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Admittance measurements on an n -type GaAs/Al„Ga& „As/n+-type GaAs heterostructure (an
Al Ga& As capacitor) are used to study the dependence of the activation energy for ac transport, El,
on magnetic field B. The capacitor studied has a substrate doping Ns-7X10" cm ', which is about
one-half the doping for the metal-insulator transition in n-type GaAs. For B & 6 T there is a magnetical-
ly induced Gray-Brown (GB) dip in capacitance-voltage curves at the flatband voltage. By analogy with
thermal freezeout of donors or acceptors, the presence of a GB dip shows that magnetic freezeout
occurs. Thermal admittance measurements at fixed bias, fixed magnetic field, and variable temperature
and frequency show that EI is proportional to magnetic field. An alternative method, magnetic admit-
tance measurements at fixed bias, fixed temperature, and variable magnetic field and frequency, shows
that energy can be expressed as El =ay&B, where p& is the Bohr magneton and a is temperature depen-
dent. The measurements support a model in which an impurity band in n -type GaAs is split into a
lower energy band and a higher energy band.

INTRODUCTION

The Mott criterion for the metal-insulator transition,
the transition from metallic conduction to activated con-
duction in a lightly doped, compensated, n-type semicon-
ductor, is (ND~ aH)-0. 25, where ND is the number of
donors per cm and aH is the e6'ective Bohr radius for
electrons. For GaAs, aH =9.8 nm, and the metal-
insulator transition occurs when ND —1.6 X 10'
cm =Nc. For ND-0. 1Nc, conduction is by carrier
hopping, either by nearest-neighbor hopping or by
variable-range hopping. For intermediate concentra-
tions, when Nc l4 5 ND ~ Nc, the nature of conduction is
still uncertain. In compensated semiconductors,
electron-electron interaction can introduce a gap in the
density of states at the Fermi level, the Coulomb gap. In
uncompensated semiconductors, conduction is through
impurity bands separated by the Hubbard gap. In the
latter case the metal-insulator transition occurs when the
upper and lower Hubbard bands overlap. The relative
roles of disorder, of electron-electron interaction, and of
correlated electron hopping in determining conduction
when Nc/4 + ND & Nc are not yet fully understood. '

Magnetic fields provide a powerful tool for studying
the metal-insulator transition in lightly doped semicon-
ductors. In a magnetic field 8, the wave function of
electrons on isolated donors shrinks in the direction per-
pendicular to 8. This causes a giant positive magne-
toresistance, either due to magnetic localization of car-
riers or to magnetic freezeout of carriers. Magnetic lo-
calization decreases the probability of hopping conduc-
tion by decreasing the overlap of electron wave functions
with nearby donor sites, thus decreasing the probability
of an electron tunneling from a filled site to a neighboring
empty donor. Magnetic freezeout occurs when the cy-
clotron radius of an electron in a conduction band
L =(AleB)' becomes comparable to the Bohr radius.
For GaAs, magnetic freezeout occurs for 8 ~6.4 T.

Magnetic freezeout increases the energy separation be-
tween donors and the conduction band and reduces the
concentration of carriers in a conduction band by localiz-
ing them close to positive donors, thus increasing the
sample resistance. It also reduces the charge in the sub-
strate due to ionized donors.

Capacitance measurements have been used to study
hopping conduction in silicon * and in GaAs. ' Re-
cently, capacitance-voltage (C- V) and conductance-
voltage (G-V) measurements on Al„Ga, „As capacitors
have been used to distinguish between magnetic localiza-
tion and magnetic freezeout in lightly doped n-type
GaAs. ' An Al Ga, „As capacitor, shown schematical-
ly in Fig. 1(a), is grown by molecular-beam epitaxy
(MBE) on an n+-type GaAs wafer. It consists of an n

type GaAs substrate of thickness d, an undoped
Al„Ga, As layer of thickness w which is the dielectric
of the Al, Ga~ „As capacitor, and an n+-type GaAs lay-
er which acts as a metallic gate. The substrate doping N~
is equal to (ND N„) where N—„ is the number of accep-
tors per cm . In a magnetic field the resistance of the
n -type GaAs substrate increases exponentially with 8;
the temperature dependence of the substrate series resis-
tance was used to determine e3, the activation energy for
hopping conduction in the lightly doped substrate. Two
samples were studied in detail. For sample A,
Nz —1.7X10', and there was close agreement between
experimental measurements and the percolation theory of
hopping conduction in lightly doped semiconductors of
Shklovskii and Efros, and of Ioselevich. ' For sample
8, N& -7X 10', the exponential increase in substrate
resistance was due to magnetic freezeout of carriers, as
evidenced by a magnetically induced Gray-Brown (GB)
dip in capacitance of sample B at the Hatband voltage

