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ANALYSIS AND INTERPRETATION OF OPTICAL DATA

4 I. Introduction

During the period of this research grant considerable a’tention was

. _ focused upon the development of techniques for the analysis of optical

- data measured upon amorphous and related crystalline materials. In

- * | addition there was an effort to interpret the optical response of these

gl f : systems in te ms of their electronic states, chemical bonding, and possible
jﬁ ¢ microscopic structure. In what follows tne results of this work are briefly

ﬂf : described with refereaces to the relevant publications included. 1In these

4 : publications, copies of whiclh are attached to this ieport, can be found

the details of methods and results.

- II. Computational Developments

@,;‘. The need to obtain the spectral distribution of the complex dielectric
function provided strong motivation to develop a reliable computational

5? ' method for Kramers-Kronig analysis. Thus a new technique for carrying out
numerical Hilbert (Kramers-Kronig) transforms employing accuraiz expansion
in Hermite functions evolved (A). In performing the Kramers-Kronig analysis

of normal incidence reflectivity data a convenient method for extrapolating

i- the data to high frequencies was employed (B), and reliable Kramers-Kronig

data reductions can now be performed on a routine basis. The entire pro-

cedure was carefully tested (A,B) and has been applied to a number of material

R U TR

systems including (crystalline and amorphous) SbjySez (B); (amorphous)

A SbjSe;_yx (C); and (amcrphous) Ge,Sej_yx, GaySej.yx, and InySej_y (D).




The frequency-dependent dielectric function obtained from the normal
incidence reflectivity provides substantial information regarding the elec-
tronic structure of the material being studied. The use of sum rules,

the f-sum rule and the relation

w
2 €, (W) dw"

e eff = — _3____2_____
nJo w'

both test the analysis and zive information about the electronic structure
particularly for the valence band. In the following paragraphs a brief
outline of the type of information we have obtained and its interpretation
is given. In addition where possible whatever insight this lends into

the chemical bonding and structure is included.

III. Interpretation of Optical Data

Optical data was obtained over a wide energy spectrum from 30 eV,

utilizing the University of Wisconsin Synchrotron Storage Ring as a radiation

source, to the far 1R,by employing Fourier Transform Spectroscopy. The
systems that have been studied optically were all chosen from the chalco-
genide semiconductors. In many instances these may be characterized as
lone-pair semiconductors, i.e., there is evidence that the valence bands
in these materials are principally composed of weakly-bonding p-electrons
of the chalcogen atoms. The next lower valence bands also have primarily
p-character but most likely have larger admixtures of s-electrons. It is
these bands which correspond to the bonding electron states which are re-
sponsible for the cohesion in these solids.

In (B) it is demonstrated from the e,-spectrum and related sum rules

that both amorphous and crystalline Sb,Se; exhibit optical response in-




dicating the presence of both weakiy bonding and bonding electrons.
Furthermore, there are se¢en ciear changes in the detailed optical response
on the crystalline to amorphous transition which are consistent with a
lack of long-range order upon this transition. In addition, there is a
definite loss of oscillator strength in the lower frequency portion of
the spectrum for the amorphous system.

In (C) the effect of compositional variation in the amorphous sysiem
Sb; _xSey was studied. It was found that the two-absorption band spectrum
characteristic of the lone-pair semiconductors was not found for Se com-
positions below x = 0.24. This behavior suggests that at these low Se
compositions the amorphous material no longer contains any non-bonding p
electrons, these having been exploited to satisfy the bonding and co-
ordination requirements of the Sb atoms.

Finally in (D) similar considerations were applied to the systems
Gel_xSex, In;_,Sey, and Ga; _,Sey with similar conclusions. At sufficientlv
large S¢ crncentrations the materials all exhibit spectra wery similar to
Se itself, the standard lone-pair semiconductor.

The optical data and its interpretation reported in th.s group of
publications has been corroborated and extended by XPS (E) and photoemission (F)

studies, particularly upon SbySez.
IV. Photoemission

. Ultraviolet photoemission spectroscopy (UPS) measurements were performed
to determine the electronic structure and relate it to the chemical bonding
model and to the bonding within the solid. A photoemission spectrometer of
0.1 eV resolution has been constructed and recently moved to the University

of Wisconsin Physical Sciences Laboratory (UWPSL) on a permanent basis. The

use of UPS with a synchrotron as a source of exciting radiation has the fol-
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lowing advantages over other methods: (i) optical transitions can be

followed over a large range (at least 30 eV) of photon energies, (ii) ab-
solute energy positions of the maxima in the density of states (DCS can
be determined in both the valence band (VB) and the conduction band (CB)
with a resolution of 0.2 eV or better. (iii) at higher values of photon
energies (typically hv > 20 eV) the experimental data can be related to
the DOS of the VB. (iv) the natural polarization of the synchrotron radiation
(with electrical vector Eb in the median plane) allows the study of the
crystal field effects on the matrix elements (F).

Amorphous and crystalline phases of SbySe; were investigated in great
detail and the photoemission data has been published in (G,H). The UPS
data confirm and further expand the DOS models based on the chemical bonding
model conjectures. The bonding and weakly bonding bands are observed, with
a well defined lone p-pair sub-band of the weakly bonding band. The struc-
ture of the lone p-pair band is extremely strongly affected at the crystalline
to amorphous transition. This transition has a large effect of smoothing
several DO peaks in the non-bonding valence band as well as in the conduction
band, but no UPS observation was made which would indicate a substantial
tailing of the VBDOS in amorphous SbySez in agreement with our photoconductivity
and optical measurements,

The comparison of DOS data with those of Se (Schevchick et al., 1973)

suggsts that the lone pairs of chalcogen atoms play an important role in

the formation of the upper VB of V,VIz compounds, both amorphous and cry-
staliine, and that the basic features of the DOS are understandable in

terms of chemical bonding.

V. Photoconductivity

A specific measurement technique was developed (I) which allowed measure-




ments down to very low S/N values thus allowing measurements to be
extended to the long wavelength part of the absorption edge. The
photoconductivity measurements were performed (and correlated with
the optical transmission) with particular attention to the vicinity
of the fundamental absorption edge in order to obtain further informa-
tion on the sharpness of the band edges.

In the case of properly prepared amorphous SbjSez fiims (J), no
difference in the sharpness of the photcconductivity onset was observed
(K). However, the product of mobility and the lifetime was found in
the amorphous phase to be 104 times lower than in the crystalline Sb,Sex.
It has been found, however, that deliberately int.roduced disorder in
composition at a local scale results in less sharp edge in the photo-
conductivity (and optical) response (to be published).

In the case of Sby03, the photoconductivity with onset corresponding
to the optical absorption edge (L) was observed in both crystalline modifi-
cations of Sby03z (cubic and orthorhombic). The lack of the photoresponse
in amorphous Sb;03 was explained by much lower value of the intrin:ic

photosensitivity (M).
MATERIALS PREPARATION

For reasons outlined in the initial proposal, most effort in the past
tl.ree years has been devoted to the study of the binary amorphous system
Sbj_xSex, although other Sb-chalcogenides and Group III and Group IV -
chalcogenides have been lightly surveyed. However, many of the develop-
ments in preparative techniques evolved from the study of the Sbj_,Se,

system were carried over into these other systems.




At the outset, it was decided to concentrate on vacuum evaporation
for reasons of high purity rather than employ the more contaminating methods
such as sputtering, chemical vapor deposition or electrolytic deposition
with their respective concomitant problems of inert gas, reactive gas or
soluble impurity inclusions. Considerable emphasis was placed on obtaining
known controllable compositions by physical evaporation. Although physical
vapor deposition is a common method of preparation of amorphous materials
not much attention had been paid in the literature to the resulting thin
film compositions. Consequently, there were many reports in the literature
on physical measurements cf unknown compositions.

We were successful in overcoming this problem by three different tech-
niques: (i) Single source evaporation from a solid using an eleccron beam
(EB) gun (J), (ii) Controlled coevaporation from elemental sources to pro-
duce a particular composition (N), (iii) Contxolled coevaporation from
elemental sources employing an elongated substrate to prepare essentially
the whole compositional system (0).

The last listed technique has been of considerable use in surveying
other amorphous binary compounds anrd has been applied to the Sbj_xTex (P),
Gej.xSex (Q), Gej.xTex (Q), Gaj_xSex (D) and Inj_xSex (D) systems in addition
to Sby.xSex (N).

Single crystal growth of the Sb-chalcogenides (the only systems tackled)
from the melt or the vapor presented no serious prcblems. An improved zone-

refiner for single crystal growth was developed (R).
TRANSPORT PROPERTIES

I. Electrical Conductivity
Four-probe and sandwich-type conductivity measurements were made

as a function of temperature on a number of amorphous systems. For the
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two Sb-chalcogenide systems investigated: Sbj_yxSex (N) and Sbj_yxTex (P)
a Ino vs T-1 dependence was obtained over a large temperature range, in-
dicating that conduction occurred either in extended states or by hopping

in localized states at the band edges. From optical data (N), (P), it was

concluded that the former mechanism is the more likely.

In contrast, variable range hopping conductivity between localized

3t Lt el

states in the forbidden energy gap, i.e., lno vs T-% behavior, was often

observed in other amorphous systems e.g., Gej-xSex (Q); Gej-xTex (Q;
Gaj_xSex (D) and Inj_xSex (D) although believable localized density of

states values were not always obtained.

II. Thermo-emf Measurements

The Seebeck coefficient was determined at room-temperature in a number
of systems and when used in conjunction with lno vs T-1 conductivity data
yielded values for the Fermi-level position. Generally, the Fermi level
was not found to be pinned in the gap center and so straightforward com-
parison between the thermal and optical band gaps could not be made. Some
preliminary measurements were made of Seebeck coefficient as a function of
temperature in the Gej_xSex system (to be published) but, for reasons we do
not understand, the activation energies so obtained appeared to be somewhat

higher than those determined from Ino vs T~! measurements.
STRUCTURE

I. Mossbauer Studies

Amorphous films of Sb;_xSey were studied with the Mossbauer effect (S).
The spectra were all similar to each other, despite a large range in x-values,
but was different from the single crystal, indicating that the envircnment

of the Sb sites are hcwogeneous, i.e., they are characterized by a narrow

range in coordination number and in bond length. Thus, the two sites in the
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crystal are replaced by many closely similar sites in the glass, i.e., £

little site distortion. E
A further Mossbauer investigation was conducted on Sn-doped As;Sez

glass (T). The local environment about the Sn atoms was found to be

similar for a wide range of Sn concentrations showing that a high degree :L

of local chemical order exists in this glass. Further, it was confirmed G
that Sn displaces As in *he glass, forming SnSe and, in addition, at
higher Sn concentrations SnSej, i.e., changing its valency from 4 to 2
with increasing concentration.

Mossbauer studies of bond character, electronic structure and glass
to cryctalline transitions in amorphous semiconductors and oxide glasses

have been reviewed (U). Based on the measured isomer shifts of the Sb-

a1 oy ot LAt S 5 R b
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chalcogenides, it was concluded that the charge density at the Sb nuclei

increases in magnitude in the sequence 0, S, Se, Te. This couclusion

is contradictory to optical bandgap data and is probably a result of a

too simplistic view of the electronic configurations in a solid.

R

II. X-ray and Electron Diffraction Studies

The crystallographic work was addressed mainly to two areas: to 8
investigating the substitution of Se into the SbjTez structure and to I
investigating "amorphous' thin films of SbjSes.

By use of single crystal x-ray diffraction data and appropriate X
computer methods it was established that both SbyTe3 and SbzTezSe)
crystallize in the BiSe;S structure. In SbyTe,Si1 the Se is substituted
into the 0,0,0-position (corresponding to the S-position in BijSe;S).

In nonstoichiometric compounds SbjTe3.xSex, with compositions 0<x<1,

the Se is substituted into the same 0,0,0 pesition. For compositions

with x>1, one formula unit of Se is substituted into the 0,0,0 position,




the excess Se into the other two positions. The lattice constants

decrease continuously with increasing x, but one observes two distinct

regions for x<l and x>1 with almost linear lattice constant changes,

but different slopes.

Amoyphous SbpSey films were observed to rapidly crystallize in

the electron beam of the electron microscope to single crystal sizes

up to about 100u. Astonishingly, within a wide range of composition,

the predominant diffraction pattern was that of SbySez with the crystal-

lographic b-direction perpendicular to the films. However, the Se-rich

samples predominantly crystallized in fibers which extended in the c-

direction within the thin film. Sb-rich samples, on the other hand,

formed very small crystals which gave a complicated powder pattern which

was related to but not identical with that of SbpSez. Some deviation

of the SbySez pattern (for instance related to the systematical extinctions)

was observed for almost all films even those of SbySez. Astonishingiy,

the films even crystallized at low temperatures (down to -150°C). 1In

some cases super-lattice formation took place (V).
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SUMMARY OF BUDGET AND EXPENDITURES

ist Year 2nd Year 3rd Year
Budget Costs Budget Costs Budget Costs
Salaries, including $31,368.00 | $31,354.60 | $38,995.00 |$40,059.45 | $31,825.00 $31,953.47
fringe benefits
Equipment +3,670.00 3,714.03 6,120.00 2,218.40
i -3,670.00
Supplies 12,000.00 7,803.77 5,864.00 6,627.31 2,020.00 6,585.64
Travel 2,500.00 2,110.60 1,500.00 1,424.68 900.00 614.04
112.16
Other 885.00 2,037.00
Total Direct Costs 45,868.00| 45,868.00 52,479.00 | 52,479.00 34,745.00 | 39,153.15
Indirect Costs 11,952.00} 11,952.00 5,521.00 5,521.00 4,255.00 0
TOTAL COSTS 57,820.00{ 57,820.00 58,000.00 | 58,000.00 39,000.00 | 39,153.15
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Hilbert Transformation of Densitles of
States Using Hermite Functions™*
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It is shown that Hermite functions form a convenient representation of the Hilbert
transform kernel (Kramers-Kronig Lransform). Application is made to two densitics of
states. The zeros and weight functions for Hermite integration for order 1 300 are
given in an appendix.

I. INTRODUCTION

Analytic linear integral transforms arc part of the working knowledge of almosl
all physicists. One learns of the usefulness and applicability of the Fourier integral
transform, for example, at the earliest stages of one’s training. However, rather
less attention is given to other integral transform systems, and less still to specific
techniques to usc in formulating numcrical procedures. The result is that often
inappropriate numerical proccdures have been used to carry out such integral
transforms. The most problcmatic cxample, we belicve, is the case of singular
kernels such as numerical Kramers-Kronig [l, 2] or Hilbert transformation [3-5]
which contain implicit principle: valuc integrals.

* Based on work performed under the auspices of the U. S. Atomic Encrgy Commission and
also supported by the Advanced Rescarch Projects Agency of the Department of Defense and
was monilored by the Army Rescarch Otlice, Durham,
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194 ' STATES USING HERMITE FUNCTIONS

We believe, however, that any ordinary integral transform ey be handled
in o completely straightforward manner. One has (two systems of functions d(w)
and f(w’) related through a tincar kernel A(w, o’) as

Plew) J ANw, ') d(w') duw'. (1)

The case of the symmetric kernet
Kiw, w') K, w) (2)

has been (reated exhaustively by Courant and Hitbert [4). Simple numerical
procedures consist of expanding b and 4 in a complete, orthonornul sct ¢, (w),

{w)) g ya,
M“'ﬂi 2 ?ﬁ,,i Eoleo (3

and the kernct us the Cauchy onter product

A{w, w') Z S,,m«,n"(m) «/»,,,(m'), {})

R
so that the integraf Eq. (1) is reduced to the fincar matrix cquation

Ay E z SumBm . (5)

"

The problcm of carrying out the numcericuf transform is thus reduced to the two
mechanicat operations of forming the cxpausion cocflicients 8 in Eg. (3) and
carrying out the matrix muftipfication in Lq. (5).

