1428 J. Opt. Soc. Am. B/Vol. 14, No. 6/June 1997

Ueno et al.

Second-order susceptibility of Ga,;In, ;P crystals
at 1.5 um and their feasibility
for waveguide quasi-phase matching

Yoshiyasu Ueno,* Vincent Ricci, and George 1. Stegeman

Center for Research and Education in Optics and Lasers, University of Central Florida, 4000 Central Florida
Boulevard, Orlando, Florida 32816-2700

Received April 29, 1996; revised manuscript received September 19, 1996

The second-order susceptibilities (d;;) of both ordered and disordered Ga,sIng ;P semiconductor crystal films
epitaxially grown on GaAs substrates are analyzed. Quasi-phase matching based on periodic order—disorder
regions is proposed, and the analysis shows that three of the four independent coefficients, namely, ds;,
ds;, and di5, but not d1,, can be modulated. Maker-fringe experiments were performed at 1.57 um to mea-
sure these coefficients in the deposited crystals. However, the crystal-film orientation allowed a definitive
determination of the di, coefficient (110 pm/V) only and an upper limit of 60 pm/V for dj;. More-
sophisticated experimental techniques are proposed for measuring dj;. © 1997 Optical Society of America
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1. INTRODUCTION

Nonlinear x'? materials are attracting new attention for
ultrafast all-optical switches based on the y'?: y? cascad-
ing mechanism.!? Recent experiments and analyses
with KTP (ds3 = 185 pm/V)? and LiNbO; (ds;
= 5.6 pm/V)* have shown the potential of cascading to
decrease the switching power to a practical level. An-
other relevant optical device based on x'? is an optical
parametric oscillator, which has been demonstrated with
LiNbO; (d33 equals 30-40 pm/V).> For both devices,
phase matching as well as a large x?’ are the key mate-
rial requirements. Although semiconductors have large
nonresonant y® values (e.g., dq, equals 90-130 pm/V,
that is, xgi equals 4—6 X 1077 esu for GaAs®), the nec-
essary phase-matching conditions have been difficult to
achieve. To date, two AlGaAs waveguide structures have
been proposed for quasi-phase matching (QPM) in semi-
conductors; one is an asymmetric-quantum-well
structure,” and the other is a domain-inverted structure
fabricated by wafer bonding.®

A Gag 5Ing 5P crystal [more generally,
(Al,Ga;_,),In,_, P crystals], when grown on a GaAs sub-
strate, has a unique structure among inorganic materials.
As shown in Fig. 1, Ga-rich planes (Gag 5+sIng 5-4) and In-
rich planes (Gags-sIngs+s) alternate in the [1, 1, 1] (or
[1, 1, 1]) direction. The crystal symmetry is C;,(3m).
Because this structure was first observed as super spots
in transmission-electron-microscope images for epitaxial
GalnP and AlGalnP crystals grown on GaAs substrates
by metallorganic vapor phase epitaxy, it has been some-
times called an ordering or natural superlattice.® It has
been shown that the ordered structure is formed under a
wide range of growth temperatures. It has also been
proven that this crystal is stable; for example, red-laser
diodes in which GalnP ordered crystals were used as the
active layer have exhibited stable operation for thousands
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of hours at 50 °C.1° Along with intensive research on
crystal growth and red lasers (A; equals 0.6-0.7 um),
many of the linear properties such as refractive-index
dispersion,!! anisotropic band structure,’> and aniso-
tropic oscillator strengths'?'® have been reported. Al-
though the birefringence has not been measured directly,
its existence was recently suggested from studies of wave-
guide modes.'* With the exception of two-photon absorp-
tion (TPA) at 0.88 um,'® the nonlinear susceptibilities
have not been reported to date to our knowledge.

