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In this paper, tunneling processes between two two-dimensional electron systems in in-plane magnetic
fields are used to investigate the nonparabolicity in the GaAs conduction band. The two two-
dimensional systems are realized on a GaAs-Ga,_,Al, As heterostructure and are separated by a barrier
of only 200 A. All resonant tunneling processes between the quantized states on each side of the barrier
are reflected as large and narrow peaks in the current-voltage characteristics. If a small magnetic field is
applied perpendicular to the direction of the tunneling current, all resonance peaks are significantly
broadened and shifted to different bias voltages. In addition, these peaks exhibit a characteristic shoul-
der, which is not present at zero magnetic fields. The broadening of the resonances is well understood in
terms of common models, but to explain the shifting of the peaks and the formation of the characteristic
shoulder, different effective masses in the emitter and collector electrode have to be assumed. Compar-
ing the experimental data with the results of a model calculation, the effective mass in the two-
dimensional subbands is determined as a function of energy.

INTRODUCTION

Resonant tunneling experiments with in-plane magnet-
ic fields have been performed on very different structures
during the past years. The most common configuration is
the double-barrier heterostructure, which consists of two
barriers with a quantum well in between. The electrodes
on both sides of the structure are of three-dimensional
character, whereas the motion of the electrons is com-
pletely quantized inside the well, where a two-
dimensional electron gas (2DEG) is formed between the
barriers. Results on this system have been reported for
GaAs-Al,Ga;_,As (Refs. 1-4) and InP-In,_,Ga,As
(Ref. 5) heterostructures. Similar experiments were car-
ried out on barrier-separated superlattices.® For single-
barrier structures, the situation becomes very simple for
tunneling processes between two sets of states on both
sides of the barrier if the dependence of the transmission
probability on the electron energy can be neglected.
With applied in-plane magnetic fields, the corresponding
features in the current-voltage I(V,) characteristics
broaden significantly and shift to higher energies. More
recently, attention has been focused on the valence band.
In the GaAs-AlAs system,7 a  double-barrier
configuration was used to study the subbands in the cen-
tral quantum well in the valence band, where in this case
the emitter was of two-dimensional character. For the
Si-SiGe system,®® tunneling in in-plane magnetic fields
has been used to study in-plane effective masses of the
valence subbands, and angular anisotropy. In contrast to
optical measurements, which tend to average over k
space, magnetotunneling spectroscopy allows the investi-
gation of specific k values, since both energy and momen-
tum must be conserved for a resonant tunneling process.
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Thus, only particles eligible for tunneling contribute to
the resonant current. The dependence of peak position
and the shape of the resonance peak on in-plane magnetic
fields yields valuable information on the band structure of
the investigated sample.

In a previous paper,!® we have investigated a 2D-2D
tunneling structure, which consists of an inversion layer
and an accumulation layer separated by barrier of 200 A.
This structure corresponds to a single-barrier system with
quantized 2D states on each side of the barrier. All tran-
sitions between the quantized states were evident as large
peaks in the dI /dV, characteristics, which can be used to
determine subband spacings or even the residual impurity
concentration in the GaAs buffer layer.!! In small in-
plane magnetic fields, the observed resonance peaks were
split into two peaks, which were used to verify the canon-
ical momentum conservation and to determine the tun-
neling distances between the initial and final states.

In this paper, results for the above 2D-2D tunneling
structure are reported, which were obtained on samples
of much higher quality compared to the samples used in
Ref. 10. All resonance structures are now resolved in the
I(V,) curves as a series of several sharp and narrow
peaks. For this experiment, the I(V,) curves were
recorded with small in-plane magnetic fields (B <1 T).
The resonant features exhibit different behavior as a func-
tion of the applied magnetic field, depending on whether
both or just the emitter subband or the emitter and the
collector subbands are occupied by electrons. In the first
case, an increasing magnetic field causes the resonant
peak at B=0 T to split into two peaks, which shift to
higher and lower energies. When the collector subband is
empty, the resonant feature shifts to higher energy, and
exhibits a characteristic shoulder. Comparing this
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behavior with computer-simulated I(V,) curves, it is
shown that these features are due to a different effective
mass in the emitter and collector electrodes.

