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Abstract—We present the design and demonstration of uni-
traveling carrier (UTC) photodiodes fabricated using a novel
quantum-well (QW) intermixing and metal–organic chemical
vapor deposition (MOCVD) regrowth fabrication platform. The
photodiodes discussed here were realized on the same chip as high
gain centered QW active regions, intermixed passive centered well
waveguides, and low optical confinement offset QW active regions
regrown over intermixed wells. This demonstration lifts previous
constraints imposed on high functionality photonic circuits, which
forced a common waveguide architecture in the detector, laser,
and amplifier by validating a platform suited for the monolithic
integration of UTC photodiodes into photonic integrated circuits
comprised of widely tunable high gain laser diodes, high efficiency
modulators, and low optical confinement high saturation power
semiconductor optical amplifiers. In this manuscript we focus
on the design and performance of UTC photodiodes fabricated
on intermixed QWs using this novel scheme. The photodiodes
exhibit 90% internal quantum efficiency, excellent photocurrent
handling capabilities, and minimal response roll-off over the 20
GHz of our testing capability. The 40 Gb/s operation was achieved
with the demonstration of open eye diagrams.

Index Terms—Electro-absorption modulators, metal–organic
chemical vapor deposition (MOCVD), monolithic integration,
quantum-well intermixing (QWI), semiconductor lasers, semi-
conductor optical amplifier (SOA), unitraveling carrier (UTC)
photodiodes.

I. INTRODUCTION

A. Photodiodes

FUNCTIONING to convert signals from the optical to the
electrical domain, photodiodes are the core element of op-

tical receivers and are thus key components in optical networks.
In conventional receivers, the photodetector is followed by a
transimpedence electrical amplifier for signal amplification. The
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sensitivity of this configuration is limited by the front-end noise
of the electrical amplifier. The emergence of fiber amplifiers and
the development of semiconductor amplifiers for pre-detection
amplification has enabled the realization of significantly higher
signal-to-noise ratios [1]. In this configuration, the demands on
the photodetector are drastically increased since they are forced
to handle the higher photocurrents generated in the detectors
with the larger incident optical powers. It is essential that the
detectors maintain high speed and high efficiency operation at
high power levels.

High-speed high-efficiency p-i-n photodiodes have been de-
veloped with the use of a side illuminated waveguide structure
and traveling wave electrodes [2]. However, the photocurrent
handling capabilities of this type of photodetector is intrinsi-
cally limited for two reasons. Saturation in a p-i-n photodetector
can be explained by the classic space charge effect, which is
a result of the slow escape time of holes from the absorbing
layer. The spatial distribution of photogenerated carriers in the
absorbing medium effectively reduces the applied electric field
due to screening effects. Once the field drops below a critical
value, the holes can no longer maintain their saturation velocity
and the power in versus power out response of the device begins
to roll-off. The second source of low saturation current densities
in side-illuminated p-i-n detectors is the nonuniform generation
of carriers along the length of the detector. The exponential ab-
sorption profile leads to significantly greater current densities at
the front-end of the diode, and thus degrades the overall perfor-
mance of the detector. However, this front-end saturation can be
greatly reduced without altering the internal physics within the
photodetector by evanescently coupling the optical power from
the core waveguide into the absorbing layer [2].

The unitraveling carrier (UTC) photodiode has been designed
specifically to circumvent the influence of hole transport on the
performance of the detector by making the total charge transit
time heavily dominated by electrons. The theory outlined in [3]
offers an expression for carrier transport times entirely gov-
erned by electrons. Since the overshoot velocity of electrons
is an order of magnitude higher than the saturation velocity of
holes, the UTC can achieve saturation current densities four to
six times higher than that in p-i-n photodiodes [3]. Due to the su-
perior photocurrent handling capabilities, the UTC photodiode
has received a great deal of recent attention. The theory of op-
eration and demonstration of such photodiodes have been ex-
tensively reported [3], [4]. As the technology has matured over
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the past several years, further advances have been made such as
charge compensated UTCs and most recently, nearly ballistic
UTCs [4], [5]. To the best of our knowledge, there have been no
reports presenting a UTC photodiode fabricated using an inte-
gration platform specifically designed for extremely high func-
tionality monolithic integration. Previous reports have focused
on discrete UTC photodiodes or photodiodes integrated with
one other active component such as a modulator [6].

B. Monolithic Integration

Monolithic integration of photonic circuits offers tremendous
advantages in optical network applications such as high func-
tionality, improved efficiency, decreased size, and lower costs.
As the functionality demands on photonic integrated circuits
(PIC) continues to increase, the circuits will inevitably require
higher levels of integration complexity. With this complexity,
the realization of an optimally performing device becomes a far
more arduous task due to the design constraints often imposed
by monolithic integration.