Under certain growth conditions, epitaxial GalnP crys-
tals do not exhibit the ordered structure in which the Ga
and In atoms are randomly located (i.e., § = 0) on the
group III sites, in contrast to Fig. 1. Consequently the
crystal structure is zinc blende, the same structure as
GaAs. Not only growing either of the two crystal struc-
tures by using a specific growth condition, we can also
change the one structure into the other one after the crys-
tal growth. Impurity, diffused or implanted into an or-
dered GalnP crystal after the growth, changes the or-
dered structure to a disordered one.'® Selective-area
disordering obtained by a patterned mask has readily
been demonstrated for lasers.!® Disordering techniques
are similar to those well studied for quantum-well disor-
dering, except for the significant difference that the order
period of 0.65 nm for GalnP is much shorter than that for
quantum wells (typically ~10 nm).

In this paper we examine the y'? properties of GaIlnP
crystals for potential application to order—disorder quasi-
phase-matched waveguides useful for efficient operation
of all-optical devices at 1.5 um.!” After comparing the
nonlinear d;; matrices of ordered and disordered GalnP in
Section 2, we show an example of a possible order—
disorder-type quasi-phase-matched waveguide in Section
3 and analyze the nonlinearities appropriate to guided
modes. In addition to the potential for QPM, this crystal

© 1997 Optical Society of America



Ueno et al.

In _
Ga 1]

Ga C3 axis

ordered
GalnP , Cav

[001]

1C4 axis
[t
54.7° C3 axis ® Ga
> [110] °©n
[0l ° P

o As

Fig. 1. Ordered Gaysln,sP crystal grown on GaAs.® The crys-
tal symmetry is C3,. The [1, 1, 1] symmetry axis is tilted 54.7°
from the [0, 0, 1] growth direction. The band-gap energy is 1.8—
1.9 eV, which is more than twice as large as the 1.55-um photon
energy of 0.8 eV.

has other advantages as a x'?’ material for 1.5-um appli-
cations. The band-gap energy (1.8-1.9 eV), as compared
with GaAs (1.45 eV), should be sufficiently large to sup-
press any TPA at 1.5 um (photon energy 0.8 eV). On the
other hand, the 1.5-um photon energy is close enough to
half the band gap that the d;; coefficients should be reso-
nantly enhanced, as predicted theoretically by Ghahra-
mani and Sipe for zinc blende ZnSe.'® In addition, the
C;, symmetry of this crystal allows permanent dipoles,
which would further enhance the coefficients near reso-
nance. The photon energy is much closer to half the
GalnP band-gap energy from below, compared with that
of ZnSe or ferroelectric crystals such as LiNbO;. More
important from a practical perspective, the processing
techniques required for fabricating order—disorder
waveguides would have more design flexibility and would
be more reproducible than previously reported for
AlGaAs.

We attempted to use Maker-fringe techniques to mea-
sure the four independent d;; coefficients of GalnP, using
thin-film samples grown on GaAs substrates. In prin-
ciple it is possible to obtain these coefficients from a
simple analysis, as will be shown in Section 4. However,
during the measurements we found that three factors
combined to prevent us from measuring the d5; and d3;
coefficients that can be modulated by disordering. They
are the disadvantageous orientation (for Maker-fringe
measurements) of the crystal film relative to the sub-
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strate; the limited range, owing to the high semiconductor
refractive indices, of internal incidence angles for the fun-
damental beam; and, for such small internal angles of in-
cidence, the dominance of the second-harmonic-
generation (SHG) signal by the d, coefficient (measured
to be 110 pm/V, not affected by disordering). This re-
sulted in an experimental upper limit of approximately 60
pm/V for the dj; coefficient, corresponding to <1° mis-
alignment in the polarizers, as shown in Section 5, with
experimental and calculated data. Other possible but
more-sophisticated measurement techniques to evaluate
these coefficients are briefly discussed. Section 6 sum-
marizes this study.

2. NONLINEAR d;; MATRICES

First, the d;; matrices for the ordered (Fig. 1) and disor-
dered crystals are discussed and compared. Second, a
correction appropriate to a domain mixture is discussed.
Because the crystal symmetry of the ordered GalnP
crystal is Cj,, it should have a d,; matrix of the form'

0 0 0 0 d15 _d22

dﬁj(.):%”): —dgy dgg 0 dy5 O 0 [,

where (O:C3,) stands for an ordered crystal in the Cj,
frame of reference, i.e., [1, 1, 0], [1, 1, 2], and [1, 1, 1] are
the principal axes in Fig. 1. In contrast, the symmetry
for the counterpart, a disordered GalnP crystal, is zinc
blende T; (43m), whose d ;j matrix has the form

