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Abstract—A distributed balanced photodetector with high satu-
ration photocur rent and excellent linearity hasbeen experimentally
demonstrated. The maximum linear direct current (dc) photocur-
rent of 33 mA per branch is equivalent to 66mA in single-ended
photodetectors. A setup for investigating the alternating current
(ac) linearity of thereceiver isproposed and experimentally demon-
strated. The receiver exhibits high ac linearity, even under high
power oper ation. Thebandwidth of thereceiver remainsunchanged
when the effective dc photocurrent isvaried from 1 mA to 21 mA.
The distribution of photocurrents was also measured. Device
length for optimum radiofrequency (RF) performanceiscalculated
and implemented in the design. A correlation between the dark
current of the photodiodes and their failure mechanism has been
established. Analyzing the failure mechanism, junction diodes are
found tobemoresuitablefor high power applications.

Index Terms—Analog fiber opticlinks, balanced photodetectors,
failure mechanism, high photocurrent, high power photodiodes,
metal-semiconductor—metal (M SM), microwave photonics, optical
receivers, p-i-n, radiofrequency (RF) photonics.

I. INTRODUCTION

ALANCED receivers are very attractive for high per-

formance microwave photonic links. They can suppress
the laser relative intensity noise (RIN) and the amplified
spontaneous emission noise (ASE) from erbium-doped fiber
amplifiers (EDFA) [1], [2]. This enables the link to achieve
shot noise-limited performance at high optical powers. The
link gain, spurious-free dynamic range (SFDR), and noise
figure are greatly improved. To redize these advantages,
balanced photodetectors with high saturation photocurrents
and broad bandwidth are needed. Broad-band, high power
balanced detectors are also gaining increasing applications in
spectroscopy, ellipsometry, and biomedical image processing.
Previoudly, we demonstrated a novel monolithic distributed
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balanced photodetector [3] in the INP-InGaAs materia system
using velocity-matched distributed photodetectors (VMDP)
[4]. It consists of several pairs of balanced photodiodes (PDs)
connected by passive optical waveguides (WGs). Thedifference
photocurrents are coherently superimposed. This approach
adlows enlarged absorption volume without sacrificing the
bandwidth. We have also demonstrated broad-band suppression
(1-12 GHz) of common-mode noises [5]. Maximum noise
suppression of 36 dB was observed at the relaxation oscillation
frequency of a distributed feedback (DFB) laser. Significant
improvement of signal-to-noise ratio (SNR) has been observed
over awide range of frequencies and phase mismatch of input
radiofrequency (RF) signals. Although velocity matching was
achieved by slowing down the chirped-pul se wavel ength (CPW)
with proper distribution of PDs, good power distribution was
not achieved because of poor waveguide characteristics. Thus,
the maximum direct current (dc) photocurrent was limited to
12 mA and the dternating current (ac) linearity under high
power operation has not been demonstrated.

In this paper, we report on an improved distributed balanced
photodetector with continuous optical WG and strong optical
confinement. It exhibits superior dc and ac linearity aswell asa
higher linear photocurrent of 33 mA (equivalent to 66 mA from
regular, nonbalanced photodetectors). We have investigated the
ac linearity of devices under high power operation. The band-
width of the receiver is found to remain unchanged even under
high optical illumination. The distribution of photocurrents was
also measured for the first time. The distributed detection is
shown to be very important for high saturation photocurrents.
Device length for optimum RF performance is calculated and
implemented in the design. We have also investigated the role
of dark currents on the failure mechanism of high power PDs.
We found that ajunction diode such as p-i-n offers some funda-
mental advantages for high power photodetectors.

II. DEvICE DESIGN, OPTIMIZATION, AND DC PERFORMANCE

Fig. 1 shows the scanning electron micrograph (SEM) of
the distributed balanced photodetector. It consists of two input
optical WGs, two linear arrays of metal—semiconductor—metal
(MSM) PDs distributed along the passive optical WGs, and a
50-Q2 CPW microwave transmission line. The detector operates
in balanced mode when a bias voltage is applied between
the two ground electrodes of the CPW. The common-mode
photocurrent flows directly to the ground electrode while the
difference photocurrent (signal) flows to the center conductor.

0733-8724/02$17.00 © 2002 |[EEE



286

Fig. 1. SEM micrograph of the distributed balanced photodetectors. Two
arrays of high-speed MSM PDs are distributed along one pair of optica
waveguides and a 50-2 CPW microwave transmission line.

