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By using reflectivity and absorption measurements in the region 5 to 35 micron, the effect of free carriers
on the optical constants has been determined for 7- and p-type germanium, silicon, and indium antimonide,
and for #-type indium arsenide. The contribution of the free carriers to the electric susceptibility is obtained
from the optical constants. A carrier effective mass, s, is defined in terms of the susceptibility, and the
significance of s is considered for four different types of energy band structure. The experimental values
of ms are compared with those calculated by using data from other experiments. Good agreement was
found for #- and p-type silicon, #-type germanium, and p-type indium antimonide. In p-type germanium,
the susceptibility due to transitions between the overlapping bands in the valence band was taken into
account. However, the resulting s, for a sample of ~10" cm™ impurity concentration, is larger by a factor
of 1.8 than that calculated by using cyclotron resonance data. In #-type indium antimonide m, increases
with carrier concentration. If one assumes s to be energy-dependent, the shape of the conduction band
calculated is consistent with previously reported measurements of the shift of the intrinsic absorption
edge with electron concentrations. In the case of #-type indium arsenide, m, differs from the effective mass
reported from thermoelectric measurements but gives good agreement with the values determined from the
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shift of the intrinsic absorption edge for an impure specimen.

I. INTRODUCTION

HE reflectivity of semiconductors is usually con-
stant over a large spectral region on the long-
wavelength side of the intrinsic absorption edge. The
value of the reflectivity is close to that which is pre-
dicted by the refractive index of the bulk material.
However, measurements on semiconductor samples of
large carrier concentrations showed variations of re-
flectivity at long wavelengths.! The effect has been
interpreted as due to the contributions of free carriers
to the electrical susceptibility and conductivity,? and
is to be distinguished from the residual ray reflectivity
bands seen recently in many ITI-V intermetallic semi-
conductors.?

Both optical constants, the refractive index and the
extinction coefficient, can be determined if reflectivity
and transmission measurements are made on the same
material. From the optical constants obtained for
samples of different carrier concentrations, the con-
ductivity and the electrical susceptibility of free carriers
can be evaluated. The susceptibility is appreciable
where the reflectivity shows variations. If the radiation
frequency is large compared to the collision frequency,
1/7, of the carriers, the susceptibility should be inde-
pendent of 7 and depends solely on the structure of the
energy band, aside from the carrier concentration. An
effective mass can be defined in terms of the suscepti-

* This work was supported by an Office of Naval Research
contract. )
t Based in part on a Ph.D. thesis submitted to Purdue Uni-
versity.
1 K. Lark-Horovitz and K. W. Meissner, Phys. Rev. 76, 1530
1949).
( 2H. Y. Fan and M. Becker, “The Infrared Optical Properties
of Silicon and Germanium,” Symposium Volume of the Reading
Conference (Butterworth Publishing Company, London, 1951).
3W. Spitzer and H. Y. Fan, Phys. Rev. 99, 1893 (1955); also
Picus, Burstein, and Hennis, Bull. Am. Phys. Soc. Ser. II, 2, 66
(1951).

bility, which characterizes the energy band. The
measurements can be made with ease, and the interpre-
tation is straight forward and does not involve uncer-
tain assumptions. A number of semiconductors have
been investigated this way, including #- and p-type
materials of germanium, silicon, and indium anti-
monide as well as #-type arsenide. The results will be
reported and compared with data which are available
for the semiconductors from other experiments. For
indium arsenide, the shift of the intrinsic absorption
edge with carrier concentration has also been measured.
Such data, which are compared with the results of
optical constants measurements, have not been re-
ported previously.

II. THEORY

(A) Susceptibility, Conductivity, and Effective
Mass of Free Carriers

If the applied electric field varies with time accord-
ing to
&,=8 oei‘”,
then it can be shown that the solution of the Boltz-

mann equation for the current density in the x direction
may be written?

