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Current-voltage (I- V), ac capacitance-voltage ( C- V), and conductance-voltage {G- V) measure-
ments have been made of the effect of magnetic fields up to 15 T on tunneling at 1.6 K from accu-
mulation layers on n-type GaAs. The samples used are n -GaAs —Al, Gal „As—n+-GaAs capaci-
tors in which the GaAs/Al„Gal „Asbarrier height is low enough, -0.3 eV, and the Al Gal „As
is thin enough, -20 nm, that direct tunneling of electrons occurs. Magnetic freezeout of carriers in
n -GaAs for 8 &4 T can be determined from C- Vcurves. For n+-GaAs biased positive, VG &0,
a quantized accumulation layer forms at the n -GaAs/Al„Gal As interface. Structure is ob-
served in I- V, C- V, and 6- V curves due to tunneling from Landau levels in the accumulation layer.
Two samples are compared in detail. In one sample the Landau-level structure is relatively simple.
In the other, spin splitting is observed in the first three Landau levels. The dependence of the sur-
face concentration of electrons on V6 is determined from tunneling currents at fixed VG and vary-
ing magnetic field. A second subband in the accumulation layer begins to be populated when the
surface concentration & 7&(10"/cm . This is the first example of a system in which it is possible to
use tunneling to examine the formation of an accumulation layer in a semiconductor, going from de-
pletion through flat-band into accumulation, by applying a bias voltage.

INTRODUCTION

The potential well that forms when a high electric field
is applied to a semiconductor surface quantizes electron
motion perpendicular to the surface. ' Although quantiza-
tion of electron motion occurs in either accumulation or
inversion layers on semiconductors, accumulation layers
have been studied much less than inversion layers. Ben-
Daniel and Duke initially proposed that tunneling could
provide information about accumulation layers. Tsui, in a
series of paper's, used tunneling to study accumulation
layers on InAs. He used InAs-oxide-Pb structures in
which a thin-oxide layer was grown thermally on degen-
erate InAs single crystals. The accumulation layer
formed during oxidation, presumably due to positive
charge in the oxide layer, though the detailed mechanism
for its formation was not clear. Appelbaum and
Baraff' "discussed the theory of tunneling in such struc-
tures. Other semiconductors for which tunneling has been
used to study accumulation layers include PbTe, ' ZnO, '

Si,' ' InSe, ' Te, ' ' and HgCdTe. ' In every case the
accumulation layer was formed during sample preparation
and the properties were fixed. In no case has it been pos-
sible to study the formation of an accumulation layer,
starting from depletion, by changing the electric field at
the semiconductor surface. Recently we have shown that
undoped Al„Gaj „Asis a nearly ideal dielectric in n
GaAs —undoped Al„Ga& „As—n+-GaAs capacitors.
Capacitance-voltage ( C- V) characteristics of Al„Ga~ „As
capacitors are nearly ideal; they can be modeled by classi-
cal semiconductor-insulator-semiconductor (SIS) theory,
assuming that there are no interface states at the
insulator-semiconductor interface. Current-voltage (I- V)
characteristics of Al„Ga~ „Ascapacitors at low voltages,
between 100 and 300 K, are dominated by thermionic

emission. Barrier heights at the GaAs/A1„Ga~ „Asin-
terface can be determined by analysis of the temperature
dependence of I- V characteristics. The principal
nonideality of undoped Al Ga& As as a capacitor dielec-
tric is the occurrence of a uniform density of negative
charge. Band bending due to negative charge in
Al„GaI „As increases barrier heights at the n-
GaAs/Al„Ga& „As interfaces, measured by analysis of
I- V curves, and shifts C- V curves to voltages more posi-
tive than expected from simple SIS theory. If VG is the
voltage applied to the n+-type GaAs gate, the flat-band
voltage VFa of an A1GaAs capacitor having no negative
space charge should occur when VG is slightly negative.
Negative charge densities can be large enough that posi-
tive values of VFB are observed. The amount of negative
charge depends in an unknown way on sample-
preparation conditions.

At low temperatures and high fields, tunneling is the
principal conduction mechanism in thick-A1GaAs capaci-
tors. Resonant Fowler-Nordheim tunneling is observed in
A1„Ga~ As capacitors that are between 30 and 40 nm
thick. The low barrier height at the Alo 4Gao 6As/GaAs
interface ( -0.3 eV) and the low effective mass in
Al„Ga~ „As (-O. lmo, where mo is the free-electron
mass) means that direct tunneling is observed in
A1„Ga& „Ascapacitors that are about 20 nm thick.

