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Density of states of the two-dimensional electron gas studied
by magnetocapacitances of biased double-barrier structures
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The magnetocapacitive response of a double-barrier structure (DBS), biased beyond resonances, has
been employed to determine the density of states (DOS) of the two-dimensional electron gas residing in
the accumulation layer on the incident side of the DBS. An adequate procedure is developed to compare
the model calculation of the magnetocapacitance with the experimental C vs B curves measured at
diferent temperatures and biases. The results show that the fitting is not only self-consistent but also re-
markably good even in well-defined quantum Hall regimes. As a result, information about the DOS in
strong magnetic fields could re1iably be extracted.

I. INTRODUCTION

While double-barrier structures (DBS) have increasing-
ly attracted great interest for both their potential applica-
tion in electronic devices and fundamental importance in
basic physics, DBS may also serve to probe various physi-
cal processes and quantities. For example, magnetotun-
neling studies in the DBS with a magnetic field B applied
perpendicular to the interfaces have provided useful in-
formation. On the one hand, the weak oscillations of
current or differential conductance observed in the reso-
nance regime makes it possible to deduce the charge
build-up in the well and identify the dimensionality of a
particular emitter in use. ' On the other hand, the
magnetotunneling oscillations, appearing in the off-
resonance regime, may be employed to spectroscopically
study different nonresonant tunneling processes, either
mediated by elastic scattering or assisted by LO pho-
nons. ' Recently, resonant magnetotunneling spectros-
copy in an in-plane magnetic field has successfully been
used to probe directly the complicated E(kii) dispersion
relation of hole states in a quantum well.

In the present work we shall demonstrate how the
magnetocapacitance of the DBS, biased beyond reso-
nances, can be employed as a reliable method to deter-
mine the density of states (DOS) of two-dimensional (2D)
electrons residing in the accumulation layer on the in-
cident side of the DBS. Our data convince us that the
main advantage of replacing a gated heterostructure by a
biased DBS in the determination of the DOS lies in the
fact that the accumulation layer in the biased DBS is
charged or discharged very fast by exchanging electrons
"vertically" with the n+-GaAs electrode in response to
an ac modulation signa1 and no "lateral" magnetoresis-
tance of the 2D channel should be seriously involved.
Therefore, the DOS between Landau levels in strong
magnetic fields could reliably be extracted from the mag-
netocapacitance measurements.

In Sec. II we shall derive the theoretical expression of
the magnetocapacitance of a DBS, biased beyond reso-
nance regions. The judgment concerning how to identify

emitter's dimensionality in a real DBS will be clarified in
Sec. III. The model calculation and fitting procedure will
be outlined in Sec. IV. Section V contains the main re-
sults obtained from the present work and related discus-
sions. Finally we conclude with the summary in Sec. VI.

II. MAGNETOCAPACITIVE RESPONSE
OF A BIASED DBS
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FIG. 1. Conduction-band profile of a positively biased DBS.
The inset at the bottom is the lumped circuit of DES.

To derive the capacitive response, the conduction-band
profile of a DBS is schematically depicted in Fig. 1 under
the circumstance of interest where the DBS is biased in
the voltage range between the first and second reso-
nances. The structural parameters W„d„W,d„and
W, indicated in the figure denote the spacer width on the
emitter side, the thickness of the emitter barrier, well and
collector barrier, and the spacer width on the collector
side, respectively. The other letterings have their usual
meaning and will become clear later. Since the DBS is
biased beyond the resonance regions, charge build-up in
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the central well is negligible and a uniform electric field I'
will be assumed throughout the regions of d„S;d„and
8; in the following derivation. The sum rule for the
chemical potential difference, e V, across the DBS may be
expressed as

eV=E++eW&I'+eV&,

Generally speaking, the 3D electrons may coexist with
the 2D electrons in the accumulation layer. If their con-
tribution to Cz should be taken into account, then the
space charge on the emitter side consists of two parts,
Q3o and Qzo, as given by Qs=Q 3o+Qz o= eF. Then,
C& will be expressed as

