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Abstract—Waveguide unitraveling-carrier photodiodes
(UTC-PDs) with different absorber and collector layer doping
levels have been fabricated and characterized. These photodiode
(PD) structures are fabricated on a platform that allows for
the monolithic integration of multiquantum-well optical phase
modulators and couplers for realizing novel coherent receivers.
Compared to PD A, PD B has a lower and more graded p-doping
profile in the absorber layer and also a higher n-doping level in the
collector layer. For PD B a larger field is induced in the absorber
layer at high photocurrent levels. Also the higher n-doping in the
collector layer is adequate for providing charge compensation.
For PD B, there is an enhancement in the RF response as the
photocurrent level is increased. At a frequency of 1 GHz, the
saturation current for PD A is around 65 mA and that for PD B is
around 63 mA. For PD B, the third-order output intercept point
at photocurrent levels of 30 and 40 mA is 37.2 and 34.9 dBm, re-
spectively. That for PD A is 35.8 and 30.4 dBm. PD B is, therefore,
favorable for linear operation at high current levels.

Index Terms—Coherent receiver, fiber-optic link, linearity, sat-
uration current, third-order intermodulation distortion (IMD3),
third-order output intercept point (OIP3), unitraveling-carrier
photodiode (UTC-PD).

I. INTRODUCTION

COHERENT fiber-optic links that utilize phase modulation
can demonstrate high spur-free dynamic range and high

signal-to-noise ratio. The challenge with phase modulation is
building a coherent receiver that can linearly demodulate the
phase of the received signal. To overcome this, we have demon-
strated a novel coherent receiver architecture employing feed-
back for closely tracking the phase of the received signal [1],
[2]. The incoming signal is mixed with a local oscillator signal
and the detected photocurrent representing the phase difference
is then fed back to a reference phase modulator. For high loop
gain the signal phase is tracked closely. With a monolithically
integrated approach, the delay of the feedback can be kept short
enough for operation in the gigahertz (GHz) frequency range.

A very important requirement of this coherent receiver is the
realization of photodiodes (PDs) that demonstrate both high
output saturation current and high linearity at GHz frequen-
cies and can be monolithically integrated with optical phase
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modulators and couplers. The unitraveling-carrier photodiode
(UTC-PD) is designed for high speed and high current operation
[3]. We have previously demonstrated a monolithic balanced
UTC-PD with a tunable multimode interference coupler on a
platform that allows for the integration of MQW phase modula-
tors [4]. In a UTC-PD light is absorbed in an undepleted p-type
narrow bandgap layer, referred to as the absorber, and photo-
generated electrons subsequently diffuse to a wide bandgap drift
layer, referred to as the collector. Electrons are the only active
carriers and electrons have a higher drift velocity than holes,
therefore space charge saturation effects are reduced when com-
pared to a p-i-n PD.

Several techniques for improving the performance of
UTC-PDs have been demonstrated. Charge compensation
was used to improve the saturation current by intentionally
n-doping the collector layer [5]. By doing so, the electric field
is preconditioned to be higher in the presence of a large mobile
space charge density. Others have reported an enhancement in
the response of UTC-PDs that have a graded doping profile
in the p-type absorber [6]. This grade results in a potential
profile that can aid electron transport. This same effect was
also observed for UTC-PDs with uniform but relatively lower
absorber doping [7].

We previously reported waveguide UTC-PDs that demon-
strated output saturation currents greater than 40 mA at 1 GHz
and a third-order output intercept point (OIP3) of 43 dBm at
20 mA and 34 dBm at 40 mA [8]. We observed a significant
improvement in the saturation characteristics for devices that
had a wider input waveguide. Here we have closely investi-
gated the effects of the doping profile in several layers of the
UTC-PD structure on the output response, saturation current,
and third-order intermodulation distortion (IMD3). In partic-
ular, two different waveguide UTC-PDs were fabricated and
characterized. The most significant differences in these devices
are the doping profiles in the absorber and collector layers. The
devices are referred to as PD A and PD B. In PD A, the p-doping
in the absorber layer is not only higher, but also more uniform.
The n-doping in the collector layer of PD A is 7E15 cm
whereas that for PD B is 6E16 cm . For PD B an enhance-
ment in the output response is observed at high current. This
is believed to be due to the combination of the lower and more
graded absorber doping profile as well as the higher collector
doping level. The lower and more graded doping level in the ab-
sorber results in a small field induced at high current levels, and
the higher collector doping level provides charge compensation.
Both PDs exhibit saturation current levels that, to the best of our
knowledge, are some of the highest reported for waveguide PDs
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TABLE I
UTC-PD LAYER STRUCTURE

at comparable frequencies. For PD B, the OIP3 increases with
photocurrent more so than for PD A. PD B exhibits higher lin-
earity at high photocurrent levels.

