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Optically induced density depletion of the two-dimensional electron system
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We report measurements of optically induced density depletion of the two-dimensional electron sys-
tem formed at the interface of a GaAs/Al„Gal „As heterojunction with a 5-doped layer of Be acceptors

0
in the GaAs 250 A from the interface. Our measurements show that at low laser power the depletion
effect is controlled by the recombination of two-dimensional electrons with photoexcited holes that have
become bound to the Be acceptors. The point at which all the Be acceptors in the sample have been neu-
tralized by photoexcited holes is indicated by the sudden appearance of free holes in the GaAs, which
then control the density depletion in the high-power regime. We present a comprehensive dynamic
model of the depletion effect that includes both regimes, and calculate the densities and mobilities of the
carriers involved in the process.

I. INTRODUCTION
II. EXPERIMENTAL RESULTS

Recently photoluminescence experiments have been
used to study the two-dimensional electron system
(2DES) in the fractional quantum Hall efFect and magnet-
ically induced Wigner solid regimes. ' In some of these
experiments a modified structure is used in which the ob-
served recombination is between the 2DES and holes
bound to Be acceptors in a 5-doped layer a fixed distance
from the interface. Since the bound-hole energy is well
defined, the resulting photoluminescence spectrum is
determined by the energy spectrum of the recombining
electrons. An important property of these samples is that
continuous illumination with laser light of energy greater
than the Al Ga, „As band gap results in nonpersistent
reduction of the 2DES density. Electrostatically, this
effect is caused by charge compensation of the ionized
donors in the A1„Ga& „As by the photoexcited elec-
trons. The first dynamic model of the effect came from
the Raman studies of Richards, Fasol, and Ploog [hereaf-
ter referred to as the Richards, Fasol, and Ploog (RFP)
model]. In this model, the density depletion is deter-
mined by the time for an electron to tunnel through into
the 2DES. Photoexcitation creates electron-hole pairs in
the Al„Ga& „As, where the electrons are confined by the
barrier potential before they eventually tunnel into the
2DES. In contrast, the holes are quickly swept into the
CxaAs, where they are captured by the Be acceptors (Fig.
l). Concentration reduction occurs because the photo-
created holes recombine rapidly with the electrons in the
2DES, while the tunneling of photoexcited electrons from
the Al„Ga, „As is relatively slow. This model was first
proposed to explain a laser-induced density-depletion
effect observed in GaAs/Al„Ga& As quantum wells,
where the quantum well traps the holes near the 2DES so
that they are available for recombination.

We have used photoluminescence and low-field Hall
measurements to study the variation of the 2DES density
with illumination from an Argon-ion laser. Our measure-
ments were conducted using a silica fiber to illuminate
the Hall bar sample uniformly and to collect the lumines-
cence. The sample (details of which can be found in
Table I) was cooled to temperatures &0.3 K, depending
on the laser power used, in magnetic fields of up to 17 T.
We have found that the density-depletion effect is not
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FIG. 1. Schematic diagram of a GaAs/Al„Gal „As hetero-
junction with a 5-doped layer of Be acceptors 250 A from the
interface. The observed recombination and the mechanism for
density depletion at low-incident laser power are also shown
{see text for details).
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TABLE I. Details of the sample parameters used in the model. Additional sample parameters that
are not required for the calculation are also given.

Sample model parameters

Bohr radius of hole bound to acceptor', ap
Spacer layer thickness, d
Thickness of doped A1„Ga& „As region, d&

Permittivity, c
EfFective mass of 2D electrons, m2d
EfFective mass of electrons in Al„Ga& „As, m,
EfFective mass of free holes in GaAs, m~
Maximum 2DES density, n2&

Density of acceptors in the 5-doped layer, N,
Acceptor saturation power, I',
2DES to bound-hole recombination time', ~b

Aluminum concentration fraction, x

50.8 A
175 A
525 A

12.56ap
0.067m p'

0.092m p'

0.4mp'
6X10" cm

2.5X10' cm
10 mW

110 ns
0.3

Additional sample parameters

Density of donors in Al„Ga& „As
Distance of Be acceptors from interface
Thickness of GaAs bufFer region

2X 10' cm
250 A
600 A

'A. Baldereschi and N. O. Lipari, Phys. Rev. B 8, 2697 (1973).
ap is the permittivity of free space.

