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Local modulation of the quantum-well quasicontinuum states using charged-carrier transfer
induced by intersubband transitions
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By generating a local electric field across an asymmetrical coupled quantum-well structure and using reso-
nant Raman spectroscopy as a probe, we were able to resolve two classes of continuum electronic states of
energies close to the barrier height. The first class is related to a continuum resonant state that is located near
the edge of the barrier and is extended across the barrier region but not across the coupled quantum wells. The
second class of continuum states is related to a quasibound resonant state that is localized above the quantum
wells. Therefore, a local electric field across the coupled quantum wells modifies the energy spectrum of the
localized resonant state while keeping the delocalized resonance unaffected. In our experiment the local
electric field was generated by intersubband photoexcitation of carriers from one quantum well to the other. We
observed a redshift of the quasibound resonant state due to the intersubband photoexcitation.
[S0163-182697)02039-0

The continuum electronic states above the barrier of a In recent years there were several attempts to resolve
quantum-well(QW) structure play an important role in pro- these states and their physical behavior. Despite many ef-
cesses such as photoequtatlon of bound carriers and in trangrts, routinely used experimental tools such as absorption
port of photoexcited carriers across the QW structure. Howgpectroscopy and photoluminescence excitation spectros-
ever, two different classes of continuum electronic state%Opy that can easily resolve bound states, have failed to
participate in these processes. Th.e first class is .related veal continuum resonances. We believe that the reason for
q“as'bound resonant states fo_r Wh'Ch a I_arge fraction of th at is the extremely fast relaxation processgelastic and
electronic envelope wave function is localized above the Q bhonon assisted relaxatipthat merge the absorption reso-

region. These states can be viewed as the analogs of t . . K ' .
Fabry-Peot resonances for which an integer number time ances into a quasicontinuum. To overcome this problem it

half the De Broglie wavelengttof the envelope wave func- as been prqposed tq increase the localization of the resonant
tion) is equal to the well width. Because of the relatively States by using a variety of schemes such as Bragg confine-
large overlap between the envelope wave-functions of th&ent of the geso_nanc’e%and by utilizing quarter wave elec-
continuum resonances and the QW bound states, it is e}On stacks”:. Using these methods one can get a larger de-
pected that these resonances will play a major role in opticadree of localization of the continuum resonances and observe
excitation of bound carriers to the continuum. The secondntersubband optical transitions into these states.

class of continuum states is related to states that are not In this report we provide experimental evidence for the
localized above the QW but rather extended along the barriggxistence of the two classes of continuum resonances dis-
region, i.e., the probability to find a carrier above the barriercussed above and show that under the appropriate conditions
is much larger than the probability to find it above the QW.one can resolve them. For that purpose, we generated a local
These states can be considered as resonances of the baretctric field across the QWbut not along the barrier region
region, however, since in most cases the barrier region ithat modifies the energy spectrum of the quasilocalized reso-
much larger than the QW, they are treated as a quasicomances while leaving the delocalized continuum states unaf-
tinuum. Although not frequently discussed in the literature, itfected. Such a local field can be generated, for example, in an
is clear that these states should play an important role imsymmetrical coupled QW'6€CQW) structure for which in-
coherent transport above the QW's. tersubband optical excitation induces charged carrier transfer

0163-1829/97/5@.5)/92394)/$10.00 56 9239 © 1997 The American Physical Society



9240 BRIEF REPORTS 56

E,.

B VWOPPNVAVAVZE

RRS

ho,=E,~E,

co, éRaman

000204 0.6 038 1.0
Cos’0

Intensity (Arb. Units)

FIG. 1. Schematic of the coupled quantum-well structure used
in our experiments. Shown are the energy levels and the envelope B
wave functions of the extended and the localized resonant con-
tinuum states. Also shown is the intersubband excitation process
and the charge carrier transfer from the wide QW into the narrow
QW that causes the formation of a local electric field across the -
CQW. The inset shows the experimental arrangement with the Ra-
man probe beam and the polarized J&ser beam.

