PHYSICAL REVIEW B

VOLUME 38, NUMBER 17

Capacitance measurements of magnetic localization and magnetic freezeout in n ~ -type GaAs

T. W. Hickmott
IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218,
Yorktown Heights, New York 10598
(Received 10 November 1987; revised manuscript received 4 March 1988)

dc resistance and Hall-effect measurements are conventionally used to study magnetoresistance in
lightly doped semiconductors. In the present paper, ac capacitance-voltage (C-V) and
conductance-voltage (G-¥) measurements on n ~-type GaAs—Al,Ga,_,As—n *-type-GaAs (hereaf-
ter abbreviated as AlGaAs) capacitors are used to study magnetic localization and magnetic
freezeout in bulk n ~-type GaAs at temperatures between 1.4 and 4.2 K and in magnetic fields B up
to 14 T. Detailed results are given on two samples whose dopings are 1.7 X 10'* and 7X 10'° cm 3.
For the more lightly-doped sample, an exponential magnetoresistance of n ~-type GaAs is due to
magnetic localization. There is good agreement between experimental results and the percolation
theory of hopping conduction in lightly doped semiconductors of Shklovskii and Efros, and of
Ioselevich. For the more heavily-doped sample, a dip is observed at flat-band voltage in C-V curves
for B 6 T. The dip is due to magnetic freezeout in n ~-type GaAs which lowers the carrier con-
centration and moves the Fermi level into the lower impurity band. Although the mechanisms re-
sponsible for magnetoresistance differ for the two samples, the activation energy for magnetoresis-
tance, £;=0.4-0.6 meV, is the same in the magnetic field region where the data overlap. The re-
sults validate the use of C-V and G-V measurements on AlGaAs capacitors for quantitative mea-

15 DECEMBER 1988-1

surements of magnetoresistance in bulk GaAs.

INTRODUCTION

The effect of magnetic fields on conduction in lightly
doped semiconductors (such as InSb, InP, or GaAs) has
been extensively studied because of its relation to the
problems of localization, the metal-insulator transition,
and magnetic freezeout.! ~* Most experimental studies of
magnetoconduction in lightly doped GaAs have used
Hall-effect and dc resistance measurements to study con-
duction at low temperatures and high magnetic
fields.’~ ' Capacitance measurements on bulk samples
have been used to study the metal-insulator transition in
several systems; for example, in heavily doped GaAs
(Ref. 16) and in Si:P.'”'® Hopping conductivity has been
studied in nt-type-GaAs—n " -type-GaAs—n T -type-
GaAs capacitors.!® 2! In the present work we have used
capacitance-voltage (C-V) and conductance-voltage
(G-V) measurements on n -type-GaAs-undoped-
Al,Ga,_,As—n*-type-GaAs (hereafter abbreviated as
AlGaAs) capacitors to study magnetoresistance of n ™ -
type GaAs. The results have implications for under-
standing both the behavior of GaAs/Al Ga,_,As het-
erostructures in high magnetic fields and for the nature of
conduction processes in lightly doped GaAs.

A lightly doped semiconductor such as n ~ -type GaAs
is characterized by its donor concentration Nj, by the
donor-energy separation from the conduction band Ep,
by the compensation K =N, /Np, where N, is the ac-
ceptor concentration, and by the effective Bohr radius
aly=#*k/m*e’ k is the dielectric constant of the semi-
conductor, e is the electric charge, and m * is the effective
mass of electrons. At low temperatures, hopping conduc-
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tion occurs for low impurity doping, N})?af; ~0.1, and

0.15K 50.9.* In this concentration regime the overlap
of electron wave functions on neighboring donors is
small; electrons are localized. They move from an occu-
pied donor to an empty donor by tunneling and conduc-
tion is thermally activated. For large donor concentra-
tions metallic conduction is observed; conduction is not
thermally activated. The Mott criterion for the metal-
insulator transition in n ~-type GaAs, N} 3af; ~0.25,% is
satisfied for N ~ 1.6 X 10'® cm ™3, assuming that k=12.5
and m*=0.067m, where m is the mass of a free elec-
tron in vacuum. Conduction for lower values of Nj is
through impurity bands.

A characteristic feature of hopping conduction in
doped semiconductors is a giant positive magnetoresis-
tance which depends exponentially on magnetic field.
The effect of the magnetic field B on hopping conduction
is due to magnetic localization; the magnetic field shrinks
the electron radius, reduces overlap of the electron wave
function with empty donors, and thus makes it harder for
carriers to tunnel from a full donor to an empty donor.
Shlovskii and Efros,* Shklovskii,?*~ 2% and Pollak?’ have
treated the effect of magnetic field on hopping conduction
in lightly doped semiconductors as a percolation prob-
lem. They derived expressions for magnetoresistence in
weak field and in strong field. Ioselevich?® has extended
their analysis to the case of an arbitrary magnetic field.
Chroboczek? has compared the results of Kahlert et al.'°
on magnetoresistance of epitaxial GaAs layers with the
theory of Refs. 23 and 28. Chroboczek et al.?° have ana-
lyzed the effect of magnetic field on ac-conductance mea-
surements on n *-n "-n * GaAs mesa structures. In both
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cases agreement between theory and experiment is only
fair.