'm
p is the free-electron mass.

N. Chand, T. Henderson, J. Klem, W. T. Masselink, R. Fischer, Y. C. Chan, and H. Morkog, Phys.
Rev. B 30, 4481 (1984).
'See Ref. 16.

only dependent on the electron tunneling time, but that it
is determined largely by the action of the photoexcited
holes.

Since the holes with which the two-dimensional (2D)
electrons recombine are bound to acceptors that are in a
5 layer, the zero magnetic-Seld recombination spectrum
should be a direct measure of the zero-field 2D density of
states. Localization of the holes removes the requirement
for wave-vector conservation in the transition, and the 5
layer ensures that the hole contribution to the 2DES-to-
neutral-acceptor recombination energy is well defined.
Thus, the 2DES concentration can be determined from
the luminescence width by

m2d(E~ Eb)—
nz

where mzz is the 2DES efFective mass, E& is the Fermi
energy of the 2DES, and Eb is the bottom of the 2DES
subband. In practice, the presence of disorder and a
Fermi-edge singularity means that the zero-field
luminescence line is not the "top-hat" shape that we
would expect for the 2D density of states, and the Fermi
energy and bottom of the subband are not directly
identifiable from the data. We have taken E& and EI, to
be equal to the high- and low-energy edges, respectively,
of the recombination line at half the maximum intensity
(Fig. 2). Figure 3 shows the Fermi edge (circles), the peak
position (squares), and the bottom of the 2DES subband
(triangles) at zero magnetic Seld as a function of laser
power. At all powers the Fermi energy remains constant,

while the peak position and the bottom of the 2DES sub-
band increase in energy with laser power up to about 10
mW, above which there is no further change. This im-

plies a monotonic decrease in the 2DES density below 10
mW, and no change above this poin&.

We also expect the disorder-induced line broadening to
decrease as the laser power is increased as a result of two
mechanisms. These are screening of the Si donors by the
photoexcited electrons in the Al„oa, „As, and neutral-
izing of the Be acceptors. In order to use the linewidth to
see changes in the electron concentration, we must also
try to take this into consideration. To do this we use the
high-energy half-width as a measure of the amount of dis-
order felt by the 2DES. Since the position of the high-
energy edge of the line (the Fermi energy) is independent
of power, we need only look at changes in the peak posi-
tion to measure the change in disorder (Fig. 3, inset).
This shows a monotonic decrease in the disorder contri-
bution to the linewidth, up to about 10 mW, where there
is no further change. We believe that this corresponds to
the point where all the Be acceptors have been neutral-
ized by photoexcited holes and, therefore, that the accep-
tors are the dominant source of the disorder felt by the
2DES. Since both the total linewidth and the broadening
due to disorder show a monotonic decrease up to a power
of 10 mW, and then saturate beyond this power, we can
conclude that the 2DES concentration has the same
behavior. However, because of the nonideal shape of the
zero-field luminescence spectra, a quantitative measure-
ment of the 2DES density from these data will probably
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FIG. 2. 2DES to bound-hole recombination
line at zero magnetic field for a nominal laser
power of 0.6 m%'. Here, as elsewhere, the
laser power is the power emitted from the laser
multiplied by the absorption of the neutral-
density filters. The position of the Fermi ener-

gy (Ef) and bottom of the subband (Eb), as
defined in the text, are also shown.
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not be reliable.
A second method of determining the 2DES concentra-

tion is by studying the changes in the photoluminescence
line position as a function of magnetic field. ' Figure 4
shows a fan diagram at an incident laser power of 0.6
mW. There are two spectral lines, which can be
identified as the first (LLO) and second (LL1) Landau lev-
els. At 4.5 T, LL1 depopulates (filling factor v=2), and
there is a corresponding shift of LLO. At about twice the
field, a second shift occurs (v=1), caused by enhance-
ment of the g factor as the upper spin-state level is de-
populated. By studying the field position of these
features, we have been able to measure the electron densi-
ty as a function of incident power (Fig. 5, triangles).