There are several examples of high functionality PICs in
which a photodiode must be monolithically integrated with
other active components such as semiconductor optical am-
plifiers (SOA), the widely tunable sampled-grating DBR laser
(SG-DBR), and quantum-well (QW) electroabsorption mod-
ulators (EAM). Photocurrent-driven wavelength converters
(PD-WC) and transceivers are two such examples, as these
devices will facilitate enabling technologies such as dynamic
provisioning and wavelength routing [7].

The PD-WC is a particularly challenging device since the
individual components necessitate unique waveguide architec-
tures for optimum performance. Low threshold, high efficiency
lasers require high optical confinement QW active region archi-
tecture for maximized modal gain. Integrated QW EAMs neces-
sitate a QW band-edge that is blue-shifted from that of the laser
or SOA operation wavelength for reasonable insertion loss/ex-
tinction properties. State of the art SOA’s employ a low optical
confinement QW active region architecture such that the photon
density over the active QWs can be kept low and high satura-
tion powers can be achieved [8]. Finally, as discussed above,
a photodiode designed for high photocurrent/high speed op-
eration should employ a unique internal structure such as the
UTC-type photodiode, which mitigates the saturation effects in-
duced by hole transport and/or employs a waveguide architec-
ture designed to minimize front-end saturation.

Conventional fabrication schemes offer little flexibility in the
cross-sectional waveguide architectures within the individual
components of highly complex devices such as single-chip
PD-WCs. This has resulted in individual components sharing
the same waveguide architecture such as a common QW stack
in the laser, SOA, and photodetector, ultimately limiting the
device performance as reported in [9]. Thus, a key challenge
of the PIC designer has been to allocate the tradeoffs in such a
way that the overall performance of the device is sufficient for
the intended application.

C. Integration Technology

With the growing performance demands and increasing data
rates of PICs, the design space will be exhausted on conven-

tional integration platforms and next generation platforms will
be essential. Various methods for manipulating the material
properties to achieve multiple QW band edges within a single
PIC have been reported such as butt-joint growth, selective area
growth (SAG), and QW intermixing (QWI) [10]–[12]. In the
butt-joint scheme, the optical waveguide is selectively removed
in regions where a different band-edge material or alternative
waveguide structure is desired. This is followed by a nonplanar
regrowth in which the alternative desired material is deposited.
The difficulty with this scheme resides in the high degree of
thickness and material composition matching required at the
waveguide interfaces such that reflections and loss are mini-
mized [10]. In SAG, a carefully designed dielectric mask is
defined on the sample prior to growth such that the growth rate
and hence the QW band-edge adjacent to the mask is controlled.
Since this technique exploits the contrast in surface kinetics of
the growth constituents on the semiconductor and dielectric,
a high degree of calibration/optimization is required to tightly
control the reactor conditions. The abruptness of the transition
regions is limited by the surface diffusion length of the growth
constituents, which may be on the order of tens of microns.
Additionally, the optical mode overlap with the mulitple QW
(MQW) may not be ideal in all sections due to the thickness
variation [11].

Here we use a simple and robust QWI method to precisely
control the QW band-edge orthogonal to the growth direction
without any disruption of the waveguide in the axial direction.
In the QWI process detailed in [12], point defects are created by
ion implantation into an InP buffer layer over the MQW active
region. During a high temperature anneal, the point defects are
diffused through the MQW region, promoting the interdiffusion
of group V-atoms between the wells and barriers. The interdif-
fusion reshapes the QW profile by distorting the QW–barrier
interface. The result is a shift in the quantized energy levels in
the well, and hence a shift in the band edge energy. Following
the QWI process, we use MOCVD regrowth to realize unique
waveguide architectures such as low optical confinement QW
active regions and UTC photodiode structures. The blanket re-
growth performed here is relatively straightforward and does not
require the additional growth precision necessary for butt-joint
growth or sample patterning in SAG [13].