Magnetoresistance due to magnetic localization in
lightly doped semiconductors can be contrasted to mag-
netic freezeout of electrons which occurs at higher mag-
netic fields than are required to observe magnetic locali-
zation. Yafet, Keyes, and Adams (YKA) (Ref. 30) first
discussed magnetic freezeout in semiconductors in con-
nection with the behavior of a hydrogen atom in a mag-
netic field. The cyclotron radius of an electron in a doped
semiconductor in a magnetic field B is given by
L=(#/eB)""? and the cyclotron energy is given by
fio. =eB#i/m*. YKA showed that if y=7%w./27721,
where 77 is the Rydberg energy of a donor, then magnetic
freezeout of electrons onto donors can occur. Magnetic
freezeout occurs when L becomes comparable to afj; for
n~-type GaAs with E;~5.75 meV af;=9.8 nm, and
freezeout occurs for B 6.4 T. The effect of magnetic
freezeout is to reduce the concentration of carriers in a
conduction band by neutralizing positive ionized donors.
Magnetic freezeout also increases the donor binding ener-
gy.
The AlGaAs capacitor, shown schematically in Fig.
1(a), is one of the simplest single-barrier heterostructures.
For B perpendicular to an AlGaAs capacitor and positive
voltage biases on the n " -type GaAs gate that produce an
accumulation layer on n ~-type GaAs, C-V, G-V, and
current-voltage (I-V) curves show structure due to Lan-
dau levels of the two-dimensional electron gas of the ac-
cumulation layer.’! For negative voltage biases that pro-
duce a depletion layer in n ~-type GaAs, structure is ob-
served in C-V, G-V, and I-V curves of some samples due
to LO phonons.’? There is also a marked decrease in ca-
pacitance at high magnetic fields which has been attribut-
ed to magnetic freezeout in n ~-type GaAs.’! Eaves et
al.®® pointed out that magnetoresistance due to magnetic
localization in n ~-GaAs was not considered and that the
equivalent circuit of the AlGaAs capacitor is more com-
plicated than the one used in Refs. 31 and 32.

In the present work C-V and G-V measurements of Al-
GaAs capacitors are used for quantitative studies of mag-
netic localization and magnetic freezeout in n ~-type
GaAs. Detailed results are given on two samples. For
one sample, magnetoresistance of n ~ -type GaAs is due to
magnetic localization. There is good agreement between
experimental magnetoresistance measurements and the
percolation theory of Shklovskii, Efros, and Iosele-
vich.*?® For the second sample, we observe a dip in C-V
and G-V curves at flat-band voltage Vg which we attri-
bute to magnetic freezeout in n ~-type GaAs. Although
the mechanism responsible for the observation of magne-
toresistance in n ~ -type GaAs differs for the two samples,
the activation energies for magnetoresistance of the two
samples are nearly identical in the range of B where the
data overlap.

EXPERIMENT

Figure 1(a) shows schematically the energy-level dia-
gram of the AlGaAs capacitors studied, biased into accu-
mulation by a positive gate voltage V;. Both samples
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were grown by molecular-beam epitaxy (MBE) on {100)
n t-type GaAs wafers. Characteristics of the two sam-
ples are given in Table I. The substrate doping
Ng=N,—N , is derived from C-V curves in depletion.**
The gate doping N, and the thickness w, of the undoped
Al 4Gag ¢As layer are obtained by comparing C-V curves
measured between 77 and 150 K with theoretical C-V
curves calculated from classical semiconductor-
insulator-semiconductor (SIS) theory.’* A value of the
dielectric constant of Al, ,Ga, ¢As of 11.8 at 300 K is as-
sumed. The thickness derived from C-V curves when the
substrate is accumulated is about 3 nm larger than the
true insulator thickness.>> The activation energy ¢ is
obtained from the temperature dependence of I-¥ curves
between 100 and 250 K where thermionic emission deter-
mines I-V curves.>* The flat-band voltage Vg, the value
of Vi for which the electric field at the n ™~ -type-
GaAs/Al Ga,_,As interface is zero, is obtained from
C-V or G-V curves at low temperature. The run numbers
are included since the same samples are used in other
publications.*® For both samples the n ~-type GaAs sub-
strate thickness was ~1.0 um. N, is not known for ei-
ther sample. Si, the substrate dopant in both samples, is
amphoteric in GaAs, but is primarily a donor under the
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FIG. 1. (a) Schematic energy-band diagram for n~ type-

GaAs-Al,Ga,_,As-n"-type-GaAs (AlGaAs) in accumula-
tion. (b) Equivalent circuit representations for impedance of Al-
GaAs capacitor.
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TABLE 1. Properties of Al,Ga,_,As capacitors. N is the substrate doping, N is the gate doping,
w is the Al,Ga,_, As thickness, Vg is the flat-band voltage, and ¢ is the activation energy for ther-

mionic emission.