We have also used low-field Hall measurements to
determine the 2DES concentration in the sample. Unfor-
tunately, it is not always possible to determine the con-
centration by observation of minima in the
Shubnikov-de Haas oscillations because with high il-
lumination levels transport features are washed out by
parallel conduction from photocreated electrons in the

Al„Ga& As. Hall measurements will be unafFected as
long as the conductance of the 2D electrons is very much
greater than the conductance of the bulk electrons, which
is true at very low fields ( & 1 T). Figure 5 (circles) shows
the variation of the density as measured from the Hall
voltage, assuming a single &ype of carrier. The Hall den-

sity shows the same power dependence as the 2DES den-

sity measured from the optical features below about IO

mW. However, above 10 mW the Hall density shows a
sudden increase, such that it rapidly exceeds the density
at the lowest laser-illumination levels. This is in direct
contradiction to the zero-Geld width data, taken in con-
junction with these measurements, which indicate that
the 2DES density remains at a minimum value at these
powers. We conclude that the change in the Hall voltage
is due to the breakdown of the condition that the bulk

conductivity is very much less than the 2DES conductivi-

ty, resulting from the sudden introduction offree holes in

the GaAs. (The free electrons in the Al„Ga, „As remain

relatively unimportant because of their low mobility, as
discussed in Sec. V below. ) En the model of RFP, the
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FIG. 3. The Fermi edge Ef (circles), peak
position E~ k (squares), and bottom of the
2DES subband Eb (triangles) at zero magnetic
field plotted as a function of laser power. The
inset shows the peak position in more detail.
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shown.
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FIG. 5. Measured and calculated carrier
densities in the sample under continuous il-
lumination. The Hall density (n&) is given by
circles (experimental) and the solid line (fit).
The 2DES density (n&d ) is given by triangles
(measured from optical features) and the dot-
ted line (calculated). The calculated densities
of the electrons in the Al„Ga& „As (n, ) and
free holes in the GaAs (nfh) are given by
dashed and dot-dashed lines, respectively.
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density depletion in these samples is a result of electrons
from the 2DES recombining with the holes bound to Be
acceptors that are close to the interface. There are, how-
ever, a limited number of Be acceptors in the 5-doped
layer, and when all of the Be acceptors have been neutral-
ized by photoexcited holes, any excess holes will be free
to move in the GaAs. The sudden presence of free holes
in the sample is confirmed by the appearance of 2DES-
to-free-hole and bulk-GaAs recombination lines in the
luminescence spectra. Figure 6 shows the ratio of the
free-hole to bound-hole recombination intensity as a
function of laser power. Also shown is the width of the
2DES-to-bound-hole recombination line as a function of
laser power. The free-hole recombination intensity is
negligible until the linewidth reaches its minimum value,
when it rapidly increases indicating that saturation of the
density-depletion effect occurs at the same time as the ap-
pearance of the free holes.

III. DENSITY-DEPLETION MODEL

Previous explanations of the laser-induced density de-
pletion in these samples have concentrated on the role of
the photocreated electrons in this process, but our results
show that the role of the photocreated holes is equally
important. The model of RFP assumed that the effect is
determined only by the rate at which the electrons deplet-
ed from the 2DES can be replaced by tunneling of pho-
toexcited electrons from the Al„Ga& „As. This model
works well at low power, when the density of bound holes
is small, but breaks down at high powers when all the Be
acceptors have captured holes. We have developed a dy-
namic model of the density-depletion effect, which in-
cludes not only the accumulation of electrons in the
Al„Ga, „As, but also the trapping of holes in the Be 5-
doped layer, and at high powers the appearance of free
holes in the GaAs.

