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Observation of ultrashort pulse propagation anisotropy in a semiconductor
quantum nanostructure optical waveguide by cross-correlation
frequency resolved optical gating spectroscopy
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Femtosecond optical pulse propagation in a quantum well~QW! waveguide and a quantum wire
~QWR! waveguide was investigated by cross-correlation frequency resolved optical gating
~XFROG! spectroscopy. An optical pulse transmitted through the GaAs QW waveguide was found
to stretch greatly from 140 fs to almost 1 ps due to nonlinear dispersion around the heavy hole
exciton resonance at transverse electric polarization in a near resonant experiment. In contrast, only
slight chirping of the pulse transmitted was observed either at transverse magnetic polarization or
off resonance for both polarizations. In the GaAs QWR waveguide, the polarization anisotropy of
a crescent shaped QWR could also be observed in terms of dispersion by XFROG spectroscopy in
spite of the small absorption compared with that in the QW. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1596368#
ll

ho
a

er
i

di
ry
a

ti
ica
as
ti
b

e
ow
en
ht
n

s

y
an

i

th
n

sis
in-
ld

.
on

ical

cal
nd
-

ds

OG
gnal

ain
in-

ue
nt of
ns-
or-
be
ion

he
he
py.
I. INTRODUCTION

Semiconductor optical waveguides with quantum we
~QWs!, quantum wires~QWRs! or quantum dots~QDs! as a
active materials are important components for ultrafast p
tonic devices such as laser diodes, semiconductor optical
plifiers, and photonic switches. Knowledge of their prop
ties for the transmission of ultrashort optical pulses
essential for optimal design of these devices. However,
tortion of optical pulses transmitted through them is ve
complicated, because both the amplitude and phase
changed by numerous linear optical factors such as refrac
index dispersion, absorption or gain, and nonlinear opt
effects such as two-photon absorption or self-ph
modulation.1,2 Therefore, transmission properties of the op
cal waveguide in both time and frequency domains should
fully characterized before designing future photonic devic

The quantum nanostructure waveguide has been sh
to possess anisotropic optical properties which dep
strongly on the direction of polarization of the incident lig
field. Several groups have investigated the anisotropic tra
mission properties of quantum nanostructure waveguide
the frequency domain using continuous wave~cw!-light
sources.3–5 Weineret al. observed the absorption anisotrop
between polarization parallel and perpendicular to the pl
of the QW layer in a transmission experiment.3 Soneket al.
investigated the refractive index dispersion anisotropy
QWs by the grating coupling method.4 In their studies, each
optical constant was studied independently. On the o
hand, both the absorbance and the refractive index ca

a!Electronic mail: n-tsurumachi@aist.go.jp
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obtained at the same time without Kramers–Kronig analy
by Fourier-transform analysis of linear cross-correlation
terferograms between the light field input and the light fie
output from the sample in the time domain technique6,7

However, these techniques do not provide the information
the temporal pulse shape including the nonlinear opt
effects.

Recently, frequency resolved optical gating~FROG! has
often been used for full characterization of ultrashort opti
pulses, since it gives information on both the amplitude a
phase of the pulse field.8 Although second harmonic genera
tion ~SHG! FROG is one of the most widely used metho
for ultrashort pulse characterization,9 it often fails to retrieve
a weak pulse. Cross-correlation FROG~XFROG! is more
suitable for characterization of weak pulses than SHG-FR
because the former is based on the sum-frequency si
between a weak test pulse and a strong gate pulse.10,11 Since
the amplitude and the phase of the pulse in the time dom
can easily be transformed into the amplitude and phase
formation in the frequency domain, the XFROG techniq
can be used to measure a complex transmission coefficie
the sample in the linear regime. Not only the complex tra
mission coefficient in the frequency domain but also def
mation of the ultrashort pulse in the time domain can
observed directly at the same time in both the linear reg
and the nonlinear region by XFROG spectroscopy.1,12–14

In this article, the transmission properties, including t
polarization anisotropy of the QW waveguide and of t
QWR waveguide, are investigated by XFROG spectrosco
6 © 2003 American Institute of Physics
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II. EXPERIMENT

A. XFROG spectroscopy

In general, the ultrashort optical pulse field can be w
ten in the time domain as

E~ t !5Re$AI ~ t ! exp@ iv0t2 iw~ t !#%, ~1!

whereI (t) andw~t! are intensity of the wave form and tem
poral phase of the pulse, respectively, andv0 is the carrier
frequency. The instantaneous pulse frequencyv(t) can be
derived from the temporal phase as

v~ t !5v02
dw~ t !

dt
. ~2!