where 8'1=8'+d, +d, +8;, the total thickness of the
well, two barriers, and the undoped spacer on the collec-
tor side. The first term on the right-hand side of Eq. (1}is
the Fermi energy on the emitter side, measured from the
bottom of the conduction band at the outer interface of
the emitter barrier. eS'zI' is the potential energy drop
across the insulating region. The last term is the poten-
tial energy change over the depletion region near the col-
lector electrode, which is approximately evaluated by
eF /2N& with N& being the doping concentration. We
label the total space charge on the emitter side by Qs,
which is equal to Qs =eF, as given by the Gauss theorem.
To get the capacitive response of the DBS, one needs to
differentiate both sides of Eq. (1) with respect to the ap-
plied voltage V, and then obtain

1= + + C
C, CI eeN&

and

Cs=C o+ f e D(E,E,B)( df—/dE)dE

X [1—Cs (z ) 11/32e]

1/Cs= f e D(E, E0, B)( df/d—E)dE
0

+11(z)/32e ' (1+a),

where we made use of edF!de = Cs le. We define

a =C3D /C2D

C3o edQ3@ /dEp

C, =f "e'D(E,E,B)( Bf/BE—)dE .
0

(4a)

(4b)

and

1/C =1/Cs+1/Ci+1/Cg . (2)

For the moment we consider here only the contribution
of the 2D electrons to Cz. After a straightforward ma-

nipulation one is lead to the expression

Cs=[1 dEc/dE~] f e—D(E,E B0)( Bf/dE)dE . —
0

(3a)

If a variational calculation for the subband energy Eo is

further adopted, Eq. (3a) can explicitly be rewritten as

1/Cs =1 f e D(E,Ep, B}( df IBE)dE+11(z—) l32e,
0

(3b}

where D(E,EQ, B) is the DOS of the 2D electrons in the
presence of magnetic field, f (E,E~) is the Fermi distribu-
tion function, and (z ) is the standing distance of the 2D
electrons in the accumulation layer away from the inter-
face.

Here, C=dQs/dV gives the total capacitance of the
DBS. Cs =edQs IdE+ is defined as the capacitance of the
accumulation layer and Cz =eN&e/Qs =e/8'z represents
the contribution of the depletion layer 8'& to the capaci-
tance. CI =e/Wi is simply the capacitance of the insu-

lating layer Wi. Equation (2) shows that the total capaci-
tance of the DBS is composed of three capacitors in a
series in a similar way to that in a gated heterostructure.
The capacitance term which concerns us most is

Cs =e f eD(E, EQ,B)f(E,Ep)dE
dEp ~p

for TOOK and BAOT .

Apparently, it is desirable to eliminate the contribution
of 3D electrons to the capacitance so that the complexity
caused by C3~ in the determination of the DOS may be
avoided, i.e., a = C3o/Czo =O. As verified in some previ-

ous work, ' it is possible to make all tunneling electrons
originate only from 2D electronic states in the accumula-
tion layer by employing a wider spacer or thinner emitter
barriers. Then, the determination of the DOS from the
magnetocapacitance of a biased DBS becomes simplified
in a similar way as to that in a gated heterostructure.
Compared with the gated heterostructure, the accumula-
tion layer in the biased DBS will be charged or
discharged very fast by exchanging electrons "vertically"
with n+-GaAs electrodes and no "lateral" magnetoresis-
tance of the 2D channel should seriously be involved. All
the statements asserted here will be testified in the next
section.