Our dynamic model includes the fact that the photoex-
cited holes remain bound to the Be acceptors for a finite
time before they recombine, allowing the possibility that
all of the Be acceptors in the 5-doped layer will have cap-
tured holes. This contrasts with the model of RFP,
which assumes that the 2DES-to-bound-hole recombina-
tion is infinitely fast. Charge conservation in the sample
requires that the total carrier charge must be equal to the
charge due to the ionized impurities

—n2d + tg nbh n fh

where Nd is the 3D density of ionized donors in the
Al Ga j As d, is the thickness of the doped

Al„Ga, „As region, N, is the density of acceptors in the
5-doped layer, n, is the density of electrons in the

Al„Ga, „As, nb„ is the density of holes bound to the Be
acceptors, and n& is the density of free holes in the
GaAs. (Note that throughout this discussion all densities
are areal densities unless otherwise stated. ) In the dark,
but after the saturation of the persistent photoconductivi-
ty effect, the only carriers will be those in the 2DES,
which will have a maximum density nzd=Ndd& —N, .
Since this value is easily determined from transport mea-

surements, we substitute it into Eq. (2). We also consider
the effect of electron-hole pairs excited in the GaAs by
the laser illumination. In this process the photoexcited
electrons are swept into the 2DES, contributing to nzd
rather than n, . The holes will remain in the bulk of the
GaAs, and since they are indistinguishable from the holes
that are created in the Al„Ga& As and then swept into
the GaAs, they will contribute to nbh and nfh as usual.
The laser illumination will create g,h electron-hole pairs
per unit area per second, which we can relate to the car-
rier densities using the carrier lifetimes. Equation (2)
now becomes

n zd
= n 2d +&rj.h&t f&b (rl.h

—f )rf—, (3)

which can be rewritten as

n2d =f(~b —rf )+g,h(rf —ar, )+n 2d .

Here ~b is the 2DES to bound-hole recombination time,
~f is the 2DES to free-hole recombination time, ~, is the
inverse of the rate at which the electrons in the
Al„Ga, ,As tunnel into the 2DES, a is the proportion
of the electron-hole pairs that are created in the
Al„Ga, „As, and f =f(rl,h) is a function which gives
the density of photoexcited holes that bind to the Be ac-
ceptors per second. It can be seen in Fig. 5 that the Hall
carrier density and the 2DES density measured from
features in the optics are approximately equal below 10
mW, except for a few points at very low power. (This
discrepancy is probably due to a sample with inhomo-
geneous density, with the parts of the sample at the
lowest density, where nbh is the largest, giving rise to the
strongest luminescence. ) We can also see from Fig. 6 that
the 2DES to free-hole recombination is negligible at low
power. Both of these observations imply that all of the
photoexcited holes must bind to Be acceptors in this re-
gime. Conversely, at high power when all the Be accep-
tors are neutralized, the number of photoexcited holes
that bind to the Be acceptors per second must be equal to
N, Irb We, theref. ore, choose an empirical function for f
that has these properties given by

Na leh+bf= tanh

This is equal to g,h at low power and equal to N, /v& at
high power as required. Furthermore, the rapid change-
over between the two regimes is well described by this
function.

We now consider ~, . %'e assume that the barrier exists
in the spacer layer, which contains no charge, so we can
model it as a triangular potential, with a width that is
equal to the spacer thickness d, and a slope that is equal
to the electric field at the interface, which changes with
the concentration of the 2DES. Thus,

e n2dz
2

V(z) =

where c is the permittivity and z =0 corresponds to the
bottom of the barrier. An electron at z =0 (i.e., in the
doped part of the Al„Ga, „As) will remain there for a
time
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' 1/2
4e 2d m +pdst=A exp

E,
(6)

IV. CARRIER MOSILITIES

For clarity we have used simple analytical expressions
to calculate the 2D and 3D mobilities. In the 3D case we
start from the Brooks-Herring result for scattering of a
carrier with energy E and wave vector k by ionized im-
purities

1

r"(E,k)

N e
z
E ln(1+ b) , (—8)

