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dc voltage effect on elementary excitations of a two-dimensional electron gas
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Using a generalized self-consistent field theory we obtained the intersubband spectra of charge-density
excitations for the nonuniform electron gas of a GaAgas, ,As single quantum well submitted to dc gate
voltages. The simulations performed with incoming laser light in extreme resonance conditions with the
split-off gap of the GaAs demonstrate the collective character of the single-particle excitations and the different
regimes of coupling between the charge-density excitations and the longitudinal optical phonon of GaAs.
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Inelastic light scattering is a standard tool to study theTherefore, a successful theory should involve the valence-
elementary excitations of quantum electron gases in semband states in the calculations.
conductor nanostructures. The richness of the technique al- The subject of SPE, CDE, and SDE was also investigated
lows one to estimate many-body effects, as the Coulomb anby Anjos and loriatfi® in GaAs:Si multilayers-doped sys-
exchange-correlations interactions, by means of selectiotems. There it was shown that in order to obtain the signature
rules on the incoming and outgoing laser light of SPE, further requirements should be satisfied, not only the
polarizations:? Such estimations become possible due to thesxtreme resonance regime. Such conditions rely on the exis-
wealth of lasers now available, which allows one to performtence of degenerate and equally coupled intersubband exci-
experiments in which the differences between the incomindations. The comparison between theory and experiment for
and outgoing laser light are in resonant conditions with ardepolarized Raman spectigpin-density mechanisnand for
electronic or phononic excitation of the host semiconductorvarious incident laser energies was excellent. Nevertheless in
Concerning the electronic excitatiofistersubband or intra- the case of polarized speci@harge-density mechanigrine
subbanglit is largely accepted that they can be described byagreement was only qualitative, concerning the difference in
a second- or third-order process of matter-light interactiorintensity between SPE and CBE!?|t was argued that such
when the electron gas is in the scope of Fermi liquid théory.a difference comes from the fact that édoping superlat-
A different approach is theoretically expected in one-tices the electron gas coexists in the same spatial region of
dimensional(1D) systems where the Luttinger model is as-the dopants® Their presence gives rise to fluctuations in the
sumed to be valid.Unquestionably experimental realizations confinement potential with consequent breakdown of mo-
of a such model are still lacking although studies are conmentum conservation rules. As a result, the coherence of the
ducted with potential candidates such as carbon nanotubespllective charge-density excitations is lost, causing a partial
semiconductor quantum wires, and 1D molecular sysfems. transference of oscillator strength back to the single-particle

One of the most largely observed, although not fully un-modes.
derstood, phenomenon in resonant Raman spectra of electron In order to avoid the problems mentioned in the preceding
gases of semiconductors nanostructures is the so-callgghragraph, one may use the one-sided modulation-doped
single-particle excitation€SPE’g process. These excitations quantum wells. Such structures presents themselves as suit-
occur irrespective of the dimensionality of the electron gasable structures to investigate the elementary excitations in
system (exceptions may occur in 1D systems as statedhe resonant Raman scattering. The spatial separation be-
above with their energy apparently equal to the bare electween the dopants and the electron gas ensures extremely
tronic transitions. Such an excitation was not expected, akigh mobilities, which inhibits the back transference of os-
previous theories predicted collective behavior of the eleceillator strength. Nevertheless even in such structures there
tron gas, i.e., collective charge- or spin-density excitationss controversy concerning the nature of the elementary exci-
(CDE or SDB, whose energies were shifted from SPE due tatations. As a matter of fact, in a recent experimental Work
the many-body effects!! Experimentally and more re- the inelastic light scattering of a modulation-doped
cently also theoretical®tCit is agreed that the extreme reso- GaAs-ALGa,,As quantum-well structure was studied with
nance condition is a condition necessary for the appearancespect to a continuously varied dc bias applied between a
of SPE. Such conditions are reached with laser light resonanbp and back gate contact. There, the interaction between the
with the interband transitions, i.e., transitions involving longitudinal-optical (LO) phonon of the GaAs and the
valence- and conduction-band states through an optical gapharge-density excitations was studied. In the measured
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spectra a very sharp structure near the LO-phonon energy
was present. Its nature was attributed to a renormalizeft-
ened LO-phonon mode due to the reduction of the trans-
verse optical{TO)-LO splitting by means of the electron gas.
On the other hand, a previous work, also in the resonant
Raman scattering of a GaAssMa_As quantum well
(without biag interpreted the peak near the LO phonon of
the GaAs as due to an upper CDE-LO-phonon coupled
mode? Such apparent contradictory interpretations moti-
vated the present work.

