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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 GaAs/Ga12xAl xAs
single asymmetric quantum well~SAQW! is investigated. In a 150-Å-thick asymmetric quantum well the
maximum photoluminescence blueshift observed at low temperature~2 K! was 10.3 meV at zero field~9.0
meV at 2.53 T!. The flat-band condition of the SAQW under zero field is achieved at 0.1 W/cm2 while 1
W/cm2 is required to reduce the two-dimensional electron-gas~2DEG! density from 431011 cm22 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 phonons.@S0163-1829~99!02327-9#
nc
ig
rti

tw

th
ro
a
x
ll,
ye

up
he
or

th
-
in

fie
en

nd
re
de
th
lo
ac

e
th
u
n-

ve

ted
ic
he
an-
en
ity

.
ime
oto-
ell,

acer
bi-

ty,
e

e is
gh

, the
sity

he
e

a

the

-
na-

at

liza-
bu-
rly
ap
ma
Single asymmetric GaAs/Ga12xAl xAs quantum wells
~SAQW’s! were first introduced in the past decade and si
then they have been used as ideal systems to invest
many of the fundamental aspects concerning the prope
of one-component two-dimensional~2D! carrier plasmas.1

Fundamental aspects, such as many-body effects in
dimensional one-component carrier plasmas,2 dimensionality
crossover,3 and Fermi-edge singularity,4 depend upon the 2D
carrier gas density and may represent just a short list of
subjects investigated using SAQW. The typical growth p
file used to obtain then-type doped SAQW consists of
short-period superlattice, grown on top of an intrinsic epita
ial buffer layer, followed by the asymmetric quantum we
which is covered with the wide-gap undoped spacer la
and terminated with an intentionallyn-type doped wide-gap
layer. This structure has a 2D electron-gas~2DEG! density in
the SAQW, which can be continuously varied from zero
to its maximum value, by applying a bias voltage to t
n-type doped quantum well in a field effect transist
configuration5 or simply by illuminating the sample.6 The
mechanism proposed to explain the optical control of
2DEG density, in zero magnetic fields,7 has been success
fully used to explain the negative photoconductivity
modulation-doped and undoped structures as well.8 In this
work, however, we used magnetophotoluminescence~MPL!
measurements to investigate the effect of the magnetic
upon the mechanism of the optical control of the 2DEG d
sity in n-type doped GaAs/Ga12xAl xAs SAQW. We found
that the zero magnetic-field mechanism needs to be exte
in two different aspects, to account for the experimental
sults under nonzero magnetic field. The magnetic-field
pendence of the tunneling attempt frequency and
magnetic-field dependence of the 2DEG density at very
optical excitation intensity need both to be taken into
count.

The established optical control mechanism used to
plain the zero-field experiment requires illumination wi
photons having energy higher than the band gap of the
doped spacer layer.7 The attention is focused on the electro
hole pairs photocreated in the spacer layer. In then-type
doped structure, the photocreated electron initially mo
PRB 600163-1829/99/60~7!/4501~4!/$15.00
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back to the spatially distant donors while the photocrea
hole is drifted into the quantum well by the built-in electr
field, there recombining with 2D electrons. Later on, t
photocreated electron moves from the donor into the qu
tum well by tunneling through the spacer layer. At a giv
optical excitation intensity the steady-state 2DEG dens
(ns) is lower than the density (ns

0) at or near zero excitation
The mathematical description of such a steady-state reg
takes into account the rate at which the carriers are ph
created, the electron-hole recombination rate inside the w
and the rate at which the electron tunnels through the sp
layer. In the steady-state regime the electron-hole recom
nation rate is proportional to the optical excitation intensi
i.e., nsh}I , whereh is the steady-state hole density. In th
steady-state regime the electron-hole recombination rat
also proportional to the rate of tunneling of electrons throu
the spacer layer, i.e.,nsh}(ns

02ns)exp(2DAns), whereD is
the barrier parameter. Indeed, at the steady-state regime
relationship between the imposed optical excitation inten
and the structure parameters reads7

I 5C~ns
02ns!exp~2DAns!, ~1!

whereC is related to the tunneling attempt frequency. T
exponential term in Eq.~1! comes from the calculation of th
carrier tunneling current through a triangular barrier with
height proportional tons , while the difference (ns

02ns) rep-
resents the out-of-equilibrium carrier density. As far as
experimental results are concerned, a blueshift (2DEr) in
the photoluminescence~PL! spectra as a function of the op
tical excitation intensity has been usually taken as the sig
ture of the optical control mechanism.7 Here, the blueshift
(Er2Er

0) means the difference of the PL peak energy
near-zero optical excitation intensity (Er