Electrons in an accumulation or inversion layer can
move freely, parallel to the semiconductor interface. Ap-
plication of a magnetic field perpendicular to the surface
quantizes carrier motion parallel to the surface and splits
the constant density of states of a two-dimensional elec-
tron gas (2DEG) into Landau levels. Structure in tunnel-
ing curves due to Landau levels has been observed in tun-
nel diodes and in tunneling from accumulation layers on
InAs. ' ' ' Structure in C-V curves due to carriers in
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Landau levels in inversion layers provided early evidence
for quantization in 2DEG's. C- V curves have recently
been used to derive a density of states in Landau levels in
the 2DEG of modulation-doped heterostructures. C- V
curves in these cases are for electron motion parallel to
the semiconductor-insulator interface.

Here we report observations of the effect of magnetic
fields between 0 and 15 T on ac capacitance-voltage and
conductance-voltage (G- V), and on dc I- V curves of Al-
GaAs capacitors. Several different phenomena are ob-
served. For magnetic fields greater than -4 T, magnetic
freezeout occurs in n -type GaAs. The high-series resis-
tance produced by magnetic freezeout distorts C- V curves
at high frequencies. When the n+-type GaAs gate of an
A1GaAs capacitor is biased positively, an accumulation
layer forms on n -type GaAs. Tunneling currents in
high magnetic fields show structure due to Landau levels
in the accumulation layer. From their dependence on
magnetic field we obtain the dependence of surface elec-
tron concentration N~ on gate voltage and show that pop-
ulation of a second subband begins when Xs exceeds
-7)&10"/cm . When the n+ gate is biased negatively,
electrons tunnel from n+-type GaAs into n -type GaAs.
We attribute structure with a period of 0.036 V observed
in I Vcurves o-f some samples to sequential single-phonon
emission in n -type GaAs due to ballistic electrons in
frozen-out GaAs. ' The Al„Gai „Ascapacitor is the
first system in which one can move the Fermi level in a
semiconductor by applying voltage so that it is possible to
go from depletion through flat band into accumulation
and use tunneling to determine properties of the accumu-
lation layer. It is close to an ideal structure to study tun-
neling: substrate, insulator, and gate are all single crystals
with closely matched lattice spacing in all three layers.

THEORETICAL BACKGROUND

The n -GaAs —undoped Alo 4Gao 6As —n+-GaAs ca-
pacitors used in this work are shown schematically in the
potential-energy diagrams of Fig. 1. The capacitor is
shown with VG & VFa in Fig. 1(a) so that the n -type
GaAs is biased into accumulation. V& is the voltage ap-
plied to the n+-type GaAs gate. The applied voltage
divides into three terms: gs, the band bending in the sub-
strate; PG, the band bending in the gate; and VI, the volt-
age drop across the insulator. For VG & VFz,
Vl&fs)QG. Electrons in the accumulation layer are
quantized in the direction perpendicular to the interface.
Two subbands, Eo and E&, are indicated in the accumula-
tion layer; Ez is between them so only Eo would be occu-
pied at low temperature. We take the n -type GaAs to
be nondegenerate in Fig. 1(a) since this corresponds to the
experimental situation in the present work. This is in
contrast with Tsui's measurements of tunneling from de-
generate InAs or PbTe, in which tunnel currents were due
to bulk electrons as well as to electrons in an accumula-
tion layer. In Fig. 1(b), VG & VFB and a depletion layer
forms in the n -type GaAs substrate. The largest frac-
tion of VG is used to form the depletion region;
Ps & VI & gG, since there is little change in gG with bias
for VG & VFa. No accumulation layer forms on the n+-
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FIG. 1. (a) Schematic energy-band diagram for n
GaAs —undoped Al„Ga~ „As—n+-GaAs capacitor in accumu-
lation showing two subbands. (b) Schematic energy-band dia-
gram of capacitor in depletion.

where N is the Landau-level index, H, is the component
of magnetic field perpendicular to the surface, e is the
electron charge, m is the effective mass of electrons, pii is
the free-electron Bohr magneton, and g is the g factor of
the electron. For an effective mass for GaAs of 0.067mo,
where neo is the free-electron mass, -the cyclotron energy
becomes

eH, A
fun, = =1.73H, (T) meV . (2)