Ny N w Ves b
Sample Number (10" cm™3) (10" cm %) (nm) \%) (eV)
A 133243 1.7 0.9 23.0 —0.030 0.320
B 432C6 7.0 1.8 21.0 —0.045 0.263
growth conditions. In addition, undoped GaAs grown by RESULTS
to b t ith N, in th f
MBE tends to be p type w 4 In the range o Sample A

(3-7)X 10" cm 3. Values of compensation K of 0.1-0.5
are likely for both samples. After MBE growth Au-Ge-
Ni Ohmic contacts were made to the n *-type GaAs gate
and to the n*t-type GaAs wafer and capacitors of
4.1X10"* cm? area were formed by etching a mesa.
Samples were mounted in 8-pin TO-5 transistor headers
for measurement.

C-V and G-V curves were measured with a Hewlett-
Packard HP4574A LCR meter.3"3* Four-probe measure-
ments were made in all cases. As shown in Fig. 1(b) the
impedance of a SIS capacitor can be analyzed as either a
parallel capacitance Cp and conductance Gp, or as a
series capacitance Cg and resistance Rg. The LCR meter
measures ac impedance of a capacitor as either a parallel
or series circuit. The two representations of impedance
are completely equivalent. Measurements have been
made in the parallel configuration since these quantities
are sensitive to structure due to Landau levels;*! Rg and
Cs are obtained from the formulas given in Fig. 1(b). In
Fig. 1(b), D is the dissipation factor and w is the measure-
ment frequency in rad/s. Rg depends primarily on the
resistivity of the n ™ -type GaAs layer. Values of Ry
given throughout the paper can be converted to resistivi-
ties of n ~-type GaAs, pg, by multiplying by 4.13. Ideally
the ac modulation voltage for C-V measurements should
be less than kT /e. This is not feasible at 4.2 K or lower
temperatures; instead, the modulation voltage was 0.004
V rms for all measurements. Impedance measurements
are most accurate at high frequencies. However, above
~200 kHz the capacitance of leads going into the cryo-
stat made accurate C-V measurements difficult, particu-
larly at high magnetic fields. Most measurements have
been made at 100 kHz, but some results are reported at
frequencies as low as 1 kHz since higher values of Rg can
be determined at lower frequencies. Two types of mea-
surements were made. C-V and G-V curves were mea-
sured by changing V; at fixed magnetic field B; C-V-B
and G-V-B curves were made by measuring C and G at
fixed V; as the magnetic field was swept. In measuring
C-V-B and G-V-B curves, between 12 and 16 gate volt-
ages were sampled in cyclic fashion as B changed. Values
of C and G at values of B between measured values are
obtained by interpolation. Magnetic fields up to 15 T
were obtained with a superconducting magnet. Tempera-
tures were controlled between 1.4 and 4.2 K by immers-
ing the sample in pumped liquid helium. Data acquisi-
tion was controlled by an IBM Series/1 computer.

The substrate doping of sample A, 1.7X10'° cm 3, is
such that the theory of Shklovskii and Efos* can be ex-
pected to be valid. This is found to be the case. The re-
sults for sample A4 show that ac-impedance measure-
ments of AlGaAs capacitors give quantitative data on
magnetic localization in n ~-type GaAs and establish the
validity of the method.

When a magnetic field is applied perpendicular to an
AlGaAs capacitor two-dimensional Landau levels form
in the accumulation layer which cause structure in both
C-V and G-V curves. Since the primary interest of the
present paper is magnetoresistance of the n ~-type GaAs
substrate, all measurement have been made with B paral-
lel to the sample unless otherwise stated. Under such
conditions two-dimensional Landau levels do not form al-
though three-dimensional Landau levels occur in both
substrate and gate.’®3” C-¥ curves for sample 4 at 100
kHz and at different magnetic fields applied parallel to
the sample layers are shown in Fig. 2 and the correspond-
ing G-V curves are shown in Fig. 3. The flat-band volt-
age for sample A is —0.030 V; at higher gate voltages an
accumulation layer forms on the n -type GaAs sub-
strate. For the C-V curve at 0 T the maximum capaci-
tance depends on the thickness of the AlGaAs dielectric
and on band bending in both substrate and gate. The de-
crease in C at V;>0.15 V depends primarily on band
bending in the gate and thus on N;.** As shown in Fig.
2, increasing B decreases the magnitude of capacitance,
but there is no structure due to Landau levels in the accu-
mulation layer. At 2 T the C-V curve is nearly the same
as at 0 T; at 4 and 6 T the measured capacitance de-
creases due to the increased resistance of the substrate.
Above 8 T the capacitance is nearly constant from nega-
tive gate voltages corresponding to depletion until there
is a steep rise in C above ~0.3 V.