0 0 0 dj, O 0
dPTd =10 0 0 0 di, 0|, (@
0 0 0 O 0 N
where (DO:T;) stands for a disordered crystal in the 7',
frame of reference ([1, 0, 0], [0, 1, O], and [0, O, 1] are the
principal axes). Since the Cj, axis is tilted by 54.7° from

one of the T; axes, we transformed the d;;'%°“s»’ matrix
into the 7T'; frame for comparison:

_déa _dé1 _dél di4 di5 dis
diqud) =| dy dy  dy di  dy —dis|,
dél dé1 déa dia _di5 di4
3)
where the d;; components are relabeled as d;; for simplic-

ity. The d;; coefficients are linearly related to the origi-
nal d;; coefficients by

d3s 4d 5 + dgg — 242dg + 2d5,

dy | V3 | —2dy5 + dgg + \2dgy + 2dg,
dig| 9 2d 5 — dgg + 242dyy + dgy
dis dis + dgg + \2dgs — dgy

0.77d 15 + 0.19d 35 — 0.54d5, + 0.38d3,

~0.38d 35 + 0.19ds5 + 0.27dsy + 0.38ds;

0.38d 15 — 0.19d55 + 0.54d 4 + 0.19ds5;

0.19d 15 + 0.19d 33 + 0.27d 55 — 0.19d 5;

4)
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Fig. 2. Two equivalent domains of GagysInysP grown on a
(0, 0, 1) GaAs substrate.?223

The dij(O’Td) in Eq. (3) has dj, components in a manner
similar to the T;-symmetric dij(DO:Td) in Eq. (2). This is
because the C3, symmetry group is a subgroup of T .2°

A comparison between the matrices of the ordered
(dij(O:Td>) and disordered (dij(DO:Td)) lattices in the same
frame of reference gives valuable insight. First, one
finds that the d 33, d3;, and d 15 coefficients are physically
related to the Cj, distortion of this material in contrast to
the d1,, which is not, and whose origin is in the original
noncentrosymmetric 7'; structure. We suggest that the
7% difference between the lattice constants of GaP (5.45
A) and InP (5.87 A) implies a large Cj, distortion and
thus a large perturbation for each Cj; -related coefficient.
The strong localization of electron states reported by
Kurimoto and Hamada?! also implies a large perturba-
tion for each Cj,-related coefficient, when compared with
the d14 coefficient, which should be relatively unaffected
and, consequently, similar to that of GaAs (of order 90—
130 pm/V).%

Second, the effect of a domain mixture (Fig. 2) was
taken into account. Ordered GalnP crystals, when
grown on (0,0, 1) surfaces, contain both [1, 1, 1]- and
[1, 1, 1]-oriented domains.?*?®> Because the domain size
is supposed to be much smaller than an optical wave-
length in the crystal, we can assume that the light field
experiences the average of the d;; matrices for the
[1, 1, 1]- and [1, 1, 1]-oriented domains. Although the av-
erage over the respective domains cancels out some com-
ponents in the d,;;'*7® matrix in Eq. (3), i.e.,

0 0 0 dj, d 0
dij(MiX:Td) — 0 0 0 di5 d’14 0 (5)
dyp dy dzy 0 0 dy
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some of the Cj,related components remain the same.
The resultant d;™*7? is a C,,-type d,; matrix, which
should correspond reasonably well to the macroscopic
crystal symmetry of the domain-mixed ordered GalnP.?
Note that when the matrix for the [1, 1, 1]-oriented do-
main is defined in its own Cj3, frame of reference (axes
[1,1,0], [1,1,2], and [1, 1, 1)), i.e.,

0 0 0 0 dy5 dy
d;0C) = | dyy —dy 0 dy5 0 0 (6)

the signs of the d9y components must differ from those of
the initial dgg in dij<O:C3v) as in Eq. (1). This is because
the [1, 1, 1]-oriented lattice is inverted with respect to the
[1, 1, 1]-oriented lattice.

