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Low-temperature measurements of impurity effects have been conducted in n-type GaAs with
impurity concentrations of the order of (1-3)x10 cm . The behavior of these materials in
strong magnetic fields is well described by a recently developed theory which characterizes the
impurity level with a broadened energy distribution and the conduction band with a Gaussian-
like tail. The reduced impurity ionization energies in strongly doped materials are explained
in terms of this model. Electric field ionization of these impurity levels in strong magnetic
fields was found to be consistent with the model and recent theories of impact-ionization phe-
nomena.

INTRODUCTION

Recent work on epitaxial growth of n-type GaAs
films has yielded samples with electron concen-
trations as low as 1 &10' cm ' and a well-defined
impurity level separated from the conduction-
band edge by approximately 0. 005 eV. ' In
studies of far-infrared photoconductivity and cyclo-
tron resonance in this material, samples with
donor impurity concentrations on the order of
1 &10"cm have proven to be widely used. For
GaAs with impurity concentrations in this range,
the electron concentration in the conduction band
depends on the temperature and magnetic field
strength in a manner similar to that previously
described for InSb~ and InAs. ~

At low temperature, some electrons in GaAs
are frozen out of the conduction band into impu-
rity bound states. However, in the absence of a
magnetic field, an appreciable fraction of the car-
riers remain free in the conduction band. These
free carriers are the result of a reduced donor
activation energy in strongly doped materials
caused by tails on the densities of states of the
conduction band and impurity level. Application
of an intense magnetic field 0 shrinks the volume

of the electronic wave function to a region less
than that occupied by an impurity ion. Charge
carriers are frozen out of the lowest-order con-
duction-band Landau level onto localized states
with a binding energy S~ which increases with
magnetic field. This magnetic freezeout is char-
acterized by an increase in the Hall coefficient
with magnetic field at a fixed temperature T.

This paper reports on measurements of the
temperature and magnetic field dependence of
electron concentration of n-type GaAs in the
freezeout regime. The binding energy $,(H) hss
a magnetic field dependence of S,~H' as has been
previously observed in n-InSb and n-InAs. The
magnitude of the binding energy is less than that
measured in experiments on lightly doped samples
or predicted by theoretical calculations. " The
results can be explained by resorting to the re-
cently developed model of a strongly doped semi-
conductor in a magnetic field. In this model. ,
which is based on spatial fluctuations in a random
impu. ity potential, there is a tail on the conduc-
tion-band density of states and a broadened impu-
rity level leading to a temperature- and field-
dependent ionization energy. A reasonably ac-
curate picture of the band tailing and impurity
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level broadening in GaAs can be determined from
a combination of the experimental results and the
theoretical model. Further, the reduced activa-
tion energy can be explained in terms of the model,
as can the extremely small electron mobility at
low temperature.

Measurements have also been made on low-
temperature electrical breakdown in strong mag-
netic fields where the shift of the energy levels
is significant. The results are interpreted in
terms of recent theories of impact ionization '
of impurity levels taking into account the effects
of magnetic field on energy-level separation.
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EXPERIMENTAL

The experiments were conducted using n-type
GaAs epitaxial layers deposited on Cr-doped
GaAs substrates with resistivities of 1&10 ~ cm.
Most of the measurements reported here were
made on samples cut from a wafer with an epitaxial
layer with a room-temperature carrier concen-
tration of 2. 15 &10' cm, a compensation ratio
of 0. 2, mobility of 7X10' cm~/V sec, and thick-
ness of 100 p, m. Ohmic electrical contacts were
made by alloying an evaporated Au-Sn layer with
the GaAs at 400 C in a vacuum. Hall-effect
measurements were made on samples with large
area current contacts while Hall voltages were
measured on a set of contacts constructed to al-
low balancing out of error voltages. A high-
impedance dc source was used to supply current
to the specimen while voltages were measured
using high-input-impedance instruments together
with an x-y recorder. The measurements at
4. 2 'K were made in a 60-kOe superconducting
magnet while other experiments were conducted
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FIG. 2. Magnetic field dependence of the Hall coeffi-
cient of n-type GaAs specimen with ND-N&=2 && 10 cmis
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FIG. 1. Temperature dependence of electron concen-
tration and mobility in n-type GaAs specimen. Measure-
ments made at magnetic field of 4. 5 kOe with electric
field strength less than 0. 1 V/cm.