Equation (1) ignores the effect of the magnetic field on
the spread of the wave function in the accumulation
layer. ' The number of carriers per Landau level is

eR',
Nl —— ——4.836X10' H, (T) cm (3)

if spin splitting is not resolved, as in Fig. 2(b). In prac-
tice, Landau levels are broadened as indicated schemati-

type GaAs because of its high doping.
For zero magnetic field the density of states in each of

the subbands of the accumulation layer is constant in en-

ergy as indicated schematically in Fig. 2(a). If E; is the
minimum energy of subband i, E; Ec and E—z Ec de-—
pend on surface field and therefore increase as VG in-
creases. When a magnetic field H is applied perpendicu-
lar to the GaAs/Al„Gai „Asinterface it quantizes each
two-dimensional subband into discrete Landau levels, as
indicated schematically for the lowest subband, Eo, in
Fig. 2(b). If there were no level broadening, the density of
states would be a series of 5 functions. The energy of the
Landau levels for the lowest subband is given by

efiH, gp&HE =Eo+ N+ — +, X =0, 1,2, . . . (1)
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FICx. 2. (a) Schematic density of states in a two-dimensional
electron gas when magnetic field is zero. (b) Effect of magnetic
field on density of states in a two-dimensional electron gas. (c)
Schematic diagram of spin splitting of Landau levels in a two-
dimensional electron gas.

EXPERIMENTAL

The sample preparation and processing to form Al-
GaAs capacitors has been described previously. ' The
samples were grown on ( 100)-oriented single-crystal
n+-type GaAs substrates. We give detailed results on two
samples, sample A (1019A4,6 in Ref. 21) and sample 8
(1332D4 in Ref. 21). The A1As mole fraction is 0.4 for
sample A and 0.37 for sample B. Sample characteristics
including insulator thickness w, barrier heights at the
n+-GaAs/Ala qGao 6As interface, PG, and negative

cally by the Gaussian line shapes in Fig. 2(b). The radius
of the lowest cyclotron orbit of an electron in a magnetic
field is 1=(iri/eH)'~ =25.66[H(T)] '~ nm. When a
magnetic field is applied parallel to the A1GaAs/GaAs in-
terface, Landau levels are no longer observed in an accu-
mulation layer although spin-splitting remains unchanged.

Figure 2(c) shows schematically the case of the Landau
level split due to spin interactions. The density of states
at the center of a Landau level is no longer a maximum
but becomes a local minimum. In Figs. 2(b) and 2(c) in-
creasing VG increases Ns, the concentration of electrons
per cm in the accumulation layer, and therefore increases
EF (Eo+fuu, /—2). At constant H, after the threshold
voltage VT for establishing an accumulation layer is ex-
ceeded, the Fermi level moves through successive maxima
and minima in the density of states. If VG is held con-
stant, increasing H moves successive maxima and minima
in the density of states through Ez. VG determines the
number density of carriers in the accumulation layer; it is
not simply related to EF—E;. Complicating any correla-
tion of VG and EF is the requirement that the Fermi level
jump abruptly from one Landau level to the next as each
level either empties or completely fills. 9

charge in Ala &Ga06As were measured for each sample
and are shown in Table I. NM is the substrate doping, XG
is the gate doping, and Nt is the amount of negative
charge in the undoped Al„GaI As layer, determined
from the shift of experimental C-V curves to positive
voltages with respect to their calculated flat-band volt-
ages. X~, XG, and w were determined by modeling C- V
curves, assuming a dielectric constant of A104Ga06As of
11.8 at 300 K. The tunneling thickness is about 3 nm
smaller than w. The sample designations A and B are
the same as in Ref. 21. The samples were mounted on
nonmagnetic eight-pin TO-5 headers with conducting
epoxy. Sample areas were 4.13)& 10 cm .

C- V curves between 1 kHz and 1 MHz were measured
with an HP 4274A or 4275A multifrequency LCR meter.
The LCR meter measures the impedance of the
Al„Gai „Ascapacitor as a parallel capacitance, C(V),
and conductance, G(V). Four-probe measurements are
used for .best accuracy. To avoid distortions of C-V
curves the ac voltage that is superimposed on the dc-bias
voltage should be less than k~T. This is not possible at
1.6 K, where kit T-0.14 meV. Instead, ac voltages of -5
mVrms were used. The dc—I-V curves were measured
with a two-channel auto-ranging Keithley 619 electrome-
ter. The useful current range of the meter is from
-5&10 to 2&(10 2 A. VG.was varied in 5-mV incre-
ments. All electrical measurements were controlled by an
IBM Series/1 computer. Magnetic field measurements
were ma'de in a superconducting magnet with the sample
immersed in pumped helium at 1.6 K.