2 ez ) TUx af()
jzz - —lgz f T '—’"dﬂk
2m)3 n 14+ (w7)? Ok,

6& T 2% afo
et k)

ot 14 (w7)? 9k,
where 2/(2m)? is the density of states in wave number
vector, Kk, space, 7 is the carrier relaxation time, fj is
4 H.Y. Fan, Solid State Physics, edited by F. Seitz and D. Turn-

bull (Academic Press, Inc., New York, 1955), Vol. 1, p. 352,
Eq. (19.3).
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the occupation probability, d.= dk.dk,dk. is the volume
element in wave number vector space, and v, is the
electron velocity in the direction x. We shall consider
crystals of cubic symmetry. Writing

jz= 08:+Xcaé’x/ati

the conductivity, ¢, and the electric susceptibility, x.,
given by

TV af(] 2
S T I
14 (w)? akx (2m)?
and
2 T 0 2
_ f e 0 2 @)
14 (w7)? 0k, (2m)3

should be independent of the direction, «, of the electric
field. For the cases of interest, (w7)23>1, giving

62 afo 2
Xe=— | Vs— A,

Fies® Ok, (2m)?

©)

which is independent of 7. Integrating by parts, the
integral in (3) becomes

v, o=+
— [ panr [ sl
9k, a=—
The second term is zero. Using v,= (1/%)dE/dk., where
E is the energy of the carrier, we have
e? R2E 2
=w2ﬁ2

" dk,dk..

— 0@, 4
dk,? (21r)3f * ®

where x is an arbitrary direction in the crystal. We
note that the same result can be deduced from the
quantum-mechanical treatment.®

While the conductivity depends essentially on 7, the
susceptibility in the range of (w7)2>1 does not involve 7
and depends only on the structure of the energy band.

We shall define an effective mass in terms of x.,
Xe=—Ne2/wms,

©)

where N is the carrier concentration, and consider the
significance of m, for four different types of band
structure.

(a) The surfaces of constant energy are spherical;

E=h%2/2m*.
It follows from_(4) and (5) that
ms=m*. (6)

(b) Each surface of constant energy consists of

several ellipsoids, as in the conduction bands of ger-

manium and silicon. Near any one of the minima in

8H. Wilson, Theory of Metals (Cambridge University Press,
Cambridge, 1936), p. 131.
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the band, the energy can be expressed by

h2 k12 k22 k32
(),
my Mg Mg

where ki, ks, and k; are along the principal axes of the
ellipsoid. In this case 92E/9k,? is independent of [ k4,
| ks|, and jk3|, and the susceptibility of carriers in the
one valley is, according to (4),

w? B0k w?

e* n 9°E e? [cos?(ky,ky) cos?(k,ksy)
—n[ |

my Mo

2 (ks ks
Jtb)

ms

where # is the concentration of carriers in the valley.
x. for the crystal is obtained by summing the contribu-
tions from all the valleys in the energy band. Because
of the cubic symmetry, x. is independent of the orienta-
tion of the crystal with respect to k,, and is identical
to the value averaged over all possible directions of k..
We can also take the average of (7) over the directions
of k, and multiply the result by the number of valleys.
The result is

—eN1ys1 11
Xe= ‘( } = ) . (8)
w? 3\mi my ms
Comparing with (5), we get
1 1,1 1 1
—=- *—I——-l-—). 9)
ms 3\my me mg

As is seen, fo enters only into the determination of NV
and the result (9) does not depend upon the distri-
bution function.

(¢) In germanium and silicon the valence band is
composed of 3 overlapping bands. The maxima of two
bands meet at k=0 and the maximum of the third band
is also at k=0 but lies at a lower energy. Under normal
conditions the carriers are concentrated in the two
higher bands, and the susceptibility will be taken as the
sum of that of carriers in each band. Approximating the
surfaces of constant energy by spheres, we have

—Ne? ¥-Nge2

Xe=

3

w2m1 w2M2

where N1, N2, m1, and m, are the carrier concentrations

and effective masses in the two bands, respectively.
Using the additional relations,

V(50 %
Nl/N2= (—) and N1+N2=N,
msy
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we obtain by comparison to (5)
1 mimt
——— (10)
ms  midtma}

(d) It has been assumed in the above cases that the
mass parameters in the (E,k) relationship are constant,
independent of energy. Because of some experimental re-
sults to be pointed out, it is of interest to consider the
case of spherical constant-energy surfaces,