in a 20-kOe electromagnet.
The temperature dependence of the electron

concentration and the electron mobility in a typical
GaAs specimen at low magnetic field strength
are shown in Fig. 1. The mobility data show that
phonon scattering is dominant at temperatures
down to 70'K. Below 70'K ionized impurity
scattering is the predominant mechanism, al-
though below about 10 K a sharp reduction in
mobility is observed as a result of carriers in
localized states. The carrier concentration drops
very slowly down to 20 'K, then there is a decline
of approximately an order of magnitude below
20 K.

At 4. 2 K the Hall coefficient and transverse
magnetoresistance were measured as a function
of magnetic field up to fields of 50 kG. The Hall
coefficient for a representative sample is plotted
in Fig. 2 showing a magnetic field dependence of
8' over most of the measured range. In both
this data and that related to temperature depen-
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dence, the magnitude of the binding energy is con-
siderably smaller than the values based on hydro-
genic models. '7 In this freezeout regime, the
electron mobility calculated from these measure-
ments was found to decrease slowly with increas-
ing magnetic fieM, as is also illustrated in Fig. 2.

Measurements were also made of the low-tem-
perature impact ionization of the impurity levels
in relatively modest electric fields. At zero
magnetic field the current-voltage characteristic
consists of an Ohmic region where the current
is proportional to the applied electric fieM
strength and a prebreakdown region where the
current is a nonlinear function of field strength.
At a critical field strength of approximately
7. 5 V/cm, breakdown occurs accompanied by a
small negative-resistance effect and a transition
to a sustaining field strength of 6.3 V jcm (Fig. 3).
The low ratio between breakdown and sustaining
field strengths is a characteristic of materials
which are weakly compensated.

The application of a magnetic field perpendicular
to the direction of the electric field causes sig-
nificant changes to the current-voltage character-
istic. In the Ohmic and prebreakdown regions the
resistivity increases with field, with the Ohmic
region extending to higher electric field strengths
in strong magnetic fields. The electric field
strength required to induce impact ionization is
seen to increase with increasing magnetic fields.
The relationship between breakdown field and
magnetic fieM consists of a slowly changing region
at low magnetic fields followed by an essentially
linear increase in breakdown electric field above
10 kOe. Several samples had a minimum electric
breakdown field at magnetic field strengths of ap-
proximately 5 kOe as illustrated in Fig. 4.
Measurements made on some specimens in longi-
tudinal magnetic fields showed some increase in
breakdown electric field strength, but the change
was only a small fraction of the variation observed
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FIG. 3. Current-electric field characteristics for n-
type GaAs layer at 4. 2 'K. Characteristic curves are
shown for values of magnetic field strength applied normal
to direction of electric field.
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FIG. 4. Breakdown and sustaining electric field
strengths in transverse magnetic fields. Sample A:
(ÃD-Nz)=2x10 cm, t=100 pm; sample I3: (N~-N~)
=1x 10 cm, t=100 pm.

in a transverse magnetic field as shown in Fig. 4.
The results on all the specimens were independent
of the field polarities indicating that bulk phenomena
were being observed.