15, 16
FB'
Admittance spectroscopy of semiconductor capacitors

or diodes, in which one measures both the temperature
and frequency dependence of capacitance and conduc-
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tance, has been extensively used to measure semiconduc-
tor properties. Examples of the use of admittance spec-
troscopy include the measurement of the energies of deep
levels in semiconductors, ' ' the behavior of interface
states in metal-oxide-semiconductor (MOS) capacitors,
the magnitude of heterostructure band offsets, ' and the
determination of activation energies for freezeout of shal-
low dopants in sihcon or p-type GaAs. ' In Ref. 23,
evidence was found for impurity conduction in p-type
GaAs when the number of acceptors was Nz -5X10'
cm, although the Mott criterion for the metal-insulator
transition for heavy holes would require N„-4X10'
cm

In the present paper admittance measurements are
used to measure the magnetic-field dependence of the ac-
tivation energy for ac conduction in the n -type GaAs
layer of sample 8 of Ref. 13. They extend earlier mea-
surements to higher fields, show that the activation ener-

gy depends on magnetic field, and provide a way to study
conduction in samples that are on the insulator side of
the metal-insulator transition. In addition, an alternative
method, magnetic admittance spectroscopy, is intro-
duced, in which admittance measurements are made at
constant temperature and bias, but with varying magnet-
ic field and frequency. The results give the dependence of
an energy gap for ac conduction on magnetic field.

EXPERIMENT

Figure 1(a) shows a schematic energy-band diagram of
the n-type Al„Ga& „As capacitor used to study magnetic
freezeout in n -type GaAs. The thickness of the un-
doped n -type GaAs substrate d is —1.0 pm;
Ns =(ND N—„) is -7X 10' cm . The undoped
A104Ga06As layer is 21.0 nm thick. The gate layer is
-300 nm thick; NG —1.8 X 10' cm . The barrier
height at the Al„Ga, „As/n+-type GaAs interface is
KG=0. 263 eV. The experimental methods to determine

Ns, NG, PG, d, and w are given in Ref. 13. The value of
the compensation of the substrate, E=N„/ND, is not
known but is estimated as E-0.1 —0.3 from the MBE
growth conditions and the background contamination of
the MBE growth chamber. The sample area is
4.13X 10 cm .

When a positive bias VG is applied to the gate an elec-
tron accumulation layer forms on the n -type GaAs sub-
strate, as shown schematically in Fig. 1(a). The accumu-
lation layer at the n -type GaAs/Al„Ga& „As interface
is —10—15 nm thick; it is less than 2% of the total thick-
ness of the n -type GaAs layer, —1 pm. VG divides into
three parts; gs is the band bending in the substrate, 1(G is
the band bending in the gate, and VI is the voltage drop
across the Al Ga& As dielectric layer. If the substrate
is in accumulation the equivalent circuit of Fig. 1(c) is an
excellent representation. At constant VG the capacitance
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is nearly constant when temperature or magnetic field
changes, where Cs, CI, and CG are the capacitances of
the accumulated substrate, the Al Ga, „As dielectric
and the gate, respectively. CI =eieoA /w, where ei is the
dielectric constant of the Al Ga, As insulator, E'0 is the
permittivity of free space, and A is the sample area. In a
temperature or magnetic-field regime where the substrate
freezes out, the lightly doped substrate is represented by a
parallel resistance R~ and capacitance C~. In accumula-
tion Cs depends on V& because of the dependence of the
charge in the accumulation layer on VG. Rz and C~ are
determined by the thickness and dielectric constant of the
bulk of the n -type GaAs substrate. In the temperature
or magnetic-field regime for freezeout, if one measures
the admittance of the Al„Ga, „As capacitor of Fig. 1(a)
as a parallel capacitance C~ and a conductance Gz at an
angular frequency co=2mv, where v is the measurement
frequency, then

TM T (K)

Cp

CM

1

1+ro (Cr+Ca) Ra
(2)

FIG. 1. (a) Schematic energy-band diagram for n -type
GaAs —Al Gal As —n+-type GaAs capacitor in accumulation.
(b) Schematic energy-band diagram for carrier freezeout. (c)
Equivalent circuit representation for impedance of an
Al Ga, As capacitor in accumulation. (d) Temperature
dependence of parallel capacitance and conductance of the
equivalent circuit of (c) calculated from Eqs. (2), (3), and (6).