The signal isthen collected by the CPW. The diodes are 20-ixm
long and 5-pm wide. The separation between PDs is 100 pm.
The MSM fingers with 1-um width and 1-xm spacing are
patterned by optical lithography. The central conductor of the
CPW has a width of 60 zm and the separation between the
central conductor and the ground conductors is 90 um. The
optical WG are separated by 150 pm. Without the PDs, the
velocity of the CPW is more than 30% faster than the light
velocity in the optical WG. The PD arrays provide periodic
capacitance loading to slow down the microwave velocity.
By adjusting the length and separation of the PDs, velocity
matching between the CPW and the optical WGs is achieved.
The PDs are designed to operate below saturation under high
optical input by coupling only asmall fraction of light from the
passive WG to each individua PD.

The optical waveguide consists of a 200-nm-thick Ing 5>
Aly.37Gag.11As lower cladding layer, a 500-nm-thick Ing s>
Alg.178Gag.302As core region, a 200-nm-thick Ing 32Alg 37
Gay.11Asfirst upper cladding layer, and a thin Ing 50Alg.4sAS
second upper cladding layer. The 150-nm-thick absorption
region is located on top of the waveguide for evanescent
coupling. Because the Schottky barrier height of most metals
on InGaAsistypically 0.2-0.3 eV, and Iny 52Alp 4sAS cap layer
is used to increase the Schottky barrier height and, therefore,
decrease the dark current of the photodiodes. A graded layer
is incorporated in the structure to reduce the minority carrier
trapping at the InAlAs-InGaAs band edge discontinuity.

Two types of devices—wide mesa and continuous mesa—
were fabricated; both are shown in Fig. 2. There is a tradeoff
between the difficulty levels in the fabrication process and
the overal performance of these two types of devices. The
wide-mesa devices help eliminating the risk of MSM finger
discontinuity fabricated on a nonplanar surface topology.
Although MSM PDs are relatively easy to fabricate, the
process of making continuous metal fingers along the lateral
direction of a rib WG is a chalenging task because metal
fingers are expected to run down the active PD mesain order to
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eliminate low field regions. When bandwidth above 100 GHz
is targeted, MSM fingers are ~100 nm in width. In order to
ensure continuity of such narrow meta fingers, planarity of
the surface is an important precondition. Keeping thisin mind,
we fabricated our wide-mesa balanced receivers with MSM
PDs that are placed on 10-;m-wide mesas to ensure ease in
the fabrication processes. A 3-zm-wide shallow single-mode
rib WG was employed to serialy connect the wide mesa
PDs. Shallow waveguide with arib height of 0.2 xm helps to
ensure the continuity of the metal interconnects without surface
planarization. Fig. 2(a8) shows the way wide-mesa PDs are
connected to the optical WG in the balanced receiver.

Although designing the active PD mesas wider than the pas-
sive WG in our wide-mesa receiver facilitated the fabrication
of thin MSM fingers, it introduced excessive optical loss in
WG-PD interface regions because of the discontinuity in the
lateral widths. All of the input power in the wide-mesa device
propagates in the fundamental modein the passive WG and suf-
fers aloss when it enters the multimode active PD region [6].
In addition to the loss in the wide-mesa region, the laterally
single-mode shallow-ridge WG also contributes to optical loss
dueto coupling to slab modes. Whenindividual PD responsivity
inthereceiver was measured, most of theinput power wasfound
to go to the first few pairs of PDs in the wide-mesa receiver.
Fig. 3 showstheresponsivity of each PD in each array. Asisev-
ident from the figure, ailmost al of the power is absorbed by the
first few PDs and the rest are underused or not used at all. Thus,
thediscontinuity in thewidth of the active mesaand passive WG
resulted in a poor guiding of the input power, which severely
hampered the distributed detection scheme. The observed DC
saturation power level of the wide-mesa receivers was, in fact,
the power level of thefirst pair of PDs. Wemeasured only 12 mA
of linear photocurrent from each branch in those wide-mesabal -
anced receivers [5]. Our detailed simulation on the wide-mesa
receivers are also consistent with the experimentally observed
performance.

Unlike the wide-mesa devices, the continuous-mesa devices
aremoresuitablefor deliveringtheoptical power tomultiplePDs
ineacharray. Inthewide-mesareceiver, thiscould not berealized
successfully. Inorder torealizetruly distributed detection, wein-
troduced two basic improvements to optimize the performance
of thisdevice. Theseare continuous WG transitionsbetween pas-
sive waveguide and active PDs, and laterally multimode optical
WGs. In the continuous mesa devices, we used the same device
epistructure asin the wide-mesadevice, but employed a1.5-ym
deep ridge strong index-guided, and 5-;:m-wide laterally multi-
mode optical waveguide. The coupling losses at waveguidetran-
sitionsaregreatly reduced by maintai ning uniformwidthfor both
the active PD and the passive waveguide, and power issmoothly
guided to many distant PDs. Oncebetter guiding isachieved, sat-
uration photocurrent of the whole structure improves because of
the contribution of many PDsrather than only thefirst few PDsin
each array, which wasthe casewith our wide-mesadevices. This
ishow laterally multimode waveguide hel psimprove the satura-
tion current in our device.