Freezeout and Band Tailing

The low-temperature Hall effect, magnetoresis-
tance, and impact-ionization measurements in
n-type GaAs can be explained in terms of impurity
ionization from impurity levels broadened by
fluctuation effects. In this model there is a random
distribution of ions in the host crystal so that there
will exist fluctuations in the spatial density of im-
purity ions. The spatial density variations cause
fluctuations in the potential energy of electrons
although within a volume +~@~„where ~, is the
screening length, the potential may be taken as
approximately constant. The density-of -states
function for the whole crystal can be found by
averaging local density functions for each region
over a potential distribution. This procedure yields
density-of-states functions for the conduction band
and impurity level in a magnetic field quite distinct
from the usual densities of states in a field. In
Fig. 5(a) is shown the density-of-states functions
for an impurity level and the lowest-order Landau
level of the conduction band in a magnetic field for
the case of a lightly doped material. The ionization
energy 8~ predicted by the hydrogenic theory and
its dependence on magnetic field are shown in Fig.
6. The ionization energy for the unbroadened den-
sities of states is seen to be 5. 2 meV at zero mag-
netic field increasing to 9.0 meV at 60 kOe. For
the more heavily doped specimen where the im-
purity level and conduction band are broadened with
Gaussian profiles, the density-of-states functions
appear as pictured in Fig. 5(b). The conduction-
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band and impurity densities p, (x) and p, (x), re-
spectively, are given by

p (x) (~ /&t /2 r) &-(sex& )

X e"2

(x )1I2

(2)

YAK

n, = ns exP[ —g,/or+ (r/2k T)s], (4)

where ns= (2v) eH(nkT) ~s/hsc From. the ex-
perimental results in the freezeout regime we
may use Eq. (4} to calculate values of r. These

where m~ is the electron effective mass and ND is
the donor impurity density. The parameter x is
the energy 8 normalized to the average value of
the fluctuation potential I', so that x, is 6,/r. The
fluctuation potential which is a, measure of the
broadening of densities of states is given by

r = (2es/x)(Nv~, )i" (3)

where w is the static dielectric constant and N is
the total impurity concentration.

In this model, the number of carriers n, in the
conduction band of a lightly compensated material
can be written as
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FIG. 6. Theoretical and experimental values of im-
purity ionization energy in n-type GaAs in a magnetic
field.
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(a) experimentally derived values for 1" may be com-
pared with theoretical values from Eq. (3) for
various values of the magnetic field H. The screen-
ing length used in the calculation of 1" is the quan-
tum screening length X„where
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PIG. 5. Density-of-states functions for n-type GaAs
in a strong magnetic field. (a) Ideal case of lightly doped
specimen with binding energy g. (b) Broadened density-
of-states functions in strongly doped material with ioniza-
tion energy $&. Energy normalized by 1", where I =—3
meV at 0=40 kOe.

and a~ is the effective Bohr radius of the carriers
(a* = & /m*e ). The experimental and theoretical
values of the fluctuation potential are plotted in Fig.
7 together with the quantum screening radius as a
function of magnetic field. Agreement between the
experimental and theoretical values of 1 is reason-
ably good using this screening radius, while the
classical radius also pictured in Fig. 7 is seen to
vary too rapidly with magnetic field to correspond
to the experimental values for I'.

The results obs. :rved in n-type GaAs in the
magnetic freezeout regime do appear to be
properly characterized by a theory including band
tailing and broadening. However, the impurity
ionization energies as deduced from the slope of the
Hall coefficient as a function of magnetic field
strength are on)y a fraction of those predicted by
theory (Fig. 6). Further, the tail of the conduc-
tion band and the impurity level have at least some
degree of overlap according to these calculations.

The actual ionization energy is measured from
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1O-4 critical value the ionization rate is greater than
the rate of recombination, and a nonequilibrium
state is obtained. The critical field for break-
down is expressed in terms of the kinetic equation'
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FIG. 7. Experimental and theoretical values of the
fluctuational potential I as a function of magnetic field.
Also shown is the quantum screening radius used to cal-
culate I' together with the classical screening radius
which appears inappropriate to describe this case.