In this paper, we will consider functions and kernels delined over the v hole
reat line ( -00 @ w - o) and wilt thus focus on expansions in the complele set
of Hermite funciions i {w). We wilt limit our discussion of the kernet to the
important casc of the Hilbert or “ramers Kronig transform

Kyleo, o) (P tw )] {0)

where the P indicates that the principle vatue ol the integral (1) 1s to be taken.
Iinally we timit oursefves here to consideration ¢i cases where the [unction d(w’)
is well defined everywhere. We wilt consider reat experimental data and the speciat
probiems inherent in extrapolation etsewhere,

We consider a mathematicalty exact trcatment of the problem of numericat
Hithert trinsformation which is simple to use, can be applied to a varicty of cases,
and automaticatly least-squarc-lits data. in Section i we discuss the Tormal deriva-
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tion of our technique, and in Section 111 the application to Monte-Carlo derived
densities of electron states for a simple cubic s band and lace-centered-cubic
palladium. Section iV summarizes our results and discusses appiication to other

systems.

11. FORMALISM

A. The Hilhert Opcerator

As is well known, the Kramers -Kronig relation between the real and imaginary
parts of a response function arise because of causality. I[, in the long wave length
limit, a time varying field E(r) is impressed upon a media starting at 7 - . 0, then
the linear response /(1) must also be zero for 1 -2 0, and is given by

D(r) - - e(t) E(1), , )

where ¢ is the (complex) generalized susceptibility. Upon taking the complex
Fourier transform of (7) we obtain the Kramers-Kronig relations [6]:

P (" &lw)do'
o) -1 | f_Lf:;_’___)__f;’»_'
l) LT ] I I 3 (X)
exfw) : L‘.d“:.u),_ g .“3: W’

where €, and €, denote the real ang imaginary parts, respeetively, and € () : 1.
If we regard the principle value integrals of (8) as an operator P thea we have
the functional relations
(e 1 P(‘:)v
e, —Ple- 1)

)]

or that
(e - 1) = —P¥Hey - 1), (10)

which makes manifest that P is an antiunitary operator.

The relations (8) form a Hilbert transform pair. The close connection between
Hilbert and Fourier integral transformations is seer in that the (Dirichlet) kernel
for (double) Fourier transformation is given by

Krw, ') = —;r-f: dt cos(w — ')t = d(w — w') (n
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(a Dirac dclta Tunction), whereas the analogous kernel for Hilbert transformation
. -»

s

KNulo, ') :—r f dt sin(w - @) LI e (12)

which we define as the (odd) Tunction

: plw - w') (m[Pllw )] (13)

A The relations (11Y and (12) may be used to form represcntations of the operators
Ky and K, . Any denumerable, complete set of functions defined over the whole
rcal line may be uscd to lorm a representation for (11) since in terms of any
complete orthonormal sct Y. {w) we have

z P (w) |/l,,(w') - ¥ - '), (14)

where the sum exteads over all of the members of the set. An analogous representa-
tion for the function p(w -- w') may be constructed as follows:
From (12), or by dircet intcgration, we have

K plw — w') = —2—7: J_m dr SGN(1) ¢t = (15)

; where SGN(7) is the signature or signum function ( 1 Tor.t =<0 and |1 for
;. -0 and 0, say, if ¢ -~ 0). We recall that the signum function, like the delta
E (unction, is a generalized function [3] and has the property

(dldx) SGN(x  x') 28(x XD (16)

.,' quation (15) allows us to construct representations ol the 1ilbert operator from
the representation for explio?). In this paper, we will concentrate on a single z
;. representation, the Hermite lunctions fr,(w). We recall [7] that the sth-order
: orthonormal Hermite function is Tound from the corresponding Hermite poly-

nomial H,(w) by

|/'u(‘”) - N,,(’"v'/al‘l,.‘w). “7)

where N, is a normalization lactor given by

N2 2mt V)l (18)

l'or our purposes the most important property ol the Hermite functions is that
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up to a phase factor ", the Fourier transform of a Hermite function of order n :
is the same Hernuy function ;
i g
el dw' i "t 19 3
\,hf_ W' fa(@’) = i7nlt). (19) |
Multlplymg both sides of Eq. (19) by i.(«) and utlhzmg Fq (14), we have a %
representation for the Fourier kernel e/!: 3
;
et = /21 Y iM(1t) Yia() (20) A
e o :
F

and the conjugate relation for e-*"t, Placing (20) in (15), we havc
plw — ') = (=) Y )" (=)™ Yia(w) '/'m(w)S,'.... , (21 :
where S, is given by g
Sim = [ dESGN@) () dut). 22) ;
Th: 3 S,,, forms a representation of the signum operator in terms of the Herrnite f,
functions. Since the Hermite functions are simply odd or even, (- 1) = (- 1)" (1), K

the integral may be reduced to
Stm = 11+ (=11 [ dt ) ) 23

Sam i8 Zero unless n -- m is odd. Let us assume that this is true. We define a sym-
metric real matrix o related to S’ by

Oum = [ dt Holt) Halt) e *. (24)
1]

We recall {8] that the derivative dfe =*11, (x)] is given by e=="H,(x) dx. Applying
an integration by parts, we find the double recursion formula on the matrix o:

Tum  — II,,,(O) Iln —I(O) iC 2”"7'! -t.m-1 (25)

with a similar relation on interchanging n, m. Eliminating o,,_,.,.. from the later
two equations, and replacing the normalization factors, we find the symmetric
matrix:

" \/z imH pH, ((0) Ha(0) = mH,,_(0) H,(0)

(26
nm!'r n-—m )
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Let us deline the antisymmetric matrix S such that

P(w . w,) = Z Snm‘/’n(w) ‘,’m(w')- (27)

Then the relation between S and §' withm =n + 2h + 1 is given by
Sam = (—l)h+l Sam Sam = —Snm (28)
The compactness of the matrix S cun be seen cither from Eq. (4) or from the
fact that for fixed n

}j'ﬂ Spwrznin—>0 as -t (2%

I he latter 18 casily proved [9] by direct cxpansion of Eq. (26).

B. Hermite Integration

A separale report [10] gives the zcros and weight function lor Hermile inlegri-
20, 26, 50, 76, 150. Those lor the 300-th order are given in an
appendix. Also available are those of the 500-th and 1000-th order, which arce
probably high cnough for any problem of practical interest. The Hermite function
Fortran progriams drc also published in the Argonne report, and are available
on request. Because there are no special problems in generating these functions.
simple, upward recursion was used:

Ha(X) = 2xH  (x) — 2nH ,_y(x).

The only numerical problem is the implicit factor of n! in the Hermite polynomials,
which was treated by extending the exponential part of the double precision word
of an IBM 360/50/75 to include arbitrarily high powers of 16. To avoid overflow/
underflow problems the functions are replaced by zero if they arc smaller than
16**(—17).
A thorough discussion of Hermite intcgration has been given by Hochstrasser
[11] and Davis und Polansky [12] based on the classic work ol Russel [13) and
Salzer et al. [14]. Our results differ from that ol the previous authoss only in that
we have gone to higher order [15] and used @ dilferent weight Tunction. Hermite
integration of ian arbitrary function f(x) is approxiniued, to order n, by

tion of order 2;

(30)

(7 erpds x 3 Wx S0 (31)

il

where x," is the i-th zcero of the n-th order Hermite polynomial H, , and the weight

factors M, are given by
(32)

W, (") == 27 ! v It H ooy
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A numerically more convenient representation lor Hermite integriation is achieved
if we consider instead

[ glx)ydx == 3 W) glvi"), (23
- i1
where W,’ is given by
W/ (x = W o(x")exp(xp)  L(dd (") 34

where i, is the n-th order orthonurmal Hermite function. In the appendix we
list the positive zeros and weight tunctions W, for the Hermite polynomials of
order 300. For the overlapping case of n 20, our results agrec with those of
Salzer et al. to at least 14 signilicant figurcs.

We have found the zeros of the Hermite polynomials (or Hermite functions)
by noticing that the scquence ol polynomiuls Hy, ;... 11, form a Sturm
sequence. Thus by counting the number ol sign changes in the sequente, we know
precisely, by Budan’s Theorem, the number of zercs between a given point x
and zero. (Infinitesimally above zero the sign of the Hermite polynomials is plus.)
An estimate ol the lacgest zero of the Hermite polynomial of order 1 is found by
remembering that the Hermite functions are eigenfunctions” (with eigenvalue
E, == (n i 1/2)hw,) of the simple harmonic oscillator operator, H -« p*[2m -} 1k x?,
where w, - v'kjm. We recall that the last zero of the probability density of the
n-th harmonic oscillator eigenfunction is bonnded by the classical limit V'2E, [k,
or in the appropriate upits (m:=Ak - 1), by Vipax v'2n 1. Thus all of the
zeros of the n-th order Hermite polynomial lic between -+ vV + 1.

Our computational procedure Tor evaluating the zeros of the n-th polynomal
used the interval given by the absolute bounds 1- V2n + 1 and continuously
subdivided this interval by a factor ol 2. Each subinterval was selected for further
operation depending on whether the Sturm sequence predicted an appropriate
zero in the left or right-hand portions. Such a procedure quickly, and accurately
converged to our results in the appendix. We have further tested our Zcros through

the sum rule:

1)
= (35)

z (xl_n)z
i1

to an accuracy of at least 14 significant figures for all cases n.

In Table I we present the lowest 10 (10 X 10) clements of the antisymmetrical
matrix S. Note that for finite order the operator Eq. (4) reduces to a matrix equa-
tion and that the squarc of S ( .. S2) is o matrix whose diagonal clements have an
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absolute value slightly less than 1. If we define the nermalized trace T of the
squared matrix S2 as
1

T'..—_ N

N .
z I(Sz)vm I‘ (3())

u 1

T has the converging values of 0.885, 0.944, 0.970, 0.984, 0.992 for N of 10, 25,
50, 100 and 200, respectively, with the largest error in the last (biggest n) term.

C. Moments and Scaling

If we assume that the function we wish to transform (-=g(w")) has a norm of 1,
then we may think of g(w’) as a disiribution density and the transformed function
F(w) as

Flw) = — & f glw') do’ 7
™

w —w’

where F and g are real and imaginary parts of a self-energy, for example. Let us
formally expand the kernel as '

7
w w mal

P P & (a'\
LR e
Then upon (carefully) interchanging summation and integration, Eq. (37) becomes

Flw) == ;,-li,— Z (w) ™™ f(lw’ w'"glw), (39

m-.0

which (formally) shows that Hilbert transformation may be thought of as merely
interchanging the Taylor and Laurcnt cxpansions (assuming they cxist) of the
two funetions about zero. In terms of the distribution density g, we ean deline
the m-th moment

pn [ do (o), | (40)

5o that

F(w) == "—I;- Pmlw) ™, (41)
0

11 axel

It is clear from (40) and (41) that a further expansicn of the Laurent representation
of F(w) in Hermite functions yields a worse result for the low order terms. Better
converged results would be achieved if we remove (analytically) as mueh of the
low-order moments as we can from g{(w). In practicc we do this by finding a simply

— P A T ek . il
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transformed analytic function g'(w) which resembles gw) as closely as possible
and expanding not the cntire g(w) in Hermite functions but the difference as

B j do'(8(@') -~ &' galee’), (42)
F(ﬂ)) Z Sntm"Pn(w) 4- F.\w)v (43)

where F'(w) is the analytic transform of g'(w) and the difference g'(w") - glo")
has no zero-th moment. Thus a Laurent expansion of (F(ww) — F'(w)) begins with
the second term (~w"2), in the gencral case, and with the third term (~w?)
when F(w) is odd. Further details are given in the results below. ’

Finally we consider the effects of scaling the expansion as

g(w) = ¥, Cal(®) palaw), '- (44)

where « is a scaling constant. (Note that the form of our kernel is independent
of scaling, providing that the scale factor in @ and in ' has the same valuc.
Therefore the same matrix S, may be used for all scaled cases.) It is clear from
th= completencss of the Hermite functions that convergence may be eventually
obtained, independent of any particular ~, but practical considerations demand
that the convergenee of (42) be as rapid as possible. For functions defined only
over a finite range, as in this paper, we lind that a best scale factor is approximately
achieved, il the highest zero of the highest expansion function is scaled to fall at

about twice the range R as

a = V2N 17 1/2R, ! (45)

where N is the order of the highest Herinite function.
Note that a best scale factor depends on the actual form of the function onc

wishes to transform. However, as discussed below, the cxact value of « is not
critical, and our choice (45) will work well for many cases. The only important
consideration is to avoid a confluence of the end of the function range (V2N | 1)

and the edge of the (finite) integration range.

RESULTS AND APPLICATIONS

As a first example of our technique of Hilbert transformation, we consider
two applications to densities of states: the model-system triple-cosinc s band
density of states, and that of a more realistic transition metal (palladium).
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A. s-band Density of States

We apply our technique to the important problem of deriving the “F" function
for the density of s states in the simple cubic lattice:

Flw) _“_’:j‘ do’ _gi".)_ (46)
 J. . w - w
where
2
Y e e [ B S(ER) - @), 47
G(w) = gy | 4B S(E®) — &) (
E(k) = 0 - cos(k,a) - cos(k,a) -- cos(ka), ()
1 Op—— o=y =" 1 - - 1 . U
GY|
oy '
i
gor .
b o8
(™Y
G 08
>
04
2
- i 03 o)
L 02|
S ! (1]
5 - i
& 8 o
@ =
% ol ’3, o
? ; & o)
o % 02 )
e & o TrEy
o
: % o
ﬂ o g -0l
t'ff & -02
S é'° Hb)
5
- - 9 -0 ’
Ry = 1 1 1 ol 1 1 L 1 i 1 1
'-1}, -¢0 <30 -40 -30 -20 -iO [ 10 20 30 40 80 60
v ENERGY IN ARBITRARY UNITS
ks Fic. 1. The density of states (a) and Hilbert transform (b) of a simple cubic s band. Note

i % that the density has a zero-th moment of 2. As explained in the text, removal of the analytic-

o zero-th moment Function (dashed lines) greatly improves the convergence. Because of the small

4 error, only the Hermite expansion function have been plotted. In the plot we have sharpened
very small rounding errors at -£1.0 and -t 3.0 due to the finite (250) order of the expansion.
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and —(nja) < k,,ky,k, ~. m/a. In Fig. 1(a) we plot a three hundred histogram
approximation to (47), where we have used onc-million Monte Carlo points [10]
to integrate (47). The functions F(w) and G(w) have the analytic [17] representation

Glw)} _2_ i jcos(wt)
Flw) =7 | L IR0 Gingwn) ' 49

In order to improve convergence of the function F(w), we have subtracted out
the zero-th moment as was discussed above. The fupction G(w) has a zero-th
moment of 2( ((w) dew : - 2). We have used the triangle-like function G (w)

Guw) = 3[1 - SGN(w) w/3] (50$)
which has the analytic transform

w_ Mot sn)

2 w -3 w
R S P L
Note that to first order, the log poles in (51) at -3 cancel (F, is log-singular in
its derivatives) as is shown in Fig. 1(b). Should the presence of such poles prove
detrimental, in given applications, a less singular function than (50) should be
used. For the cases considered here (50) and (51) causc no problems.