E=nr2k2/2m*(k),
where m* (k) is a function of the magnitude of k. Using
Eq. (3) with v,= (1/%) (0E/dk.) and replacing v,2 by 12?,
we have
2 e? af()

- Wik

(2‘rr)3 3w? OF

The quantity d@ can be written as
[dSk (E)/gradkE]dE,

where Sx(E) is the surface in k space corresponding to
the energy E. Integrating first over Sk (E), then over E,
we obtain

where ¢ is the Fermi energy and ¢ is the velocity
averaged over the Fermi surface. For spherical constant-
energy-surfaces:
2 Aok
N= ,
27 3

1|0E
G, R

h| ok |;

Si(§) = 4mkt?,

Comparing the expressing of x, with (5), we see that
1 1

ms  hk;

oE

(11)
ok |

It should be noted that this value is not the same as
m*(ky)=hk?/¢.

(B) Electric Susceptibility Due to Interband
Transitions

Thus far our attention has been restricted to what
might be called the conductive effect of carriers. When
an energy band is composed of overlapping bands,
carrier transitions between the bands may contribute
to the susceptibility as well as the absorption of radia-
tion. Such absorption has been observed in p-type ger-
manium.® The susceptibility associated with electron
transitions from a band v to a band j is given by’

e Sink

drm x Vj,,k2—112

6 Kaiser, Collins, and Fan, Phys. Rev. 91, 1380 (1953).
7See H. Y. Fan, Repts. Progr. in Physics XIX, 107 (1956).

(12)

Xv=
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where k is the wave number vector, /v x is the energy
difference between the state at k in the band » and the
state in the band j at the same k, and f, is the oscil-
lator strength for the transition. Expression (12) may
be written as

~—f U”(p“k) vak, (13) -
where i
Uv(”)=(32/4m>fiv(1’)77v(”) (14)

is the conductivity which characterizes the absorption
associated with the transitions. 7,(vj)dv;x gives the
number of states of the band v per unit volume, for
which the transition frequency lies in the range between
viwe and vjtdvi. If the absorption coefficient, as,
associated with such transitions and refractive index, %,
of the crystal are known then ¢, can be obtamed
according to

o= (cn/4m)a, (135)
and the susceptibility x, can be calculated by using (13).
III. EXPERIMENTAL METHOD

All optical measurements were made at room tem-
perature (297°K) and the specimens used were all
single crystals with the exception of the indium arsenide.
The reflectivity of the material of refractive index » and
extinction coefficient « is given by

(n—1)24«2
(1)

The transmission, in the absence of interference fringes,
is given by?

(16)

(1—R)%e ==

= ) (17)
1— R2e~2az

where « is the linear absorption coefficient and « is the

sample thickness. « is related to « by

a=4mx/\. (18)

By using these relations, # and « can be determined
from measurements of R and T'. The susceptibility can
be calculated according to

e=eo+4mx.=n2—«?,

(19)

where € is the dielectric constant in the absence of any
contribution from free carriers. ¢ may be obtained
from a measurement of R on a pure sample.

The reflectivity is measured using specimens with
polished surfaces and a thickness such that ax>>1. The
sample is then reduced in thickness until it is convenient
for transmission measurements. In most cases this
thickness is of the order of 10 microns. The thickness is
measured using transmission interference fringes at
wavelengths shghtly longer than the intrinsic absorptlon
edge. Since in almost all of the materials the carrier
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absorption increases with increasing wavelength, the
fringes are measured in a region with relatively high
transmission.