In previous work, we have demonstrated viable 10 Gb/s, high
efficiency, negative-chirp, widely tunable SG-DBR/EAM trans-
mitters employing a high optical confinement centered MQW
(c-MQW) active region fabricated using our simple and robust
QWI process [14]. In [13] we propose and demonstrate the proof
of concept for a novel QWI and MOCVD regrowth scheme
for the integration of low confinement/high saturation power
offset MQW (o-MQW) active regions on the same chip as the
high optical confinement c-MQW active regions used in the
SG-DBR/EAM transmitters. In this work, we expand on the in-
tegration scheme with the design and demonstration of UTC
type photodiodes realized on the same chip as both high op-
tical confinement c-MQWs for use in high gain lasers or high
gain SOA sections, low optical confinement o-MQWs for use
in high saturation power SOA sections, and intermixed c-MQW
sections for low loss passive waveguides. With the successful
placement of these three unique waveguide architectures on a
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TABLE I
EPTIAXIAL STRUCTURE EMPLOYED IN UTC REGION (Absorber thickness = WA; Collector thickness = WC)

single chip and since the definition of widely tunable lasers and
QW EAMs only requires the addition of two processing steps to
define mirror gratings and an intermediate EAM band-edge, the
QWI/MOCVD based processing/growth scheme is completely
suited UTC photodiode integration with the previously reported
high performance SG-DBR/EAM transmitters. Here we focus
on UTC type photodiodes fabricated on top of intermixed QWs,
which exhibited high quantum efficiency, excellent photocur-
rent handling capabilities, minimal response roll-off over the
20 GHz of our testing capability, and open eye diagrams at
40 Gb/s.

II. PHOTODIODE DESIGN

By using QWI to render the as-grown base structure QWs
transparent, performing an MOCVD regrowth of the ap-
propriate photodiode epitaxial structure, and then using wet
chemical selective etching, we demonstrate the first photode-
tectors fabricated on top of QWI material. The benefits of this
photodiode structure over the alternative of using the as-grown
c-MQW stack as a p-i-n photodiode are three-fold. First, the
use of QWs, which act as potential barriers and hinder car-
rier escape, can be avoided in the absorber region. Second,
since the waveguide core composed of intermixed QWs is set
below the absorbing region of the UTC, the absorption profile
along the photodiode can be carefully controlled through the
choice of collector and absorber layer thicknesses for maxi-
mized photocarrier generation uniformity. Finally, since the
regrowth of the detector structure is independent of all other
components, there are no design constraints on the choice of
internal layer structure. With this flexibility, we employ a UTC
photodiode structure for its established superior photocurrent
handling capabilities [3], [4], [15]. By avoiding the classic
space charge saturation effects that plague p-i-n photodiodes,
higher saturation current densities are possible allowing for
smaller diode areas and hence higher bandwidths. Furthermore,
the processing and growth sequence for the integrated UTC
structure offers no further difficulty over that of an integrated
p-i-n structure, indicating no increase in manufacturing costs.

The epitaxial structure employed in the UTC portion of the
device is shown in Fig. 1 with the corresponding layer specifi-

Fig. 1. Side view schematic of UTC structure grown above intermixed QWs.

cations presented in Table I. The structure was based on that pre-
sented in [15] by Ishibashi et al. with a few modifications neces-
sary to accommodate our integration scheme. The active layers
of the UTC are the neutral InGaAs:Zn absorption layer (#3) and
the depleted wide bandgap InP electron collection layer (#8).
Under normal operation of the photodiode, carriers are pho-
togenerated in the absorber layer. The minority carriers, elec-
trons, diffuse toward the collector layer where they accelerate
to their overshoot velocity and drift across the collector layer.
The escape time of the majority carriers, holes, from the ab-
sorption layer is negligible since it is set by their dielectric re-
laxation time [3]. Thus, the carrier transport properties are gov-
erned solely by electron transport and the classic space charge
effect associated with p-i-n photodiodes is avoided.

The nonbiased band diagram for our proposed structure was
simulated with SimWindows software and is shown in Fig. 2.
Layers 4–7 function to smooth conduction band discontinuities
at the heterointerface and remove potential barriers that could
impede electron transport as described in [15]. The most no-
table differences in our structure compared to that of [15] are
the upper p-InP clad (#2), the 1.3Q:Si stop etch (#10), and the
intermixed c-MQW region below (#12–14). The use of p-InP
cladding above the absorber has been previously employed with
no reported performance degradation resulting from hindered
carrier transport [4]. The conduction band discontinuities im-
posed by the 1.3Q:Si stop etch layer between the InP:Si subcol-
lector and InP:Si regrowth layer should not impede the carrier
transport properties since at this position electrons should be
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Fig. 2. Simulated 0-V band diagram for our proposed integrated UTC
structure.

collected and governed by majority carrier transport. The thick
(1.7 m) p-cladding and the intermixed active region present
in our UTC structure are necessary for the high functionality
integration scheme and are expected to result in a somewhat
higher series resistance compared to widely reported discrete
UTC photodiodes.

