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Electrical depopulation of double quantum wells
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Modulation-doped n-type Al„Ga& —„As-GaAs double quantum wells (QW's) have been prepared
where the population of each quantum well can be tuned via a front gate voltage V~ in an exact
and reproducible way. Using cyclotron resonance and magnetocapacitance measurements we
present a detailed analysis of the depopulation behavior of each QW as a function of gate voltage
and magnetic field. We find a unique type of behavior: Once the QW close to the front gate is

populated the carrier density of the QW closer to the substrate becomes independent of the gate
voltage. This is in excellent agreement with the results of a self-consistent calculation of the sub-
band structure which confirms our theoretical understanding of the population process. In addi-
tion, we observe a hysteresis behavior in the magnetocapacitance measurements as a function of
the gate voltage which is particularly pronounced close to the onset voltage of the QW closer to
the front gate. We explain this phenomenon by the occupation of states in the Si-doped
Al„Ga~ — As in between the two QW's.

High carrier density layered two-dimensional electron
gases (2D EG), which can be prepared by piling up
several 2D EG one upon another in a multi-quantum-well
structure, are very interesting both for fundamental stud-
ies as well as for application. There have been a number
of fundamental investigations in magnetic fields, ' e.g. ,
the g-factor enhancement was investigated in double and
triple heterostructures ' and the quantum Hall effect
(QHE) was observed in a multi-quantum-well with 30
periods. From the theoretical point of view it seems to be
increasingly interesting to study double heterostructures
because this allows the investigation of a correlated elec-
tron movement in parallel and very closely packed 2D
EG. ' Recently, the observation" of a plateau in the
fractional QHE at filling factor v = —, initiated theoretical
efforts' ' to understand this phenomenon in terms of a
two-layered system. The high carrier density, which can
be achieved in multi-quantum-well systems, is very in-
teresting for application in low-channel resistance devices.
Gated structures with controllable carrier density are
highly desirable.

In this Rapid Communication we present a detailed in-
vestigation of a double quantum well (QW) which consti-
tutes the first step to the realization of a two-layered sys-
tem. The structures consist of two n-type modulation-
doped QW's which are described in more detail in Fig. 1.
The samples have semitransparent front gates which allow
us to tune the carrier densities of both quantum wells in a
controlled and reproducible way. We observe a unique oc-
cupation behavior of the two QW's in its dependence on
the gate voltage. We have investigated the samples as a
function of the gate voltage Vg by means of cyclotron res-
onance (CR) and magnetocapacitance versus voltage
(MCV) measurements. For very low values of Vs only
the back QW, which is closer to the substrate, is popu-
lated and its carrier density can be tuned such as in a sin-
gle heterostructure, e.g. , Ref. 14. Once the front QW,
which is closer to the surface of the sample, is populated,
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FIG. 1. Potential of the double quantum well obtained from a
self-consistent calculation. The surface of the sample is on the
left-hand side of the figure. For the conduction-band oA'sets hE
between GaAs and Al„Ga~ —„As we use hE =x x 1 eV. The dot-
ted, dashed, and dash-dotted lines mark the wave functions and
subband energies of the lowest three quantum states. The verti-
cal arrow gives the scale for the squared wave functions.

the carrier density in the back QW becomes independent
of the gate voltage. The carrier density in each QW can
be determined from the minima in the capacitance when a
magnetic field is applied perpendicular to the 2D EG. We
performed a self-consistent calculation of the subband
structure of these two coupled electron gases and find ex-
cellent agreement with the experimental results. In par-
ticular, the calculation shows the importance of the
boundary conditions of the electrostatic potential and ex-
plains the higher carrier density in the back QW com-
pared to the front QW.

For certain magnetic fields we can realize the situation
at which the Fermi level lies in between two Landau levels
of each QW. In this regime we observe a hysteresis in the
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transport measurements as a function of gate voltage and
magnetic field. When both QW's are populated the con-
duction band in between the two QW's can be very close
to the Fermi level. Therefore, we explain the hysteresis
behavior by the occupation of states in the Si-doped
Al„Ga~ „As in between the two QW's.