Although all of these improvements greatly enhanced the de-
vice performance, the fabrication of continuous metal fingers
acrossthe 1.5-m-high WG became achallenging issue. Partic-
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(a) Active PD region of a wide-mesa device. A pair of 3-um-wide shallow single-mode rib waveguide serialy connects the wide-mesa PDs.

The discontinuity in the mesa width results in an excessive optical loss at the waveguide transitions, and only the first pair of PDs had been effectively
illuminated. (b) Active PD region of a continuous-mesa device. A planarization material is required to ensure the continuity of the MSM fingers.
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Fig. 3. Responsivity of individual PDsin two arrays of wide-mesadistributed
balanced receivers. Almost al of the power is absorbed by the first PD and the
rest remain underused. The first diode fails early and shows nonlinearity with
little photocurrent.

ular care has been taken to ensure the continuity of theMSM fin-
gers across the nonplanar active PD region, as shown in Fig. 4.
By applying some planarization mechanisms, the continuity of
the fingers can be maintained. Polymethylglutarimide (PMGI)
or benzocyclobutene (BCB) are among the planarization mate-
rialsmost widely used. Ashigh power operationislikely to gen-
erate huge heat in the vicinity of PDs, PMGI might degradein
such physical conditions. BCB is the more appropriate choice
for such applications. Fig. 4(b) shows the trenches around the
optical WG that must be planarized in order to run thin MSM
fingers across those. In the rest of the paper, we present the dc
and RF performance of this continuous-mesa device.

In the fabrication process of the receiver, PD mesas were
isolated by etching away the active layers from the wafer except
from the places where PDs are located. A plasma-enhanced
chemical-vapor deposition (PECVD) silicon nitride (SizNy)
etch mask was then used for ~1.5-;,m deep WG etching. After
defining 5-pm-wide multimode WGs, SisN, was removed
using buffered hydrogen fluoride (HF) oxide etch (BOE). A thin
PECVD Si5N, film of 1500-A thickness was then deposited all
over the sample to achieve three purposes. First, it covers the
mesa walls and, thus, prevents the metal fingers from touching
the InGaAs layer, which causes a very low Schottky barrier
and high dark currents. Second, it passivates the surface of the
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Fig. 4. (a) Close-up view of an MSM PD on top of an optical waveguide. The
passive WG and active PDs are continuous in width. (b) Cross section of the
active PD region. Two deep trenches are fabricated to define the waveguide.
These trenches need to be planarized in order to ensure the continuity of the
MSM fingers. Most of the input power is confined to the WG core and only a
small fraction of it is coupled to the absorption layer of the PD.

wafer; finally, the fingertips of the MSM photodiodes and the
CPW are placed on the top of the dielectric layers so that soft
breakdown can be prevented and dark current contributions
from the CPW can be eiminated [7]. The active regions of
the PDs were defined by opening 5 x 20 zm? windows on a
150-nm-thick SisN, film using HF BOE. The Ti—Au electrodes
and contact pads were then delineated by standard liftoff
process. Immediately before the metal evaporation, the sample
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Fig. 5. dc photocurrent versus input power for both wide-mesa and
continuous-mesa devices. The dc photocurrent remains linear up to 33 mA in
the structure with continuous-mesa device. Wide-mesa devices exhibit much
lower linear photocurrents of 12 mA. Both PDs are biased at 4 V.

is treated twice with 4% HF to make sure that no oxide layer
degrades the Schottky contact. A thick coplanar waveguide was
formed by standard liftoff process to connect the distributed
balanced photodetectors. The fabrication of the device was
especialy designed to suppress the dark current of the receiver.
Later, in Section 1V, we will discuss the correlation between
the dark current of a PD and the photocurrents at its failure.
The continuous-mesa devices resulted in very good dc
and ac linearity. The receiver with a continuous multimode
WG showed almost threefold improvement in the maximum
photocurrent level with respect to wide-mesa single mode WG
devices reported in [5]. Fig. 5 shows measured photocurrent
in one branch of the PD versus the input optical power. The
photocurrent remains linear up to 33 mA when biased at
4 V. It should be noted that the 33-mA photocurrent in a
balanced photodetector is equivalent to 66-mA photocurrent in
a single-ended photodetector because the RF signals from both
branches of the PD’s add-in phase. The device fails at higher
photocurrent due to thermal runaway [8]. In most cases, the
first two diodes in each row were affected by local increase of
temperature that accelerates the diffusion of contact metal into
semiconductor layers. Energy depressive X-ray analysis (EDX)
has shown evidence of such a process [8]. Measurements were
made at lower voltage (i.e., 2.6 V) to investigate nonlinearities
at high power. We did not observe any such nonlinearitiesin the
measured photocurrent. For comparison, the photocurrent data
from the wide-mesa devices is aso plotted in the same figure.
The maximum linear photocurrent (12 mA) of these devices
is much lower than that of the continuous-mesa devices. Also,
in contrast to the continuous-mesa devices, the photocurrent
in the wide-mesa devices becomes nonlinear before it reaches
catastrophic damage. This indicates that most of the photocur-
rent in our wide-mesa devices was contributed by the first
few PDs (as is shown in Fig. 3). By employing a continuous
multimode WG in our present structure, the input power is
more effectively delivered to all of the PDs in each array.
Please note that although the linear photocurrents improved in
this optimized design, the thermal effect ultimately limits the
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Fig. 6. Measured responsivity and dcphotocurrents versus number of PDs
in each array of the continuous-mesa balanced receivers. The solid lines are
generated using a theoretical model that used the experimentally obtained data
points.