EXPERIMENT

The samples consist of an unintentionally p-doped
GaAs layer grown on a semi-insulating substrate
(Ng<1IX 105 cm™3), followed by an undoped spacer
(d=50 A), doped Al ,Ga,_,As (d=50 A, NP—3><1018
cm™’, x=35%), another spacer (d=100 A), and n-
doped GaAs (d =800 A, N, =1.2X10" cm™3). An ad-
ditional GaAs cap layer was highly n-doped (d =150 A,
Np=6.2X10"® cm™3). Shubnikov—de Haas measure-
ments were used to determine the electron concentrations
in the inversion and accumulation layers at liquid-helium
temperature (n™=6.3X10!" cm™2, n?°=57x10"
cm~2). The spacer thicknesses were chosen asymmetri-
cally to enhance the electron mobility at the inverted in-
terface of the accumulation layer (u®°=35000 cm?/V s,
w™=130000 cm?/V s). A self-consistently calculated
conduction-band profile is shown in Fig. 1. Ei", Eirv,
Ef°, and EE*° denote the subbands and Fermi energies in
the inversion and accumulation layers, respectively. n is
the subband index. For clarity, the charge-density distri-
butions of some subbands are also shown. Ohmic con-
tacts to the 2D channels were aligned using a AuGe al-
loy. To establish the tunneling contact, a AuGe film was
slightly diffused into the upper GaAs layers. Finally, the
GaAs around the top contact was removed selectively,
yielding independent contacts to both 2D channels. All
series resistances in the lower 2DEG and in the top elec-
trode were compensated by a four-terminal conduction
bridge.”? To measure the derivative of the tunneling,
dI /dV,, a modulation frequency of 22 Hz and a modula-
tion voltage of 0.1 mV were used to avoid parasitic capa-

T T
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FIG. 1. Schematic view of the conduction-band profile at a
bias voltage V,. Ei™ and E° denote the subband energies in
the inversion and accumulation layers. E¥ and E¥° are the
corresponding Fermi energies. E£"C¢ is the Fermi energy in the
top AuGe electrode and V), is the applied bias voltage.
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citive effects and to achieve a high resolution.

If a voltage is applied to the tunnel junction, the 2D
states on both sides of the barrier are shifted in energy
with respect to each other, which is also shown in Fig. 1.
For all 2D-2D tunneling processes, the conservation of
the electron momentum parallel to the barrier is required
and therefore structures in the tunneling current are only
expected if two subbands on each side of the barrier are
aligned in energy.'

A typical I(V,) curve, which was recorded at a tem-
perature of 15 K and magnetic field of O T, is shown in
Fig. 2. Note that this value of T was only chosen to
demonstrate the influence of finite temperatures. A de-
tailed analysis of temperature effects will be published
elsewhere. The peaks, which correspond to transitions
between the subbands on both sides of the barrier, are
marked by arrows. For positive bias voltages, one peak is
observed, which corresponds to the transition from the
Ev to E3 subband [(0-0) transition]. The peaks at neg-
ative b1as voltages are due to transitions from the EJ*°
subband to higher, unoccupied bands in the inversion lay-

r [(0-1), (0-2), . .. transitions; subband data are summa-
rized in Table I]. Note that we have demonstrated ear-
lier'®!! that the relative energy shift of both 2D systems
in good approximation is equal to eAV,, which means
that the voltage spacing between the resonance peaks is
equal to the corresponding subband spacing
(AV=AE /e). The downward arrows mark the peak po-
sitions at B =0 T, the upward arrows mark the peak posi-
tions at B=0.3 T, where the orientation of the magnetic
field is perpendicular to the tunneling current. These
transverse magnetic fields or so-called in-plane magnetic
fields cause a broadening of the resonance structures in
the I(V,) characteristics, because tunneling is now al-
lowed for a broad range of energies and not only for the
situation where the 2D subband edges are aligned. Thus,
all peaks which correspond to transitions into higher