16 2m ms

where

(9)

N;; is the 3D density of ionized impurities, P is the in-
verse screening length, m is the carrier mass, and ~,, is
the scattering time. For a low-temperature degenerate
gas all the scattering occurs at the Fermi energy, thus
E=Ef, k =kf, and P is the 3D Thomas-Fermi screening
parameter, yielding an expression for the mobility,

32
' 3 ' —1

24m'e n A ~ )
b

N;,.m e 1+6 (10)

The mobility for electrons in the Al„Ga& „As caused by
ionized impurities (p,") is found by substituting
N„=Ng=(n~g+N, )/d„and n =n, /d, =ar),h~, /d, . It
is noteworthy that Nd is not equal to the total density of
donors in the Al„Ga& „As, but rather to the density of

where m,' is the effective mass of the electrons in the
A1„Ga) „As and A is a constant. If we choose a para-
bolic barrier with the electric Seld matched at the inter-
face and equal to zero in the bulk Al Ga& As at a dis-
tance d from the interface, we obtain the same result ex-
cept for a factor of 3/(4&2) in the exponential. We re-
late g,h to the incident power by noting that at the power
P, at which all of the acceptors have just become neu-

tralized, g,„=N, /rb, thereby avoiding the uncertainty
involved in estimating the laser power density absorbed
by the sample.

In the low power limit, where all the photoexcited
holes are trapped by the Be acceptors f=g,„, and pro-
vided that we assume ar, »rb, Eq. (3) reduces to

5 2d 82d +A7leh t &

0

which is equivalent to the expression used by RFP. At
high illumination levels, when all the Be acceptors have
trapped holes f=N, /rb, so any further change in densi-

ty is determined by the free holes, via the de'erence be-
tween ~f and an't. When the 2DES density reaches a
minimum these times become equal, thus we substitute
n;„ into Eq. (6) to find rf. In order to compare our
model with the Ha11 density data of Fig. 5, we also need
to calculate the mobilities of both the 2D and 3D carriers
in the sample. This is discussed in the following section.

1 1 1
a1 ii

Pe Pe
(12)

The ionized acceptor contribution to the free-hale mo-

bility, pfh is also found from Eq. (10), where

n =nfh=(r), h
—f )rf and N;; =N;, =N, frb i—s the num-

ber of acceptors that have not been neutralized by pho-
toexcited holes. However, since N, frb te—nds to zero at
high laser power, we also include the scattering due to
neutral acceptors, given by the usual expression for the
mobility derived assuming a hydrogenlike state for a hole
bound to the acceptor'4

na e

20%a 0(N )
(13)

where ao is the Bohr radius of the bound hole, and
N„=feb is the number of neutral acceptors in the
GaAs. As above, the total hole mobility (pfh) is found

using Matthiessen's rule.
Finally, we turn to the 2DES mobility. We have ex-

plicitly considered three possible scattering mechanisms:
the ionized donors in the Al Ga, „As, the ionized ac-
ceptors in the GaAs, and the neutral acceptors in the
GaAs. Again, it is convenient for us to use analytical ex-
pressions for the 2D mobilities, thus for the ionized im-
purity scattering we follow Lee et al. ' The mobility
arising from ionized acceptor scattering is given by

87TA e k pgfI(Bpy )

Pea = (14)
e mzdN;,

where I(Bzz) is the scattering integral, which can be ap-
proximated to

=1.268 ~d +2.218~d +0.74,
I(Bqq )

(15)

and Bz& =1/b given by Eq. (9) for the two-dimensional

case. The scattering by remote impurities is given by'

64M'8'kf2d

e mz&N&(1/Lo 1/L, )
(16)

where Lo and L, are the average distances of the 2DES

deep donor-related defects (DX centers). " At low tem-

peratures, the cloud of photocreated electrons in the
Al„Ga, „As will bind to the shallow donors in the

A1„Ga, „As, but not to the DX centers, this being the

property that is responsible for the persistent photocon-
ductivity effect. We also include alloy disorder scatter-
ing of the electrons in the Al„Ga& As, modeled by ran-

domly situated potential wells of size hE, '

8 equi N, j

3~2m E' m, ' x(1—«)(&E)

where N, &
is the density of aluminum sites. There is at

present no consensus as to the value hE should take, ' so
we include it as an adjustable parameter. The total in-
verse mobility for the electrons in the Al„Ga& „As is
found by using Matthiessen's rule
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to the nearest and furthest edges of the doped region, re-
spectively.