III. PHOTODIODE OPTIMIZATION

In the proposed integrated UTC photodiode structure we must
consider the effects imposed by the thickness of the absorber
and collector regions on the quantum efficiency, bandwidth, and
photocurrent handling capabilities. As discussed above, the total
carrier transport time in a UTC photodiode is comprised of two
components. Electron drift across the collector and electron dif-
fusion across the absorber. Using the theory outlined in [3], the
drift dependent electron transport time from the collector region
of the UTC photodiode can be given by (1) and the diffusion
time across the absorber by (2). In these expressions, is the
collector thickness, is the absorber thickness, is the
electron over shoot velocity in InP, is the thermionic emis-
sion velocity of electrons in InGaAs, and is the electron dif-
fusivity of electrons in p-InGaAs. Using carrier velocities given
in [3] and an electron diffusivity of 86 cm /s extracted in [16],
we plot the calculated transport times for electrons across the ab-
sorber and collector for various layer thicknesses in Fig. 3. As
can be seen in the figure, for absorber layer thicknesses greater
than 100 nm, the diffusion transport time will dominate the total
transport time for reasonable collector thickness of over 100 nm

(1)

(2)

One key benefit to waveguide photodiodes is that the internal
quantum efficiency can be much higher than in typical surface
illuminated photodiodes [17]. This is easily explained by the
differences in the absorption path for the two photodiode ge-
ometries. The total detector absorption can be approximated by
an exponential decay governed by the product of the material
absorption coefficient , the optical confinement in the
absorber layer, and the dimension ( ) of the absorption layer

Fig. 3. Calculated electron transport time across collector (circles) and
absorber (squares) using (1) and (2), an electron diffusivity of 86 cm /s, and
carrier velocities given in [3].

normal to optical incidence. In a conventional waveguide pho-
todiode, optical absorption occurs parallel to the growth plane,
such that the absorption length ( ) is set by the length of the
photodiode, which is usually on the order of tens of microns.
In a surface illuminated device, absorption occurs normal to
the growth direction such that the absorption length ( ) is set
by the absorber layer thickness, which is usually on the order
of 200–500 nm. Although can be close to unity in a surface
normal device compared to typical values of 0.1–0.4 for a wave-
guide device, the extreme contrast in absorption lengths results
in higher internal quantum efficiencies for a waveguide photo-
diode. Using cm for InGaAs at a wavelength of
1550 nm, nm and for a surface-normal photo-
diode, the internal efficiency of the device is estimated at 29%.
However, for a waveguide photodiode, if we assume an identical
absorption coefficient, m, and , an internal
efficiency of 96% is estimated. With this flexibility in our wave-
guide photodiode, we choose an absorber thickness of 50 nm
such that the electron diffusion component of the carrier trans-
port time is expected to be less than the drift time for collector
thicknesses greater than 100 nm as shown in Fig. 3.

In order to study the absorption characteristics, photocurrent
generation, and internal quantum efficiency characteristics of
the photodiodes, beam propagation simulations were performed
using commercially available software from RSoft. The simu-
lations were performed by exciting the fundamental mode of
the passive sections comprised of an intermixed c-MQW wave-
guide. The mode was propagated through a short 5- m section
of lossless passive waveguide before entering the detector re-
gion such that the theoretical internal quantum efficiency could
be computed most accurately. The simulated absorption profile
for our integrated UTC structure with varying collector thick-
nesses along with that expected in a p-i-n detector formed from
the as-grown c-MQW stack consisting of ten 6.5-nm wells is
shown in Fig. 4. The loss values of 6800 cm used for the In-
GaAs:Zn and 5000 cm used for the p-i-n QWs was extracted
experimentally with photocurrent spectroscopy. The three col-
lector thicknesses used in the simulation were 150 (squares),
200 (triangles), and 250 nm (circles) with an absorber thickness
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Fig. 4. Simulated waveguide power along photodetector for a QW p-i-n
(dashed line) and UTC photodiodes (solid lines). The simulations use
a 50-nm-thick absorber and collector thicknesses of 100 (squares), 150
(triangles), and 200 nm (circles).

Fig. 5. Simulated generation rate along detector for a QW p-i-n (dashed line)
and UTC photodiode (solid lines). The simulations use a 50 nm thick absorber
and collector thicknesses of 100 (squares), 150 (triangles), and 200 nm (circles).

of 50 nm. As shown in Fig. 4, with proper design the absorption
profile can be tuned in the UTC device to take on a more linear
shape opposed to the fixed steep exponential profile exhibited by
the QW-p-i-n. This feature of the integrated UTC structure en-
ables the control over the generation profile since this profile is
governed by the slope of the absorption profile. The normalized
generation rates along the detector lengths resulting from the
absorption profiles are shown in Fig. 4. The UTC type detectors
demonstrate a radically more uniform generation rate along the
length of the device than does the c-MQW p-i-n detector, with an

8 reduction in front end photocurrent generation. This im-
plies that the front-end saturation characteristics plaguing tradi-
tional waveguide photodiodes can be avoided using the regrowth
scheme.