III. IDENTIFICATION
OF EMITTER'S DIMENSIONALITY

The experiments were done in several AlAs-GaAs-
AlAs asymmetrical DBS's, which were similar to those
used in Ref. 3. An undoped GaAs well of 75 A was
sandwiched between two undoped AlAs barriers of the
thicknesses 25 and 15 A, respectively. Two undoped
GaAs spacers of 200 A were grown immediately outside
the DBS. The full composition of the structures and the
fabrication of tunneling diodes were described previous-
ly. The general aspects of the measured I-V characteris-
tics from the present samples are very similar to the pre-
vious one, showing a current peak-to-valley ratio of 20
under forward bias (referring to the top contact being
positively biased with respect to the substrate) and a
peak-to-valley ratio of 5 in the reverse bias direction.
The differential capacitance of the DBS was measured at
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two different temperatures, 4.2 and 1.5 K, by a HP
4284A LCR meter with a modulation frequency of 1

MHz and an amplitude of 10 mV as the DBS was biased
differently in the voltage region between the first and
second resonance peaks. Special attention was paid to
the effect of the modulation frequency on the cusplike
structures of C vs B curves. One may immediately note
that compared with the frequencies (-20 Hz) used in
most previous works, a much higher frequency, 1 MHz
was used in this work. However, we found that even in
the vicinity of integer fillings no falsely deep minima ap-
peared in the magnetocapacitance, an artifact previously
encountered in conventional gated heterostructures due
to extremely high magnetoresistance of the 2D channel
and, thus, awfully long RC time constant. By further re-
ducing the modulation frequency from 1 MHz to 10
KHz, we carefully checked that no obvious change in ei-
ther the shapes or the positions of the cusplike dips was
found, although the measured results became increasing-
ly noisy. Above observation proved the assertion that
charging or discharging the accumulation layer was
sufficiently fast to follow the high-frequency modulation
signal.

Before using measured C vs B curves for extracting the
DOS, it is essential for us to identify the dimensionality
of the emitter in a particular DBS. Generally speaking,
when the DBS is constructed with two wide undoped
GaAs spacers grown directly outside the two barriers, the
tunneling processes in the structure can, in principle, be
decomposed into two channels. One arises from the reso-
nant tunneling from the 3D states in the emitter (which
might spread from the n+-GaAs electrode up to the em-
itter barrier) to the 2D states in the well (3D-to-2D tun-
neling). The other is contributed by the resonant tunnel-

ing between the 2D states in the accumulation layer and
the 2D states in the well (2D-to-2D tunneling). If one is
able to judge the existence of pure 2D-to-2D tunneling in
one or both bias directions, then the corresponding em-
itter is only of the 2D electrons, residing in the accumula-
tion layer.

By applying a high magnetic field perpendicular to the
interface, we found (see Fig. 2 in Ref. 10) that the reverse
I-V curve of the device under the investigation was
resolved into a doublet peak structure (by the reverse bias
we referred to the case where electrons traverse the thick-
er barrier into the well). One was attributed to the 3D-
to-2D tunneling, the other was due to the 2D-to-2D tun-
neling. However, unlike the reverse I-V curve the reso-
nant current peak under forward bias remained single
(here forward bias corresponded to the tunneling of elec-
trons into the well trough a thinner barrier). There
seemed to be no sign for the presence of the 3D-to-2D
tunneling. To be certain, we made a further check. It
was well known ' *" that by biasing DBS increasingly in
a fixed magnetic field, whenever a discrete Landau level
in the we11 is pulled down below the Fermi energy in the
emitter a tunneling channel (denoted by a diff'erent Lan-
dau index) sets in between a Landau subband in the 3D
emitter and a discrete Landau level in the well, leading to
a local maximum in the device's conductance. In con-
trast to the 3D-to-2D tunneling the main resonant peak
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FIG. 2. Magnetocapacitance of DBS, measUred at 4.2 K in a
sweep of the B field for the biases, +1.0 and —1.0 V, respec-
tively.