The first experimental test of the validity of (3) is
made by checking the proportionality between x. and A2.
The condition, w?7%3>1, should be satisfied if this rela-
tionship is observed. From (5) and the experimental
values of x, the quantity N/m, is obtained. The determi-
nation of the carrier concentration is made from Hall
measurements on the same specimens which are used
for the optical measurements. In all cases except silicon,
the Hall coefficient was the same at 297°K and 77°K.
If the expression

Ry=41/Ne (20)

is used where Ry is the value measured at 77°K, then
the Fermi energy may be calculated using

4w (2makT)? p~  xidx
N= . (21)
3 z—*
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F16. 1. Reflectivity and refractive index as functions of wave-
length for #n-type germanium and p-type germanium samples,
where NV is the majority carrier concentration.

where m, is the density-of-states mass, & is the Boltz-
mann constant, and {* is the Fermi level divided by 7.
In all cases ¢ is found to be at least 727 inside the con-
duction or valence band. Therefore, (20) should yield a
good estimate of V at 77°K. For all samples, except
those of silicon, the carrier concentration at 297°K is
taken to be the same as the value found for 77°K. In the
case of silicon the Hall coefficient measured at 297°K
has to be used. The expression (20) is used to calcu-
late NV. It will be shown that this value of V leads to a
value of m, which is in excellent agreement with the
data of cyclotron resonance experiments, according to
(9) or (10).

The Hall coefficient and the resistivity may be com-
bined to give an estimate of a relaxation time 74;

Ru/p=(¢/m)7u. (22)

This value, 74, should indicate the order of magnitude
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Fic. 2. Extinction coefficient and free carrier susceptibility as
a function of wavelength for the #-type germanium sample of
Fig. 1. The straight line through the —4wrx, points is drawn with
a slope of 2. .

of the collision time of carriers. One may check the
condition w?rz%>1 using the frequencies for which x,
is determined.

'IV. RESULTS AND DISCUSSION
n-Type Germanium

The spectral curve for the room temperature reflec-
tivity of an arsenic-doped germanium sample is shown
in Fig. 1. The absorption coefficient, @, and extinction
coefficient, , have been determined from transmission
measurements and « is shown in Fig. 2. The refractive

10000

Germanium
! P-Type
5000}
al{cm®)
1000}
‘SO0l ) " L 2
1 2 5 10 20 30
X (Microns)

F16. 3. Absorption coefficient, a, vs wavelength for the p-type
germanium sample of Fig. 1. The numbers (1), (2), and (3) indi-
cate the absorption bands attributed to interband transitions
within the valence band.
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F1c. 4. The susceptibility for interband transitions, x,, as a
function of wavelength for the p-type germanium sample of Fig. 1
is given by the solid curve. The susceptibility, x., is given by
the points.

index, #z, determined as described previously is also

given in Fig. 1. The refractive index as a function of
wavelength was also determined for this sample using
transmission interference fringes measured to 15 mi-
crons. The results agree within 59, with those obtained
from transmission and reflectivity data.

Several of the characteristics of the reflectivity curve
become clear. The large decrease in the reflectivity
beyond about 10 microns is due to a decreasing re-
fractive index ; the x? term in (16) is negligible until ap-
proximately 18 microns. In this spectral region (17) and
(19) become

R=(n—1)%/(n+1)?

Beyond 18 microns, the rapidly increasing « is no longer
negligible in the reflectivity expression (16). The effect
of k is to increase the reflectivity. Because of the in-
creasing absorption, it was not possible to measure the
transmission at wavelengths over 24 microns, therefore,

and e=n?

40
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= g
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S 35 s
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. 5. Reflectivity vs wavelength for n-type and p-type silicon
samples, where & is the majority carrier concentration.

SPITZER AND H. Y. FAN

the values of # and « could be determined reliably only
for A <24 microns.

A plot of In(—4wy,) vs In\ is given in Fig. 2. As is
seen, the wavelength squared dependence of x, is quite
well satisfied for the sample. The value of m; obtained
from the susceptibility measurements is 0.15m, where m
is the free electron mass. This result is in reasonably
good agreement with the value of m,=0.12m obtained
from (9) by using cyclotron resonance data.®

It is also of interest to note that the slope of the
absorption curve is approximately 2.9, which is con-
siderably larger than the 2.0 predicted by Drude theory.
This effect has been reported previously.’ i

(B) p-Type Germanium

The interpretation of the measurements for p-type
germanium is complicated by the presence of inter-
band transitions of the type considered in Sec. (IIB).
The reflectivity and absorption coefficient curves for a
gallium-doped germanium sample are shown in Figs. 1
and 3. The 3 bands seen in the absorption coefficient

70, InSb: P-Type 4.0
N=1.9 x10%m™

£° 3
S 2
o -
a

~59 2
£ 5
3 3.02
E 40| E
5 <
'3

o
<)

n

<)

3 5 10 15 26 25
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Fi16. 6. Reflectivity and refractive index »s wavelength for
a p-type indium antimonide sample.

curve has been attributed to the interband transitions.!
The rise at the long-wavelength end of the curve!! is
due to the ordinary conduction effect of the free
carriers.

