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Observation of photoinduced intersubband transitions in one-dimensional
semiconductor quantum wires
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We report on midinfrared intersubband transitions between the quantized levels of undoped
GaAs/AlxGa12xAs quantum wires that are grown on nonplanar substrates. Using photoinduced infrared ab-
sorption spectroscopy, we were able to resolve two absorption lines in the 120–160 meV range. The first
absorption line follows the polarization selection rules for intersubband transitions and exhibits photoinduced
excitation profile that resembles the photoluminescence excitation spectrum of the quantum wires. The second
absorption resonance, at a higher energy, is not polarized and resembles the photoluminescence spectrum of the
side quantum wells. Based on these results and energy level calculations, we assign the first absorption
resonance to intersubband transition between the quantized subbands of the quantum wires. The origin of the
second resonance is less clear. We propose a model that attributes this resonance to an interface localized
exciton mode that arises from interface roughness of the side quantum wells and the wires.
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Intersubband optical transitions between the quanti
levels of low-dimensional~low-D! semiconductor structure
provide a very powerful experimental tool for studying fu
damental properties of these nanostructures.1 In two-
dimensional~2D! semiconductor structures~e.g., quantum
wells! intersubband transitions~IST’s! were utilized also for
developing new classes of midinfrared optoelectronic
vices such as photodetectors,1,2 modulators,3 and recently
also lasers.4 These transitions provide a direct way to pro
the energy quantization in either the conduction or the
lence band, the shape, and the symmetry of the enve
wave functions involved in the transitions. Intersubba
spectroscopy was also utilized to zero-dimensional quan
dot ~QD! structures.5–8 In contrast to quantum wells, the ad
ditional confinement of the charged carriers changes the
polarization selection rules that could be important
normal-incident photodetection applications.8,9 Furthermore,
theoretical works10,11 predict slower relaxation processes
low-D structures due to the reduced electron-phonon inte
tion that could dramatically improve the performances
intersubband photodetectors and lasers.

Previous works on IST’s in low-D structures were carri
out mainly on 2D structures where the additional confin
ment was achieved by the application of either magnetic
electric field. Examples include quantum dots a
antidotes,12 metal-oxide-semiconductor~MOS! inversion
layers,13 and resonant inelastic light scattering experiment14

More recently, IST’s were observed in self-organized QD
grown by the Stranski-Krastanov mode of growth.5–9 How-
ever, this system is characterized by a broad inhomogen
distribution of QD sizes that screens many important featu
of low-D structures. In addition, the presence of a large
sidual strain in these QD’s~Ref. 15! may lead to a wrong
interpretation of the IST polarization selection rules sin
band mixing might be due to strain rather than size qua
zation.
PRB 620163-1829/2000/62~15!/9935~4!/$15.00
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In this paper we provide direct experimental evidences
intersubband optical transitions in one-dimensional~1D!
quantum wire~QWR! structures. We have chosen to wo
with V-groove QWR’s grown on nonplanar substrates th
were demonstrated recently to show optical and electro
features that are directly related to the lower dimensiona
of these structures.16–18Using photoinduced infrared absorp
tion spectroscopy,19 photoluminescence~PL!, and photolu-
minescence excitation~PLE!, we were able to resolve infra
red absorption lines that are assigned with transitio
between the quantized subbands of the QWR.

The sample used for the experiment was grown by lo
pressure organometallic chemical vapor deposition on
semi-insulating~100! GaAs substrate, patterned along t

@011̄# direction. The grooves were fabricated by holograp
photolithography followed by wet chemical etching with
groove periodicity of 0.5mm. The structure consists of 55
nm-thick Al0.32Ga0.68As buffer layer followed by ten periods
of GaAs QWR’s and a top 117-nm-thick Al0.32Ga0.68As
capped with 12-nm GaAs layer. Each period consists o
GaAs QWR with a nominal thickness of 2.6 nm and a 3
nm-thick Al0.32Ga0.68As barrier.

Figure 1 shows dark field TEM cross section views of t
sample. Figure 1~a! shows three grooves with the first fe
crescent-shaped QWR’s near the bottom of the grooves
Fig. 1~b! one can see a larger magnification of the QW
region. Notice that, due to sharpening of the groove dur
the AlxGa12xAs layer growth and the higher growth rate
GaAs at the bottom of the groove, one obtains the w
known crescent-shape QWR profile.16–18 Notice also the
presence of GaAs-rich vertical QW’s connecting the in
vidual QWR’s at the bottom of the groove. From this figu
we find the thickness of the GaAs QWR, at the bottom of
groove, to be about 7.9 nm.