RESULTS

For both samples studied, magnetic freezeout of n

type GaAs produces a high-series resistance that seriously
affects C- V measurements at high frequencies and high
magnetic fields. Both samples show the effect of Landau
levels on tunneling from an accumulation layer. For sam-
ple A, the Landau-level structure is relatively simple in
the C-V, G-V, and I-V curves. For sample B, spin-
splitting of Landau levels produces complex structure in
tunneling curves which is resolved in both dc and ac
characteristics. dc and ac measurements complement
each other in studying the formation of an accumulation
layer on n -type GaAs. Recently, we have reported the
occurrence of periodicities in I Vcharacteristic-s when
electrons tunnel into n -type GaAs. ' The periodici-
ties were attributed to sequential single-phonon emission
by electrons tunneling from n+-type GaAs into n -type
GaAs. As reported, sample A shows such effects very
clearly. Sample 8 does not show periodicities whose mag-
nitude increases with magnetic field.

Sample A

Magnetic freezeout

Analysis of C- V curves of Al„Ga, „Ascapacitors at
77 K and above shows that undoped Al„Ga& „Asmay
contain negative charge uniformly distributed throughout
the insulator. ' The effect of negative charge is to shift
the fiat-band voltage of C- V curves by an amount EVsH
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Carrier-concentration profiles for different magnetic ie s e-ic fields de-
rived from capacitance-voltage curves.

quencies, but C-V curves are shifted and distorted by
series resistance. The shape of G- V curves is less distort-
ed at high frequencies and the structure is better resolved
than for C- V curves. Most C- V curves reported here are
at 100 kHz, since detailed structure in conductance is
preserved and it. is possible to go to higher positive values
of VG than at lower frequencies.

When going from depletion to accumulation one passes
through the flat-band voltage where the carrier concentra-
tion in n -type GaAs is constant up to the
GaAs/Al„Gai „Asinterface. This is also the threshold
voltage for the formation of an accumulation layer, T.
C- V curves are too much affected by series resistance to
use in determining VT. However, the voltage at which
logioG rises abruptly in Fig. 6, 0.030 V, is independent of
frequency and agrees well with the value of VT that is de-
rived later by using tunneling curves to determine the sur-
face carrier concentration.

C-V curves calculated by classical SIS theory can be
used to determine how VG divides into its component
terms Ps, gG, and VI as indicated schematically in Fig. 1.
In Fig. 7 the different terms contributing to VG are plot-
ted for sample A at 1.6 K. In forward bias, the principa
voltage drop is across the insulator; however, band bend-
ing in the gate and the substrate are approximately equal
and are a significant fraction of the total applied voltage.
In reverse bias, nearly all the applied voltage goes to form
the depletion layer. As shown in the inset of Fig. 7, as
NM is reduced from 10' to 10', VI for VG= —1.0 V de-
creases from 50 to 4 mV. From such model calculations,
a reduction in carrier concentration in n -type GaAs due
to magnetic freezeout implies that nearly all VG is applied
across n -type GaAs at high values of H for VG & VFB.

For VG ———1.0 V, the field across 1 pm of n -type
GaAs is —10 V/cm. For bulk GaAs, fields of 10—20
V/cm are sufficient to ionize neutral donors and cause

T the C- V curve for VG ~0 V is nearly flat and the total
capacitance corresponds to that expected for a capacitor
with an insulator thickness of 1 pm and a dielectric con-
stant corresponding to that of GaAs. The total thickness
of n -type GaAs is =1 pm.

Carrier concentration versus distance from the n
GaAs/A1~Gai ~As interface can be determined from C-
V curves of AlGaAs capacitors in depletion by using stan-
dard metal-oxide-semiconductor (MOS) methods. 3 Such
electron-concentration profiles are given in Fig. 5(b).5(bl At 0
and 2 T the average carrier concentration is
1.4)& 10' /cm which is the same as at 77 K or higher. At
4 T the average carrier concentration .decreases to
1 X 10' /cm . At 6 T the average concentration is
-5 && 10' /cm . At higher fields the apparent carrier con-
centration drops further, but accuracy of the numerical
values of carrier concentration is uncertain since only
capacitances for voltages greater than the dip in capaci-
tance at 0.070—0.080 V are used in determining carrier
profiles.