stemming from the 2D-to-2D tunneling mode should not
display any magnetooscillation. This is ascribed to the
fact that for a 2D-to2D coherent tunneling the conserva-
tion of the energy and the transverse momentum is to re-
strict the resonance occurring only when two sets of
Landau-level ladders (belonging to two diff'erent 2D sub-
bands) are exactly in alignment. Therefore, any oscillato-
ry structure which may be revealed on the resonant peak
in the dI/d V vs V curve, measured at a particular B field,
may serve as a criterion for distinguishing above two tun-
neling modes. For the forward dI/dV vs V curves mea-
sured at different B fields, we found that they were strict-
ly identical to each other with no oscillatory structure
discernible (Fig. 2, in Ref. 3). As a consequence, follow-
ing the above judgment we were convinced that the elec-
trons on the emitter side available for the tunneling in the
positive bias direction were of pure two dimensionality
for the DBS in use. In other words, the capacitance of
the accumulation layer, in this case, only reflects the con-
tribution of 2D electrons, as given by Eq. (3a), so that the
determination of the DOS in strong magnetic fields will
not be obscured by the possible existence of C3D As a
result, in what follows only the C vs B curves of the posi-
tively biased DBS will be used for the DOS determina-
tion. Figure 2 displays the typical magnetocapacitive
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responses of the structure as the DBS is biased in the for-
ward and reverse directions, respectively. The bias volt-
age is chosen to be about 1.0 V in between the first and
second resonant peaks. While the C vs 8 curve of the
positively biased DBS shows clearly cusplike oscillations
of relatively larger amplitude, one finds that the corre-
sponding oscillations on the low-6eld side under the nega-
tive bias is obscured and become more sinelike. As for
the oscillatory series appearing in the high-8 fields it has
a diferent origin, and is attributed to the I -X mixing
eFect. ' Above observation can be understood from Eq.
(4b). Obviously, taking C3D into account leads to a
smearing of the Landau-quantum oscillations, as seen
from the lower trace in the figure. Again, this fact is in
consistence with our statement that the emitter of the
positively biased DBS has a pure 2D nature. Later, our
model calculations of Cs will further confirm this point if
a nonzero value of a =CiD/C2D is assumed [see Eq. (5)].

IV. MODEL CALCULATION AND FITTING

In what follows, we shall perform a model calculation
of the magnetocapacitance in a DBS with a Gaussian-like
DOS of the form

' 1/2

DG(E)= 88 2
21t „n.—(E—E )2/21"~

—(E-E ) /2I i
+e nl n (6)

Here

E„tt =Eo+(n +1/2)fico, +g'pa8/2

are the spin-resolved Landau levels. The enhancement of
spin splitting due to interaction effect is taken into ac-
count in the usual way:

g' go+«e. /I a—»~N2Dt —N2Di)

and

The employed fitting procedure is summarized as fol-
lows.

(1) At a given 2D number density N2D self-consistently
solve the Schrodinger equation and Poisson equation, and
consequently obtain the numerical dependence of the
ground subband energy on the 2D number density,
Eo(N2D)

(2) Since the doping concentration of the n +-GaAs lay-
er X& is usually not a quantity which may accurately be
known from material growth, we shall determine it in the
following way. %e first use the magneto-osci11ations ob-
served on the C vs 8 traces to get N2D from their periods
in the reciprocal of 8 fields h(1/8) and obtain the experi-
mentally derived relation N2D( V} or its inverse relation

V(N2D ). Next, we make use of Eq. (1) and rewrite it ap-
proximately in the form of

V= N2D+Eo(N2D )+
m*

eN2D eN2DWi+, (12)
26'N~

where the first term on the right-hand side am N2D/m'
is approximately equal to EF —Eo, Eo(NxD} is taken
from the calculation made in step (1), Wz =d,
+8'+d, + W, =315 A, as given by the structural pa-
rameters. Finally, we fit Eq. (12) to the measured relation
V(NzD) so that the doping concentration N& can be
determined. For the DBS in use, Nz takes a value of
3.5 X 10' cm 3. Figure 3 shows such a fitting, where the
dots are the experimental points and the solid line is the
fitting curve from Eq. (12).

