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Optical control of the two-dimensional electron-gas density in single asymmetric quantum
wells: Magnetic-field effect
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The effect of a magnetic field on the optical-assisted charge-transfer mechanism in a Gagal@es
single asymmetric quantum welBAQW) is investigated. In a 150-A-thick asymmetric quantum well the
maximum photoluminescence blueshift observed at low temperg2uke was 10.3 meV at zero fiel®.0
meV at 2.53 7. The flat-band condition of the SAQW under zero field is achieved at 0.1 Yanile 1
W/cn? is required to reduce the two-dimensional electron{@BEG) density from 4< 10t cm~2 down to
zero at 2.53 T. The difference in the maximum blueshift is discussed in terms of the field dependence of the
2DEG density, while the difference in the optical excitation required for the saturation condition is explained
in terms of inter-Landau-level transition mediated by acoustic pho&@.63-1829)02327-9

Single asymmetric GaAs/Ga,Al,As quantum wells back to the spatially distant donors while the photocreated
(SAQW'’s) were first introduced in the past decade and sincédole is drifted into the quantum well by the built-in electric
then they have been used as ideal systems to investigafield, there recombining with 2D electrons. Later on, the
many of the fundamental aspects concerning the propertigshotocreated electron moves from the donor into the quan-
of one-component two-dimension&D) carrier plasma$. tum well by tunneling through the spacer layer. At a given
Fundamental aspects, such as many-body effects in twmptical excitation intensity the steady-state 2DEG density
dimensional one-component carrier plasrdsnensionality  (ng) is lower than the densitynQ) at or near zero excitation.
crossover and Fermi-edge singularifydepend upon the 2D The mathematical description of such a steady-state regime
carrier gas density and may represent just a short list of theakes into account the rate at which the carriers are photo-
subjects investigated using SAQW. The typical growth pro-created, the electron-hole recombination rate inside the well,
file used to obtain ther-type doped SAQW consists of a and the rate at which the electron tunnels through the spacer
short-period superlattice, grown on top of an intrinsic epitax-ayer. In the steady-state regime the electron-hole recombi-
ial buffer layer, followed by the asymmetric quantum well, nation rate is proportional to the optical excitation intensity,
which is covered with the wide-gap undoped spacer layet.e., nsh=l, whereh is the steady-state hole density. In the
and terminated with an intentionallytype doped wide-gap steady-state regime the electron-hole recombination rate is
layer. This structure has a 2D electron-¢g2BEG) density in  also proportional to the rate of tunneling of electrons through
the SAQW, which can be continuously varied from zero upthe spacer layer, i_en’shoc(n(s)—ns)exp(—D\/n_S), whereD is
to its maximum value, by applying a bias voltage to thethe barrier parameter. Indeed, at the steady-state regime, the
n-type doped quantum well in a field effect transistorrelationship between the imposed optical excitation intensity

configuratiol or simply by illuminating the sampR.The  and the structure parameters reads
mechanism proposed to explain the optical control of the
2DEG density, in zero magnetic fieldias been success- I =C(n2—ng)exp —Dny), 1)
fully used to explain the negative photoconductivity in . .
modulation-doped and undoped structures as Willthis ~ WhereC is related to the tunneling attempt frequency. The
work, however, we used magnetophotoluminesceivieL) expgnenﬂal tgrm in Eq1) comes from 'the calculathn of t.he
measurements to investigate the effect of the magnetic fiel§@'Tier tunneling current through a.trlangularobarrler with a
upon the mechanism of the optical control of the 2DEG denheight proportional tai, while the difference s —ns) rep-
sity in n-type doped GaAs/Ga,Al,As SAQW. We found resenf[s the out-of-equilibrium carrier density. As far as the
that the zero magnetic-field mechanism needs to be extend&fPerimental results are concerned, a blueshifag,) in
in two different aspects, to account for the experimental refhe photoluminescend@®L) spectra as a function of the op-
sults under nonzero magnetic field. The magnetic-field delical excitation intensity has been usually taken as the signa-
pendence of the tunneling attempt frequency and théure of the optical control mechanisiHere, the blueshift
magnetic-field dependence of the 2DEG density at very low(Er—Ef) means the difference of the PL peak energy at
optical excitation intensity need both to be taken into ac-near-zero optical excitation intensitf) and the PL peak
count. energy at a given optical excitation enerdy; ). It has been

