JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 4 15 AUGUST 2003

Observation of ultrashort pulse propagation anisotropy in a semiconductor
guantum nanostructure optical waveguide by cross-correlation
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Femtosecond optical pulse propagation in a quantum (@IV) 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.2@D3 American Institute of Physics.
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I. INTRODUCTION obtained at the same time without Kramers—Kronig analysis

. . . . by Fourier-transform analysis of linear cross-correlation in-
Semiconductor optical waveguides with quantum wells _ o . )
(QWS), quantum wireSQWRS or quantum dot¢QDs) as a terferograms between the_hght fle!d input an_d the I|ght7f|eld

active materials are important components for ultrafast pho2UtPut from the sample in the time QOmaln_technlﬁiue.
tonic devices such as laser diodes, semiconductor optical arhlowever, these techniques do not provide the information on
plifiers, and photonic switches. Knowledge of their proper-the temporal pulse shape including the nonlinear optical
ties for the transmission of ultrashort optical pulses iseffects.

essential for optimal design of these devices. However, dis- Recently, frequency resolved optical gatiffROG has
tortion of optical pulses transmitted through them is veryoften been used for full characterization of ultrashort optical
complicated, because both the amplitude and phase aplses, since it gives information on both the amplitude and
_change(_j by numerous Iine_ar optical_ factors such as refrac_:ti;/ﬁ,ase of the pulse fiefiAlthough second harmonic genera-
index dispersion, absorption or gain, and nonlinear opticajj,n, (SHG) FROG is one of the most widely used methods

fnﬁoe dcljlsatisﬁlc*?Th?;efz)V::-?rg%ts;isggior[rjgogrti;sr o fﬁ:‘;%hetlis?or ultrashort pulse characterizatidi, often fails to retrieve
. ’ prop P2 weak pulse. Cross-correlation FRQ&FROG) is more

cal waveguide in both time and frequency domains should be . o
fully characterized before designing future photonic devices.SuItabIe for characterization of weak pulses than SHG-FROG

The quantum nanostructure waveguide has been showpecause the former is based on the sum-frequency signal
to possess anisotropic optical properties which depenfi€tween a weak test pulse and a strong gate pliiSesince
strongly on the direction of polarization of the incident light the amplitude and the phase of the pulse in the time domain
field. Several groups have investigated the anisotropic trangan easily be transformed into the amplitude and phase in-
mission properties of quantum nanostructure waveguides iformation in the frequency domain, the XFROG technique
the frequency domain using continuous wat@v)-light  can be used to measure a complex transmission coefficient of
sources Weineret al. observed the absorption anisotropy the sample in the linear regime. Not only the complex trans-
between polarization parallel and perpendicular to the plangission coefficient in the frequency domain but also defor-
pf the_QW layer in a trapsm!55|on e).(penm.érﬁongket al. _mation of the ultrashort pulse in the time domain can be
investigated the' refractlvg index éj ISpersion amsotropy Mobserved directly at the same time in both the linear region
QWs by the grating coupling methddn their studies, each and the nonlinear region by XFROG spectroschijy

optical constant was studied independently. On the other . . e L .
In this article, the transmission properties, including the

hand, both the absorbance and the refractive index can be = " ) )
polarization anisotropy of the QW waveguide and of the

QWR waveguide, are investigated by XFROG spectroscopy.
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Il. EXPERIMENT 2 .
Ti:sapphire laser OPO i N
A. XFROG spectroscopy 100fs, 76MHz X
. . ]
In general, the ultrashort optical pulse field can be writ- d‘sgztrrs(‘)‘l’“ )
ten in the time domain as X |
I L !
E(t)=Re[VI (1) exdiwot—i¢(t)]}, 1 '
(t) e{VI (1) expliwo e(O]} @ spectrometer waveguide dela;rTi::e:
1
wherel (t) and ¢(t) are intensity of the wave form and tem-  fF————— L& ggo F-~"""~"~"""""" 4

. . . IN2 cooled CCD|
poral phase of the pulse, respectively, avglis the carrier

frequency. The instantaneous pulse frequengy) can be
derived from the temporal phase as

do(t
o(t)=wy— (g—(t)' (2 Figure 1 shows a schematic of the experimental setup in

this study. The laser system we used was based on a mode-
docked Ti:sapphire laser and an optical parametric oscillator
(OPO. The output from the Ti:sapphire laser, whose wave-
length and pulse duration were around 800 nm and about 100