150
from one QW to the othérthus leading to a formation of a ) -1
local field across the CQWsee Fig. 1 For probing the Raman Shift (cm )
influence of the local field on the continuum states we used

resonant Raman scatterifgRS spectroscopy, As shown FIG. 2. Typical Raman scattering spectra taken at room tem
by Zucker and co-workers and Wen and Chérftghis fully e P 9 sp )

) . erature with the probe laser energy at 2.08 eV. Shown are spectra
coherent process can reveal resonances in the continuum aﬁl(i

) . . en without(solid line) and with (dashed ling CO, laser illumi-
is capable of detecting small energy shifts in these states. nation. The inset shows the change of the peak intensity of the

The sample gsed In our experiments Was grown by MOGaAs mode as a function of das whered is the polarization angle
lecular beam epitaxyMBE) on a GaAs semi-insulating sub- ¢ e CG laser beam.

strate. It consists of 25 periods of asymmetric CQW'’s. Each
period consists foa 5 nm wide GaAs QW, a 15 nm .
Al Ga gAs intermediate barrier, @aha 7 nmwide GaAs [0 be a1wp)=100 cm ™ per well, wherefiw,=e;—¢€;
QW. Each period is separated from the other by a 45 nn&=130 meV is the peak absorption photon energy.
Al, Gay 6As barrier and is modulation doped with Si to  Next, the sample was cleaved into a stripe geometry and a
about 4x 10** cm 2 at the center of the barrier. The whole CO, laser beam was focused into a %0n spot on the
structure is capped with a 15 nm GaAs top layer. cleaved facet using a Ge lens. The power density of the CO
Figure 1 schematically shows the conduction band energiaser at the focal plane was about 150 kWicrA quarter
levels of a single period CQW. The energy spectrum wagvavelength plate and a polarizer were used to rotate the in-
obtained by solving self-consistently the Ben Daniel-Dukecident polarization of the IR beam so that the intersubband
and the Poisson equations for the conduction envelopeelection rules could be verifidd.Raman spectra were re-
states’ The lowest three bound subbands, that are involvedorded in the backscattering configuration with a DY
in the intersubband optical excitation, have a confinemengpectrometer. The beam of a R6G dye laser was focused on
energy of 53, 80, and 176 meV, respectively. The structuréhe sample through a microscope. The laser power was set to
was designed so that the lowest two subbands are localizedd mW and was kept constant during the experiment while
in the wide and narrow QW’s, respectively, while the third the photon energy was tuned in the 2.03-2.15 eV range. The
subband extends above both QW's. Ground-state carrierglye laser spot diameter is about B and was focused at a
that are localized in the wide QW, can resonantly be excitedlistance of about 1@m from the cleaved edgesee inset of
with a CO, laser(that operates at the 948m IR wavelength ~ Fig. 1). Great care was taken in the alignment of the two
into the third subband. In a steady state, a given fraction ofaser beams to ensure that the dye laser probes the region that
the excited carriergthat is determined by the steady stateis excited by the C@laser.
solution of the rate equations to be discussed lat¢rane Figure 2 shows room temperature Raman spegtith
transferred into the first excited state of the narrow QW,.he probing dye laser energy set at 2.08 ¢aken with the
giving rise to a local electric field across the CQW. TheCO, laser on(dashed ling and off (solid line). The spectra
existence of intersubband transition from the ground to theonsist of GaAs-like and AlAs-like LO phonon modes of the
third subband was verified by IR polarization resolvedAlyGa ¢As layer (notice that the phonon modes of the
spectroscopy using the intersubband selection rulé§he  GaAs and A} ,Ga, gAs layers are too weak to be observed at
measured absorption coefficient of the transition was foundhat laser energy while at energies below 2.03 eV the lumi-
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wheregp is the dipole transition operatad, is the electron
phonon interaction Hamiltoniarg,, and e are polarization
unit vectors of the incident and scattered light, respectively,
X and X' are two electronic states with energiEs and