maximum photocurrent of the receiver. In Section 1V, we will
investigate the thermal failure issues and show how, using p-i-n
PDs, the receiver photocurrent performance can be further
improved.

The distribution of photocurrent in the distributed balanced
receiver is aso investigated experimentally. We cleaved re-
ceiversinto many different sizes consisting of different numbers
of balanced PD pairs. We then measured the responsivities of
each receiver. The receiver input power was increased until
we reached the failure photocurrents. All of the receivers
were found to fail with varying linear photocurrents. When
the responsivity and photocurrents versus number of PDs in
a receiver are plotted, we find that the input power is very
well guided to multiple PDs in each array. Fig. 6 shows dc
responsivity versus different numbers of PDs in the receiver.
The characteristic of distributed detection is evident from
the figure. The responsivity of the receiver increases steadily
with increasing number of PDs. The figure gives an indication
of better guiding of input power to multiple PDs compared
to that of the wide-mesa devices shown in Fig. 3. The right
axis of Fig. 6 aso plots the highest photocurrent attained in
these receivers with different lengths before they failed. It is
important to notice that both responsivity and photocurrents
reach saturation levels with 12 PDs in a receiver. Subsegquent
PDs in the receiver remain unused.

If the failure photocurrent of the first PD of each type of de-
vices is compared, the wide-mesa devices are found to survive
a photocurrent of around 16 mA, whereas the continuous-mesa
device fails with a photocurrent of 7 to 8 mA (Fig. 6). Thisis
mainly caused by the differencein the power dissipation per unit
areain these two types of devices. In the wide-mesa device, the
width of the passive waveguide is 3-m and the active PD re-
gionismorethan 10-;,m. Several higher order modesareexcited
in the active photodiode region of the wide-mesa device as the
single-mode input power propagates from the narrow passive
waveguideinto the wide mesaregion and power per unit volume
reducesto alower level in the active absorption layer. When the
unabsorbed power couples back to the passive waveguide, the
discontinuity in the interface causes considerable loss. Thus,
a large fraction of the input power in the wide-mesa device is
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Fig. 7. Simulated quantum efficiency (QE) with different magnitude of loss
coefficients per period (one period consists of a passive waveguide and two
PD-waveguide interfaces). The lowest curve in the figure corresponds to 3%
loss per period and a quantum efficiency of ~28%, which isthe experimentally
observed QE of our receiver.

found to be absorbed by the first PD in the array. However, be-
cause of power dilutionin awide area, absorption of input power
per unit volume remains low, resulting in low heat dissipation
per unit area. On the other hand, al of the lateral modes in a
continuous-mesadevice are confined to narrower (5-;,m) width.
Hence, absorption per unit volume and heat dissipation per unit
area is higher, and the first PD fails with lower photocurrent.
Nevertheless, the total photocurrent in a continuous mesa de-
viceis higher because multiple PDs in each array contribute to
the total photocurrent. This explains why the wide-mesa device
does not fail, even with a photocurrent of 16 mA, whereas con-
tinuous-mesa devices fail with a photocurrent of 7 or 8 mA in
thefirst PD. In Section IV, we explained how high heat dissipa-
tion in the active region of the PD increasesthe dark current and
leads to a catastrophic damage of the device.

