ferred into the semiconductor in a series of dry
etching steps.” This layer was subsequently un-
dercut forming a suspended membrane. The laser
cavity is formed by leaving 19 holes out of the
photonic crystal lattice. The laser cavity is aboul
2.5 um in diameter and the entire structure is less
than 8 {m across. Figure 1 shows an electron mi-
crograph of one of the laser cavities used in this
study. Arrays of these laser cavities were defined
in which the lattice constant varied in increments
of 2 nm between adjacent devices. The array con-
tained 31 lasers with lattice constants varying be-
tween 490 nm and 550 nm. Figure 2 shows a
cross-sectional view of a row of laser cavities with
a V-shaped undercut region. The lasers are in the
top 224 nm thick membrane, which contains 4
strained InGaAsP quantum wells.

Thelasers were optically pumped at room tem-
perature by a VCSEL emitting at 852 nm.” The
pulse width was fixed at 20 ns with a 1% duty
cycle. Lasing spectra from 9 adjacent lasers in the
array are shown below in figure 3. The lattice con-
stants in this set of devices varied between 498 nm
and 514 nm in 2 nm steps. The lasing wavelength
accordingly varied from 1617.0 nm to 1654.5 nm.
The wavelength step between adjacent devices
varies between 4 nm and 6 nm in this set of lasers.
The intensities of these devices are of the same
order. Variations shown in the figure are due to
variations in signal collection caused by variations
in optical alignment. A more complete plot of the
lasing wavelengths of all 31 lasers in the array is
shown below in figure 4. In this plot the lattice
constant varies between 490 nm and 55 nm while
the lasing wavelength varies over a range of about
80 nm. The figure shows that as the resonant cav-
ity wavelength tunes past the gain region the las-
ing mode hops to a shorter wavelength, which also
tunes with lattice constant,

In conclusion, we have demonstrated litho-
graphic tuning of photonic crystal lasers with

TuW4 Fig. 1. Electron micrograph of the top
view of a laser cavity.

AccY Mam B————— Zpm
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TuW4 Fig. 2. Micrograph showing a cross-
sectional view of a row of laser cavities.
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wavelength separations as small as 4 nm between
adjacent devices. This technology could be a
promising candidate for future WDM systems,
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10 Gb/s optically preamplified receiver
using a verticalcavity amplifying
optical filter

E.S. Bjorlin, J. Geske, and I.E. Bowers, University
of California at Santa Barbara, ECE Dept., Santa
Barbara, CA 93106, USA, Emazl:

brorlin@opto.ucsh.edu

1. Introduction

Today’s high capacity optical communication
networks require highly sensitive, low cost re-
ceivers running at very high bit rates. An attrac-
tive way to achieve high sensitivity at high bit
rates is by optical preamplification. This has been
demonstrated usin; both erbium doped fiber
amplifiers (EDFAs)' and semiconductor optical
amplifiers (S(}As”].z However, EDFAs are Limited
to operation around 1.55 |m and conventional
in-plane SOAs are typically sensitive to the polar-
1zation of the signal light. An alternative ap-
proach is vertical-cavity semiconductor optical
amplifiers (VCSOAs). The vertical-cavity geome-
try supports a circular-symmetrical mode, which
results in high coupling efficiency to optical fiber
as well as insensitivity to the polarization of the
signal light. Good coupling efficiency is beneficial
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for obtaining a low noise figure. Furthermore, the
vertical-cavity structure is compatible with low-
cost manufacturing and testing techniques as well
as integration in high-density 2-dimensional
array architectures.

The gain per pass in a VCSOA is small; feed-
back is used to provide sufficient signal gain. The
optical bandwidth is therefore limited to the
linewidth of the Fabry-Perot mode, which allows
the VCSOA to function as an amplifying filter,”
This makes VCSOAs ideal as preamplifiers in
wavelength division multiplexed (WDM) sys-
tems where channel selection is required. The
VCSOA bandwidth is determined by the mirror
reflectivity, the gain per pass and the length of the
cavity. The bandwidth can therefore be tailored to
suit different applications or different channel
spacing in WDM systemns. The narrow filter
bandwidth typically needed in such systems is
easily obtained using high reflectivity distributed
Bragg reflectors (DBRs).