0) and the PL peak
energy at a given optical excitation energy (Er). It has been
assumed that both band bending and band-gap renorma
tion are responsible for the observed blueshift. The contri
tion to the blueshift due to the band bending goes linea
with the steady-state 2DEG density while the band-g
renormalization depends strongly upon the carrier plas
density according to (ns)

a. The exponenta is related to the
4501 ©1999 The American Physical Society
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4502 PRB 60BRIEF REPORTS
dimensionality of the system, beinga5 1
2 for 3D carrier

plasmas9 anda5 1
3 for 2D carrier plasmas.10 In our case we

assume that only the first electron subband is populated,
leading to the one-third-power dependence for the band-
renormalization. The 2DEG density dependence of the
blueshift is given by

2DEr5Ans1B A3 ns, ~2!

whereA andB are, respectively, the band bending and ba
gap renormalization coefficients. TakingDEr in units of
meV and the carrier density in units of 1011cm22 the band
bending coefficient has been calculated to be on the orde
1 meV cm2.11 The band-gap renormalization coefficient~B!,
on the other hand, can be obtained from the experime
data.

The GaAs/Ga0.65Al0.35As SAQW sample~W1413! used in
this work presents a 150-Å GaAs asymmetric quantum w
that is followed by a 300-Å Ga0.65Al0.35As undoped space
layer. The structure has a 4.031011cm22 2DEG density at
low temperatures and mobility higher than 105 cm2/V s. The
sample was cooled at 2 K in an optical superconducting
magnet and optically excited above the band gap of the
doped Ga0.65Al0.35As, using the 5145-Å argon-ion laser lin
The luminescence spectra were recorded as a functio
optical excitation intensity~I! using a double monochromato
and standard photocounting techniques. The magnetic
was applied parallel to the sample growth direction. Fig
1~a! shows typical low-temperature spectra at zero fie
while Fig. 1~b! shows typical low-temperature spectra
2.53 T. Figures 1~a! and 1~b! show photoluminescence da
at zero field and at 2.53 T, respectively. The spectra re
sent intrinsicE1-HH1 band-to-band recombination involvin
the photogenerated holes and electrons of the 2DEG. Fi
1~a! shows that the PL recombination energy shifts fro
1522.3 meV at an optical intensity of about 1024 W/cm2 to-
wards saturation at 1532.6 meV, around 1 W/cm2. Figure
1~b!, however, shows that the recombination energy sh
from 1523.6 meV at an optical intensity of abo
1024 W/cm2 towards saturation at 1532.6 meV, around 0

FIG. 1. Typical low-temperature~2 K! photoluminescence spec
tra taken under low and strong optical excitation intensity at~a!
zero field and at~b! 2.53 T. We focus our attention only on th
recombination line coming from the SAQW.
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W/cm2. In Fig. 2 open circles show the optical excitatio
intensity dependence of theE1-HH1 peak energy at zero
field while full circles show the optical excitation intensit
dependence of theE1-HH1 peak energy at 2.53 T. Despit
the qualitative similarity observed in the optical intensity d
pendence of the energy upshift at zero field and at nonz
field there are two quantitative differences. The magne
field ~i! causes the energy upshift saturation to occur at lo
optical intensity, here reduced by one order of magnitu
and ~ii ! reduces the total energy upshift, here around 10%

Though MPL experiments have been used to stu
modulation-doped semiconductor heterostructures12 and
semiconductor heterojunctions,13 the optical control mecha
nism of the 2DEG density under the action of a nonze
external magnetic field has not been explained. The simi
ity of the optical excitation intensity dependence of the ph
toluminescence blueshift in the absence and in the pres
of the magnetic field~see Fig. 2! indicates that the optica
control mechanism, involving electron-hole photogenerat
at the spacer layer, holds in both cases. Under the actio
an external magnetic field~H! the 2D-carrier motion be-
comes Landau quantized. The in-plane quantum confinem
of the 2DEG, introduced by the application of a magne
field parallel to the growth direction, however, alters the
fective electron tunneling rate from the un-ionized dono
back into the quantum well, while the potential barrier
expected not to be modified. At this point we claim th
under the action of a magnetic field a first additional con
tion has to be imposed, namely, electrons need to find
empty Landau state inside the quantum well in order for
tunneling process be effective. The basic reason for the
ditional condition lies on the effect of the magnetic field ov
the 2D density of states~DOS!, which switches from a flat
profile at zero field to a discrete profile, such as a seque
of Gaussian-shaped distributions, at nonzero magnetic fi
As far as the DOS is concerned, the tunneling electron w
always find a state to be inside the quantum well at z
field. On the other hand, under the action of a magnetic fie
the tunneling electron may hit the quantum well with
energy lying in between two adjacent peaks of the DOS p
file, thus having little chance to be effectively transferr
into the quantum well, except for the case of an assis
transition to the first available Landau level. The first ava