The average responsivity is found to be ~0.35 A/W at
4-V bias [without antireflection (AR) coating)]with 12 pairs
of PDs in a receiver. The coupling efficiency of the lensed
fibers in our setup was calculated to be ~50%. In addition
to low fiber-to-chip coupling efficiency, lossy sidewalls of
the deeply etched WGs contributed to a low responsivity. We
used a theoretical model to fit the experimenta data and find
the loss coefficients. In a distributed photodetection scheme,
the input power is evanescently coupled to individual PDs
from an optical WG. In this scheme, the total loss consists
of loss in the optical WG and loss in the interface between
the passive WG and active PDs. In the theoretica model, we
used the experimentally observed fact that the responsivity
saturates with 12 PDsin the receiver, asisshown in Fig. 6. The
simulated quantum efficiency (QE) with different magnitude
of loss coefficients per period (one period consists of a passive
WG and two PD-WG interfaces) is shown in Fig. 7. When
there is negligible loss, the QE tends to reach 50% (with 50%
fiber-to-chip coupling loss). It is evident from Fig. 7 that, for
any value of the loss coefficient, the QE flattens with ~12
pairs of PDs in the receiver. The lowest curve in the figure
corresponds to 3% loss per period and a quantum efficiency
of ~28%, which is the experimentally observed QE of our
receiver at 1.55-m wavelength. The QE can be improved by
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Fig. 8. (&) Three mgor contributors to the RF loss versus RF frequencies.
(b) ac response versus length of receiver for 60-GHz and 100-GHz frequencies.
The response first increases with increasing length of the receiver (because
photocurrents are added in-phase) and then decreases when the length exceeds a
certain limit, owing to the RF loss of the CPW. Inthesimulation, it isconsidered
that 50% of the generated RF power goes to the input end termination resistor.

optimizing the coupling efficiency of the lensed fiber using
spot-size converting technique [9], as well as by optimizing the
WG etching process to generate smoother sidewalls.

Once good guiding and better distribution of input power is
achieved, it isimportant to find the total physical length of the
receiver that results in the optimum ac performance. In our re-
ceiver, a separate microwave transmission line (CPW) is em-
ployedto collect the AC signal from the array of balanced detec-
tors. Like all other microwave transmission lines, CPW shows a
certain amount of RF loss consisting of conductor, radiation, and
dielectric losses [10]-{14]. Fig. 8(a) shows three major contrib-
utorsto the total RF loss per unit length versus RF frequencies.
With increasing frequencies of operation, the calculated RF loss
in atransmission line increases almost exponentially. In our de-
vice, the period of balanced photodetector pair is 120 xm. Each
pair of balanced PDs is connected to the CPW by a metal in-
terconnect of 20-zm width. The thickness of the CPW metal
is 0.35 um. By alowing a velocity mismatch of 1%, we sim-
ulated the ac quantum efficiencies for different lengths of re-
ceiver. Fig. 8(b) shows how ac response varies with different re-
ceiver sizefor 60-GHz and 100-GHz frequencies. The response
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Fig. 9. Setup for measuring the nonlinearity of the distributed balanced
receiver. The Mach—-Zehnder modulator (MZM) output is kept at constant
level, whereas the dc input from the 3-dB couplersiis varied to increase the dc
photocurrents.

first increases with increasing length of the receiver (because
photocurrents are added in-phase) and then decreases when the
length exceeds acertain limit, owing to the RF loss of the CPW.
At high frequencies of operation, total RF loss in a transmis-
sion line is higher than that of lower frequencies of operation.
Thisimposesarestriction on thetotal length of adevicefor each
frequency of operation in order to keep the RF loss below area
sonable level. For a 100-GHz application, the optimum receiver
size is ~1.5 mm, which corresponds to 12 pairs of PDs in the
receiver (with aperiod of 120 ;zm). For lower frequencies of op-
eration, the length of the device for optimum RF response can
be longer because the RF loss at lower frequenciesislower. For
example, the device length can be 1.8 mm for adevice designed
for 60-GHz application. Note that total number of PDs per array
(12 PDs) for optimum RF performance coincides with the total
number of PDs for the saturation of responsivity in our device
(shown in Fig. 6). Thus, the distribution of input power meets
the requirements of device length for optimum ac response.
We previously mentioned about the requirements of matching
the group velocity of the microwave signal to the velocity of the
optical signal. However, in a multimode WG, different mode
propagates at different velocities. Thus, the microwave velocity
can only be matched to the group velocity of only one optical
mode. Therefore, there is some inherent velocity mismatch in
multimode devices. However, the mismatch is small (<10%)
and the bandwidth limit dueto velocity mismatch isgreater than
150 GHz, which is much higher than the transit time-limited
bandwidth of our current device. When the design target goes
above100GHz, single-modeWGwill ensurebetter performance.