3. QUASI-PHASE-MATCHED GEOMETRIES

It is shown next that this material has potential for QPM.
Figure 3 shows a possible quasi-phase-matched wave-
guide structure. An area-selective disordering process by
impurity implantation or diffusion can be used to periodi-
cally modulate the d;; matrix between the dij(MiX:Td) and
dij(DO:Td) discussed in Section 2, and this modulation in
the d;; components can be used to phase match the fun-
damental and the second-harmonic (SH) waves. The dis-
ordering process can be done either before or after fabri-
cating the channel.

Quasi-phase-matched geometries were examined for
conventional (0, 0,1) waveguide geometries that have
(1,1,0) or (1,1, 0) cleaved facets. A TE mode is polar-
ized along [1, 1, 0] (or [1, 1, 0]), and the TM mode is polar-
ized along [0, 0, 1]. The optical fields experience a modu-
lation of the d;; matrices when traversing the ordered-
and the disordered-crystal regions, given by

H disordered region

[

\—

- AlGainP clad
— GalnP guide
L AlGainP clad
I~ GahAs buffer
~GaAs substrate

Fig. 3. Possible quasi-phase-matched waveguide structure us-
ing an AlGalnP-GalnP-AlGaInP double heterostructure.
Area-selective impurity implantation or diffusion periodically
disorders GalnP and therefore modulates the d;; matrix. The
QPM period for the 1.5-um light is approximately 2.5 um.
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) ’ ! d, - d i
0 0 0 0 dis+ di, %
d(__Ozwg) _ dha + dl — 2d! dhe + dl, + 2d! , 7)
ij 33 31 15 33 31 15 \/Edél dis — dl, 0 0 (
2 2
dgy +diy dg; — diy d33 V2d s 0 (U
or
0 0 0 0 dis+dy 0
ditve) = 0 0 0 diz—dy 0 0], ®
dyy +diy dy —diy dig 0 0 0
0 0 0 0 4 O
(DO:wg) " 0.532 KDP
A I N & @ =

,o=dj, 0 0 0 0

which are now transformed into the ([1, 1, 0], [1, 1, 0],
[0, 0, 1]) waveguide frames (wg).

These results indicate that the [0, 0, 1]-TM-polarized
fundamental is phase matched with the TM-polarized SH
through the modulation of the (3.3) component, which
varies between dj; and zero. Note that for rectangular
regions, the effective nonlinearity involved in using this
form of on—off modulation for phase matching is given by
dgz/m. The fundamental TE mode polarized along
[1,1,0] (or [1,1,0]) is phase matched with the TM-
polarized SH mode through modulation of the (3.1) com-
ponent between dj; + di, and d7,, yielding an effective
nonlinearity of d3;/m. We estimated the necessary QPM
period for 1.5-um light to be approximately 2.5 um, based
on the refractive indices at 1.5 um and 0.775 um.™

4. MAKER-FRINGE MEASUREMENTS

An experimental search for the order—disorder modulated
coefficients (d35, d3;, and d;) was performed by Maker-
fringe techniques® with an incident fundamental at
1.579 um (Fig. 4). The fundamental beam was generated
by a @-switched, seeded Nd:YAG laser, a KDP frequency
doubler, and a Hy, Raman cell. A silicon window with a
cutoff of 1.1 um was used to filter out the laser and the
doubled wavelengths. The pulse width was 11 ns, and
the repetition rate was 10 Hz. Spatial filtering elements,
a spatial filter (SF) and two lenses (L3 and L4), were care-
fully used to improve the 1.579-um beam quality. The
beam alignment with respect to the sample rotation axis,
as well as the beam quality, were checked with an
a-quartz reference to verify that the Maker fringes were
symmetric for incidence angles up to 75°. The typical
pulse energy used for the GalnP samples was 10 ud. A
monochromator was used to filter out the fundamental
light. SH signals were detected by a photomultiplier
tube and a boxcar integrator. Measured data were cali-
brated with respect to an a-quartz (d{; = 0.4 pm/V) ref-
erence.