The series resistance due to magnetic freezeout of n

type GaAs markedly affects the frequency dependence of
C- Vcurves, as shown in Fig. 6. C- Vand 6- Vcurves at a
constant value of H, 8 T, and at different frequencies are
shown. The rise in conductance at -0.030 V is indepen-
dent of frequency. At 1 kHz the steep rises in C and G
nearly coincide; the C- V curves are shifted to higher volt-
ages at higher frequencies. The maximum voltage at
which the I.CR meter measures the sample impedance de-
pends primarily on the magnitude of conductance. One
can determine C and G at higher voltages at higher fre-
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amount of band bending and a depletion layer in the

Al„Ga& „As layer. When VG is increased, n -type
GaAs goes t roug a ah h flat band and then an accumulation
forms. Applying a magnetic field splits each o t e su-
bands of the accumulation layer into Landau levels as
shown schematically in Fig. 2(b). In Fig. 8 there is a sub-
stantial decrease in current or

V 0.1 V the effect of H is not large; there
n in dif-is relatively little difference in I-V curves ta en in i-



MAGrNETOTUNNELING FROM ACCUMULATION LAYERS IN. . . 6537

ferent magnetic fields. The effect of Landau levels in the
accumulation layer on tunneling is shown clearly in Fig.
9, in which the difference of current densities in magnetic
field H, J(H), and at zero magnetic field J(0), is plotted
as a function of VG for different values of H. In Fig. 9(a)
the log scale is large, emphasizing the large effect of H on
J when VG & VT. The current is smaller by more than
two decades at 14 T than 0 T for VG & VT. The dashed-
vertical line is drawn at VT ——0.030 V, where inflections in
the difference curves coincide closely with VT and the
curves rise abruptly above VT. In Fig. 9(b) an expanded
scale is shown and periodicities whose spacing is propor-
tional to H are clearly seen. Structure is not well resolved
for 2 T. For 4 T periodicities are resolved for VG &0.4 V
and their spacing increases at higher magnetic fields. At
8 T the first maximum shows slight splitting at VG ——0.13
V; the splitting is resolved at higher magnetic fields.

The fan diagram for sample A is shown in Fig. 10.
Values of VG at which extrema occur are plotted for each
value of magnetic field. The lines are least-squares fits of
the points at low VG. The minima, connected by solid
lines, give the best-defined linear plots; they represent the
completion of the occupation of Landau levels and the be-
ginning of the occupation of a higher level. Their com-
mon intercept is -0.040 V, in reasonable agreement with
threshold voltage of 0.030 V from 6- V curves or the ex-
trapolated value of 0.050 V from Fig. 3. The first max-
imum at -0.1 V, which represents the completion of the
establishment of the accumulation layer, does not shift
with magnetic field to the extent that other extrema do.
The splitting of the maxima of the first Landau level is
proportional to H. Values of the Landau-level indices, N,
are given.

When H is constant and VG varies as in Figs. 8—10,
the sequence of Landau levels for each subband is fixed by
H and the Fermi level sweeps through the Landau levels.
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FIG. 10. A fan diagram of the maxima and minima of
logioJ(H)-logioJ(0) for sample A. The solid lines are least-

squares fits of minima, the dotted lines least-squares fits of
maxima.
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FIG. 11. Dependence of the ratio of current density at mag-
netic field H and constant VG to current density at zero magnet-
ic field at VG on magnetic field for sample A.

Alternatively, if VG is constant, the number of electrons
in the accumulation layer is constant. Changing H sweeps
successive maxima and minima of the density of states
through the Fermi level. Such measurements are illustrat-
ed in Fig. 11 in which the ratio J(H)/J(0) is plotted as a
function of magnetic field for different values of VG. If
spin splitting is ignored, Eq. (1) can be put in the form

1 Pl
(EF F-o) —c, —

H, eA
(4)

where C = —,
' for maxima and C= 1 for minima. Each

successive maximum (minimum) in the tunnel current
corresponds to the passage of a maximum (minimum) in
the density of states through Ez. In Fig. 12 N is plotted
as a function of the value of 10/H corresponding to maxi-
ma or minima. The linearity of the points is good; the
maxima extrapolate to ——,', the minima to —1. From the
slope of the plots of Fig. 12, the surface concentration Nq
can be obtained by using Eqs. (3) and (4), assuming that
only one subband is present in the accumulation layer.
Figure 13 shows Nq as a function of VG. The solid lines
are least-squares fits of data below VG ——0.3 V and above

VG ——0.3 V. The dotted line is the extrapolation of the
lower solid line. There is a clear break at VG -0.3 V, cor-
responding to X~-7&&10"/cm . This represents the on-
set of the occupation of the second subband in the accu-
mulation layer. For VG &0.3 V approximately 10% of
the carriers go into a second subband. The points for
VG )0.4 V in Fig. 10, and for the Landau minima with
%=1 and %=2, deviate from the line through the points
at lower VG. Both figures show the start of occupation of
a second subband. Extrapolation of X~ to zero gives
VT ——0.032 V, in excellent agreement with the value ob-
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centration obtained by integrating the experimental 100-
kHz C- V curve at H=O. It gives N~ a lower value than
that of Fig. 11. According to Eq. (1) the splitting of a
two-dimensional density of states into Landau levels is
proportional to the normal component of H. We observe
no Landau-level structure in tunneling curves when the
magnetic field is parallel rather than perpendicular to the
sample. This shows that structure is due to tunneling
from Landau levels in the accumulation layer on n -type
GaAs rather than from Landau levels in bulk GaAs.