I(Vb) (nA)

I(Vp) (nA)

Vp (mV)

FIG. 2. Two typical I(V,) curves recorded at T=15 K for
B =0T (left scale) and B=0.3 T (right scale). The arrows mark
the resonance-peak positions.
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TABLE I. The subband identifiers correspond to the nth sub-
bands in the accumulation and inversion layers. {z) is the ex-
pectation value of the z coordinate in real space. Ej is the Fer-
mi energy for the inversion and accumulation layers.

Subband Energy (meV) (z) (A) Ep (meV)
acc n=0 44.5 74 19.1
inv n=0 40.0 63 23.6
inv n=1 67.3 145

inv n=2 77.6 216

unoccupied subbands in the inversion channel shift to
higher energies and become asymmetric. In contrast to
that, the (0-0) peak splits into two peaks, which are also
marked by upward arrows. The main peak shift to
higher energies, and in addition, a smaller peak appears,
which shifts to lower energies with increasing magnetic
fields.

To describe the above effects, we start with tunneling
processes at zero magnetic fields. The energy of the elec-
trons in the 2D system is given by

2
E=Ez+2—h7(k§+kf) , M
m

where k, and k, are the transverse momenta, E, is the
subband energy, and m* is the electron effective mass.
Both k, and k, may take values from O to kp. Thus, at
T=0 K the occupied states lie on a paraboloid, which
has its vertex at k, =k, =0, and they are distributed
evenly on the paraboloid, because the density of states of
the two-dimensional system is independent of the energy.
For finite temperatures, the density of state must be
modulated by the Fermi function, to take thermal excita-
tion into account. This yields the following expression:

m* 1
2 (e—ep)/kyT
Th PB4y

D(e)f(e, T)= 2)

As earlier, one can assume that the parabolic dispersion
on both sides is shifted with respect to each other by an
amount eV, when a bias voltage V, is applied to the
structure. Canonical momentum and total energy must
be conserved in the resonant tunneling process, which

leads to the following selection rules:
kacc___kinv , kacczkinv ,
S 3)
EX°=E™™+eV, .

Note that total energy
#k?

2m*

#k}

2m*

E,+

is really conserved; however, in the B=0 T case, conser-
vation of total energy and conservation of subband ener-
gy are equivalent. Only initial states which have unoccu-
pied final states available contribute to the current. Thus,
the tunnel current is obtained by integrating over all
states of the wave vector k that satisfy the conservation
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laws, taking the occupation statistics for initial and final
states into account. The effective mass has the same
value for both subbands, because they are at a similar dis-
tance from the band edge. Thus, tunneling is allowed for
just one value of bias voltage, where the paraboloids over-
lap exactly and the relation E§*=E{" +eV, is thus
sufficient to describe the position of the current max-
imum. Note that the occupation statistics has an
influence on signal strength, because some target states
are occupied and do not allow resonant tunneling.

As the next step, the effect of an in-plane magnetic field
is considered. The Schrodinger equation is written as

1
2m*

(p—edAV+Ur) | (N=E ¥, (r) . 4)

With the magnetic field in the x direction, the vector po-
tential in the Landau gauge is 4 =(0, —Bz,0). This al-
lows a solution of the form ¢v(r)=e'k"xe 'kyyqav(z). Using
first-order perturbation theory, one obtains the following

expression for the total energy:

k2 p2 (z,) |
—*—“-2m* +—2m* k,— B , (5)

En=E,+

where ] =V'#i/eB is the magnetic length and (z,) is the
expectation value of the z coordinate in the vth subband.
These expectation values were taken from self-consistent
solutions of the Schrédinger and Poisson equations. The
magnetic field causes the paraboloid of occupied states to
shift its vertex from k,=0 to (z,)/I?, whereas the
dispersion relation in the k, direction is unaffected. The
selection rules for resonant tunneling with in-plane mag-
netic fields are

acc — . inv
kx _kx ’

<z‘:’C°> — inv
|7 R 12

acc _
k)’

12
acc — grinv
Eii =E teVy .