The 2DES mobihty will be determined by Eq. (14) at
low power, since the scattering will be dominated by the
charged acceptors in the proximity of the 2DES. In Sec.
II, we briefly discussed the screening of the ionized
donors by the photoexcited electrons in the Al Ga, As.
At high power the dense gas of photoexcited electrons in
the Al„Ga, „As will be very ei.cient at smoothing out
the fluctuations in the potential due to the ionized
donors. This means that ionized donor scattering of the
2DES is not significant in either regime, and can be
neglected. In addition, the acceptors become neutralized
by the photoexcited holes at high power. However, they
still determine the 2DES mobility via neutral impurity
scattering. There must be wave-function overlap between
the electrons in the 2DES and the neutral acceptors in or-
der for luminescence to occur, so the neutral acceptors
which limit the mobility of the holes in the GaAs at high
laser power will also scatter the 2D electrons. In order to
model this efFect, we note that Eq. (13) is dependent only
on the density of the neutral impurities; thus, although it
would be inappropriate to apply it to the 2DES directly,
due to the small wave-function overlap between the
2DES and the neutral acceptors, we use this expression
multiplied by a fitting parameter r„,~

(Pfhnfh+P ~ +P2dn2d)
H 2 2 2 9

Pfh fh Pe ne P2d 2d

(17)

using the densities and mobilities of the three difFerent
charge carriers calculated as described above. We also
show the densities of the electrons in the Al„Ga& As
(dashed line), the holes in the GaAs (dot-dashed line), and
the electrons in the 2DES (dotted line). A summary of
the values taken for the fixed parameters is given in Table
I. For the fitting parameters we find A'=aA =5.26 ns,
r„,=13.0, and AE=1.42 eV, the last of which falls
within the range of values (0—1.6 eV) quoted in the litera-
ture. ' It can be seen that the calculated Hall density
data are in very good agreement with the experimental
data over the entire power range, compelling evidence
that our model for the density depletion is correct. We
also note that the calculated 2DES density agrees equally
well with the density as measured optically over most of
the laser-power range. (The small discrepancy at low
power has been explained in Sec. III above. } This is fur-
ther strong evidence that our depletion model is correct;
our fit is to the Hall data, not to the measurement of the
density via features in the optics. At low power ((10
mW), the number of free holes is very small and since the
mobility of the electrons in the Al Ga, „As is low, the
Hall density is a measure of the 2DES density to a fair
approximation. In the narrow range of powers between
10 and 20 mW, the behavior of the Hall density is more
complex, yet the agreement between the experimental

V. DISCUSSION

In Fig. 5 we show the fit to the Hall density data given
by

data and the fit remains excellent. In this regime the sud-
den rise in the density of free holes results in the rapid in-
crease in the Hall density. A secondary effect is a rise ia
the 2DES mobility [Fig. 7(a)] due to the changeover from
ionized impurity scattering to neutral impurity scattering
[Fig. 7(b)], causing the kink that appears in both the ex-
perimental Hall data and the fit. At the highest powers,
the mobiHty and the density of the 2DES remain un-
changed, and the contribution to the Hall density from
the free holes becomes increasingly important. In the
high-power regime () 10 mW), there is also a rapid rise
in the number of electrons in the Al„Ga&, As coincident
with the appearance of free holes. This must occur to
preserve charge conservation. As the density of bound
holes becomes constant, the increase in the number of
free holes must be matched by an increase in the number
of electrons, either in the 2DES, or as is the case, in the
Al Ga, As. In fact, the density of electrons in the
Al, Ga, „As (and holes in the GaAs) is proportional to
the incident power in this regime. This is because nod„
and therefore ~„are constant, and is in contrast with the
low-power region where z, is varying. However, the sud-
den change in the Hall density is almost entirely due to
the appearance of the free holes in the GaAs, with only a
very small contribution from the low mobility electrons
in the Al„Ga, „As [Fig. 7(a)].

