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Transverse magnetotunneling in Al, Ga,; _, As capacitors. III.
Tunneling into interface Landau states in n " -type GaAs

T. W. Hickmott
IBM Research Division, Thomas J. Watson Research Center, Yorktown Heights, New York 10598
(Received 18 April 1991)

Current-voltage (I-V) characteristics of two n~ -type GaAs-undoped Al,Ga,_,As—n*-type
GaAs (Al,Ga,_,As) capacitors have been measured in transverse magnetic fields B, in which B is paral-
lel to the capacitor interfaces and perpendicular to the tunnel current J. Structure is observed in I-V
curves due to tunneling into interface Landau states at the Al,Ga,_,As/(n " -type GaAs) interface.
Capacitance-voltage curves of the Al ,Ga,_,As capacitors are used to correct the measured voltage
spacing of extrema in derivatives of I-V curves for band bending in the n *-type GaAs gate electrode and
to derive the spacing of Landau states at the Al,Ga;_,As/(n "-type GaAs) interface. From the spacing
of Landau states, cyclotron effective masses for electrons at the Al,Ga,_,As/(n *-type GaAs) interface
are obtained that vary between ~0.042 for electrons with energies less than the band discontinuity and
0.10 for electrons that have energies that are much larger than the band discontinuity. The results agree
qualitatively with the calculations of Johnson and MacKinnon [J. Phys. C 21, 3091 (1988)] of the nature
of magnetic interface states between materials of different effective mass.

INTRODUCTION

Measurements of transverse magnetotunneling in
single-barrier semiconductor heterostructures have
shown complex structure in current-voltage (I-V) curves
due to magnetoquantized states in the degenerately doped
n T-type semiconductor into which electrons tunnel.!™?
There have been a number of theoretical papers that cal-
culate structure in transverse magnetotunneling
curves,® ° but only limited experimental results have
been published. In this paper, detailed results on trans-
verse magnetotunneling are presented for two
Al,Ga,_, As capacitors in order to show differences in
behavior that can occur for samples with similar basic
structures.

A schematic energy diagram of the n ™ -type
GaAs-undoped Al,Ga,_,As—n "-type GaAs capacitors
used in Ref. 1 and in the present work is shown in Fig.
1(a). Undoped Al ,Ga;_,As serves as the capacitor
dielectric, and single-crystal GaAs as the electrodes. E.
shows the bottom of the conduction band; Egg and Egg
show the position of the Fermi level in substrate and
gate, respectively. In Refs. 2—5 the basic structure is
similar but the semiconductor electrodes are n-type
(In,Ga)As and the dielectric layer is undoped InP.

When a positive gate voltage Vi is applied, an accu-
mulation layer forms on the n ~ -type GaAs substrate.
Electrons tunnel from the two-dimensional electron gas
(2DEG) of the accumulation layer into the n ' -type
GaAs gate. For longitudinal magnetotunneling the mag-
netic field B is perpendicular to the accumulation layer
and parallel to the tunneling current J. I-V curves show
structure due to the formation of Landau levels in the
2DEG of the accumulation layer.'° '? For transverse
magnetotunneling, B is parallel to the capacitor inter-
faces and perpendicular to J. A parallel magnetic field
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FIG. 1. (a) Schematic energy-band diagram for n ™ -type

GaAs-undoped Al,Ga,_,As—n *-type GaAs capacitor, sample
B, biased into accumulation. Bulk Landau levels in n *-type
GaAs are drawn for B=15 T and m,=0.067m,. J shows the
direction of tunneling current, B shows the direction of magnet-
ic field. (b) Schematic Landau-level spectrum at the interface
between two semiconductors with effective masses m; and m,,
m; <m,. ¥V, is the conduction-band discontinuity. Adapted
from Johnson and MacKinnon (Ref. 17).
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has only a small effect on the 2DEG of the accumulation
layer; there is a small diamagnetic shift of E,, the
minimum energy of the 2DEG, but Landau levels do not
form.!?