—= Ar (Na —N„—n) + nAI(Nn —N„—n)
&E

dt

—Br(N„+n) —n BI(N„+n), (6)

where A~, Al represent rates of carrier genera-
tion by thermal and impact ionization, and B~, B~
are the thermal and Auger recombination rates,
respectively. Under steady-state conditions, if
we neglect the Auger recombination and thermal
generation and assume that both ND —N„, N&»n,
we have

Al(ND —Ng) = Bring

as a simple expression for the breakdown con-
dition.

The impact-ionization and thermal-recombina-
tion coefficients are dependent on a number of
parameters including lattice temperature and the
carrier distribution. The impact-ionization coef-
ficient Al for a trap with depth 8; can be computed
from a recent treatment by Cohen and Landsberg.

1O- 5

the Fermi level located slightly above the center
of the impurity level and a certain critical energy
in the conduction band. States at the bottom of
the conduction tail are of low density and are suf-
ficiently localized that they do not contribute to
the conduction process. " The criterion proposed
by Mott" is that the 1ocalized states occur when
whe density of states falls to about + of the fu11.

density, and this is indicated by the shaded por-
tion of Fig. 5. The energy required to excite
an electron from an impurity state to a conducting
state is seen to be a fraction of the binding energy
calculated from the previous descriptions. These
magnetic-field-dependent values are more nearly
in agreement with the experimentally measured
ionization energy.
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Impact Ionization

The low-temperature electric breakdown ob-
served in this material is caused by impact ioniza-
tion of neutral impurity centers by hot carriers. '
As the strength of the applied electric field in-
creases, the average kinetic energy of the free
electrons is sufficient to ionize neutral centers.
The recombination process is less effective at
high fields since the capture cross section de-
creases with increasing carrier energy. At
electric field intensities exceeding a certain
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FIG. 8. Impact-ionization coefficient as a function of
electron temperature for different impurity level depths

(indicated�}.
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FIQ. 9. Electron temperature required for breakdown
in n-type GaAs as a function of magnetic field.

The results of such a calculation showing the ion-
ization coefficient as a function of electron tem-
perature for various impurity ionization energies
is shown in Fig. 8. The electron temperature may
be related to the breakdown electric field by the
semiempirical relation

where the parameter A for samples of impurity
concentration of this paper is approximately 3. 5 'K
(cm/V) . The ratio p~/po (of electron mobilities
with a.nd without a magnetic field) is included to
account for the reduction in mobility in a magnetic
field. The thermal recombination of free carriers
with a trapping center can be calculated by assuming
the carriers are captured by highly excited trap-
ping states. The carrier loses energy by emission
of a series of phonons as the carrier cascades
down through the series of excited states of the
center. The thermal-recombination coefficient
can approximately be described by the relation

Br=1.0xl0 '/T, cm'/sec (9)

where T, is the electron temperature and the nu-
merical coefficient has been derived from approxi-
mate theories '~ and a similar treatment of irn-
purities in germanium. ~~

From Fig. 6 it is apparent that as the impurity
ionization energy increases as a result of an applied
magnetic field, higher electron temperatures are
required to reach ionization rates satisfying the
breakdown condition [Eq. (7)]. The increase in
electron temperature is achieved by stronger elec-

tric fields according to Eq. (8) which takes into

account the effect of the magnetic field on the rate
at which carriers are heated through the mobility
ratio p~/po. From this electric field strength and

carrier temperature we can drive the experimental
electron temperature at breakdown as a function of
magnetic field strength (Fig. 9). The electron tem-
perature required for ionization can be calculated
theoretically by combining the breakdown relation
[Eq. (7)] and the expression for Br [Eq. (9)], giving

A, = (1x10 ~)N~/(Nn N„)T—,= 2x10 8/T, (10)

using a compensation ratio of 0. 2. Using this
relation and Fig. '7 which uniquely relates Al and

T, for an impurity level of a known ionization en-

ergy, we may determine an electron temperature
required for breakdown. These values are compared
with the experimental values in Fig. 9 with the data
of Fig. 6 being used to relate impurity ionization
energy to magnetic field strength. Agreement be-
tween the experimental and calculated results is
reasonably good, and shows an increase in elec-
tron temperature for breakdown from 8 to 16'K
as the magnetic field is increased to approximately
50 kOe.