In Fig. 5 it is clear that the generation rate in the UTC is sig-
nificantly influenced by the collector thickness, which implies

Fig. 6. Simulated 10-dB absorption length versus collector thickness for
photodiodes with absorber region thicknesses of 50 (squares) and 100 nm
(circles).

Fig. 7. Simulated RC limited 3-dB bandwidth of UTC photodiodes with
lengths of 25 (solid lines) and 50 �m (dashed lines) for series resistance values
of 30 (squares) and 40 
 (circles) and effective termination of 25 
.

an effect on the device quantum efficiency. Since the collector
thickness is inversely proportional to the junction capacitance
of the device, the tradeoff between projected internal quantum
efficiency and 3-dB bandwidth should be characterized. Fig. 6
plots the simulated 10-dB absorption length versus collector
thickness for absorber thicknesses of 50 and 100 nm. From this
figure, it is apparent that for collector thicknesses over 150 nm,
the diode length required for 90% internal quantum efficiency
begins to rapidly increase.

The projected RC-limited 3-dB bandwidth versus collector
thickness is shown for both the 25- m-long (solid lines) and
50- m-long (dashed lines) photodiodes in Fig. 7. Based on the
projected absorber/collector carrier transport times shown in
Fig. 3, parasitics are expected to limit the bandwidth as the de-
vices in this work were fabricated on conducting substrates. The
simulations were performed for series resistance values of 30
and 40 , a pad capacitance of 53 fF, a wire bond inductance of
0.3 nH, and an effective load resistance of 25 . Fig. 6 shows
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that a 45-GHz 3-dB bandwidth is possible for a 25- m long de-
vice with a series resistance of 30 . For all curves of Fig. 7, the
slope decreases with higher collector thicknesses as the junction
capacitance becomes less significant compared to the pad capac-
itance. In this work we employ a collector thickness of 150 nm
in attempt to achieve an internal quantum efficiency of 90% in
the 25- m-long photodiodes. From Fig. 7, a 3-dB bandwidth in
the vicinity of 33–36 GHz can be expected with this collector
thickness.

IV. FABRICATION

The epitaxial base structure is grown on a conducting InP
substrate using a Thomas Swan Scientific Equipment Ltd.
horizontal-flow rotating-disc MOCVD reactor. The active
region consists of ten 6.5-nm compressively strained (1.0%)
QWs, separated by 8.0-nm tensile strained (0.3%) barriers,
centered within two InGaAsP:Si (1.3Q:Si) layers designed to
maximize the optical confinement in the QWs. Following the
active region, a 15-nm InP:Si regrowth layer, a 20-nm 1.3Q:Si
stop etch, and a 450-nm InP implant buffer layer is grown.

The sample is patterned with Si N and selectively implanted
with for intermixing. Following the implant, the samples are
subjected to our QWI process as described in detail in [12]. In
the QWI process, the as grown c-MQWs are shifted in peak pho-
toluminescence wavelength from 1530 to 1410 nm in regions
where passive waveguide, low optical confinement QW active
regions, or UTC type detectors are desired. Following the QWI
process, the implant buffer layer and 1.3Q stop etch layers are
removed using selective wet chemical etching, leaving a thin
InP:Si regrowth layer on the surface. An MOCVD regrowth is
then performed beginning with a 1.3Q:Si stop etch layer, fol-
lowed by a InP:Si optical confinement tuning layer, an o-MQW
active region, and finally a thin InP:Zn cap. The wafer was pat-
terned and a wet chemical etch process was carried such that
the o-MQW remained only in regions where low confinement
active regions are desired. The sample is then subjected to a
second MOCVD step in which the appropriate UTC structure
listed in Table I is grown. Following the regrowth, the sample is
patterned with Si N and a selective wet chemical etch process
is carried out such that the UTC structure remains in regions
where it is desired with the blue-shifted c-MQW below. A final
MOCVD regrowth process is performed to grow p-type InP:Zn
cladding and p-contact InGaAs:Zn layers. A thorough investiga-
tion of the regrowth issues associated with this scheme and with
the matter of achieving good material on a surface subjected to
QWI can be found in [13].