Landau levels do, however, form in the n +-type GaAs
gate. As shown schematically in Fig. 1(a) there is a se-
quence of bulk Landau levels whose energy is given by

Ey=Ec+(N +1/2)fw,, N=0,1,2... 80

where the cyclotron energy is #iw, =qB#i/m,; q is the
electron charge, # is Planck’s constant, m, is the effective
mass of electrons in the conduction band of n%t-type
GaAs, and N is the Landau-level index. As electron
states approach a barrier when the magnetic field is
parallel to the barrier, the spacing between Landau levels
increases.!* 17 Johnson and MacKinnon'” have calculat-
ed the Landau level structure at the interface between
two materials with a band discontinuity and with
different effective masses. Figure 1(b), taken from their
paper, is a schematic drawing of the behavior of Landau
levels as they approach the interface. V|, is the magni-
tude of the band discontinuity and m; and m, are the
effective masses in the two materials, m; <m,. In Fig.
1(b), energies are expressed as multiples of the cyclotron
energy. The coordinate system assumes that J is parallel
to the x axis and B is parallel to the z axis. Distances
from the interface are expressed as the guiding center X,
which is the classical orbit center position for magnetic
interface states. X = —(#ik,)/qB, where k, is the elec-
tron wave vector in the y direction; it is given in units of
the magnetic length L =(#/gB)'/2. Away from the bar-
rier, the Landau-level spacing is #iw,. If ¥V is infinite, the
Landau-level spacing at the barrier is 2%,.'* For finite
V,, the Landau-level spacing for electron energies less
than ¥V, lies between #iw, and 2%w,. For electron ener-
gies greater than ¥V, there is a complex pattern of an-
ticrossing and level repulsion that arises from the in-
terference of magnetic interface levels and bulk Landau
levels. For electron energies much greater than ¥, the
Landau-level spacing approaches that for bulk levels in
the barrier material with electron effective mass m,. The
ratio of effective masses for the materials of Fig. 1(b), 0.7,
approximates that at the Al,Ga,_, As/GaAs interface.
Theoretical calculations have been made of transverse
magnetotunneling into magnetic interface states.®° For
electrons tunneling from the Fermi level of the accumula-
tion layer, both energy and transverse momentum are
conserved. At constant B, as ¥ increases in Fig. 1(a), a
sequence of interface states at the Al,Ga,_,As/(n™-
type GaAs) interface, equivalent to classical skipping or-
bits, crosses the Fermi energy of electrons in the accumu-
lation layer. Each time this happens a new channel for
tunneling opens and is reflected in structure in I-V
curves.°”® Two distinct tunneling regimes occur in
Al Ga,_,As capacitors such as shown in Fig. 1(a). At
low Vg, direct tunneling occurs between the two GaAs
layers. When V, is somewhat greater than the band
discontinuity at the Al,Ga,_,As/(n *-type GaAs) inter-
face, Fowler-Nordheim (FN) tunneling occurs in which
electrons tunnel into the conduction band of the
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Al ,Ga,_,As layer before entering the n*-type layer.
The first regime corresponds to tunneling into states
below the band discontinuity in Fig. 1(b); the second re-
gime corresponds to tunneling into the complex level sys-
tem above the barrier in Fig. 1(b).

This is the third paper in a series on transverse magne-
totunneling in Al,Ga,_,As capacitors. In L'* the
marked sensitivity of magnetotunneling currents to the
angle 6 between B and J when 6 is close to 90° and
currents are high was attributed to processes occurring in
the electron source, the accumulation layer of Fig. 1(a).
In IL,' a transverse magnetic field changed the phase of
electrons tunneling into the conduction band of the
Al Ga,;_, As dielectric and modified structure in I-V
curves due to resonant FN tunneling. In the present pa-
per we compare transverse magnetotunneling in two sam-
ples which differ in band discontinuity and in
Al ,Ga,_, As thickness. From structure in magnetotun-
neling curves it is possible to map the spacing of interface
Landau states in n "-type GaAs in both the direct and
FN tunneling regimes.

EXPERIMENT

Transverse magnetotunneling has been studied in two
Al,Ga,_,As capacitors, samples 4 and B, which are
shown schematically in Fig. 1(a). They were grown by
molecular-beam epitaxy on (100)-oriented n *-type
GaAs wafers which are not shown in Fig. 1(a). Proper-
ties of the two samples are shown in Table I. The same
samples were used in I and were also used for measure-
ments of magnetic localization and magnetic freezeout in
n~-type GaAs.?’ Procedures for characterizing the sam-
ples are given there. Ng and N are substrate and gate
dopings, respectively. ¢ is the barrier height at the
Al _Ga,_, As/(n " -type GaAs) interface, derived from I-
V curves between 100 and 250 K, where thermionic emis-
sion of electrons dominates I-V curves.’! ¢, is the value
of the dielectric constant of Al,Ga,_,As used to model
capacitance-voltage (C-V) curves of Al,Ga,_, As capaci-
tors. x, the mole fraction of AlAs in Al,Ga,_,As, is de-
rived from measurements of ¢ as well as from the nomi-
nal Al ,Ga,_,As composition; €; depends on x. w,, is
the Al,Ga,_, As thickness used in calculating C-V curves
that match experimental C-V curves at 1.6 K. It is es-
timated that w, is about 3.0-4.0 nm larger than the tun-
neling thickness of the Al ,Ga,_ ,As layer.!” Sample
areas are 4.13X 10~ % cm?. Procedures for measuring I-V
and C-V curves have been described previously.'®* -V
curves were measured at 0.001 V intervals. Magnetic-
field measurements were made in a superconducting mag-
net with the sample immersed in pumped liquid helium.

