PHYSICAL REVIEW B 70, 153305(2004)

Intersubband electronic Raman scattering in narrow GaAs single quantum wells dominated
by single-particle excitations

Takeya Unuma;* Kensuke KobayasHiAishi Yamamotcd? Masahiro Yoshitd, Yoshiaki Hashimotd, Shingo Katsumotd,
Yasuhiro lye! Yoshihiko Kanemitsi#;" and Hidefumi Akiyaméa
Iinstitute for Solid State Physics, University of Tokyo, and
CREST, JST, Kashiwa, Chiba 277-8581, Japan
Graduate School of Materials Science, Nara Institute of Science and Technology, Ikoma, Nara 630-0192, Japan
(Received 8 June 2004; published 25 October 2004

We measured resonant Raman scattering by intersubband electronic excitations in GaAs/AlAs single quan-
tum wells (QWSs) with well widths ranging from 8.5 to 18 nm. In narrogless than~10 nm) QWs with
sufficiently high electron concentrations, only single-particle excitatiSfEs were observed in intersubband
Raman scattering, which was confirmed by the well-width dependence of Raman spectra. We found charac-
teristic variations in Raman shift and line shape for SPEs with incident photon energy in the narrow QWs.
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Intersubband electronic excitations in quantum wellsnarrower QWSs, consideringﬁ/a~(Nsdgﬁ)‘m. However,
(QWs) are strongly affected by many-body Coulomb there are only a few reports for narrower GaAs QWS
interactionst In electronic Raman scattering in doped QWs,because interface roughness makes Raman peaks broader
two types of intersubband collective excitations have beemnd more difficult to observe. Such an experiment has not yet
confirmed by many researchérsince the first reports by been reported for a single QW.

Abstreiter and Plocgand by Pinczulet al# in 1979: a col- In this paper, we report resonant Raman scattering by the
lective charge-density wau€DW) appears if the polariza- lowest(0— 1) intersubband electronic excitations in a set of
tions of incident and scattered lights are parallgl whereas modulation-doped GaAs/AlAs single QWs with well widths
a collective spin-density wavéSDW) appears if they are ranging from 8.5 to 18 nm. We found unexpected results that
crossed ). parallel- and crossed-polarization Raman spectra of narrow

The CDW and SDW excitation energies are giveadby ~QWSs had only a single peak at almost the same energy,
though electron concentrations in the QWSs were high enough

Ecp = Epo+ (@— BN, (1)  that the theoretical values of the depolarization shift were
more than 10 meV. On the other hand, spectra of a wide QW
Esp~ Ejo— BNs, 2) had a typical feature in that CDW, SDW, and SPE peaks all

appeared clearly. In an intermediate-width QW we found no

based on the local-density-functional the®r§whereNg is SDW peak, a very small CDW peak, and large SPE peaks,
the sheet electron concentration in a Q& is the intersub-  which led us to conclude that the peaks observed in narrow
band energy separation that includes static many-body co@ws correspond to the SPEs. Moreover, characteristic varia-
rections, andrNs and SNg are dynamical many-body correc- tions in Raman shift and line shape with incident photon
tions (called the depolarization shift and excitonic shifte  energy were observed commonly in the narrow QWSs. They
to the direct and exchange-correlation intersubband Coulomiyere found to have a correlation with resonance strength and
interactions, respectively. In the crudest approximafidthe  can be qualitatively understood by considering relaxation of
depolarization shifeNg is proportional toNgdt and the ex-  the in-plane wave-vector conservation rule.
citonic shift 8Ns is proportional to(Ns/deg) %, wheredg is The samples used in this study wereype modulation-
the effective thickness of the two-dimensional electron’gas.doped GaAs/AlAs single QWs grown by molecular-beam
Experimentally,aNg can be determined from the measuredepitaxy on(001) GaAs substratesy1, N2, W, andM. Their
value ofEcp—Esgp, SNs can be estimated only when there is well widthsL ranged from 8.5 to 18 nm, as shown in Table I.
information aboutg, . The QW structure of sampl1, for example, consisted of a