In this work we use a generalized self-consistent field
theory to investigate theoretically the elementary excitations -3%0
of the resonant intersubband polarized Raman scattering of
the electron gas of a modulation-doped GaAg&hd, _,As
quantum well submitted to a dc bias. The spectra are ob-
tained with incoming light resonant with interband transi-
tions between the valence states of the split-off gap of the
GaAs and states of the conduction band. We show that the
nature of SPE is related to nonrenormalized collective physi- FIG. 1. The calculated potential profiles of a one side gated
cal process. Also, we show that under suitable electronicodulation-doped quantum well with gate voltagég,=-360,
densities and suitable resonant conditions a branch of ar80, -200, -80, 0, 80, 200, 280 and 360 mV.
CDE-LO-phonon mode structure should appear near the LO
phonon of GaAs. This structure represents the weak couplingrease of the density in the well. This is due to the passiva-
regime between the charge-density excitations and the L@on of the acceptor impurities along the structure.
phonon in opposition to the strong one also shown. Figure 3 shows the energy dispersion of various subbands

The sample considered consists of a one-sidednd the total density in the well as a function of the previous
modulation-doped GaAs-fkGay c/As quantum well. From gate voltages. In the figure the Fermi level is considered as
the AlLGa,_As buffer barrier, it has a 245-A-wide GaAs the reference level. For gate voltages Uf=280 and
quantum well, a AlGa,_,As spacer layer of 200 A, and an 360 mV the third subband disappedgoes to the barrigr
intentionally doped layer of ionized donor impurities uni- This, as we shall see below, will affect profoundly the be-
formly distributed over a layer of 400 A, with a density of havior of the Raman profiles, as the Stokes energies of inter-
Np=0.62x 10" cm™3. At the top of the structure a gate volt- est in this paper correspond to transitions between the first to
age is applied, and the potential of the surface, is then givethe second and third subbands. In the figure we see clearly,
by ¢s=dgs—Vg Where ¢gs=1000 meV is the contact as mentioned in the previous paragraph, the reduction of the
Schottky potential. In the structure considered we have telectronic density in the quantum well for negative gate volt-
take into account a residual distribution of ionized acceptorges albeit the complete depletion of electrons from the bar-
impurities uniformly distributed over the system &f, rier.
=1.0x 10" cm™3. Figure 1 presents the self-consistent po- In Fig. 4 the energy transitions of the various subbands as
tential profiles for gate voltaged/,=-360, —280, —200, a function of the gate voltages are plotted. In particular the
-80, 0, 80, 200, 280, and 360 meV, respectively. FromiransitionsEqyandEg, will represent the energies of the SPE
Fig. 1 we see that the increase of the gate voltage results inia the polarized Raman scattering bellow. Let us turn now to
decrease of the surface potential, which, by its turn, leads the
system to accumulate charge into the barrier, the region be-
tween the gate contact and the well. In such cases, for the
gate voltage above a determined value, the deformation of
the potential of the barrier is strong enough to accumulate
charge in this region. This is shown in Fig. 2, where the
behavior of the electronic density for the gate voltages of
Fig. 1 is presented. For our case we have confinement into
the barrier for the following gate voltageg;=200 mV,V,
=280 mV, andVy;=360 mV. However, for all cases shown
here, the first subban@round statgof the system is local-
ized into the well. Moreover, with the parameters used to
configure the sample we were not able to populate a second
subband in the well via the tuning of the gate voltage. Our
trials to populate a second subband in the well resulted in a
populated subband into the barrier which increases with the
increase of the gate voltage. It is interesting to note also in
Fig. 2 that a depletion of the electrons from the barrier by FIG. 2. Calculated 2D electronic density in the well in function
means of the gate voltage decrease does not imply an irf the same gate voltages of Fig. 1.
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Vg (mV) The knowledge of the right side of the E) will furnish
the desired Raman cross section due to the fact that the Fou-
FIG. 3. Calculated subbands energy dispersions and electroniGer transform of the correlation function, on the left-hand
density of the quantum well in function of the same gate voltages °§|de is proportional to the Raman cross section.
Fig. 1. In second quantization formalism, the effective scattering
operator for the charge-density mechanism is givel by