Sample B

Tunneling from accumulation layers

—1

0 1 2 3 0 1

10/H (T)

FIG. 12. Dependence of the Landau-level index S, corre-
sponding to maxima and minima of the ratio J(H)/J(0) at con-
stant VG on inverse magnetic field for sample A.

tained from G- V curves and from the fan diagram of Fig.
10.

For inversion layers on silicon MOS structures the sur-
face concentration is given by Xs ——C,„(VG —Vz. ), where
C,

„

is the capacitance of the Si02 gate dielectric. The
dashed line in Fig. 13 shows Ct( VG —VT ), where CI is the
insulator capacitance obtained by extrapolating CI to 1.6
K in Fig. 3. Xq from this curve is higher than obtained
from curves such as those of Fig. 11. However, from Fig.
7, Ps and fG are not fixed but increase as VG increases.
Not all of the gate voltage appears across the
Al„Ga~ „Aslayer. In view of the uncertainties of the ra-
tio of Vl/VG and of the value of CI from a classical SIS
calculation, the agreement of the solid and dashed curves
of Fig. 13 is reasonable. The lower line is the surface con-

As shown in Table I, sample 8 is characterized by
lower charge in the Al„Ga~ „Aslayer, by a greater insu-
lator thickness and by slightly higher doping of n -type
GaAs. Structure in tunneling from accumulation layers is
more complex because of the occurrence of spin-splitting
of Landau levels at high magnetic fields.

Figure 14 shows I Vcurves -for VG ~0 V as a function
of magnetic field for sample B. Current at a given voltage
is lower than for sample A over most of the voltage range.
The large decrease in current between 0 and 0.1 V as H
increases, which is seen in Fig. 8 for sample A is not
found for sample B because VT &0 V for sample B. The
difference between log~+(H) and log~+(0) is plotted in
Fig. 15. Oscillations are observed even at 2 T. At higher
values of H, the structure is substantially more complex
than in Fig. 9 for sample A. In order to show the
development of structure as H increases, we plot C- V and
log&OG- V ( G- V) curves at 100 kHz, and log&OJ(H)-
log~+(0) (I V) for diff-erent magnetic fields in Figs.
16—18. Here, the ac and dc measurements complement
each other. Vz for sample B is ——0.030 V; at 0 V an
accumulation layer is already formed. dc I Vcur—ves-are

I I I I I I
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no field is applied at VG-0.3 V. This is also the gate
voltage at which a second subband starts to be populated.
At 12 T two Landau levels are populated and spin split-
ting is resolved for both in I- V curves.
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FICJ. 18. Plots of [log~oJ(II) —logqoJ(0)] (I V), and -of

capacitance-voltage and logio conductance-voltage curves at 100
kHz, versus VG at different constant magnetic fields for sample
B. (a) H=10 T. (b) H=12 T.

The fan diagram for sample 8 is shown in Fig. 19(a) for
dc I V-curves and in Fig. 19(b) for 6- V curves at 100
kHz. The best defined points on the fan diagram are the
minima of I- V curves that occur on the completion of a
Landau level. The solid lines in Fig. , 19(a) are drawn
through these points, the dotted lines are drawn through
minima in spin-split Landau levels, and the dashed lines
are drawn through the maxima of the spin-split Landau
levels. In addition, the linearity is good for VG &0.4 V.

The value of VT from extrapolation of the I Vfan-dia-
gram is —0.020 V. I- V curves are not. distorted by the
high resistance of the frozen-out n -type GaAs, but it is
not possible to determine extrema for VG (0.080 V be-
cause of the noise in measuring low tunneling currents.
6- V curves as in Fig. 16—18 can show the, onset of the
formation of the accumulation layer but may be distorted
by high-series resistance. Extrema from 6- V curves are
plotted in a fan diagram in Fig. 19(b). The lines are the
same lines used to connect I Vpoints in-Fig. 19(a). Just
as in Fig. 10 for sample A, the first maximum of the 6- V
curve depends only slightly on H. The positions of other
extrema are proportional to H. The minima at the com-
pletion of a Landau level are consistently at lower voltages
in 6- V curves than in I- V curves; the minima of spin-
split Landau-level maxima, which are joined by the dotted
lines, coincide. Part of the disagreement of the voltage
for maxima of 6- V and I- V curves at high magnetic
fields is due to the width of the maxima. For example, at
10 T in Fig. 18(a), the second maximum is broad and
slopes in such a way that the maximum is at a lower volt-
age for the G- V curve than for the I Vcurve, althou-gh
the width of the two maxima is nearly equal. A second
reason for the disparity is that at large H, the order of
magnitude rise in 6 overlaps the structure due to Landau
levels and modifies the position of extrema.