I11. MEASUREMENTS FOR AC LINEARITY

The optimized continuous-mesa receiver not only improved
the DC linearity but also improved the RF performance signifi-
cantly. In most of the reported photodetectors, nonlinear distor-
tions are observed in photodetectors with photocurrents greater
than a couple of milliamperes [15], [16]. Nonlinear distortions
are attributed to high density of photogenerated carriers at high
optical power, which results in nonlinear carrier velocity and,
thus, saturation in the dc photocurrent level [15]. The satura
tion in the photocurrent resultsin areduction in the RF current,
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experimental error of 0.5 dB.

reduced bandwidth, and sharp increase in harmonic distortion.
Distortion isalso observed at low optical power dueto achange
in photodetector impedance [16]. All of these can severely af-
fect the performance of a high-power fiber optical link.

Liu et al. studied the difference between time domain and
frequency domain nonlinear response mechanism of PDs, cor-
related both of them, and suggested frequency-domain measure-
ment for the characterization of PDsthat areintended to be used
in RFlinks[17]. In order to investigate the ac linearity of the re-
celver, we employed three different approaches, all in frequency
domain. First, we designed a setup, as depicted in Fig. 9, and
varied the dcinput power while keeping the acinput constant. At
very high input power, buildup of carrier in the depletion region
accompanied by a partial collapse of the depletion region elec-
tric field causes the ac response to decrease if the receiver does
not have good ac linearity. A 1-dB compression current (71-4g)
isagood figure of merit proposed by Williams and Esman [18]
to characterize the ac linearity of high power PDs. Our setup
was also designed to investigate I;-qg of the balanced receiver
when biased in balanced mode.

In our setup, an external cavity tunable laser with 1550-nm
wavelength and 3-dBm output power is employed as the op-
tical source. It is amplified by an EDFA and then filtered by
an optical bandpassfilter with 2-nm bandwidth. The microwave
signal was modulated onto the optical carrier by an X-coupled
Mach—Zehnder modulator (MZM), which produces two com-
plimentary outputs. The outputs are coupled to the balanced
receiver by two lensed fibers. Another distortion-free external
cavity laser isemployed to provide additional dcinput. Itissim-
ilarly amplified by another EDFA, split into two equal branches,
and then combined with the AC signals through two 3-dB cou-
plers. Thewavelengths of theexternal cavity lasersare separated
far enough to avoid interference of their beating frequency. The
polarization orientations of both ac and both dc signalsareinde-
pendently optimized by four polarization controllers. The effec-
tive ac photocurrents of the receiver was set to 320 p/A for each
branch and the dc currents were allowed to vary from 0.3 mA
to 26 mA (limited by our setup). Because I;-45 isafunction of
the RF freguency, a frequency near the 3-dB bandwidth of the
receiver electrical response (13.5 GHz) ischosen. Fig. 10 shows
the ac output power versus the dc photocurrent at a frequency
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3-dB roll-off @ 13.8 GHz

Relative AC Response (dB)
==
o

5 10 15 20
Frequency (GHz)

Fig. 11. Measured frequency response of the distributed balanced receiver
at various dc photocurrents. The frequency response at 21 mA is identica to
that at 1 mA, indicating excellent linearity of the balanced receiver at high
photocurrent.

of 13.5 GHz. In this photocurrent range, the ac signal remained
unchanged in magnitude within an experimental error of 0.5 dB.
To our knowledge, thisisthefirst report of the ac linearity mea
surement of balanced receivers.

To investigate the bandwidth performance of our receiver at
high photocurrents, we used a similar setup, shown in Fig. 9,
with several different input powers that go into the MZM. In
this setup, both dc and ac input are varied simultaneously. We
first measured the frequency response of a single branch of the
photodetector by illuminating only one optical WG of the re-
ceiver with varying optical input powers. The bandwidth of the
photodetector remained unchanged (14.5 GHz) when the pho-
tocurrent was varied from 0.5 mA to 15 mA on each branch.
We then illuminated both of the optical WGs of the receivers,
and biased the receiver in balanced mode and measured the ac
response of the receiver at various photocurrent levels. Fig. 11
shows the relative ac responsivity of the balanced receiver with
effective photocurrents varied from 1 mA to 21 mA. The fre-
quency responseat 21 mA isidentical tothat at 1 mA, indicating
excellent linearity of thereceiver at high photocurrent. The 3-dB
bandwidth of the balanced receiver (13.8 GHz) isslightly lower
than that of theindividual branches (14.5 GHz). Thismay be due
to parasitics of the biasing capacitor (120 pF) on one ground of
the probe for dc biasing and RF signal collection.

Fig. 12 shows the ac response of the receiver at RF frequen-
cies of 10 and 15 GHz versus the dc photocurrents. The ac re-
sponseis proportional to the square of the photocurrent up to the
highest photocurrent measured (21 mA, limited by the setup).
This confirms the linearity of the photodetector and demon-
strates the effectiveness of distributed detection.