PL and PLE spectra of the sample at 8 K are shown
Fig. 2. The sample was mounted in a helium-flow cryos
9935 ©2000 The American Physical Society



ph

ut
9
ns

i
in
o
s
ig

be
W
e

th

e

d
R
a

o

in a
e

pen-
of

ire
ody
col-

the
ec-

um

the

9936 PRB 62BRIEF REPORTS
and the spectra were measured using a tunable Ti: sap
laser operating either at 690 nm~PL! or at the range of 710–
800 nm~PLE!. A typical power of the pump laser was abo
50 mW. The PL spectrum consists of three peaks at 1.5
1.674, and 1.720 eV that are assigned with excitonic tra
tions from the QWR, the side QW’s~SQW’s!, and the top
QW’s, respectively. The identification of these peaks
based on previous studies of similar structures us
cathode-luminescence imaging that relates each peak t
spatial origin.20 The excitonic origin of the various peak
was also confirmed by time resolved PL spectroscopy at h
excitation levels.21 For the PLE measurements, the pro
was set to an energy of 1.591 eV that is related to the Q
PL line. The small Stockes shift, of about 6.4 meV, betwe
the PL and the PLE onset and the narrow linewidth of
QWR peak@full width at half maximum~FWHM! of 11.2
meV# provides a clear indication to the high quality of th
sample.

The PLE spectra reveal up to six peaks that correspon
excitonic transitions from higher subbands of the 1D QW
The first five peaks appear at 1.600, 1.627, 1.659, 1.682,
1.713 eV and are related toc1n-h1n transitions whereh1n
stands for thenth mixed lateral subband of the holes~heavy
and light holes, see Ref. 22! andc1n stands for thenth lateral
conduction subband.

For the infrared~IR! absorption measurements the tw

FIG. 1. TEM cross section micrograph of~a! an array of
V-groove QWR’s grown on top of a 0.5-mm grating; ~b! a larger
magnification of the QWR profile.
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edges of a 5-mm-long bar of the sample were polished
45° angle to form a multipass waveguide geometry. W
choose a sample geometry where the grooves are per
dicular to the waveguide direction so that the polarization
the IR beam can be set either along the wire axis~p polar-
ization! or with a component along the growth direction~s
polarization!. A pump-probe technique, where a Ti:sapph
laser serves as a pump while an IR beam from a black-b
source serves as a probe, was used. The IR beam was
lected with a ZnSe lens into a18 m IR spectrometer and
detected with a HgxCd12xTe detector. By introducing a
chopper operating at a frequency of 1.7 kHz either into
IR beam or into the pump beam and using a lock-in det
tion, we were able to measure the linear transmissionT and
the photoinduced transmissionDT, respectively. Figure 3
shows two typical photoinduced absorption~PIA! spectra
taken at 105 K~with 2DT/T being proportional to the
photoinduced absorption!. In Fig. 3~a! the pump laser energy

FIG. 2. Low-temperature~8 K! PL ~solid line! and PLE~dashed
line! spectra of the QWR sample. The arrows in the PLE spectr
indicate the excited electron-hole transitions in the QWR.

FIG. 3. Photoinduced absorption spectra at 105 K taken with
pump laser energy tuned to~a! 1.63 eV and~b! 1.67 eV.
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was tuned to 1.630 eV~above the QWR line! while in Fig.
3~b! the pump energy was 1.670 eV~SQW!. Two absorption
lines at 125 and 148 meV, with a FWHM of about 10 me
are clearly resolved. Notice that, when the pump energ
tuned to 1.630 eV, the PIA line at 125 meV is significan
stronger than the second PIA line at 148 meV. This sho
be compared to the case where the pump energy is tune
the SQW line at 1.670 eV where both PIA lines are of t
same order. In addition, we observe a small redshift~of about
2–3 meV! of the first PIA line when the pump laser beam
tuned to the SQW line at 1.670 eV. To resolve the origin
the PIA lines we introduced a polarizer to the optical pa
length of the IR beam and repeated the measurements
various polarization angles. Figure 4 shows two spec
taken for p polarization ~solid line! and for s polarization
~dashed line!. It can be seen that the first PIA line at 12
meV is preferentially polarized along the QWR plane as
pected from IST’s while the second line at 148 meV is n
polarized. The inset to this figure shows that the 125 m
PIA line follows the cos2 f dependency~with f being the
polarization angle relative to thep polarization! with a
modulation depth of about 0.26.

