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state get mixed before emission. Such a mixing
process may be explained by the assumption that
the equilibrium position of the excited state occurs
at the T, site symmetry point of the crystal.

Using these ideas and the data obtainedfrom the
luminescence width, we have constructed para-
bolic configuration-coordinate curves for the ground
and localized excited state of the center. These
are shown in Fig. 12. In determining these curves
we have assumed an excited-state vibrational mass
corresponding to the symmetric breathing-mode
vibration. The emission peak shift with tempera-
ture and the displacement of the two minima from
one another are then predictable. The predicted
emission peak shift is 1. 2x10™* eV/K, while the
measured shift is 0. 86x10™ eV/K. I we assume
that the particular configuration coordinate is the
distortion of the tetrahedron from T, to Cs, as ob-
served in EPR, a comparison can be made of this
distortion as deduced by EPR and by the configura-
tion-coordinate description. Both values are ap-
proximately 0. 5 A. The configuration-coordinate
model also explains, at least qualitatively, the dif-
ference between the optical and the thermal activa-
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tion energies for quenching the 1. 9-eV lumines-
cence since the model should apply equally well to
excited-hole states of the Pg, center. These ex-
cited states are expected to lie very close to the
valence band edge, as evidenced by the fact that
infrared radiation produces free holes leading to
p-type conductivity. The excited-hole states are
expected to be more nearly cubic than the ground
state, leading to a displacement in the equilibrium
positions and a difference between the thermal and
optical activation energies.

The nature of the center responsible for the 1. 15-
eV luminescence remains obscure. An interesting
possibility is that it arises from an electronic tran-
sition of the ionized Pg, center, i.e., Pg,. The
variable intensity of this luminescence with post-
growth annealing and the absorption band which is
produced by band-gap radiation are qualitatively in
agreement with this supposition, but substantiating
evidence is not available.
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Measurements of the infrared Faraday effect at 3.39 ym have been performed to obtain in-
formation about the carrier transfer between the I'; and L, conduction-band minima at high
electric fields in GaSb. For high-mobility semiconductors in the near infrared, the Faraday
effect is practically independent of the momentum relaxation time, and its decrease with

electric field can be related to carrier transfer between minima.

An analyzer has been built

with 2 minimum resolution of 3 x 10~ deg. A decrease of 14% has been observed in the elec-
tron population of the T'; valley at 1.1 kV/em, which is in good agreement with calculated
values. Influences of nonparabolic conduction-band and carrier heating on the Faraday effect

are considered.
I. INTRODUCTION

Carrier transfer by high electric fields in many-
valley semiconductors with nonequivalent conduc-

tion-band minima has been investigated several
times in the past. Most of this work has been di-
rected towards a better understanding of the conduc-
tion mechanism in GaAs, because of its practical
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application in Gunn-effect devices. One of the basic
parameters in describing the high-field properties
of many-valley semiconductors is the amount of
carrier transfer between the minima. Experimen-
tal information about this quantity has been obtained
either by observing the j-E characteristics® or the
galvanomagnetic phenomena.?=% It is impossible,
however, to evaluate directly from these methods
the amount of electron transfer into the higher min-
ima, since the measureable quantities represent
the change with electric field of both the electron
distribution and the relaxation time. The plasma
frequency has been proposed as a test for intervalley
transfer by several authors. %’

In a recent letter® we introduced the infrared
Faraday effect as an experimental method for study-
ing carrier transfer and reported preliminary ex-
perimental results obtained on GaSb. For wT>>1
(w=frequency of incident light, 7= momentum re-
laxation time), the Faraday rotation is practically
independent of T and of any change in T due to the
application of an electric field, so that the change
in valley population can be obtained directly.

We report an experimental investigation of Far-
aday rotation in GaSb at 300 °K and its possible in-
terpretations in terms of carrier transfer between
the I'; and L, conduction-band minima. We will also
consider the influence of nonparabolic conduction
bands as well as carrier heating. These effects are
found to be small compared with the influence of
carrier transfer.

