Raman effect in AlGaAs waveguides for subpicosecond puises
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The Raman effect in semiconductor waveguides below half-gap is studied both experimentally and
numerically. We report the depolarized Raman gain spectra up to 300 em ! in Aly,,GageAs at
pump wavelengths of 0.515 and 1.55-um from the measurement of the absolute Raman scattering
cross sections using GaAs as a reference scatterer. In addition, the coupled propagation equations for
the AlGaAs waveguides are modified to include the Raman effect. By solving the coupled
propagation equations numerically, we verify that the energy transfer between two orthogonally
polarized pulses demonstrated in previous pump-probe experiments [M. N. Islam et al., J. Appl.
Phys. 71, 1927 (1992)] is caused by Raman effect. We also show numerically that the Raman effect -
induces spectral distortions on the pulses, and the energy transfer is inversely proportional to the
pulse widths. The energy transfer results in a severe cross-talk problem for sub-picosecond pulses
in AlGaAs waveguides. For example, the energy exchange is about 30% for 300 fs pulses under
7 phase shift conditions. Therefore, the Raman effect limits the performance of semiconductor

waveguides in optical switching applications for sub-picosecond pulses.

Institute of Physics.

I. INTRODUCTION

Semiconductor waveguides operating below half-gap
have been of interest for making compact, integrated optical
switching devices because of their high nonlinear refractive
index and negligible nonlinear two-photon absorption.
Among the various ‘semid¢onductor materials, the GaAs/
AlGaAs material system is very attractive because a mature
fabrication technology already exists. Also, the half-band-
gap energy of this material can cover the infrared window
between 1.3 and 1.6 wm, which is important for optical com-
munications. The nonlinear properties of GaAs/AlGaAs,
such as nonlinear refractive index and two photon absorp-
tion, have been extensively studied.!~® All-optical switching
devices in AlGaAs waveguides, such as Mach-Zehnder
interferometers* and nonlinear directional couplers,’ that op-
erate below mid-gap have also been demonstrated. Although
some authors have pointed out that three-photon absorptlon
is a limitation to the attractiveness of AlGaAs waveguides,®
this factor can be avoided by reducing the intensity and in-
creasing the device length. On the other hand, we believe
that the Raman effect, which is proportional to imaginary
part of x® and previously unconsidered, provides a limita-
tion of semiconductor waveguides operated at short pulse
widths for nonlinear index applications.

In this paper we study the Raman effect in AlGaAs
waveguides. We begin in Sec. II by measuring the spontane-
ous Raman scattering cross sections at 0.515 um with GaAs
as a reference scatterer. The Raman gain spectra are calcu-
lated from the scattering cross sections in the spectral range
from 0 to 300 cm™ ! at pump wavelengths of 0.515 and 1.55
pm. Below 80 cm ™!, the Raman gain appears to be linearly
dependent on frequency. In Sec. IIl we model the energy
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interaction between pump and probe puises by modifying the
coupled propagation equations for AlGaAs waveguides with
the inclusion of the Raman effect. The coefficients of the
Raman terms are related to the Raman gain. In Sec. IV the
coupled propagation equations are solved numerically by
substituting the measured Raman gain and the experimental
parameters. We verify that the energy exchange between the
orthogonally polarized pump and probe pulses in the previ-
ous experiment1 is caused by the Raman effect. Furthermore,
the Raman effect induces a spectral distortion for pulses
propagating in semiconductor waveguides, which is dlfferent
from the soliton self-frequency shift found in optical fibers.”

Finally, we find that the amount of energy exchange (cross-
talk) due to the Raman effect is inversely proportional to the
pulse widths, which can degrade the switching performance
of semiconductor waveguides using subpicosecond pulses.

I. RAMAN GAIN SPECTRA OF Aly,Gag76AS

We obtain the Raman gain spectra of Aly,,Gagr6As
from the experimentally measured spontaneous Raman scat-
tering cross sections. We determine the absolute Raman scat-
tering cross section in Aly,4Gags6As using a comparison
technique in which the cross section is measured relative to a
GaAs scatterer. Because the spectral width of optical pulses
used in optical switching applications is narrow (~350
cm™! for a 300-fs Gaussian pulse) compared to the Raman
gain spectrum for AlGaAs material, the pulses can only ex-
cite the Raman gain at low frequencies. Therefore, we focus
on the measurement of the low frequency Raman scattering
cross section.