The established optical control mechanism used to exassumed that both band bending and band-gap renormaliza-
plain the zero-field experiment requires illumination with tion are responsible for the observed blueshift. The contribu-
photons having energy higher than the band gap of the urtion to the blueshift due to the band bending goes linearly
doped spacer layérThe attention is focused on the electron- with the steady-state 2DEG density while the band-gap
hole pairs photocreated in the spacer layer. In thigpe  renormalization depends strongly upon the carrier plasma
doped structure, the photocreated electron initially moveslensity according tor(s)“. The exponent is related to the
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FIG. 2. The SAQW recombination energy versus the excitation
Energy (eV) intensity at 2.53 T(full circles) and at zero fieldopen circles
Circles are experimental data while full lines represent the best

FIG. 1. Typical low-temperaturé K) photoluminescence spec- fitting according to the model discussed in this work.

tra taken under low and strong optical excitation intensity(at
zero field and atb) 2.53 T. We focus our attention only on the \W/cn?. In Fig. 2 open circles show the optical excitation
recombination line coming from the SAQW. intensity dependence of thgé;-HH, peak energy at zero
field while full circles show the optical excitation intensity
dimensionality of the system, being=; for 3D carrier dependence of thE;-HH, peak energy at 2.53 T. Despite
plasmas anda= 3 for 2D carrier plasma¥’ In our case we  the qualitative similarity observed in the optical intensity de-
assume that only the first electron subband is populated, thysendence of the energy upshift at zero field and at nonzero
leading to the one-third-power dependence for the band-gafeld there are two quantitative differences. The magnetic
renormalization. The 2DEG density dependence of the Plfield (i) causes the energy upshift saturation to occur at lower

blueshift is given by optical intensity, here reduced by one order of magnitude,
and (ii) reduces the total energy upshift, here around 10%.
—AE,=An+B3n, (2 Though MPL experiments have been used to study

modulation-doped semiconductor heterostructidreand

whereA andB are, respectively, the band bending and bandsemiconductor heterojunctiohdthe optical control mecha-
gap renormalization coefficients. Takin§E, in units of  njsm of the 2DEG density under the action of a nonzero
meV and the carrier density in units of #@m~2 the band  external magnetic field has not been explained. The similar-
bending coefficient has been calculated to be on the order afy of the optical excitation intensity dependence of the pho-
1 meV cnf.* The band-gap renormalization coefficigB),  toluminescence blueshift in the absence and in the presence
on the other hand, can be obtained from the experimentajf the magnetic fieldsee Fig. 2 indicates that the optical
data. control mechanism, involving electron-hole photogeneration

The GaAs/GgeAlg 3sAs SAQW sampléW1413 used in  at the spacer layer, holds in both cases. Under the action of
this work presents a 150-A GaAs asymmetric quantum welbn external magnetic fieldH) the 2D-carrier motion be-
that is followed by a 300-A GgsAl 3sAs undoped spacer comes Landau quantized. The in-plane quantum confinement
layer. The structure has a 400''cm 2DEG density at  of the 2DEG, introduced by the application of a magnetic
low temperatures and mobility higher than®t@?/V's. The  field parallel to the growth direction, however, alters the ef-
sample was cooledt&? K in an optical superconducting fective electron tunneling rate from the un-ionized donors
magnet and optically excited above the band gap of the urback into the quantum well, while the potential barrier is
doped GgesAlg 35As, using the 5145-A argon-ion laser line. expected not to be modified. At this point we claim that
The luminescence spectra were recorded as a function efnder the action of a magnetic field a first additional condi-
optical excitation intensityl) using a double monochromator tion has to be imposed, namely, electrons need to find an
and standard photocounting techniques. The magnetic fieldmpty Landau state inside the quantum well in order for the
was applied parallel to the sample growth direction. Figureunneling process be effective. The basic reason for the ad-
1(a) shows typical low-temperature spectra at zero fieldditional condition lies on the effect of the magnetic field over
while Fig. 1(b) shows typical low-temperature spectra atthe 2D density of state@OS), which switches from a flat
2.53 T. Figures (8) and Xb) show photoluminescence data profile at zero field to a discrete profile, such as a sequence
at zero field and at 2.53 T, respectively. The spectra represf Gaussian-shaped distributions, at nonzero magnetic field.
sent intrinsicE;-HH; band-to-band recombination involving As far as the DOS is concerned, the tunneling electron will
the photogenerated holes and electrons of the 2DEG. Figurgiways find a state to be inside the quantum well at zero
1(a) shows that the PL recombination energy shifts fromfield. On the other hand, under the action of a magnetic field,
1522.3 meV at an optical intensity of about TON/cn? to-  the tunneling electron may hit the quantum well with an
wards saturation at 1532.6 meV, around 1 Wiciigure  energy lying in between two adjacent peaks of the DOS pro-
1(b), however, shows that the recombination energy shiftdile, thus having little chance to be effectively transferred
from 1523.6 meV at an optical intensity of about into the quantum well, except for the case of an assisted
10~ *W/cn? towards saturation at 1532.6 meV, around 0.ltransition to the first available Landau level. The first avail-
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able electron state inside the quantum well lies just above theoupledng(H) andEy(H) variation becomes larger near the
Fermi level, to where the electron will attempt to tunnel. Tomagnetic quantum limitN, =0).°