II. EXPERIMENTAL

The experimental arrangement is shown sche-
matically in Fig. 1 and is similar to the apparatus
described by Craig et al.® Plane-polarized light
from a HeNe laser operating at 3.39 um was focused
on the sample in a magnetic field. The analyzer
could be rotated about 360° and consisted of two Ge
flats oriented at the Brewster angle in the light
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FIG. 1. Diagram of the experimental arrangement.
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beam and rotated 90° against each other. When the
plane of polarization of the beam is inclined at 45°
against the plane of incidence of the Brewster flats,
both detectors mounted in the path of the reflected
beams receive the same signal. A change in the
polarization changes the detector signals and the
corresponding rotation is given by 9= 3} arcsin(D/S),
where D is the differential signal, and S the sum
signal of the detectors. Applying a voltage pulse to
the sample resulted in a change of the plane of the
polarization, and the corresponding change in detec-
tor signal could be observed on a sampling oscil-
loscope followed by an integrator and an X-Y re-
corder. The integrator served to reduce the noise
and to smooth the output signal of the oscilloscope.
This was necessary because of the low repetition
rate of the pulses (1 Hz). In this way a minimum
resolution of 3 X10- deg could be obtained by using
a laser of 10 mW power.

The material used for the present investigation
was single crystal n-type GaSb. Samples were
quadrangular in shape (1.45X1.45X5 mm®) and had
two opposite faces (1.45 X5 mm?) polished. Con-
tacts were soldered to the end faces, and high-vol-
tage pulses were applied to the sample by means of
a low-impedance (1 -2) pulse generator with a pulse
length of 0.5 usec and a repetition rate of 1 Hz, to
minimize sample heating. Assuming adiabatic
sample heating during a pulse, we arrive at a cal-
culated rise of lattice temperature of 2.5° at a field
strength of 1 kV /cm.

Due to the low energetic separation between the
T, and the L, band (A =0.1 eV) both minima are oc-
cupied by electrons at 300 °K. The numbers of elec-
trons in I'; and L,, and N, and N,, respectively, are
given by

3/2
No- 4 (29T ) 5 B ), (1)
h kT,
3/2 _
NFM(%) 4K1/231/2(§kFT_£), (1b)
e

T, being the electron temperature (300 °K at Ohmic
conditions) and Ep the Fermi energy. &, are
Fermi integrals, m, and m,, are the effective masses
in Ty and L,, respectively, and K=m,,;/m,;, the
anisotropy coefficient of the L, minima. With the
values of Table I, we obtain for zero electric field
Ny(0)=0.46N, where N=N,+N,;=6.8x10'® cm=,

By applying the well-known formulas for two-band
conduction (e.g., Smith!®), and from the measured
Hall constant and the conductivity, together with the
known value of the mobility ratio b= uo/ Ky, the
listed values of N, Ny(0), and N,(0), we have ob-
tained ug, p,4.

In Fig. 2, results are given for the observed de-
crease of the Faraday angle 9 during application
of a dc field at the sample up to 1.1 kV/cm. The
contribution of multiple internal reflections to the
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TABLE 1. Constants for GaSb used in the numerical

calculations.

Effective mass in 'y at k=0 2 Mo =0.04Tm
Transverse effective mass in L;® 1:=0,143m
Anisotropy coefficient in L;® K=8.6
Separation between I'y and L;® A=0.1eV
Mobility ratio between I'y and L,® b =5.6
Refractive index © n =4.05

N =6,8x10' cm™
Ny(0)=3.1x10" cm™3

Mo =3100 cm?/V sec

By =550 cm?/V sec

Total electron concentration ¢
Electron concentration in I';¢
Mobility in T, ¢
Mobility in L,¢

3Reference 11.
PReference 12.
°Reference 13.

dCalculated values for the material of the present
investigation.

Faraday angle 9 and therefore also to A9, has been
investigated by Piller.!* From his results we obtain

9'=9(1+2R% ™ cos49’) , (@)

where 9’ is the observed and 9 the single-pass angle
of rotation, R= (r - 1)/(n+1) is the reflection coef-
fieient, d is the sample width, and 7 is the absorp-
tion coefficient.
we obtain for our samples 9'=1.183. The full curve
in Fig. 2 represents values which have been cor-
rected for multiple reflections.