When one uses the values of # deduced from the
reflection and transmission measurements, the con-
ductivity o, (») associated with the interband transitions
can be calculated from the absorption coefficient. The
susceptibility x, can be then calculated using (13). The
results are given in Fig. 4. The measured values of #
and x determine the total susceptibility of free carriers.
Subtracting from it x,, we obtain x, which is also given
in Fig. 4 for various wavelengths. The dashed curve is
drawn proportional to A2 and so as to give the best fit.
The curve gives m,=0.50m. On the other hand, Eq. (10)
gives m,=0.27m using the cyclotron resonance values
of my and m,.% The discrepancy seems to indicate that
a high impurity concentration, 1.1X10¥® cm™ in the
sample used, changes the values of ms,.

8 Dexter, Zeiger, and Lax, Phys. Rev. 104, 637 (1956).

9 Fan, Spitzer, and Collins, Phys. Rev. 101, 566 (1954).

0 A, H. Kahn, Phys. Rev. 97, 1647 (1955).

1 E. Johnson and W. Spitzer, Phys. Rev. 94, 1415 (1954).
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(C) n-Type and p-Type Silicon

Both the n-type and p-type silicon measurements are
treated in the same manner as the n-type germanium.
Although silicon has a valence band structure similar
to that of germanium, the p-type silicon carrier absorp-
tion spectrum does not show any band structure up to
40 microns. Figure 5 shows the reflectivity curves for
the silicon samples. The values of m, are 0.27m for the
n-type silicon and 0.37m for the p type as determined
from (5). These values are to be compared to the
corresponding values of 0.26m and 0.39m.% The agree-
ment in both cases is quite good.

(D) p-Type Indium Antimonide

The reflectivity, refractive index, absorption, and
susceptibility curves for a zinc-doped indium anti-
monide sample are shown in Figs. 6 and 7. It is usually
found in semiconductors that the free-carrier absorption

20 00ofF InSb Jeo
P-Type
N=1.9x10" ¢m™
15000t
Zu
Fic. 7. Absorption 10 000} 0 ~
coefficient, «, and 50 =<
susceptibility, xe, 9§  ~ R
wavelength for the TE 8.0 o
p-type indium anti- & 70 <
monide sample of
. Flg 6. 6.0
5000} 5.0
4000} 440

9510
X (Microns)

increases with increasing wavelength. Although the
absorption in p-type indium antimonide shows little
wavelength dependence, it is assumed that the absorp-
tion is due to the conduction effect of free carriers. The
susceptibility x. obtained on this assumption does show
the A? dependence. The value m,=0.20m is obtained
which is in good agreement with the cyclotron resonance
value of 0.18m.12

(E) n-Type Indium Antimonide

The measurements on #-type indium antimonide
yield several interesting results. Figure 8 shows the
spectral dependence of the reflectivity for five tellurium-
doped samples of different carrier concentrations. The
striking difference between these reflectivity curves and
those previously shown are the extremely deep minima
in the curves of Fig. 8. The depth of the minimum is

12 Dresselhaus, Kip, Kittel, and Wagoner, Phys. Rev. 98, 556
(19595).
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Fic. 8. Reflectivity vs wavelength for five n-type indium anti-
monide samples. The refractive index curve labeled # is for the
sample with N =6.2X10" cm™3.

controlled by the extinction coefficient x. It is clear
from (16) that as long as «? is small, the reflectivity will
reach a low value at a wavelength corresponding to
n~1. Whether or not «* will be small near this wave-
length depends on the value of . Whereas o is deter-
mined by 7, x. is independent of it. Both ¢ and x.
increase in magnitude with the wavelength. With a
large value of 7, ¢ may be low enough to give small
values of «, while —4my, becomes sufficiently large

TaBLE I. A summary of the experimental data from the present
measurements. The last column contains the values for effective
mass of free carriers obtained from other measurements.