reach the first empty Landau state in the quantum well a Assuming that the Fermi level lies in tHé, th Landau
phonon-assisted tunneling process is assumed to occur. W&l (N=1), i.e., |EF—E(1NL)(H)|sa, where o
claim that the electron tunnels to an intermediate state Iymgzﬁwcm\/ﬁ is the half-width of the Landau level due to

in between|N,N,) and [N,N, +1) and from there to the ., ity scattering, the magnetic-field dependence of the
next empty Landau levéN,N, + 1), whereN=1,2,3,... rep- 2DEG density read$

resent electron subbands aNd=0,1,2,... are Landau quan-
tum numbers. The electron transition raW) from the in-

1
termediate state, described in terms of adjacent Landau nS(H)=n—C 2(N_+ 1)f exp( —x%/2)dx
states, is readily calculated at low temperatures, for magnetic V2w 0
fields parallel to the heterostructure growth aXigVe claim 1
that only inter-Landau transitions mediated by acoustic — j exp(—x2/2)dx|, (5)
phonons are assumed to take place in our case. Roughly Q

speaking, under the action of a magnetic field the total elecy,
tron transition rate is proportional to the phonon occupancy,
where the phonon energy matches the inter-Landau-level Er

spacing fw.=efiH/m*), i.e., W(H)xAw./[expfw./KT) Q=4 H| e— > }
—1]. Therefore, the electron tunneling attempt frequency De

[see Eqg.(1)] has to be corrected by the total transition ratenczeH/wﬁaé is the degeneracy factor, al| an integer
W(H), which has to approach unity as the external fielddetermined by

tends to zero. In other wordg¢y(H)—1 asH—0, as long as

here

—E1<H>_(N 1
L

Whorm(H) = (fw /KT)/[ expiw./KT)—1]. The temperature ErEi(H)—o _ 1 _Ee—E(H)+o

in Whom(H) is related to the phonon bath temperature and hog =N+ 2= ho, :

we call it the average lattice temperaturg,f). We then _ N o
rewrite the expression folV,,(H) as The fundamental interband transitiok,cHH.) splits into

several lines, which move rapidly to higher energies. As the
hoo /KT intensity of the applied magnetic field increases the higher
. We latt ; ; _
Woom(H) = ) ©) Landau levels are progressively depopulated while the den
exp(fwe/KTigy) — 1 sity of states is increased. In particular, the magnetic-field
. . .. dependence of the 2DEG density is determined by the local-
The optical control mechanism of the 2DEG density inj;eq and delocalized density of states. We found that the
SAQW, including the effect of the applied field, now reads p,rqadening of the Landau levels also plays a central role in
the magnetic-field dependence of the 2DEG deriSitys a
| = C(ng— Ng) Wom(H)exp( — D\/n—s) . (4) consequence of the applied magnetic field the 2DEG density
presents an oscillatory behavior as shown in Fig. 3. At 4.51
The MPL blueshift experiments are indeed described byr, for instance, the 2DEG density starts to rise. The 2DEG
combining Egs(2) and(4). density goes linearly with the applied magnetic from 4.51 T
As far as the explanation of the nonzero magnetic-fielcup to 4.59 T, being proportional tong . In this range the
experiments are concerned the second aspect to be taken irt@rmi energy is located abo#d>(H). At 4.59 TE{®)(H) is
account is related to the maximum blueshift value, as dej-ust popu|ated to the peak_ A further increaseHrbeyond
scribed by Eq.(2). The maximum blueshift obtained from 4.59 T results in depopulation of tH¢, =5 Landau level,
the experiments is related to the 2DEG density at near-zerghich dominates over the increase in density of state as a
optical excitation intensityr?), being very much close to function of H. Consequently, the carrier concentration de-
the value obtained by replacing the 2DEG density obtaine@reases. This persists up to 5.60 T wtﬁﬁ)(H) is com-
from transport measurements into £2). The 2DEG density pletely depopulated. The rise that follows is similar to the
at near-zero optical excitation intensitpg), however, de- earlier one except for the Fermi energy, which is now above
pends upon the applied magnetic field. To calculate thg(*)(H). Indeed, near the magnetic quantum limiti (
magnetic-field dependence of in a SAQW a variational =19.0T) changes on the 2D electron density become
approach was used to solve self-consistently the coupleghrgerl®
Schralinger and Poisson equations, including Hartree and e first emphasize the experimental data at zero field.
exchange-correlation potentials, in the effective-mass apequations(1) and (2) were used to fit the zero-field experi-
proximation. At this point we observe that the energy levelsmental data, represented by open circles in Fig. 2. Coeffi-
E&NL)(H) and HH(NNL)(H) depend uporH not only explic- cientsA—D associated with Eqg1) and(2) were fitted as-
itly, through the usual Landau ladders, but also implicitly suming energy and 2DEG density in units of meV and
through the magnetic-field dependence of the confinemerit0*cm™2, respectively. The value for the 2DEG density at
energiesEy(H) and HHy(H). The magnetic-field depen- zero field and very low optical intensity was setrde=4.0,
dence of the confinement enerdy\(,HHy) arises from the according to previous transport measurement characteriza-
fact that eigenvalues, carrier concentration, and Fermi energyon. The solid line going through the open circles in Fig. 2
are allH dependent. The couplety(H) and Ey(H) varia-  represent the best fitting with=1.0, B=4.0,C=0.43, and
tion is expected to be small at low fields. However, theD=1.2. On the other hand, Eq&) and (4) were coupled
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358} Ep=50mev oG, Al 1555 nJ=3.56, in units of 18'cm 2 (see Fig. 3 Indeed, the ef-
Ly=15mm fect of the magnetic field on the optical depletion mechanism
| would be investigated through the analysis of the figd
dependence of the blueshift-AE,), under a fixed optical
excitation intensity(l). At intermediate optical excitation in-
tensities an almost linear dependence of the blueshift versus
magnetic field has been reported in the literafdre. At
fixed excitation intensity such a behavior is described by
coupling together Eqs2) and (4), through the parametric

