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Abstract—n this paper, we have demonstrated the feasibility of
a photonic integrated circuit for phase control at a wavelength of

1.06 #m in an optical phased array telescope antenna system. °gngl 3 dB coupler otlggcal
1Der
Index Terms—1.06 ;«m, phase modulation, photonic integrated A T
circuit. Nd:YAG laser I
—Em—— | ———————— -
- —
|. INTRODUCTION
s
N INCREASING number of future space projects will I —
make use of optical technologies for a wide range of af.

plications. Stringent requirements on size, weight, and reli:
bility create a need for waveguide-based photonic integrate
circuits (PIC’s). We have investigated the feasibility of the In- ‘ell:flzgfe mf::;;m_ detector
GaAsP-InP technology for the realization of a PIC for phase
control of optical transmission at 1.Q@n. This PIC is to be in- Fig. 1. PIC in optical phased array (receive antenna for intersatellite laser
tegrated in an optical phased telescope array system [1]. A si#gpmmunication).
ilar PIC based on AlGaAs—-GaAs technology has already been
reported earlier [2]. In this letter, INnGaAsP—InP is preferred oveufficiently higher than that of the (InP) cladding layers, to
the AlGaAs—GaAs material system because of the better resibtain a high confinement of the light in the waveguide core,
tance to cosmic radiation of InP and the superior efficiency @fhile, on the other hand, it needs to remain appreciably smaller
InP-based detectors (which, in a next step, will be integrated thran the wavelength of the guided light to avoid high absorption
the PIC) at the 1.06sm wavelength. losses. Since our structure needs to guide Nd: YAG light with
The optical phased array is planned to act as a receive antegng@avelength of 1.06:m, and the InP-cladding layers have
in a terminal for intersatellite laser communications (in geostg-pandgap wavelength of 0.9an, this places very stringent
tionary orbit) (see Fig. 1). The incoming radiation is collectegbstrictions on the composition of the waveguiding layer.
by sub-telescopes, and coupled into single-mode fibers, whigfym simulations and a number of waveguide test structures,
feed the PIC inputs. After phase control, the sub-beams are gugas found that the best results can be expected with a
perimposed by 3-dB multimode interference (MMI) couplersyayeguiding layer exhibiting a bandgap wavelength between

yvhere e_ach coupler has a signal output port nominally carryi@g%_l_ooum (composition between 25Ga; 2AS1: +Pss
its total input power and a control output port where the optlcghd Inys »Ga; sASLs.0Pss.0). Further simulation resulted in a

power is minimized. All but one control output ports feed phqéyer structure for the PIC, as shown in Fig. 2

todetectors with error S|gnals _to_ be m|n|m|zeq (by c_ontrollmg The InGaAsP core layer has a thickness of 700 nm, resulting
the phase modulators via a digital control unit), while the re- A . .
e . e . . monomodal waveguiding for ridge widths up to 1.8—212
maining signal output port (which is automatically maximize : o ;
: depending on etch depth). The guiding layer is placed between
constitutes the antenna output. ;
an n-doped bottom and p-doped top cladding layer, where the
latter is separated from the core layer by an undoped cladding
layer, in order to reduce additional losses due to the strong ab-
Efficient waveguiding calls for a core (InGaAsP) materiasorption of the optical mode in a p-doped layer. This way, we ob-
with a bandgap wavelength that needs to be, on one hataln a p-i-i-n structure, required to make use of the electrooptic
and carrier effects to achieve phase modulation [3], [4]. The
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Fig. 3. Schematic view of the PIC layout. . .
chip have been connected to arrays of four fibers each, con-

sisting of four polarization maintaining fibers (PMF) at the input

of 625 °C. Thus, we obtain a better control on the compand 1 PMF (output channel 3) and 3 multimode fibers (MMF’s)
sition of the (low As content) quaternary guiding layer. That the output side. The PMF connected output contains the an-
reactor pressure is 76 torr, except for the InGaAs contactifghna output signal; the other (MMF connected) output signals
layer, where we use a higher pressure (700 torr) to obtairgge minimized by controlling the phase modulators. For the op-
higher doping level. The structure was grown ofi@] + 2° tical connection to the PIC, the fibers are rotationally aligned
off-oriented n-doped InP substrate. and glued in Si V-groove arrays to achieve a precision in the

After deposition of the different layers, the PIC waveguideubmicrometer range. The fiber arrays are then polished, aligned
structure is defined and etched (Fig. 3). The phase modulaethe waveguide arrays, and fixed. After mounting the PIC on a
section uses 2.2pm-wide half-deeply (200 nm into the qua-submount in the package, the phase modulators are wire bonded
ternary layer) etched waveguides, while the other waveguigietransmission lines that lead to SMA connectors for applying
structures (straight and bent waveguides and MMI sections) &g desired bias voltages. The optical fibers are strain relieved
deeply etched. The straight and bent waveguides have a riggéhe package sidewalls.
width of 2 xm, and the MMI’s are 7+m wide and 308§+m long.