Figure 1 shows the sample geometry and the result of a
self-consistent calculation for the potential of the double
QW. The samples were grown by molecular-beam epi-
taxy' and have the following sequence of layers: a semi-
insulating GaAs substrate; a 0.4-pm nominally undoped
GaAs buffer layer followed by two identical QW*s, each
with 26.7-nm undoped Al„Ga~ — As, a short-period su-
perlattice consisting of five periods [2.2-nm A1As and
2.2-nm GaAs, 2.2-nm AlAs, 51.1-nm GaAs, 4.4-nm AlAs,
and 26.7-nm Si-doped Al, Ga~ — As (x =0.3, ND = 3
x10' cm )1; then 26.7-nm undoped Al„Ga~ —„As and
a 2.2-nm GaAs cap layer. The samples were mesa etched,
defining gate areas of -2 mm diameter 100-nm A1203
followed by 5-nm NiCr were evaporated onto the gate
area. Outside the gate area Ohmic contacts were an-
nealed to the 2D EG. A gate voltage Vs was applied be-
tween the gate and the channel contacts. The barrier be-
tween the two QW's is too thick to make tunneling a
favorable coupling mechanism of the two QW's. Howev-
er, the two QW's are directly connected in the contact re-
gime through the annealing process and the Fermi level is
aligned in both 2D EG. Cyclotron resonance was mea-
sured in a 14.5-T superconducting magnet, which was
connected via a waveguide system to a Fourier transform
spectrometer. Spectra were taken at fixed carrier density
N, and magnetic field B. The normal of the sample was
parallel to the magnetic field. The temperature was 2.2 K
and the resolution of the spectrometer was set to 0.1

CHl

For the numerical solution of the Schrodinger equation
of our double-QW structure we treat the problem as in a
multiple occupied subband system, where the wave func-
tions, in principle, extend into both QW's. Our nomencla-
ture will be similar to a system with several occupied sub-
bands, where in our case the lower subband marks the
back QW and the maximum of the wave function of the
higher subband is in the front QW. The carrier densities
are then defined as N, in the back QW and N, ' in the
front QW. These quantities were determined in situ un-
der the conditions of the experiment from MCV measure-
ments. More experimental details are included in Ref. 14.
The boundary condition for the potential on top of the
sample is fixed by the gate voltage whereas a depletion ap-
proximation' is used to describe the potential in the
buffer layer. Although both QW's are exactly identically
arranged, the result of the self-consistent calculation in
Fig. 1 shows that the carrier distribution among the two
QW's is completely asymmetric. In addition, the carrier
density in the back QW is higher although the front QW
is, in principle, clad by two Si-doped Al„Ga& — As layers.
As a consequence, the electrons in the front QW have
their maximum probability on the so-called inverted inter-
face' (GaAs on A1As) where the carriers may have a
lower mobility as compared to the normal interface (A1As
on GaAs).
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FIG. 2. Normalized transmission of unpolarized far-infrared

radiation for fixed B=9.57 T and various gate voltages. The
higher (lower) energy resonance corresponds to the CR of the
electron in the front (back) QW.

Figure 2 shows CR spectra for a Gxed magnetic field
B 9.57 T and various gate voltages V~. For a positive
voltage, Vg 1.0 V, we observe two well-separated reso-
nances. With decreasing gate voltage the higher-energy
resonance shifts to lower energies, loses oscillator
strength, and disappears at about Vg

—0.8 V. In this
regime, —0.8 V~ Vg~ 1.0 V, the lower-energy reso-
nance changes neither its position nor amplitude and
linewidth: It is not at all affected by the gate voltage.
However, for lower gate voltages, Vg ~ 1.0 V, when the
higher-energy resonance has disappeared, the lower-
energy resonance loses oscillator strength and shifts to
higher energies according to nonparabolicity as it is ex-
pected for a single-layered 2D EG. A more detailed
analysis shows a filling-factor-dependent oscillating type
of behavior of the resonance amplitude, linewidth, and po-
sition which has been observed by many authors' '
for single-layered 2D EG in different material systems.

Figure 3 shows results of MCV measurements for vari-
ous magnetic fields. For 8-0 [Fig. 3(a)l we observe a
threshold voltage of V& ——3.5 V where the capacitance
increases rapidly. Then, for increasing gate voltage, the
capacitance remains constant, as it is known for single-
layered 2D EG, ' and has a second threshold near
V, ~

-—0.6 V. For finite magnetic fields we can observe
minima in the MCV curves in all gate voltage regimes.

The interpretation of these measurements is straightfor-
ward. For highly negative gate voltages Vs & V, both
QW's are depopulated and the CR amplitude vanishes.
For increasing gate voltage, Vt & Vg & V, ~, the capaci-
tance grows and the back QW is populated. The CR in
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FIG. 3. Magnetocapacitance vs voltage characteristics for
various magnetic fields. The filling factors in the QW are indi-
cated by arrows. For the front QW the numbers are primed.
The solid lines are for increasing V~, the dotted lines for decreas-
ing V~.

this voltage regime behaves as is well known for a single-
layered 2D EG. ' ' With increasing carrier density the
CR position shifts to lower energies and correspondingly
higher effective masses as it is expected from nonparaboli-
city. The carrier density in the back QW and thus the
filling factor can be determined very precisely from the
minima in MCV measurements as indicated by the arrows
in Fig. 3.