Gp 2ro(Cr +C~ )R~

GM 1+F0 (Cr+C~) R~
(3)

where GM is the maximum value of conductance and
CM=C& is the maximum value of capacitance. ' The
Hewlett-Packard 4274A LCR meter used for capacitance
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where es is the dielectric constant of GaAs and d is the
thickness of lightly doped n -type GaAs. If one defines
a time

~a =(CT+Cs)Rs, (5)

then Gp has a maximum and C„/CM =0.5 when mrs = l.
(CT +Ca ) is essentially constant in the temperature range
where freezeout occurs; only es and el depend on tem-
perature and their change over the temperature range for
freezeout is small. If the substrate freezes out, either due
to temperature, magnetic field, or a combination of the
two, the resistance can be expressed as

ErR~=Roe ' (6)

where Ro is related to the resistance at high temperature,
EI is an ionization energy, and k is Boltzmann s constant.
If Eq. (6) is valid, Eqs. (2) and (3) are equivalent to equa-
tions for Debye relaxation curves; they are plotted
schematically in Fig. 1(d), as a function of temperature.
By measuring the admittance of an Al„Ga, „As capaci-
tor as a function of temperature at different frequencies, a
set of curves such as those of Fig. 1(d) is obtained, with

TM different for each frequency. EI is determined from
an Arrhenius plot of the logarithm of co as a function of
1/TM. Even if Eq. (6) is not obeyed over the full temper-
ature range to give an ideal Debye curve, at TM,
~z = 1/co, and an activation energy can be determined.

Although measurements of parallel capacitance and
conductance have been made with the LCR meter, the
impedance of the capacitor can equally well be represent-
ed by an equivalent circuit of a capacitance Cs in series
with a resistor Rs. Cs and Rs are obtained from Gp and

Cp by the formulas

Cs=(1+D )Cp,

D
(1+D )Gp

where

Gp
D = =~RsCs

coCp

is the dissipation factor. Rs depends primarily on the
resistivity of the n GaAs layer. The temperature
dependence of Rs was previously used to study localiza-
tion and freezeout in n -type GaAs. '

An experimental dependence of resistance of a semi-
conductor, such as in Eq. (6), which gives Debye-like ad-
mittance curves, is approximated by the thermal
freezeout of carriers from a conduction (valence) band
onto isolated donors (acceptors). A generic model in
which carriers ean be excited from localized states across
a mobility edge to a conduction band is shown in Fig.
1(b); Ei is the energy in the lower energy localized states,

measurements measures Gp and Cp directly. The sub-
strate capacitance is
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FIG. 2. (a) Capacitance-voltage curve at 3.60 K calculated
from classical semiconductor-insulator-semiconductor model.
Parameters approximate those of sample 8. (b) Gray-Brown dip
at V» of calculated C-V curve for different energies El, shown
on an expanded voltage scale.

EU is the energy in the extended states, and

EI = (EU F—I ) is the activation energy for the transition.
This model corresponds to impurity conduction in the
forbidden gap of a semiconductor as well as to excitation
of donors to the conduction band or holes to the valence
band.

The presence of localized states and a mobility edge,
such as in Fig. 1(b), can introduce a characteristic GB dip
in the capacitance of a semiconductor-insulator-
semiconductor (SIS) capacitor at the fiatband voltage
VFz. ' ' ' ' In general, a GB dip occurs in C-V curves
of a MOS or SIS capacitor when the majority carrier con-
centration in the lightly doped substrate is such that the
Fermi level coincides with a donor (or acceptor) energy
level in the semiconductor. Filling and emptying the im-
purity level at the ac measuring frequency produces an
added capacitance that is in series with the insulator ca-
pacitance; the result is a dip in the total capacitance.
Figure 2(a) shows a calculated C- V curve for an
Al„Ga& As capacitor at 3.60 K with parameters that
are similar to those for sample B. Compensation is as-
sumed to be K=0. 1. VsH in Fig. 2(a) is the voltage by
which the calculated C- V curves has been shifted so that
V» coincides with V» of sample B, —0.045 V." In
Fig. 2(a), El=0.0001 eV; Fig. 2(b) shows the region of
the GB dip for different values of EI, using an expanded
voltage scale. Even with such a low value of EI, there is
a dip in the calculated C-V curve. The magnitude of the
dip changes with energy but the voltage position is nearly
constant. The behavior of an Al„Ga& „As capacitor
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such as in Fig. 1(a) depends primarily on gs. When