(3) Take Ez Eo, g, Eo—, N2Dt, and N2Dt as unknow'n

variables, and self-consistently solve Eqs. (7)-(10)and the
following equation:

eN2D eN2D
2

EF —Eo = V—Eo(NtD ) — Wq—
2'&

[from Eq. (1)], (13)

where the relation Eo(NtD) is again taken from step (1).

NtDt t
=I dE f(E~Ep)

0
' 1/2

' 2 I —(E—E ) /2I
e nf, $ nr„

+2D +2D f ++2D) (10)

7.0

T=4.2K

where go =0.52 is the Lande factor in the absence of the
many-body e8ect, E,

„

is the interaction coeScient and
taken as a fitting parameter, and N2D& and %2D~ give the
number density of the 2D electrons 6lled in the spin-up
and spin-down states, respectively. The broadening pa-
rameter used in Eqs. (6) and (9) I"„is assumed to be of
the dependence of I = I Q ' . Quite often, in order to fit
the data one has to introduce a constant background in
the model DOS, as given by

DGs(E) =DG(E)(1 x)+xm '/nk—

6.0

55
1.0

Y (Y)

1.3

FIG. 3. Depenences of %20 on the bias V. Dots are the mea-
sured points; the solid line is the Stting from Eq. (12) with
%=3.5X10' cm
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overall features of the DOS are similar to that in the pre-
vious study, ' but over a much wider 8 field range (up
to 7 T). Especially in the quantum Hall regiines, reliable
information about the DOS has been extracted from the
magnetocapacitance. The DOS shows a nonvanishing
value about 28% of the DOS in the zero field between
Landau levels. A nonvanishing DOS between Landau
levels may originate from inhomogeneities in the struc-
ture, e.g., the fluctuation in the 2D number density in the
plane. ' On the other hand, the efFective width of Lan-
dau levels may change in an oscillatory way as they lift
up successively across Ez with the 8 field. A maximum
level broadening is expected to occur at the integer
fillings, where small DOS makes the screening to ionized
impurities less efFective. ' If this is true, what we have ex-
tracted is some sort of the averaged DOS. Our data also
seem to confirm the ~8 dependence of the level broaden-
ing over a wide 8 field range from 1 to 7 T, as predicted
by the self-consistent Born approximation. '

In a biased DBS, the chemical potential difference
across the structure pins at the value of e V as given by
Eq. (1). This makes the situation difFerent from that in an
ungated structure. Strictly speaking, in order to maintain
self-consistency the subband energy E0 and the 2D num-

ber density Nzz cannot remain constant as the magnetic
field sweeps up and down. From our self-consistent cal-
culation it follows that the physical quantities obtained
from the fitting, such as E0, Nz&, Fermi energy Ez —E0,
and efFective Lande factor g', all show oscillatory change
with the 8 field. The bottom trace in Fig. 7 gives the
variation of D(Ez), the DOS at the Fermi level, as a
function of the B field at 1.5 K and V=1.2 V. The top
two traces are plotted for the relations of E0 vs 8 and

Nzz vs 8, extracted from the fitting at the same condi-
tions. One finds that both Eo and Nzz have a rapid

jumping as Ez crosses the integer filling, leading to a very
small transient current through the DBS.' Nevertheless,
the variations in E0 and Nzn are very small and no larger
than 6X10 and 1X10, respectively. The top two
traces in Fig. 8 display the oscillation changes for the
Ez E0—and g' factor in a sweep of S fields. The D (Ez)
vs 8 trace is again plotted at the bottom as a reference.
Even in the present case where the spin-split peak is not
clearly seen, the efFective Lande factor g' osci11ates,
showing a large enhancement and reaching a maximum
of about 3.6 at 5.4 T.