E(w)=I(0—wg) explip(w—wg)}, 3) fs, respectlvely, was foguseq onto a facet of the waveguide
by a microscope objective with magnitude of 20 after com-

whereE(w) is the Fourier transform d&(t). 1(w—w,) and ~ Pensation for chirping using a prism pair. The spot diameter
?(w—wg) are the power spectrum and spectral phase, reof the incident laser at the waveguide’s facet was about 5
spectively. The group delay(w— w,) can be derived from wm. Part of the Ti:sapphire laser output was used to pump

FIG. 1. Schematic of the experimental setup for XFROG spectroscopy.

B. Experimental setup

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

the spectral phase as the OPO. The pulse and the gate pulse transmitted from the

OPO, whose wavelength and pulse duration were around

~ do(w—wq) 1550 nm and about 150 fs, respectively, overlapped a 0.5
H(o—wo)= T do @ mm thin B-BaB,0, (BBO) crystal and sum-frequency light

was generated. The sum-frequency-light spectra were re-

Both the amplitude of and phase information on the lightcorded with a liquid M cooled charge coupled devi¢gCD)
flied can be obtained by the XFROG method. XFROG speceamera as a function of the delay between the pulse trans-
troscopy is based on an intensity cross-correlation measurenitted and the gate pulse. We refer to them as XFROG
ment. The electric field of the cross-correlation sigBalss  traces. By retrieving the phase from an experimentally ob-

for sum-frequency generation has the following form: tained XFROG tracé®!! we obtained both the amplitude
and phase of the pulse.
Ecrosdt, 7) = Egard V) Ees(t— 7), 5 A combination of Ti:sapphire laser and ORM a two-

- color configuration enables background-free measurement.
WhereE gqe aNdE g are the electric fields of the gated pulse Since the wavelength of the sum-frequency signal and the

and the test pulse, respectively. The spectrum of cross COMmes 1 signal from each pulse are different, the sum-frequency
lation recorded as a function of delaybetween the test and _. . ’
signal can easily be resolved by a spectrometer.

gated pulses yields a XFROG trace of The waveguide sample was fixed on the cold finger of a
Foo 2 high stability transmission-type helium cryostaikess Tech
IXFROG(w,T)z‘f Ecosdt, T)exp(i wt)dt| . (6) for the low temperature experiment. Drift of the sample po-
- sition with respect to the support of the cryostat in all dimen-
sions was less than am over at leasa 3 hperiod. CCD
cameras were used to visualize the facet of the waveguide on
both the input and output sides.

The XFROG algorithm based on iterative Fourier transfor-
mation with generalized projection is performed to retrieve
the unknown test puls€. This algorithm needs input data

from both the experimentally obtained XFROG traceC. Quantum nanostructure optical waveguide sample

! xeroc(, 7) and the electric field of the gated puBg,{t), Based on the discussion above, we employed XFROG

which was previously characterized well by another method : L .
Spectroscopy to obtain the complex transmission properties

for example, SHG F.ROG' Sfcarlng with an |n|t|a_l guess of theof a semiconductor optical waveguide with GaAs/AlGaAs

test pulse, the iterative Fourier transform algorithm generate .

a better guess, which is closer to the correct complex electri Ws and QWRS' The QW sample was a gradeq Index-
' Separate confinement heterostructRIN-SCH optical

field. ) . )
. . waveguide that contained three period GaAghSla, sAS
The complex transmission properties of a sample can bSWs (10 nm. The cladding layer was AlGa, As. The

derived from the amplitude of and phase information on bo“lemperature dependence of the photoluminescefiis
the input and output light fields. Thus, the XFROG methOdSé)ectrum is shown in Fig. 2. The wavelengths of the PL

e Shalks fon the QW he mpury, and the Gas subtate
tures are 760, 818 and 830 nm, respectively at 10 K. At 300 K,

only the PL peak from the QWs at 810 nm is observed. We
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FIG. 2. Temperature dependence of PL spectra on the QW waveguide FIG. 4. PL spectrum of the QWR waveguide structure at 11 K.

structure.