VG & VFB, the substrate is in depletion and most of the
applied voltage is across the lightly doped substrate. C&
in Eq. (1) becomes smaller and the total capacitance de-
creases. When VG) VFa, gs —=1(tG and inost of VG is

dropped across the insulator, VI. When VG = VFz, and if
the Fermi level coincides with the energy of the localized
states in the n -type GaAs substrate, as shown schemati-
cally in Fig. 1(b), carriers are excited from EL to EU in

phase with the ac voltage used to measure CT,' the result
is an additional capacitance CF, so that the total mea-
sured capacitance is

1 1 1 1 1

C C C C C
(10)

The voltage range in which CF is observed is narrow. A
GB dip is generally observed as the temperature of a
semiconductor is lowered. At high temperatures the
Fermi level E~z is below EL, at low temperatures E~z is
between EL and EU. A GB dip appears when Ezz and
EL approximately coincide. For a given EI, the magni-
tude of the calculated GB dip increases as temperature
decreases. Observation of a GB dip requires a change of
charge in states at the substrate-dielectric interface.

Measurement procedures for C-V curves and admit-
tance curves have been described previously. ' ' For ad-
mittance measurements the Al„Ga, As capacitor was
held at constant temperature, gate voltage, and magnetic
field while frequency was varied. Seven frequencies be-
tween 1 and 100 kHz were used. The measurement volt-
age was then changed and the frequency cycle repeated.
Typically, 14 to 16 voltages were measured at a given
temperature and magnetic field. Unless otherwise noted,
the magnetic field was parallel to the sample so there is
no structure in C-V curves due to Landau levels in the
accumulation region. The sample was immersed in
liquid helium during measurements. Temperatures be-
tween 1.5 and 4.1 K were measured and controlled by
pumping on liquid He. The temperature interval between
points of admittance curves is 0.03 K.

RESULTS

Figure 3 shows C-V and G-V curves at 10 kHz for
sample B at 3.60 K and different parallel magnetic fields.
The curves are typical of those at other temperatures, fre-
quencies, and magnetic fields. They illustrate the charac-
teristic features of magnetic freezeout that are the basis
for admittance measurements. At 0 T, a depletion region
forms in the substrate for VG ~ —0.05 V and causes C to
decrease. An accumulation layer forms for VG & —O. OS

V, resulting in a nearly constant high capacitance for
VG & 0.0 V. The exponential increase in G for VG &0. 1 V
is due to electrons from the accumulation layer tunneling
through the dielectric. The maximum voltage at which
C-V and G-V curves can be measured is reached when
the quality factor Q =1/D -0.5; for example, this occurs
when G=1.9X10 S for v=10 kHz.

In a high magnetic field there is a dip in C at VFB, as
shown in Figs. 3(b)—3(d). This is a GB dip due to mag-
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FIG. 3. Capacitance-voltage and conductance-voltage curves
of sample B at 3.60 K, 10 kHz, and for different magnetic fields
parallel to the sample.

netic freezeout rather than to purely thermal freezeout of
carriers. At 0 T there is an inflection at V~ which is not
well resolved. This may indicate a small amount of
thermal freezeout of electrons, but the magnitude is not
sufBcient to produce a dip; a GB dip is only resolved for
B &6 T and it occurs for all measurement frequencies.
The decrease in maximum capacitance between 0.0 and
0.2 V at 11 and 14 T is due to increased series resistance
of the substrate at higher magnetic fields. The decrease
in capacitance for VG & 0.2 V at 11 and 14 T is due to de-
pletion of carriers and band bending in the gate; it de-
pends on NG.

Independent confirmation that the GB dip occurs at
VFa is provided by measurement of current-voltage (I-V)
and C-V curves when B is perpendicular to sample B.
When VG & V„~ and B is perpendicular to the sample, a
sequence of Landau levels forms in the two-dimensional
gas of the accumulation layer on the substrate. As VG in-
creases, the number of electrons in the accumulation lay-
er increases; electrons fill up successive Landau levels.
Minima between Landau levels or between spin-split lev-
els of a Landau level are reflected in minima in C- V, G- V,
and I Vcurves-. Figure 4(a) shows C-Vcurves at 1.6 K,
10 kHz, and at 6 and 12 T for sample B. In both cases
there is a GB dip at V„~,just as in parallel magnetic field.
In addition there are minima, labeled L, and L2, due to
completion of occupancy of Landau levels in the accumu-
lation region of the substrate, and minima S& and S2 due
to spin splitting of Landau levels. ' Values of B for S&
and L i as a function of VG are shown in Fig. 4(b). Their
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FIG. 4. (a) Capacitance-voltage curves for sample B at 1.6 K,
10 kHz, and different magnetic fields perpendicular to the sam-
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A fan diagram of the voltage for minima of C- V curves for sam-
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FIG. 5. Admittance plots for sample B at 13 T and

