within the optical waveguide. In Fig. 3 the achieved optical
phase shift for a TE mode at a wavelength of 1:06 um is
compared with theory,? which implies electro-optic, electro-
refraction and free carrier effects for the refractive index
change. Note that, on account of the electric decoupling, a
lateral confinement factor of 70% is ascertained to consider
the confining of the effective modulated area to the waveguide
region. With the achieved maximum phase shift of 370°/mm,
coupling lengths down to 850um could be completely
switched.

100

phase shift ,

o

o
~N
~

6 8 10 12 14
voltage , V @@
Fig. 3 Optical phase shift characteristic for TE modes at 4 = 1-06 um
Curve shows theory, squares show measured results

In conclusion, a properly designed delta doping layer
reduces essentially the lateral current between adjacent DH
waveguides and thus the power consumption. Beyond that,
the at least quadratic potential drop along the parasitic field-
effect transistor channel significantly reduces the effective area
of the pn junction capacitance to the area of the optical wave-
guide. In general, such a design is well suited for microwave
modulation and monolithic integration.

We thank Prof. Miiller, H. W. Geiger, H. Rauch, R. Rode-
meier, U. Penning and P. Unger for helpful discussions and
device preparation. This work was supported by the Deutsche
Forschungsgemeinschaft.
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GalnAs/GalnAsP MULTIPLE-QUANTUM-WELL
INTEGRATED HETERODYNE RECEIVER

Indexing terms: Optoelectronics, Optical receivers, Semicon-
ductor lasers, Optical communications

We describe the fabrication and performance of the first inte-
grated heterodyne receiver capable of actual heterodyne data
reception. Integrating a continuously tunable 1-5um
MQW-DBR laser with a single-mode directional coupler/
switch and zero-bias MQW waveguide photodetectors, we
have achieved error-free reception of FSK-modulated pseu-
dorandom digital code at 105 Mbit/s.

Photonic integrated circuits (PICs) are expected to become
increasingly important in future lightwave systems where
multiple, serially connected optical devices are required. One
potentially important example is coherent transmission and
networking, where integrated heterodyne receivers may be
desirable. Previous work towards this goal includes narrow-
line tunable sources with integrated parallel input ports and
directional coupler switches,' directional couplers with inte-
grated balanced detectors,” and very recently a tunable DFB
laser with a coupler and detectors where a beat note was even
observed.?

In this letter we describe the fabrication and performance
characteristics of the first integrated heterodyne receiver PIC
capable of actual heterodyne data reception. The device inte-
grates a continuously tunable 4-section multiple-quantum-
well (MQW) distributed-Bragg-reflector (DBR) laser with a
parallel input port, feeding a directional coupler/switch fol-
lowed by a pair of MQW waveguide detectors in a balanced
receiver configuration. Rough sensitivity measurements with
only one arm of the receiver indicate a 10~° BER with
105Mbit/s FSK reception at powers at least as low as
~ —32dBm of waveguide-coupled power, or ~ —27dBm of
free-space beam power before the simple objective used for
coupling.

The structure of the 3 mm-long heterodyne receiver PIC is
shown in Fig. 1. The passive guides and the directional
coupler employ low-loss semi-insulating InP clad, high-
definition etch-stop-controlled buried rib waveguides, while
the detectors and laser employ a semi-insulating-blocked
buried heterostructure (SIPBH) design* for low capacitance
and good current confinement. The continuously tunable local
oscillator (LO) laser is a 4-section version of the previously
described 3-section MQW-DBR laser,® with a 400 um MQW
gain section, a 100 um phase section, a 300 um high reflector
Bragg near the PIC cleaved facet, and a 80 um partial Bragg
reflector internal to the PIC. We obtain in this PIC contin-
uous access to a ~60A range at 1-53 um, and thresholds
range from ~20-35mA. The 180 um-long detectors employ
for absorption the same MQW layers used for gain in the
laser. Previous work indicates that good absorption efficiency
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Fig. 1 Configuration of integrated heterodyne receiver PIC
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is possible with such a detecting medium, and that out to at
least ~5GHz there are no significant speed problems from
hole-trapping in the GalnAs/GalnAsP MQW system.® While
the detectors were used here with no bias, a slight improve-
ment of ~1dB is observed with a reverse bias of ~0-5V
when mA-level photocurrents are generated by the LO laser.
The coupler/switch is similar to that in a previously described
MQW-DBR/switch PIC,! but here does not provide full
switching. For the particular PIC used in the transmission
result, a coupling ratio of 1-2:1 with no bias was used. In
typical chips the combined photocurrent from the MQW
detectors reaches ~1mA into 50Q at laser drives of ~ 75—
100 mA.