G-V curves corresponding to the C-V curves of Fig. 2
are shown in Fig. 3. The minimum G that can be mea-
sured at 100 kHz by the LCR meter is 107%S. For 0 T,
G <1078 S for negative V;. There is a peak in G at
V= —0.030 V. This is followed by a plateau between
0.0 and 0.2 V and then a steep rise in G. At 2 T, G for
0.0<V; <0.2 Vis an order of magnitude greater than at
0 T; at 4 T it is another decade larger than at 2 T. At
higher values of B, the plateau value of G decreases with
increasing B because of the increase of resistance of the
GaAs substrate.
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A significant problem in working with two-dimensional
accumulation or inversion layers on semiconductors is
identifying the threshold voltage for establishment of a
two-dimensional layer.*® For an accumulation layer on a
SIS capacitor the problem is equivalent to identifying the
flat-band voltage Vgg. One method of measuring Vg is
to measure the dependence of tunnel currents through
the Al,Ga,_,As barrier on a magnetic field perpendicu-
lar to an AlGaAs capacitor. Minima occur in tunnel
currents when the Fermi level of an accumulation layer
passes through minima in the density of states that occur
when Landau levels form.*! For sample A the voltage for
the conductance peak at O T in Fig. 3 is the same as Vg
derived from tunneling measurements when B is perpen-
dicular to the sample.

A plateau in G and C for 0.0 V; £0.15 V is charac-
teristic for sample A. In this voltage region the series cir-
cuit representation of the impedance of a SIS capacitor,
as shown in Fig. 1(b), is very good. Physically, C is con-
stant at a given value of V; when the AlGaAs capacitor
is in accumulation. Cg depends on the insulator capaci-
tance C;, and on the magnitude of band bending in sub-
strate and gate; these depend only on V; and are in-
dependent of B. Ry is the resistance of the n ™ -type
GaAs substrate and is physically in series with Cg. The
primary voltage drop for V;> Vg is across the
Al,Ga,_, As barrier; band bending in substrate and gate
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FIG. 2. Capacitance-voltage curves of sample A at 100 kHz
at different magnetic fields. Magnetic field parallel to sample.
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are approximately equal, and the voltage drop across the
n ~-type GaAs substrate is small.>* The rise in G and in
C above ~0.3 V is due to dc tunnel currents through the
Al,Ga,_,As barrier which increase exponentially with
V; and become the dominant component of ac currents.
(The I-V curve for sample A is plotted in Ref. 36.) In the
rest of the paper we derive values of Rg from Gp and Cp
measured at voltages corresponding to the region of con-
stant Cp and Gp where the substrate is accumulated and
dc tunnel currents do not dominate the ac conductance.
Experimental values of Rg are plotted in subsequent
figures; resistivity can be obtained by multiplying by 4.13.
The general features of C-V curves are the same between
1 and 100 kHz. At a given value of B the measured ca-
pacitance in the plateau region is greater at lower fre-
quencies since 1+ D? in the formulas of Fig. 1(b) is small-
er. G-V curves at different frequencies also have a region
of constant G in accumulation although the width of the
plateau is smaller at lower frequencies since dc tunnel
currents dominate ac conductance at lower voltages.

The detailed dependence of capacitance and conduc-
tance on magnetic field is shown by C-V-B and G-V-B
curves in which C and G are measured at constant V as
B changes. Figures 4(a) and 4(b) show such curves at 100
and 10 kHz and at a constant V;=0.10 V. The capaci-
tance ratio, Cp(B)/Cp(0), is plotted, in which Cp(0) is
the capacitance at V; and low B where Cp is not reduced
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FIG. 3. Conductance-voltage curves of sample A at 100 kHz
at different magnetic fields. Magnetic field parallel to sample.
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FIG. 4. (a),(b) Dependence of the ratio of capacitance at
magnetic field B to the capacitance at 0 T on B, and of the con-
ductance on B, for sample A at different frequencies. Vg is con-
stant in each case. (c),(d) Similar curves for sample B.

by series resistance. Such a plot is convenient in compar-
ing the dependence of Cp on B at different voltages or fre-
quencies. Conductance is plotted on a linear scale; note
that the scale is different for each frequency. The capaci-
tance ratio decreases from 1.0 to ~0.04 over a range of B
of ~3 T. Gp is characterized by a peak which occurs at
higher B for lower frequency. For a given frequency and
temperature plots of C(B)/Cp(0) and G are independent
of ¥V for accumulation voltages that lie on the plateau
region of Fig. 3.

Series resistance Rg, as a function of B, calculated for
data such as in Fig. 4 by the equations of Fig. 1(b), is
shown in Fig. 5. The exponential dependence of Ry on B
which is characteristic of hopping conduction in lightly
doped semiconductors is found. Ry at a given value of B
is essentially independent of frequency. Cg(0), the series
capacitance at B=0 T, is equal to Cp(0). The apparent
leveling off of R at high B occurs when RgCg(0)v> 1, as
shown by the horizontal lines in Fig. 5. v is the measure-
ment frequency. The circuit cannot respond at higher
resistances. Results at 1 kHz are only valid for
Rs>4X10* Q. Low-frequency curves are inaccurate at
low magnetic fields because of the minimum value of G
that can be measured by the LCR meter.