the calculations of the Raman scattering cross sections.

The inelastic light scattering spectra will be obtained with M(0)= >, YBQ(C;TCQT + cglcal), (3)
incident laser energy tuned above thgtA, gap of GaAs ap
(~1.86 e\). Around this value and around the 2D electron
density here calculated, Danahal2 observed a broad band wherec (c,) are creatior{destruction fermion operators of
in the Raman efficiency of the collective spin-density exci-the flnal(lnltlal) one-electron conduction subband states with
tations. Such a band typifies a second-order process. Therspin up (1) or_ down (]). Such states have wave functions
fore here we will not consider third-order processes involv-i,, (z)e'q °/\A and energies —ﬁwa(ﬁ)+ﬁzq2/2m where
ing excitonic transitions that give rise to very sharp peaks iny represent 2D wave vectors perpendicular to the growth
the Raman efficiency for both charge- and spin-density excidirection (z) andA is the sample area. In E()
tation mechanisms. Nevertheless, apart from different Raman

efficiencies between the various elementary excitations, no [P (BlEXLT|h)(hle*s"|a)

other characteristics of the spectra are changed between the Voa= 5 > — (4)
second- and third-order process. This strongly suggests that 3Mp h Egtegt e —hw +iy

the conclusions obtained in this work may remain valid even

in the domain of the third-order processes. corresponds to an external potenti@sonant factgrinvolv-

In order to calculate the polarized Raman cross sectioning interband excitations between the split-off hoke and
suppose that our nonuniform electron gas is submitted to aonduction band states. It can be interpreted as a generalized
small time-dependent perturbatidvi(0)et. In time t the  force produced in the electron system by the optical pump-
mean value oMT(0) will be given by ing. Such analogy gives to the operator in the right side of
Eq. (3) the status of a generalized displacement as the prod-
uct of the “force” and the “displacement” will reproduce the

70 effective Hamiltonian acting upon the system. In EK4),
_V,V’V’*V"Vlva [P2 ] are the appropriate interband matrix elements involving
60 the I'; split-off hole andI'g Bloch wave functionsin, is the
— O By bare electron masg, is the Ey+A, band gap of GaAsy is
50 - —A—E, a phenomenological dampinfjw, is the energy of the inci-
s —v—E, dent light, and|k, |=|kgd=k are the moduli of the incident
g_ 40 | (scattereyl light wave vector[k=(k;,k,)]. In this work we
B A A A AN AN A deal only with the intersubband process with no lateral mo-
lﬁ 30| o —0 mentum transfer therefore in the calculatidqgs- 0.
0,o~0""°’& ) From Eqg.(2) one can see that we have to calculate ex-
pected values of the Fourier transform of the induced density
20r fluctuations. This is done by means of the one-body density
o matrix in the linear regime, which gives
-400 -200 0 200 400
v, (mV) (CliC *+ChiCa)0 = hopaalL =N Npar (5

2 .
f2(w? - Wge t i{5a®)
FIG. 4. Calculated subband energy transitions as a function of
the same gate voltages of Fig. 1. where
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is the total potential acting on the system composed by the
external potential plus the induced potential. In EK),

n, (n;) denotes the Fermi occupation number of occupied
(unoccupiedl conduction subband statebw=7%(w_ - wg) IS

the energy transferred to the electron system by the light,
fiws, is the bare electronic transitiod,, is the damping
associated with the lifetime of the transition, and