As shown in the schematic energy diagram of Fig. 1(a),
when V; is applied to an Al Ga,_,As capacitor, it
divides into three parts; ¥ is the band bending in the
substrate, 1 is the band bending in the gate, and V7; is
the voltage across the insulator. The energy of tunneling
electrons above the conduction-band edge at the
Al Ga,_,As/(n"-type GaAs) interface is equal to V.
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TABLE I. Properties of Al,Ga,;_,As capacitors. x is the AlAs mole fraction in Al,Ga,_,As; Ny is the substrate doping; Ng is
the gate doping; w,, is the Al,Ga,_,As thickness from C-V measurements; €; is the dielectric constant for modeling C-V curves; Vig
is the measured flat-band voltage; Vgy is the voltage shift for calculated and experimental C-V curves to agree; and ¢g is the activa-

tion energy for thermionic emission.

Ng Ng Wep VEs Vsu d¢

Sample x (10" cm™3) (10" cm™3) (nm) € (V) (V) (eV)
A 0.40 1.7 1.0 23.2 10.8 —0.030 0.034 0.320
B 0.32 9.0 1.5 20.0 11.3 —0.045 0.033 0.263

If ¥, and N are known, V7 is given by
V=9Vt Erc —qtg - @)

Y, ¥g, Erg, and Vi are calculated from C-V curves of
Al,Ga,;_,As capacitors. In Fig. 1(a), V; and V; are
nearly equal, as are g and Egg; this is not necessarily
the case but is true for sample B at V;~0.2 V. The
capacitor of Fig. 1(a) is biased into accumulation. Both
samples 4 and B show structure in I-V and C-¥ curves
due to Landau levels in the degenerate electron gas of the
acc%nulation layer when B is perpendicular to the sam-
ple.

Capacitance-voltage curves for Al ,Ga,_,As capaci-
tors are nearly ideal; they can be modeled by convention-
al semiconductor-insulator-semiconductor (S-1-S)
theory.?? Figure 2(a) shows an experimental C-V curve
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FIG. 2. (a) Experimental (solid) and calculated (dotted)

capacitance-voltage curves for Al,Ga,_,As capacitor, sample
B. Parameters are those used for calculated curve. Sample
area: 4.13X107* cm?. (b) Dependence of ¥, g, V;, and Vr
on Vg, calculated from theoretical C-V curve for sample B.

for sample B at 1.6 K and 100 kHz, and a calculated C-V
curve using the parameters in the figure. The C-V curve
of sample B can only be measured below V;=0.39 V be-
cause of high sample conductance at larger voltages. Pa-
rameters calculated from C-V curves can be used at
larger values of V. For an ideal calculated C-V curve,
the flat-band voltage Vgp should equal the difference in
Fermi levels between substrate and gate. Egg is deter-
mined from Ng, which, in turn, is estimated by matching
the experimental and calculated capacitance as closely as
possible when the n ~ -type GaAs is in strong accumula-
tion, ¥3*0.1 V. In order to match experimental and
calculated C-V curves, the calculated curve is shifted by
Vsy=0.033 V. Figure 2(b) shows 9y, ¥4, V;, and V. for
sample B as a function of V. Vgy is included in Egg in
calculating V. Band bending of substrate and gate is a
significant  fraction of Vg, ~0.3V;, when an
Al,Ga,_, As capacitor is in strong accumulation. The
S-1-S model used to calculate C-V curves does not include
quantum effects in the accumulation layer. This correc-
tion should be of less importance in calculating ¥ than
s, since the gate is in depletion for Vg > Vipg.

RESULTS

Tunneling in constant magnetic field

From the point of view of tunneling curves, the princi-
pal differences between samples 4 and B are that sample
B is thinner, has a lower barrier height, and has a lower
effective mass in the Al ,Ga,_,As layer. These
differences are reflected in the I-V curves of the two sam-
ples, which are shown in Fig. 3. In Fig. 3 the logarithm
of current density at ~2.0 K is plotted as a function of
V¢ for different magnetic fields parallel to the sample.
The current range is about ten orders of magnitude for
both samples. For V; 0.6 V the leveling off of current
in sample B is probably due to IR drops in the substrate.
Structure in transverse magnetotunneling curves is not
observed for ¥ ;R 0.42 V. For both samples there is a
marked decrease in current at low biases as the transverse
magnetic field increases. For sample A there is a pro-
nounced angular dependence of I-V curves for V; 0.8 V
as described in I.'®* The angular dependence is much
smaller for sample B.