VG =0.060 V. (a) C~/C~ at different frequencies as a function
of temperature. C~ =138 pF. (b) Gp/G~ at different frequen-
cies as a function of temperature. G~=4.0X10 ', 1.18X10
1.96X]0, 3.95' 1P, ].18']P, 1.95&1Q
3.87X10 ' S for v=1 —100kHz.

extrapolation to B=0 defines V„B and coincides with the
GB dip in C-V curves. Values of VG for minima in Fig.
4(b) are taken from both I Vand C-V c-urves; at high 8
substrate freezeout can shift the position of minima in
C- V curves but has less effect on I-V curves.

In Fig. 3(a), at 0 T, measurable ac conductance is due
only to electron tunneling. As B increases there is an in-

crease in conductance for VG less than the voltage at
which tunneling currents dominate G. There is a GB dip
in G just as there is in C. There is a region of nearly con-
stant G when VG &0 V; for B ~9 T this extends to
Vz =0.2 V. At constant temperature, as B increases, G
in this region increases and then decreases as the resis-
tance of the substrate becomes large. This is the voltage
region in which admittance measurements are made.

Typical admittance curves for sample B are shown in
Fig. 5. In Fig. 5(a), C/CM is plotted as a function of tern-

perature for different frequencies for B= 13 T and

VG =0.060 V; in Fig. 5(b), G/G~ is plotted. The partic-
ular value of VG is chosen because it lies in the middle of
the plateau region of conductance; other values of VG

would give similar results. CM, the experimental max-
imum value of capacitance at each frequency, is taken
from C-V curves at 0 T and the same VG. GM for each
frequency is determined at some value of B and T where
conductance curves have a maximum. GM for any fre-

quency is independent of B. The curves are nearly ideal

Debye-like relaxation curves, as shown in Fig. 1(d). In
Fig. 5(b), for 3 kHz ~ v~ 30 kHz, there is a maximum in

G/GM when C/CM =0.5. At higher frequencies the sub-

strate resistance is high enough that C/CM &0.5 at all

temperatures. Values of GM are proportional to co, in ac-
cord with Eq. (3).

Activation energies are obtained from admittance
curves by plotting co on a logarithmic scale as a function
of 1/TM where TM is the temperature for the maximum
in the curve of G/GM at frequency co for a given VG and
B. Figure 6 shows typical plots for different magnetic
fields. For 10 T~B 14 T there are maxima in G/GM
for at least three frequencies; at 10 T, the frequencies are
100, 50, and 30 kHz; at 14 T they are 10, 5, and 3 kHz.
For B=9 T there was a rnaximurn in G/GM at 100 kHz
but not at lower frequencies so no energy is calculated.
Solid lines are least-square fits of the data at the three
highest frequencies; the activation energies are obtained
from the slopes of the lines. Activation energies for VG

between 0.0 and 0.20 V are shown in Fig. 7 for different
magnetic fields. The vertical lines are plus/minus the
standard deviations of the least-square fits of the data at
10, 12, and 14 T. Within the accuracy of the data activa-
tion energies are proportional to B and independent of
VG at a given B. Values of energy from admittance
curves are plotted in Fig. 9 as solid diamonds and labeled
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An assumption in deriving activation energies from ad-
mittance curves is that Eq. (6) is obeyed, i.e., that the sub-
strate resistance is an exponential function of EI and
I /T. Parallel capacitance and conductance of the
Al Ga& „As capacitor are measured experimentally.

FIG. 6. Arrhenius plot of co vs 1/T~ at constant VG for
different parallel magnetic fields. Activation energies use three
highest frequency points.

They may be converted to a series resistance and capaci-
tance at each temperature by Eqs. (7)—(9); Rs depends

primarily on substrate resistance. In Fig. 8 Rz is plotted
on a logarithmic scale as a function of 1/T for measure-
ments at 10 kHz, VG=0.060 V, and different parallel
magnetic fields. Each curve is shifted on the abscissa by
one division. R& is not a simple exponential function of
1/T; in every case there is curvature in the plots. The
solid lines are least-squares fits of the highest temperature
points, between 4.1 and 3.0 K, for each of the values of B.
Energies are higher than those from admittance measure-
ments at the same value of B but, in both cases, are pro-
portional to magnetic field. Values of energy determined
from the temperature dependence of R& are plotted as
triangles in Fig. 9.