TABLF. Il

Convergence error of the expansion of the density of cubic s states G and its Hilbert
transform £ in scaled Hermite functions of various order n

G(w) Fw)
n po 0 pno 0 e /0 po -0
25 0.0324 0.0097 0.1647 0.0099
50 0.0221 0.0055 0.1653 0.0071
100 0.0158 0.0028 0.1660 0.0064
150 0.0126 0.0022 0.1659 0.0065
200 0.0105 0.0018 0.1658 0.0066
250 0.0086 0.00i6 0.1656 0.0066

In Table Il we test the convergence of the Hilbert transform by listing the rms
error (of both G and F) as a function of total n umber of expuansion terms. The error
is defined as

error® "):7.' z (G lewy) - G(w)), : (52)

L

T N T



AFSHAR, MUEGLLER AND SUHAFIER 202

where G, is the analytic function (49), and G is formed from the expansion proce-
dure. The two separate cases cover the absence or presence of the zero-th moment
function. Clearly the presence of the moment function is very helpful for the
accurate evaluation of the F function, but makes little difference to the G.

TABLE 11l

The effect of scating the expansion function on the residual filting error

n 100 (o -0
o G F

0.25 0.0217 0.0211

0.50 0.0096 0.0008
1.0 0.0060 0.0075
1.5 0.0044 0.0068
2.0 0.0034 0.0065
2.36 0.002% 0.0064
2.5 0.0027 0.0064
3.0 0.0024 0.0065
15 0.0022 00065
4.0 0.0021 0.0066
4.5 0.0020 0.0066
5.0 0.0040 0.0074

Table 111 shows the effect of scaling on the error. Here the number of expansion
coefficients was fixed at 100, and « was varicd. The broad minimum around the
value o == 2.3€ suggests that the cxact value of « is not critical. If, however, a
deviated grea ly from this minimal value, serious errors could result.

Finally we note a parenthetical result of our work: the function G(w) contains
four types [18] of critical points and the function F(w) contains four critical points.
We see that the four critical point in g(w) are mapped preciscly into the four of
F(w), i.e., at cxactly the same w, except that the types of critical points have inter-
changes under Hilbert transform as My« M, My M, . We conclude from this
simple example that critical point structure cannot shift in w under a proper

Hilbert transform [19].

B. Transition Metal

For our second cxample we consider the more complicated case of electronic
structure of the lowest 11 conduction clcetrons of a face-centered-cubic transition
metal here palladium as calculated by Mucller, Freeman, Dimmock and
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i 3
’3 Furdyna [20]. We recall that the noninteracting electronic Greens’ function in 2
% the momentum and frequency representation for n bands is given by [21] ° :.
Gk, w) = Y, (w — E,(k) -+ in SGN(EL(E) — p))7, (53)
1 n y/
i *
3 where % is an infinitesimal and p is the Fermi energy Egp . The imaginary part 3
g of (48)'is given by 3
ImG(k, w) = - 7 Y SGN(EN(E) — p) S(EW(E) - ) (54) £
§ n 5.
and the density of states of the iowest 11 electrons is given by
G(w) = :—lSGN(w . p.)-~—2—-J.ImG“(k w) dk (55) ‘
™ (2ny o - S
g
¢ » A
r "4
&
3 i
5 ) A
u g A
: E | §
3 .
g { :
¥ ) I 1.:'
|
Y |!r j. Iuj-l = = ] = .
ENERGY N RYDBERGS ¥
FiG. 2. The density of states (a) and Hilbert transform (b) of clectrons in fcc palladium. e

The dashed line has a zero-th moment of 11. Because of the small error, only the expansion
functions have been plotted.
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and is plotted in Fig. 2(a). The dispersion relation for the Greens' function 1s
given by '
} ] v} l ) "I ’
Re Gk, w) = r J' dw' _@M~§Qﬂ(.“!,- " . (56)
T J o w
where the presence of signum function in (56) removes the signum functian in (54),
so that the integral to be performed in (56) is just the principal part of a detta

function of a function of k. Here we consider only the @ dependence of (56) by
integrating (56) over the first BZ to produce the Hilbert transform pinir

G = Gg + iG; wherc

Gl 2 [[Re ~
I T: J 3|m2 Gk, w) dh, (57)

so that
G/fw) = 7 SGN(w — p) G(w). -

We have taken the signum function weighted Hilbert transtorm of G (w) using
the method given in Scction IT by expanding g(w) in the first 250 Hermite funetions.
We have uscd a scale factor a - 31.34. We notice that the fact that G(w) has no
parity symmetry docs not harm our complctely gencral transformation, Eq. (27).
We give our results in Fig. 2(b). Note that we have used atomic units of states
per atom-Rydberg for both the real and imaginary parts. The tatal time for our
routings for the 250 term expansion was 4 min on the 1BM 360/50/75 at the Applicd
Mathematics Division at Argonne National Laboratary.

SUMMARY AND DiSCUSSION

In this paper we have considered an exact numerical procedure for finding the
Kramers- K ronig or Hilbert transform of a given function by mcans of an expan-
sion in tcrms of Hermite functions. The practical advantage of removing the low-
order moments of the initial function by means of an analytic fitting procedure
have been stressed. Because of the simplicity and speed of cxpansion of numerical
results in termns of Hermite functions, we belicve that our procedures should
prove uscful in a wide variety of problems. Finally although all of our discussion
of this paper has been couched in terms of the Hilbert transform, we point out
that our expansion proccdure in terms of Hermitc functions arc cqually valid for
the Fourier transform kernel, Eq. (20). Thus i contrast to Russel [22] who
concluded in 1933 that “this use of Hermite functions (i.e., Fouricr transformation)
is, in gencral, not practicable,” we believe that Hermite functions arc emincntly

suitable for such numerical work.

T = ey T T T P O S
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APPENDIX

The Positive Zeros and Weight Function for Hermilc Inlegration for order 300.
Note that thc parentheses at the cnd of each number enclosc a multiplication

power of 10.

SOV XN WN -

iy ol w

=2

W e L W NN N NNNIONN
W haWN=OLCAXNIDTWME NN —-D

L O

0.06407 41472 40219(00)
0.19222 41925 71379(00)
0.32037 94910 76731(00)
0.44854 35469 46482(00)
0.57671 98674 84211(00)
0.70491 19643 56741(00)
0.83312 33548 48544(00)
0.96135 75631 21985(00)
0.10896 18121 48474(01)
0.12179 08571 6656%(01)
0.13462 32466 10075(01)
0.14745 93369 22983(01)
0.16029 94858 80652(01)
0.17314 40527 22181(01)
0.18599 33982 84332(01)
0.19884 78851 37154(01)
0.21170 78777 2146701)
0.22457 37424 88346(01)
0.23744 58480 40787(01)
0.25032 45652 77703(01)
0.26321 02675 40432(01)
0.27610 33307 61931(01)
0.28900 41336 18831(01)
0.30191 30576 8655%01)
0.31483 04875 97702(01)
0.32775 68112 03834(01)
0.34069 24197 41004(01)
0.35363 77079 99120(01)
0.36659 30744 95444(01)
0.37955 89216 52440(01)
0.39253 56559 80238(01)
0.40552 36882 63951(01)
0.41852 34337 56145(01)
0.43153 53123 74723(01)
0.44455 97489 06545(01)

w,'(x,"

0.12814 85862 78527(00)
0.12815 20880 83630(00)
0.12815 90929 38003(00)
0.12816 96033 31269(00)
0.12818 36230 01091(00)
0.12620 11569 37050("v)
0.12822 22113 85832(00)
0.12824 67938 57734(00)
0.12827 49131 344%(00)
0.12830 65792 78457(00)
0.12834 18036 413157(00)
0.12838 05988 85211(00)
0.12842 29789 776%00)
0.12846 89592 24895(00)
0.12851 85562 78625(00)
0.12857 17881 55945(00)
0.12862 86742 58499(00)
0.12868 92353 93416(00)
0.12875 34937 95845(00)
0.12882 14731 53176(00)
0.12889 31986 30997(00)
0.12895A 86969 00846{00)
0.12904 79961 69817(00)
0.12913 11262 12093(00)
0.12921 81184 02481(00)
0.12930 90057 52003(00)
0.12940 38229 45667(00)
0.12950 260063 82463(00)
0.12960 53942 17719¢X)
0.1297! 2226+ 07881(:0)
0.12982 31447 ST859(:D)
0.12993 81929 71039%(00)
0.13005 74167 02080(00)
0.13018 08636 12652(00)
0.13030 85834 30233(00)

B e g
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i

3h
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

© 67
- 68

69
70
n
72
73
74
75
76
71
78

N 300
X"

0.45759 71732 17077(01)
0.47064 80204 66418(01)
0.48371 27313 32040(01)
0.49679 17522 38613(01)
0.50988 55355 9528%(01)
0.52299 45400 40867(01)
0.53611 92306 9724%(01)
0.54926 00794 31646(01)
0.56241 75651 28007(01)
0.57559 21739 6817%01)
0.58878 43997 23317(01)
0.60199 47440 56127(01)
0.61522 37168 34511(01)
0.62847 18364 57277(01)
0.64173 96301 92552(01)
0.65502 76345 29639(01)
0.66833 63955 45051(01)
0.68166 64092 B3536(01)
0.69501 84221 54947(01)
0.70%39 28313 478063(01)
0.72179 02852 60936(01)
0.73521 13839 52988(01)
0.74865 67396 12971(01)
0.76212 69770 50959(01)
0.77562 27342 11436(01)
0.78914 46627 10220(01)
0.80269 34283 96470(01)
0.81626 97119 41308(01)
0.82987 42094 5472(X01)
0.84350 76331 32506(01)
0.85717 07119 35176(01)
0.87086 41923 00860(01)
0.88458 88388 Y4404(01)
0.89834 54353 9504%(01)
0.91213 47853 25241(01)
0.92545 77129 23309(01)
0.93981 50640 63013(01)
0.95370 77072 23158(01)
0.9676) 65345 10753(01)
0.98160 24627 41485(01)
0.99560 64345 81581(01)
0.10096 49419 75549(02)
0.10237 32416 32419(02)

W, (¥ "

0.13044 06280 10123(00)
0.13057 70514 QORSNHO0)
0.13071 79089 1316%)
0.13086 32021 Y26R8(00)
0.13101 31692 96599(X))
0.13116 76947 74446(00)
0.13132 69047 5332100
0.13149 OR680 27683((N)
0.13165 96561 54062(00)
0.13183 33435 50938(00)
0.13201 20076 04081(00)
0.13219 57287 77684(00)
0.13238 45907 31631(00)
0.13257 86804 45272(00)
0.13277 808K 3 480K7(00)
0.13298 29084 57699(00)
0.13319 32385 25665(00)
0.13340 91801 915400}
0.13363 08391 45774(00)
0.13385 93253 01981(00)
0.13409 17529 79220(00)
0.13433 12410 94941(00)
0.13457 69133 (V326(00)
0.13482 8RYRS 41787(00)
0.13508 73306 00484(00)
0.13535 23490 25737((K)
0.13562 40990 48361(00)
0.13590 27319 23935(00)
0.13618 84052 242i5(00)
0.13648 12831 46Y22(00)
0.13678 15368 45252(00)
0.13709 93447 TR62(D)
0.13740 48930 R6255(00)
0.13772 83759 85364(00)
0.13805 99961 95847(00)
0.13839 99653 93597(00)
0.13874 85046 94727(00)
0.13910 58451 73204(00)
0.13947 22284 14639(00;
0.13984 79071 09224(00)
0.14023 31456 §7203(00)
014062 82210 00407(00)
0.14103 34230 S3IKV9(N)
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STATES USING 1HIERMITE FUNCTIONS

86

90
91
92
93
94
95
96
Y1
98
99
100
101
102
103
104
105
106
107
108
109
110
1
12
113
114
1S
116
17
118
19
120

121

0.10378 5652 03934(02)
0.10520 22545 77901(02)
0.10662 31909 07108(02)
0.10804 85547 71127(02)
0.10947 #4663 4829%(02)
0.1101 30455 98T19(02)
0.11235 24164 59115(02)
0.11379 67070 50575(02)
0.11524 60499 00201(02)
0.11670 05821 77869(02)
0.17816 04459 493167(02)
0.1 1962 57884 47361(02)
0.12109 67623 61745(02)
0.12257 35261 51134(02)
0.12405 62443 77416(02)
0.12554 50880 65523(02)
0.12704 02340 90794(02)
0.12854 18705 90601(02)
0.13005 01874 4519(02)
0.13156 53867 05063(02)
0.13308 76781 TRGI4(02)
0.13461 72809 74304(02)
0.13615 44241 27682(02)
0.1376Y 93472 77255(02)
0.13925 23014 004K2(02)
0.14081 35496 17129(02)
0.14238 44680 67554(02)
0.14396 20468 74742(02)
0.14554 98912 (10145(02)
0.14714 72224 04828(02)
0.14875 43793 29162(02)
0.15037 17197 06303(02)
0.15199 $6217 2709 3(02)
0.15363 R4857 T6849(02)
0.15528 87363 6TRHN02)
0.15695 08242 Y5442(02)
0.15862 52290 50238(02)
0.16031 24615 25285(02)
0.16201 30670 63404(02)
0.16372 76288 99143(02)
0.16545 67720 60003(02)
0.16720 11678 04732(02)
0.16896 15386 92596(02)