For a particular transition, the states eligible for tunnel-
ing are represented by the intersection of the two para-
boloids. As in the O-T case, an applied bias voltage shifts
the paraboloids with respect to each other. The tunnel-
ing probability does not vary strongly with energy, be-
cause the barrier height is much larger than the applied
bias voltages. The tunneling current is directly propor-
tional to the number of states for which tunneling is al-
lowed by the conservation laws.

To analyze the experimental data quantitatively, the
number of tunneling states were calculated as a function
of bias voltage, magnetic field, and temperature. For all
values of k=(k,,k,) where tunneling is allowed, the ex-
pression for the differential current Aj={f, (k)
—fr(k)}Ak? was evaluated, where f; and fy represent
the distribution functions on the left and right sides of
the barrier. Integration over all relevant k values yields
the total tunneling current at that bias voltage. It must
be pointed out that in contrast to the O-T case, it is non-
trivial to predict the peak position in the tunneling



51 TUNNELING AND NONPARABOLICITY EFFECTS IN IN-. .. 17 645
a) b) oT c)
0.2T

0.4T FIG. 3. (a) Experimental
0.6T I1(V,) curve of the (0-0) transi-
- 08T - tion for five values of B. (b)
2 2 Simulated results for (0-0) transi-
tion. (c) Convolution of simulat-
ed I(V,) curve with Gaussian

function.

-8 0 8 16 -8 0 8 16 -8 0 8 16
Vp (MV) Vp (MV) Vp (V)

current with applied magnetic field, because the peak cor-
responds to that value of bias voltage where the largest
number of states are allowed to tunnel. Where this value
lies is not immediately obvious. Apart from the position
of the peak, the calculation yields the shape of the reso-
nant structures, and thus allows detailed comparisons
with experimental data.

First, the results for the (0-0) transition are discussed.
Figure 3(a) shows a measured curve, recorded at T=15
K for several magnetic fields. Note that the experimen-
tally obtained curves contain an exponential background
of nonresonant current (see Fig. 2), which has been sub-
tracted here to obtain the pure resonant signal. The cor-
responding calculated curves are shown in Fig. 3(b). For
both subbands, a constant effective mass of 0.067 was
used. The O-T peak in the simulated curve resembles a
8-like peak, whereas the experimental peak has a
linewidth of about 2.5 mV. This broadening is attributed
to imperfections of the sample, and is not a temperature
effect. With increasing magnetic field, a clear splitting of
the O-T peak is observed both for the calculated and mea-
sured curves. For better understanding, one can momen-
tarily neglect the k, direction, which is not affected by
the magnetic field. The k, selection rules are then
represented by two parabolas, each filled to the corre-
sponding Fermi energy, and shifted with respect to each
other by a bias voltage V,. The situation for a small
magnetic field is shown in Figs. 4(a)-4(c). In Figs. 4(a)
and 4(c), all electrons are allowed to tunnel from the ac-
cumulation into the inversion layer or vice versa. In Fig.
4(b) it is clear that only a small number of electrons can
tunnel from the accumulation layer into the inversion
layer, because most of the final states in the inversion lay-
er are occupied. Thus, a forbidden region of k values ap-
pears, where the corresponding current is zero. At
V, =0, tunneling ceases, because the system is in equilib-
rium. At larger magnetic fields—here, for B >0.5 T—a
situation arises where occupied states in the accumula-
tion layer overlap with empty states of the inversion lay-
er. A negative peak appears at negative bias voltages,
which corresponds to tunneling into the inversion layer
and is also present in the measured curve. However, this
peak is always smaller than the one at positive bias volt-
ages. In Fig. 3(c), the simulated curve was convoluted