An alternate way of studying freezeout in Al Ga& „As
capacitors is to use C-V-B or G- V-B curves in which one
measures C and 6 at constant frequency while holding
sample temperature and VG constant and sweeping mag-
netic field. Figure 10 shows C-V-B and 6-V-B curves at
different frequencies for sample B at 1.7 K and

VG =0.060 V. The resemblance to the admittance curves
of Fig. 1(d) or 5 is striking. In each case G/GM=1. 0
when C/CM=0. 5 and the peak in G/GM shifts with

changing frequency. However, magnetic field is the in-
dependent variable instead of temperature. Curves such
as in Fig. 10 are magnetic admittance curves.

Analysis of admittance curves to obtain activation en-

ergies depends on an exponential relation between resis-
tance and temperature such as in Eq. (6). The depen-
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FIG. 7. Summary of measurements of the dependence of ac-
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FIG. 8. Dependence of series resistance of n -type GaAs at
10 kHz and V& =0.060 V on 1/T for different magnetic fields.
Solid lines are least-squares fit of highest temperature points.
Curves are shifted on the abscissa by one division.
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from thermal admittance data (points) and magnetic admittance
data (lines).
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dence of resistance on magnetic field can be expressed as

ap&B/kT
RB =R0e

where pB is the Bohr magneton and a is a constant. C-
V-B and G- V-B curves such as in Fig. 10 can be convert-
ed to curves of series resistance versus magnetic field.
Such curves are shown in Fig. 11 where Rz at 100 kHz
and 0.060 V is plotted as a function of B for different tem-
peratures. The exponential dependence of Rz on B holds
reasonably well although there is curvature at higher
values of B. Similar curves are obtained for measure-
ments at 1 kHz & v ~ 100 kHz.

Values of a in Eq. (11) are obtained from magnetic ad-
mittance curves by plotting co on a logarithmic scale as a
function of the magnetic field at the peak of 6/G~, 8~.
Figure 12 shows such logarithmic plots for VG =0.060 V
and three different temperatures. The lines are least-
squares fits of the three highest frequency points; the
lowest frequency point, v=1 kHz, is less accurate than
higher frequency measurements, and TM cannot be deter-
mined at 2.8 K and 1 kHz. Figure 13(a) shows values of
a for different values of Vz at three different tempera-
tures. Vertical lines are plus/minus the standard devia-
tion of the least-squares fit to the data. Within experi-
mental uncertainty a is constant at a given temperature
but is proportional to temperature, as shown in Fig.
13(b). The values of a are similar to values that Pepper
found for the dependence of activation energy for con-
duction in an impurity band of GaAs on B; he also
discusses possible spin-related mechanisms for a
magnetic-field dependence of activation energy. a is
larger than the g value of electrons in GaAs, —0.44, by
about a factor of 5. Whether a depends on spin-Hip pro-

FIG. 10. Magnetic admittance plots for sample B at 1.7 K
and VG =0.060 V. (a) Cp/C~ at different frequencies as a func-
tion of magnetic field. (b) Gp/G~ at different frequencies as a
function of magnetic field.
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FIG. 11. Dependence of series resistance of n -type GaAs at
100 kHz and VG =0.060 V on magnetic field at different temper-
atures for sample B.
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FIG. 14. Dependence of Rz at 100 kHz of n -type GaAs on
1/T at different values of B for sample B. Solid lines are least-
squares fit of data for 0.3 & 1/T & 0.5 K
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FIG. 13. (a) Dependence of a from magnetic admittance
measurements on VG in accumulation for different tempera-
tures. Vertical lines are plus/minus standard deviation of least-
squares 6t of data. (b) Dependence of average value of a on
temperature.

cesses of isolated donors is not clear. The three lines la-
beled with temperature in Fig. 9 are values of ap&B ob-
tained using the average values of a in Fig. 13(b). The
lightly dotted line is a~&B for a0=1.50, the extrapolat-
ed value of a at T=0 in Fig. 13(b).