_ 2me?
P’ o (w)kA

X[eMFZ-U,(28z-2)]es)2),  (7)
represents the Coulombian and exchange-correlations

interaction$ between a pair of excitations wherg(w) ]
FIG. 5. Calculated polarized resonant Raman spectra of the QW

=sw(w2—wfo)/(w2—w$o) s the dielectric function which as a function of selected gate voltages showing the spectral lines of
takes in account the coupling of the excitations with the op- 9 g 9 b

. _ . the collective(CDE) and single-particl¢SPE excitations for inci-
tlc:_al phonons a_lr?czbﬁa—wﬁ(z) zzra(z)_. Now, associating to each .. |aser energy of 1.945 eV.

pair of transition a generalized coordinate whose

component¥ are given by

dzf dZ ¢p.(2)

proportional to the increase of the gate voltage and that for
\’mb\/ﬁgt _Vg:—360 mV it cannot b_e observed. Such resonant behgvior
Xga = < (8) is accounted for by the different superposition of conduction-
valence band states and by the resonant energy denominator
Eq. (6) can be rewritten as a matrix whose elements ar@f EQ.(4). The second excitation, Sg£corresponds to tran-
given by sitions from the first to the third subband with voltag¥,
=-360,-200,-80,80 m)/ dependent energy valueEgy,
h(@® +105,0)Xg, = 2 Upa s, X8 + Npa¥gar (90 =60.54, 61.70, 62.63, and 63.88 meV given by Fig. 4. The
i excitation is not present for gate voltagé4=280 and
where 360 mV (Figs. 4 and »due to the fact that at such voltages
) the third subband goes to the barrier. Like §PEor V=
U a6y = NpaCpa,s/Nsy + (11050)* G0, 5y (10 -360 mV, SPk, cannot be observed for every gate voltage.
and Nﬁa:V"m- From Eqgs(7) and(10) one can This is illustrated for clarity in Fig. 6, and is a fingerprint of
see that the matriJ is real and symmetric. Therefore its "€ near resonant Raman spectra where only collective

eigenvectors constitute a base which can be used to solve tf2Pdes are expected to be present. The interesting point in
equation ofx via LU decompositio® and consequently ©OUT calculations is that SPE’s are derived from the imaginary
finding the cross sections. part of the expected value of an effective scattering operator

Figure 5 presents the results for the charge-density excivhich can be rewritten in terms of a generalized coordirate

fi3(w? - a)éa +i{g,0) '

tations for incident laser energy of 1.945 eV and for the selS€€ EA(9)], which is essentially a collective term, as every

lectedVy=-360, —200, —-80, 80, 280, and 360 mV. In or-
der to arrive at this result, around 20 valence subbands were § ODR ooRy e
CDE,,"

AN +

calculated. Nevertheless, from these, on average, four sub- :"f % o
bands were used as only these effectively have a non- :
negligible superposition with the three conduction subbands
considered in the well. Also, indirect transitiofguantum-
well-barrier transitionswere discarded based on the fact that
their oscillator strengths are around six orders of magnitude
less than the direct ones.

Based on the results of the Fig. 4 one can identify in Fig.
5 two structures whose energies correspond to the energy of
the bare transitions of the quantum-well electron gas. By this
reason, they are identified as SPE. The first, with low energy,
originates from transitions from the first to the second sub-
band, which we label as SREFrom Fig. 4 and for the gate FIG. 6. Calculated polarized resonant Raman spectra of the QW
voltages presented in Fig. 5, its energy values are given bys a function of selected gate voltages showing the merging of the
Ep1=24.64, 26.24, 27.45, 29.26, 29.32, and 29.38 meVCDEy, and SPE, peaks when the extreme resonance regime is left.
respectively. Note that SBEresonance behavior is directly Other excitations are also shown.