Structure is visible in the I-V curve of sample A4 at 12
and 14 T, but is more clearly shown by plotting the
difference of the logarithms of current at B and at 0 T, as
in Fig. 4. The plot is a convenient way to show the
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FIG. 3. Current-voltage curves of sample 4 and sample B in
different transverse magnetic fields. 7'~2.0 K.

effects of B when the current varies by many orders of
magnitude. Both samples show pronounced structure
but there are differences in detail. For sample 4,
[log;o/ (B)—log,oJ (0)] increases monotonically with V.
For sample B, at high B, [log,/(B)—log;,J(0)] de-
creases before increasing for ¥V; 2 0.26 V.

The presence of two distinct magnetotunneling regimes
for sample B is shown most clearly by taking the deriva-
tive of the curves of Fig. 4. Derivatives were taken nu-
merically. Figure 5 plots d[log,o/ (B)—log,,J(0)]/dV
versus Vi for sample B at 2.1 K. The horizontal lines in
Fig. 5 correspond to the derivative equal to zero. The
minimum current for derivatives was ~1X1071° A, cor-
responding to a current density J~2.5X1077 A/cm?.
For lower currents, noise in the I-V curves makes deriva-
tives too noisy to use. For 11<B<15 T and
0.15V;50.24 V, AV,,, the spacing of either maxima or
minima in derivative curves, is nearly constant. For
0.35V3<0.4 V there is a second bias range in which
AV, is nearly constant but with a shorter period than at
lower bias. The transition region is between ~0.24 and
~0.28 V, depending on the magnetic field. At 9 T,
periodicities are barely detectable for ¥;X0.3 V; at 6
and 7 T, periodicities are barely detectable for
0.15¥V;<0.2 V. At lower values of B, structure in the
derivative curves is not resolved. Similar structure is ob-
served for I-¥ curves between 1.6 and 4.0 K, although the
data are noisier at higher temperatures.

In Fig. 6, AV,, for both maxima and minima is plotted
(circles) as a function of V; for several values of B. The
value of V; is the larger of the two voltages used to cal-
culate each AV,,. The vertical lines in Fig. 6(e) show
AV,,£2 mV. Since data is taken at 1 mV intervals, there
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FIG. 6. Dependence on gate voltage of difference in maxima
or minima of derivative curves, AV,, and values of AV,
corrected for band bending in gate, AV,=(AV,, —Ay;), at
different transverse magnetic fields for sample B.

is an estimated error of 1 or 2 mV for any point. Within
experimental error, AV,, is constant for ¥; $0.24 V and
B =10 T. The constancy of AV, for 0.35V;50.4V is
more easily seen in Fig. 5 than in Fig. 6.

Measurements of AV,, in Fig. 5 correspond closely to
the schematic diagram in Fig. 1(b). For low bias, elec-
trons tunnel from n~ -type GaAs into Landau states
below the barrier at the Al Ga,_, As/(n " -type GaAs)
interface. For higher biases, they tunnel into states above
the Al ,Ga,_,As/GaAs band discontinuity. To make
this relation more quantitative it is necessary to correct
for band bending in the n *-type GaAs gate Ay;. This
has been done using ¥V in Fig. 2(b). For each value of
AV, there is a corrected value AV, which is plotted as
triangles in Fig. 6. Just as gV is the energy of electrons
above the conduction-band edge at the
Al Ga,_,As/GaAs interface as they tunnel into n *-type
GaAs, qAVy; is the change in energy at the
Al ,Ga,_, As/GaAs barrier corresponding to each value
of AV,,. The correction is a significant one.

According to Ref. 6, each maximum in the derivative
curve results from the opening of a new tunneling chan-
nel. Correspondingly, if AV, equals the separation of
Landau states at the interface, values of AV can be used
to calculate a cyclotron effective mass m, for electrons at
the Al,Ga,_,As/(nt-type GaAs) interface. For bulk
GaAs, m,=0.067m, at the conduction-band edge, where
m is the free-electron mass, which gives #iw,=1.728B
meV as the spacing between bulk Landau levels. For

GATE VOLTAGE (V)

FIG. 7. Dependence on Vg of cyclotron effective mass at
Al,Ga,_,As/(n"-type GaAs) interface, m,/m, derived from
AVr, for different transverse magnetic fields for sample B.
T=1.6and 2.1 K.