Around V&~
—0.6 V we observe a second threshold in

the capacitance curve for 8=0 in Fig. 3(a). Here the
front QW is populated leading to a sudden decrease of the
thickness of the effective dielectric and increase of the ca-
pacitance. If we take into account the additional A1203
on top of the sample the ratio of the capacitances with one
and two occupied QW's agrees well with the thicknesses
of the two different capacitances.

As we will show below all measurements clearly indi-
cate that the carrier density N, of the back QW becomes
independent of the gate voltage once the front QW is pop-
ulated. We attribute the lower energy CR in Fig. 2 to the
carriers in the back QW. The effective masses of the car-
riers in the two QW's differ considerably due to the
different shapes of the potential wells and the different
carrier densities. We can describe the general behavior of
the two resonance positions as a function of gate voltage
very well with a simple two-band model and the self-
consistently calculated wave functions.
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FIG. 4. Carrier densities vs Vs of both QW's evaluated from
MCV (e) and CR (O) measurements. The straight lines are the
result of a linear regression to the experimental points (e) of the
MCV measurements. In the voltage regime Vg & VII the results
from the CR measurements (0) show that the carrier density
A, is constant within the experimental accuracy.

Now we turn back to the discussion of the MCV mea-
surements. We also observe minima in the capacitance
for voltages above the second threshold, V~ & V, ~. In this
voltage regime the carrier density N, and consequently
the difference between Fermi energy and subband energy
Ep is constant, resulting in a constant density of states at
the Fermi level. For this reason the maximum depth of
the minima is limited by the capacitance of the sample
with only the back QW being occupied. This is in agree-
ment with the measurements in Figs. 3(b) and 3(d).
However, we can realize the situation where the Fermi
level is in between two Landau levels of the back QW as
well as in between two Landau levels of the front QW. In
this case the density of states in both QW's at the Fermi
level is very low and the measured capacitance can be
lower than the capacitance at 8 =0, when only the back
QW is populated. This situation is obtained when the
threshold voltage V, ~ coincides with an integer filling fac-
tor of the back QW, with v =6 in Fig. 3(c) and v =4 in
Fig. 3(e). The identification of each minimum with a cer-
tain filling factor allows us to study the carrier densities in
both QW's as a function of gate voltage. Figure 4 shows
these results (solid circles) together with the results ob-
tained from CR measurements (open circles). Assuming
a Drude model for the 2D conductivity, it is a straightfor-
ward procedure to evaluate the carrier density of a
single-layered 2D EG from CR spectra. In this case the
normalized transmission can be fitted with a Lorentzian
whose linewidth and amplitude can be converted into a
carrier density N, and a scattering time i. However, for
two 2D EG, which give rise to two CR signals, the fit
function has to be determined from the sum of two con-
ductivities and is not just the sum of two Lorentzians.
The carrier densities obtained from MCV and CR mea-
surements as displayed in Fig. 4 can well be described by
the two straight lines which are results of a linear regres-
sion. This is in agreement with the self-consistent calcula-
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tion which also gives the linear behavior for N, and N, ' as
a function of Vg. The scattering times, which we deduce
from our CR spectra, are comparable for both QW's, al-
though the maxima of the wave functions are located on
different interfaces in each QW. We conclude that our
GaAs-on-A1As interface in the front QW has a quality
comparable to the opposite interface sequence.

We want to discuss another interesting finding from the
MCV experiments. In Figs. 3(c) and 3(e) we observe a
pronounced hysteresis behavior for increasing and de-
creasing gate voltage. A very similar behavior has been
observed for a structure from the same wafer with a Hail
geometry in the transverse and longitudinal magnetoresis-
tance. ' From Fig. 1 it is obvious that the part of the con-
duction band in between the two QW's is very close to the
Fermi level. For voltages above V& ~ it is possible to popu-
late states in the Si-doped Al Ga~ — As similar to single
heterojunctions under a high forward bias. It is dificult to
handle this problem in a self-consistent calculation, but

we conclude from our measurements that these states can
be depopulated for more negative gate voltages as the pop-
ulation voltage. This then gives rise to the hysteresis
phenomenon.

In conclusion, we have presented a detailed analysis of
the depopulation behavior of a double-quantum-well
structure. The carrier density as deduced from transport
(MCV) and far-infrared (CR) measurements is in agree-
ment with the prediction of a self-consistent calculation.
We observe a hysteresis behavior for increasing and de-
creasing gate voltage which can be explained by the popu-
lation of states in the Si-doped AI„Ga~ — As in between
the two QW's.
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