Ioselevich has evaluated the expressions of Shklovskii
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FIG. 5. Dependence of series resistance of n ~-type GaAs on
magnetic field for samples A and B for different frequencies and
constant V;. Horizontal lines show resistance at which
R;Cs(0O)v=1.

and Efros for magnetoresistance due to hopping conduc-
tion.”®?° He gives a curve for the critical exponent for
percolation £* as a function of a normalized magnetic
field B*=B /B, which is valid for arbitrary B. B is
defined by Eq. 3. If p(B) is the resistivity at magnetic
field B and p(0) is the resistivity in zero magnetic field,

In[p(B)/p(0)]=&y(E*— 1), (1)
E=1.73/N}3a}; , )
Bo=3.47IN}?/teat; . 3)

Figures 6(a) and 6(b) show the data of Figs. 5(a) and 5(b)
analyzed according to Egs. (1)-(3). The solid curve is
the curve given by Ioselevich and the dashed curves are
from experimental data at two frequencies. Figure 6(a)
also gives values of B that correspond to values of B* for
sample A. The agreement between theory and experi-
ment is particularly good for the 10-kHz curve. At 100
kHz experiment deviates from theory above ~4.2 T
where RgCgvz 1. At 10 kHz the experimental curve
does not fall below theory until B* >2.0 The agreement
between theory and experiment over a wide range of B*
is better than found previously for n ~-type GaAs.2?°
From this agreement we conclude that conduction at low
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FIG. 6. (a),(b) Comparison of theoretical and experimental
values of the critical exponent for percolation £* on B* for
sample A at two frequencies. Solid line shows theoretical curve
from Ref. 28; dashed line is experimental. Abscissa of (a) shows
actual values of B. (c), and (d) show similar curves for sample B.

temperature in the n ~-type GaAs substrate of sample A
is by hopping conduction through a donor band separat-
ed from the conduction band by ~E. The Fermi level
is in 4the lower impurity band for all values of magnetic
field.

ac conduction in sample A is thermally activated, both
at 0 T and at higher magnetic fields. The temperature
dependence of magnetoresistance of sample A at 100 kHz
is shown in Fig. 7 in which Ry is plotted as a function of
magnetic field for temperatures between 1.50 and 3.50 K.
An exponential dependence of Rg on B is observed at all
temperatures. The typical temperature dependence of
the resistivity of lightly doped semiconductors in the hop-
ping conduction regime is>’

p(B)=p(Bexple;/kT) . (4)

The data for sample A are plotted according to Eq. (4) in
Fig. 8. The lines in Fig. 8 are least-squares fits of the data
for 0.3<1/T <0.5 K !. The data in Fig. 8 are in accord
with hopping conduction, for which ¢; is the activation
energy and p; depends on B. The value of ¢; in meV is
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FIG. 7. Dependence of Rs of n ™ -type GaAs on magnetic
field at different temperatures for sample A and for sample B.

shown in Fig. 9(b) and the preexponential factor R;(B) is
shown in Fig. 9(a). R;(B) is obtained from Fig. 8 by ex-
trapolating to 1/7=0 K~!. Figure 9(b) also shows ¢, at
0 T. Data for Fig. 9(b) have been calculated at 0.1-T in-
tervals; the vertical lines show the standard deviation of
the least-squares data fitted at 0.5-T intervals. At very
low temperatures and low doping, variable-range hopping
is observed in GaAs; conduction varies as exp(—T /T ),
where s is L or 1.'%15 Rg at the lowest temperatures in
Fig. 8 is nearly independent of temperature. This is the
temperature range for variable-range hopping, but the
data are not accurate enough, nor do they go to low
enough temperatures, to tell if variable-range hopping
occurs or to obtain the exponent s for variable-range hop-
ping. Figure 9 shows €; and R;(B) for V;=0.10 V;
similar results are obtained for 0.010=V;<0.13 V, in-
cluding an apparent peak in €; at 3.2 T and a minimum at
4.5 T. The values of €, are similar to those reported pre-
viously for hopping conduction in GaAs.®>!®1:13 Figure
6 compares experiment and theory at 1.6 K. The same
agreement with theory is observed up to 3.5 K; at higher
temperature Rg(0) appears to be constant due to lack of
sensitivity of the LCR meter. Using values of
Rs(B)/Rg(0) to calculate £* is then of uncertain accura-
cy.

For low magnetic fields, Shklovskii and Efros*® show
that
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p3(B)/p3(0)=exp

From percolation theory they calculate that #=0.036.
The experimental ratio In[R+(B)/R;(0)] is proportional
to B2 for B*< 6, where R,(B) is given in Fig. 9(a). The
value of ¢t is 0.036-0.039, which is in excellent agreement
with the value of Shklovskii and Efros.

A characteristic feature of the percolation model of
magnetic localization in three dimensions is that the lon-
gitudinal and transverse magnetoresistance are nearly
equal. The results on sample A correspond to transverse
magnetoresistance since the ac current flows from the
n*-type GaAs wafer through the n ~-type GaAs sub-
strate  into the accumulation layer at the
GaAs/Al,Ga,_,As interface and B is perpendicular to
this current. Longitudinal magnetoresistance is observed
when B is perpendicular to the sample and parallel to
current flow. Figure 10 shows that the two magne-
toresistences are essentually equal at 100 kHz and 1.7 K
for B =5 T. Structure for B perpendicular to the sample
is due to the effect of Landau levels in the accumulation
layer.