W (X"
0.14144 90557 92188(00)
0.14187 54379 44763 (V)
0.14231 29039 36427(00)
0.14276 18048 68347(00)
0.14322 25095 76357(00)
0.14369 54057 738R6(00)
0.14418 09012 8764 1(00)
0.14467 94253 95006(00)
0.14519 14302 73312(00)
0.14571 73925 7220300
0.14625 78151 21696(00)
0.14681 32287 RY954(00)
0.14738 41945 0673500)
0.14797 13054 70132(00)
0.14857 51895 S6ROS(00)
0.14919 6511 S8192(00)
0.14983 59740 68361(00)
0.15049 43366 52432(00)
O.15117 23833 28534(00)
0.15187 09644 0TROKOM)
0.15259 09R10 ROO2R(O0)
0.15333 33941 K3I268((X)
0.15409 92292 41913({X)
0.15488 95822 93313(00)
0.15570 56262 19885(00)
0.15654 R6178 478301V
0.15741 99058 63159(00)°
0.15832 09396 6651(00)
0.15925 32793 02607(00)
0.16021 86060 21943(00)
0.16121 §7378 GORS4(00)
0.16225 56378 59006'00)
0.16333 14361 73422(LY
0.16444 84453 97047(00,
0.16560 91820 49064(00)
0.16681 63904 T6HHHO0)
0.16807 30703 001 1{O0)-
0.16938 25080 35034(00)
0.17074 83136 80Y70{00)
0.17217 44632 16932(00)
0.17366 53481 79044(00)
0.17522 58337 63597(00)
0.17686 13272 53247(00)
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AFSHAR, MUELLER AND SHAFFER
: * N = 300
i Xl'" w"’(x'n)
: 122 0.17073 86643 97687(02) 0.17857 78590 18452(00)
123 0.17253 33884 07672(02) 0.180238 21789 34597(00)
5 124 0.17434 66257 78456{02) 0.18228 18718 25591(00)
4 125 0.17617 93721 57181(02) 0.18428 54965 5110(00)
E 126 0.17803 27143 38727(02) 0.18640 27547 89126(00)
&4 127 0.17990 78426 89313(02) 0.18864 46971 09744(00)
4 128 0.18180 60658 60659(02) 0.19102 39769 7823(X00)
13 129 0.18372 88283 37200(02) 0.19355 S1660 47093(00)
"% 130 0.18567 77315 1848K(02) 0.19625 51494 30925(00)
# 131 0.18765 45592 §5524(02) 0.19914 36261 3590%00)
{. 132 0.18966 13090 57773(02) 0.20224 17496 0BI65(X)
| __ 133 0.19170 02306 03538(02) 0.20558 29575 48059(0)
iy 134 0.19377 38737 76303(02) 0.20919 40612 59533(00)
| ; 135 0.19588 51493 01395(02) 0.21311 66968 92843(00)
e 136 0.19803 74063 11253(02) 0.21739 92907 56593(00)
1 137 0.20023 45330 54717(02) 0.22210 17702 33716(00)
138 0.20248 10898 76033(02) 0.22729 93817 84612(00)
139 0.20478 24882 04038(02) 0.23308 81972 22952(00)
140 0.20714 52368 44350(02) 0.23959 32745 7152300
: 141 0.20957 72896 D6028(02) 0.24698 11437 11762(00)
i 142 0.21208 85516 34067(02) 0.25547 Y6378 30989(00)
i 143 0.21469 16418 42953(02) 0.26541 OR377 29415(00)
f 144 0.21740 30968 97619(02) 0.27724 88800 06507/00)
145 0.22024 53745 02475(02) 0.29172 85834 779300)
146 0.22325 04139 47069(02) 0.31006 84153 02829(00)
147 0.22656 67666 71338(02) 0.33448 59076 0661 8(00)
148 0.22997 51746 ¥731(02) 0.36961 00629 21528(00)
. 149 0.23393 23523 10660(02) 0.42754 81977 49874(00)
£ al 150 0.23874 80976 36942(02) 0.55859 77929 72507(00)
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Electronie Structure of Single Crystal
and Amorphous Sb;Se,")
By

J. C. SHAFFER (a), B. Van PELT (a), C. Woob (a),
J. Frerour (b), K. MURrasE (b), and 5. W. OsmuN (h)

The near normal incidence reflectivity of ShySe, has been measured npon both oryutalline
and sinorphons samples, ‘e datn wore obtained for two polarizations (E || a, i| ) in the
cleavago plane of the erystal. The data wore Kramers-Kronig analyzed and the implications
of the results rogarding the electronio strnetnre of the componnd wero interpretod in terms
of & valonce honding model. In partionlar the valonco hand eleetrons divido into those in
woukly bouding resonnnce states and thoso in covalont bonding states. Upon the amaorphons
to erystalline transition it is the optioal transitions originating in the resonanee bouds which
nppear to bo privcipally inflnenced,

Le dogré de reflexian o été mesard ponr ShySe, cristadlin ot awmorphe. Les donneés ont
6té obtenun ponr donx polarisations (I || a. E || ¢) dans lo plan do elivage dn crintal. Les
donnoés ont. ¢1é aualyxés d'apros les relations Krauners-Kronig ot les implicatians de la
composition eloctroniqne du composé ont ¢té intorpreté snivant wn modale des lininons de
valence. En particnlior los electrons do ln band do valoneo sont separds on lininons de reso-
nanco et linisons covalento, Avoe la transition do 1'6tat amorphoe & I'état cristallin les tran-
sitiona optigno tirent leur origine des lisisons do resonanco qai sont principalemont affcctés.

1. Introduction

The optical propertics of single crystal and amorphous Sh,Se; have been
mcasured in the energy range 0 to 24 eV in order to characterize the influence of
long range order on the electroric structure in this compound.

2. Experiment

Crystalline 8b,Se, is arthorhambic (@ = 11.62 A, b= .77 A, ¢ - 3.69 A)
[1] ol space gronp D, type D, with 20 ntoms, i.e., 4 molecules/unit cell. The
atoms are avranged in a layer structure with layers | b and weak Sb-Se honding
[1] between layers and, herefore, the erystals exhibit naturnl clenvage 1 b
Kxecllent wirror-like snrfaces for optieal stwdies with palarizations & | @ and
E |l ¢ can be prepured by eleaving. However, great difliculty is experienced in
preparing good surlaces perpendiceniare Lo the cleavage plane hecanse Lhe erystals
are soft and casily delormed. Slight snrluee oxidation oceurs if the crystals are
exposed to air Tor long periods (days). Hence, wll optical sumples were cither
freshly cleaved or kepl under an urgon atmosphere prior to measnrement.

") This work was supported by the Advanced Research Projects Agency of the Depart-
ment of Defenno and wan monitored by the Army Resonrch Office, Durham, under Contract
No. DA-ARO-D-31-124-71-11132, We wish, also, to acknowledge support by the U.S.
Air Forco Office of Sciontific Resenreh under contract numbers F44620.71-C.0025 and
F44620-70-C.0029,
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Single crystals of ShySe, were grown in a zone refiner [2] from 0.999999 purity
clements after extensive zone refining of the compound. Ameorphous films of
ShySe; were prepared by controlied coevaporation of the elements [3] onto room-
temperature fused quartz substrutes.

Various spectrophotometers having overlapping energy ranges were used to
cover the energy range 0 to 24 ¢V and comprised: v Cary 14R (0.4 ¢V to 6eV);
0 MePherson 225 with Hinteregger Light. Source?) (4 to 12 ¢V); a McPherson
235 with Synchivotron Radiation Source (4 to 24 eV). Dptical veflectivity was
measured usiag the following appuratns: a Cary Model 1413 Reflectance Attach-
ment (0.4 to 6 eV)ia MePherson Rellectance Attachment (4 to 12 «V); reflee-
tance apparatns deseribed in [4] (4 to 24 ¢V). Sheet: polurizers were used in the
ange 04 to eV (Polaroid HR and Polarcont ultraviolet polarizers). The
naturally ocenrring polavization ol about 80%, in the Synchrotron radiation and
reflectanee attachment obvinted the need for polarizers in the range 4 to 24 eV,

3. Refleetance Resnits

The room-tempernture reflectivity ot near normal incidence of siugle erystal
NhSey in the energy range 9 to 5 ¢V ois shown i i, 1 For both Bl aand E || e
This duta represents the maximnm valies obtained from measnrements taken
on five different siugle erystal samples ol NbySey. The reflectanee values of the
various smmnples wero found to lie within n range 4249

The structure displayed by the single crystals in the range of the broad re-
lectivity maxima, 1 to 6 eV, is in good general agrecment. [5] with the datu of
Shutov et al. |6] (see Table 1) and is n vesult. of steneture in the joint density of
states. The spectrum of ShySe, near the absorption cdge indicates that the ex-
tremes of the valenee and conduction bands ocenr at different, points in the zone
and that absorption begins with an indirect transition at 1,16 ¢V |7]; this is
apprecinbly higher than the value ol 0.89 ¢V reported by Sobalev et al, |8]. From

symmetry considerations on isostructural
T AT ShySy Auduijonis et al. |9] have suggest-

I AN ed that the maximum of the valence
& 4 / \ band ut the center of the Brillouin zone
0 // \ I" is split into subbands Iy, g, and T,.
/ AN Correspondingly, Sobolev ¢t al. have
/ TN N, » vy
o e T associated trunsitions between Ty(E || a),
H il oy Pe(E 1] ), U, (E || ¢). and the state I
/g &y [ 1\ ) A
L7 8 4 AN at the conduction band minimum with
s . oAd .
i the lowest direet trnsition in Sb,Se,
LA
l’v'
s
L e ———
N40| 2 P
/-/ Fhe 1. Newr-normab eefleclionee tor si vrystal (K || a,
; = — - amorphous EN e}l amorphons ShySe it low energy, The reflectances
- = Fllg tave been extrapoinbed parnbolleally helow e low-energy
! =L catofCof (e data for pueposes of peeforming the K rmers-
¢ Kronhg wnalysts, The resnltant static dieleetrie constants lle
ll.ﬂ{’l i i I i, e WIthIn (e sprend ol ex perimentally wensured values of the
[} ! o b 2 bow fregquency diclecirle coustaut
hotey] - -

3 hateument loaned by Dr, P, Yaster, Solid State Division, Arganne National Labora.
tory.
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Kloctronic Stracture of Riogle Crystal and Amorpbous Sh,Se, 513
Fig. 2. Nenr-nornml reflectanee for slugle o X -
crynrial (K || &, K || @) and wonorphois 8hyRe, at \\
higher e gy a -\\‘
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(peak A, in Fig. 1), No assignments have been made for the higher cnergy
stenetnre in the broad rellectivity maximum,

In wavked contrast, the broad reflectivity maximum ol the amorphons Torm
ol 8byRey is Tfeatnreless showing that the selection rades for these transitions are
broken andfor the evitienl point structure in the densition ol states is preatly
smoothed in the absence of long range order, The absorption edge of amorphous
ShySe, at approximately 1265 eV 3] closely corvesponds to the indirect edge in
the erystalline matevial.  In uddition, as has been found in other V-VI com.
ponnd semicondnetors V1] as well as e | U], the rellectanee ot the mmorphous
waterial is significantly lower than that of the erystal in the visible to near ultra-
violet spectral range. Intevference oseillations prevent extension of the refleetiv-
ity measurcments below aboat 1.5 eV,

The near norinal ineidence veflectance mensured in the range 4 to 24 eV using
synchrotron radiation is shown in Fig. 2. At energies greater than 8 eV, 4 marked
similarity exists between the refleetance of the erystalline and amorphous sam-
ples. The minima at 8 eV closely correspond to those of As,S; and As,Se; [10]
and similarly, by Kramevs-Kronig analysin, appear to be associated with the
threshold of o new absorption process Ivom a decper lying valenee band. In
the region of this second brond maxima. two marked peaks are observed at 10
and 12.4 eV independent. of the orientation of the E-vector or the absence of
long range order.

4. Kramers-Kronig Annlysis

The norinal incidence reflectivity data np to 24 ¢V deseribed above have
been Kramers-Kronig analyzed by the method deseribed by Alshar et al. [12,
13]. The method essentinlly consists ol two steps. First the Kvamers-Kronig
relation between the phase and the wmodnlus ol the complex rellection coelfi-
eient

| oxy

P (') de’
qa(m)—-n-/ (1)
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is separated into two portions, i.c., @(m) = y{w) + 0(w), where

4 oo
P /‘ In g(w’) dew’

o 2
xlw) n ' — (2)
nnd "
(B Y
y o o'
O() - 1 / /h(,»)(lu . 3)
n w —

o

In these relations p(w’) is the modulus of the complex reflectivity for a system of
charged classical harmonic oscillators chosen to have a reflectivity p%(w’) which
closely fits the measured reflcctivity data at the high and low frequency extre-
mes of the mcasured range. p¥(w’) thus extrapolates the data into the unmeasured
spectral regions. The y(w) can casily bc computed from the appropriatc die-
lectric function (which gives rise to g3(w’)) of the fcrm

fs

() — )+l w’

N

gow)=1+ 3 4)
i

where thoe constants (f, /') parametrize the strength and linewidth of the classi-

cal oscillator with resonant frequency my. In the analysis of the data presented

Liere two oscillators are sufficient to fit the data at the extremcs of the data

|
ol
- (i ) =3
= |
il ]-ﬁ' !
i! | ! I
ol — ut || |
S il '
5 5+ .! |
1 |
o - ;\. —— RS I
l ——£lid |
: o]} ioassr B
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1] ___‘_.__-ng ;ﬁli_
; | é
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FIg. 4. Reat part of icheeteie fuctton of erystuttine Fig. 4. Tmaglnary part of dicteetric functlon of crys.
(K ||, £ ]| €) aned winorphons $h Se, talllne (F || @, E || €) and amorphious SbyNe,
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Electronic Structure of Single Crystal and Amorphous §b,Se, 515
s — amorphous |
o 7~ |

fue
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Kl 6. Kuergy lous functlon of eeystalline (B || a, E || ¢} FiIg. 6. nva, by Ccom susa rule for eeyatalline (K] @,
anil amorphous ShyNe, E || e) and nnorphons ShySe,

range. (o) is computed by expanding . (w0}, the residual portion of In r(w'),
in Hermite functions, and nxing the Hermite representation of the Hilbert trans-
form operator developed by Afshar ot al. |12} to compute the integral in (3).
All optieal functions are obtainable front p(m) exp {3 p(o)}, the complex reflec-
tion cocfficient.

In Fig. 3 the real part of the dicleetrie fimetion ¢, (w) is shown for the two
polarizations £ || @ and E || ¢ and for the amorphous filin ag computed from
the reflectivity data above. In IPig. 4 the sume display is wade for #,(w) and
Fig. 5 shows a plot of the energy loss Inncetion Tm ¢V in each cuse,

Anadditional intevesting featnre is the comparison of the suin rules on gy (m) =

w eyl ) for the three cases. Thas we bove computoed

2 r 4met 4
K j ' #y(') e’ '7; = n(m) (5)
[}]

in each case, where #(m) is the nnmber of electrons per molecule participating in
transitions up to frequency o, and £ is the unit cell volume. TFig. 6 shows n(w)
for both polarizations of the erystal s well as for the amorphous film. In each
instance there is a discernible inflection in 2 (w) between 7.0 and 8.0 eV beyond
which n(w) vises sharply with the onset ol the Ay, and A,y peaks. The inflection
is slightly obscured for K || ¢ by the Ay peak as one might expeet fron: Ifig. 2
and 3. These results are similar (o those reported on Ag,Se, and As,S, in | 14].
In all cases, bowever, a(m) attaing a value of about 25 -+ 26 clectrons/inoleecule
for hw = 24 ¢V, Sinee cacli wwleenle of ShySey nominally contribntes 28 valence
electrons it is agswined that the sune rale will satwrate at an encrgy slightly greea-
ter than 24 ¢V at 28 clectrons/molecule.

b. Discasgion of Resulis

Tt is reasonable to wwsinwe that the transitions whick dowinate np to 8 eV
involve eleetrons associnted with the weak resonating p-honds whicli were iypo-
thesized by Mooser and Peavson | 15] to ocenr in ShySe, on the basis of the strae.
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tural determinations of Tideswell et al. [1]. At energies greater than abont 8 eV
the onsct of transitions from the encrgetically lower states assoeiated with cova-
lent bonds occurs. Study of the n(w) curves in Fig. 6 indicates that the lower
frequency portion would saturate at about 16 clectrons/molecule and the higher
frequency portiun at an additional 12 electrons/molecule. This compares favor-
ably with the number of electrons/molccule assoeiated with the weaker and
stronger bonds in Table 6 of [1].

The suppression of the reflectivity of the amorphous sample in the visible and
near ultra-violet arisc from sensitivity of the transitions from the resonating
]-bonds to the lack of long range order. This could result from a reduction of
the averago matrix element for these transitions or from reduction of the density
of states in the conduction or valence bands in the appropriate energy range.
XPS incasurcments [16] on amorphous and crystalline Sb,Se, indicate quite
sinall differences in the mnagnitude of the valence band density of states in the
energy range of interest. Thus this effect secms to be associated cither with
reduced matrix clements in the minorphous material or with some influence of
the disorder on the conduction band deusity of states, perhaps through a redue-
tion of 8h cd-band overlap contributions.