Figure 5 shows the beam-sample geometry and our
Gay 5Ing 5P sample whose lattice constant matches that of
GaAs. Only the ordered samples were investigated for

H2 Raman cell

1.579um

Si p®
window' A A A A PMT
HA——0—H1_P—
L, SF L P L L A M
3 4 ! sample ?
P : polarizer
A : analizer
M : monochromator
PMT : photomultiplier tube
Fig. 4. Maker-fringe measurement setup at 1.579 um. The

pulse width was 11 ns, the repetition rate was 10 Hz, and the
typical pulse energy used for GalnP samples was 10 md.

[001] GaAs GalnP
- 150um 1.2um
polished
[ — as-grown
10))
1.579um / k
Eg=1.85eV
Eg=1.45eV .
Ap~855nm Ap~672nm
200) =
00 (2] 20,000cm? 12910

Fig. 5. Gagslng ;P sample structure, grown lattice matched on a
(0, 0, 1) GaAs substrate by metallorganic vapor phase epitaxy.
The GalnP thickness of 1.2 um is close to the coherence length of
1.36 um. After the growth, the GaAs substrate was wrapped
and polished for the measurements.
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The coherence lengths, [, = N4(n,, — n,), at 1.579
pum for GalnP and GaAs, were estimated to be 1.36 um

8.0 2;0 . 1:9 : 1.'8 : 1.7 and 1.52 um, respectively. The 1.2-um-thick GalnP
sample was thus appropriate for the measurements be-
Art pumped cause it was comparable to the coherence length. After

LLuminescence Intensity ( a.u.)

620. 640. 660. 680. 700. 720.
Wavelength (nm)

Fig. 6. Photoluminescence from our GalnP sample at room
temperature shows the typical spectrum and a peak at 675 nm
(1.84 V).

reasons that will be obvious in Section 5. The GalnP
layer was 1.2 um thick and was grown undoped on a
(0, 0, 1) GaAs substrate by metallorganic vapor phase ep-
itaxy at 660 °C. The V/III ratio was 130, and growth
speed was 1.8 um/h. The crystal quality and Ga compo-
sition of our samples were tested by photoluminescence
and double-crystal x-ray rocking curves. The lumines-
cence from our samples (before and after the wrapping
and the polishing processes) showed the usual spectrum
with a peak at 0.675 um (1.84 eV, Fig. 6). The x-ray
rocking curve showed that the lattice constants were
within =1 X 1073 with respect to the GaAs substrates.
These data also ensure the Ga composition of our samples
to be 0.49 = 0.01. The degree of ordering 6 (0 < §
< 0.5) of our sample was approximately 0.2, as esti-
mated from the difference in band-gap energy between
this sample and that of disordered GaInP.26

the growth, the GaAs substrate was wrapped down to a
thickness of 150 um and polished to facilitate the focusing
of the fundamental beam into it. Then the sample was
cleaved into 5 mm X 5 mm or 10 mm X 10 mm sizes and
glued onto the rotation stage.

The SHG projection factors for the domain-mixed
GalnP crystal were determined (see Table 1) based on the
dij(MiX: T4 in Eq. (5). Although the d, coefficient of the
GaAs substrate could also generate the SH; these projec-
tion factors suggest that the modulatable components
(d3s, d3;, and di5) of GalnP can be measured indepen-
dently of the d 14 components of GaAs and GalnP by use of
k1[100] configurations. It was also possible to avoid
strong absorption of the 0.790-um SH signal in the GaAs
substrate (E, = 1.45 eV, A = 855 nm) by focusing the in-
cident fundamental beam onto the GalnP through the
polished GaAs surface (Fig. 5). Although the input does
suffer some TPA in GaAs, the TPA propagation loss
through the 150 um GaAs was estimated to be negligible
at our input intensity.

