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j~Transmittance and reflectance messurements have been made on a number of p-type
Pea alloys. With the electric vector in the cleavage plane, the index of refraction, energy

B éire also reported.

papertics of BigTes and its alloys
Jeen investigated in considerable
jprs.* In part, these studies have

o of immediate interest for the
prials in thermoelectric
room temperature. The
ties of BiaTes have been
it 2) and the optical energy
gmpounds have been reported

;)

as been published.
and reflectance measure-~
to determine the compo~
» the energy gap, the index
Reamerage cffective mass of the
carrier absorption and
. In principle the experi-
;”? ide some information on
gﬁm&nalysns of the absorp-
rov:de a consistent inter-
of the charge carriers
Ble for this.

ils ueed in this work
g in a soft mold (see

list of references.

it appears that no work on .

ge effective mass have been calculated. The absorption edge indicates indirect transi-
 anialysis based on phonons of a single energy is inconsistent. The reduction of the.
[@enstant due to the free carrier susceptibility is observed in the alloys. In contrast to ther-.
By gaps the optical energy gaps increase with increasing Sb content, a result sttributed in
pcreasing degeneracy of the charge carriers. Temperature dependencies of the optical

previous paper). Sample; for optical measure-
ments were taken from the central portions of the
ingots.t For reflectance measurements the speci-
meng were cleaved to yield, over the measured
area, a mirrorlike surface with no visible stepping.
Samples for transmission measurements were
taken from the cleavage face of the reflectivity
specimens. The sample thickness was found from
mass and area measurements and the known
density of the alloy compositions.® In the absence
of visible stepping the uniformity of the thickness
determined by interference fringes and sectioned
sample density measurements was found adequate.

- MEASUREMENTS

Room temperature reflectance and transmittance
measurements were made on a Perkin Elmer Model
21 double beam spectromeﬁer For low tempera-
ture transmittance measurements the single beam
Model 12B with the light chopped at the source
was used to avoid the wavelength dependent zero
shift due to temperature differences bétween the
sample and detector. Sample thicknesses basween
4 and 12 microns were used to obtain appreciable
transmission losses from absorption (Kd > 1,

1 The optical samples came from the same ingots as did
the samples on which the transport propertics, mpomd
in the preceding paper, were measured.
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with K, the absorption coeflicienit and d the sample
thickness) while retaining a transmitted intensity
of measurable magnitude. '

Reflectance measurements were made at an
angle slightly off normal incidence on the cleavage

face of a thick specimen so that internally reﬂected"

radiation did not contribute to the observed in-
tensity. From Fresnel’s equations the slightly off
normal angle of incidence generally was found to
contribute a negligible error in the use of the re-
flectivity equation for normal incidence. The re-
flectance of the samples was measured relative to
an aluminum reference mirror whose absolute
refiectance has been reported elsewhere.®

If the interference fringes are not resolved the

_extinction coefficient, &, and the index of refrac- -

tion, n, ate obtained from the transmittance, T,
the reflectance, R, and the sample thickness, d,
by® '

T = (1—R)2eK3/(1—- R2e2X4) 1)
and
' (n- 1)2 +R2
m (normal incidence), (2)

with the absorption coefficient K == 4xk/A. At low
temperatures the reflectances were not measured
and the absorption coefficient was obtained from
transmission measurements on two samples of
different thicknesses. In this case, to a fair approxi-
mation, K can be obtained by neglecting the
second term in the denommator of equatlon (1).

RESULTS

The reflectances, Rpfor BiaTegand Rgfor SbeTes
are gwen in Fig. 1. Both initially decline with in-
creasing wavelength due to the decrease in the re-
fractive mdex, but for SbeTez the reflectance
reaches a minimum around 9 microns and rises
steeply thereafter to metallic values, This is the
consequence of i increasing free carrier absorption.
Upon substitution of Bi for Sb in SbgTes this
minimum shifts to longer wavelengths

"The index of refraction for various alloy compo-
sitions (indicated by the mol per cent SheTes)
is given as a function of wavelength in Fig. 1 In
the long wavelength region, # was obtained from
equation (2). while 'at the shorter wavelengths
more aoccurate: values- were obtained from the
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(3) using the value for » obtained

interference fringes by the rél
' 2nd = NA

where N is the order of-inte
mate value for NV was first obts

INDEX OF REFRACTION, R .
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] |
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WAVELENGTH, A, aicom

Fre. 1. Reflectance (ka for BigTex
and index of refraction, n, for various

o

With the nearest integer taken as
for N, equation (3) was applio#:
fringe maxima to obtain the
accurately, These results gen
within five per cent with the vz
from reflectance and transmittance

The refractive index at a given'
creases with increasing Sb content: ¥
of n for BigTes has been reportl
AyusTin.@) - i

Sprrzer and FAN( have shown
bution from the free carrier ele
to the real dielectric constant ‘;, s

where eg and ¢ are the dielectric ¢
space and for the material in the aba
respectlvely, N is the carrier conc
my is the electric susceptibility ef
Fig. 2 the real dielectric constmt <
A%, Equation (4) is well followed..
wavelengths (assuming e; to be wave
pendent) while at the shorter wawell
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J results deviate from the A3 behavior
proaching absorption edge. The di-
ants of the intrinsic alloys appear to
ia.rge for all compositions although
j:the value for BlgTes The electric
ffrom the large carrier concentrations
5 .in the as-grown state leads to a
Beavelength dependent, dielectric con-
pear infrared. No-simple correlation

1 L1 L
80 80 soouzono 160 180200220 240

k micron =
lectric constant €= n®—h? vs, A® for

f e vs A%, in Fig. 2, m* may be
- roany valley model proposed
cture of BizTes® 9 mx is

jpever, the carrier conoentrations
,gpd N was replaced by the

)

y) is the Hall coefficient aniso-
- velaxation time averages were
he ‘scattering law and Fermi
om the transport properties

rrier electric susceptibility.