IV. CORRELATION BETWEEN DARK CURRENT AND
PHOTOCURRENT AT FAILURE

There have been several investigations on the failure mecha
nism and thermal management of of high-power PDs. Although
considerable power levels in the PDs have been achieved by
several researchers [4], [19]-{23], long-term reliability of high
power PDs is still an unsolved issue. Therefore, it is impor-
tant to have a clear understanding of the factors that contribute
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Fig. 12. Measured ac linearity of the balanced receiver at different photo-
currents. The dotted line shows the ideal linearity curves.

to the failure mechanism of the PDs at high power operation.
Williams and Esman compared surface-illuminated and wave-
guide PDs and showed that waveguide PDs have advantages
over surface-illuminated PDs because the thermal impedance
due to the heat sourcein the former islong and narrow [24]. In
this context, distributed photodetectors are even superior in per-
formance because the heat is further distributed in much longer
length. Paslaski et al. studied p-i-n PDs and suggested afailure
mechanism of high power PDs, relating it to the thermal origin
[23]. Investigations carried out by Nespolaet al. on M SM-based
distributed PDs confirmed the suggestion that PDs fail along
curves of constant power dissipation [8]. However, none of the
previousinvestigations havetried to correlate the dark current at
room temperature to the photocurrent level at failure. Here, we
report our work on the experimental investigation of the role of
14 on the failure mechanism of high power PDs. A theoretical
model built to fit the experimental dataindicates that the 1,; and
the effective barrier height (g¢;) are the fundamental parame-
tersin the failure mechanism of high power PDs. Our investiga-
tion also shows that junction PDs (such as p-i-n) with high ¢¢;
are expected to perform better than metal—semiconductor con-
tact PDs (such asM SM or Schottky) when high power operation
is considered.

In order to demonstrate arelationship between the maximum
photocurrent at failure and the /,;, we tested several structures
with varying I levels. To make afair comparison, we chosetwo
groups of structures—one with very low 7; (PD1) of ~0.1 nA
per diode (0.26 pA/um?) and the other (PD2) with high I,; of
~33nA per diode (85 pA/um?). Both groups of photodetec-
tors consist of continuous optical WGs, are monolithically fab-
ricated on the samewafer, and exhibit high linear photocurrents.
The variation in dark currents is caused by surface treatment
before evaporation of the Schottky metals. M easurements of 1
were performed from 2 V-12 V at temperatures ranging from
20t0 95 °C. Fig. 13 showsthe 7,; of both groups of devices (one
sample from each group) with 11 pairs of PDs on each structure
versustemperature 7" at 4-V bias. Note that at low temperature,
the I; isdominated by field emission (FE), and at high temper-
ature by thermionic field emission (TFE). Two different slopes
in Fig. 13 depict these two mechanisms.
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Fig. 13. Dark current of each PD from both groups of devices (PD1 and PD2)
versustemperature at 4-V bias. At low temperature, the I, isdominated by field
emission, and at high temperature by thermionic field emission. Two different
slopesin both sets of data depict these two mechanisms.

TABLE |
CHARACTERISTICS OF DEVICES USED IN THE FAILURE ANALYSIS

Device | 1/PD 1/PD | Photocurrent | Dissipated

q%

(T=0°C) €V)

(T=95°C) | at Failure Power

PD1 0.1InA | 015pA 33mA ~132mW | 0.43eV

PD2 33nA 3.8uA 17mA ~T0mW | 0.32eV

When these two groups of PDs are tested for their photocur-
rent levels, it was found that PD1 fails with a photocurrent of
33 mA on each branch when biased at 4 V, generating athermal
power of 132 mW (as shown in Fig. 5). A large number of PDs
with similar 1; levels were found to dissipate this amount of
power at thetime of failure. PD2, onthe other hand, failswith an
average photocurrent of ~17 mA (with ~70-mW power). Note
that, although both types of PDs are monoalithically fabricated
on the same wafer and are designed to reach high photocurrent
levels, one group with high I; fails at much lower photocur-
rents than the other. Our measurements indicate that PDs fail
along curves of constant power dissipation only when they have
identical 7,; at room temperature. Multiple diodes with high 7,
levels were tested to reach this conclusion. Table | summarizes
the characteristics of the devices that we tested.

The measured 1; of our MSM based PDs is expected to obey
a behavior of the form

J =Jse —av e v
dark =5 €XP HKBT Xp K]}T

Js =A™ T? exp { —9% } o< exp { —9% } R (D)

where

KgT KgT

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 20, NO. 2, FEBRUARY 2002

[}
-19f -
e PD2
ELD ‘o, .. q¢,=0.32 eV

s ..
~f g, e
: = ..
< O™~y [ N
B O ..
[ s o,

Ll o B, ..
= [mhLY N ]
e PD1 -
= Go,=0.43eV" <

2 D\\
B .
5]
L L L A L 'l 'l r 1

23 e
2.6 2.7 28 29 3.0 341 3.2 33
1000/T(K")

Fig. 14. Experimental data are fitted to the theoretical model (dotted lines) in
order to extract the value of effective barriers (g¢, ). The magnitude of dark
currents at different temperature depends on effective barrier height (g¢s).