Further investigation of the PIA lines was done by me
suring the PIA excitation spectra. In this experiment,
pump photon energy was tuned across the 1.55–1.72
range while the mid-IR probe beam was set either at the
or 148 meV PIA lines. Figure 5 shows the PIA excitatio
profiles for both cases for either thep polarization~allowed
IST! and thes polarization ~IST forbidden!. When the IR
probe is set to the 125 meV PIA line, the allowed polariz
tion follows the PLE spectrum of the QWR. On the oth
hand, the forbidden IR polarization shows a stairlike pro
with the first stair beginning at 1.58 eV and the second
1.66 eV. Notice that these energies resemble the PL line
the QWR and the SQW respectively. A similar profile
obtained when the IR probe is set to the 148 meV PIA li
However, here we find the excitation profile of the forbidd
IR polarization to dominate over the excitation spectrum
the allowed IR polarization.

FIG. 4. Polarized photoinduced absorption spectra forp polar-
ization ~solid line! ands polarization~dashed line!. The pump en-
ergy is 1.63 eV. The inset shows the intensity of the PIA line at 1
meV vs the polarization angle~symbols! and the fit to cos2 f ~solid
line!.
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Let us now discuss the origin of the PIA lines. The P
experiments involve excitation of electron-hole pairs th
populate the ground excitonic state of our intentionally u
doped structure. PIA signals are associated with excita
into higher states of our structure by the IR-probe beam. T
first peak at 125 meV follows the selection rules of ele
tronic intersubband transitions within the QWR.23 This con-
clusion is supported by the observation that the 125 m
PIA line is mostly significant when the pump energy is
resonance with the QWR PL line. Furthermore, we fou
that the excitation profile of the 125-meV PIA line resemb
the QWR PLE profile for the allowed IST polarization
Hence, all these data support our assignment of this tra
tion being a photoinduced IST of the QWR. In order to a
sign this transition to specific subbands of the QWR one
to calculate the energy band structure of the QWR. Althou
an accurate model requires a solution of the eight-bandk•p
Hamiltonian, it has been shown recently22 that energy spac-
ing between valence subbands are of the order of 10 meV
a QWR of our size. Therefore, conduction intersubband tr
sitions are most likely responsible for the observed PIA lin
This has also been confirmed by calculating the energy s
trum of the conduction subbands and the 2D envelope w
functions using the local envelope state approach24 and the
TEM cross section image of Fig. 1. Taking into accoun
few monolayer fluctuations we found that the energy of
(c11-h11)→(c21-h11) IST is in the range 120–140 meV, in
reasonably good agreement with our PIA measureme
Furthermore, our calculations give, (c12-c11)'20– 25 meV,
in a good agreement with the results of the PLE and the P
excitation spectra. We conclude that the first PIA line at 1
meV is related to a vertical IST into the first excited vertic
subband while the excitation spectrum probes the first
lateral subbands of the QWR.

The origin of the second PIA transition is less clear a
several explanations are possible. We would like to point
that a similar unpolarized PIA transition has been obser

5

FIG. 5. PIA excitation spectra fors polarization~solid lines! and
p polarization~dashed lines! taken with the probe energy set to~a!
125 meV and~b! 148 meV.
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9938 PRB 62BRIEF REPORTS
in GaAs QW’s and was assigned to an interface-locali
exciton.19,25 In QW’s, however, it was found that the loca
ized exciton PIA signal is much weaker than that of the Q
exciton. Adopting this explanation and taking into accou
the filling factor ratio between the QWR exciton and t
interface-localized exciton, which may arise from either t
side QW’s or roughness and monolayer fluctuations al
the axis of the groove, one may expect both transitions to
of the same order of magnitude. Furthermore, monola
fluctuations along the axis of the QWR are expected to
lease the intersubband selection rules as observed in ou
periment. In addition, the localized exciton model can a
explain the PIA excitation profile of the forbidden polariz
tion. Once the pump energy is tuned to~and above! the SQW
energy, the SQW interface-localized exciton mode is turn
on and contributes to the excitation profile. Notice also t
at the working temperature and the pump power level use
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our experiment, it is very likely to assume that this exciton
rapidly ionized giving rise to an excitation profile of fre
electron-hole plasma as observed in our experiment. Des
that our interface-localized exciton model provides a reas
able explanation to the second PIA line, other explanati
cannot be ruled out and additional experimental work
needed to explore the characteristics and the origin of
line.

In conclusion, photoinduced IST in undoped V-groo
QWR were observed. Absorption spectroscopy revealed
PIA lines at 125 and 148 meV. The first PIA line follows th
IST selection rules and is assigned with a transition betw
the ground and first excited subbands of the QWR cond
tion. The second PIA line does not follow the IST selecti
rules and has been assigned with interface-localized exc
mode of the various QW’s of the structure.
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