ng( 10“cm'2)

variable fy).
| é . . . p In summary, we investigated the zero and nonzero field
Magnetic field ( Tesla ) band-to-band recombination energy upshift, in @type

doped GaAs-Ga ,Al,As SAQW, as a function of the opti-
FIG. 3. Magnetic-field dependence of the 2DEG density. Thecal excitation intensity. The zero-field model proposed by
structure  parameters  correspond to the SAQW ofChaveset al.” was extended to account for the nonzero field
GaAs/Ga_,Al,As used in our experiment. experiments. The effect of the magnetic field on the 2DEG
density was used to explain the reduction of the maximum

together to fit the optical intensity dependence of the mpLENErgy gpshn‘t on the order of 10% at 2'53 T. EIecFron-
energy upshift at 2.53 T. Parametésand C were fixed at phonon_ mterac_tlor_l was ass_umed to_ explain the_ reductlon_of
their zero-field fitted valuesA=1.0 andC=0.43), once it the optical excitation intensity requwed_ to obta_un _the maxi-
has been assumed that they are not modified by the applicH?—um energy upshiit. At 2.53 T the optical exqtauon Inten-
tion of a magnetic field. Though we have assumed the field'Y équired to reduce the 2DEG density, from 4
independence of the paramet®r it was included in our cm “ down to zero, is one order of magnitude lower

fitting procedure in order to test the validity of our statement.(wo'nlﬁvw (;]”?) as comfpalred to tr|1e zero-fiekrj] coqdit:Oﬂl h
The solid line going through the full circles in Fig. 2 repre- Wicn). The nonzero field model proposed here includes the

sent the best fitting of the 2.53-T data wir|£=3 6. B lattice temperature as a parameter to be fitted from the ex-
—36.D=1.2 andT..=13.2K .As expected, no chén’ge on perimental data. In our case we found the lattice temperature
- O, - Ly |an_ . . y

the fitted value foD atH=0 andH=2.53 T was observed, °" the order of 13.2 K. Indefad, in the range O.f our exper-
suggesting that the geometry of the barrier is essentially thement we fou_nd that the barrier parame@) s field inde-
endent, while the dark 2DEG densmyé)o and the band-gap

same in both cases. The band-gap renormalization term o -
(B3ny) is slightly reduced(~1 meV) due to the applied renormallozatlon coefficientB) have both been reduced by
magnetic field, as indicated by the reduction of Biparam- about 10%.

eter from 4.0 at zero field down to 3.6 at 2.53 T. T We are grateful to Professor J. M. Worlock and Professor
value, however, changes from 4.0 at zero field down to 3.6 g, S. Chaves for stimulating discussions and for a critical
2.53 T. Such a reduction in is in excellent agreement with reading of the manuscript. We thank Professor G. Weimann
our calculation, as indicated in Fig. 3. At zero field we foundfor providing the sample used in this work. The Brazilian
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