The pulse field can also be written in the frequency dom
as

Ẽ~v!5AĨ ~v2v0! exp$ i w̃~v2v0!%, ~3!

whereẼ(v) is the Fourier transform ofE(t). Ĩ (v2v0) and
w̃(v2v0) are the power spectrum and spectral phase,
spectively. The group delayt̃(v2v0) can be derived from
the spectral phase as

t̃~v2v0!5
dw̃~v2v0!

dv
. ~4!

Both the amplitude of and phase information on the lig
flied can be obtained by the XFROG method. XFROG sp
troscopy is based on an intensity cross-correlation meas
ment. The electric field of the cross-correlation signalEcross

for sum-frequency generation has the following form:

Ecross~ t,t!5Egate~ t !Etest~ t2t!, ~5!

whereEgateandEtest are the electric fields of the gated pul
and the test pulse, respectively. The spectrum of cross co
lation recorded as a function of delayt between the test an
gated pulses yields a XFROG trace of

I XFROG~v,t!5U E
2`

1`

Ecross~ t,t!exp~ ivt !dtU2

. ~6!

The XFROG algorithm based on iterative Fourier transf
mation with generalized projection is performed to retrie
the unknown test pulse.10 This algorithm needs input dat
from both the experimentally obtained XFROG tra
I XFROG(v,t) and the electric field of the gated pulseEgate(t),
which was previously characterized well by another meth
for example, SHG FROG. Staring with an initial guess of t
test pulse, the iterative Fourier transform algorithm genera
a better guess, which is closer to the correct complex elec
field.

The complex transmission properties of a sample can
derived from the amplitude of and phase information on b
the input and output light fields. Thus, the XFROG meth
can be used as a spectroscopic tool for characterization o
optical properties of the sample such as for waveguide st
tures.
We
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B. Experimental setup

Figure 1 shows a schematic of the experimental setu
this study. The laser system we used was based on a m
locked Ti:sapphire laser and an optical parametric oscilla
~OPO!. The output from the Ti:sapphire laser, whose wav
length and pulse duration were around 800 nm and about
fs, respectively, was focused onto a facet of the wavegu
by a microscope objective with magnitude of 20 after co
pensation for chirping using a prism pair. The spot diame
of the incident laser at the waveguide’s facet was abou
mm. Part of the Ti:sapphire laser output was used to pu
the OPO. The pulse and the gate pulse transmitted from
OPO, whose wavelength and pulse duration were aro
1550 nm and about 150 fs, respectively, overlapped a
mm thin b-BaB2O4 ~BBO! crystal and sum-frequency ligh
was generated. The sum-frequency-light spectra were
corded with a liquid N2 cooled charge coupled device~CCD!
camera as a function of the delay between the pulse tr
mitted and the gate pulse. We refer to them as XFRO
traces. By retrieving the phase from an experimentally
tained XFROG trace,10,11 we obtained both the amplitud
and phase of the pulse.

A combination of Ti:sapphire laser and OPO~in a two-
color configuration! enables background-free measureme
Since the wavelength of the sum-frequency signal and
SHG signal from each pulse are different, the sum-freque
signal can easily be resolved by a spectrometer.15

The waveguide sample was fixed on the cold finger o
high stability transmission-type helium cryostat~Axess Tech!
for the low temperature experiment. Drift of the sample p
sition with respect to the support of the cryostat in all dime
sions was less than 1mm over at least a 3 h period. CCD
cameras were used to visualize the facet of the waveguid
both the input and output sides.

C. Quantum nanostructure optical waveguide sample

Based on the discussion above, we employed XFR
spectroscopy to obtain the complex transmission proper
of a semiconductor optical waveguide with GaAs/AlGaA
QWs and QWRs. The QW sample was a graded ind
separate confinement heterostructure~GRIN-SCH! optical
waveguide that contained three period GaAs/Al0.2Ga0.8As
QWs ~10 nm!. The cladding layer was Al0.4Ga0.6As. The
temperature dependence of the photoluminescence~PL!
spectrum is shown in Fig. 2. The wavelengths of the
peaks from the QWs, the impurity, and the GaAs substr
are 760, 818 and 830 nm, respectively at 10 K. At 300
only the PL peak from the QWs at 810 nm is observed.