To measure EI from the temperature dependence of
Rz, C-V-B and 6-V-B curves such as those in Fig. 10
were measured at 100 kHz and 24 temperatures between
1.4 and 3.9 K, and the curves were converted to curves of
Rz versus B, as in Fig. 11.' In Fig. 14, Rz is plotted on a
logarithmic scale as a function of 1/T at different values
of B. Activation energies are thus obtained as a function
of B, and are plotted as the solid line in Fig. 9. Data be-
tween 2 and 3 K have been used for activation energies as
shown by the solid lines in Fig. 14. At lower tempera-
tures R& is nearly constant with temperature, with some
scatter in the data. The vertical lines every 0.5 T in Fig.
9 show the standard deviation of the least-squares fit of
the data. The preexponential factor is proportional to B.
No data are obtained below -3.5 T since, as shown in
Fig. 11, Rz is too small to measure accurately. Data are
not given above 10 T since the series resistance due to
freezeout is large enough that meaningful data are not
obtained at 100 kHz. Combining results from different
methods of data analysis, there is a range of values of ac-
tivation energy, as summarized in Fig. 9, but all the mea-
surernent methods show a dependence of energy on both
magnetic field and on temperature.

DISCUSSION

The conventional method of measuring the tempera-
ture dependence of resistivity of semiconductors has been
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dc conductance measurements of resistance and Hall
effect. ' The resistivity ean be expressed as

E'] /kT e2/kT e3/kT
p p&e +p2e +p3e (12)

where e&, e2, and e3 are activation energies for conduction
in different temperature regimes. The different regimes
are identified from plots of the logarithm of resistance
versus 1/T. e, is the activation energy for freezeout of
carriers from the conduction band onto ionized donors;
for n-type GaAs, e, is 5 —6 rneV. e2 is generally identified
as the activation energy for carriers from the ground im-
purity state, the lower Hubbard band, to the band of dou-
bly occupied impurity states, the upper Hubbard band.
E3 is the activation energy for hopping conduction in the
lower Hubbard band. In general, e2 conduction is not ob-
served in plots of resistance versus 1/T for n-type GaAs.
There is an extensive literature on experimental and
theoretical aspects of e3 conduction. ' e3-0.5 meV for n-

type GaAs with (ND N„)S—NCI2; it decreases to 0 at
the metal-insulator transition.

The principal observation from C- V curves that cannot
be made by other methods is the oeeurrence of a GB dip
at the flatband voltage in the presence of a magnetic field.
This shows that there is a change of charge in the n-type
GaAs substrate that is in phase with the ac signal used to
measure the sample admittance, as in the simplified rnod-
el of Fig. 1(b). The large positive magnetoresistance of
Fig. 8 or 11 is due to freezeout of electrons onto ionized
donors as the magnetic field reduces the cyclotron radius
of electrons to a magnitude comparable to the donors'
Bohr radius. By analogy with thermal freezeout, such
magnetic freezeout reduces the number of carriers that
contribute to conduction through a band separated from
the Fermi level, which is at approximately the same ener-

gy as isolated donors.
The alternate explanation for a large positive magne-

toresistanee applies to nearest-neighbor hopping. Hop-
ping conduction depends on the tunneling of carriers
from one site to another which depends, in turn, on the
overlap of the wave functions of electrons on isolated
donors. Large magnetic fields shrink the electron wave
function, reduce the overlap, and thus reduce hopping
conduction. As shown schematically in Fig. 1(b),
nearest-neighbor hopping does not change the charge in a
small region of the lightly doped semiconductor, and
therefore no GB dip should be observed with increasing
B. No GB dip has been observed for samples with

Ns & 3 X 10' cm; only the present sample with

Nz -(7—8 ) X 10' cm has shown a GB dip due to mag-
netic freezeout.

The values of energy in Fig. 9 that are derived from
plots of Rs at 100 kHz versus 1/T are comparable to
values of e3 derived from dc resistivity measurements on
Hall bars. For 8 ~ 7 T, energy is proportional to B. The
values for 8 7 T are nearly constant; the increase in Rs
at higher 8 comes primarily from an increase in p3, the
preexponential term in Eq. (12), as shown in Fig. 14.
However, for 8 ~ 7 T, there is more curvature in plots of
Rs versus 1/T than there is at lower 8, which makes cal-
culation of energy less accurate. If the higher tempera-

ture points were used, energies would be greater when
8 ~ 7 T; calculated energies depend on the temperature
range used for calculation. In general, energy values de-
rived from temperature dependence of resistance are less
than those derived from optical measurements, which
give the most accurate values of trap depths and donor
energies. ' There is also a question as to whether
temperature-dependent experiments give EI or EI /2, for
example, in measuring donor or acceptor energies. For
shallow donors and acceptors in semiconductors, whether
one measures E~ or E, /2 depends on compensation. It
is not clear whether there is a similar problem in deter-
mining energies for e3 processes.