Figure 20 shows typical plots of the ratio of J(H)/J(0)
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FIG. 19. (a) Fan diagram of the maxima and minima of
log~oJ(H) —logJ(0) for sample B. The solid lines are least-
squares fits of minima, the dotted lines are least-squares fits of
spin-split minima, and the dashed lines are fits of maxima. (b)
Fan diagram of the maxima and minima of logioG for sample B.
The lines are the. same lines as drmvn for I- V curves in (a).
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FIG. 20. Dependence of the ratio of current density at mag-
netic field 0 and constant VG to current density at zero magnet-
ic field at VG on magnetic field for sample B.
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at constant VG as the magnetic field is swept, for dif-
ferent values of VG. For low VG and low H, as shown in
Figs. 20(a) and 20(b), the maximum tunneling current is
larger than it is with no magnetic field present. The
structure at high H is more complex than in Fig. 11 be-
cause of spin splitting of Landau levels. In Fig. 21 the
value of the Landau-level index, N, is plotted versus 1/H
for the curves of Fig. 20. The better quality of sample 8
compared to sample A is shown by the observation of
more Landau levels in Fig. 21 as compared to Fig. 12. In
Fig. 21, minima corresponding to high values of N fall on
the minimum line that extrapolates to —1. As 0 in-
creases and X decreases the Landau levels are spin split
and the center of the Landau level changes from a max-
imum to a minimum, as shown schematically in Fig. 2(c).
This is reflected in the plots of minima in Fig. 21; at low
values of 1/H the minima shift to the line through the
maxima corresponding to higher values of N. Surface
concentrations as a function of VG'for sample 8 are
shown in Fig. 22. Tunneling current at constant VG was
measured at 0.050-V increments for H increasing and at
0.020-V increments for H decreasing to determine Ns
The solid line in Fig. 22 is drawn through points derived
from tunneling curves for increasing H. The points for
decreasirig H give slightly higher values of Nz at a given
VG. The discrepancy is probably due to trapped flux in
the superconducting magnet which affects the value of H
used in plots such as those of Fig. 20. The effect is more
pronounced in sample 8 than in sample A, since Xz is de-
rived from Landau levels with higher values of N that
occur at lower values of H. Trapped flux is more impor-
tant at low Hthan at high'H. There is ev'idence for occu-
pation of a second subband at N ss&&10"/c m. At
VG ——0.65 V the marked decrease in X~, which is derived
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FIG. 22. Dependence of electrori concentration in the accu-
mulation layer of sample 8 on VG.

by assuming a single Landau level is occupied, indicates
that a significantly larger fraction of the carriers are going
into the second subband. As in Fig. 13, N~ calculated
from CI derived from C Vcurv-es above 100 K is higher
than X~ measured by tunneling curves while X& obtained
by integrating C- V curves is lower. Ando and Stern and
DasSarma have calculated that occupation of the second
subband of an accumulation layer should begin at
Ns-3X10"/cm which is less than half the value we
find, but the calculated value depends on minority carrier
concentration and other sample parameters that are not
well known.

Tunneling from n+ type GaAs -into n -type GaAs

When VG &0 V, electrons tunnel from n+-type GaAs
into n -type GaAs. For sample A, I- Vcurves at high H
are modulated with a voltage period, 0.0360 V, which is
slightly less than the optical value of the LO phonon ener-
gy in GaAs, 0.0367 eV. - ' However, such periodicities
are not seen for sample B. Figure 23 shows the I V-
curves for sample 8 for VG &0 V and for different mag-
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FIG. 21. Dependence of the Landau-level index X, corre-
sponding to maxima and minima of the ratio J(H)/J(0) at con-
stant VG on inverse magnetic field for sample B.
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FIG. 23. log~o of current density versus gate voltage for sam-
ple 8 biased into depletion for different magnetic fields.
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netic fields, and Fig. 24 shows d 1n(J)/dVG for the I- V
curves at different values of H. The ordinate is the same
for all the curves of Fig. 24, but the curves are displaced
for clarity. The thickness of sample 8, derived from C- V
curves and given in Table I, is 22.0 rim which is —1.5 nm
greater than that of sample A. As a result the current
densities are almost 2 orders of magnitude smaller for
sample B. As shown in Fig. 24, there is periodic modula-
tion of the derivative curve at 0 and 2 T. However the
period is 0.030 V, not 0.036 V as for sample A. At higher8 this periodicity is suppressed, in contrast to sample A
in which phonon periodicities are enhaiiced at high H. It
is not certain whether the periodicity at 0 T is real or not;
the currents are so low that it may be an artifact of the
measurement. It is also z.ot known why 0.036-V periodi-
cities are not observed but the most probable reason is the
low value of tunnel current due to the thicker barrier. Re-
cently Eaves and co-workers ' ' have observed modula-
tion of I- V curves in reverse bias of an A1GaAs capacitor.
The period was 0.036 V, but no magnetic field was re-
quired to observe the modulation and periodicities were
observed in I- V characteristics up to 50 K. It is clear that
much more systematic work is required to elucidate the
mechanism or mechanisms responsible for modulation of
I Vcurves -for direct tunneling through Al„Ga~ „Asbar-
riers.