II. DEVICE DESIGN AND FABRICATION

The epitaxial structures are grown by metalorganic chemical
vapor deposition (MOCVD) on semi-insulating InP substrates.
The PD structures are grown directly above an InGaAsP op-
tical waveguide. Passive regions are formed by selectively re-
moving the PD layers using wet chemical etching. This step
is followed by a blanket p-InP cladding and p-InGaAs contact
layer regrowth. Surface ridges are formed, and metal contacts
are deposited and annealed. Benzocyclobutene dielectric is used
to reduce parasitic capacitance. The layer structure in a pho-
todetection region following regrowth is shown in Table I. The
p-doping level in the absorber and the n-doping level in the col-
lector are denoted p and n, respectively. The doping levels for
those layers, which are unintentionally doped are denoted UID.
The n-InP field termination layer terminates the applied field
across the collector layer of the PD in the photodetection re-
gions and prevents depletion of the optical waveguide below.
A cross section SEM image of a fabricated device is shown in
Fig. 1. Light is coupled from a lensed fiber into the optical wave-
guide in a passive region and then absorbed as it propagates in a
photodetection region. Because of the spatial separation of the
absorber layer in the UTC-PD structure and the peak of the in-
coming optical mode, carrier generation is distributed more uni-
formly along the length of the device. This as well as a wide
input waveguide help to reduce front-end saturation.

Of particular interest in understanding the device perfor-
mance are the doping profiles in the absorber and collector
layers. Zn is used for p-doping and Si is used for n-doping.
The Zn and Si concentration in the structures were measured
by secondary ion mass spectroscopy. The doping profiles are
shown in Fig. 2. The absorber p-doping level was intended to
be greater than 2E18 cm . Because of the high diffusivity of
Zn at growth temperatures, the grading in the doping profile
can vary. For PD B, the peak Zn concentration in the absorber
is 25% lower than that for PD A and the profile is more graded
(high to low) toward the absorber/collector interface. These
characteristics should result in a higher induced electric field in
the absorber region of PD B and therefore a larger enhancement

Fig. 1. Cross section SEM image of PD structure.

in the output response. The Si concentration in the collector of
PD A is 7E15 cm and that for PD B is 6E16 cm , nearly an
order of magnitude higher. The latter is adequate for providing
charge compensation. Devices were fabricated with various
geometries. The results that follow are for devices that are
10 m wide and 150 m long.

III. RESULTS AND DISCUSSION

The electrical frequency responses of the UTC-PDs were
measured at various biases for photocurrent levels up to around
70 mA. Fig. 3 shows the RF power as a function of dc pho-
tocurrent at 1 GHz for both devices. The data is normalized to
0 dB. For these measurements the modulation depth was 50%.
The saturation characteristics of PD B vary with bias more so
than those of PD A. The saturation current, defined here as the
photocurrent level where the RF response is compressed by
1 dB, is around 65 mA for PD A and around 63 mA for PD B for
a bias of 3.5 V. Fig. 4 shows the RF power normalized to an
ideal line with a slope of 20 dB/decade. For PD A, the response
is fairly constant with increasing photocurrent until the onset
of saturation. For PD B, there is a significant enhancement in
the response with increasing photocurrent. This enhancement
is due in part to a small field induced in the absorber at high
photocurrent levels. The p-doping in the absorber of PD B is
lower and more graded so this field should be greater in this
device. The enhancement is also due to the higher n-doping
in the collector of PD B. This doping provides some charge
compensation and preconditions the electric field for operation
at high photocurrent levels. Because the device areas are large,
the 3-dB bandwidth is RC-limited. Therefore, any enhancement
in the response should be attributed more so to improvements
in the field distribution in the depletion region or the device
capacitance rather than improvements in carrier transit time.
For low biases the RF response of PD B saturates at much lower
photocurrent levels than that of PD A. For example, at a bias of

2 V the saturation current of PD B is less than 20 mA whereas
for PD A it is greater than 40 mA. This is due to the fact that
the doping in the collector layer of PD B is significantly higher.
As such a higher bias is required to deplete the collector layer
and optimize the field profile.

The internal quantum efficiency (IQE) was also measured for
both PDs and the results are shown in Fig. 5. The PD structures
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Fig. 2. (a) Zn doping profile in absorber and (b) Si doping profile in collector
for both PDs.

are designed to be very efficient for the device length of 150 m.
The IQE for PD A is around 99% and that for PD B is around
96%. For PD A the IQE is fairly constant with photocurrent and
bias. For PD B there is a slight increase in IQE with increasing
photocurrent. The IQE also degrades slightly at high photocur-
rent levels for low biases. The change in 3-dB bandwidth as a
function of dc photocurrent level is shown in Fig. 6 for both PDs.
As expected, there is a larger enhancement with increasing pho-
tocurrent for PD B. For this PD the 3-dB bandwidth is enhanced
by as much as 40%–50% whereas for PD A it is enhanced by
at most around 30%. The saturation current was also extracted
at 0.5 and 2 GHz. For PD A, the saturation current at these fre-
quencies is 67 and 62, mA respectively. For PD B it is 60 and
62 mA.