Effective mass

from other
Present measurements measurements
Material Type N TH ms/m ms/m
Germanium n 3.9 X1018 4.4X10"14 0,15 0.12a
b 1.1 X101 6.2 X104 0.50 0.272
Silicon n 3.6 X1018 2.7 X10™14  0.27 0.262
¥4 9.6 X1018 1.0 X107 037 0.392
InSb §4 1.9 X109 3.0 X10"14  0.20 0.18>
n 3.5 X1017 4.7 X10713  0.023 0.015¢ and
n 6.2 (5) X107 4,0 X10713  0.029 0.03d
n 1.2 X108 4.0 X108 0.032
n 2.8 X1018 3.2X10™18 0,040
n 4.0 X108 2.6 X108 0.041
InAs n 2.4 X101 2.7X10"13  0.030 0.064¢
n 1.4 X108 3.8 X108 0.033

a See reference 8.

b-See reference 12.
¢ See reference 13.
d See reference 14.
e See reference 16.
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to reduce the dielectric constant and the refractive
index. The minimum value of reflectivity will, there-
fore, be low. This point is illustrated in Table I where
it is seen that the values of 74 determined from (22),
are an order of magnitude larger for z-type indium anti-
monide than for any of the other materials discussed
thus far. The spectral curves for the refractive index,
absorption coefficient, and susceptibility for one of the
samples are seen in Figs. 8 and 9. It is indeed seen that
«? is negligible in (17) until the minimum reflectivity is
reached.

The very low value of the minimum in the reflectivity
curve also makes it unnecessary to make the trans-
mission measurements to determine x,. When the value
of R is small at the minimum, then &1 according to
(16). Since k decreases with decreasing wavelength, it
can be neglected on the short wavelength side of the
minimum reflectivity.

The value of m, has been determined for each of the
samples in Fig. 8. It is not a constant but varies from
ms=0.023m for the sample of smallest carrier concentra-
tion to m,=0.041m for the largest concentration. Figure
10 shows a plot of m,/m as a function of carrier concen-
tration. While it may be expected that the introduction
of impurities could alter the shape of the conduction
band, the observed variation of m, is considerably
larger than we would expect. It is believed that the
conduction band in indium antimonide has spherically

1n Sb:N-Type
0.04
.
€ 003 .
€
7
0.02
,/
001 - N
4 1x10" 2x10" 3x0* 4xi0"*

N (em™)

Fi1G. 10. The dots represent the measured values of m,/m as a
function of electron carrier concentration in #n-type indium anti-
monide.
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constant energy surfaces. If one takes , as a function
of energy, Eq. (11) must be used for its interpretation,
all samples being degenerate. By using the relation

2 Ank?
2m)? 3

Eq. (11) may be written as
dE| h2(3w2N)}

— 23
" (23)

¢ Mms

Cyclotron resonance measurements made at room tem-
perature give an effective cyclotron mass of 0.15m.1
The sample used should be intrinsic at room tempera-
ture with an electron concentration of the order of
10'® cm™3. The electrons are not degenerate and the
effective cyclotron mass is not given by (11). However,

N (ecm™3)
2.’7x10" 9.3x10'7 2.2x10" 4.3x10"

F1c. 11. Conduction
band energy of n-type
indium antimonide us
magnitude of wave num-
ber vector, k, and carrier
concentration, N.

Energy (ev)

[

0 20 30 40 50N
k (Electron Wave Number Vector) cm-!

we note that the value falls not far from the extrapola-
tion of the curve of m, in Fig. 10. Using Fig. 10,
Eq. (23) may be integrated. A plot of E vs % for the
conduction band obtained in this way is shown in
Fig. 11. The values of E at small NV, in Fig. 11, are
affected to some extent by the extrapolation of the
curve in Fig. 10 and are therefore not too reliable.