Finally, we point out that prior to present work there
have been several techniques proposed to eliminate the
in-plane resistance of the 2D conducting channel in the
measurement of C vs 8 curves by means of vertically
charging two-dimensional electron gas (2DEG). Hick-
mott' and Eaves' measured the I V, dI-/dV V, and-

C- V characteristics at fixed magnetic fields in n

GaAs/Al„Gai „As/n+-GaAs and n -(InGa)As/InP/
n + (InGa)/As single-barrier structures, respectively.
They observed the oscillatory structures of Shubnikov
de —Hass type due to rnagnetotunneling through a single
barrier from the 2DEG in the emitter accumulation lay-
er. No adequate theoretical model and fitting procedure
were deveIoped to extract the DOS information from the
capacitance data. Smith III' employed
GaAs/Al, Gai „Asheterostructure capacitors, and mea-
sured:he DOS in the presence of magnetic field for the
2DEG adjacent to a single, thick nonconducting
Al Ga, ,As barrier. In contrast to previous experi-
ments, where the conductivity in the plane of the 2DEG
limited DOS measurements to lower magnetic fields, ' in
above these works they were able to extend the rneasure-
ments into higher magnetic fields, even the fractional
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Hall regime, by allowing electrons to flow in and out of
the 2DEG from a heavily doped electrode. However, no
clear evidence was provided that one can exclude the pos-
sible contribution to the structural capacitance of 3D
electrons, which might quite often coexist with the
2DEG in the accumulation layer. The use of a biased
DBS in the DOS measurements, as verified in present
work, has two folds. On one hand, the existence of 3D
electrons with 2D electrons on the incident side of a DBS
is a common phenomenon, as proved by two different
modes of resonant tunneling —3D-to-2D tunneling and
2D-to-2D tunneling. The ignorance of the above fact in
both DBS as well as single-barrier structure may lead to
incorrect information for the DOS [as shown by Eq. (4)].
On the other hand, as demonstrated in the Sec. III, the
different characteristic features of two modes in resonant
magnetotunneling justify their use in judging the only
presence of 2D electrons in the accumulation layer adja-
cent to the incident barrier. One may suggest that by tilt-
ing the magnetic field away from the normal of samples
one is able to examine the 2D nature of the electrons in
the emitter accumulation layer. However, that is not
quite true. One can only prove the "existence" of the
2DEG in that way, but cannot rule out the possible
simultaneous presence of 3D electrons. The reason for
this is simple. The cusplike dips revealed in C vs B traces
reflect mainly the oscillatory change in the DOS of 2D
electrons near the Fermi level, which usually prevails
over the effect from the 3D electrons. Thus, seeing the
quantum oscillations does not mean that one can
definitely exclude the possible presence of 3D electrons.
The contribution of 3D electrons is to smear the quantum
oscillation in a manner as described by Eq. (4) and shown

by the lower trace in the Fig. 2. In this regard, therefore,
the use of a biased DBS is of essential importance in the
DOS determination, as compared with single-barrier
structures. Ashoori and Sisbee ' employed a tunneling
barrier to realize the vertical charge transfer between an
n+-GaAs emitter and an undoped GaAs quantum well
(where the 2DEG resided), and obtained the Landau
DOS up to a magnetic field of 4 T. Presumably limited
by still relatively high tunneling resistance, no informa-
tion of the DOS in the well-defined quantum Hall regime
was shown.

VI. SUMMARY

%e have derived the theoretical expression of the mag-
netocapacitance of a biased DBS, and developed an ade-
quate procedure to fit the model calculation with the ex-
perimential C vs B curves measured at different tempera-
tures and biases. It turns out that the fitting, performed
in present work, is not only self-consistent but also re-
rnarkably good over a wide 8-field range up to 7 T. Our
results justify the statement that replacing a gated hetero-
structure by a biased DBS enables one to extract the reli-
able information about the DOS from the magnetocapa-
citance, especially in the quantum Hall regime.
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