Fabrication of this PIC followed a variant of a previously
described MOCVD-based processing sequence P-Pro2 using
wet etching with etch-stop layers for precise depth control.!-”
The original base wafer growth, up through the passive 1-3 um
GalnAsP core and the MQW active layer, also includes etch-
stop layers for the MQW removal, buried rib definition and
deep mesa formation for the buried heterostructure regions.
The MQW active layer itself consists of four 80A GalnAs
quantum wells with 100A 1-3 um bandgap GaInAsP barriers.
Following the longitudinal processing, including active layer
removal and holographic grating formation, SiO, waveguide
patterns are formed. Deep mesas are then etched for the laser
and detector, while shallow rib guides are etched for the
switch and passive guides. The SiO, is removed except in the
laser and detector portions, and a semi-insulating InP block-
ing layer sequence is grown to provide lateral current confine-
ment in the laser and detector regions and low-loss cladding
and current rejection in the passive guides and switch. Current
injection channels are etched in the coupler/switch region, and
the SiO, is then removed over the lasers and detectors. A final
p-type growth for the upper cladding and contact layers is
then performed, including etch-stop layers for electrical iso-
lation grooves. Following contact formation and isolation
etches, the sample is cleaved into the 3 mm lengths of the PIC.
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Fig. 2 Experimental set-up for narrow-deviation FSK receiver oper-
ation

The operation of the integrated heterodyne receiver PIC
was evaluated using the experimental set-up shown in Fig. 2.
The input signal was generated from a 3-section MQW-DBR
laser transmitter which was FSK-modulated by applying
pseudorandom code to the Bragg section. The signal passed
through two isolators and polarisation control to match the
LO on the receiver PIC, and was focused into the parallel
input port using a long working distance x40 objective AR-
coated for the visible. While the heterodyne signal was obser-
vable on both arms, only one detector output passed through
amplification into the discriminator circuit while the other
detector was terminated into 50Q as shown in Fig. 2. The
tunable LO was electrically tuned to match the transmitter
and locked with a feedback circuit to an intermediate fre-
quency (IF) specified by the adjustable phase of the discrimi-
nator; typical IF values were 500-700 MHz. Both the
transmitter and the receiver PIC are temperature controlled at
~20°C. With the locking circuit disengaged, we observe very
smooth, continuous tuning of the IF with no tendency either
to injection-lock or to freeze due to any internal reflections in
the receiver PIC. The beat signal shown in Fig. 3a is locked at
a 700 MHz IF, and the 20 MHz/div, 5dB/div trace shows a

combined —3dB beat width of 13-6 MHz, rising in this case
>40dB from the noise floor.

gzl
Fig.3
a Electrical power beat spectrum from detector with no modula-
tion applied to transmitter; 20 MHz/div horizontally and 5dB/div
vertically, with —3 dB width of 13-6 MHz
b Electrical power beat spectrum from detector with attenuated
transmitter with pseudorandom 105 Mbit/s NRZ FSK modulation
applied; 100 MHz/div horizontally and 5 dB/div vertically

With 105 Mbit/s NRZ modulation applied, FSK IF spectra
are shown in Fig. 3b are obtained, here shown at 100 MHz/
div, 5dB/div with the IF locked at 600 MHz. In this Figure
the input signal has been attenuated to ~ —32dBm of
waveguide-coupled power, or about ~ —27dBm of free-space
beam power prior to the simple coupling objective used here.
The eye diagram at this signal level is shown in Fig. 4, and
with a 2'5 — 1 pseudorandom code we obtain <102 BER.
The bit rate at present is limited by the transmitter FM band-
width. We expect significant improvements in sensitivity with
AR coatings, improved coupling into the input guide, and
most importantly the use of low-noise electronics with both

Fig. 4 Eye diagram for transmitter attenuated as in case in Fig. 3b, with
<107° BER
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detectors appropriately subtracted to remove LO intensity
noise and utilise all the available power.