Landau levels at an infinite barrier, the spacing is 2%w,,
which would correspond to m,=0.034m,. In Fig. 7,
values of gAVr in Fig. 6 are taken equal to #w, at the
Al,Ga,_,As/(n"-type GaAs) interface. They have been
converted to values of m_ using the relation

I #igB _ 0.1158B(T) 3)
¢ qAVp AVp(mV) ’

which is derived from Eq. (1). Values of m, are shown
for data taken at 1.6 and 2.1 K. The vertical bars for two
points at 13 T show the effect of a =1 mV error in AV,
on m,. Within experimental error, m, is constant for
0.1SV;50.24 V. There is then a steep rise in m,, and
for V;~0.4 V, m_ is between 0.07 and 0.08, which ap-
proaches the interpolated value for the effective mass for
electrons in Alj;Gagy,As, m,/my=0.09. Transverse
magnetotunneling requires that both energy and trans-
verse momentum be conserved. In equating #w, and
qVr, it is assumed that the density of states at the inter-
face between Al Ga,;_,As and n*-type GaAs is large
enough that transverse momentum can be conserved for
all energies.

Similar results are obtained for sample A, but there are
significant differences in detail. Figure 8 shows derivative
curves for sample A4 at different magnetic fields. Because
of the thicker and higher barrier, currents are lower and
a larger range of gate voltages can be explored. Structure
in the derivative curve can be resolved at 8 T; it is visible
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at 7 T but not at 6 T. For curves from 13 to 15 T struc-
ture between 0.5 and 0.65 V is shown at 4X
magnification. Even at such high biases, modulation of
I-V curves can be detected. Solid lines in Fig. 8 corre-
spond to zero for derivative curves.

Values of AV, and AV, for sample 4 are shown in
Fig. 9. Parameters used for modeling C-V curves and for
obtaining AV, for sample A are given in Table I. In con-
trast to sample B, there is no voltage range of constant
AV,,; instead, there is a gradual decrease of AV,, or AV
as V; increases. Cyclotron effective masses derived from
AV measured at 1.6 and 2.0 K are shown in Fig. 10.
The variation of m,_ is nearly linear in V. The lowest
values are about the same as for sample B, but the largest
values approach that expected for Aly,Gag¢As,
m,/my=0.10. Data between 0.5 and 0.65 V in Fig. 8 are
now well resolved; however, for B =15 T, m_,/m,=0.10
at V5~0.55V.

For both samples 4 and B, tunneling at low bias is
direct tunneling; electrons tunnel through the whole
thickness of the undoped Al ,Ga,_,As and enter the
n *-type GaAs at an energy less than the barrier height at
the Al ,Ga,_,As/(n *-type GaAs) interface, which is due
to the band discontinuity between the two semiconduc-
tors. In Fig. 11, AV,, and AV for the two samples at
Vs=0.2 V are plotted as a function of magnetic field.
The solid line is the cyclotron energy for the effective
mass at the GaAs band edge, 0.067m,, as a function of B.

GATE VOLTAGE (V)

FIG. 9. Dependence on gate voltage of difference in maxima
or minima of derivative curves, AV,,, and values of AV,
corrected for band bending in gate, AV,;=(AV,, —Av¢g), at
different transverse magnetic fields for sample 4.
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FIG. 11. Dependence of AV,, and AV, at ~0.2 V, and of
AV at other values of Vg, on transverse magnetic field for sam-
ple A and for sample B . Solid line is Landau-level spacing for
m,=0.067m,. Dotted line is parabolic fit to data at V3 ~0.2 V.

The dotted line is a least-squares parabolic fit of Vi
against B:

AVy=(#w,/q)+(B*—B3)C,. 4)

Several values of AV around 0.2 V were averaged to ob-
tain the values plotted for sample B; for sample A, the
extrema closest to V;=0.2 V were used. Although the
derivative curves for the two samples differ significantly,
the value of C, is the same. B} is smaller for sample B.
Thus the separation of Landau levels for energies less
than the band discontinuity at the Al ,Ga,_,As/(n*-
type GaAs) interface is not a simple linear function of B.
The origin of the component parabolic in B is not clear.
Also shown in Fig. 11(a) are AV, at V3=0.35 V and
Vs==0.45 V. The former are close to the line for the cy-
clotron energy corresponding to m, =0.067m; the latter
have an energy that is lower. In Fig. 11(b), values of V-
at V;=0.35 V are also slightly lower than the cyclotron
energy for m,=0.067m,.