Once all the Be acceptors have captured holes then any
further change in the 2DES density results from the
difFerence between ~& and o.~, . If ~& &a~, at P„„then
the 2DES density will continue to drop, but if ~& & a~, at

P„„then it should actually start to rise again. It is in-
teresting to note that in this sample nzd stays constant
from this point, implying that ~f cKPI at Ps, t As the
power is increased, the 2DES density will always change
in such a way as to make w& eventually equal to a~„but
there is no reason why this should happen close to P„,,
In addition, at low power where Eq. (3) reduces to Eq.
(7), the density depletion is also independent of rb Fur-.
thermore, if we double ~b, which is equivalent to moving
the acceptors further away, we find that P„, halves. This
is simply because each hole remains bound to an acceptor
for twice as long, so you need generate only half as many
to neutralize all the acceptors. Thus, since the density
depletion is independent of ~„ in both regimes, it is also
independent of the distance of the 5-doped layer from the
interface, in agreement with experimental results. ' This
result will break down when ~& &&a~„ for example, when
recombination to free holes does not occur. In this case
the 2DES density will always start to rise at P,

Finally, we discuss the implications of our model with
regard to the design of samples with higher mobilities
and lower densities. In both the low- and high-power re-
gimes, it is the acceptors that limit the 2DES mobility, so
an increase in mobility can simply be achieved by moving
the acceptors further away from the interface, and there-
by reducing the wave-function overlap. As mentioned
above, this does not usually afFect the 2DES density de-
pletion. The limiting case of this would be to remove
them completely, corresponding to a depletion effect
governed entirely by recombination to free holes. ' How-
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ever, for some luminescence experiments ' it is advanta-
geous to study the 2DES-to-bound-hole recombination.
For transport measurements it is necessary to avoid the
region above P „due to the large number of bulk car-
riers present in the sample. Since moving the acceptors
further away reduces P „such measurements will always
be problematic.

We easily see that the best way to reduce the minimum
2DES density is to increase the spacer width if we substi-
tute nod =n;„and rI =ar, into Eq. (6) and rearrange to
give

3A
n ln

2d m,

Vf

aA

2

(18)

This will have two bene5cial effects. First, for an overall
Al Ga, „As thickness (doped layer plus spacer) of 700
A, as is the case for this sample, only about 45go of the
light from an Argon-ion laser is absorbed in the
Al Ga& „As.' Not only does this low absorption in the
Al Ga, ,As increase n~ in accordance with Eq. (18),
but it makes the laser illumination ineScient by increas-

ing unwanted absorption in the GaAs. This has impor-
tant implications for low-temperature experiments where
low laser-illumination powers are needed. If we double
the spacer width to 350 A, for example, we Snd that the
proportion of light absorbed in the Al„Ga, „As in-
creases to 84%%uo. The second effect is considerably more
dramatic: the minimum 2DES density has an inverse cu-
bic dependence on the spacer width, so doubling the
spacer width wiB reduce n;„by a factor of 8.

VI. CONCLUSIONS

We have studied the laser-induced 2DES density de-
pletion in a GaAs/Al„Ga, „As heterojunction with a 5
layer of Be acceptors in the GaAs 2SO A from the inter-
face. At low power the effect results from recombination
to holes, which are bound to the Be acceptors. We have
shown that further illumination causes the excess holes to
appear as free carriers in the GaAs, which then govern
the depletion effect. We have developed a comprehensive
dynamic model of the density depletion, which deter-
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mines the electron densities in the 20ES and the
Al Ga, As, and the hole density in the GaAs. Our
model is valid in both power regimes and can be used in
the design of similar samples for future experiments.
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