Results for the normalized conductivity as a
function of electric field strength are given in
Fig. 3.
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FIG. 2. Experimental results for the observed decrease
in Faraday rotation (dashed line) and values corrected for
multiple internal reflections (full line).
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FIG. 3. Experimental results of the normalized conduc-
tivity (crosses) and calculated values (Ref. 4) (full line).

III. EVALUATION OF AN, FROM OBSERVED A#

The contribution by free electrons to the Faraday
effect is given by'®

9=1/nclmo_-1Imo,) ,

where 7 is the refractive index and o, are the con-
ductivities for left-hand and right-hand circulary
polarized light. From this we obtain

Ne?nd - 2w, T2

9= ——% (3)

nemy (1+iwt P+ wir??

where w,=eH/mqc is the cyclotron frequency and

T is the momentum relaxation time. For weak
magnetic fields and w7t >1, Eq. (3) may be approx-
imated by

9= 2me’NHd /nEmiw? | (4)

which is independent of 7.

Equation (4) is a good approximation for the near
infrared and for high-mobility semiconductors. For
GaSb, with a mobility in I, of p,=3100=cm?/V sec
at 300 °K, we obtain wr =43 at A=3.39 um. There-
fore, we expect that the Faraday effect is indepen-
dent of T and that a change in 9 during application
of an electric field represents the change in N,.
This is also justified by an estimation of the influ-
ence of 7(E) on 9, reported recently by Wood, 17
which we will discuss below.

In case of a many-valley semiconductor with a
spherical central minimum and higher ellipsoidal
minima, the Faraday rotation is given by'®

2ﬂe3NHd oy @ K+2
nEe? ( z * mfl 3K ) ’ (5)

with a@y=N,/N and a,=N,/N.

It is therefore possible to obtain the population of
the two valleys as a function of electric field from
an experimental investigation of a change in 9, pro-
vided the band parameters of both minima are
known, However, in most cases the effective masses
in the higher minima are large compared to the
central minimum, so that only electrons in the cen-
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tral minimum contribute significantly to the rota-
tion, and an exact knowledge of the masses in the
higher minima is not necessary. For GaSb, the
ratio of the first to the second term in Eq. (5) is
20.5 ap/ ;.

In order to calculate 9 from Eq. (5) it is neces-
sary to consider more carefully the value of m, to
be used, since it enters quadratically., The most
accurate values of m, have been derived from Far-
aday investigations at low temperatures where all
electrons are in I';. 1*!® In Ref. 11, a value of
mg=0.048m has been given obtained at 20 °’K. Cor-
recting this value for multiple internal reflections,
we arrive at m;=0.050m. To obtain the effective
mass at the bottom of the conduction band m,,
which is different from m, due to nonparabolicity,
we start from the expression for E() as given by
Kane, 2 and get for small k

L=L[1-3k—T*‘~(1-2—"“L\] . 6)
my Mg . m /

A corresponding expression for degenerate material
has been quoted by Piller.?' From these equations
we find that my, is 6. 3% smaller than the measured
one in Ref. 11, that is my=0.047m. Inserting this
in Eq. (6), a value of m4(300)=0.052m is obtained,
and from Eq. (5), 9=0.93° is calculated for the
sample of Fig. 2.

With this value of 9 and the observed change A9,
the corresponding change AN, has been calculated
from Eq. (5) and is shown in Fig. 4.

Calculations for Ny(E) and 0,/0(E) have been per-
formed according to the same model as reported
recently, * and results are also given in Figs. 3
and 4.

IV. INFLUENCE OF OTHER EFFECTS ON
DECREASE OF Ad

In Sec. III we have assumed that the oserved de-
crease in 9 is exclusively caused by carrier trans-
fer into L, minima, We will, therefore, estimate

No (E)/Ng (0)
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FIG. 4. Normalized decrease of I'y population (full
line) as obtained from the decrease in Faraday rotation
(Fig. 2). The dashed line is calculated (Ref. 4).

the influence of other effects, especially those of
the nonparabolicity of the conduction band and of
the change of 7 with applied electric field.