Regarding the analysis of the measured data needed to
evaluate the modulatable components, we numerically
confirmed that a procedure as simple as that used by Jer-
phagnon and Kurtz?® is valid even for our two-layer
sample structure for the following reasons: (i) The inco-
herent multireflections of the fundamental beam?’ be-
tween the GalnP and GaAs surfaces were negligible.
They modified the results by less than 4%. (ii) The
boundary conditions at the GalnP/GaAs interface could
be neglected because the refractive indices were compa-
rable. (iii) The approximation needed for defining the
projection factors (Appendix B.2 in Ref. 25) was satisfied,
even though Jerphagnon and Kurtz claimed that small
dispersion (i.e., n, =~ ny,) in the test material is a neces-
sary precondition. Thus we can analyze data as if we did
not have the GaAs substrate beneath the GalnP crystal,

Table 1. Projection Factors for Domain-Mixed GaInP Crystals®

2w
w TE ™
k1[100] TE 0 dj, sin ¢
k1[100] TM +2d1, cos ¢’ sin ¢ (d}; + 2d}5) cos? @' sin 0 + dj, sin® ¢

k1[110] TE 0
k1[110] TM 0

(dj + diysin ¢
(d}; + 2d}5 = 3djy)cos? ¢ sin 0 + dj sin® ¢’

“These factors are based on the d,;M>T%,

The ¢ represents the incidence angle for the fundamental wave in the material.

When the Kleinman’s

symmetry holds, d{5 equals d3; .

The [010] and [110] directions were equivalent to [100] and [110], respectively, regarding these factors.

Table 2. Material Parameters Used for the Analyses

n, Ny, Thickness (um) a, (cm™1) as, (cm™Y) Ref.
Gay 5Ing 5P 3.12 341 1.2 0 0 11
GaAs 3.43 3.69 150 0 20 000 28
a-quartz 1.5276 1.5389 1000 0 0 29
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Fig. 7. Measured TE-polarized d, signal obtained by focusing
the TM-polarized fundamental beam. The dj, coefficient of
GalnP was calculated as 110 pm/V, assuming a d’j, of 130 pm/V

in GaAs® and a linear absorption coefficient of 20 000 cm ™! for
the SH wave in GaAs.

except for contributions from the d4 coefficient. Mate-
rial parameters used in the analyses are given in Table 2.

5. RESULTS AND DISCUSSION

A strong SH effect owing to the d1, coefficient of GaInP
was clearly observed in the Maker-fringe data. The re-
sults for the TE-polarized SH signal in Fig. 7 were ob-
tained for a TM-polarized input. They show the interfer-
ence between the SH fields generated by d 4 in GaAs and
di, in GalnP. Because the GalnP-film thickness is com-
parable to the effective depth from which the GaAs SH
signal is expected, as calculated from the linear GaAs ab-
sorption coefficient of 20 000 cm ™!, the GaInP and the
GaAs SH signals are comparable in magnitude. This
produces interference between them as the sample is ro-
tated and the effective SH radiating thickness of the film
increased. Assuming a value of di4 of 130 pm/V for
GaAs,’ the d}, coefficient of GaInP was deduced to be 110
pm/V. As discussed in Section 2, this value is compa-
rable to that of GaAs, as expected on physical grounds.
The beam-sample geometry for measuring dj;, taken
from Table 1, was a fundamental and a harmonic that are
both TM polarized. Figure 8 shows the data as a func-
tion of the external incidence angle 6 (6’ in Table 1 is the
internal angle of incidence). The circles represent the
measured SH signals obtained by setting the polarizer
and the analyzer along the TM direction as accurately as
possible. Assuming the angular dependence for d3; in
Table 1 (signal = |d}; sin® ¢'|?), and a nonlinearity of 60
pm/V (chosen to produce approximately the observed
peak), the theoretical curve (solid curve in Fig. 8) is quite
dissimilar from the data in two ways: one, the functional
dependence on #is wrong, and two, there is a nonzero sig-
nal at # = 0. This means that the data are not domi-
nated by d3;. In fact, including the two other contribut-
ing coefficients d3; and d 15 does not solve these problems
(dotted curve). Therefore we conclude that there is a
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large, unwanted contribution from another coefficient.
The only reasonable choice is d 1.