First, an SiQ layer and photoresist are deposited. The
waveguide mask pattern (defined in the photoresist by pho-
tolithography) is transferred to the dielectric layer by,CB, The results of the fiber-to-fiber loss measurements on the
plasma etching. The waveguide ridges are etched (half-deegigckaged and pigtailed module are given in Table I.
by CH, : Hs reactive ion etching (RIE). After a new lithography The total throughput for the output signal is approximately
step leaving the phase modulator section covered, the MMR7 dB, disregarding the results for input 4, which exhibits
section is deeply etched. After removal of the remaining oxiddout 6-dB extra loss over the other inputs due to on-chip wave-
layer, a polyimide and photoresist layer are spun over theide damage. 6 dB of the observed fiber-to-fiber throughput
sample. Via-holes are etched in the polyimide layer on top of —27 dB is due to the two 3-dB MMI couplers passed
the phase-modulator sections, and Ti—Au and Au layers dv every output signal, and the measurements also include
defined over the phase modulators for p-contacting. Finally,5-1-dB PMF connector loss, thus the actual fiber-to-fiber
after removal of the polyimide layer and substrate thinningransmission loss is-20 dB. This applies when using output
AuGe-Ni is deposited on the substrate bottom as an ohn3icthe other output paths exhibit about 2-dB less loss, which
back contact. can be attributed to the extra coupling loss to a PMF (at output

After completion and preliminary testing, the PIC was pig3) instead of that to a MMF as used for the other output paths.
tailed and packaged (Fig. 4). The input and output facets of theom a comparison between the losses in the different paths

lll. RESULTS
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TABLE I [aa] 2 7 3 8 10
OVERVIEW OF LOSSCONTRIBUTIONS FOR THEPACKAGED MODULE 3 1 v
= -0.2 reverse voltage /
Loss (dB) 4
Fibre-chip coupling and reflection 2x6 =12 ‘E -0.4
On-chip Propagation 4 %
(total path length = 8.55 mm) E 0.6
MMI excess 2x1 =2 §
Bend excess 1 £ 0.8
Half-deep — deep excess 1 |
Total 20 g )
B
‘N
q 12
TABLE Il E
FULL-WAVE VOLTAGE OF THE PIC’S PHASE MODULATORS AT 2

DIFFERENT BIAS VOLTAGES
Fig. 5. Residual amplitude modulation of phase modulator

Phase Modulator Vi at25V Vi at5Vv Vi, at 85V
1 5.0 4.1 3.0 . . .
2 50 38 28 Since the phase modulators, besides changing the phase of the
3 48 39 2.6 optical field, usually also cause an (unwanted) amplitude mod-
4 5.0 3.8 28 ulation, measurements of this residual amplitude modulation as

a function of reverse bias voltage have also been performed. As

can be seen from Fig. 5, the decrease in optical transmission is

and measurements on individual component test structures, e: 4 to less than 1.5 dB in the applied bias voltage range
obtain a contribution of these losses as presented in Table IlI. ' '

The main contributions to the fiber-to-fiber total loss are
fiber-chip coupling (10.5 dB) and facet reflection (1.5 dB)
losses. The latter could be largely overcome by depositing aVe have demonstrated a>4 4 InGaAsP—InP PIC, suitable
suitable AR coating on the chip facets, while the former cdRr phase control of 1.04#m optical radiation. The PIC exhibits
be strongly reduced by the application of tapered waveguigdotal fiber-to-fiber loss of approximately 20 dB. The phase-
sections. Tapered waveguide sections were not included fBadulator sections can accomplish a total phase shift efith
the PIC, but have been manufactured and tested previougljnaximum reverse bias voltage of 10 V. We believe that InP-
[5] App|y|ng an Optimized AR Coating and tapered Waveguid@ased PIC’s are a viable solution for optical phase control at
sections at the chip facets could reduce the observed ovefafl6 :m.
fiber-to-fiber losses by approximately 6 dB, taking into account
approximately 8-dB fiber-chip coupling and reflection loss ACKNOWLEDGMENT
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