Later, in 1989, Pinczulet al. reported® that not only  Si-doped A}:GaeAs layer, a 4.0-nm undoped
CDW and SDW but also single-particle excitatiofBPE$ Al 34Ga ¢/As spacer layer, a 6.0-nm undoped AlAs barrier,
are observed in intersubband electronic Raman scattering 10-nm undoped GaAs QW, a 6.0-nm undoped AlAs barrier,
and their transition energy i&;, for modulation-doped and a Si-doped Al Ga, sAs layer. The other samples had
25-nm GaAs/A}Ga-As single QWs withNs=(1.5-3  similar QW structures. The samples were designed such that
X 10t cmi 2, SPEs are observed for both the parallel andcalculated values of the depolarization sHiftsere more
crossed polarizations and seem to become stréhffeat  than 10 meV, which is larger than the linewidths of intersub-
higher values ofNg. band transitiof and large enough to see in Raman spectra.

There are many other reports on intersubband electroniThe electron concentrations were controlled mainly by the
Raman scattering for wid@gnore than~20 nm GaAs QWs. thickness of spacer layers. Exceptionally, {8a, /As alloy
It will be interesting to measure Raman scattering also irwas used for the QW layer of samM in order to raise its
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TABLE I. Main parameters of the sampldsis the well width,Ngis the sheet electron concentration, and
w is the mobility at 4.2 K. Theoretical values of the depolarization shift are calculated after Ref. 1.

L Ng % Calculated depolarization shift
Sample Well/barrier (nm  (102cm?  (10* cn?/Vs) (meV)
N1 GaAs/AlAs 10 1.2 4.3 11
N2  Ing,GayoAs/AlAs 8.5 2.0 2.8 14
W GaAs/AlAs 18 0.63 44 9
M GaAs/AlAs 13.5 1.1 5.6 12

electron concentration sufficiently. The sheet electron coneent photon energids,,.: (a) 1.790,(b) 1.807,(c) 1.817, and
centrationdNg and and mobilities. at 4.2 K are also shown (d) 1.835 eV. In Fig. 2a), the parallel- and crossed-

in Table 1. The values ofNg were confirmed by polarization spectra have almost the same peak positions. In
Shubnikov-de Haas measurements for samplésW, and  Fig. 2(b), however, the crossed-polarization spectrum has a
M, and by Hall measurements for sampl2. slightly higher peak position than the parallel-polarization

Raman spectra were measured at 12 K in a geometry ¢fpectrum. In Fig. @), on the other hand, the parallel-
backscattering normal to QW layers such that in-plane wavepolarization spectrum has a slightly higher peak position
vector transfer from an incident photon to an electron waghan the crossed-polarization spectrum. In Figd)2 the
less than~10* cm™. Typical values of incident laser power parallel-polarization spectrum again has a slightly higher
and spot size were 30 mW and 0.3 fmespectively. Find- peak position than the crossed-polarization spectrum, and
ing a suitable resonance condition is crucial for electronidheir line shapes are very asymmetric. Note, on the whole in
Raman experiments, particularly for those on narrow singld-ig. 2, that the polarization dependence of the peak position
QWs, in order to make Raman signals intensified and avoi@t eachE,. is small compared with the theoretically ex-
their overlap with the strong photoluminescer(&) from pected depolarization shift of 11 meV, and that the Raman
the GaAs QW or AlGaAs layers. In our experiments, the
incident photon energiek;,. were probably resonant with
the energy gap between the electron first-exciég sub-
band and the heavy-hole second-excifeld) subband in a
GaAs QW:S This was the only resonance condition that
made intersubband Raman scattering observable in the en-
ergy range between the PL peak positions for the QW and
AlGaAs layers in samplebl1, N2, andM.