FIG. 1. Schematic of the experimental setup for XFROG spectroscop
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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performed two different XFROG experiments for the Q
waveguide.~1! We tuned the input light wavelength to 84
nm, which is off resonance with the exciton transition of t
sample kept at 300 K. Here, the length of the waveguide
700 mm. ~2! We tuned the input wavelength to 770 nm
which is near resonance and kept the sample at 10 K. H
the length of the waveguide was 350mm.

Figure 3 shows a cross-sectional high resolution sc
ning electron microscopy~SEM! image of the QWR wave-
guide sample. The QWR sample was an optical wavegu
that contained seven period crescent sha
GaAs/Al0.36Ga0.64As QWRs fabricated by flow rate modula
tion epitaxy.16–18The cladding layer was Al0.63Ga0.37As. The
flat ~001! and the (111)A sidewall regions were remove
selectively using wet chemical etching, which is effective
suppressing PL from parasitic QWs in the sample.17 The PL
spectrum of the QWR sample at 10 K is shown in Fig. 4. T
PL in the QWR is located at 795 nm. The low energy side
peaks around 750 nm are from residual parasitic QWs
the high energy side PL peak at 830 nm is from the Ga
substrate. In the XFROG experiment for the QWR samp
we tuned the wavelength input to 795 nm, which is reson

FIG. 2. Temperature dependence of PL spectra on the QW waveg
structure.

FIG. 3. Cross-sectional SEM image of the QWR waveguide structur
Downloaded 12 Aug 2003 to 130.158.131.30. Redistribution subject to A
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with the exciton transition of the QWRs of the sample kept
10 K. Here, the length of the waveguide was 1000mm.

III. RESULT AND DISCUSSION

A. Off resonance in the quantum well waveguide

First, the results of the XFROG experiment for off res
nance in the QW waveguide as a demonstration of XFR
spectroscopy are described. Figure 5 shows experimen
obtained XFROG traces of pulse input and pulse outpu
the waveguide in the off resonance experiment. The trac
the pulse output is tilted compared with that of pulse inp
This shows that the longer wavelength components tra
faster in the waveguide than the shorter wavelength com
nents. The traces of SHG FROG do not show tilting due
ambiguity in the time direction.8 We obtained both the am
plitude and phase of the pulse in the time domain by empl
ing the phase retrieval algorithm.10,11 The instantaneous fre
quency of the pulse was calculated from the temporal ph

de
FIG. 4. PL spectrum of the QWR waveguide structure at 11 K.

FIG. 5. Experimentally obtained XFROG traces for~a! pulse input and~b!
pulse output of the QW waveguide under the off resonance condition.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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using Eq.~2!. Figure 6 shows the intensity and instantaneo
frequency of the pulse obtained in the time domain. T
pulse width output is broader than the pulse width input. T
instantaneous frequency of the input is almost constant
the whole duration of the pulse, which suggests that the p
input is almost Fourier transform limited. On the other ha
the instantaneous frequency of the output increases alm
linearly from the beginning of the pulse to the end. Th
clearly shows that the pulse output is linearly chirped due
dispersion of the group velocity of the waveguide in t
transparent region. These results show that our XFR
spectroscopy setup can be used for analysis of the prop
tion properties in waveguide-type semiconductor optical
vices.

B. Near resonance in the quantum well waveguide

Next, the results of the XFROG experiment for ne
resonance in the QW waveguide are described. Figur
shows the experimentally obtained XFROG traces for pu
input and pulse output of the waveguide when the inpu
polarized perpendicular to the QW layer@transverse mag
netic ~TM! polarization#, and the output when the input i
polarized parallel to the QW layer@transverse electric~TE!
polarization# in the near resonance experiment. For TM p
larization, the result is similar to that in off resonance sho
in Fig. 5~b!. In contrast, with TE polarization, the XFROG
trace has a very long tail. Figure 8 shows the intensity a
instantaneous frequency of the pulse obtained in the t
domain. The instantaneous frequency of pulse input rem
almost constant for the whole duration of the pulse as sho
in Fig. 8~a!. With the TM polarization shown in Fig. 8~b!, the
instantaneous frequency increases over time, although
oscillating behavior seen suggests the existence of hig
order dispersion. We cannot distinguish between this hig
order dispersion and linear chirp under off resonant con
tions solely from the XFROG trace. However, by obtaini
the phase, we were able to observe the difference. With
TE polarization shown in Fig. 8~c!, the pulse has a very lon
tail and the instantaneous frequency changes nonline
over time. We can also obtain both the amplitude and ph