Simple calculations* give an increase of the elec-
tron temperature of 30° at a field of 1.1 kV/cm,
The associated increase in m, according to Eq. (6)
causes a decrease in 9 of 2%. Compared with A9
=15% at 1.1 kV/cm, this is a relatively small ef-
fect in GaSb. However, in semiconductors like
GaAs where T, increases to about 600 °K before
electron transfer starts, the influence of the non-
parabolicity will be dominant in the range below the
Gunn-effect threshold.

The influence of a decrease in momentum relaxa-
tion time with applied electric field has been calcu-
lated by Wood!? by considering only scattering by
acoustical phonons. Although this is not the dom-
inant scattering mechanism in GaSb, we may obtain
an upper limit for the expected change in 9 from
his results, where 9(E)/9, is given by

S(E) _1-2¢"'R;(p)
80 1- 15/2q ’

(7)

with ¢= w?r% and p=% mudE%u?, u is the longitudinal
sound velocity, and the subscript 0 refers to zero
electric field. The function R, has been tabulated
by Wood. From Eq. (7) a 9(E)/9,=0.99 is obtained
for GaSb at 1 kV/cm. The actual decrease in 9 is
expected to be still smaller since the change in mo-
bility and therefore in 7 with electric field is very
small in GaSb. This can be concluded from the good
agreement between observed ¢(E) and the calculated
values which are based on a constant mobility.

V. CONCLUSIONS

It has been shown that from an experimental in-
vestigation of the infrared Faraday effect the carrier
transfer in many-valley semiconductors can be
directly obtained. As a consequence of the larger
difference in effective masses between the different
minima, and due to the quadratic dependence of 9
onl /mo, an exact knowledge of the effective masses
in the higher minima will not be necessary in most
cases. Spurious effects may arise from the influ-
ence of nonparabolic conduction bands and changes
in momentum relaxation time with electric field.
The latter effect will be negligible in the high-mo-
bility semiconductor in the near infrared. Nonpara-
bolicity, however, may become the dominant effect

in materials which exhibit electron transfer only
at high electron temperatures. The observed elec-

tron transfer in GaSb agrees well with calculated
values reported, recently.*
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The j-E characteristics of Te-doped GaSb have been measured up to a field strength of 18
kV/cm at 300°K and up to 7.5 kV/cm at 77°K. Results for the longitudinal magnetoresistance
and the Hall constant at 300 and 77 °K up to a field strength of about 7 kV/cm are given. Ava-
lanche breakdown was observed at a field strength above 7 kV/cm, and the electron-hole pair
generation rate at 300 °K was determined. Calculations based on a three-band model are com-
pared with the measurements. For high-field strengths the influence of the highest X; minimum
has to be taken into account to obtain agreement between experimental and calculated results.
Attempts have been made at an experimental realization of the negative differential resistance
(NDR) predicated by Zaitsev and Zvezdin due to virtual states below the L; minimum. The
effect, although observable, has been found to be not sufficient to produce NDR.

I. INTRODUCTION minimum.® Hilsum and Rees* have considered the

three- valley semiconductors for high-efficiency

In a recent paper! we reported measurements of
the electrical conductivity and the longitudinal mag-
netoresistance of GaSb at high electric fields. For
calculation, a two-band model was used, in which
we considered carrier transfer from the lowest
conduction-band minimum (T,) at the center of the
Brillouin zone to the four minima (L,) along the
(111) directions in % space lying 0.1 eV above the
I, minimum.? We now want to discuss a more de-
tailed investigation of high-field galvanomagnetic
properties of GaSb, and we present calculations
which take into account the third type (X;) of con-
duction-band minima, lying at the zone boundaries
along the (100) directions, 0.315 eV above the T

Gunn devices, and a Gunn effect has been reported
for Ga,In,_, Sb alloys.® Therefore, it appears to be
of interest to study the high-field behavior of the
GaSb component of this system in connection with
the proposed three-valley effect.

It is well known (see Butcher and Fawcett®) that
according to a simple criterion no negative differ-
ential resistance (NDR) will be obtained when the
energy separation of the lowest two sets of minima
is less or comparable to 42T. This is obviously
fulfilled for GaSb at 300 °K, and no NDR has been
observed because of the thermal population of the
L, minima. This offers the interesting possibility
of studying electron transfer without experimental