To characterize the linearity of the PDs, a two-tone setup
was used similar to that in [9]. Tones were generated at 1 and
0.8 GHz. The output fundamental and IMD3 power were mea-
sured as a function of input modulation power at various pho-
tocurrent levels and biases. Fig. 7 shows the IMD3 measure-
ments for both devices at a photocurrent level of 30 mA and a
bias of 5 V. The OIP3 at these conditions for PD A is 35.8 dBm
and that for PD B is 37.2 dBm. The input modulation power

Fig. 3. Normalized RF power as a function of dc photocurrent at 1 GHz for
(a) PD A and for (b) PD B.

levels applied correspond to a modulation index range of around
62%–82%. Fig. 8 shows the OIP3 as a function of dc photocur-
rent for both PDs. For these measurements the bias for both de-
vices was 5 V and the input RF tones were 1 and 0.8 GHz as
before. At 10-mA dc photocurrent, PD A demonstrates a sig-
nificantly higher OIP3. However at higher photocurrent levels,
the OIP3 for PD B is higher. This is consistent with the satu-
ration characteristics observed. The enhancement in OIP3 with
increasing photocurrent is typical of UTC-PDs. The authors in
[10] attribute this to the electric field induced in the absorber
layer, which improves the RF response. For PD B the increase
in OIP3 in going from 10 to 20 mA of photocurrent is greater
than that for PD A. It is possible that because the absorber layer
doping profile in PD B is lower and more graded, the induced
electric field is greater and therefore the enhancement in the RF
response and in turn the OIP3 is greater. This does not however
explain why the OIP3 of PD B is lower at the lower photocurrent
level. The n-doping level of PD B is 6E16 cm and that for PD
A is 7E15 cm . The doping level in PD B is sufficient for pro-
viding charge compensation, which preconditions the electric
field for high photocurrent levels. This also contributes to the en-
hancement in OIP3 at higher photocurrent levels. Because of the
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Fig. 4. Normalized RF power as a function of dc photocurrent at 1 GHz for
(a) PD A and for (b) PD B.

Fig. 5. Internal quantum efficiency as a function of dc photocurrent for PD A
and PD B.

higher doping in PD B, at low photocurrent levels the collector
layer may only be partially depleted and therefore the response
is degraded when compared to PD A. In general increasing the
bias reduces space charge saturation and enhances both the RF
response and the OIP3 [4], [11]. For PD B a higher bias may
therefore be required at low photocurrent levels in order to de-
plete the field layer and achieve higher OIP3.

Fig. 6. Change in 3-dB bandwidth as a function of dc photocurrent for (a) PD
A and for (b) PD B. The bias is �3.5 V for both devices.

Fig. 7. IMD3 measurements at 30 mA for PD A and for PD B. The bias is
�5 V for both devices.

The OIP3 was also measured for other frequency tones at
a fixed photocurrent level of around 40 mA. Fig. 9 shows the
OIP3 as a function of the higher frequency tone . For PD
A, the OIP3 is fairly constant and begins to degrade slightly as

approaches 1.0 GHz. For PD B, the OIP3 degrades with
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Fig. 8. OIP3 as a function of dc photocurrent for PD A and PD B. The bias is
�5 V for all measurements.

Fig. 9. OIP3 as a function of the higher frequency tone �� � for PD A and PD
B. The photocurrent level is 40 mA and the bias is �� V for all measurements.

however the OIP3 of PD B is higher than that of PD A at all of
the measured values of .

It appears that because of its enhanced response, PD B ex-
hibits a higher OIP3 at high photocurrent levels. Overall PD B
seems to perform better, however the design of the PD structure,
namely the doping profiles in the absorber and collector layers,
can be tailored for a specific region of operation. Recall that for
the same bias, PD A exhibits a higher OIP3 at a photocurrent
level of 10 mA. To reach the same OIP3 at this photocurrent
level, PD B requires a higher bias. If heat dissipation is consid-
ered, PD A is favorable for operation at low photocurrent levels.
However at all measured photocurrent levels above 10-mA PD
B exhibits a higher OIP3 for the same bias, therefore PD B is
favorable for high current operation.

IV. CONCLUSION

We have fabricated and tested UTC-PDs with different ab-
sorber and collector layer doping profiles. An enhancement in
the response is observed for PD B, which has a lower and more
graded absorber doping as well as a higher collector doping.
These result in a higher induced field in the absorber layer and
charge compensation respectively. Saturation currents of 65 mA
for PD A and 63 mA for PD B are demonstrated. To the best
of our knowledge these represent some of the highest satura-
tion currents reported for waveguide PDs. IMD3 measurements
were also performed to investigate the effects of the response
enhancement of PD B on linearity. The OIP3 at a photocurrent
level of 10 mA is 34.7 dBm for PD A and 28.1 dBm for PD
B. However at higher photocurrent levels, the OIP3 for PD B is
higher than that for PD A. At 40 mA for example, the OIP3 of
PD B is 34.9 dBm whereas for PD A it is 30.4 dBm. PD B is
therefore preferable for high current operation.
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