DISCUSSION

The results presented here are the initial measurements
of the effect of magnetic field on direct tunneling from
accumulation layers in AlGaAs capacitors. They are on a
limited set of samples; no systematic investigation has
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FIG. 24. Derivative of natural logarithm of current density
versus VG for sample B for different magnetic fields. The
curves have been offset vertically for clarity but are all on the
same scale.

been made of parameters that affect tunneling through
Al„Ga& „As.Even so, they show a richness of phenome-
na that demonstrates the near ideality of the system for
studying tunneling in semiconductors.

The dependence of the density of states in a two-
dimensional inversion or accumulation layer on magnetic
field is an important factor in determining many physical
properties of the system. Shubnikov —de Haas (SdH) mea-
surements of transport parallel to the surface in a 2DEG
have been the most commonly used method of showing
the presence of a 2DEG as well as studying its properties. '

SdH measurements involve both the density of states in a
2DEG and the mobility of carriers parallel to the surface.
Observations of the quantum Hall effect and fractional
quantum Hall effect show the existence of extended states
at the center of a Landau level and of localized states be-
tween Landau levels. " Magnetocapacitance measure-
ments of modulation-doped heterostructures have been
used to derive the density of states in the 2DEG.
de Haas —van Alphen (dHvA) measurements ' and
specific-heat measurements of multiple GaAs/
Al Ga& As heterostructures have recently been used to
determine equilibrium densities of states in a 2DEG on
GaAs. The two-terminal I- V and C- V measurements re-
ported here show that tunneling depends on the density of
states in Landau levels in the accumulation layer. Al-
though they are transport measurements they differ from
conventional SdH measurements in that carrier transport
in the 2DEG parallel to the surface is not required. Even
when electrons in GaAs are frozen out by the high mag-
netic fields, there should be a large supply of electrons
available to the accumulation layer from the n+ sub-
strate. The density of states for tunneling is a single-
particle density of states that also differs from the equili-
brium density of states measured by dHvA or specific-
heat measurements. With the development of suitable
tunneling models it may eventually be possible to extract
the density of states from tunneling measurements.

Comparison of results for samples A and B shows that
the accumulation layer differs for the two samples. Ex-
perimentally, the strongest differences are the observation
of Landau-level structure at 2 T and the observation of
spin splitting in all Landau levels for sample B. As
shown in Table I, one difference between the two samples
is the amount of negative charge in the Al„Ga& „Aslayer
Nl, where sample A has over twice as much as sample B.
Such negative charge can scatter carriers in the accumula-
tion layer and reduce their lifetime. A second difference
between the two samples may be the homogeneity of the
samples. This cannot be quantified by measurements on
two-terminal structures such as AlGaAs capacitors, but
may eventually be characterized by measurements of
GaAs —gate-field-effect transistors in which carrier mobil-
ities parallel to the surface can be determined.

The excellent resolution of peaks due to spin splitting in
sample B is surprising. The g factor for bulk GaAs,-0.5, is small. Enhancement of the g factor by
electron-electron exchange effects has been observed by
SdH measurements on modulation-doped GaAs/
A1~Ga~ „Asheterostructures. ' Values up to g-5
have been suggested. A value of g=0.19 has been report-
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ed from cyclotron resonance measurements. We are un-
able to give a value of g. Changing VG for an A1GaAs
capacitor changes Xz by an amount proportional to VG,
but this does not mean that AEF is linearly proportional
to AVG. To determine g, it is necessary to have a degen-
eracy between spin-split levels of different Landau-level
index by tilting the magnetic field with respect to the sam-
ple. The GaAs system is an unfavorable one to do this
because of the small effect mass of electrons.
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