with an appropriate Gaussian function, to take sample
imperfections into account. As the resulting set of curves
is in very good agreement with experiment, one can con-
clude that the model is very adequate, at least for small
magnetic fields. In particular, the assumption of a locally
parabolic and isotropic effective mass is justified in this

a) inv. «— acc.
E
ky
b) inv. «— acc.
E
forbidden region
ky
c) inv. — acc.
E
ky

FIG. 4. Graphical representation of the tunneling selection
rules for the (0-0) transition. The parabolas represent the
dispersion relations of the subbands involved; each is filled to
the respective Fermi energy. In (a) and (c) tunneling is allowed
and possible, because initial states are filled and the target states
are empty. (b) shows the forbidden tunneling region, since all
target states are occupied in this regime.
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case.

Now the results for the transitions into empty sub-
bands of the inversion layer are considered. All of these
are similar, so it suffices to treat one such transition. The
(0-1) tunneling process was chosen, because the back-
ground of the nonresonant current is smaller than in the
other cases, and it exhibits the largest peak-to-valley ra-
tio. The experimental curve is shown in Fig. 5(a). The
0-T peak is broader than the corresponding peak in the
(0-0) transition, with a linewidth of about 5 mV. With in-
creasing magnetic field, the peaks shift to higher voltages
and display a characteristic “shoulder.” This effect is not
due to occupied target states, as is the case for the (0-0)
transition, since the target subband here is completely
empty. It is shown below that this peak shift can be ex-
plained by nonparabolicity effects.

Figure 5(b) shows the calculated curves for this transi-
tion, on the assumption that the effective mass is constant
and equal to 0.067 for both accumulation and inversion
layers. Clearly, the peaks do not shift, and only reso-
nance broadening takes place. Furthermore, the O-T
peak, after appropriate convolution, has a linewidth com-
parable to that of the corresponding peak for the (0-0)

oT

£ AT

0.2T

0.4T

oT
01T
0.2T
S o3
— | 04T
-30 -25 -20 -15 -30 -25 -20 -15
Vp (mV) Vb (mV)

FIG. 5. (a) Measured I (V,) curve around the (0-1) peak posi-
tion for five values of B. (b) Corresponding simulated I(V,)
curve with m3¥ =0.067 and my =0.067. (c) Corresponding
simulated 7(V,) curve with m2¢=0.0670 and my =0.0696.
(d) Convolution of simulated curve (c) with appropriate Gauss-
ian function.
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transition, which does not agree with experiment. How-
ever, postulating a higher effective mass for the inversion
layer yields results that are in good agreement with ex-
periment. The assumption is justified, because the target
subband has a larger subband energy, and consequently
lies further away from the band edge. If the effective
mass of the accumulation layer is assumed to be

miffc’o =0.0670, an inversion layer effective mass of

mi%:1 =0.0696 yields the best results, which are shown in
Fig. 5(b), and after convolution in Fig. 5(c). The O-T peak
of the simulated curve is not &-like, as in the (0-0) transi-
tion, but exhibits a plateau. This accounts for the in-
creased linewidth in the (0-1) case. With increasing mag-
netic field, the peaks shift towards higher energies, and
exhibit the characteristic shoulder which is also present
in the experimental curve. Note that the agreement be-
tween experimental and simulated curves is good for low
magnetic fields only, because the Fermi energy of the ac-
cumulation layer has the same order of magnitude as the
subband separation. Thus, the assumption of local para-
bolicity is valid only for small magnetic fields, where the
behavior is dominated by states near k,=k,=0. The
effective mass can also be obtained by cyclotron reso-
nance (CR) experiments,14 where the effective mass of
electrons near the Fermi energy is measured. Values of
mSR obtained in this way are also larger than the band-
edge effective masses, and are thus consistent with our re-
sults.