It is well known that the intrinsic absorption edge
of indium antimonide shifts to shorter wavelengths as
the electron carrier concentration increases to larger
values. These results have been previously analyzed!
on the basis of an effective mass of 0.03# independent
of energy. It is of interest whether the energy de-
pendent effective mass determined from the suscepti-
bility is in contradiction with the experimental edge
measurements. The dots in Fig. 12 give kv vs k for a
number of samples, where /4» is the experimental value

13 Burstein, Picus, and Gebbie, Phys. Rev. 103, 825 (1956).
4 W. Kaiser and H. Y. Fan, Phys. Rev. 98, 966 (1955).
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of the photon energy for an absorption coefficient of
300 cm™! and % is the electron wave number determined
from N. The expression for the energy,* kv, corre-
sponding to an absorption coefficient, «, is

me* ap—
w(a)=E,+ (1+——)[§‘—kT ln(
mh* «a

where E, is the energy gap, k is the Boltzmann con-
stant, and ao is the absorption coefficient in a pure
sample at the same 4v. The derivation of this expression
assumes direct transitions across the forbidden energy
gap. The Fermi energy, ¢, may be taken from Fig. 11.
Using ap and « from room temperature absorption
graphs, (hv—E,) may be calculated. The crosses on
Fig. 12 are the calculated values of (kv—E,) taking
E, to be 0.18 ev. The theoretical points are in reasonable

], (24)
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F1G. 12. Photon energy, /v, for an absorption coefficient o= 300
cm™ of the n-type indium antimonide intrinsic absorption edge
as a function of the magnitude of the electron wave-number
vector, k, at the Fermi energy. The dots are experimental values
taken from the data of (1) Kaiser and Fan!* and (2) G. Gobeli,
Purdue University (unpublished). The crosses are the calculated
values.

agreement with the experimental data given by the dots.
The value E,=0.18 ev, chosen for best fit, is in good
agreement with previous estimates of E, at room
temperature.!s

(F) n-Type Indium Arsenide

Reflectivity curves for two polycrystalline #-type
indium arsenide samples as well as one p-type sample
are shown in Fig. 13. The n-type curves are quite
similar to those for n-type indium antimonide. How-
ever, although the carrier concentrations of thetwo
samples differ by a factor of ~6, the m, is substantially
the same for both samples. The values obtained are

=0.030m for the sample of lower carrier concen-

15 M. Tannenbaum and H. B. Briggs, Phys. Rev. 91, 1561
(1953) ; also reference 14.
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Fic. 13. Reflectivity vs wavelength for two #z-type indium
arsenide samples as well as a p-type sample of a sufficiently small
hole concentration such that x.~0 for the wavelengths used.

tration and m,=0.033m for the second sample. We shall
assume therefore that m,=m* is energy independent.
Recent thermoelectric measurements of indium arsenide
yield an electron effective mass of'® 0.064m between 500
and 800°K which is considerably higher than our value.
Although our samples have much higher impurity con-
centrations, the insensitiveness of m* to the impurity
concentration seems to rule out this difference as the

fo/

]
’[ InAs
! (297°K)
/

1000}

500

]
]
]

alcm™)

100 ®—@ p-type;N~10"em™

jo_ -3

x=—xX n-type;N=2.2xI0°cm
50

)
l
|
i
l
1
:
b
[
!

0400 O 500 0,600
Photon Energy (ev)

9 -
0300 6700

FIG 14. The room temperature intrinsic absorption edge as a
function of photon energy for two indium arsenide samples.

16 H. Weiss, Z. Naturforsch. 11a, 131 (1956).
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cause of discrepancy. Moreover, the Fermi energies of
the samples used here correspond to temperatures
greater than 500°K.