Sample B

The principal difference between sample A and sample
B is that the substrate doping of sample B is about 4

MAGNETIC FIELD (T)

FIG. 9. (a) Dependence of R;(B) at constant V; and 100
kHz on B for samples A and B. (b) Dependence of €; at con-
stant V; and 100 kHz on B for samples A and B. Vertical lines
are standard deviation of least-squares fit of data.

times higher than that of sample A. The fact that the
Al ,Ga;_,As thickness is smaller, the gate doping is
higher, and the barrier height for thermionic emission is
lower is of secondary importance. Instead of exhibiting
magnetic localization as sample A does, sample B has an
exponential magnetoresistance due to magnetic freezeout
of carriers.

C-V and G-V curves for sample B at 100 kHz and
different magnetic fields are shown in Figs. 11 and 12. As
for sample A, capacitance decreases at high magnetic
fields. However, values of B greater than 6 T are re-
quired for capacitance in accumulation to decrease from
its value at O T. There is a plateau region for both C and
G between 0.0 and 0.1 V, as there is for sample A. The
rise in ac conductance due to dc tunnel current occurs at
lower voltage than for sample A because of the thinner
Al,Ga,_,As dielectric layer. The peak in conductance
at Vgg which occurs at O T for sample A is not found for
sample B, but peaks at —0.055 V are found for G-V
curvesat 2and 4 T.

The distinctive feature of the C-V curves of Fig. 11 is
the dip in capacitance at magnetic fields greater than ~6
T that is apparent at —0.050 V. This is a Gray-Brown
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FIG. 10. Dependence of Rs of n " -type GaAs for samples A
and B on B for B parallel and perpendicular to plane of sample.
T=1.7K.

(GB) dip due to magnetic freezeout of carriers in the n ™ -
type GaAs substrate.*~ 4 The GB dip has been observed
for thermal freezeout of carriers in silicon metal-oxide-
semiconductor (MOS) capacitors. It has not previously
been observed for magnetic freezeout of carriers in semi-
conductors. The GB dip occurs at a voltage equal to or
very close to the flat-band voltage; if it can be observed in
an MOS or SIS capacitor, it is one of the most accurate
methods of determining Vgg. The minimum of the dip
coincides with Vg, obtained by plotting the magnetic
fields for Landau-level minima, observed for dc I-V
curves with B perpendicular to the sample, against V.3
The voltage for the GB dip is independent of frequency;
both C-V and G-V curves have dips at Vg at frequencies
between 1 and 100 kHz. At a given value of V; series
resistance decreases measured values of parallel capaci-
tance at higher frequencies but, as for sample A, there is
a plateau region at all frequencies where both C and G
are nearly constant.

A GB dip occurs in C-V curves when the carrier con-
centration of a sample is such that the bulk Fermi level
coincides with a donor (or acceptor) level in the semicon-
ductor. In an ideal semiconductor the Fermi level of an
n-type semiconductor at low temperatures lies between
the conduction band and the donor level. (This disre-
gards the possibility that the Fermi level in a compensat-
ed semiconductor is pinned in an impurity band, as for
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FIG. 11. Capacitance-voltage curves of sample B at 100 kHz
at different magnetic fields. Magnetic field parallel to sample.

sample A.) As the temperature is lowered freezeout of
carriers occurs, reducing the carrier concentration below
the impurity concentration; the Fermi level moves to-
wards the impurity level and eventually coincides with it.
Filling and emptying the impurity level at the
semiconductor-insulator interface at the ac measuring
frequency produces a capacitance that is in series with
the insulator capacitance and the depletion-layer capaci-
tance; the result is a dip in the total capacitance.

Although a dip due to thermal freezeout in the n -
type GaAs substrate is not seen in sample B, there is a
reproducible inflection at Vg in the experimental C-V
curve at O T that may be due to deionization of an impur-
ity level; the inflection becomes a dip at magnetic fields
greater than 6 T at which magnetic freezeout can occur
in GaAs.*® Theoretically, the position of the GB dip de-
pends only on N, not on NA.“1 In Fig. 13, C-V curves
at 1 kHz and different B are shown; the series resistance
at 1 kHz is low enough that the measured value of max-
imum capacitance is nearly as large at 10 T as at O T.
The GB dip shifts to lower capacitances and the C-V
curves become progressively steeper as B increases while
Veg remains constant. This behavior is qualitatively
what the classical SIS model predicts should occur if Nj
decreases due to freezeout of carriers.

C-V-B and G-V-B curves for sample B are shown in
Figs. 4(c) and 4(d) for V;=0.060 V and two different fre-
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FIG. 12. Conductance-voltage curves of sample B at 100 kHz
at different magnetic fields. Magnetic field parallel to sample.

quencies. The curves are similar to those for sample A,
but are shifted to higher magnetic fields in accordance
with the higher substrate doping and lower series resis-
tance. At any frequency C-V-B and G-V-B curves are
nearly identical for 0.0=<¥; <0.10 V. Series resistance
at V;=0.060 V and different frequencies are shown in
Fig. 5. The cutoff value of R at high magnetic field cor-
responds to RgCgvX 1. As for sample A, the maximum
values of Rg that can be measured are determined by the
condition that RgCgv=1.