FIG. 2. The SAQW recombination energy versus the excitat
intensity at 2.53 T~full circles! and at zero field~open circles!.
Circles are experimental data while full lines represent the b
fitting according to the model discussed in this work.
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able electron state inside the quantum well lies just above
Fermi level, to where the electron will attempt to tunnel.
reach the first empty Landau state in the quantum we
phonon-assisted tunneling process is assumed to occur
claim that the electron tunnels to an intermediate state ly
in betweenuN,NL& and uN,NL11& and from there to the
next empty Landau leveluN,NL11&, whereN51,2,3,... rep-
resent electron subbands andNL50,1,2,... are Landau quan
tum numbers. The electron transition rate~W! from the in-
termediate state, described in terms of adjacent Lan
states, is readily calculated at low temperatures, for magn
fields parallel to the heterostructure growth axis.14 We claim
that only inter-Landau transitions mediated by acous
phonons are assumed to take place in our case. Rou
speaking, under the action of a magnetic field the total e
tron transition rate is proportional to the phonon occupan
where the phonon energy matches the inter-Landau-l
spacing (\vc5e\H/m* ), i.e., W(H)}\vc /@exp(\vc /KT)
21#. Therefore, the electron tunneling attempt frequen
@see Eq.~1!# has to be corrected by the total transition ra
W(H), which has to approach unity as the external fie
tends to zero. In other words,W(H)˜1 asH˜0, as long as
Wnorm(H)5(\vc /KT)/@exp(\vc /KT)21#. The temperature
in Wnorm(H) is related to the phonon bath temperature a
we call it the average lattice temperature (Tlatt). We then
rewrite the expression forWnorm(H) as

Wnorm~H !5
\vc /KTlatt

exp~\vc /KTlatt!21
. ~3!

The optical control mechanism of the 2DEG density
SAQW, including the effect of the applied field, now read

I 5C~ns
02ns!Wnorm~H !exp~2DAns! . ~4!

The MPL blueshift experiments are indeed described
combining Eqs.~2! and ~4!.

As far as the explanation of the nonzero magnetic-fi
experiments are concerned the second aspect to be take
account is related to the maximum blueshift value, as
scribed by Eq.~2!. The maximum blueshift obtained from
the experiments is related to the 2DEG density at near-z
optical excitation intensity (ns

0), being very much close to
the value obtained by replacing the 2DEG density obtai
from transport measurements into Eq.~2!. The 2DEG density
at near-zero optical excitation intensity (ns

0), however, de-
pends upon the applied magnetic field. To calculate
magnetic-field dependence ofns

0 in a SAQW a variational
approach was used to solve self-consistently the cou
Schrödinger and Poisson equations, including Hartree a
exchange-correlation potentials, in the effective-mass
proximation. At this point we observe that the energy lev
EN

(NL)(H) and HHN
(NL)(H) depend uponH not only explic-

itly, through the usual Landau ladders, but also implici
through the magnetic-field dependence of the confinem
energiesEN(H) and HHN(H). The magnetic-field depen
dence of the confinement energy (EN ,HHN) arises from the
fact that eigenvalues, carrier concentration, and Fermi en
are all H dependent. The coupledns(H) and EN(H) varia-
tion is expected to be small at low fields. However, t
e
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coupledns(H) andEN(H) variation becomes larger near th
magnetic quantum limit (NL50).15

Assuming that the Fermi level lies in theNLth Landau
level (N51), i.e., uEF2E1

(NL)(H)u<s, where s

5\vc/4AH is the half-width of the Landau level due t
impurity scattering, the magnetic-field dependence of
2DEG density reads16

ns~H !5
nC

A2p
F2~NL11!E

0

1

exp~2x2/2!dx

2E
Q

1

exp~2x2/2!dxG , ~5!

where

Q54AHFEF2E1~H !

\vc
2S NL1

1

2D G ,
nC5eH/p\aB

2 is the degeneracy factor, andNL an integer
determined by

EFE1~H !2s

\vc
<NL1

1

2
<

EF2E1~H !1s

\vc
.