2. Device structure

The VCSOA used in this experiment is a planar,
gain guided structure optimized for reflection
mode operation. It was optically pumped through
the bottom DBR and GaAs substrate using a JDS
Uniphase 980-nm laser diode. The spot size of the
pump beam (about § (im} defines the lateral di-
mensions of the active region of the VCSOA. The
device structure consists of a multiple quantum
well (MQW) InGaAsP/InP active region wafer
bonded to two GaAs/A1(Ga)As distributed Bragg
reflectors {DBRs). Details about wafer bonding
can be found in Black et al.* The active region has
21 compressively strained InAs, P, QWs sur-
rounded by strain compensating Ing gGa,,P bar-
riers. The QWs are placed in 3 groups of seven
wells each, over the three central standing wave
peaks in the 5/2A-cavity. The operation wave-
length is 1.3 pm. The bottom and top DBRs have

26 and [3.5 periods, respectively. The calculated
mirror reflectivities are 0.999 (bottom) and 0,955

(top). A VCSOA operating at 1.55 um can be fab-
ricated using the same technology.

A schematic of the experimental setup is
shown in Figure 1. The 980 nm pump beam was
focused onto the backside of the chip using free-
space optics. A 1.3-um external-cavity tunable
laser was used as a signal source. The signal was
coupled into, and out from, the VCSOA through
the top DBR. A focusing lens was used to inject
and collect the signal. The input and output sig-
nal were separated using an optical circulator. An
optical spectrum analyzer was used to monitor
the output spectrum for gain bandwidth mea-
surements, For the transmission measurements, a

10 Gb/s pattern generator driving a LiNbO,
Mach-Zehnder modulator was used to modulate

the signal. The optically preamplified receiver
{dashed box) consists of the VCSOA, a Nortel PP-
10G PIN receiver, a DC block, and an SHF broad-
band amplifier. The electrical signal from the SHF
amplifier was fed to a bit error rate tester. No op-
tical filter was used between the VCSOA and the
PIN detector.

3. Experiment

The signal gain and optical bandwidth of the
VCSOA were measured in order to determine the
filter properties of the device. The fiber-to-fiber
gain versus wavelength for a pump power of 200
mW, corresponding to about 80% of the power
required to reach lasing threshold, is shown in

- —
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Tuw5 Fig.1. Experimental setup.

Figure 2a. 11 dB fiber-to-fiber gain and an optical

bandwidth of 37 GHz (full with half maximum
(FWHM}) were measured. The dots correspond
to measurements and the line is a curve fit based
on the Fabry-Perot equation:

o (VR-VRg)' +4VRRygsin'e
© (1-VRR,g)*+4VRR,g sin’@

where R, is top mirror reflectivity, Ry is bottom
mirror reflectivity, g, is gain per pass, and ¢ is the
phase detuning off the cavity resonance wave-
length. The measured bandwidth allows for
transmission at bit rates up to 33 Gb/s. The isola-
tion of adjacent channels can be determined from
the curve fit. At 100 GHz and 50 GHz channel
spacing, the suppression of adjacent channels is
14 dB and 8 dB, respectively. Figure 2b shows the
bandwidth (FWHM) versus signal gain calcu-
lated from Equation 1. The solid line represents
the mirror reflectivities of the present device. A
decreased pump power results in wider band-
width, which allows for higher transmission bit
rates, but lower signal gain. The maximum ob-
tainable gain as the pump power is increased is in
practice limited by the lasing threshold. Higher
signal gain and wider gain bandwidth can be si-
multaneously obtained with lower top mirror re-
flectivity (curve A). Narrower bandwidth can be
obtained with higher mirror reflectivity (curve B)
or a longer cavity.

The receiver sensitivity was measured with
and without the VCSOA preamplifier. A 10 Gb/s
non-return-to-zero 2°'—1 pseudo-random bit se-
quence was transmitied to the receiver and the bit
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TuW5 Fig.2. (a) Gain spectrum of VCSOA.
{b) Bandwidth (FWHM) vs. signal gain,

error rate (BER) was measured. The BER versus
average received optical power is shown in Figure
3. Without the VCSOA, the receiver sensitivity
corresponding to a BER of 107° was —19.2 dBm.
With the VCSOA operatingat 11 dB fiber-to-fiber
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TuWS5 Fig.3. Bit error rate vs. received power and eye diagram for 10 Gb/s transmission.



gain, the receiver sensitivity was improved by
7 dB, resulting in a sensitivity of -26.2 dBm. The
4 dB power penalty is caused by the optical noise
added by the VCSOA. No error floor was ob-
served. The eye pattern at a BER of 107 is also
shown in Figure 3. Excess noise from the optical
amplification is visible in the high level.