In a separate set of experiments we found that the
measurement of the modulatable components was limited
by a surprisingly strong SH-signal dependence on the po-
larizer and analyzer directions. This effect is not obvious
and merits further discussion. It has its origin in the
large magnitude of the d4 and di, components of both
GaAs and GalnP, respectively, the orientation of the crys-

0-5 T T T T T 1} ' i ' T i T

04 1

0.3

0.2

0.1

Second-Harmonic Signal (mV )

-90. —60. -30. 0. +30. +60. +90.
Incidence Angle, ¢ (deg)

Fig. 8. Measured SH signals obtained by setting the polarizer
and analyzer along the TM direction. The solid curve shows a
simulated d 35 signal assuming d 33 = 60 pm/V. Coexistence of a
d3; + 2d 15 component changes the signal shape. For example,
the dotted curve shows a simulated signal assuming both dj;
+ 2di5 = —2.9 pm/V and d33 = 34 pm/V, which is not distin-
guishable from dj, leakage (dashed curve) assuming only a 1°
misfit (¢35 = 1°). Thus our detection limit for the dj; coeffi-
cient was approximately 60 pm/V.
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Polarizer & Analyzer Misorientations, ¢ 1, (deg)

Fig. 9. Signal intensities measured at a fixed incidence angle
(6) of 40° obtained by rotating the polarizer ( ;) and the ana-
lyzer (y,) synchronously (i.e., ¢y = 3 = ¢19). The calculated
di, signal (dashed curve) reproduced well both the magnitude
and shape of the measured data. This di, signal leakage in the
vicinity of ;5 = 0 was much stronger than we had originally ex-
pected (dotted curve).
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Fig. 10. Polarizer ( ;) and analyzer ( ¢,) rotations with respect
to the sample axis.

tal film, and the limited range of incidence angles within
the sample. To clarify this polarization problem, we
measured the signal variation induced by intentionally
rotating the polarizer and analyzer and compared the re-
sult with calculations. The squares in Fig. 9 show the
signal intensities measured at a fixed incidence angle (6)
of 40°, obtained by rotating the polarizer (i;) and the
analyzer (i) together (i.e., ¢y = iy = 1) with respect
to the sample axis (Fig. 10). By definition, a signal at
19 = 0 corresponds to the TM-polarized SH generated
by a TM-polarized fundamental. At ¢, = 90°, a TE-
polarized SH signal is obtained with a TE-polarized fun-
damental. Also calculated was the SH signal as a func-
tion of arbitrary ¢, ,, based on the measured di, value.
Note that the calculated data (dashed curve) reproduced
both the magnitude and the shape of the measured data.

The strong d1, signal in the vicinity of ¢ 5 = 0 limited
the experimental measurement sensitivity for modulat-
able components such as dj;. The above examination
clarified that this limitation is much stronger than
we had expected. Initially we had expected the SHG sig-
nal owing to dj, to be of order S(dj,)sin? ¢, (dotted
curve) in the vicinity of ¢, =0, where S(di,)
(x|2d}, cos # sin ') represents the peak intensity of
the TE-polarized signal originating from d},, generated
by a TM-polarized fundamental. We had not anticipated
that the SH signals from di, would be so much stronger
than those from the modulatable coefficients.

The data in Fig. 8 was used to obtain an upper limit for
dgs. The solid curve shows a simulated dj3; signal
(|d}s sin® @) assuming a dj; of 60 pm/V. The dotted
curve shows a simulated TM-polarized signal (|(d},
+ 2djs) cos? @ sin ¢ + djs sin® @)  assuming  di;
+ 2di5 = —2.9 pm/V and a dj; of 34 pm/V. (Both of
these combinations were chosen to reproduce approxi-
mately the observed peaks.) Because of the change in sign
on either side of § = 0 for the dj; + 2d5 contribution,
this term interferes destructively with the d 33 component
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and thus changes the signal shape and shifts the peak po-
sitions. On the other hand, the dashed curve shows a
simulated dj, leakage signal assuming only a 1° mis-
alignment relative to the crystal axis (15 = 1°). These
simulations indicate the experimental problem that a
d s of 34 pm/V is not distinguishable from a d1, leakage
signal, although the measured data imply that our experi-
mental accuracy was less than 1°. Considering the fact
that the independent variables d 35 and d3; + 2d {5 inter-
fere with each other, we estimate that a d 35 as large as 60
pm/V might not be measurable here. Thus we set our de-
tection limit for the dj; coefficient as approximately 60
pm/V. This value is relatively large when compared with
the phase-matchable d;; of other relevant nonlinear ma-
terials. Therefore our results neither confirm nor rule
out the potential of this material for QPM.