The fundamental interband transition (E1-HH ‘ ) splits into
several lines, which move rapidly to higher energies. As
intensity of the applied magnetic field increases the hig
Landau levels are progressively depopulated while the d
sity of states is increased. In particular, the magnetic-fi
dependence of the 2DEG density is determined by the lo
ized and delocalized density of states. We found that
broadening of the Landau levels also plays a central role
the magnetic-field dependence of the 2DEG density.16 As a
consequence of the applied magnetic field the 2DEG den
presents an oscillatory behavior as shown in Fig. 3. At 4
T, for instance, the 2DEG density starts to rise. The 2D
density goes linearly with the applied magnetic from 4.51
up to 4.59 T, being proportional to 6nC . In this range the
Fermi energy is located aboveE1

(5)(H). At 4.59 TE1
(5)(H) is

just populated to the peak. A further increase inH beyond
4.59 T results in depopulation of theNL55 Landau level,
which dominates over the increase in density of state a
function of H. Consequently, the carrier concentration d
creases. This persists up to 5.60 T whenE1

(5)(H) is com-
pletely depopulated. The rise that follows is similar to t
earlier one except for the Fermi energy, which is now abo
E1

(4)(H). Indeed, near the magnetic quantum limit (H
519.0 T) changes on the 2D electron density beco
larger.16

We first emphasize the experimental data at zero fie
Equations~1! and ~2! were used to fit the zero-field exper
mental data, represented by open circles in Fig. 2. Coe
cientsA–D associated with Eqs.~1! and ~2! were fitted as-
suming energy and 2DEG density in units of meV a
1011cm22, respectively. The value for the 2DEG density
zero field and very low optical intensity was set atns

054.0,
according to previous transport measurement characte
tion. The solid line going through the open circles in Fig.
represent the best fitting withA51.0, B54.0, C50.43, and
D51.2. On the other hand, Eqs.~2! and ~4! were coupled
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4504 PRB 60BRIEF REPORTS
together to fit the optical intensity dependence of the M
energy upshift at 2.53 T. ParametersA andC were fixed at
their zero-field fitted values (A51.0 andC50.43), once it
has been assumed that they are not modified by the app
tion of a magnetic field. Though we have assumed the fi
independence of the parameterD, it was included in our
fitting procedure in order to test the validity of our stateme
The solid line going through the full circles in Fig. 2 repr
sent the best fitting of the 2.53-T data withns

053.6, B
53.6,D51.2, andTlatt513.2 K. As expected, no change o
the fitted value forD at H50 andH52.53 T was observed
suggesting that the geometry of the barrier is essentially
same in both cases. The band-gap renormalization t
(B A3 ns) is slightly reduced~;1 meV! due to the applied
magnetic field, as indicated by the reduction of theB param-
eter from 4.0 at zero field down to 3.6 at 2.53 T. Thens

0

value, however, changes from 4.0 at zero field down to 3.
2.53 T. Such a reduction inns

0 is in excellent agreement with
our calculation, as indicated in Fig. 3. At zero field we fou
from our calculationns

054.15, while at 2.53 T we found

FIG. 3. Magnetic-field dependence of the 2DEG density. T
structure parameters correspond to the SAQW
GaAs/Ga12xAl xAs used in our experiment.
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053.56, in units of 1011cm22 ~see Fig. 3!. Indeed, the ef-

fect of the magnetic field on the optical depletion mechani
would be investigated through the analysis of the field~H!
dependence of the blueshift (2DEr), under a fixed optical
excitation intensity~I!. At intermediate optical excitation in
tensities an almost linear dependence of the blueshift ve
magnetic field has been reported in the literature.12,13 At
fixed excitation intensity such a behavior is described
coupling together Eqs.~2! and ~4!, through the parametric
variable (ns).

In summary, we investigated the zero and nonzero fi
band-to-band recombination energy upshift, in ann-type
doped GaAs-Ga12xAl xAs SAQW, as a function of the opti
cal excitation intensity. The zero-field model proposed
Chaveset al.7 was extended to account for the nonzero fie
experiments. The effect of the magnetic field on the 2DE
density was used to explain the reduction of the maxim
energy upshift on the order of 10% at 2.53 T. Electro
phonon interaction was assumed to explain the reductio
the optical excitation intensity required to obtain the ma
mum energy upshift. At 2.53 T the optical excitation inte
sity required to reduce the 2DEG density, from
31011cm22 down to zero, is one order of magnitude low
~;0.1 W/cm2! as compared to the zero-field condition~;1
W/cm2!. The nonzero field model proposed here includes
lattice temperature as a parameter to be fitted from the
perimental data. In our case we found the lattice tempera
on the order of 13.2 K. Indeed, in the range of our expe
ment we found that the barrier parameter~D! is field inde-
pendent, while the dark 2DEG density (ns

0) and the band-gap
renormalization coefficient~B! have both been reduced b
about 10%.
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