Following the growth of the p-cladding, surface ridge wave-
guides were defined. The input waveguide consisted of a
250- m curved/flared section for reduction of parasitic reflec-
tions. A 3.5- m-thick layer of photo-benzocyclobutene (BCB)
was patterned such that it would remain underneath the p-con-
tacts, vias were opened, and p-metal was deposited. A proton
implant was performed to provide electrical isolation between
electrodes. The wafers were thinned and back-side n-metal
was deposited. The die were separated into 3 25 m and
3 50 m diodes, soldered to aluminum nitride carriers, and
wire bonded (Fig. 2) to a matched load of 50 on a coplanar

Fig. 8. Scanning electron micrographs of (a) the cross section of a UTC
photodiode, and (b) a device mounted on a AlN carrier for RF testing. Note that
the particular device in (b) does not possess the curve/flare input waveguide.

transmission line to yield an effective termination load of 25
for RF characterization. Scanning electron micrographs of the
device cross section and the finished device soldered to the
carrier are shown in Fig. 8(a) and (b), respectively.

V. EXPERIMENT, RESULTS, AND DISCUSSION

The passive waveguide loss on the chip was extracted using
Fabry–Perot active-passive lasers and found to be 6 cm . The
internal quantum efficiency of the detectors was estimated by
separately reverse biasing two photodetectors configured opti-
cally in series. The first detector in the pair is the 25- or 50- m-
long detector in question. The second detector is significantly
longer at 250 m such that essentially all optical power es-
caping the first detector is absorbed. A 1550-nm continuous-
wave (CW) optical input is then applied to the facet through
a lensed fiber. The internal quantum efficiency is estimated by
taking the fraction of photocurrent detected in the first detector
over the sum of photocurrents in both detectors. The estimated
internal quantum efficiency for both 25 m (solid lines) and
50- m-long (dashed lines) UTC type detectors at reverse biases
of 1–4 V is shown in Fig. 9. As can be seen from the figure,
the internal quantum efficiency of the 25- m-long detector is
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Fig. 9. Measured internal quantum efficiency for a 25 (solid lines) and
50-�m-long (dashed lines) UTC photodiodes under reverse biases of �1 V
(squares), �2 V (circles), �3 V (diamonds), and �4 V (triangles).

90% as predicted by the beam propagation simulations. The
50- m-long detector achieves over 95% quantum efficiency.
The CW responsivity was measured to be 0.20 and 0.25 A/W at
a wavelength of 1550 nm for the 25- and 50- m-long detectors,
respectively. The efficiency values reported here are on the same
order as those previously reported for high efficiency discrete
waveguide type UTC photodiodes with an external quantum ef-
ficiency of 32% [17], however are significantly lower than the
1.14 A/W reported in [5]. With an optimized input waveguide
design, a better choice of lensed fiber, and the application of
an antireflective coating, the high coupling loss measured at

6 dB could be significantly reduced, resulting in an increased
responsivity.

For direct comparison of the UTC photodiodes realized with
the regrowth step to the QW p-i-n detectors we were previ-
ously forced to employ in high functionality PICs, QW p-i-n
detectors were fabricated on the same chip. Fig. 10 shows the
measured efficiency from a 75- m-long QW p-i-n consisting
of ten centered 6.5-nm-thick wells, for a total absorber thick-
ness of 65 nm. As can be seen in the figure, the QW p-i-n de-
tector requires a large bias of 4 V to maintain a linear internal
quantum efficiency at the low power levels that these measure-
ments were made. The decrease in quantum efficiency with in-
creasing power at lower bias levels is indicative of space charge
saturation occurring in the QW p-i-n detectors. The superior dc
saturation performance demonstrated by the UTC photodiodes
over the QW p-i-n detectors fabricated on the same chip fur-
ther reinforces the necessity of integrating the UTC photodiode
into high functionality PICs. This fabrication scheme allows the
laser and EAM sections to utilize the c-MQW structure while in-
creasing the detector performance by moving from a QW p-i-n
to a UTC design [9].

A set of current versus voltage ( – ) sweeps were taken from
5 to 1.5 V for the photodiodes at various levels of input

power. The dark current generated in a 25- m-long devices was
found to be 0.5 A at 1 V, 3 A at 3 V, and 10 A at 5 V.

Fig. 10. Measured quantum efficiency for a 75 �m long QW p-i-n under
reverse biases of �1 (squares), �2 (circles), �3 (diamonds), and �4 V
(triangles).

The reverse bias series resistance for this device was estimated
to be 35–40 by taking the slope of an appropriately placed
load line through the set of IV curves taken at various input
power levels. The series resistance is over 2 higher than that
of high performance discrete photodiodes reported in [2] with
similar diode areas. This excess resistance is likely due in part
to the 2 thicker p-cladding and intermixed c-MQW in our
structure, which are necessary for the other waveguide architec-
tures integrated with the photodiode.