with the exciton transition of the QWRs of the sample kept at

10 K. Here, the length of the waveguide was 1Q080.
performed two different XFROG experiments for the QW
waveguide.(1) We tuned the input light wavelength to 840 ||| RESULT AND DISCUSSION
nm, which is off resonance with the exciton transition of the
sample kept at 300 K. Here, the length of the waveguide wa
700 um. (2) We tuned the input wavelength to 770 nm,  First, the results of the XFROG experiment for off reso-
which is near resonance and kept the sample at 10 K. Herg@ance in the QW waveguide as a demonstration of XFROG
the length of the waveguide was 3p0n. spectroscopy are described. Figure 5 shows experimentally

Figure 3 shows a cross-sectional high resolution scanobtained XFROG traces of pulse input and pulse output of

ning electron microscopySEM) image of the QWR wave- the waveguide in the off resonance experiment. The trace of
guide sample. The QWR sample was an optical waveguidéhe pulse output is tilted compared with that of pulse input.
that contained seven period crescent shapedhis shows that the longer wavelength components travel
GaAs/Al 3G ¢ As QWRs fabricated by flow rate modula- faster in the waveguide than the shorter wavelength compo-
tion epitaxy'®**The cladding layer was AkfGa sAs. The  nents. The traces of SHG FROG do not show tilting due to
flat (001) and the (111A sidewall regions were removed ambiguity in the time directiof.We obtained both the am-
selectively using wet chemical etching, which is effective inplitude and phase of the pulse in the time domain by employ-
suppressing PL from parasitic QWs in the sampl&he PL  ing the phase retrieval algorithtt! The instantaneous fre-

spectrum of the QWR sample at 10 K is shown in Fig. 4. Thequency of the pulse was calculated from the temporal phase
PL in the QWR is located at 795 nm. The low energy side PL

peaks around 750 nm are from residual parasitic QWs and

the high energy side PL peak at 830 nm is from the GaAs 560 :
substrate. In the XFROG experiment for the QWR sample, mput
we tuned the wavelength input to 795 nm, which is resonant

4. Off resonance in the quantum well waveguide

550

w
n
o

-400 -200 0 200 400

output

Wavelength (nm)
=
<

550

GaAs QWR
/’\lﬂ.(ﬂ(]{iu 7AS 540
(cladding) 7600 7800 8000 8200 8400

1000nm Time (fs)

GaAs substrate

FIG. 5. Experimentally obtained XFROG traces fay pulse input andb)
FIG. 3. Cross-sectional SEM image of the QWR waveguide structure. pulse output of the QW waveguide under the off resonance condition.
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FIG. 6. Intensity and the instantaneous frequency of pulse input and output
in the time domain obtained from XFROG traces in the off resonance ex-
periment for the QW waveguide. The solid line is the intensity of the input
and the dashed line is that of the output. The open circle is the instantaneous
frequency of the input and the closed circle is that of the output.
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using Eq.(2). Figure 6 shows the intensity and instantaneous

frequency of the pulse obtained in the time domain. The 510

pulse width output is broader than the pulse width input. The

instantaneous frequency of the input is almost constant for 500 .

the whole duration of the pulse, which suggests that the pulse GEO0  HO0y 3131(;216 (51%’)“ =00 6090

input is almost Fourier transform limited. On the other hand,

the instantaneous frequency of the output increases almosiG. 7. Experimentally obtained XFROG traces far pulse input, for(b)

linearly from the beginning of the pulse to the end. This™ polarizat?on output, and fofc) TE pqlarization output in the near reso-

clearly shows that the pulse output is linearly chirped due tg'2"¢e experiment for the QW waveguide.

dispersion of the group velocity of the waveguide in the

transparent region. These results show that our XFROGg each pulse in the frequency domain. The group delay can

spectroscopy setup can be used for analysis of the propagge optained from the spectral phase using @.

ti_on properties in waveguide-type semiconductor optical de-  Figure 9 shows the transmitted intensity and group delay

vices. dispersion obtained in the frequency domain. The solid line
is the intensity of TE polarization and the dashed line is that