F16. 3. Product of index of refraction and :bsorpt;on co~
efficient, nK vs. A? for various alloy composmom

The composmona.l dependence of (ﬁll«.g)x at
300°K is given in Fig. 4. -
The same effective mass parameter evolves from
the absorption coefficient measurements, With
the electric vector in the cleavage planes the free
carrier absorption coefficient, K is given byQ®

A (@2) »)a
%WHRH ( %)A %
x <1'> (1),

(6)

where py is the Hall mobility. The plot of #K for
eight compositions, given in Fig. 3, shows that the
desired A% dependence of the free carrier absorption
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carrier absorption, (%1/x5)4 vs. composition,
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is superimposed on g broad band absorption com-
ponent of undetermined origin. The effective mass
parameter (oq/as)A obtained from equation (6)
and the slopes in Fig. 3 are plotted as a function of
composition in F:g 3. The agreement between
(21/@,)a and (ai/ag), which was obtained princi-
pally from reflectance measurements is to within
five per cent. The values for BisTes are in agree-
ment with- Austin’s results obtained. from free
carrier absorption and Faraday rotation measure-
ments. :
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F1G. 5. Absorption coefficient, X,, due to band to band
transitions vs, A for BigTes and SbaTes.

With the free carrier and broad band absorption
components subtracted the remaining absorption
coefficient K, was analyzed to obtain the optical
energy gap and characterize the transition as direct

“or indirect. In Fig. 5 K, is plotted as a function of
wavelength for the two extreme compositions
of the alloy system. In determining the energy gap
E; we have followed Moss’ criterion? which
establishes Ey from the value of A at which the
slope of the absorption coefficient is a8 maximum.
Fig. 6 gives the energy gap as a function of compo-
sition for three different temperatures. From
BigTeg to 80 per cent SbgT'es/20 per cent BigTes the
energy gap increases linearly with SbaTeg content.
The temperature coefficient of Ej is approximately
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1:5x 104 eV/°K in this :
although from the increased dé
lower temperatures a somewhs iy
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For the very Sb rich alloys £, i
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of the effects of degeneracy was
least in part the increase in E
SbaTeg content results from the i
grown state of degeneracy and
situation found in InSb.0® An
was provided by calculating the Fe
from the observed Seebeck coeffi
have been plotted in Fig. 6 as £y ogrg.
the transitions were direct an add
in E; would be associated with
density of states effective masses f
electrons. The bulk of the experim
however, indicates indirect transitiol
The absorption edges of several ;
analyzed to determine wlhicther thetrag
direct or indirect. Generally, Ko
where Av is the incident photon energ
or § for direct transitions and » = aﬁ
direct transitions. Qur data are
7 = 2 as shown in Flg 7 for BigTes
In both cases the plot of K,/2 vs. k.
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honoh energy necessary to con-
.. The first term corresponds to
' nd the second to phonon absorp-
Ns equation to our results at room
E obtlm from the intercepts &9
400°K and E, equal to 0-13 eV
Té and SbaTeg respectively.
values of %8 from the slopes,
jt three and four times larger,
discrepancy for BigTes has
.Ausmz @ Although equation (7)
‘for degeneracy this should be
BlsTes. Ignoring the modification
degeneracy the optical energy
indirect transitions from. the
smaller than those obtained
ig. 6). This result, together
f degeneracy, will account at
pparent discrepancy between
energy gaps. Values for the
from high temperature re-
ts have been obtained in this
esults show an energy gap of
which decreases on alloying to
per cent SbyTes/30 per cent

|
I

BigTes. With increasing degeneracy our optical
and thermal measurements would tend, respec-
tively, to overestimate and underestimate the
energy gap. For the very Sb rich compositions
(meludmg SbyTes) the strong degeneracy led to
resistivity maxima at temperatures -too close to
the melting points to permit a determination of
E,. Attempts at compensation were unsuccessful.

CONCLUSIONS .

The infrared studies have shown that most of
the alloy system is characterized by a large dielectric
constant although the effects of the free carrier sus-
ceptibility are quite marked for the more degener-
ate alloys. For the larger part the optical behavior
was in agreement with the predictions of the
Drude—Zener theory. An cffective mass average
obtained from electric susceptibility and free
carrier absorption measurements is reported but
more work is needed to establish the band struc-
ture parameters completely.

Evidence obtained from measurements of the
transport properties indicate the effective mass to
be insensitive to variations in carrier concentration
or degeneracy, at least over changes in these two -
variables as occur in the as-grown materials,
Although exact carrier concentrations cannot be
obtained from Hall measurements without further
knowledge of the band structure, it is estimated
that a hole concentration in excess of 1019 cm-3
occurred in most of the alloys. A possible reason
for .independence of the effective mass on hole
concentration at such-levels seems to be the very
large dielectric constant screening of the crystalline
field. In a calculation for heavily doped Ger-
manium CoNwELL and ScHLOSSERU4) arrive at a
similar conclusion.

In the analysis of the absorption edge the transi-
tions appear as indirect but no satisfactory account
was made of the effects of degeneracy. At least in
the compositional range BigTez to 70 per cent
SbeTes/30 per cent BigTeg the energy gap should
fall somewhere between the optical and thermal
values and, therefore, does not vary to a great
extent with composition.
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