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Abstract—A novel monolithically integrated semiconductor
optical amplifier (SOA) receiver is presented. This receiver im-
plements a flared SOA and tapered quantum-well detector. SOAs
exhibited 22-dB unsaturated gain and 15.7-dBm output power at
the 1-dB gain compression point while the receiver demonstrated
15-GHz bandwidth and —10.5-dBm sensitivity.

Index Terms—Offset quantum well, optical receivers, saturation

power, semiconductor optical amplifiers (SOAs), waveguide
photodiodes, wavelength conversion.

1. INTRODUCTION

ONOLITHICALLY integrated photoreceivers which

combine amplification and detection elements are
advantageous over discrete devices by producing greater
sensitivity, decreased coupling loss, simplified packaging,
and reduced cost. Although high performance semiconductor
optical amplifier (SOA)-PINs have been fabricated with band-
widths up to 40 GHz, typically they produce low output powers
(~ 200 mV,-,) requiring the signal to be electronically ampli-
fied for many applications [1], [2].

As optical device integration density continues to increase,
it becomes desirable to develop integration platforms that are
compatible with tunable lasers as well as receivers. One such
photonic integrated circuit of interest is a photocurrent driven
wavelength converter. These devices use photocurrent from de-
tected input light to drive optical modulators. For size and pack-
aging considerations of wavelength converters, it is desirable to
monolithically integrate the receivers and transmitters, thus con-
straining the material used to be compatible with the fabrica-
tion of lasers. To maintain small footprints and minimize para-
sitic effects in monolithic wavelength converters, it is beneficial
to avoid the use of electrical amplification. In past devices, the
conversion efficiency and the extinction of the converted signal
have been limited by the gain and low saturation powers of the
photoreceiver used [3], [4]. These limitations can be overcome
with the use of the photoreceivers presented in this letter [5].

Waveguide photodetectors allow for efficient detection of
light and are easy to integrate with SOAs; however, they often
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Fig. 1. Scanning electron microscope (SEM) of integrated photoreceiver.

suffer from saturation problems and degrade at high optical
powers due to the high optical power density/photocurrent
at the front end of the detector. The detector presented here
achieves acceptable power densities at the front end and min-
imum capacitance through the use of lateral tapering.

It is well known that the high optical power density in SOAs
will deplete active region carriers creating gain saturation. When
modulated light is amplified, it is desirable to operate at power
levels below saturation to prevent signal distortion. The satura-
tion power levels can be increased through gain clamping, re-
ducing the power density [6], or increasing carrier density [7].
In this letter, the SOA has been laterally flared to keep the op-
tical power density below saturation while the power grows.

II. DEVICE

The photoreceiver consists of a monolithically integrated
SOA and quantum-well absorber, as shown in Fig. 1.

The SOA is designed as a two-stage amplifier. A 200-um-
long by 3-pm-wide section provides gain to low input powers
while keeping amplified spontaneous emission noise to a
minimum. This is followed by a 400-um-long section, which
linearly flares from 3 to 9 pum. The flaring is implemented
to reduce the optical power density, thus increasing the SOA
saturation power. The 50-pm-long photodetector employs a
linear ridge taper from 9 to 3 ;sm to prevent front-end saturation
effects at high optical powers. Photo-bis-benzocyclobutene
(BCB) is used under the detector pads in order to reduce the
parasitic pad capacitance.

The device is fabricated using an offset quantum-well ma-
terial structure with a single regrowth. The fabrication process
is completely compatible with that of a sampled-grating dis-
tributed-Bragg-reflector transmitter and requires no additional
steps [3]-[5]. A curved and flared input waveguide is used to
aid in fiber coupling as well as to reduce optical reflections. In
addition, a multilayer antireflection coating is applied to further
reduce the optical reflections. Seven quantum wells provide the
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Fig. 2. Gain versus wavelength plot for receiver. (Isoa = 250 mA

(8.33 kA/cm?), Vietector = —4 V, and P, = 0.8 mW).
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Fig. 3. Input power dependence of the frequency response of the receiver.
(Isoa = 250 mA (8.33 kA/cm?) and Vierector = —4 V).

gain for the forward-biased SOA and the same wells provide a
high absorption coefficient in the reverse biased detector.

III. RESULTS

The devices were thinned, cleaved, and mounted onto an
aluminum nitride carrier for testing. All dc contacts were
wirebonded to the carrier and contacted via a probe card. The
detector was directly probed by a coplanar stripline probe to
prevent any parasitic effects from wirebonds. In all cases, input
powers quoted were for light coupled into the waveguide. The
compressively strained quantum wells used in this device are
highly polarization-dependent; therefore, the polarization was
adjusted to transverse electric to allow for maximum gain
during all measurements. This polarization dependence is
typical of devices that implement strained quantum wells and
can be eliminated with redesigned quantum wells or bulk active
material [2].