Figure Xa) shows typical intersubband Raman spectra of
sampleN1. The backgrounds of the spectra were due to PL
from the QW. The parallel- and crossed-polarization spectra
have only a single peak at almost the same energies of 134.2
and 134.0 meV, respectively, while the theoretical value of 10 12 13 14 15 160
the depolarization shift calculated after Ref. 1 was about 11 Raman Shift (meV)
meV for the QW withNg=1.2Xx 10*2 cm 2. A similar polar-
ization dependence was observed in san#eas shown in
Fig. 1(b), whereNg=2.0x 10*? cm? and the calculated de-
polarization shift was 14 meV. Apparently, these experimen-
tal results do not correspond to the conventional interpreta-
tion for wide QWs that CDW and SDW peaks are in the
parallel- and crossed-polarization spectra, respectively, and
their energy difference is the depolarization shift. We as-
signed the Raman peaks in Fig. 1 to SPEs, which were con-
firmed by the well-width dependence of Raman spectra as
discussed in later paragraphs.

The resonance condition for sampé had an allowable T T T T TV T T T
range of about 70 meV in the vicinity &;,;=1.80 eV, due 160 17 180 190 200 210
to the electron Fermi distributio.n and the reIaxation of the Raman Shift (meV)
in-plane wave-vector conservation rule caused by interface
roughness or other scatterers. In this range, we measured FiG. 1. Intersubband electronic Raman spectra@f10-nm
Raman spectra of samgd and found peculiar variations in - GaAs/AlAs (sampleN1) and(b) 8.5-nm In ;Ga sAs/AlAs (sample
Raman shift and line shape with incident photon energyN2) single QWs at 12 K. Thé and L marks mean that incident-
Similar characteristics were also found in sami and scattered-light polarizations were parallel and crossed,

Figure 2 shows the spectra of samplé at various inci-  respectively.

(a) GaAs/AlAs QW
L=10nm, T=12K
Ns=1.2x10% cm?
Eine = 1.790 eV

Raman Intensity (arb. unit)
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(b) In, ,Ga, ,As/AIAS QW

L=85nm, T=12K

Ng = 2.0 X 10" cm?

Ei"c=1.8809\/

Raman Intensity (arb. unit)
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% 12 K. |I: parallel polarizations,L: crossed polarizations.
L
vt bogoolooten bt o bbb - . . -
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_ Ein.=1.83-1.85 eV, where spectra have larger Raman shifts
FIG. 2. Intersubband electron!c Ra_lmr_;\n spectra of a 19'””}3nd very asymmetric line shapes as shown in Fig),2he
GaAs/AlAs QW (sampleN1) at various incident photon energies resonance is weaker for both the parallel and crossed polar-
Einc: (8) 1.790,(b) 1.807,(c) 1.817, and(d) 1.835 eV.|: parallel  ;ations.
p_olarizationsjiz crossed polarizati_onie)_an_d Q) are schematic_ Next, to clarify the origin of the intersubband Raman
diagrams of intersubband electronic excitations with the relaxatlonbeakS observed in samplél and N2, we also measured
of the in-plane wave-vector conservation rule at low and Htgh Raman spectra in wider QWs with We,II widths of gample
respectively. W) and 13.5 nm(sampleM), and investigated how spectral
shift of the peak position for the parallel polarizations be-féatures changed with well width. Figurea# shows Raman
comes larger ag;, increases from 1.790 to 1.835 eV. spectra of sampl&V. The CDW peak at 56.1 meV and the
Figure 3 shows the Raman shifts of peak positigrcles SDW peak at 45.1 meV are clearly seen in parallel- and
and the Raman integrated intensit@sjuares versus inci- crossed-polarization spectra, respectively, as well as the SPE
dent photon energies in samgiL. Open and closed sym- gfiisoa%iigbga\ééz k?[ﬁ;hgl‘je V\?p;ncérgDTvr\]/eise?ﬁggozlfgegreenece
bols correspond to the values for the parallel and crosse -~ . . =T
polarizations, respectively. In Fig. 3, there is a corr(?lationmh‘?frt‘t _I\_/\r/:_th_the theorettl_cal clzalculﬁtlt%nt?f |The dgp?larizoatlog
between the Raman shift and the integrated intensity: th&"'l- 1NIS IS a conventional result that Tollows Refs. 1U an

Raman shift becomes smaller as the resonance gets strongkt: @nd other reports. _
NearE,.=1.81 eV, where the Raman shift is larger for the Fi9ure 4b) shows Raman spectra of samMe which had
an intermediate well width: the large SPE peaks at 69.5 meV