FIG. 6. Intensity and the instantaneous frequency of pulse input and ou
in the time domain obtained from XFROG traces in the off resonance
periment for the QW waveguide. The solid line is the intensity of the in
and the dashed line is that of the output. The open circle is the instantan
frequency of the input and the closed circle is that of the output.
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of each pulse in the frequency domain. The group delay
be obtained from the spectral phase using Eq.~4!.

Figure 9 shows the transmitted intensity and group de
dispersion obtained in the frequency domain. The solid l
is the intensity of TE polarization and the dashed line is t

ut
x-
t
us

FIG. 7. Experimentally obtained XFROG traces for~a! pulse input, for~b!
TM polarization output, and for~c! TE polarization output in the near reso
nance experiment for the QW waveguide.

FIG. 8. Intensity and the instantaneous frequency of the pulse in the
domain obtained from XFROG traces for~a! pulse input, for~b! TM polar-
ization pulse output and for~c! TE polarization pulse output in the nea
resonance experiment for the QW.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of TM polarization. The closed circle is the group delay
TE polarization and the open circle is that of TM polariz
tion. With TE polarization, the intensity of the higher ener
side transmitted is greatly reduced and the group delay
persion bends more than with TM polarization. These diff
ences between TE and TM polarization are attributed to
absorption anisotropy of QWs.3,4 With TE polarization, QWs
have both heavy hole~hh! and light hole~lh! exciton absorp-
tion. In contrast, with TM polarization, hh exciton absorptio
is forbidden by the polarization selection rule so only
exciton absorption can be observed. The lh exciton abs
tion peak is located on the higher energy side of the
exciton absorption peak. Since the center wavelength
pulse input was tuned towards the lower side of the hh e
ton absorption peak, TE polarization light was influenced
absorption and dispersion more than TM polarization lig
Therefore, the spectrum of the pulse output for TE polari
tion is deformed and the pulse width is greatly stretched
to nonlinear chirp.

The origin of the ‘‘small step’’ on the low energy side i
Fig. 9 might be an error in analysis since the intensity of
polarization transmitted was quite weak compared to T
polarization due to absorption anisotropy. Moreover
spectrum of TE suggests that absorption saturation exists
it is difficult to discuss the difference in energy between
and lh transitions just by the spectra of this sample. In or
to investigate details of the optical properties of the Q
itself, it is necessary to optimize the absorption coefficie
waveguide length and waveguide modes. In this article,
emphasize that the amplitude of and phase information
waveguide-type real optical devices such as the pulse w
form, group delay dispersion, transmitted spectrum etc.
be obtained at the same time by XFROG spectroscopy.

C. Resonance in the quantum wire waveguide

Finally, results of the XFROG experiment for the case
resonance in the QWR waveguide are described. Fig
10~a!–10~c! show the experimentally obtained XFRO
traces for pulse input, pulse output from the waveguide w
the polarization of light was vertical to the direction of co
finement of the QWR~TM-like polarization!, and output
when the polarization of light was in the direction of later

FIG. 9. Intensity and group delay dispersion in the frequency domain
tained from the XFROG trace in the near resonance experiment for the
waveguide. The solid line is the intensity of TE polarization and the das
line is that of TM polarization. The closed circle is the group delay of
polarization and the open circle is that of TM polarization.
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confinement of the QWR~TE-like polarization!. For both
polarizations, the results were not completely the same l
for example, the position of the top of the contour, howev
it is quite similar and it is difficult to distinguish one from
the other in the XFROG traces. This is because the ac
volume of the QWR, that is, the influence of absorption d
ing propagation, is much smaller than that of the QW wa
guide. Moreover, since there are higher-order wavegu
modes in the V-groove waveguide which do not overlap
QWRs, the influence of the absorption of QWRs tends to
smaller. The fact that the XFROG trace shows a single p
suggests that the light of all modes transmitted from
waveguide arrived at the same time on the BBO crysta
this experiment. We cannot distinguish the propagation
each mode even if their refractive indices are different. Sin
the XFROG trace contains both fundamental mode, wh
was influenced by absorption, and transparent higher-o
mode, the influence of absorption decreased when the c
ponent of the higher-order mode increased.