Tunneling at constant gate bias

The complementary measurements to I-V curves at
constant magnetic field, such as those in Fig. 3, is to hold
Vs constant and measure I while sweeping the magnetic
field. In such measurements (I-V-B curves) the surface
concentration in the accumulation layer is approximately
constant, and a sequence of Landau states moves past the
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energy gqVr at which electrons tunnel into the
Al Ga,_,/(n " -type GaAs) interface. Figure 12 shows
I-V-B curves for both samples in which J(B)/J(0) is
plotted as a function of B at constant ¥;. Both samples
show a marked drop in current as B increases. For sam-
ple A, the drop is monotonic in B at all biases. There is
an approximately invariant value of J(B)/J(0) at ~5.6
T. Its origin is uncertain, but the value of B is that for
which the cyclotron orbit diameter of electrons equals the
barrier thickness. For sample B, the drop is monotonic
for 0.15V;50.33 V. For V;X0.34 V there is a small
increase in J(B)/J(0) for B <4 T. Such an increase in
J(B)/J(0), characteristic of the effect of a transverse
magnetic field on resonant Fowler-Nordheim tunneling in
Al ,Ga,_,As capacitors, arises from the change of elec-
tron phase in a transverse magnetic field.! A phase
change of electrons that tunnel into the Al ,Ga,_,As
conduction band when ¥V exceeds ¢; modifies electron
interference, which helps determine the shape of I-V
curves of sample B. In both samples modulation of I-V-B
curves can be seen for B 10 T. Guéret, Baratoff, and
Marclay®® have studied transverse magnetotunneling in
n*-type GaAs—undoped Al Ga,_,As—n*-type GaAs
capacitors with low, wide barriers. For B <4 T they find
that the decrease in J at constant ¥V is proportional to
B2, The present work uses samples with higher, thinner
barriers and a wider range of B. In such a case the be-
havior of J(B)/J(0) is more complex than a simple de-
crease proportional to B2.

11 T T T T 1
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FIG. 12. Dependence of the ratio of current density at mag-
netic field B and constant ¥ to current density at zero magnet-
ic field at ¥z on magnetic field for samples 4 and B.
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Structure in I-V-B curves is clearly shown by taking
derivatives with respect to B. Data for sample A are
shown in Fig. 13 and for sample B in Fig. 14.  Structure is
seen in derivative curves for BR 7 T at lower values of
V¢, which is consistent with I-V curves. For sample 4,
no structure is resolved for ¥ R 0.50 V; for sample B, no
structure is resolved for ¥ ;2 0.42 V. For bulk GaAs the
energy dispersion of Landau levels is given by Eq. (1). If
Eq. (1) is valid for electrons tunneling at the
Al,Ga,_,As/(n"-type GaAs) interface, a plot of N
versus 1/B should be linear, and an effective cyclotron
mass is given by

m,= #igB , (5)
(Ep—Ec) 2N _
T 7Cd(1/B)
where E;—E. is the energy of an electron above the
conduction-band edge at the Al ,Ga,_,As/(n*-type
GaAs) interface.

Figure 15 plots the Landau level index N as a function
of 10/B for maxima of the derivative curves of Fig. 13 or
14. Solid lines are least-squares fits of the experimental
data. A similar plot can be made for minima in the
derivatives. N is proportional to 1/B for both maxima
and minima. In Fig. 16, values of dN /d (1/B) are given
for maxima and minima of both samples for different gate
voltages. The lines are a linear least-squares fit of the
data. Within the spread of the data, the linear fit is valid.
Using the data of Fig. 16, values of m_, as a function of
Vs are given in Fig. 17. E;— E is obtained from calcu-
lated C-V curves as in Fig. 2(b).

Values of m_ calculated from Eq. (5) are less than m,

I I | [ | I I
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FIG. 13. Derivative of J(B)/J(0) with respect to B at con-
stant values of Vi for I-V-B curves for sample 4.
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FIG. 14. Derivative of J(B)/J(0) with respect to B at con-
stant values of V; for I-V-B curves for sample B.
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FIG. 15. Dependence of Landau level index N of maxima in
d[J(B)/J(0)]/dB on 1/B at constant Vg for I-V-B curves for
samples 4 and B.
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FIG. 16. Dependence of maxima and minima of dN /d (1/B)
for samples 4 and Bon V.