The dependence of dc gain on wavelength was measured. As
shown in Fig. 2, the device exhibited less than 1.5-dB gain vari-
ation between 1530 and 1570 nm. This wavelength dependence
can be attributed to the optical bandwidth of the quantum wells
used for gain in the SOA and absorption in the detector.

The radio-frequency (RF) characteristics of the receiver were
also measured. For all measurements, the input wavelength was
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Fig. 4. 20-Gb/s eye for 23'-1 pseudorandom binary sequence (PRBS).
(Isoa = 250 mA, Vietector = —5 V, and B, = 0.8 mW).
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Fig. 5. Optical P, versus optical Poy¢ X Iphotocurrent at 10 Gb/s. (Ispa =
250 mA (8.33 kA/cm?) and Vietector = —4 V).

1548.1 nm and the detector was terminated with 50 2. The de-
vice has demonstrated a 3-dB bandwidth of 15 GHz for Pin =
0.8 mW (Fig. 3). It is believed the frequency response peaking
between 1 and 5 GHz is caused by the input optical signal modu-
lating the carrier density when the SOA experiences gain satura-
tion. Similar peaking was also seen in the frequency response of
electrically modulated gain-saturated SOAs [8]. Typically, pho-
todetector saturation will manifest itself through a steeper band-
width rolloff for high powers. In this case, there was no band-
width degradation, thus confirming unsaturated photodetector
operation. The 20-Gb/s eye diagrams were open and lacking pat-
tern dependence (Fig. 4).

Greater than 14 dB of optical gain was realized at 10-Gb/s
operation and the 1-dB gain compression point was reached at
12 dBm of output power (Fig. 5). This translates into ~ 16 mA of
unsaturated photocurrent, which allows for unsaturated voltage
swings up to 0.8 V-, when terminated with 50 €. It should be
noted the RF gain was slightly higher than the dc gain due to
additional heating effects at dc.

Bit-error-rate (BER) testing at 10 Gb/s with a nonreturn-to-
zero 231-1 pseudorandom bit sequence was used to demonstrate
the —10.5-dBm sensitivity of the receiver (Fig. 6). The BER
testing utilized a 10-Gb/s transmitter (Agilent 83433A) at a
wavelength of 1548.1 nm. The signal from the transmitter went
through a high power erbium-doped fiber amplifier followed by
a polarization controller, an optical filter, and finally an attenu-
ator before being coupled into the device.

The receiver is less sensitive than the —17-dBm sensitivity
reported for similar devices in literature [1]. The wider ridge of
the receiver presented here is necessary to improve the satura-
tion power; however, this also increases the spontaneous emis-
sion therefore limiting the device’s sensitivity.
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Fig. 6. BER curve for a input signal at 10 Gb/s and 23!-1 PRBS. (Isoa =
200 mA and Vietector = —5 V).
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Fig. 7. Output power for 1-dB gain compression point versus the final flare
width. (Jsoa = 8.33 kA/em?).

IV. DESIGN STUDIES

To aid in future receiver designs, the effects of SOA length
and flare width have been examined. The SOAs studied were
identical to the receiver’s SOA except for variations in the length
or flare width. These SOAs were integrated with detectors and
characterized with dc testing.

The SOAs demonstrated a linear dependence of output satu-
ration power with flare width (Fig. 7). A maximum 1-dB com-
pression point of 15.7 dBm was achieved with a 12-pm flare
width.

Gain versus length was characterized for straight 3-pm-wide
SOAs. The unsaturated gain for different lengths and current
densities was measured with the integrated detector. This data
shows excellent linearity with length achieving up to 22 dB of
gain, as shown in Fig. 8.

V. CONCLUSION

A monolithically integrated photoreceiver has been suc-
cessfully fabricated on a simple offset quantum-well platform
requiring only a single regrowth. The 600-pm-long flared SOA
has produced greater than 14 dB of gain and 1-dB output satura-
tion power of 12 dBm. However, additional design studies have
indicated that improvements in the SOA saturation power and
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Fig. 8. Unsaturated gain versus length for three different current densities.

gain are possible. The tapered photodetector biased at —4 V has
shown no signs of saturation and has demonstrated a 15-GHz
bandwidth and a sensitivity of —10.5 dBm. In conclusion, the
high saturation power and significant gain of these receivers
make them an excellent choice for the photocurrent driven
wavelength converter as well as other applications.
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