However, we could observe the polarization anisotro
of the QWR waveguide by retrieving the phase. Figure
shows the normalized transmitted intensity and group de
dispersion retrieved in the frequency domain. The intens
spectrum of the TM polarization transmitted is almost sa
as that in the input light spectrum. On the other hand,
peak of the light output spectrum of the TE polarization
redshifted compared with that of the input and the TM p
larization due to small absorption on higher-energy side. T
group delay dispersion of the TM polarization is almo
straight. However, that of the TE polarization bends a lit
bit, which reflects an anomalous dispersion related to abs

-
W
d

FIG. 10. Experimentally obtained XFROG traces for~a! pulse input, for~b!
TM polarization output, and for~c! TE polarization output in the resonanc
experiment of the QWR waveguide.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion. These differences between TE and TM polarizations
attributed to the absorption anisotropy of the QWRs. T
polarization anisotropy has been shown to depend stro
on the cross-sectional shape of the QWR. Martinetet al. dis-
cussed the absorption anisotropy between TE and TM po
ization in a crescent shaped QWR waveguide.5 They found a
genuine QWR transition in TM polarization, e1h2, whic
originates both from valence band mixing atk50 and from
the breaking of symmetry at the heterostructure level, des
mirror symmetry. In TM polarization, the e1h1 transition h
no visible feature and the e1h2 transition is fundamental
is located at the higher energy side of the e1h1 transit
Our results also suggest that the absorption edge in the
polarization is at higher energy compared with that in
polarization. Although it is difficult to discuss details of th
absorption spectrum profile because of small absorption,
also could observe the polarization anisotropy of QWR
sorption when light was inserted along the QWR.

In the case of conventional cw absorption spectrosc
of waveguide structures, it is necessary to separate the
transmitted through the waveguide spatially from stray lig
which does not enter the waveguide core region due to
of focus or misalignment, so measurement of the absorp
spectrum was comparatively difficult. On the other hand
this XFROG case, these two different components are ea
separated by a time resolved measurement since the a
of light transmitted through the optical waveguide to t
BBO crystal is delayed. For measuring dispersion XFRO
spectroscopy has an advantage because it is not necess
add special structures such as a grating.4 In this XFROG
spectroscopy, both the amplitude and phase information
be obtained at the same time. In order to evaluate detail
the optical properties of the QWR, it is necessary to optim
the absorption coefficient, waveguide length, wavegu

FIG. 11. Intensity and group delay dispersion in the frequency domain
tained from the XFROG trace in the resonance experiment for the Q
waveguide. The solid line is the intensity of TE polarization and the das
line is that of TM polarization. The dotted line is that of the input. T
closed circle is the group delay of TE polarization and the open circle is
of TM polarization.
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modes and coupling constant of the waveguide. Here,
point out, however, that the anisotropy of dispersion in
QWR optical device could be clearly observed by th
XFROG spectroscopy even for small QWR absorption.

IV. CONCLUSION

We investigated the femtosecond pulse propagation
fects in a semiconductor QW waveguide and a QWR wa
guide by XFROG spectroscopy. In an off resonance exp
ment for the QW waveguide, we clearly observed line
chirping of the transmitted pulse. In a near resonance exp
ment for the QW waveguide, the optical pulse transmit
through the waveguide was found to be stretched gre
from its original duration of 140 fs to almost 1 ps due
nonlinear dispersion around the heavy hole exciton re
nance at TE polarization. In contrast, only slight chirping
the transmitted pulse was observed at TM polarization. In
QWR waveguide, the polarization anisotropy of the QW
could be observed by XFROG spectroscopy in spite of
small absorption. The polarization anisotropy of the QW a
the QWR retrieved from the XFROG traces was clearly o
served in the absorption and the dispersion. XFROG sp
troscopy was shown to be a very simple valuable techni
for the characterization of waveguide-type semiconduc
photonic devices, since transmission properties such as
pulse shape, chirping, absorption and dispersion spectra
easily be obtained at the same time using this technique
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bügel, B. A. Richman, and D. J. Kane, Rev. Sci. Instrum.68, 3277~1997!.
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