Although the resistance of sample B is exponential in
B, it does not fit the analysis of Egs. (1)-(3). Figures 6(c)
and 6(d) show the data of Fig. 5 plotted according to Egs.
(1)=(3). The data are cut off at low values of B* since
measured values of Rg are not accurate at low B. Con-
trary to the results for sample A there is a poor fit of data
for sample B to the percolation theory of Shklovskii,
Efros, and Ioselevich. Thus, from the occurrence of a
GB dip in C-V curves of sample B in magnetic fields
greater than ~6 T, we conclude that magnetic freezeout
occurs; freezeout lowers the Fermi level until it is in a
donor level which can fill and empty at the measurement
frequency when Vg = Vig.

As is the case for sample A, the magnetoresistance of
sample B is thermally activated. Figure 7 shows series
resistance of sample B at 100 kHz as a function of B for
different temperatures. There is a region of B below 3 T

0o
-0.3 -0.2 -0.1 00 0.1 0.2 03 04 05
GATE VOLTAGE (V)

FIG. 13. Capacitance-voltage curves for sample B at con-
stant frequency of 1 kHz and at different magnetic fields parallel
to sample.

where Rg appears to be constant. This is the minimum
value of Rg that can be accurately measured; it reflects
the minimum conductance that can be measured by the
LCR meter. Contrary to results on sample A, there is no
evidence for any dependence of Rg at O T on temperature
for sample B. As for sample A, activation energies for
resistance are obtained by plotting the logarithm of Rg
versus 1/T at constant values of B. The general pattern
of temperature dependence of resistance is similar to that
of sample A, although higher values of B are required to
produce comparable values of Rg. Equation (4) is obeyed
between 2 and 3 K. At lower temperatures Ry is nearly
constant with temperature though with scatter of the
data. Figure 9(a) shows R;(B) and Fig. 9(b) shows ¢, for
sample B. The standard deviation of the least-squares fit
of the data is shown by vertical lines in Fig. 9(b). Al-
though there are significant differences in the magne-
toresistive behavior of samples A and B, there is a re-
markably close agreement in €; in the region between 4.5
and 6.5 T where the data overlap. There is a maximum
ine;at ~7.2 T and at ~10.0 T for sample B. The values
of R; and ¢; for sample B are given up to 11 T. Even at
the lowest temperatures used to derive Rg and €3, Rg is
less than the value for which Rg(B)Cg(0)v=1 but it is
getting close. This may mean that the actual value of B
for a maximum for e; is somewhat higher than 10.0 T
since the effect of series resistance that is too large is to
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give lower apparent values for €;. The value of €; of
0.5-0.6 meV for both samples A and B is in good agree-
ment with earlier data,®'®!! which also found ¢, nearly
independent of Ng.

Contrary to the results for sample A, the series resis-
tance with the magnetic field perpendicular to sample B
differs appreciably from that with the magnetic field
parallel to the sample, as shown in Fig. 10. However, a
similar GB dip occurs in C-V curves for B perpendicular,
showing that the dependence of Fermi level on magnetic
field is similar for the two orientations. This provides
further evidence that the origin of magnetoresistance is
different for the two samples although in both cases mag-
netoresistance is exponentially dependent on B.

DISCUSSION

Magnetoresistance of both samples A and B has been
measured in a magnetic field parallel to the sample to
avoid effects due to Landau levels in the two-dimensional
electron gas in an accumulation layer. In such a magnet-
ic field the energy of the conduction-band minimum E.
increases by fiw. /2 and a series of bulk Landau levels de-
velops whose energies are given by

E=E.+(N+ 1o, N=0,1,2,.... (6)

Equation (6) neglects spin terms since the bulk g value for
GaAs is small. There is also a small increase in the
donor-level separation from the conduction band which
is proportional to B23%*4% Figure 14(a) shows a
schematic band diagram for a semiconductor in a mag-
netic field using parameters that are appropriate for n ~-
type GaAs; it ignores the increase of donor binding for
high values of B.

Previous work on magnetoresistance of lightly doped
GaAs has shown that hopping conduction occurs in com-
pensated n ~-type GaAs.?* For bulk GaAs, the activa-
tion energy €; is 0.4-0.5 meV and is nearly constant for
Ng=Np,—N, between 1X10'° and ~8X 10" /cm?.® At
higher values of Ng, €, decreases to zero at approximate-
ly the value of Ng for the metal-insulator transition in
n~-type GaAs, 2X10'°/cm’. The constancy of £; with
increasing Ng is not explained by percolation theory,
which predicts® that (mks units)

1/3
£,=0.99¢2—2>—(1—0.3K /%), K <<0.2
47ee,
or
Nl/3
£3=C,e——2—(1—K)"'3, K>>0.5,
4ree,

where C, ~ 1.