4. Conclusions

We have demonstrated optical preamplification
at 10 Gb/s using a VCSOA. The VCSOA has a nar-
row bandwidth of 37 GHz and functions as an
amplifying filter. Operating the VCSOA at 11 dB
fiber-fiber gain resulted in a 7 dB improvement in
receiver sensitivity. These results suggest that VC-
SOAs are potential low-cost alternatives to more
expensive preamplifiers such as fiber amplifiers.
The combined functionality preamplifier-filter is
especially attractive for WDM applications where
channel selection is needed. Our present device is
optimized for reflection mode operation; better
isolation of adjacent channels can be obtained
using transmission mode operation. Interesting
possibilities for future devices include integration
of vertical-cavity amplifying filters with photode-
tectors, either as single devices or 2-dimensional
arrays for parallel applications. Tunable receivers
could be realized by employing micro electro-
mechanical systems (MEMS), similar to what is
being used for tunable VCSELs.®
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High-performance 1.55 um Resonant
Cavity Enhanced Photodetector
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High-performance photodetectors operating at
1.55 pm wavelength are required for ultrafast
photodetection in optical communication, mea-
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surement, and sampling systems. The photodicde
performance is measured by the bandwidth-effi-
ciency product (BWE) and is limited for conven-
tional vertically illuminated photodiodes (VPDs)
due to the bandwidth-efficiency tradeoff.' This
tradeoff arises from the fact that the quantum ef-
ficiency and bandwidth of a conventional VPD,
have inverse dependencies on the photoabsorp-
tion layer thickness. To overcome the BWE limita-
tion for such conventional VPDs, two alternative
detection schemes were offered: edge-coupled
photodiodes and resonant-cavity-enhanced pho-
todiodes (RCE-PDs). Both PD structures have
demonstrated excellent performances and are po-
tential candidates as photodetectors for future
high bitrate optical communication systems.”™®
The ease of fabrication, integration, and optical
coupling makes the RCE-PD more attractive for
high-performance photodetection.,

We used the transfer matrix method to design
the epilayer structure and to simulate the optical
properties of the photodiode. The bottom Bragg
mirror is made of 25 pair quarter-wave stacks (In-
AlAs/Ing s3Al, 13Gag 5,As) centered at 1550 nm.
The structure was grown by solid-source MBE on
semi insulating [nP substrate. The details of the
epitaxial structure we have used is given in Table
1. The reflectivity measurements showed that the
thickness of the epilayers were 3.7% thicker than
our design. This shifted the high reflectivity cen-
ter of the bottom mirror to 1610 nm.

The samples were fabricated by a microwave-
compatible process. First ohmic contact to n+
layer was formed by recess etch with a phosphoric
acid based etchant that was followed by a self-
aligned Au-Ge-Ni liftoff. The p+ ohmic contact
was achieved by Ti/Au liftoff. The samples were
then rapid thermal annealed at 400°C. Using an
isolation mask, we etched away all of the epilayers
down to the undoped layer except the active
areas. Then we evaporated Ti/Au interconnect
metal which formed the coplanar waveguide
(CPW) transmission lines on top of the semi-
insulating substrate. Silicon nitride layer was
deposited using PECVD which is used for both
passivation and the insulater layer of metal-insu-
lator-mater capacitors. Finally, a 0.7 mm Au layer
was evaporated as an airbridge to connect the
center of the CPW to the p+ ohmic metal.

Photoresponse measurements were carried
out in the 1530-1630 nm range using a tunable
laser source. The output of the laser was coupled
to a single mode fiber. The light was delivered to
the devices by a lightwave fiber probe, and the
electrical characterization was carried out on a
microwave probe station. The top p+ layers were
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TuWé Fig.1. (a) Spectral quantum efficiency
measurements of the fabricated detectors after
consecutive recess etches. (b) Optical input
power versus photocurrent of the photodetector
under various reverse biases.

recess etched in small steps, and the tuning of the
resonance wavelength within the high reflecuvity
spectral region of the DBR was observed.

Fig. 1(a) shows the spectral quantum effi-
ciency measurements of a device under 5 V re-
verse bias obtained by consecutive ~35 nm recess
etches. The peak quantum efficiency increased up
to 66% with tuning until the resonance wave-
length reached 1572 nm. This increase was due to
the increase of the absorption coefficient of In-
GaAs at shorter wavelengths. As we continued the
recess etch, the peak quantum efficiency de-
creased due to the decrease of the reflectivity of
the Bragg mirror. The resonance wavelength was
tuned for a total of 47 nm (1538-1605 nm) while
keeping the peak efficiencies above 60%. The
peak efficiency was above 50% for the resonant

TuWé Table 1. Epitaxial structure of the wafer

Material Thickness (nm) Doping (cm-3)
InGaAs 30 p+ 10
Graded Layer 30 p+ 107
InAlAs 210 p+ 10"
InAlAs 50 n—- 10
Graded Layer 30 e 1070
InGaAs 300 n- 10°
Graded Layer 30 n- 10°
InAlAs 60 n- 10°
InAlAs 300 n+ 3x 10"
InAlAs 240 None

25 Pair InAlAs/InAlGaAs DBR 25x{121/112) None

[nP Substrate 600 pm Semi-insulating
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