The experimental setup for measuring the Raman scat-
tering cross sections of Alj;4Gag76As is illustrated schemati-
cally in Fig. 1. The experiments are performed in the back-
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FIG. 1. Experimental setup of Raman scattering measurement (PMT

= photomultiplier tube).

scattering configuration at room temperature. The pump
source is a single spatial mode cw argon ion laser at a wave-
length of 0.515 pm, which is focussed to a line 50 pwm by
0.2 cm. The half-wave plate in front of the sample is used to
rotate the pump polarization, and an I, absorption cell filter
is used to attenuate the Rayleigh scattered light from the
pump laser. The Raman scattered light is focussed onto a
SPEX scanning double monochromator and detected by a
cooled Hamamatsu R585 photomultiplier tube (PMT) with a
dark count of approximate 3 counts/sec. Finally, we use a
polarizer to select the polarization of the Raman scattered
light and a half-wave plate to rotate this polarization to hori-
zontal for analysis by the monochromator.

The GaAs and Aly,4Gag 76As samples are grown by or-
ganometallic vapor phase epitaxy. To reduce oxidation, the
samples are capped with 200 A GaAs, which is stripped by
reactive ion etching just before measurements, and are kept
in helium gas. The oxidation can cause surface roughening
and disorder-induced scattering. The samples are mounted
adjacent to each other on a translational stage in order to
keep constant collection geometry while sliding in and out of
the sampling volume. The sample holder is placed inside a
helium- gas cell during the experiments to prevent the low
frequency Raman scattering by air.

We measure the scattered light from the [ 100] surface of
each sample for the four different configurations listed in
Table 1.'%!! The Raman scattering cross sections are written
in terms of the irreducible second rank Raman tensor com-
ponents a, b, and d. After calibration of the Raman scattering
cross sections according to the differences in scattering

TABLE I Selection rules for Raman scattering from surface [100] for the
zinc-blende structure, where a, b, and d are the irreducible components of
the second rank Raman tensors. The nonzero fourth rank Raman tensors are
Ni=a?+4b%, I)1=(at—2b2+d*/2 , and I5;,=d>.

Incident Scattered Raman
Configuration polarization polarization intensity
1 [011] [0113 a’+b2+d? (LOY
2 [o11] [o11] 3p2
3 [010] [oo1] 44 Loy
4 [010] [010] ‘a2+4b2

“Longitudinal optical phonons.
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FIG. 2. Depolarized Raman gain spectra for Aly;,Gag7sAs at pump wave-
lengths of 0.515 wm (upper curve) and 1.55 um (lower curve) at room
temperature.

length, reflection losses, and solid angles due to the different
indices of refraction between GaAs and A10,24Ga0,76As,1° we
obtain the relative Raman cross section of Aly,4Gagy6AS,
with respect to GaAs. From the absolute Raman cross sec-
tion of GaAs measured in Refs. 8 and 9, we then obtain the
absolute Raman cross sections of Algy,GagqsAs for four
configurations in Table I. From those Raman cross sections,
we extract the three irreducible components a, b, and d and
then calculate the three nonzero fourth rank Raman tensors
Iis Liz1, and Ip15; (see Table I) for Aly,,GayseAs. Fi-
nally, we obtain the Raman gain (85?:?) from the Raman
scattering cross section (o), which is proportional to the
fourth rank Raman tensor [, 1 using the relation!?

ojr(/em- sr- cm™)A]
;2?16(}104- 1) ’

where o5, is the Raman cross section, A is the wavelength
of the scattered light, € is the dielectric constant at the scat-
tered light wavelength, z is Planck’s constant, and ng is the
Bose-Einstein factor. ‘
In Fig. 2 we present the depolarized Raman gain spectra
(glfil“"ﬁ(w)) for Aly,4Gag76As at pump wavelengths of 0.515
and 1.55 pm. The Raman gain spectrum at 1.55 um is ob-
tained by scaling from the spectrum at 0.515 pm. This is
because when the pump wavelength is away from the Raman
resonances, the Raman scattering cross section is inversely
proportional to the pump wavelength. This inverse relation-
ship is due to the fact that photomultiplier tube measures
photon number instead of photon energy. The depolarized
Raman gain at 100 cm™! is about 10~ '° cm/W, which is two
orders of magnitude larger than that in silica fibers.!> We find
that the Raman gain below 80 cm™! appears to be linearly

g (cm/W) = 2.1)
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dependent on frequency, and the slopes (s1, s2, and s3) of
the Raman gain spectra (g5, 50 | and g5em) below 80
cm™! follow the relations

S1—2S3 and S22‘0.5S3, (2.2)

where 53==3.28%X107!2 c/W/cm™! at a 1.55 um pump
wavelength. We will show in the next two sections that the
slopes of the Raman gain spectra dominate the Raman effect
for sub-picosecond pulses.