CONCLUSION

The experiments reported here in strongly doped
n-type GaAs show that the low-temperature irn-
purity phenomena is properly described using den-
sity-of-states functions for the conduction band
and impurity level which have Gaussian-like tails.
Both magnetic freezeout and impurity ionization
experiments appear to be in agreement in this
recently developed model for strongly doped semi-
conductors in a magnetic field. A proper inter-
pretation of measurements on impurity activation
energy and impact ionization leads to the conclusion
that states deep in the conduction-band tail are
sufficiently localized that they do not contribute to
the conduction process. Changes in the electric
breakdown fields of these materials in a magnetic
field appear to be in agreement with recent theories
of impact ionization provided the increase in
activation in a magnetic field is properly taken into
account.
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We have studied extrinsic optical absorption and transient photoconductivity due to the two

deep impurity levels that cobalt introduces in silicon. The absorption and photoconductivity

spectra show that the acceptor level 0. 52 eV below the conduction-band edge and the donor

level 0. 38 eV above the valence-band edge are two different charge states of the same cobalt
center, rather than independent states. The long-wavelength optical absorption spectra and

the transient response times of positive and negative photoconductivity can be explained in
terms of various excited states of neutral, and of positively charged cobalt centers. These
excited states lead to a modification in the kinetics of the previously proposed two-level mod-

el of negative photoconductivity.

I. INTRODUCTION

Cobalt in silicon has previously been found to
introduce deep impurity levels which cause light-
sensitive oscillatory current instabilities. ' Studies
of the effects of infrared light on the oscillations
led us to the discovery of negative extrinsic photo-
conductivity in n-type Co-compensated Si, which
was interpreted by a previously proposed model. '
However, the photosignal was sufficiently weak and
the samples sufficiently thin that we were unable
to observe either the transient response of photo-
conductivity or the extrinsic optical absorption
under monochromatic illumination. Recently, ' ex-
periments on diffusion of Co in Si have demonstrated
the ability of Co to compensate p-type Si and have
located the Co impurity levels more accurately.
They were found to be a donor 0. 38 + 0. 02 eV from
the valence band and an acceptor 0. 52 +0.02 eV
from the conduction band.

Ne report here on more thorough and extensive
investigations of the optical properties of this ma-
terial. Larger samples made possible the study of
the extrinsic optical-absorption spectrum, and a
signal-averaging computer made possible a study
of the spectral response of transient photoconduc-
tivity. These optical data confirm the location of
the levels as mentioned above and indicate that
they are two different charge states of the same

center. Also, from photoconductivity measure-
ments, we have evidence of free-carrier capture
on excited centers.

MEASUREMENTS

Absorption measurements in the 1.1-2.6-ill, re-
gion were done on a Cary model 14 double mono-
chromator. For longer wavelengths, a Beckman
model IR-10 gras used.

For photoconductivity measurements, a Spex -', -m
grating monochromator was used to illuminate the
sample with extrinsic light chopped by a piezoelec-
tric chopper with variable chopping rate. Photo-
conductivity transient response signals were pro-
cessed with a computer of average transients (TMC
CAT 4606) to increase the signal-to-noise ratio.

III. SAMPLE PREPARATION

Silicon wafers were prepared for diffusion by de-
greasing in hot trichloroethane, etching in HF
+ HNO3 rinsing in HNO3, and then rinsing in dis-
tilled deionized water. They were then chelated
in the trisodium salt of ethylenediamine tetracetic
acid (EDTA), rinsed again in deionized water, and
dried on filter paper. At least an order of magni-
tude more cobalt than necessary to compensate to
the solid solubility limit of 10' cm was quickly
evaporated on both faces of the wafer, and the co-
balt-plated silicon was then sealed in an argon-