Intensity (arb. units)

Stokes shift (meV)
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possible transition is coupled via the many-body matliix doped quantum wells subjectéar not) to applied gate volt-
This demonstrates that the SPE can be in reality collectivages. Contrary to what was expected, the decreases of the
not renormalized excitations. gate voltages will not be implied in an enhancement of the
The remaining spectral profiles in Fig. 5 represent collecpopulation of the carriers in the well, as the extra carriers
tive CDE-LO-phonon coupled modes that present two typewvill be extracted from the well due to the passivation of the
of coupling, strong and weak ones. In the former case, thacceptor levels along the structure. Concerning the Raman
plasmalike excitations should be near the LO phonon of thepectra, it was demonstrated that single-particle excitations
GaAs and by this reason will interact strongly with the pho-may be not renormalized collective excitations. They are
non giving rise to modes similar to tHe, andL_ in three-  present in the Raman spectra in a regime of extreme reso-
dimensional systems. This is the case for transitions originance where the incoming laser light matches the interband
nated from the first to the second subbands in the quantuonduction-band-valence-band transitions. In our case, the
well and labeledEy, in Fig. 4. Accordingly, we identify them  gp)it-off conduction band undergoes transitions. Otherwise,
as collective modes COfand CDE;, in Fig. 6. We remark oy collective excitations will be present. In our system, the
that the electron-phonon coupling is introduced via the di-qiective excitations involve two coupling regimes with the
electric funct|c_)ns,(w) in Eq. (7) where _the phonon lifetime | 5 phonon of the GaAs, the weak and the strong one. The
was not considered. This was done in order to have a regyqt inyolves transition energieghe first to the third sub-
matrix U. . . . band around the double of the energy of the phonon. As a
The weak coqpllng regime (epresents the 'couplmg pe'consequence they give rise to a quasiphonon and a quasiplas
tween the cc_JIIect|ve modes basically from the first and thlrdmon in the spectra. From our results, these excitations will
subbands with the LO ph.onons. Therefor_e we labeled therBe unambiguously present in the Raman spectrum when they
as CDE, and CDE,. The first mode, seen in Fig. 5 and 6, is 516 i their resonance regime. The strong coupling regime
a very thin peak with energy of 36.4 meV, which is almost o esents mixed electronic and LO-phonon excitations
the energy of the LO phono(86.5 meVf and may be the \\nen the plasmalike electronic excitation energy and the
peak which nature was attributed to a renormalizedft-  yhonon energy are comparable. Such modes are routinely
ened LO-phonon modé? From Fig. 6, one can observe that present in one-sided polarized resonant Raman spectra,
its behavior does not follows the general tendency of thghich serves as a check of our theory. As a final remark, we
others peaks with increasing gate voltage, i.e., the reductiofyq|q jike to state that although our paper derives firm con-
of their energy. At the high-energy side we have the GPE Clusions concerning the nature of the elementary excitations
mode, which is represented by a wing in the §P¥pectra. i resonant Raman scattering of 2D systems, one should take
Figure 6 shows that with the decrease of gate voltage it tendsyra care when comparing Raman efficiencies and absolute
to merge with single-particle excitation, which means thatyssitions of the excitations predicted here and those due to a
one is leaving the extreme resonance condition and performysa| experiment. We expect some deviations resulting from
ing a transition to the near-resonance regime that, as statgfle role of the illuminatiok* and possibly also from the band
abov_e, will present only collective excnatl_ons. Therefore Wegap renormalization effeé®4 which alter the electronic
consider that foiV,=-80 mV almost all single-particle 0s- density of the well and were not contemplated in this work.
cillator strength was transferred to the collective mode
CDEg,. A similar fact occurs with SP& (see Fig. %, never- Two of us(V.A. and J.R.L) greatly acknowledge the fi-
theless, for a smaller value of the gate voltage. nancial support of Brazilian agencies FAPESP and CNPQ,
In summary, we presented a generalized self-consisterthe latter under the project Nanoseming@boperative Net-
field theory in order to investigate the elementary excitationsvork for Research on Semiconducting Nanodevices and
of polarized intersubband Raman spectra of modulatioiNanostructured Materigls
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