The XPS data also locutes the 40 bauds of 8h at 33 ¢V below the top ol the
valenee hand thus obviating nuy direet influonce of these levels ou the optical
properties in the specteal range studicd. The results veported here on the sum
rule conlirm this.

As n choek upon the accurney of the Kramers- Kronig analysis aud our low-
frequency extrapolations of reflectivity we have directly computed £§(0, @), the
“frequency-dependent”” static dielectrie constant. from the Kramers-Kronig
formula

2" (e’ e’
F{(l). ) 1| - < , ' ’ (6)
1 4 [/
ht

where g,(w) is the imaginary part ol the diclectric function obtained from onr
Kramers-Kionig analysis of reflectivity. Since £(0) is fixed by the value of
refleetivity in the low frequeney limit we can compare £5(0, w) with £(0). In

Table 1
Reflectivity peoks energien (eV) of SbySey*)

wbiri- | i l

B M M AT N A ! A Ay fl A ‘l Au A A
, ' S -

Ella 136 200 | C a0 4as - ' 10.0 124

(L30) (1.97) f H3.15) (3.95) i (4.50) !
, (5.0) | (7.4)  (9.5)'(10.8)|
Ele 230 300 - 300 452 L'74 1100 124

(L80) | (2.30) (2.05) (3.20) (4.0) ' (4.52) | .

#) The bracketed data are fron the work of Shutov et al. [8] where the peaks Ag to Ajg
were pieasured with unpolurized light with £ o ¢ so that the structure in this spectral
region is not strictly comparable with the present results.
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cvery caxe woe find that £§(0, m) approaches the g,(0) value assumed by extrapolat-
ing R(w) to low frequency and is equal to £(0) within 5% at the upper end of
our data range. &f(0, ) is found to be smaller for the amorphous sample reflect-
ing the smaller overall magnitude of the low frequency reflectivity in this case.

6. Summary

To sunimarize, the Tollowing points are to be emphasized. In comparison with
the work of Shutov et al. {9} this study shows some differenecs in the exact
location of certnin of the eritical point struetare in the refleetance of erystalline
Sh,8e, (see Table 1). In general, however, the agreement is quite close in the
overlapping region stndied. In regard to comparison of the amorphous and erys-
talline samples it is seen that the absorption, ascharacterized by &,(), for example
shows nearly complete smearing of the critical point structure in the amorphous
material in the visible and ncar ultraviolet. Furthermore there is an overall
suppression ol the absorption in comparison with that of the erystalline samples
in this range. Beyond about 8.0 ¢V the speetra of the cry:ralline material (for
cither polarization) and the amorphons Film are virtnally identical. The elose
similurity ol the encrgy loss Tunction. I ¢! lor the there cases (there is
a near coineidence of The valenee bad plasma peaks at about 17 ¢ V) suggests
il the ocenpicd bands have similae overall properties in the amorphons and
crystulline matervial, c.g.. unmber ol «l ates/volnme and average elfective mass,
We conchide, therelore, that The inllnence of the luck of long range order upon
the electronic strnetnre of ShSey is confined, Tor all practieal purposes, to the
conduetion baads and higher valenee bands of the material, and that loss of
long range order alters The weakly bonding resonanee clectron states prodaocing
a snbstantinl change in the optical properties,
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Optical Properties of the Amorphous System Sbj_,Sey

By
R. MUELLER, J.C. SHAFFER, and C. WOOD

A study of optical properties as a function of composition for the
amorphous system Sbj_,Sey has been made. The reflectivities of thin films
from this system with x = 0.24, 0.60, and 0.97 were measured over a range
of photon energies liﬁited at low frequency ty interference oscillations
and at high frequency by the spectrometer cutoff at 11.0 eV. The films
were prepared by an evaporation technique (1) which allowed simultaneous
preparation of samples with widely varying compositions. The reflectivities
of the three samples are shown in Fig. 1. The data for the Se rich (x = 0.97)
film resembles previous results (2,3) on amorphous Se. The film (x = 0.60)
shows a reflectivity similar to previous results reported for amorphous SbpSejz
(4). The Sb-rich (x = 0.24) sample has a reflectivity fundamentally different
from those of the other sam les. This indicates that chemical alterations as
a function of composition occur in this system. These probably include con-
version of Se p-electrons from lone-pair to bonding character with increasing
Sb concentration.

In order to employ the reflectivity for further study of these effects
we have performed Kramers-Kronig inversions on these data using a technique
outlined previously (4,5). Here we present two resulls of the analysis, the
imaginary part of the dielectric constant €,(w), and results obtained from the

frequency dependence of the f-sum rule

[ores@e w' = 2% o2 Nw) )
o Mo

where e is the electronic change, m,, the (free) electronic mass, and N(w)

the number of electrons per unit volume participating in transitions up to




4z

4 frequency, w.
Fig. 2 shows the €;(w) spectra for the three samples. The extra- B
polations into the unmeasured ranges were made as in (4). In the over- ks

lapping range, the €, spectrum for the sample with x = 0.60 closely

matches that reported previously (4) for a different sample of amorphous l
SbySes for which reflectivity data extended to 24.0 eV. The samples with

x = 0.60 and x = 0.97 show two main peaks in their e, spectra, consistent

with the division of the valence band p-electrons into lone-pair and ’

s

bonding states. The sample with x = 0.24 exhibits no discernible division.

The low frequency spectra exhibit edges in e,(w) which compare favorably

with the fundamental absorption edges obtained from reflectivity and trans-
mission measurements (1). i
- Fig. 3 presents the results from the f-sum rule (eq. 1) in terms of

the number of electrons per formula unit (Sbj_.yxSey), n(w), exhausted in

electronic transitions up to frequency w. To compute these results it is
] required that the mass density of each sample be known. The densities were
estimated from a linear extrapolation fitted to the crystalline densities
of Se and Sb,Se5. The absolute values of n(w) are lower than thosc which %

would be obtained from the correct densities of the amorphous films. As the

principal interest is in trends in the system and the existence and frequency

location of structure in n(w) this expedient is justified.

1 The following conclusions are inferred from the analysis. No clear

separation of the Se p-electrons into bonding and non-bonding states is pre-
sent for x < 0.24. The reflectivity and e, spectra show such separation of ] i
these states for the x = 0.60 and x = 0,97 samples. The sum rule exhibits

inflections at hw = 6.7 eV and 6.5 eV for x = 0.60 and 0.97, respectively, but

no inflection for the x =="0.24 sample., We conclude that at lower Se com-

positions the p-electrons of Se are all in bonding states in order to satisfy 4




CMRE L

&
i

PTIE P
ek i

43

the valence requirements of the Sb atoms. It is also evident that n(w)

for the Sbp 40Sep, 60 sample rises above the same quantity for Sbg,3Seq,97

“in the low frequency region. This suggests that, for the former, not only

Se lone p-pairs but other p-electrons of both Se and Sb parentage contri-
bute to the low frequency absorption band. A similar conclusion has been
made from photoemission studies on SbpSez (6). Also the recent electronic
structure calculation of Chen (7) indicates considerable overlap of lone
pair and bonding states for elemental amorphous Se.
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Fig. 2.
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Figure Captions

Front surface reflectivity (R(w$ versus photon energy (hw) for
film compositions: x = 0.24 (;__); x » 0,60 (----); and x =
0,97 (=e=2=+).

Imaginery part of the dielectric constant ey (w) versus (hw) for
x = 0,24 (—); x = 0.60 (----); and x = 0.97 (-+---+).

Number of electrons n(w) versus (hw) for x = 0.24 (—); x =

0.60 (- = = =); and X = 0.97 (-+=*=+).
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AMORPHOUS GROUP III - CIALCOGENIDES*

C. Wood, L.R. Gilbert, C.M. Garnor, and J.C. Shaffer
Dcpartment of Physics .

Northern Illinois Univorsity
DeKalb, Illinois 60115

Kbstraét

A vncuu@ co-evaporation technique has boen dovélopod basod on an
olongatod substrato, whoroby esscntially tho comploto compositiénnl rango
of an amorphous binary systom can bo proparcd in one ovaporation. The
mothod is particularly suited to tho proparation of amoxrphous films,
whoroin tho systoms are not govofned by oquilibrium pﬂaso diagram con=-
sidorations.

This "olongatod substrato" tochniquo has boen appliod to the Ga-So
and In-So systoms, and by invostigating the optical and transport propexrties
by mcans of transmittance, reflectance, olectrical conductivity and thermo=
cnf measurements as a function of temporaturo tho effocts of compositional
variations on tho distribution of electronic states have been detormined.
Particular attention has been paid to compositional régions in which
dolocalization of olectronic states could occur. The results have been
compared with studios wo have made on other binary systems, i.e., Sb-Se and
Go-Se, and interproted in torms of tho chemical bonding.

’
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1. Introduction

This work is part of a continuing study to compare the properties of
the amorphous and'crystalliﬂe phases of binary chalcogenide systems and to
determine the influence of chemical bonding on the properties of the binaxy
amorphous solids. To this end,‘we have previously (Wood et al. 1973a)

. selected several binary systoms Sby_,Sey, Goj_. Se, and Gej_,Te, on tho basis
of the molecular ionization energies of the end components and attemptod

to trace the development of these energiocs across tho whole phase diagranm,
liere we roport similar studies on the Group III =- chalcogonides: Gaj xS0y
and Inl;xSex.

We have devoloped a vacuum co-ovaporation techniquo to porform theso
studics whoreby ossontially the whole compositional range of an amorphous
binary systom can be proparod in ono ovaporation. This greatly facilitates
the investigation of a continuous chango in physical properties over a
wido compositional rango and, since amorphous systoms are not governed
by equilibrium phase diagram considerations, the method is particularly suited

to the preparation of amorphous materials.

2. Experimontal Procedures

Basically, tho apparatus for this coovaporation technique consisted of
a Varian ion-pumped bell-jar system with two widely-spaced Airco-Tsomescal

270° electron beam (EB) guns, each gun being controlled by modified Siovan

Omni IIA quartz-crystal oscillator evaporation-rate controllers (Wood et al. 1973h

An elongated substrate holder of ;ength equal to the spacing between the EB
guns, %.e., nearly the width of an 18" bell jar, and capable of being maintained
at any temperature between room and liquid N, temperature, was situated
abovo and in line with the EB guns. A sories (v 28) of fused quartz

substrates, in which each alternate substrate was electroded, was held in




ol

juxtaposition in the holder. Thus each substrate received a different

ratio of the two elements because of differing proximity to the two EB
guns (the exact fatio being controlled by the settings of the evaporgtion
rate controllers), i.e., compositions over a wide'range were prepared
simultaneously. .

Our present system incorporated two such holders situated Qt different
heights above the crucibles. Hence, for a given ratio of evaporation
rates from the two EB guns, a broad sampling of compositions in thick films
was obtained in a lower substrate rack and a smaller compositional gradient
about a preselected composition was obtained ia fﬁin films from the upper
rack.

In this experimont the eclcments used for evaporation were of high
purity (6-9's) and the evaporations were carried out in a pressure of
~ 10-7 mm Hg, or lower, at oxtremely low evaporation rates (v 1 to 2 K/scc).
The compositions of selected films were dctermined by electron microprobe
analysis and, from the geomctry of the systcm and the measured evaporation
rates, the composition was calculated (Wood et al. 1973b) as a function of
position in the holder. The films were determined to be amorphous or
crystalline by x-ray diffraction.

Details of mcasurement of optical, electrical and thermo-emf
measurements have been }eported elsewhere (Wood et al. 1973b), only the

results of these measurements will te reported here.

3. The Ga].xSex System

There are very few refercnces in the literature to amorphous modifi-
cations of Gaj.xSex. Thomas, 1971, states that diffractometer traces taken from

GaSe films deposited on room-temperature substrates in some cases showed

no diffraction peaks. Electron-diffraction studies have been made by
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Tatarinova, 1956, on ev552&atod films of a-GaSo and Ly Andriovskii et al., 1963,

on evaporated films of a-GajSej. In both instances the nearest neighboxr
distance was found to be considerably less than that of its crystalline
counterpart although, in contrast with GaSe, the short—range order in .
a-GazSez was similar to that of c-GazSe3. However, from the method of

preparation great reliance cannot be placed on the stated compositions in

.any‘of the above references (Mueller and Wood, 1972).

3.1 Preparation

. Throe ovaporation runs were carriod out for this system., In tho

first evaporation, the substrates were held at room-temperature and the
£ilm thicknesses were » 1.2 microns and 3000 R for the lower and upper
substrates, respectively. Over a considerable range of Ga-rich compositions
the films appeared visually to be nonspecularly reflecting, i.e., as if
partially crystalline, athOugh x-ray diffraction measurements showed
no ovidenco of crystallinity. Optical and electron microscopic examination
of the surface of a film of composition x = 0,18 revealed randomly
spacod globular outgrowths, of ~ 40 microns diameter, on a background
having a pebbled appearance (fig. 1). Thesc outgrowths were revealed
to be prodominantiy Ga by focussing on one in a scanning electron
microscopo (Broton) and oxamining the omitted x-ray spoctra. Tho outgrowths
were not observed in f;lﬁs in tho more Se-rich (x > 0,55 and 0,39 for lower
and upper racks, respectively) composition ranges.

Two subsequent evaporations were carried out with the substrates cooled
by liquid N;. The surface temperatures of the substrates were » 120° K
during evaporation., llere the thicknessesfor both runs were ~ 6000 A and
Y 1500 X.for‘the lower and upper substrate racks, respectively. Again, all
films were amorphous by x-ray diffraﬁtiOn although compositions with x < 0,35

for the lower rack were non-specularly reflecting. For the whole upper rack

X was > (0.35,
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3.2 Optical and Tranoport Propertics

<
-

Optical and transport measurements wore made only on films which did

not oxhibit surface outgrowths, i.e., in tho composition range X > 0.38.

The opt;cal absorption coofficients (a) for most films ranged between

S

3*1 "' 103 to 105 em~l and, when:plotted against photon enorgy (hv), fitted well

* to an (ahv)k vs hv relationship for non-diroct transitions (Davis and Mott

'1971; Tauc, 1970). The absorption edge positions wore dotormined frowm tho
intorcept of tlhie curves with tho a = 0 axxs and these valuos for tho optical

enoxrgy gnp, Bg,,nro shown in fig. 2 as & function of composition. B, was

found to docrease non-lineurly with increasing towperaturoe in the xrange

100° K to 300° K. -

)
4

Optical roflectivity moasurements wero extended to 12 eV (Yuster) on

two films of cowposition X = 0.52 and 0.87 and tho results Kramers-Kronig
analyzod to yiold valuos of. ey (fig., 8) for comparison with o?hor amorphous
chulcogonidé systoms, Dotails of thoso mousgremonts are reported elsewhore
(Muellox ot ‘al., 1973). ' ' ‘

Lateral-type four-probo conductivity measuromonts wero mado only on ;
filws in the composiﬁion range 0.38 < X < 0.67, although tho resistances of

several films in this range wero too high (> 1015 ohms) to be measured. ' .