Ex' , respectivelyfiw, is the phonon energy, add, andI’,

are the linewidths of the transitions. Hence, according to our
modelEy represents the energy of the delocalized continuum
state and therefore, should be identical for all four resonant
Raman profiles shown in Fig. 3. From the individual Raman
spectra, shown in Fig. 2, we find the LO phonon energy,
fiw,, being equal to 34 meV for the GaAs-like mode and 47
meV for the AlAs-like mode. These values are in excellent
agreement with previously published data® Therefore, the
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L ny 1 only adjustable parameter in our model is the energy of the

c .oy, = localized resonant statey, that is redshifted under CQa-

(b) 2.05 2.10 ser illumination. This energy, however, must be the same for
Laser Energy (eV) both the GaAs-like and the AlAs-like modes. The solid and

the dashed lines in Fig. 3 show our fitting of the experimen-
FIG. 3. Measured resonant Raman profills GaAs modeO  tal data to the expression of E@l) under the above con-
AlAs mode and the profiles calculated using E{) (— GaAs  strains. As seen, a fairly good agreement is obtained, particu-
mode, --- AlAs modg Shown are the RR&) without CO, laser  larly if one takes into account the above constrains and the
illumination and(b) with CO, laser illumination. few numbers of free parameters. From the fitting we find
Ex=2.043 eV,Ex,=2.083 eV with the CQlaser off and a

nescence background was too strong for observing Ramdfgdshift of 18 meV of theEy, level under CQ laser inter-
spectra. Similar spectra were obtained within the tuning subbgpd opt|cfal e>(<jC|tat|gn. iI'Shezlé)newm\i/thf of trllle elec_tr_omc
range of the dye laser. transitions is found to be 15-20 meV for all transitions

. shown in Fig. 3.
The effect of the C@laser on the Raman spectrum is a We intergret the lower energy continuum stig as a
significant reduction in the peak of the GaAs-like mode : ; . .
while keeping the peak of the AlAs-like mode unchanged delocalized electronic state that lies just above the

: ) . ‘Al GayAs barrier’ This level, being a true quasicon-
To ensure that the change in the peak intensity of the GaAStTnuum state that is extended along the barrier, is almost

like mode is related to the intersubband excitation, we meayncalized above the CQW and therefore, is not sensitive to
sured the change in the peak intensity versus the polarizatiofe |ocal electric field across the CQW. The second elec-
angle of the IR beam. The inset of Fig. 2 shows a fit of theygnic stateE,, is interpreted as the higher energy quasi-
experimental data to cé&(where6=0 means a polarization phound resonant state that is localized above the CQW.
along the growth directionthat clearly obeys the intersub- Therefore, charge carrier transfer that induces a local electric
band selection rules. Furthermore, from the measurement @feld across the CQW causes a redshift of this level.
the ratio between the Stokes and the anti-Stokes lines we Let us now estimate the local electric field that is gener-
have verified that heating effects are negligible. ated by the charged-carrier transfer induced by the pump
Next, by varying the dye laser photon energy in the 2.03-CO, laser. For the estimate of the amount of charged carriers
2.15 eV range, we measured the resonant Raman profile @fat are transferred into higher subbands by the optical exci-
the GaAs-like and the AlAs-like modes with the @ser tation we used the following rate equations:
on and off. These are shown in Fig. 3. For each RRS profile

one can observe two resonant peaks that originate from qua- dps by RN
sicontinuum electronic states. Note that the location of the At fiws o1 wp)(p1~p3) P
low-energy peak at about 2.045 eV is the same for both

phonon modes and is not affected by the,Z&3er excitation dp, p3 p2

(for both phonon modgsOn the other hand the irradiation
by the CQ laser gives rise to a red shift in the high-energy
peak of the GaAs and AlAs modes. dp, I p
. . - p 2 P3
Let us describe now a model that can explain the origin of i Fws Cu@p)(prmp)t —+ (D)
the above experimental results. Using the Raman scattering st a s
tensof? one can describe the resonant Raman profile awherep; is the carrier densityper cnf) of the jth subband,

follows:"813 I, is the pump CQlaser power density, 1/ is the intersub-

dt B T32 To1
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band relaxation rate between thin and thejth subbands, time, 7,;. We would like to point out that similar calcula-