In Fig. 6 the effective mass is plotted as a function of
the energy offset with respect to the lowest subband in
the inversion layer. For the (0-0) transition, the effective
masses were assumed equal for both the accumulation
and the inversion layers. Comparisons between experi-
mental and calculated curves for the (0-1) and (0-2) tran-
sitions were used to determine the average effective
masses in the corresponding subbands. As one can see,
the mass first increases linearly, but then the curve bends
and the effective mass depends less on the increasing en-
ergy. Qualitatively, this behavior is understood by the
following arguments: For low subband indices, the elec-

0.072 T T

0.070 b

0.068[ (0-0) 1

effective mass

0.066 L L L 1 1
0 10 20 30 40

subband energy offset (meV)

FIG. 6. Effective mass as a function of the energy offset with
respect to the lowest subband in the inversion layer. The error
bars indicate the experimental error. The solid curve is a guide
to the eye.
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tron is confined close at the GaAs-Al, Ga;_, As interface,
which means that the whole wave function is high above
the GaAs band edge. For high subband indices, however,
the wave function is extended deeper into the GaAs in
our almost triangular potential. This means that for the
higher subbands, a major part of the wave function is
closer to the GaAs band edge than a wave function of a
lower subband, which is located directly at the GaAs-
Al,Ga,_,As interface (see Fig. 1). Thus, the effective
mass is expected to increase more slowly with increasing
energy, which is consistent with the observed behavior.

It must be pointed out that the resolution of our
method is very high. Relative changes in the effective
mass below 1% are easily resolved, which is comparable
or even better than the resolution obtained in far-infrared
measurements. This accuracy can be improved, especial-
ly for higher energies, if a sample with higher peak-to-
valley ratios for resonant transitions into the higher 2D
subbands is used. There are mainly two further ways to
enhance the experimental accuracy. One is to decrease
the electron concentration n,., which leads to a de-
creased Fermi energy E7°° and reduces the averaging
over the finite k; range between k=0 and k =k;.
Second, one could use one-dimensional emitter electrodes
in the accumulation layer, which means that almost all
electrons are located in a small energy range close to the
1D subband edge. These two methods result in a smaller
range of effective masses present in the emitter electrode
and the postulation of a locally constant effective mass
for each subband would be fulfilled more accurately. In
addition, a back-gate voltage can be applied to modify
the subband energies and electron densities in the 2D sys-
tems. Tuning the subband energies in the inversion layer
and measuring the peak positions and amplitudes as a
function of the magnetic field, it is then possible to deter-
mine the effective mass over a continuous energy range
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and not only at certain energy values as in the present ex-
periment.

Note, that the above data can also be used to deter-
mine tunneling distances in transverse magnetic fields.!®
However, as the resonances are now evident in the (V)
curves directly, the width of the I (V) peaks determines
the resonant tunneling regime between k =0 and k =k/.
Thus, the widths of the I(V},) peaks have to be used to
determine the tunneling distances instead of the split
dI /dV, peak positions, as in our earlier work.

SUMMARY

In summary, we have investigated tunneling processes
between two 2D systems in in-plane magnetic fields.
Small magnetic fields, which are applied perpendicular to
the direction of the tunneling current, cause a significant
broadening of the resonance peaks. The broadening of
the resonance peaks is explained by the magnetic-field-
induced broadening of the resonant tunneling regime,
which is due to a relative shift of the dispersion relations
of the emitter and collector states in k space. The shift of
the resonance peaks and the characteristic shoulder, how-
ever, are only explained if different effective masses in the
2D emitter and collector electrodes are assumed. A com-
parison with model calculations shows that these effects
are extremely sensitive to the difference of the effective
mass in the emitter and collector electrodes, which allows
a high-resolution probing of the nonparabolicity in the
GaAs conduction band.
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FIG. 1. Schematic view of the conduction-band profile at a
bias voltage V,. E™ and E§* denote the subband energies in
the inversion and accumulation layers. EJ* and EX* are the
corresponding Fermi energies. EfUC° is the Fermi energy in the

top AuGe electrode and ¥, is the applied bias voltage.