In closing, we feel that the prospects for further refinement
and practical implementation of PICs of this type are quite
good. We would also like to thank B. Glance and O. Scara-
mucci for assistance in setting up the FSK discriminator cir-
cuitry.
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EXPERIMENTAL DETERMINATION OF
CARRIER-INDUCED DIFFERENTIAL LOSS IN
2-SECTION GalnAsP/InP LASER-WAVEGUIDE

Indexing terms: Semiconductor lasers, Optical waveguides,
Integrated optics

Measurements of threshold crrent density and external effi-
ciency on broad-area laser-waveguide structure have led to
the determination of the optical loss and differential loss do/
dN ~1-1-2-3 x 10"""cm? at 2 = 1-53pm in a 4, = 1-30 gm
GalnAsP layer. This measurement will be useful for the
design of tunable lasers.

Introduction: Narrow-linewidth integrated tunable lasers are
key components for tunable transmitters and tunable local
oscillators in coherent systems. Wavelength tuning is achieved
by current injection in a passive Bragg reflector and a phase
control section.!

The best results so far have been obtained in a 3-section
DBR laser with a continuous tuning range of 3-4nm and
17MHz spectral linewidth.? The main limitation on

linewidth® and maximum tuning range capability is due to
carrier-induced absorption.

The design of optimised tunable lasers requires investiga-
tion into absorption of guided light in the passive sections. To
our knowledge, only limited data have been reported for
optical absorption in GalnAsP compounds.*® In this letter
we report a simple technique to determine the absorption and
its dependence on the injected carrier density.

Experimental results: Measurements have been carried out on
the 2-section broad-area laser (100 um width) shown in the
inset of Fig. 1. The structure consists of a GalnAsP (4, =
1-30 um) guide layer (thickness d, = 0-14 um, n-type doped,
n=1x10"®cm™3) LPE-grownonann =2 x 10'%cm~3 InP
substrate, a GalnAsP (4, = 1-53 um, thickness d, = 0-09 um,
undoped) layer limited to the laser section, and an InP
(p =1 x 10'® cm™?) cladding layer. An InP undoped stop-
etch layer 0-07 um thick is located between the active and
guide layers. L, = 280 um and L, are the lengths of the active
and passive sections, respectively. The series resistance was
<1Q between one electrode and the substrate and ~500Q
between electrodes.

I —
——
L L,

active passive
1 |
500 1000

waveguide length L, ,um

Fig. 1 Laser-waveguide structure and square-root of threshold current
density against passive waveguide length for J, = 0

We have measured under pulsed conditions the threshold
current density J,, against the length L, for current density
J, =0 in the passive section (Fig. 1), and J,, and external
efficiency n for a given length L, (90, 170, 370 um) against
current density J, in the passive section (Fig. 2).

Analysis of experimental results: A simple analysis of these
measurements leads to the determination of the modal optical
loss a,,(0) in the passive section for J, = 0 and the differential
material loss da/dN of the guide layer of the passive section
with injected carriers N at 4 = 1-5um.

Neglecting the reflections between the two sections (small
effective index mismatch), it can be shown that J,, and # are
given by

— 1 /(ed,B,) 1.1 L,
N [Ll gt awgm)] 0

11 Ko Jfin(C™Y+ aw,(O)Lz}
n_no+[1+a—Ko]{ In (R Y @

where J,,, and 5, represent the threshold current density and
external efficiency of the solitary laser of length L,, B, is the
effective recombination coefficient, a the gain coefficient and
K, the absorption loss coefficient (IVBA®) in the laser section,
R the reflectivity of the facets, and C the coupling efficiency
between sections. In eqns. 1 and 2 we have assumed a quadra-
tic recombination J oc N2. The threshold current density of
solitary lasers of same length L, = 280um was about the
same as the extrapolated J,, of the laser-waveguide for L, = 0.
The difference in J,, was smaller than experimental error, and
we estimate a coupling efficiency C ~ 09 from the calculated
field overlap integral. Measurements of J,, and n for different
values of L, and J, =0 lead to a,,(0) ~20-30cm™*, using
the values of Reference 6 for the parameters of eqns. 1 and 2.
A fraction of «,,(0) is due to scattering loss «, at the layer
interfaces; typical values for LPE are a = 10-25cm™';%
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