No systomatic trend in conducthxty with composition was apparent. All

other films woro ecither teo high in resistanco to be measured (x > 0.67)

or exhibited outgrowths (x < 0.38). The conductivity generally showed a
temporatuxe dependence of T-¥% in the, range 200° K to 300° X (fig. 3) suggesting
a variable range hopping mechanism (Davis and Mott, 1971) to be predominant
but, as Table 1 shows, the densities of states aro gengrally unrealistically

low. Annoaling tended to increcase the resistance of the films beyond the

jncasureable rangeo.
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For several selected tﬁick films (v~ 6000 R thickness) of widely differing

composition the conductivity measurements were extended to above room-

temperature, A marked increase in conductivity over one or several orders

of magnitude at a particular temperature was taken as an approximate

indication of the amorphous-crystalline phase transformation. The crystalliza-

tion temperature was taken to be at the point of maximum slope and this data .

Iis plotted as a function of composition in fig. 4. Crystallization was

confirmed to have occurred by x-ray diffraction measurements. -
Wo woro unablo t§ mako thormo-oloctxric moasuremonts on any films

because of their high rosistancos.

4, The Inj_xSey System

There are two references in the literature to amorphous modifications
of Inj.ySox. These are the electron diffraction studies of Tartarinova and
Kazmazovskaya, 1962, on a-InSe and of Andrievskii et al., 1963, on a-InSej3,

4.1 Preparation

In view of our experience with the Ga;_,Se, system we did not attempt
to use room-temperature substrates in the preparation of the Inj.xSex
system. Only one evaporation was perfcormed onto liquid N2 cooled substrates,

Films were found to be amorphous by x-ray diffraction over the composition

rango: X > 0.88 for tho-lower substrato films, ~ 9000 )y thickness, and x > 0.48

for tho upper substrate films, ~ 2500 X thickness. No alobular outgrowths

were observed for any compositions, however, partially crystalline films did -
exhibit pebbled surfaces.

4.2 Optical and Transport Propertics .

In the composition range 0.49 < x < 0,78 the optical absorption was
found to obey an (ahv)M vs hv relationship with n = 1/2. Beyond this range,

for 0.78 < x < 0.9, the exponent n appeared to be ~ 2/3 instead of 1/2. For

Bak iats
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x > 0,9, n was ~ 1, The values of Eg, determined from the intercepts with

the o = 0 axis are plotted in fig. B. Again, Eg was found to decrease
with increasing temperature in the range 100° K to 300° K and to vafy non=
\ linearly with temperature.
' Values for €7 determined from reflectivity measurements on two filmé
of composition ¥ = 0,49 and 0.96 are shown in fig. 8.
For this sys£em a lnovvs rT-Ypehavior was obtained only for indium-
. rich compositions x < 0.54. A transition betwcen the T-% and T-1
dependoncos occurred at the composition X = 0,54 with the conductivity
obeying the =1 rolationship near rcom-temperature. For x > 0.54, the
conductivity obeyed a ln o " Vs T-1 relationship with the slope, i.e.,
thermul activation energy at absolute zcro, AE, increasing with increasing
So content. The results for typical films ave shown in fig. 6, with the

compositional dependence of: AL, compared with that of Eg4 in fig. 5. Values

of tho intercepts with the 71 « 0 axis in fig. 5, i.e., 0y are
listed in Tuble 2, Soveral films gave unrealistically high values.
The crystalline temperatures determined from high temporature
conductivity measurcments, as for the Gaj.xSeyx system, aro plotteé in
fig. 4.
Secback coefficients could be measured in this system. They were -

p-type for all films and the valuos are shown in fig. 7 as a function of

composition,

S. Discussion and Conclusions

& Crystalline GaSe is built-up of 4-fold layers, each containing two
close-packed gallium layers and two close-packed selenium layers with

covalent tonding within and van der Waals bonding between layers.
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(InSo has a similar structuro). From infrared and Raman studies, Wieting
and Verble, 1972, proposed that there is an appreciable ionic or coulombic
interlayer interaction. The coordination numbers of gallium and selenium

atoms are four and three respectively. Throe crystallographically distinct

-polytypes of GaSe have been reported in tho literature (Shubert et al.

1955; Basinski et al. 1961). The B (D:h) and € (C;h) structures have two-layer
hexagonal stackiﬂg sequences whorecas tho chcgv) structure has a threco=-layer
rhombohedral stacking sequenco. Basinski ot al., 1961, have suggested

thot tho stacking fault enorgy in GaSo is very jow and that transformation

from one modification to another can roadily take place.

The other major compound in the Gal-xs°x system is Ga2503 which is of

cubic 3 B-type structure with somo motal atom sites vacant (llahn and Klinger,
1949). Tho coordination nunbers for Ga and Se in this structure axe 4 and
2.6, respoctively according to Andriovskii et al., 1963. Thus, ono thixd
of the cation sites are vacant. Palatnik et al. 1967, havo proposed that
cach Se donates two cloctrons to two Ga atoms.forming sp? hybrid bonds
thus loaving a lone p~pair on the So atoms which is directod towards the
Ga vacancy.

Although we havo direct evidonco of phaso-segregation occurring only for .
compositions with x < % 0.4, the strong tondency for Ga (and In) to take
up a tetrahedral coordination in the crystalline form and tho ease with
which various modifications are produced is strongly suggestive that phase
segregation could be occurring in other composition rogions of these
systems, Phase-segregation is a possible explanation for tho unrealistically
low valuos calculated for tho densitios of states in tho variable rango
hopping tonductivity mode in Gal_xSex. Preliminary annealing experiments .
did not improve these donsity of states valucs (Lewis, 1972) and, e.g.,

Ga rejection in the Ge-rich region and Se rejection for the Se-rich compositions
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tended to raise the resistances beyond the measurable range. A Poole-Frenkel
. type mechanism has been invoked to explain the conduction behavior of GaSe
(Tatsuyama et al. 1971). The conductivity vs field (F) dependence in a
broad sample of films was not exponential; the dependence was ohmic at low
fields and approximatel"y"Fl'6 at high (F ~ 3000 volts cm™*) fields.

The room temﬁe&ature resistivities of the amorphous and crystalline
phases, where x = 0.5 and 0.6, closely corresponded except for InySey where

the value was about 105 lower in crystal.

No discontinuities in physical proporties occurrod in Ga;_,So, systom
cver the moasured composition range. llowever in the Inl_xSox system a
marked discontinuity occurrcd in optical and clectrical properties at x v 0.78.
Bolow this composition the values of o, were < 10 2 ohm™! cw~! which suggests
hopping-type conductivity at band edges (Davis and Mott, 1971) whereas
for x > 0.79 the values of g, jumped to improbably high nunbers. (Approximate
values of exp (y/k), determined from the temporature dependence of Eg,
i.e., ¥ NJB/Z, although large (up to ~ 1073 eV °K~1) were insufficiently
largo to reduco o, to commonly occurring values). The valuos of By AL
B and n (Table 2) also rosc rapidly at this composition. Band calculations
for GaSc by bassini and Parravicini, 1967, indicatc that the bottom of the
conduction band is formecd from the py and Py orbitals of both the Ga and
Se atoms whereas the valencc band is formed from the p, orbitals of Se and

the s orbitals of Ga. Similar considerations should apply to InSe. As the

concentration of Se increases to high valucs, from the relative ionization encrgies

of In and Sc, onc would expcct the lone-pair p-clectrons of Se to form the

valence band (Kastner, 1972). Perhaps this occurs at x v 0.78. We do sce

evidence of this in the €, spectra (scc below, fig. 8) as we have for other
amorph ,us systems (Mueller ot al. 1973).

The optical energy gaps, Eg’ for the a-Ga;_,Se, system agree reasonably
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well with crystalline phases for corresponding valuos of x. For example,
the absorption edge in c-GaSe arises from direct exciton transitions (Brebner
and Mooser, 1967) and has been reported to have values ranging from 2.01
to 2.139 eV(Grandolfo et al.,I1971). For a-GaSe, Eg is v 1.9 eV. This
shift to lowor energies may be ascribed to the differcnce in short-range order

(according to Tartarinova, 1956, there are 6 atoms in the first ‘coordination

sphere of a-GaSe).

Electroabsorption measurcments by Askerov ct al., 1972, on c-GajSex .

showod tho optical absorption odgo to occur at 2.130V and arise from indiroect

transitions. In contrast to GaSe, no oxciton line structure was observed.

Its ab'scnce was ascribed to the strong defect nature of the lattice, which would
obviously apply to the amorphous structurc. For a-Ga,Sej, Eg is v 2.3 ¢V. Tais
higher value is consistont with the fact that although a tetrahoedral coordination
of atoms is maintained in the aworphous state (Andricvskii et al., 1963)

the radius of the first coordination sphore (2,25&) is less than the Ga-Se
distance in the crystalline statc.

Tho absorption edge in a-InSe begins with indirect transitions at v 1.19 eV~
(Andriyashik ct al., 19¢8) and again shows cxciton structure, as in GaSe. This
value is considerably higher than the optical gap of a-InSe, wherc Eg nv 0.7 eV,
which is surprising in yiew of the identical tetrahedral coordination of the
amorphous and crystallinc phases (Tartarinova and Kazmazovskaya, 1962). Much
better agreement is obtained between the optical gaps of c-InZSeS(Eg v1.2 eV,
Nasledov et al., 1958) and a-InpSez whore the short range order closely
corresponds. | 5

The ez-spcctra in fig. 8 were obtained from Kramers-Kronig analyses of
the rcffectivities of a collection of samples chosen te indicate the trends

occurring in cach of the four binary amorphous systems studied. For ecach of

the systems, Sbj.xSey, G°1_x5°x' and Inl_xSex, a similar pattern appears. As
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the Se content increases the lower band in the spectrum shifts upward in
energy and reduces in strength. At sufficiently large Se concentrations in
these three systems a second higher energy Sand appears, and the spectr;
appear qualitatively similar to that of amorphous Se (Leiga, 1968; Stuke,
1969)., For these systemslit is conjectured that two phenomena are occurring
with increasing Se content. The p-alectron contribution to the occupicd

densities of states is splitting into two parts associated with bonding and

woakly bonding (lone pairs) states. Secondly, the bonding (o) and anti-
bonding (o*) states are secparating from one another producing a larger enorgy
8ap. The weakly bonding states are assumed more oY less stationary in
energy between the o and o* states. For the Gal_xSex system there is no .
clear scparation between the lone pair and ¢ states with Se concentration

as for the other systems. It appecars that at lower Se concentration for

the systems Ml_xSex studied here the Se p-clectrons are primarily utilized

in M-Se bondﬁ. At higher Se concentrations significant Se-Se bonding and/or
M-Se bonding with Se in 2-fold coordination occurs. This results in a
separation of the p-electron states in weakly bonding and bonding types.

Also the decreased metallic character of the M-Se and Se-Se bonding

relative to the M-M bonding produces wider ¢-o* gaps as evidenced by the

shifts with increasing Se concentrations of the lower peaks in the optical

spectra to higher energy.
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Table 1

Optical and Electrical Paraneters of a-Ga; . Se
d A e X" %
Pilms as a Function of Composition

x B ;;f
(eV) " eviTHLgptl n Hopping Density of
. . Activation States
Encrgy (cm™3)
AV
(eV)
N JEBYSY! .38 1.5 6.6 x 10"
‘B 2u6 .40 3 10 2.5 x 1036
207 42 1.39 3.4 35
C 114 .50 3.3 1.1 x 107
¥ 2017 .60 2.27 5.2 1
] 2019 63 . 2,22 4.9 E’
E £ 1L16 .64 4.7 6.8 x 106
.
B 2u21 .66 2.15 4.4 Y
/ 2116 .67 ' 6.8 5.5 x 1013
©2u23 .69 2.12 4.1 Y .
2025 .72 2.03 3.8 1
i 2027 .74 1.95 3.5 3
4 BT .87 1.99 6.6 2
2L25 .93 2.08 7.4 | ¢
. ' 3

|
i
f
;
b
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Optical and Electrical® Parameters of a-Inj_ySe,
Pilms as a Punction of Composition
x E B x 10° . a AE, ' 0 Seebeck
, & ' Coefficient .
b . (eV) ovi "‘l‘f.:m"1 (eV) a*lem™d (W/o.)
il = g e e = e —
. u7 .49 .73 3.5 i
i%" Lt .51 ' & 1.83x1073* 1,68x101* v57
. u9 .53 75 2.9 B .
3 | e 55 | .20 1.1x1072 +153
T? Uil .56 1.04 3.1 " .
? ue .58 .49 1.2x10% +408
. ui3 .60 1420 3.5 k
!ﬁ g .62 . .52 6.6x10! +563
-fl u1s 64 1.39 3.6 3 |
h U6 .65 .49 1.4x102 +676
u17 .67 1.59 3.9 Y
;g uls .69 | .37 s.7x10} +524
% u19 70 1.82 4.3 i
?E u2o 71 .41 2.6x10° +660
{ u21 .73 1.76 4.1 5
& u23 75 1.69 3.8 ) _
uz4 .76 - .57 8.0x10} +56
u2s .78 1.63 3.7 I
U26 .79 1.39 1.3x1013
u27 .79 1.98 6.4 2/ )
L21 .90 2.04 6.9 1
i L22 .92 . ' 1.47  1.6x1012
- L23 .93 2.03 7.2 1
E | 1.25 95 2,03 6.9 1 1.36 1.1x1039
%7 ’ L26 .95
ﬁ, L27 .96 2,06 6.8 1
* g activation onoryy and intovcopt at 11w 0 obtained f{rom T'l‘ plot
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Figure Captions

Surface of Gag,g2 Sep.18 film taken by a sganning electron micro;cope
a. Globular outgrowth; on background field (x 50).

b. Pebbled structure of background field (x5000).

Room temperature optical activation energy (Eg) versus composition

for Gaj_yx Sex systém.

Log electrical conductivity (o) versus T-% for-Gaj.xSex system.
Crystalization temporaturo Versus composition for (4)Gaj.xSex,
(0)Ing_xSey.

Optical activation energy at room temperature (0) and thermal
activation cnergy (4) extrapolatcd to 0° X versus film composition
for the Inj_,Se, system.

Log olectrical conductivity (o) versus reciprocal of absolute temperature
(T) for Inj.xSex system.

Room temperature Secback coefficient versus film composition for Inj.xSex
system,

Imaginary part of tho dicloctic constant (e2) versus photon energy for

systems Gaj.xSey, Inj_xSex, Gep.xSex, and Sbj.xSex.
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Electron Energy States in Sb,Se;T

C. Wood and J. C. Shaffer
Physics Depariment, Northevn Mlinois University, DeKalh, Nlinois 60115

and

W. G. Proclor
Instronent Division, Varian Associale.:. Palo Allo, California 91303
(Reccived 19 June 1972)

The transition strenth (hl')eez, computed by Kramers-Kronig analysis of optical reflec-
tance spectra, is compared with x-ray photoclectron speetra for both single-crystal und
ainorphous Sb,Scy. The simlilarity of the data from x-ray photoclectron speetra for the
two modifications suggests that the valencc-band structurc is cssentially the same,
whereas differences In the spectral dependence of (hu)zt? suggest that the conduction-band
density of states is lower in the amorphous matcrial, or that thc matrix clements for op-

tical transitions arc suppressed.