1/r3=1/14;+ 1/75, is the total relaxation rate of the third tions for the heavy hole subbands would give an energy
subbandw, is the pump frequencyr;s is the pump absorp- s_eparation between the localized and the unlocalized con-
tion cross section given by, (w,) = as3(w,)L1/py, andLy tinuum respnances_of the order of 4 mey and a much smaller
is the width of the wide QW. Assuming that the total number€nergy shift gnder intersubband excitation. Such a small_en-
of carriers is conserved, a steady state solution of the aboV@9Y Separation can not be resolved in our experiment since
equations can be derived and the density of carriers in thg‘e homogeneous linewidth of the resonant electronic states

second and a third subbands can be found. Notice that, undk ©f the order of 15-20 meV. This is about 3 times the
our experimental conditions we hawe,ps<p,. Therefore, inewidth associated with bound electronic states and is at-

: ; : ) . tributed to the stronger coupling of the resonant states to the
gnormg changes in the giound state population Wepgst rest of the continuum via elastic scattering processes.
=|p0'137'3p1/ﬁw13 and p2=p3(7’21/7'32). The relaxa“on

. . In conclusion, using RRS as a probe we were able to
times between the third and the Iovyer two sub_bands arfesolve the effect ofal%cal electric figld, that is generated by
dominated by the fast LO phono?6a55|sted relaxation and Aifitersubband optical excitation, on the resonant continuum
taken to k?e of the orQer 9*1 ps.” The much longer ther- electronic states above the barrier of a CQW structure. Two
mally asslsted tunne!mg time throggh the thick, fBa, oAS classes of resonant states have been observed. The first is
intermediate barrier is a substantive parameter for our estiycated near the bottom of the barrier and is extended along
mate. Recent works have assigned this process to eith

. : - ) o e barrier region but not above the CQW. Therefore, this
acoustic phonon assisted tunneling or impurities and defecé

isted t lingy e N thel . the i tant ontinuum state is not sensitive to the local electric field that
assisted tunneling.”“Nevertneless, since the ime constants;q generated inside the CQW. The second class of continuum
involved in these processes are of the same of2[@0—500

. states is related to a quasibound resonant state that is local-
P9, we will use an average Va'“eg’ﬁl“?f;o psec for our ;o4 ahove the CQW at a higher energglative to the de-
estlgéate._szs yields, ps=2x10" cm * and p,=7 jocalized resonant stateThis state exhibits a redshift under
X107 em “. Hence, most of the contribution to the local 5 5cq| electric field that is generated by charged carrier
electric field comes from carriers in the second subband. Aransfer from the wide QW into the narrow QW under inter-
simple estimate of the local electric field yieldSica  supband optical excitation. Self-consistent calculations that
i(elsr)p2=9-5 kviem, and thereforeAEx =e€Fcalt  takes into account charge-carrier transfer due to intersubband
=26 meV, wherelLr is the total width of the CQW over gycitation provide a good estimate to the observed redshift of

which the resonant state is localized. A more accurate esti e |gcalized resonant state. Both states have been found to
mate of the redshift can be obtained by solving self-pa conduction resonances of the continuum.

consistently the rate equations and the Ben Daniel Duke-

Poisson coupled equations. This yieli§y,=13.5meV in This work has been partially supported by a joint grant of
a reasonable agreement with the measured redshift takinthe Commission of European Communities and the Israeli
into account the uncertainty in the value of the tunnelingMinistry of Science(EC No. CIZ-CT93-0072.
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