Also, similar to the case of n-type antimonide, the
intrinsic edge for impure #-type indium arsenide samples
is shifted to higher energy. Figure 14 shows the room
temperature intrinsic edge as a function of photon
energy for a p-type sample of low carrier concentration
and an z-type sample with a carrier concentration of
2.20X10'® cm™3. By using (24) with E,=0.33 ev!
hv(a)=0.470 ev, and m.*/m*~0.1, ¢ may be deter-
mined for the impure sample. From ¢ and N, m* is
calculated to be 0.035#. The value of E,=0.33 ev
obtained from either photovoltaic effect or optical
absorption is subject to uncertainty, depending on
what level of the effect is taken to be the threshold.
As can be seen in Fig. 14, the value of E, can be taken
to be 0.31 ev, in which case we would obtain 7*=0.031m

17 R. M. Talley and D. P. Enright, Phys. Rev. 95, 1092 (1954);
also F. Oswald, Z. Naturforsch. 10, 927 (1955).

SPITZER AND H. Y. FAN

in substantial agreement with the values given by the
susceptibility.

Table I summarizes the results obtained for the
various semiconductors investigated. Available data on
effective mass given by other experiments are given for
comparison. The relaxation times, 74, are determined
from the room temperature electrical measurements
and Eq. (22).

Measurements of the optical constants provides a
simple method of determining the effective mass of
carriers. However, in cases where there is more than one
band of spherical constant energy surfaces or a band in
which the constant energy surfaces are not spherical,
the value m, obtained is an average and the individual
mass parameters cannot be determined. Another limita-
tion is the necessity of using rather large carrier con-
centrations and, therefore, large impurity concentra-
tions, which may affect the effective mass to some
extent. For samples of smaller carrier concentrations,
measurements have to be made at longer wavelengths.
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Stress in Evaporated Ferromagnetic Films
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Ferromagnetic resonance and oscillation magnetometer measurements on a thin evaporated nickel film
annealed in a magnetic field are described. Observations of the dependence of the resonant field magnitude
on the angle in the plane of the film between the direction of the magnetic field during annealing and the
static resonance field direction show that magnetic annealing produced a preferred magnetic axis in the
plane of the film. The good agreement between theory and experiment allows one to establish that the film
had bulk-nickel g and saturation magnetization values, a large isotropic tension in the plane, and a lesser
uniaxial compression in the plane in the direction of the preferred magnetic axis. In the light of these results,
it is suggested that part of the discrepancy between theory and ferromagnetic resonance experiments found
recently by Conger and Essig for the dependence of saturation magnetization on evaporated film thickness
may have arisen from their omission of stress corrections to the resonance condition. Further, part of the
difference between film switching times derived from resonance line widths and those directly measured
on the same films by these authors may have been caused by the narrowing of ferromagnetic line widths for
thin films, as compared with bulk material, produced by the strong dependence on resonant absorption of

power transmission entirely through sufficiently thin films.

ERROMAGNETIC resonance and oscillation mag-
netometer'—® measurements on films or disks afford
a powerful means of determining accurate g values!*+
and of investigating the dependence of saturation
magnetization,!* magnetocrystalline anisotropy,®® and
stress!-*46 on film parameters.
It has recently been shown that thin alloy films
evaporated and annealed in a magnetic field lying in

17. R. Macdonald, Phys. Rev. 81, 312(A), 329(A) (1951).
(125]1.)H. E. Griffiths and J. R. Macdonald, J. Sci. Instr. 28, 56

9351).

3 J. R. Macdonald, Ph.D. thesis, Oxford, 1950 (unpublished).

4 J. H. E. Griffiths, Physica 17, 253 (1951).

A, F. Kip and R. D. Arnold, Phys. Rev. 75, 1556 (1949).

6 J. R. Macdonald, Proc. Phys. Soc. (London) A64, 968 (1951).

the plane of the film show rectangular hysteresis loops’
and are useful for very fast switching and storage
applications.”® The magnetic field causes the films to
develop a preferred magnetic axis or uniaxial anisotropy
in the film plane. An applied magnetic field can then
switch the film magnetization from a parallel to anti-
parallel orientation along the magnetic axis and vice
versa.

This current interest in evaporated films has sug-
gested that the use of the above measuring techniques
be illustrated for data® obtained in the spring of 1950 on

7M. S. Blois, J. Appl. Phys. 26, 975 (1955).

8 R. L. Conger and F. C. Essig, Phys. Rev. 104, 915 (1956).
*D. O. Smith, Phys. Rev. 104, 1280 (1956).