As part of a study of the optical properties of
Sb,Se,, we have compared the energy dependence
of the transition strength (hv)’e, with x-ray photo-
electron spectra \electron spectroscopy by chem-
ical analysis) for both the amorphous aud orthor-
hombic crystalline (D,,'") modifications of the
siame composilion. The single crystals were pre-
pared in a horizontal zone refiner' and the amo- -
phous films by vacuum evaporation® onto roon. -
temperature fused quartz for the optical reflec-
tance spectra, or aluminum substrates for the x-
ray photoelectron spectra (XPS). An electrically
conducting substrate of aluminum was used to

facilitate cleaning by sputtering., The {ilms were
verified to be amorphous by x-ruy diffraction,

Values for the function (# u)"‘c.“ where /v is the
photon energy, were calculated by Kriamers-
Kronig analysis® of reflectivity data from 0 to 24
eV'and are plolted in Fig, ', The ost stiiking
difference between the amorphous aund single-
crystal curves is that the peak observed at ~ 3 eV
for both polarizations of the electric light vector
for the single crystal appears (o be strongly de-
pressed for the amorphous material, This peak
and the next major one at ~ 9 eV also are less
well resolved for the amorphous solid.
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AMORPHOUS
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FIG. 1. Energy dependence of the optical transition
strength for amorphous $b;Se; and for two orientations
of single~crystal Sb,Se; with the clectric vector Ela
and Elic.

The XPS dat.: were taken on freshly sputtered
single-crystal and amorphous specimens. Argon
Sputtering removed surface-impurity photoelec-
tron peaks, but did not appear to change the over-
all shape of the spectra of either the amorphous
or single-crystal specimens.

In Fig. 2 the x-ray photoelectron energy distri-
bution curves are plotted in the range 0 to 45 eV,
with the zero of energy at the Fermi level. The
curves for the single-crystal and amorphous
specimens are in general remarkably similar.

A triplet structure appears in the XPS data for
the crystaliine samples at about 14 eV. This
structure wus not resolved as a triplet in the
amorphous data. The spectrometer resolution
for this measurement was ~1 eV (full width at
half-maximum), The strong triplet peak at ~ 24
eV which appeuars for both the amorphous and
crystalline samples in the XPS data and, there-
fore, in the valence-band density of states, we
associate with the rising (hv)?e, beyond 20 eV.
The doublet at ~ 33 eV we associate with the Sb
4y, 5., levels. The ratio of intensities should
be 2:3, and proubly is, since the weaker line is
riding on the shoulder of the stronger,

As expected, zood correspondence was obtained
between the structure for amorphous ;4 single-
crystal material at higher energies, such as the
Se 3d, . , , doublet at ~53 eV and the Sb 3,5 s/,
doublet at 537 and 528 eV shown in Fig. 3. The
oxygen ls,,, level lies in the range of the latter
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FIG. 2, X-ray photoelectron spectra between 0 and
45 eV binding energy for a single erystal and an amor-
phous sample of Sb;Se;. The ordinate scale applies
only to the single-crystal counting rate. The counting
rate for the amorphous sample has been scaled and dis-
placed in order to facilitate comparison.

doublet and a small amount of oxXygen remaining
on the surface of the amorphous sample after
sputtering could be detected by the weak shoulder
at 532 eV,

Since (hv)?¢,, the transition strength, is repre-
sentative of the joint density of electronic states
for optical transitions (assuming constant matrix
elements), and since XPS data portray the struc-
ture of the occupied bands,® in particular, the
valence band, we conclude that the peak at ~9 eV
in the (hv)’¢, data arises from the conduction
band because of the absence of any corresponding
structure in the XPS data. This peak is unlikely
to arise from nonconstant matrix elements since
it appears with equal strength in the optical data
for both crystalline orientations and amorphous
material, and thus is insensitive to lack of long-
range order.

The major effect of the crystalline-to-amor-
phous transition appears to be a general decrease
of (hv)’¢, at the lower energy range coupled with
a smearing of most structure. Since the XPS
measurements show no large changes in the
Structure of the valence band between the crystal-
line and amorphous material (fine structure of
width <1 eV would not be resolved), we conclude
that the lower observed values of (hv)*e, arise
either from a lower conduction-hand density of
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Fla. 3. X-ray photoelectron spectra for two designated energy regions for a single crystal and an amorphous W
sample of SbySe;. As in Fig. 2, the ordinate scale applies only to the single-crystal data, and the data for the
amorphous sample have been scaled and displaced to facilitate comparison. 4
states or from a suppression of matrix elements lished.
in the amorphous material. R. Mueller and C. Wood, J. Non-Cryst. Solids 7, 301 .
(1972). ;
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PHOTOEMISSION STUDIES
OF CRYSTALLINE AND AMORPHOUS Sb,Se3

Z. Hurych, D. Davis, D. Buczek and C. Wood
Physics Department
Northern Illinois University
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and
G.J. Lapeyre and A.D. Baer
Physics Department

Montana State University
Bozeman, Montana 59715

Abstract

The photoemission energy distribution curves (EDC's) of crystalline

and amorphous Sb Se3 were measured in the photon energy range hv = 7 to 35 eV

2
usiny polarized radiation from a synchrotron storage ring. The polarization
dependence of the EDC's is much stronger than that of the refleciunce spectra.

The EDC's show several regions of high density of states in botih the valence

and conduction bands, with the structure strongly smeared-out in amorphous

SbSez. The region of the upper 2 eV of the valence band with six electrons
per Sb25e3 molecule attributsd primarily tv the selenium lone p-pairs, is
clearly separated from the remaining part of the EDC's in crystalline Sb,Ses. o
The optical transitions in crystalline SbySes occur with matrix elements strongly
dependent on the orientation of the electrical vector of the polarized ra-

diation as a result of crystal field effects. Model densities of states are

o T S 8 G L PG e A

constructed for both crystalline and amorphous SbZSeS. 3
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INTRODUCTION

Sb28e3 belongs to V-VI cumpound semiconductors, a group of materials :

3 whose optical and transport properties have been widely investigated.

However, there is available little data on band structure of these

e e T

compounds due to the complicated primitive cell (comprised of 112 valence

i il

electrons in the case of SbZSeS), and the density of states models are

generally derived from the molecular orbital approach, with the bonding and

weakly-bonding bands usually adjusted to fit the reflectance spectra (1).
'é - The typical features of the reflectance spectra of these compounds
in both crystalline and amorphous form are two reflectivity bands, the

first occurring in the near IR and visible region, and the second in the

: vacuum UV region of the spectrum (2), (3), (4), with onset at ~ 7 eV in

the case of SbZSeS. These two reflectivity bands are usually interpreted
(1), (4), as originating from splitting of the valence band into strongly
bonding and weakly bonding states. Kastner (5) has recently pointed out
the important role of the lone (unshared) p-electrons of chalcogen atoms
in forming the weakly bonding band in these compounds. More detailed

knowledge of the valence band structure, particularly its upper part

formed by the lone-pairs, should be useful in explaining many physical
2 propsrties of these materials. However, the above reflectivity-based

model is of rather conjectural character, since the reflectivity (and

assoc.ated optical constants) provide information on the joint density
e iﬂ of states (JDOS) only, without determining absolutely either the initial
or the final energy of states involved. In addition, it is generally

difficult to determine which structure in the optical data is due to

kg S ety e ool



the band density of states a'id which is due to enhancement by the

critical points in JDOS or by matrix elements, although the critical

points contribution is generally unimportant in amorphous materials as

a result of lack of the long range ocrder. This question of matrix
elements if further complicated by low symmetry of these crystals, since
some transitior s could be either allowed or prohibited by the symnetry

of the initial and final states. Such effects should show up when
polarized Jight is used where the matrix elements would depend, in general,
both on the wave vector k and on the orientation of the electrical vector
E,.

We have employed photoemission spectroscopy, which is capable of
locating the absolute position of structures in either valence or
conduction band, to substantially refine the existing density of states
model and to obtain information of the character of the matrix elements.
Due to the high resolution (0.2 eV), we have been able to determine
several fundamental features in the upper (i.e;, weakly bonding) valence
band as well as a conduction band structure, unresolved previously
in the X-ra’ photoemission studies (6). Application of polarized
radiation from the synchrotron storage ring also reveals a strong effect
of the crystal field which shows up as a strong dependence of the energy

distribution curves (EDC's) on the orientation of E;.
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EXPERIMENTAL

1) Photoemission Apparatus and Light Source

The 240 MeV storage ring of synchrotron radiation at the Physical
Science Laboratory of the University of Wisconsin was used as a continum
light source. The beam was focussed at the entrance slit of a monochromator
optically equivalent to the McPherson 225 model. Upon reflection and
dispersion at the grating, the beam is focussed at the exit slit of the
monochromator and then diverges again (f = 10.4). Therefore, and
elliptical mirror was used to refocus the light beam to a spot of
approximately 1 mm in diameter which illuminated the sample. Even

though the beam is naturally polarized in the median plane of the storage

ring, some depolarization occurs after reflections at focussing mirrors
; 4 and the grating. The polarization of the light illuminating the sample
| was estimated to be ~ 80%.

A double-pass cylindrical electrostatic mirror with a spiraltron
electron multiplier was used as an electron energy analyzer, This
analyzer which is described in detail elsewhere (7) detects only electrons
of & certain velocity and which originate from a small volume (of linear
dimensions ~ 1 mm) surrounding a focal point; the focal point was
positioned at the center of the light spot. By moving the sample with
respect to the focal point of the analvzer it was possible to select the
best _urface area of the saple, the criterion being that the ratio of
the high energy end of EDC's to the low energy pe~k due to scattering
be maximized. For good crystal cleavages and uniform films this was only of a
secondary importance. The sampling of the velocity of electrons was

dorie by sweeping a retarding or accelerating voltage between two concentric
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hemispheres located in the region between the electren source and the

analyzer entrance. Analyzer resolution was then independent of the

electron energy. In the present work the analyzer was set to pass 20 eV

electrons and the resolution was 0.2 eV for all electron energies. This

pass energy gave the most favorable condition for high transmittance of

the analyzer while retaining good resolution. Digital processing of the ®

signal at the ocutput of the channeltron eliminated the vibrational,

electrical and Johnson noise; the dark count was less than 1 cps. The
primary source of noise was the statistical error which was 1% of full
scale or better. This resulted in the necessity of a longer counting

time for hv > 20 eV where the light intensity began to decrease.

2) Sample Preparation

Orthorhombic single crystals of SbpSez (space group D%g, a = 11.62 R,
b=11.77% ¢ = 3.9 K) were grown from the melt in a horizontal zone-
refiner by the method described in (8) from 6-9's purity elements. Samples
"9 mm x 9 mn x 3 mm were cut from ingots of ~ 1/2" diameter and 10" long.
The base pressure in the photoemission chamber was 8 X 10-10 vorr and
did not change substantialiy during the cleaving. Excellent mirror-like
cleaved surfaces |b were obtained which enabled the sample to be illuminated
Ey||a or Ej||c, respectively. (E, is the electric vector of polarized
light). The sample was positioned in such a manner that the incident
light was always s-polarized, i.e., E; was parallel only with one of the

three orthorhombic axes at a time.

Amorphous Sb,Se; films of thickness ~ 200 to 500 A were prepared in

situ by evaporation of Sb,Se from an electron-beam gun at very small

o
rates (v 1 A/sec) onto nickel and quartz substrates with Pt contacts.
This method of evaporation had been developed earlier (9) te produce

amorphous stoichiometric Sb,Sez films within the 1% error in composition
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as determined by electron microprobe. After the photoemission measurements, !

the films were checked by x-ray diffraction and were found to be amorphous.
The pressure befure the evaporarion was 5 X 10710 torr rising to 4 x 10-9
torr during the evaporation and decreasing back to 8 x 10-10 torr

immediately after the electron beam gun was turned off.

THEORY

Since there are several detailed treatments of the theory of the
photoemission process (10), (11), (12), only conclusions pertinent
to our results vill be mentioned here. In addition some features of
photoemission when polarized radiation is used will be discussed
qualitatively.

The transition rate for the optical excitation is proportional to
the square of the electric dipole matrix elements Mif(hv,gﬁo) = <wi|H'|wf>
where H' is the light perturbation Hamiltonian, k is the crystal momentum,

and E

E, is the electrical vector of polarized light. The form of the k

dependence of Mjf depends on the character of the wave functions y;

and ¢ in the initial and final states. 1f these are properly described
by Bloch functions, and k dependence of Mjg includes the term 6 (ki-kf)
(direct transiiion), and the excitation is described in terms of Mjg¢ and
the JDOS. 1f Bloch functions do not properly describe either the initial
or final states, the k-1 = k¢ condition foi nonzero Mif is relaxed. The
optical transitions are then termed as nondirect, and their rate can be
expressed in terms of M;, and band densities of initial and final states.

The dependence of M;p on E

E, arises from the A.p term in H', A

being the vector potential of the exciting radiation. The E, dependence

can be very important




This dependence of M, ¢ arises

Eo

in an anisotropic solid such as SbySes.

from the symmetry of the initial and final states rather than from the

detailed character of yj and Vg, reflecting the effect of crystal symmetry

and field and can occur both for direct and nondirect transitions.

Treatment of this problem in the case of wirtzite CdS can be found in (13).

™n addition to the dependence on lMiflz, the photoemission EDC's

depend also on the scattering factor S(hv, kf, E) (10), which describes

the transport and escape of electrons excited to final energy E. The kg

dependence of S gives rise to angular dependence of the photoemitted

electrons. Several experiments have been performed to investigate this

angular dependence of phovoemission in the case of Cu (14), Ag (15),

and Au (16). In the case of free-electron-like metals this angular

dependence of photoemitted electrons has been treated theoretically by

Mahan (17) from first principles.

Since kg depends on the orientation of Ey throungh the A.p term and

it is appropriate to incorporate the

The

some relation betwecen Ei and Ef’

ndence also into the scattering function S (hv, E, Ef, Eo).

o
EDC's then include twofold dependence on the ori
A

L, depe
entation of Lj:

(i) through the probability of the optical excitation proportional to

(Mif)z (at any hv the transition can be allowed for one polarization and

forbidden for the other as a result of symmetry);

(ii) through the transport and escape function S, where the angular

distribution of emitted electrons depends upon L, through the kg dependence

on Ey as a result of the term A.p. This dependence would generally be

uch weaker in the case of nondirect transitions for which k-l # kf.

While effect (ii) is not generally considered when EDC's are measured

yields an "agveraged" angular

using the retarding field analyzer (which
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distribution) it should be considered in the case cf directional analyzers

such as the double-pass electrostatic mirror used in this work. It is then

desirable to separate the part due to M, . and to the S dependence on E, in the
family of EDC's with different hv at constant polarization and constant
angle of collection. Since there is no theory similar to that of Mahan (17),
which would treat this problem in the case of complex semiconductors like
SbySey, we used, as a first approximation, the following criteria for the
separation of the M;. and S dependence.

(1) The Mif dependence on (E;) can strongly modulate the intensity of
peaks in the EDC's as hv is varied at constant polarization, since even a
small change in hv czn result in transitions between initial and final
stotes of different symmetry, which could change from allowed to forbidden
or vice-versa. Peaks in the EDC's may then suddenly appear and disappear
when hv is changed by a small amount, i.e., the peaks may behave similar to
those in the case of direct transitions.

(ii) Since the angular dependence of S is rather smooth and it is a

continuous function of kg as contrasted to the "0 to 1" type behavior of M; ¢ (Eo)
and since the overall momentum distribution kg of all excited electrons would
also change with hv more gradually than the "0 to 1" changes in M;¢, one may
expect rather weak and gradual modulation of structure in the EDC's due to the

S(kg, hv, E ) term as hv is varied at given polarization. This S(kg, hv, E, E )

’ .I::‘.o -0

term would be expected to have a very small effect in the case of nondirect

transitions.