for GaAs at low bias and greater than m, at high bias,
but the range is not as great as in Fig. 7 or 10, where m,
is obtained from I-V curves. There are several possible
reasons. Extrema for derivative curves such as in Fig. 15
or 16 are less accurately determined than extrema for
derivative curves such as in Fig. 5 or 8. Calculating m,
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FIG. 17. Dependence of V; of cyclotron effective mass at
Al,Ga,_,As/(n " -type GaAs) interface, m,, derived from extre-
ma of derivatives of I-V-B curves.
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from Eq. (5) requires knowledge of the absolute value of
E—E_, while the values of m_ in Fig. 7 or 10 require an
estimate of Ay for a relatively small change in Vg,
AV,,. The latter is more accurately determined. At low
bias, Fig. 11 shows there is a parabolic dependence of
AVr on B for Vg in the direct tunneling regime, though
the relation is nearly linear when V; is greater than the
value required for FN tunneling. No parabolic depen-
dence of the spacing of Landau states is included in Eq.
(5), and this can introduce errors at low bias. In spite of
uncertainties in the value of m_, the proportionality of N
and 1/B is observed.

DISCUSSION

Theoretical calculations®™® have shown that structure
is expected to occur in transverse magnetotunneling I-V
curves for single-barrier heterostructures. Each time the
Fermi energy of electrons in the accumulation layer in
the n ~-type GaAs source equals the energy of an inter-
face Landau state in the n *-type GaAs gate, a new chan-
nel for tunneling opens and affects the tunneling current.

Likewise, calculations of the nature and spacing of in-
terface Landau states in a transverse magnetic field have
shown the complexity of allowed electron states in
crossed electric and magnetic fields.’> ™17 The schematic
diagram of Fig. 1(b) suggests that the spacing and nature
of Landau states below the band discontinuity ¥, differs
from those above the band discontinuity. However,
quantitative comparison with experiment is not possible,
since ¥ in Fig. 1(b) is lower than the band discontinuity
in the Al,Ga,_,As capacitors studied. In addition, the
layers with effective mass m,; and m, in Fig. 1(b) are as-
sumed to be infinite;!” in the samples studied, the
Al,Ga;_, As barrier has finite thickness which is compa-
rable to or greater than magnetic lengths for B > 6 T.

Experimental results that show structure in transverse
magnetotunneling curves of single-barrier heterostruc-
tures are less extensive than calculations. For n ™ -type
(In,Ga)As—undoped InP-# T-type (In,Ga)As (InP) capa-
citors, two distinct series of resonances are observed in
transverse magnetotunneling curves.?”> Magnetic fields
as low as 2 T modulate I-V-B curves. Snell et al.? have
explained the occurrence of two series on the basis that
one series corresponds to electrons that tunnel with
k,=-+kp, and the other corresponds to electrons that
tunnel with k,= —kp, where kp is the wave vector of
electrons at the Fermi level of the accumulation layer and
k, is the electron wave vector in the direction perpendic-
ular to both J and B. By contrast, only one series of
peaks due to interface states is observed in the derivative
of I-V curves of n -type GaAs—undoped
Al,Ga,_,As—n " -type GaAs capacitors, and it is not ob-
served for B $6 T. Fromhold, Sheard, and Toombs’ at-
tribute this series to electrons in the accumulation layer
for which k,=—kp; the series for electrons with
k,=+kg does not occur. They suggest that this is due
to the greater barrier thickness for sample 4 than for
their InP capacitor. However, the tunneling thickness of
sample B is closer to that of their InP capacitor, and only
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a single series of extrema is observed.

The fact that only a single series of extrema occurs in
the Al,Ga,_,As capacitors enables one to map the spac-
ing of interface states at the Al ,Ga, ,As/(n*-type
GaAs) interface. Such a schematic map for B=15 T is
shown in Fig. 18(a) for sample 4 and in Fig. 18(b) for
sample B. In each figure, ¥V, calculated from C-V
curves, is plotted on one axis. On the right axis Ep =gV
is given as multiples of #w, for B=15 T and
m,=0.067m,; fio,=25.92 meV at 15 T. The minimum
value of E/#fiw,. is 6 in each part of the figure, since
lower Landau levels are not probed in either sample. E.,
which is equivalent to ¥ in Fig. 1(b), shows the position
of the band discontinuity at the Al,Ga,_,As/(n *-type
GaAs) interface in units of #iw.. The energy axis gV,
shows the position of maxima of the derivatives in Figs. 6
and 9 in units of #iw,. The voltage scale V; is the gate
voltage which corresponds to ¥ and V_,,. For both
samples there is a noticeable decrease of the spacing
qV max When Er> V. For sample B, the value of ¥V for
which tunneling is above E. corresponds closely to the
transition between the two regions with different period
in Fig. 5. For Er SV, the spacing of maxima is greater
than #iw_; for E; R V,, the spacing is less than #iw.. Since
Fig. 18 is for a single value of B, it does not show the par-
abolic dependence on B which is found in Fig. 11. For
both samples, electrons are tunneling at energies that are
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G T qV,
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15T I
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FIG. 18. Schematic diagram of the spacing of Landau states
at the Al,Ga,_,As/(n*t-type GaAs) interface for samples 4
and B in a transverse magnetic field of 15 T.
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several hundred meV above E.. Nonparabolicity of the
conduction band also contributes to a decrease in spacing
of extrema at higher biases and would need to be con-
sidered in a quantitative theory.