AV AL ) for both polarizations and the small CDW peak at 81.8 meV
f:ﬁsolﬁ??:vm( Zziza?amo‘l;m‘ 5 for the parallel polarizationgSharp peaks at 72.6 and 69.8
Ns=1.2x 10" cm* 4 8 meV for the parallel polarizations are from 2-LO-phonon
5 excitations in GaAs and AlGaAs layers, respectivelihe
—_ g SDW peak is not seen, probably because it is too small or
7 8 overlapped by the SPE peak. The change in spectral features
2 with well width shows that the peaks observed in sampl&s
o 4B 405 andN2 should be assigned to the SPEs.
% [ § The electronic Raman process for intersubband SPEs is
£ [ @ microscopically described as follows: An electron is excited
£ 140r f from a valence-band state to a conduction first-excited sub-
& -— g band statdkq,E;g+e(ky)] by an incident photon with the
€ 135[ i resonant energf;,., where e(k)=%2k2/2m* with k being
E . 2 the electron in-plane wave vector and being the effective
& 130:,,.“,..._,_m,__._,““,___.,““ = mass. Then, an electron in a conduction ground subband
178 1.80 1.82 1.84 state[kg, e(kg)] recombines with the virtual hole remaining
Incident Photon Energy Einc (€V) in the valence-band state, which produces a scattered photon

with energy Eg..x AS a result, an intersubband SPE
FIG. 3. Raman shift of peak position and Raman integrated Ko, &(Ko)]—[K1,Eio+e(kq)] occurs.
intensity vs incident photon energy in a 10-nm GaAs/AlAs QW In a geometry of backscattering normal to QW layers,
(sampleN1). Open and closed symbols show the values for thebasically, the change in the in-plane wave vectok,-kg is
parallel- and crossed-polarization spectra, respectively. 0 and the Raman shil;,.— E¢.for the intersubband SPE is
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Ejp since photon in-plane wave vectors are negligible. Inwith increasing incident photon energy, but to have little in-
fact, there are some dephasing mechanisms that cause brodigtence on their line shapes in resonant Raman scattering,
ening of the in-plane wave vectors of the electron and holgecause only carriers aroukgl, where resonance occurs, are

states involved, or the relaxation of the in-plane wave-vectofyyolved. With regard to our results for sampd, the Ra-

cclnnselrlvatiog rule; sq #0 intersubband SPE processes aréy o shifts of the intersubband SPE peaks become larger as
also allowed.

Figure 2e) schematically shows a standard case ofincident photon. energy increaseBig. 3), which suggests.
Ik, | < ke for intersubband SPEs, wheke is the Fermi wave Fhat nonparabolicity has a smaller effect on Raman spattenng
vector. In this case, various+ 0 excitation processes only " Narrow GaAs QWs than the relaxation of the in-plane
cause a symmetric width of Raman spectra aroliyg ~ Wave-vector conservation rule.
which we think corresponds to the caseHf,<1.83 eV in In summary, we have measured intersubband electronic
our experiments. Near the higher limit & for intersub- Raman scattering in GaAs/AlAs single QWs with well
band Raman scattering, howeviy;| is more than~k: as  widths ranging from 8.5 to 18 nm. The change in Raman
shown in Fig. 2f). In this case, particulag #0 excitation  spectral features with well width shows that only SPEs have
processes such thaky-q>0 are dominant andE,. been observed in narro8.5 and 10 nm QWSs for both
—Escar E10- Thus, Raman spectra have a larger Raman shifparallel and crossed polarizations. Variations in Raman shift
and more asymmetric line shapeith a high-energy tajlat  and line shape with incident photon energy have been found
Einc=1.83-1.85 eV than a,.<1.83 eV. It is not clear at jn the narrow QWs and qualitatively explained by consider-

present which carrier state was most deeply involved in theyg 0 intersubband SPEs inside and acrkss
in-plane wave-vector conservation relaxation: the electron

ground state, the electron first-excited state, or the virtual We are grateful to T. Ando for his helpful discussions
hole state. about the theory of intersubband electronic Raman scatter-
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