The frequency response of the photodiodes was character-
ized using a 20-GHz Agilent Lightwave Component Analyzer
(LCA). The optical signal from the LCA was fed through an
erbium-doped fiber amplifier (EDFA) and then coupled into the
photodiode waveguide using a lensed fiber. The AlN carrier pos-
sessing a matched 50- load was probed with ground-signal-
ground probes to extract the electrical signal from the photo-
diode with an effective termination load of 25 . The frequency
response of the photodiode was then characterized as a function
of average detected photocurrent and reverse bias.

The optical to electrical response of a 25- m-long photodiode
is shown for various average detected photocurrent levels at a
reverse bias of 3 V in Fig. 11. The response curves are normal-
ized to the 5-mA curve such that they are easily differentiated.
As can be seen in the figure, the 20-GHz response demonstrates
under 0.5 dB of roll-off with average photocurrents up to 20 mA.
At an average photocurrent of 25 mA, the roll off is somewhat
increased to 0.75 dB and at 35 mA, the 20-GHz roll-off is in-
creased to slightly over 2 dB. When increasing the reverse bias
to 4 V at an average photocurrent of 35 mA, the roll-off is de-
creased to below 1 dB. In Fig. 12 we show the effects of reverse
bias on the bandwidth of the same detector at an average pho-
tocurrent level of 10 mA. At a reverse bias of 1 V, the 3 dB
bandwidth of the 25 m long photodiode is 16.5 GHz. Upon
increasing the bias to 2 V, the bandwidth increases such that
there is only 0.5 dB roll-off out to 20 GHz. For reverse biases
of 3 and 4 V, there is no roll-off in the response out to 20 GHz.
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Fig. 11. Optical to electrical response of a 25-�m-long detector for average
photocurrents of 5 (squares), 10 (diamonds), 20 (circles), 25 (triangles), and
35 mA (stars) with a 3 V reverse and 35 mA at a �4 V reverse bias (dashed
line). Response is normalized to 5 mA data set. Markers represent every 80th
data point.

Fig. 12. Optical to electrical response of a 25-�m-long detector for reverse
biases of�1 (squares),�2 (diamonds),�3 (circles), and�4 V (triangles) with
an average photocurrent of 10 mA. Markers represent every 80th data point.

The optical to electrical response of a 50- m-long photodiode
is presented for various average photocurrent levels at a reverse
bias of 4 V in Fig. 13. The response curves are normalized to the
20 mA curve such that they are easily differentiated. As shown
in the figure, for average photocurrent levels of up to 40 mA,
the roll-off at 20 GHz is under 2 dB, and at 50 mA, the roll-off
at 20 GHz is 2.2 dB. The 20-GHz 3 dB photocurrent level was
found to be 55 mA. Beyond this photocurrent level, the pho-
todiode demonstrated a marked decrease in quantum efficiency
due to saturation effects.

The minimal roll-off of under 0.5 dB demonstrated by the
25- m-long photodiode and under 2.0 dB demonstrated by the
50- m-long photodiode out to 20 GHz is in excellent agree-
ment with our response simulations used in Fig. 7, which pre-
dicts a 3-dB bandwidth of 33–36 GHz for the 25- m-long pho-
todiode. The maximum 3-dB bandwidths reported in this initial

Fig. 13. Optical to electrical response of a 50-�m-long detector for average
photocurrents of 20 (squares), 35 (diamonds), 40 (circles), and 50 mA (triangles)
with a 4 V reverse bias). Response is normalized to 20 mA data set. Markers
represent every 80th data point.

demonstration of UTC photodiodes fabricated using the integra-
tion scheme do not reach the 40-GHz levels reported for dis-
crete waveguide type UTC photodiodes. However the reported
discrete photodiodes employ semi-insulating substrates for low-
ered capacitance and have specially designed RF pads for low
capacitance and impedance matching [5], [17]. These measures
can be easily implemented into the UTC photodiodes reported
here in order to greatly improve the response characteristics.

The key performance characteristic offered by the UTC pho-
todiode over p-i-n photodiodes is the improved photocurrent
handling capabilities. It can be difficult to directly compare the
photocurrent handling capabilities of various detectors reported
in literature due to the differences in measurement techniques.
However, a special type of p-i-n photodiode to maximize band-
width and efficiency is reported in [18] and uses similar met-
rics to characterize the photocurrent handling capabilities. In
this report a 90- m photodiode demonstrates a 50-GHz 3-dB
bandwidth at a bias of 3 V under low photocurrent opera-
tion. However, upon increasing the photocurrent to 18 mA, the
bandwidth falls to under 10 GHz. Since the 75 m photodi-
odes reported here operating at the same bias demonstrated no
bandwidth degradation up to 25 mA of average photocurrent
and still maintained 20 GHz bandwidth for 35 mA of average
photocurrent, the advantages offered by the UTC structure are
apparent. In [5], state-of-the-art waveguide-type UTC photodi-
odes with a diode area of 320 m are characterized by mea-
suring the 3-dB bandwidth at different photocurrent levels and
different bias levels. At a bias level of 3 V, the 3-dB bandwidth
is maintained in the 22–26-GHz range for photocurrent levels
up to 30 mA. This photocurrent handling performance appears
to be well inline with the performance reported here for photo-
diodes of 75 and 150 m operating at the same bias levels.