B. Near resonance in the quantum well waveguide

: [ ' ' ‘ ]1.64
Next, the results of the XFROG experiment for near T input
resonance in the QW waveguide are described. Figure 7 11.62

shows the experimentally obtained XFROG traces for pulse -

input and pulse output of the waveguide when the input is 1160
polarized perpendicular to the QW laygransverse mag- 11 58
netic (TM) polarizatior, and the output when the input is 0 , :

polarized parallel to the QW laygtransverse electri¢TE) g 1t by . CEL vy 176 ?;
polarizatior] in the near resonance experiment. For TM po- 3 e &
larization, the result is similar to that in off resonance shown é: -
in Fig. 5b). In contrast, with TE polarization, the XFROG 2 11.60 E
trace has a very long tail. Figure 8 shows the intensity and 5 2
instantaneous frequency of the pulse obtained in the time = 0 |18 %
domain. The instantaneous frequency of pulse input remains 1164 E
almost constant for the whole duration of the pulse as shown Z

in Fig. 8(a). With the TM polarization shown in Fig.(B), the 11.62
instantaneous frequency increases over time, although the =1, 60
oscillating behavior seen suggests the existence of higher-

order dispersion. We cannot distinguish between this higher- 11.58
order dispersion and linear chirp under off resonant condi- 5 T 5500

tions solely from the XFROG trace. However, by obtaining Time (fs)
the phase, we were able to observe the difference. With the

ot ; ; FIG. 8. Intensity and the instantaneous frequency of the pulse in the time
TE polarlzatlon shown in FIg.(B), the pUIse has a very Iong domain obtained from XFROG traces f@ pulse input, for(b) TM polar-

tail ar_1d the instantaneous _frequency Chan_ges nonlinearlytion pulse output and fofc) TE polarization pulse output in the near
over time. We can also obtain both the amplitude and phasesonance experiment for the QW.
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FIG. 9. Intensity and group delay dispersion in the frequency domain ob-
tained from the XFROG trace in the near resonance experiment for the QW
waveguide. The solid line is the intensity of TE polarization and the dashed
line is that of TM polarization. The closed circle is the group delay of TE
polarization and the open circle is that of TM polarization.
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of TM polarization. The closed circle is the group delay of '
TE polarization and the open circle is that of TM polariza-

tion. With TE polarization, the intensity of the higher energy 520
side transmitted is greatly reduced and the group delay dis-

persion bends more than with TM polarization. These differ- - o . R

ences between TE and TM polarization are attributed to the Time (fs) ’

absorption anisotropy of QW With TE polarization, QWs '

have both heavy holéhh) and light hole(lh) exciton absorp-  FIG. 10. Experimentally obtained XFROG traces far pulse input, for(b)
tion. In contrast, with TM polarization, hh exciton absorption ™ pc_JIarization output, and fo'tc).TE polarization output in the resonance
is forbidden by the polarization selection rule so only | experiment of the QWR waveguide.

exciton absorption can be observed. The |h exciton absorp-

tion peak is located on the higher energy side of the hh__ .. o o
exciton absorption peak. Since the center wavelength chonfmement of the QWRTE-like polarization. For both

oulse input was tuned towards the lower side of the hh eXc.polarizations, the results were not completely the same like,

iz "
ton absorption peak, TE polarization light was influenced byfor exa_mplg, the position of f[h_e top of t_h? contour, however,
. : . o 7” Citis quite similar and it is difficult to distinguish one from
absorption and dispersion more than TM polarization light. ; o .
Therefore. the spectrum of the pulse outout for TE olariza:[he other in the XFROG traces. This is because the active
' P P P b volume of the QWR, that is, the influence of absorption dur-

tion is Qeformeq and the pulse width is greatly stretched du«leng propagation, is much smaller than that of the QW wave-
to nonlinear chirp.

The origin of the “small step” on the low energy side in guide. Moreover, since there are higher-order waveguide
. . ; o . . modes in the V-groove waveguide which do not overlap the
Fig. 9 might be an error in analysis since the intensity of TE

polarization transmitted was quite weak compared to TMQWRS’ the influence of the absorption of QWRs tends to be

olarization due to absorption anisoiro Moreover thesmaller. The fact that the XFROG trace shows a single peak
P P by- uggests that the light of all modes transmitted from the

spectrum of TE suggests that absorption saturation exists. v9avegui de arrived at the same time on the BBO crystal in

it is difficult to discuss the difference in energy between hh, : : S )
" : . this experiment. We cannot distinguish the propagation of
and |h transitions just by the spectra of this sample. In order : ; S : .
. . . : . each mode even if their refractive indices are different. Since
to investigate details of the optical properties of the QW . .
. o - ; - <" the XFROG trace contains both fundamental mode, which
itself, it is necessary to optimize the absorption coefficient . . .
: . . . was influenced by absorption, and transparent higher-order
waveguide length and waveguide modes. In this article, we