Similar problems were experienced in measurements
aimed at evaluating dj; with TM-polarized signals
(|d4; sin @'|*) generated by a TE-polarized fundamental.
Repeating the procedures just discussed, we estimated an
upper limit for the d3; coefficient of 20 pm/V. Although
these detection limits for d 353 and dj; are experimentally
inevitable, as proved above given the sample geometry
and technique used, they are unexpectedly large when
compared with a dj, of 110 pm/V.

The difficulty discussed above comes partly from the
crystal orientation of our samples. Ordered GalnP crys-
tals having surfaces perpendicular to the [1, 1, 1] crystal
axis would improve the detection sensitivity. However,
it has proven technically impossible to form the ordered
GalnP crystal on a [1, 1, 1] surface of the GaAs substrate
because only disordered crystals have been grown on the
[1,1, 1] _surface.30 So, an ordered GalnP lattice structure
on the [1, 1, 1] surface would need to be grown artificially,
for example, by growth of a (GaP);(InP); superlattice with
an atomic-layer epitaxy technique.

Another approach, which could potentially yield a
method to measure those coefficients needed for QPM,
would be to use a modulation-detection technique for
samples on the previously discussed [0, 0, 1] surface. By
modulation of the analyzer polarization in various ways
(i.e., modulation of the linear-polarization direction,
modulation between linear and elliptical polarizations,
etc.) at a frequency w,,, the components of the detected
signals at the frequency w,, would be related to the d;; co-
efficients differently than in Table 1. Table 3 shows ex-
amples of the signal components at w,, for the case in
which the linear-polarization direction of the analyzer is
modulated around either the TM- or TE-polarization di-
rection. The w,, frequency components are either zero or

Table 3. Modulation Detection Signals®

2w
® TE T™
k1[100] TE 0 0
k1[100] TM 4[(djy + 2d}5) cos® @ + diy sin® §']d;, cos 6 sin® ¢’ 4[(d}; + 2d}5) cos? @ + diy sin® ¢']d}, cos 0 sin® ¢’
kL1[110] TE 0 0
kL[110] TM 0 0

“These forms correspond to absolute squares of projection factors.
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proportional to d33di, whenever dgg is involved. Com-
bining this with the measurements for d, reported here,
this modulation scheme should improve the detection
limit on d34; even if the d, contribution to the intensity
owing to polarization misalignments is of the order of
|d},)?, the signal-to-noise ratio is improved to

Oldidid)  O(di))

- , 10
0du® ~ 0(ldu) (10

as compared with the previous case, which is proportional
to

O(|d3sl*)
—. 11
O(|d14* (

Further studies along these lines are anticipated.

6. CONCLUSION

The x® properties of ordered GalnP thin-film crystals
having C;3,(3m) symmetry were studied theoretically
and experimentally. It was shown theoretically that this
material has the potential for realizing quasi-phase-
matched waveguides. Only well-established processes,
such as photolithographic patterning, impurity implanta-
tion, etc., are required for quasi-phase-matched wave-
guide fabrication. The possible d;; modulation for QPM
is between d 35 (for C3, GalnP) and zero (for cubic GalnP)
for the (3.3) component and between dj; + di, (for C3,
GalnP) and d, (for cubic GalnP) for the (3.1) component.
The coefficients that can be changed by disordering
(d3s, dg;, and d ) are physically related to the Cj, crys-
tal distortion, while the d1, is a property of the original
cubic crystal.

Experiments were performed on ordered, 1.2-um-thick
Gay 5Ing 5P samples epitaxially grown on GaAs substrates
to measure the d;; coefficients at 1.5 um. Only the dy,
= 110 pm/V coefficient was measured. It was shown
that SH signals originating from di, contaminated the
measurements of the other coefficients because of slight
misorientations of the polarizer—analyzer pair. Upper
limits of 60 pm/V for d 353 and 20 pm/V for d4; were found
for misalignments of only 1°. Possible future experi-
ments to improve these limits were discussed.
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