I-V-B curves such as those in Fig. 12 have been calcu-
lated using a transfer Hamiltonian method.®”% The pa-
rameters of the calculation correspond closely to those of
sample A. The authors find that the positions of extrema
should be proportional to 1/B, as in Fig. 15. They calcu-
late tunnel currents as a function of 1/B for V;=0.4V,
which is close to the value V;=0.39 V in Figs. 12, 13,
and 15. They find four maxima for 1/B between 0.07 and
0.09, which does not agree quantitatively with five maxi-
ma observed for 0.07<1/B <0.09 T~ ! in Fig. 15. Tun-
neling at V3 =0.4 V is into states above the barrier at the
Al,Ga,_,As/(n"-type GaAs) interface; their calcula-
tion does not take account of the narrowing of the spac-
ing of Landau states in that energy region.

Both Al ,Ga,;_,As capacitors that show structure in
transverse magnetotunneling curves, samples 4 and B,
have barriers that are thin enough that direct tunneling
occurs. In Ref. 19, transverse magnetotunneling was
studied in two samples that are about 10 nm thicker and
that show resonant FN tunneling. I-¥ curves could not
be measured until V; exceeded the magnitude of the bar-
rier at the Al ,Ga, ,As/(n "-type GaAs) interface. In
both samples the transverse magnetic field modulated I-V
curves by changing the phase of electrons that tunnel into
Al,Ga,_,As and are reflected at the Al,Ga,_,As/(n*-
type GaAs) interface. However, neither sample showed
structure in I-V curves such as in Fig. 5 or 8, nor did I-
V-B curves, such as in Fig. 13 or 14, show similar struc-
ture. For sample B, the curve for V;=0.37 V in Fig.
12(b) shows that resonant FN tunneling contributes to I-
V curves, so the occurrence of FN tunneling does not
necessarily destroy structure due to tunneling into inter-
face states. The reason for the lack of structure in the
thicker samples is not known but may be related to the
fact that all electrons contributing to I-V curves tunnel
into Al ,Ga,_,As before being collected in the n *-type
GaAs layer.

The emphasis in the present work is on the structure in
transverse magnetotunneling curves of single-barrier het-
erostructures due to tunneling into Landau states at the
Al ,Ga,_,As/(n"-type GaAs) interface. Several other
recent papers have been concerned with transverse mag-
netotunneling in single-barrier heterostructures. Magne-
totunneling between two independently contacted 2DEG
systems separated by a barrier has been studied in
GaAs/Al,Ga,_,As heterostructures.”* "2 The authors
attribute structure in I-¥ curves at O T to tunneling into
subbands of the 2DEG that forms one interface of their
heterostructure. They show transverse momentum con-
servation in their system. Lebens, Silsbee, and
Wright,?”?® using measurements of ac conductance of
electrons tunneling between a quantum well and an n *-
type GaAs electrode, have also shown that transverse
momentum is conserved in transverse magnetotunneling.

In conclusion, transverse magnetotunneling curves
have been measured at 1.6-4.0 K on two Al ,Ga,;_,As
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capacitors which have dielectric Al,Ga,_, As layers thin
enough that direct tunneling occurs at low bias. Both I-V
curves at constant B and variable V, and I-V-B curves at
constant V; and variable B, show structure due to tun-
neling into magnetic Landau states at the
Al Ga,_,As/(n*-type GaAs) interface. Capacitance-
voltage curves are used to correct the spacing of extrema
in I-V and I-V-B curves for band bending in the gate elec-
trode. Values of the corrected voltage spacings are con-
verted to cyclotron effective masses for electrons at the
Al,Ga,_,As/(n*-type GaAs) interface; m,/m, varies
from 0.042 at low bias to 0.10 for high biases in which
electrons tunnel into Al Ga,_, As before being collected
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in the n *-type GaAs gate. Although I-V curves of both
samples show structure in transverse magnetotunneling
curves, there are differences in behavior that depend on
detailed differences in the sample structures.
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