Iil. COUPLED PROPAGATION EQUATIONS FOR
AlGaAs WAVEGUIDES

Raman scattering in semiconductors arises from the in-
teraction of light wrth optical phonons. Following the density
matrix formalism'* and treating the material as a three level
system , we derive the nonlinear polarization ngman(z 1),
which is responsible for the Raman process. In particular,

, t
PP (z,1)=E(z.1) foxﬁ,?,ﬁl(t—t',t—t’;O)

X{E¥(z,t"VEz,t") + E(z,t")EF (z,¢")}dt’,
(3.1)

where P(3)(r,,t) is the ith vector component of ngmm(z 1),
E(z,t) is the _]th vector component of the electric field and
ngkz(t t',t—1";0) is the third order susceptibility, which
will be abbreviated as XE?,E, For a system with cubic sym-
metry like AlGaAs, the third order susceptibility can be ex-

pressed as

(3) —

3
Xiiki=X 02858+ x3010u8; it X328

: 3 3
"‘(qu X=X~

Thus, Eq. (_3.1) becomes

X (1%)12) Sijki - (3.2)

P§3)=2E,-(z,t)f X3E* (z,6") - E(z,t")dt’ + E(z,1)
. f E*(z,t") (X3 + X3 Ei(z.t)dt' +E(z,1)
[ B B BT Ve 4 2B )

3
J(Xllll X1122 X12)21 X(IZ)IZ)

XE¥(z,t")E(z,¢")dt’ . (3.3)

To derive the coupled propagation equations for two or-
thogonally polarized pulses, we express the total electric
field and the nonlinear polarization in the waveguide as

E(z,t)=[U(z,t)e’*0%e + V(z,t)eilozéy]e"i“0t+ c.c.,

P an(2:0) =[ p(z,1)e ™%, + i(z,1)e"h0%8, Je 0" +-c.c.
(3.4)

Substituting Eq. (3.4) in Eq. (3.3) and using the result in the

evolution equation,’>! we obtain
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au 477(0%

e =- (3) INLH

2| kg [U(Z’t) Xi1l U(z,t")|*dt
aman

+U(Z,t)f Xuzle(Z t )|2dt +V(Z,I)
f XDaV* (2,8 Ulz,t')d' +V(z,0)

t .
% j X§32)12V(Z,t’)U*(z,t’)ez’(’O"‘o)ldt'},
0
(3.5)

and a similar result for igV/ &zIRaman, where we have used
the intrinsic symmetry relation X1221 le The fourth term
in Eq. (3.5) can be neglected for AlGaAs waveguides be-
cause of the large phase factor [{I;— ko)=2031]'. The non-
linear gain G for a beam propagating in a waveguide i usu-
ally defined as

U
=G-1-U,

2 (3.6)

‘where U is the field of the beam and I is the beam mtensrty

Therefore, we can relate the 1mag1nary part of qul,
Im( X,,kz) to the Raman gain coefficient, 8z,kz , as

47w
ck

hn[xile(r—t',z—z';on

—zw(t—t’)dw

Ram
=_J 8ijid (@) 3.7)

‘ZACff

where A,y is the effective area of waveguides.

Since the spectral width of our pulse i 1s small compared
to the Raman gain spectrum , we expand 8; kL ") as a Tay-
lor series in the frequency domain and retain only the first
two terms. The first term is ignored because it is independent
of frequency and it only changes the Kerr coefficients
slightly.15 Then, we obtain the coupled propagation equations
for two orthogonally polarized pulses, including the Raman
terms, in AlGaAs waveguides

U  i2wn,U
v ————(IU|2 3lV|2)_“‘U_ {ﬁuulUP
+.31122|V| + B UV*+ U*V)}
iU ad ad
Y 2. . 2oz
47A 5y s15lU 251Vl )
X l? UVv*, (3.8
47TAeff é’t . )

and a similar result for §V/dz, where n, is the nonlinear
refractive index, a is the linear absorption coefficient,
Bijir’s a:e the anisotropic two photon absorption
coefficients,!” and s,’s are the slopes of Raman gain spectra
at low frequencies. For numerical simplicity, we ignore the
linear absorption term and normalize Eq. (3.8) as

Kao et al.