} : . : mode, the influence of absorption decreased when the com-
emphasize that the amplitude of and phase information on : .
onent of the higher-order mode increased.

waveguide-type real optical devices such as the pulse wale However, we could observe the polarization anisotropy

form, group delay dispersion, transmitted spectrum etc. can . L :
be obtained at the same time by XFROG spectroscopy. of the QWR waveguide by retrieving the phase. Figure 11

shows the normalized transmitted intensity and group delay
dispersion retrieved in the frequency domain. The intensity
spectrum of the TM polarization transmitted is almost same
Finally, results of the XFROG experiment for the case ofas that in the input light spectrum. On the other hand, the
resonance in the QWR waveguide are described. Figurgseak of the light output spectrum of the TE polarization is
10(a)—10c) show the experimentally obtained XFROG redshifted compared with that of the input and the TM po-
traces for pulse input, pulse output from the waveguide whetarization due to small absorption on higher-energy side. The
the polarization of light was vertical to the direction of con- group delay dispersion of the TM polarization is almost
finement of the QWR(TM-like polarization), and output straight. However, that of the TE polarization bends a little
when the polarization of light was in the direction of lateral bit, which reflects an anomalous dispersion related to absorp-

C. Resonance in the quantum wire waveguide
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R ' L ™ 1200 modes and coupling constant of the waveguide. Here, we
E L ENTE) / 3 1is0 point out, however, that the anisotropy of dispersion in the
508 lio0 & QWR optical device could be clearly observed by this

206} S0 Ex XFROG spectroscopy even for small QWR absorption.

= ! L

153 =

£ 041 impu 10 £ IV. CONCLUSION

8ozl A ' 50 S _ . .

go.z 100 We investigated the femtosecond pulse propagation ef-
5 0.0 freomatse - °E_L|(TM) 5o fects in a semiconductor QW waveguide and a QWR wave-

155 156 157 158 1.59 guide by XFROG spectroscopy. In an off resonance experi-
Photon energy (¢V) ment for the QW waveguide, we clearly observed linear

FIG. 11. Intensity and group delay dispersion in the frequency domain ob-Chlrplng of the transmitted _DU|Se' Ina r.]ear resonance e)fper"
tained from the XFROG trace in the resonance experiment for the QWRMeENt for the QW waveguide, the optical pulse transmitted
waveguide. The solid line is the intensity of TE polarization and the dashedhrough the waveguide was found to be stretched greatly
line is that o_f TM polarization. The dotteq Iine is that of the in_put. _The from its original duration of 140 fs to almost 1 ps due to
closed circle is the group delay of TE polarization and the open circle is that . - . .
of TM polarization. nonlinear dispersion around the heavy hole exciton reso-
nance at TE polarization. In contrast, only slight chirping of
the transmitted pulse was observed at TM polarization. In the
QWR waveguide, the polarization anisotropy of the QWR
tion. These differences between TE and TM polarizations argqyid be observed by XFROG spectroscopy in spite of the
attributed to the absorption anisotropy of the QWRs. Thesmal| absorption. The polarization anisotropy of the QW and
polarization anisotropy has been shown to depend stronghhe QWR retrieved from the XFROG traces was clearly ob-
on the cross-sectional shape of the QWR. Martetedl. dis-  served in the absorption and the dispersion. XFROG spec-
cussed the absorption anisotropy between TE and TM polagroscopy was shown to be a very simple valuable technique
ization in a crescent shaped QWR waveguidéey found a  for the characterization of waveguide-type semiconductor
genuine QWR transition in TM polarization, elh2, which photonic devices, since transmission properties such as the
originates both from valence band mixinglkat 0 and from  py|se shape, chirping, absorption and dispersion spectra can
the breaking of symmetry at the heterostructure level, despitgasily be obtained at the same time using this technique.
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