To examine the large signal characteristics of the photodi-
odes, eye diagrams were taken at 10 and 40 Gb/s in a nonre-
turn to zero (NRZ) format. In the test setup, a CW light source
at 1548 nm was modulated using a pattern generator operating
with a pseudo-random bit sequence (PRBS) of . The
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Fig. 14. 10 Gb/s eye diagrams from a (a) 3 � 25 �m and (b) 3 � 50 �m
photodiode.

Fig. 15. 40 Gb/s eye diagrams from a 3 � 25 �m �m photodiode.

modulated light was then fed through an EDFA and into the
waveguide of the photodiode using a lensed fiber. The electrical
output of the device was analyzed using an Agilent DCA.

In Fig. 14(a), we present 10 Gb/s eye diagrams taken from a
25- m-long detector at a given input power. The voltage ampli-
tude provided by the photodiode at a reverse bias of 3 V, was
0.85 V and at a reverse bias of 4 V, it was 1.0 V. These ampli-
tudes are indicative of minimum peak currents of 34 and 40 mA,
respectively, since the voltage drop was obtained over an effec-
tive load 25 due to the 50- matching load on the carrier. In
Fig. 13(b), eye diagrams from a 50- m-long detector are shown
for a given input power. The voltage amplitude provided by this
photodiode at a reverse bias of 3 V was 1.65 V and at a reverse
bias of 4 V it was 1.8 V. These amplitudes are indicative of min-
imum peak photocurrents of 66 and 72 mA, respectively.

In Fig. 15(a), we present 40 Gb/s eye diagrams taken from a
25- m-long detector with two different input power levels at a
reverse bias of 2.5 V. The voltage amplitude of these eyes was

measured at 0.33 and 0.41 V. As can be seen from the figure, the
eye diagrams are open and demonstrate no difference in shape
for the two input power levels. In Fig. 14(b), eye diagrams are
shown for a constant input power at reverse biases of 2.5 and
3.0 V. The higher crossing point of the eye diagram driving a
voltage amplitude of 0.53 V at a reverse bias of 2.5 V is indica-
tive of the onset of saturation. However, upon increasing the re-
verse bias to 3.0 V, the voltage amplitude is increased to 0.6 V
and the crossing point returns to its normal position. The 0.6 V
amplitude provided by the photodiode at 3 V is indicative of a
minimum peak current of 24 mA in the photodiode.

VI. CONCLUSION

We have presented the concept and design for the realiza-
tion of UTC type photodiodes fabricated using a novel QWI and
MOCVD regrowth scheme. The photodiodes were fabricated on
the same chip as high-gain c-MQW active regions, low optical
confinement o-MQW active regions, and intermixed c-MQW
passive waveguide sections. Since this scheme is an extension of
and completely compatible with our established SG-DBR/EAM
transmitter process, we demonstrate an extremely flexible inte-
gration technology to enable the monolithic integration of UTC
photodiodes with high gain widely tunable laser diodes, high ef-
ficiency EAMs, and high saturation power SOA’s.

In this first demonstration of UTC photodiodes fabricated on
intermixed QWs, the UTC photodiodes exhibited greatly re-
duced DC saturation characteristics over the QW p-i-n photo-
diodes fabricated on the same chip that were previously used as
detectors in high functionality PICs. The 3 25 m UTC pho-
todiodes exhibited high internal quantum efficiencies of 90%
and a minimal response roll-off out to 20 GHz, which is in
good agreement with simulations. No significant degradation in
the bandwidth out to 20 GHz was observed for average photo-
current levels up to 25 and 50 mA for the 3 25 m and
the 3 50 m photodiodes, respectively. Eye diagrams at
10 Gb/s demonstrated peak photocurrents of 40 and 72 mA in
the 3 25 m and 3 by 50 m photodiodes, respectively.
Open 40 Gb/s eye diagrams were achieved with a voltage am-
plitude of 0.6 V. Future work will include further optimization
of the UTCs for increased bandwidth.
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