1 \Pump
Axis
A o, '
B WA A
“~ Probe
E Axis
3 |
8,
}E -
s
u (a) Experiments
e L 1 | YO N T |
10 . 05 0 0.5 10 15
Atps]
/ "‘ —— pump Axis Without TPA
a
v
\
: ~~ pump
Axis
™~ Probe
Axis

AT [a.u]

‘ {b) Simulations

1.0 -05 0 0.5 1.0 1.5
At [ps]

FIG. 3. (a) Time-resolved pump-probe data for a Aly;GaggAs bulk wave-
guide using 285-fs pulses at 1.67 um with polarizer at output along pump
axis and probe axis. The pump is orthogonally polarized to the probe. (b)
Numerical result for two orthogonally polarized pulses propagating through
a Aly,GaygAs waveguide under the same conditions as (a). The dashed
curve shows the differential transmission of the pump pulse without the TPA
effect.

oU 2 AU .
‘3?=5|U|2U+i 3 viru- ypm— {Brul U+ 81122 V|2

ad
+Brap(UV*+ U*V)}—ic,U 'gt_:lUlz

T I T
—ic,U ETIVI —zc:,V:;t—, Uv¥*, (3.9

where t'=1¢/t, (¢,=7/1.177 for Gaussian pulse with pulse
width 7), and

)\Si
8mn,t,

o= (3.10)

which is similiar to the expression of soliton self frequency
shift coefficient.” The first five terms on the right hand side
of Eq. (3.9) contribute to self-phase modulation (SPM),
cross-phase modulation (XPM), anisotropic two photon ab-
sorption (TPA), frequency distortion from the self-Raman
gain g?u““} , and frequency distortion from the g{ﬂ";g. The last
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FIG. 4. Differential transmissions of the probe out of a Aly,GaggAs wave-
guide as a function of time separation (Af) in the absence of SPM and
XPM.

term is related to the depolarized Raman gain g%, which

nradnras hath anaray trancfar hatt n fyn n L
ProGuces ool Sneigy uvansier oCiween two yulses and fre-

quency distortion.

V. SIMULATION RESULTS AND DISCUSSION

The simulation results of this paper confirm that the en-
ergy transfer observed in the pump-probe measurements’
earlier is induced resulting from the Raman effect mecha-
nism. For example, Fig. 3(a) shows the pump-probe mea-
surement results previously reported.' These results were
measured in a 7.2 mm long Al,,GaggAs bulk waveguide.
The pump and probe were orthogonally polarized 285-fs
pulses at a wavelength of 1.67 um. The pump intensity was
3.85 GW/cm?, which produced a ar phase shift, and the
probe intensity was about 1% of the pump. The differential
transmissions (AT) as a function of time separation (Af)
were measured by putting a polarizer along the pump and
probe polarization axes. A transfer of energy between the two
axes was observed. The probe gave energy to the pump when
Ar<0, and the probe gained energy from the pump when
Ar>0.

Applying the same conditions as the pump-probe experi-
ment to Eq. (3.9) and assuming Gaussian pulses for the
pump and the probe, we obtain the results shown in Fig.
3(b). We use n,=1.8X10""* cm¥W, B;;;=0.26X10"*
cm/MW,! B115=0.59B1111, and Bi3;;=0.58B11;;."" The
coefficients ¢; (c;=0.12, ¢,=0.03, and ¢;=0.06) are calcu-
lated by substituting the slopes of Raman gain spectra to Eq.
(3.10). The curves shown in Fig. 3 are drawn in arbitrary
units and displaced to highlight the transmission change for
each pulse. The simulated peak-to-peak transmission change
of the probe pulse is about 35%, which agrees with the value
of 30% obtained from the previous experimental result.! The
agreement between the experiment and simulation verifies
that the low frequency depolarized Raman gain of the
AlGaAs waveguide is responsible for the energy exchange
between two orthogonally polarized pulses.
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FIG. 5. Frequency spectra for the pump pulse (a), and for the probe pulse
(b) when A¢= ~0.13 ps. The dashed curves show the pulse spectra without
the Raman effect, and the solid curves show the spectra with the Raman
effect.