In (1), » isthe idedity factor, A** is the Richardson constant,
and g¢, is the effective barrier of metal—semiconductor junc-
tion. Because of localized surface states, ¢¢y, is aways lower
than the £, the bandgap of the semiconductor. Using Bardeen's
approximation [25], we can write g¢, = 2/3E, in the ided
cases. Depending on the quality of the surface and process pa
rameters, g¢, can be even lower in values. We used atheoretical
model built around (1) to have a linear fit of both sets of data.
The slopes of thefitted data (shown in Fig. 14) give the effective
barrier heights of each type of PDs, which are 0.43 eV for PD1
(PD with low 1;) and 0.32 eV for PD2 (PD with high 1,;).

It has been shown that photocurrent causes joule heating in
the active region of a PD [8]. Our theoretical model shows that
a temperature rise in the PDs amost exponentially increases
the I; and causes additional increase in the diode temperature,
resulting inan additional 7, [23]. Thispositivethermal feedback
process continues until the PDs fail. The failure mechanism is
accelerated for PDswith low value of q¢y,. From (1), itisevident
that PDs with high 1,; are expected to have lower ¢¢;, and enter
thefeedback loop at lower temperature. We have experimentally
observed that PDswith high 1 fail at much lower photocurrent
than PDs with low 1.

Our investigation leads to the following conclusions.

1) Dark current plays an important role in the reliability of
high power PDs.

2) Diodeswith low dark currents and high effective barriers
are expected to sustain larger amount of Joule heating.

Thus, it isimportant to screen PDs on dark currentsfor good re-
liability under high power operation. Theseobservationsare sig-
nificant for understanding the catastrophic failure of high power
PDs.

The dark current density Jg., and reverse saturation current
density J,.: for junction diode (such as p-i-n) is related to the
bandgap £, as the following expression:

where
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where
D,, electron diffusion coefficient;
D, holediffusion coefficient;
npo  equilibrium concentration of electronsin p region;
ppo  €quilibrium concentration of holesin n region;
L,  €ectron diffusion length;

L, holediffusion length;

Kp Boltzman constant.

Careful investigation into the reverse saturation current ex-
pression for both Schottky and p-i-n diodes from (1) and (2)
revedls that effective barrier of a p-i-n PD is always equal to
the semiconductor bandgap (£, ) in theideal case. Impurity-in-
duced trapped sites in the forbidden gap may dlightly lower
the barrier in the rea devices. Metal—semiconductor contact,
on the other hand, has much lower effective barrier, as men-
tioned previously. Because of these fundamental differencesin
the characteristics and effective barrier height, the p-i-n PD is
ideally expected to have more than five orders of magnitude
lower dark currents than a PD with metal—semiconductor con-
tact of equal active areas. Furthermore, it was shown that PDs
with metal—semiconductor contact fail when the device temper-
ature reaches 700 K [8], whereas junction diodes like p-i-n can
stand temperature above 900 K [23]. Considering all of these
factors, it is concluded that p-i-n PDs offer fundamental advan-
tages for high power applications.

V. CONCLUSION

We have successfully demonstrated a distributed balanced
photodetector with high photocurrent and excellent linearity. It
has a maximum linear dc photocurrent of 33 mA (equivalent
to 66 mA in single-ended photodetectors). The device aso ex-
hibited excellent ac linearity at high photocurrent. Distributed
detection is measured experimentally for the first time and is
shown to be important for high power linear photodetectors. A
correlation between the dark current and the failure mechanism
has been established. The experimental results indicate that the
distributed balanced photodetector will have a major impact on
high performance RF photonic systems.

The understanding related to the failure mechanism and
true distribution of input power are going to be helpful in our
future plans. In order to increase the photocurrent to further
higher level with higher bandwidth, we are currently working
on p-i-n PD to design distributed balanced receiver. We are
aso working on implementing a laterally multimode WG with
large core size in order to increase the quantum efficiency of
the receiver [26]. Spot-size converters can further increase the
fiber coupling efficiency [9]. We recently achieved 45 mA of
linear photocurrent in velocity-matched distributed photode-
tector (VMDP) with p-i-n PDs. The devices did not fail even
with a DC photocurrent as high as 55 mA [27]. The higher
effective barrier height of p-i-n PD helped improve the failure
photocurrent level dramatically. This observation validates our
described failure analysis on higher power photodetectors. A
device with 100-GHz bandwidth and 100 mA of effective dc
photocurrent appears to be feasible with p-i-n PDs.
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