The values of €, from the present work, 0.4—0.5 meV,
are essentially the same for both samples A and B al-
though N, differs by about a factor of 4; they agree well
with earlier measurements.®!' As shown in Figs. 6(a) and
6(b), conduction in sample A is by hopping in an impuri-
ty band. Magnetoresistance is due to magnetic localiza-
tion in a compensated semiconductor. In Fig. 9(b) one of
the most striking observations about ¢; for sample A is
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FIG. 14. (a) Schematic energy diagram of dependence of en-
ergy bands and donor level on magnetic field for n ~-type GaAs.
(b) Expanded schematic energy-band diagram showing impurity
bands and relative positions of Fermi levels for samples A and
B.

that there is a peak in its value at 3.2 T. As shown in Fig.
14(a), this is the value of B for which fiw. =E|, for GaAs.

The appearance of a GB dip in C-V curves at magnetic
fields above 6 T in sample B shows that magnetic
freezeout occurs and, by analogy with observations of
thermal freezeout,**~* provides evidence for a band
structure for the sample. Although the mechanisms of
magnetoresistance differ for samples A and B, the values
of €; are remarkably close for magnetic fields between 4.5
and 6 T where measurements on the two samples overlap,
as shown in Fig. 9(b). There are peaks in €, for sample B
at 7.2 and 10.0 T. The former is a field at which %, is
slightly greater than 2E); the latter is somewhat greater
than the value of B for which fiw, =3E[, as shown in
Fig. 14(a). There is no obvious reason for any resonant
dependence of €; on magnetic field. It may be related in
some way to magnetoimpurity resonances (MIR’s) in III-
V compounds which have been reviewed by Eaves and
Portal.** MIR phenomena, however, depend on having
current flow in the sample; the magnitude of current for
AlGaAs capcitors in accumulation is small.

Figure 14(b) is an attempt to show schematically com-
mon features of samples A and B that may cause values
of €3 to be the same. The left-hand side of Fig. 14(b)
shows a schematic distribution of the density of states,
with two bands, placed at about the donor energy. g(e)
is the density of states at energy e. There are several
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models that predict that there should be lower- and
higher-energy states (or bands) for an impurity band.
These include a Coulomb gap at the Fermi level of an im-
purity band,*” "% D™ and D~ bands which Fritzsche has
invoked to explain impurity conduction in Ge,*® and the
Mott-Hubbard model of localization in which there is a
lower and an upper Hubbard band separated by an ener-
gy U.’' For sample A the Fermi level is in the lower
band for all values of B. Acceptors that provide compen-
sation are not shown since they would be deep in the gap
on the scale of the figure. The activation energy for hop-
ping conduction is customarily considered to be g3, the
energy for an electron to jump from a filled state to the
nearest empty state in the impurity band.

The carrier density for sample B is about 4 times larger
than for sample A. In the schematic energy diagram for
sample B the Fermi level is initially between the lower
and the upper impurity band. In the Mott-Hubbard
model, the energy U decreases as N, increases until it be-
comes zero at the metal-insulator transition.’! Within
the accuracy of the measurements the resistance of sam-
ple B at O T is independent of temperature down to 1.45
K. As B increases, magnetic freezeout reduces the num-
ber of electrons in the upper band and the Fermi level
moves into the lower band at the donor energy. At
higher values of B the resistance of the sample increases
further due to magnetic localization; the value of €; is
constant and the same as for sample A because €; in both
cases is the energy for hopping conduction in the lower
band. The model of Fig. 14(b) is similar to that proposed
by Sites and Nedoluha.'? The origin of two bands is un-
certain. Both the Mott-Hubbard bands and the D "-D ~
bands involve an impurity band interacting with the con-
duction band. The value of €5 is too small for carriers to
be excited into the conduction band, particularly in sam-
ple A where Ng=1.7X10" cm ™. Instead, the impurity
level at the donor energy splits into two bands, and ¢; is

T. W. HICKMOTT 38

the activation energy for hopping conduction in the
lower impurity band.

CONCLUSIONS

The conventional method of studying the temperature
dependence of conduction and magnetoresistance in
lightly doped semiconductors has been to combine dc-
conduction and Hall-effect measurements to determine
carrier concentrations and mobilities. The present work
shows that C-V and G-V measurements of SIS capacitors
provide an alternate method of studying magnetoresis-
tance. The results for sample A agree well with the im-
purity conduction model of Shklovskii, Efros, and Iosele-
vich. They validate the method for samples with low
doping in which magnetic localization occurs. The re-
sults for sample B show that magnetic freezeout occurs in
higher doped samples. The change of Fermi level in the
sample, its decrease due to magnetic freezeout, and its
eventual coincidence with the lower impurity band are
shown by the appearance of a GB dip at Vg in C-V and
G-V curves for B > 6 T. These results show that the Fer-
mi level lies between an upper and lower impurity band
at carrier concentrations that are less than half of that for
the metal-insulator transition in n ~ -type GaAs. The
disadvantage of ac-impedance methods is their lack of ac-
curacy when sample resistance is low, i.e., at low magnet-
ic fields and high temperatures. It is not clear if the accu-
racy is good enough to study magnetoresistance in the
variable-hopping regime.
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