Admittance measurements in a semiconductor depend
on the modification of capture and emission rates of traps
or impurities, which in turn changes the charge in a re-
gion of the semiconductor. They have been most fre-
quently used to measure capture cross sections and ener-
gies of deep traps, ' ' but have also been used to mea-
sure the properties of shallow impurities and interface
states. Temperature is the most common method of
modifying emission states, but optical admittance mea-
surements have been made in which changes of photon
energy change the emission rate of traps. ' The magnetic
admittance curves of Fig. 10 are another example of the
modification of the rate of change of charge emission by
an external agent, the magnetic field.

Admittance measurements, when they can be done, re-
quire fewer assumptions about the detailed exponential
dependence of resistance on temperature than Arrhenius
plots such as those of Fig. 14. They depend on knowing
co, which is accurately known, and T~. The occurrence
of a GB dip at VzB in high magnetic fields shows that
there is a change of charge in the n -type GaAs sub-
strate due to emission and capture of carriers, which is
the appropriate condition for applying admittance rnea-
surements. Activation energies from admittance mea-
surernents can be made for 8) 10 T. The values are
higher than from measurements of the temperature
dependence of Rs at 100 kHz. Values of ap&B at
different temperatures are still higher. However, the
lightly dotted line in Fig. 9, drawn for the value of o. ex-
trapolated to T=O, &co=1.50, is close to the experimental
values of energy for the whole range of values of magnet-
ic field. Thus measured energies depend on both temper-
ature and magnetic field.

One of the continuing problems in understanding e3
processes for impurity conduction in lightly doped semi-
conductors is explaining why measured energies are not
larger. According to Shklovskii and Efros,

0.99e'N,'"
3

SEO

This implies that e3 should be higher for larger values of
Nz For Nz=7X. 10', Eq. (13) predicts that e3=2.2
meV. Experimentally e3-0.5 meV for a wide range of
Ns, decreasing to @3=0 at the metal-insulator transi-
tion. Equation (13) is derived on the assumption that
conduction is by nearest-neighbor hopping. If there is an

energy gap between the Fermi level and the states
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through which conduction occurs, as appears to be the
case for sample B, the assumption that nearest-neighbor
hopping occurs may not be correct.

Two kinds of energy gaps have been proposed in light-
ly doped semiconductors; one is the gap between the
lower Hubbard band and the upper Hubbard band in im-

purity conduction, the other is a Coulomb gap due to
electron-electron interaction. The Coulomb gap occurs
in the conduction regime when variable-range hopping
(VRH) is important. The usual way to identify the oc-
currence of VRH is to plot resistivity versus T ' or
T '~ since p —exp(To/T)" with x =

—,
' if there is a con-

stant density of states at the Fermi level and x =
—,
' if there

is a Coulomb gap and the density of states at the Fermi
level goes to zero. Both x =

—,
' and —,

' have been reported
for conduction in GaAs; Mansfield summarizes the ex-
perimental data. ' Neither plots of the logarithm of Rz
versus T ' nor T ', using the data of Fig. 14, are
linear so VRH cannot be unambiguously identified in
sample B. However, the flattening out of the data at low
temperature in Fig. 14 is suggestive of a transition from
nearest-neighbor hopping to variable-range hopping.

Recently, both optical and electrical measurements
have shown the occurrence of two bands within an im-
purity band which is split off from the conduction band
in n-type GaAs. Samples studied had doping be-
tween 1.3X10' and 5.6X10' cm, i.e., on both sides
of the critical concentration for the metal-insulator

transition, Nc = 1.6 X 10' cm . Sample B has

Nz =7—8X 10' cm . Observations of a GB dip in C-V
curves are consistent with Drew's results and show that
there is a splitting of the impurity band into two bands at
Nz -Nc/2 as well as at concentrations greater than N~.

In summary, C-V curves on an Al Ga& As capacitor
with Nz-N&/2 show the existence of two bands in im-

purity conduction in n -type GaAs. The critical concen-
tration for the occurrence of two bands is between
N& =3 X 10' and 7 X 10' cm . Activation energies
determined by admittance measurements extend the mea-
surements of energies determined from the dependence of
the ac series resistance of n -type GaAs on temperature
to higher magnetic fields. An alternative technique, mag-
netic admittance curves, shows that the splitting between
the upper and lower impurity bands depends on both
magnetic field and temperature. The value of ao, the pro-
portionality constant for Ei =ay&B, is 1.5 at T=O. This
suggests that spin-flip processes occur, but the origin of
the splitting is unknown.
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