This model enables us to obtain greater insight into the
results of Fig. 3. First, the sign of the energy transfer (AT)
depends on the sign of the time separation (Az) between the
pump and the probe. This is due to the self-phase modulation
(SPM) on the pump pulse. When Ar<<0, the probe overlaps
with the leading edge of the pump, which is red-shifted by
the SPM. The pump gains energy from the probe because the
lower frequencies of the pump extract epergy from the
higher frequencies of the probe due to the depolarized Ra-
man effect.’ To confirm this argument we deliberately drop
the SPM term in Eq. (3.9) and show the differential trans-
mission of the probe in Fig. 4. In this case, the probe always
transfers energy to the pump, because the seif-Raman effect
leads to amplification of the lower frequencies of the pump
at the expense of its higher frequencies [see Fig. 5(a)]. When
the probe overlaps with the pump pulse, the depolarized Ra-
man effect causes energy transfer from the higher frequen-

cies of the probe to the lower frequencies of the pump. In .

addition, since SPM broadens the pulse spectrum and there-
fore the pulse excites wider Raman gain spectrum, SPM en-
hances the energy exchange. For example, the simulated en-
ergy transfer is 35% of the probe between 285 fs pulses with
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FIG. 6. The normalized peak-to-peak differential transmission of the probe
as a function of pulse width. The dots are the results from simulation. The
solid curve is inversely proportional to the pulse width.

SPM, and it is only 9% without SPM. We also verify that the
energy exchange between the pump and the probe due to the
Raman effect is conserved (i.e., the energy leaving one pulse
results in the other). This conservation result is masked in
Fig. 3 because the pump pulse suffers stronger TPA than the
probe. On the other hand, the dashed curve in Fig. 3(b)
shows the differential transmission of the pump without
TPA, thus demonstrating that the energy transfer is con-
served and caused by the Raman effect.

Futhermore, because of the frequency dependent Raman
gain, the Raman effect induces the spectral distortion and
asymmetry shown in Fig. 5. The time separation between
two pulses is chosen at about —0.1 ps when the probe trans-
fers maximum energy to the pump. The dashed curves rep-
resent spectra broadened by SPM under 4 phase shift con-
ditions; the solid curves represent the spectra distorted by the
Raman effect and SPM under the same conditions. The spec-
tral distortion of the pump pulse [Fig. 5(a)] is mainly caused
by the self Raman effect, which transfers energy from the
high frequencies to the lower frequencies. On the other hand,
the probe spectrum is distorted by the depolarized Raman
gain because the energy transfers from the higher frequencies
of the probe to the pump pulse.

Thus far we have studied the Raman effect in AlGaAs
waveguides for 285 fs pulses. However, since the Raman
terms in Eq. (3.9) are inversely proportional to the pulse
width, the Raman effect becomes increasingly important for
shorter pulses. Intuitively, a shorter pulse and its wider spec-
trum can excite a broader Raman gain. Figure 6 plots the
energy exchange caused by the Raman effect as a function of
pulse width under the 7 phase shift conditions. The dots are
simulation results and the solid curve is an inverse function.
The cross-talk between two orthogonally polarized pulses is
more than 15% for a pulse width shorter than 600 fs. Also,
the spectral distortion is more serious at shorter pulse widths.

Kao et al.



V. SUMMARY

In summary, we have reported the depolarized Raman
gain spectra for Aly24Gag 76As at pump wavelengths of 0.515
and 1.55 um. The depolarized Raman gain at 100 cm™! is
about 107'° c/W/em™! at a 1.55 um pump wavelength.
Our pulse propagation model, which is consistent with the
previous experimental data,' shows that the low frequency
Raman gain in AlGaAs waveguides produces cross-talk be-
tween two orthogonally polarized pulses and spectral distor-
tions. The cross-talk is inversely proportional to the pulse
width. For 300-fs pulses, the cross-talk is about 30%. Since
the Raman effect and the nonlinear refractive index are both
x® related, they obey the same scaling laws for intensity
and waveguide length dependence. Because the Raman ef-
fect scales inversely with pulse width, the Raman effect lim-
its the minimum pulse width with which AlGaAs
waveguides may be used for nonlinear refractive index ap-
plications. :
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