at
wavelengths slightly below the absorption edge wavelength.

As mentioned above, absorption of the waveguide mode
is set by the overlap of the optical mode with the quantum

well. We can adjust the overlap integral over a wide range
through correct selection of the refractive index profile of
the waveguide materials. We will not go into the details
of the design approach other than to provide the complete
detector design used in this work. Fig. 7 shows a cross-
section schematic of our design for 1.06 pm wavelength while
Fig. 10 shows the results of a two-dimensional simulation
of the optical waveguide. The simulation includes effects of
absorption in the quantum well and yields an optical modal
index of 3.227 with a modal field absorption coefficient of 15
cm–l assuming 1000 cm– 1 absorption in the quantum well
region. This absorption value leads to absorption of 9890 of
the initial light coupled into the waveguide within 1.25 mm
of propagation length.

With the optical design selected, the RF propagation model
and detector response model can be combined to predict
real detector performance. The dimensions and parameters
in Fig. 7 along with a device length of 1.25 mm, an optical
absorption coefficient of 15 cm– 1, and an optical wavelength

of 1,06 ~m were used to generate the theoretical response
plotted as the solid line in Fig. 11 (single output termination).
The 6 dB rolloff as discussed previously is clearly present.
An additional rolloff of a few dB due to RF propagation
losses along the detector is also evident. The ripples at high
frequencies are due to the finite length of the detector and
slight impedance differences between the termination and the
detector’s characteristic impedance.

VI. DETECTOR FABRICATION

Microelectronic fabrication of the TWPD was as follows:
the 3-pm-wide waveguide rib was defined by conventional
contact-print photolithography using a positive-working tri-
Ievel etch mask [16]. The waveguides were etched using chlo-
rine reactive-ion-beam etching [17] (RIBE) in a load-locked
configuration for equal-rate etching of GaAs and AlGaAs
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Fig. 11. Theoretical (line) and experimental (symbols) normalized electri-
cal responses of the TWPD. Experimental curves are normalized to the
low-frequency response at –45 V bias,

with smooth, vertical, sidewalls [18], and real-time etch depth

monitoring [19] of the endpoint. The etch was extended to
the interface between the lower AlGaAs cladding layer and
the lower n+ -doped GaAs conductive layer. A second mask-
etch step was then used to etch away the unneeded n+ layer
for device isolation. After etching, both p- and n-type ohmic
contacts and the microwave transmission lines were formed

using lift-off metallization.

VII. OPTICAL BANDWIDTHMEASUREMENTS

A two-laser optical heterodyne system was constructed for
electrical bandwidth measurements. Nd: YAG lasers with <10
KHz linewidth at 1.06 ~m were used for the light sources.
A mode-hop-free RF-beat-frequency range of 60 GHz was
obtained.

Fig. 11 shows a measured response from a 1.25 mm TWPD

at several bias levels. This detector was operated with the input
end electrically open and the output side terminated with the

50 Q load (an RF spectrum analyzer). Bandwidth is seen to
be approximately 4.8 GHz. This bandwidth is significantly

less than that expected based on the tlheory derived in this
paper (=14 GHz) and does not appear to be limited by the
propagation losses along the electrodes, as indicated by the
electrical propagation measurements. The present bandwidth
limitation is believed to be in part due to dispersion in both the
carrier generation and carrier transit time across the detector’s

depletion regions. The observed bias dependence is unusual
for a conventional photodiode, but is expected here since the
absorption occurs in a GaAs quantum well whose absorption
edge is expected to red-shift as a function of applied bias due
to the quantum-confined Stark effect. Thl: bandwidth is largely
bias independent indicating that avalanche multiplication does
not influence device operation.

Including the 6 dB intrinsic response rolloff, the electrical

losses along the detector, and the possible measurement errors.
the response in Fig. 11 is not unreasonable. Longer devices
were also measured and found to have similar bandwidths.
Therefore, we believe present bandwickhs to be limited by
intrinsic photodiode properties. Future designs will have a

thinner depletion width to reduce carrier transit times and
dispersion for expected operation to much higher frequencies.

VIII. CON(DLUSION

The TWPD, through its distributed nature, offers both

high-frequency and high-power operation unavailable with

conventional photodiode structures. The power capability of

the TWPD should be only restricted by the catastrophic optical
damage limit of the detector’s facet. A detailed frequency-
domain model for the electrical performance of the TWPD was
developed. Measurements of electrical propagation along a
TWPD were presented and founcl to compare well with theory.
TWPD’s were characterized using an optical heterodyning
system. Though initial data on a large-sized (3 x 1250 m2 )
TWPD indicates low electrical bandwidth (4.8 GHz), future

designs should allow for bandwidths in the millimeter-wave
frequency regime.
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