EXPERIMENTAL RESULTS

The experimental data (EDC's) are presented at figs. 1-6 for crystalline

Sb,Sez for two orientations of the electrical vector L, of the polarized light
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Eﬁllc, Eolla, and for amorphous Sb,Sez. It is seen that the EDC's cxhibit the

sharpest and richest structure in the photon energy range between 7 ¢V and

15 eV. At higher photon energies, the structure (peaks, shoulders, valleys)

is getting progressively less sharp as a result of the increasing contri-

bution of scattered electrons which build a structureless background at the .

lower energy part of EDC's and decrease the signal at the high energy end.

Starting at hv v 20 eV an additional overall decrease of the signal occurs

as a result of decreasing efficiency of the normal incidence grating mono-

chromator. Therefore, primarily the 7 to 20 eV region of hv will be used for

further analysis. The EDC's for hv > 20 eV look similar to those for 20 eV

but the signal was considerable weaker. The main purpose of taking the LEDC's

for hv > 20 eV was to obtain information cn possible contribution from core

d-levels (the 4d level of Sb). Our results show no core d-bands in the 7

to 30 eV region which indicates that thc optical properties of SbpSez in reference

4 arc cuc to the s and p valence electrons only.

Since therc is present a large amount of structure in our data as a

result of strong polarization dependence, a large span of photon energy, and a

complex band structure, it is advantageous to identify briefly the most

prominent structure, in Figs. 1-6. Analysis of the EDC's shows that most of

the structurc can be related to the constant energy of either initial or

final states. Therefore, two sets of EDC's will be presented: onc with EDC's

arranged with respect to the initial energy, suitable for determining the

valence band structure, and the other set arranged with respect 1o the final

states cnergy, suitable for determining the conduction band structure.

The structure of constant initial state energy (figs. 1, 3, and 5)

includes a weak shoulder S on the sharp leading edge, and two sharp peaks A and B

in crystalline Sb,Ses (or one broad peak AB in amorphous Sb,Se ) at the high
y 2> 5 P P 2o%3
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energy end of EDC's for hv in the 8 eV to 20 eV range; these structures

are separated from thg rest of the EDC's by a valley V located 2 eV below
the high energy end of the EDC's. Additional peaks C and D are located at
~ 0.6 eV and 1.3 eV below the valley V for crystalline Sb,Ses. The
structure with the constant final state energy (figs. 2, 4, and 6) is
observable at the low energy end of the EDC's. It includes five shoulders
and peaks Pg to P4 in crystalline SbySez, and two structures P and P! in
amorphous Sb,Sez. For further presentation and analysis of the EDC's

we will also use the standard method of structure plots where the final
energy E of each clement of the structure is plctted vs. the photon energy
hv (figs. 7-9), with the energies referred to the valence band maximum (VBM).
The high (and energy independent) resolution of the analyzer used provides
rather sharp leading edges of the EDC's which can be easily extrapolated

to define the top of the valence band. The very weak tail at the high
energy end of the EDC's is due to both intrinsic broadening (as a result of
the electrical field penetration) as well as to the instrumental broadening

(nonuniform work function of the analyzer, finite bandwidth of the exciting radiatio

finite resolution of the analyzer).

CRYSTALLINE SbZSe3

Eolle

In the region between the threshold energy and hv = 8 eV, a peak
in the EDC's occurs close to the top of the valence band (fig. 1, also
line o° in fig. 7). This structure is attributed to direct transitions
since it does not correspond to *he slope of the E = hv line in the

structure plot (fig. 7) and ends at hv = 8 eV. At hv = 8 eV a sharp

peak A occurs in the EDC. Figs. 1 and 7 show that this peak keeps a
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constant energy of initial states in the entire photon energy range up

tc 20 eV, but the intensity of this peak is strongly varying with hv;

in the 9.5 to 11.5 eV this peak almost disappears. Another structure

of constant energy of the initial states, is peak B, starting at hv v 8.6 eV
as a weak shoulder. The intensity of this peak is again strongly varying
with photon energy. The high resolution of this experiment shows this

peak B as a doublet v~ 0.3 eV wide in the hv ~ 9 eV to 13 eV region.

A weak shoulder S on the leading edge of most of the EDC's can be ulso
observed. Peaks A and B aie separated from the remaining part of EDC's

by a valley V at 2 eV below VBM. This valley V is one of the most

prominent features of EDC's for crystalline Sb_Se

2 g

A and B occur in extremely large photon energy range (v 20 eV) with

Since the two peaks

constant and well defined initial energy, we conclude that they correspond
to high dehsity of states regions in the valence band arising from flat E
vs k parts of the band. In the hv = 8 to 15 eV region the intensity of
these two peaks is strongly varying with hv due to the effect of matrix ele-
ments. In the case of optically isotropic materials, this feature would
be a clear indication of direct, i.e., k conserving optical transitions.
In the case of such a strongly anisotrupic material as SbZSe3 it is possible,
however, that this matrix elements modulation could be due to the E,
rather than the k dependence of matrix elements. Therefore the only
definite indication that the transitions are direct is that the slope
differs from 45° in the structure plot for peak A in the small photon
energy range between the threshold and 8 eV.

Starting at hv ~ 10 eV, fig. 1 shows two other peaks C and D of
strongly varying ;ntensity in the region 0.4 eV to 1.3 eV below the valley

V. A slope differing from the E = hv slope in the corresponding structure

plot (fig. 7), indicates that these peaks are associated with direct
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optical transitions. There is a suggestion of another deeper lying

structure in the valence band (labeled F), obscured by the background
; } of inelastically scattered electrons and by the overlapping conduction
4 band structure. This background is also partially obscuring an onset of
another region of high density of states starting at about 6 eV below

VBM (point G in fig. 1) for EDC's at hv > 15.5 eV. We suggest that the

- ; sharp change of the slope at point G corresponds to an increase of the

valence band densities of state:, yet superimposed on a background of

conduction band structure and scattered electrons since: (i) point G
corresponds to a constant emargy of initial states, and is therefore

a property of the valence hand; (ii) the inelastically scattered electrons

R P T A - T A

wouid form a smooth background, dependent on the final rather than on

initial energies. In amorphous SbZSez, (fig. 5) this deeper new band

AR

is much better resolved in the EDC's due to much weaker conduction band

E structure (fig. 5). This assignment of point G to the onset of a deeper
iﬂﬁ valence band is further confirmed by the x-ray photoemission spectra (6) 4
which portrays the structure of the occupied states.

The conduction band structure can be conveniently determined from
the EDC's arranged with respect to the final energies of photoelectrons
(fig. 2). Five regions of higher density of states (labeled Py to Py)

superimposed ©i a background of inelastically scattered electrons can be i

. determined from fig. 2 between 6 and 10 eV above VBM. In general, such

conduction band density-of-state-maxima can be filled either directly

3 4 by optical excitation, or by photoexcited electrons which are inelastically '%
fz scattered down from higher energies (19). Since the intensity and shape of %
% these five peaks or shoulders is strongly dependent on the photon energy, ; ?
i these structures in EDC's obviously correspond to the optically excited %
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electrons rather than to the filling of these states by scattered {4
3
electrons. This is best shown by observing the crossings of the %
b3

lines representing the peaks A, B, C, and D with lines representing

Py to P4 in the structure plot (fig. 7). At several photon energies, ;
corresponding to these crossings, strong interband optical transitions, i
k

. b

enhanced by high density of states in both band, occur and show up in the
EDC's as strong peaks, modulated further by the matrix elements M(hv, Kk, Eo). 5
For §o||c, such strong peaks in the EDC's occur for example at hv = 8 eV %
(transition from A to P3) and hv = 10 eV (from B to Pl). A completg list -
of such transitions is in table 1.

The lower part of the conduction band is not accessible due to the

photoelectric treshold of ~ 5.7 eV, as determined from the spectral &

distribution of the yield Y using a linear (Y hv)3/2 vs hv extrapolation (20). i

Ella

The EDC's for Ey||a (figs. 3 and 4) bear resemblance to EDC's for Elle.
The high energy side of the EDC's shows four peaks A, B, C, D of constant 4
and rather well defined initial state energy (fig. 3, 8). A shoulder S fﬁ
can be observed on the leading edge of EDC's. These four peaks are attributed \
again to the valence band density-of-states maxima originating from flat E H
vs k portions of the band. In the EDC's these maxima are then strongly ]
modulated by the matrix elements M(hv, k, Ej). For example, the very sharp
peak A at 10 eV is changing into a very weak shoulder in the 11.5 eV to 4
15 eV region (21). Peaks A and B are again clearly separated from the

rest of EDC's by the valley V located 2 eV below VBM which is also one of

the most prominent features of the EDC's for golla. A weak structure F

ﬁ and an onset of a deeper valence band at G are also observed at Fig. 3.
1 Contrary to the E ||c polarization, peaks C and D keep a constant initial i




kit 55 3 S T o o
T ’s\$ DN _‘?‘:!3‘-7..}.\;?;’.;3.»‘ i _ i

&89 v
state energy in this polarization for the entire photon energy range
where they are present (see also fig. 8). Five regions P0 to P,
of high density of states in the conduction band are observed in the
low cnergy side of RDC's (fig. 4) superimposed on a smooth background
- of scattered electrons. These conduction band densities are again
coupled in optical transitions from the states in the upper valence
. band (Table 1).

Comparing the EDC's for Eolla with Eollc shows the dependence of
the relative intensity of these peaks on the orientation of E, (see
fig. 10). This .ndicates that the matrix elements include dependerce on
both k and E_, the latter dependence arising as a result of the crystal
field effect. Due to the differential character of the photoemission
method, this E, dependence is much more pronounced in the EDC's than in
the reflectance data (fig. 11). The EDC's are strongly polarization
dependent in the photon energy range from 8 to n15 eV where the reflectance
shows very little polarization depende.ice. While, for example, the
reflectivity and the optical transition strength mzez (i.e., JDOS)
exhibit the same two pecaks at ~ 10 eV and 12.5 eV for both polarizations
(fig. 11) the EDJDOS (the energy distribution of JD0S) is quite different
for these two polarizations (fig. 10). The reflectivity peak at v 10 eV
has strong contribution from peak A in EDC's for golla and from peak B
for Eollc. The reflectivity peak at ~ 12.5 eV has a large contribution
from peaks B and C in EDC's fcr Eplla, and approximately equal contributions
from A and B for Eolic. It is primarily the upper 3 eV of the valence band
which produces a strong polarization and photon energy dependence of the

v

EDJDOS which is not detectaple in the reflectance data.
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AMORPHOUS Sb,Se

The total photoemission yield of amorphous Sb,Se; films was lower
than that of crystalline Sb,Sez, and the low energy part of the EDC's

was partially obscured by the background of photoelectrons emitted from

the analyzer (22). A correction for this effect at several photon
energies is shown in figs. 5 and 6 (dashed line). ’hese corrected
EDC's still include, however, the secondary (scattered electrons originating
in the conduction band of SbySes; films.

The structure of the EDC's for amorphous Sb,Sey is much less
complicated than for crystalline, yet the main features are similar.
There is again a shoulder S and a peak AB at the high energy end separated
from the rest of the EDC's by the valley V. llowever, the two very skarp
peaks A and B in crystalline Sb,Sez are ncw replaced by the broad peak
AB, and the peaks C and D at the low energy side of V are completely
missing. Both peak AB and valley V indicate again a constant initial
state energy which is primarily attributable to the valence band structure.
Of particular interest are the changes of the shape of the EDC's at
hv = 8 eV and 9 eV, where some sharpening of the peak AB occurs. The
occurrence of such sharp peaks is rather unusual for an amorphous
material, and in this case it is plausible to explain such peaks in the
EDC's by a high density of states in the conduction band. Figures 6 and

9 indeed show
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f states, P and P' in the conduction band

two weak regions of high density o
at ~ 7 and 8 eV above the top of the valence band. Their energy position
corresponds to regions P, and P3 of high density of states in the
crystalline SbpSes, but their intensity is much weaker. The weakness of
the conduction band structure in amorphous SbZSe3 is a property of the

amorphous films, rather than an instrumental resolution effect, since the

lower part of the valence band (point G) is resolved more sharply in

amorphous than crystalline SbySez despite the lower yield of films.

Similar smoothing of the high density of the conduction band states in

the amorphous phase of Se and Te have been reported by Laude and Fitton (23).

Results (18) indicate that the difference between EDC's ‘for crystalline

and amorphous Sb25e3 is not due to collecting electrons under specific

solid angle which would average out the structure in amorphous Sb,Se;.
Since the only two appreciable changes of the shape of the peak

AB in the EDC's at hv & & and 9 eV can be explained by the higher

conduction band density of states, the otherwise constant shape and

relative intensity of the peak AB suggest that it is due to nondirect

transitions. It is int. :sting to note that within the resolution

(0.2 eV) of the experiment, both crystalline and amorphous SbZSe3 exhibit

very sharp high energy ends of the EDC's, particularly there is no

direct evidence of the density of states tailing in amorphous stochiometric

SbZSe3 in agreement with previous findings from the optical and

photoconductivity data (24).

DISCUSSION

One important feature of the EDC's is the strong structure in their
upper 2 eV region. In the case of crystalline Sb25e3’ this region is

strongly polarization dependent and split into peaks A and B, and

S g e O M SRS SRR i S e o i S e o i




is clearly separated from the rest of EDC's by the valley V. The peaks A

and B are rather narrov, their full width at half-maximum above the valley V

being ~ 0.4 eV. Such narrow bands would be consistent with rather low hole

mobility ~ 40 cm2/V sec (25) in crystalline SbZSe We associate these two |

3"
peaks A and B with two regions of valence bard dcnsity-ofw-states maxima,
arising from flat E vs. k bands. In agreement with this interpretation, the
energy position of these two peaks from the VBM is the same for both polarizations:
In the EDC's these valence band density-of-states maxima are modulated by

the matrix elements M(hv, k. Eo) and to some extent by the escape function S

and also by the conduction band density of states for 8 eV < hv < 15 eV.

In view of the atomic states configuration of Sb and Se, these flat bands

are attributed primarily to p-elcctrons which would be rather loralized

at atoms. Peaks A and B in the EDC's of crystalline Sb28e3 merge into one

broad peak AB in amorphous SbZSe This peak AB does not allow for a very

3
flat E vs k band, and its behavior suggesfs that it is due to nondirect
transitions with constant matrix elements, modulated by the conduction band
density of states at hv v 8 and 9 eV.

The other portion of the valence band being strongly affected by the
phase transition is located between 2.0 and 3.3 eV below the VBM in
crystalline SbZSe3 (pcaks C and D in the EDC's). Optical transitions from
these states are again strongly dependent on the orientation of Eo' Behavior
of these peaks in the structure plot (fig. 7) for Eollc again indicate that
the corresponding optical transitions are direct in crystalline SbySer. In
the EDC's for amorphous Sb,Se; these two peaks C and D are completely
missing. 1:' ]

Even though the cffect of polarized light on the EDC's in the caéé

of optically anisotropic materials has been reported earlier (13), (16), (26),

the effects observed here are far stronger. It is also interesting to note

that the polarization depandence is strongest for electrons excited from flat

— .
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bands at the upper v 3 eV part of the valence band. In view of the

AR

diséussion in the theoretical section, it is believed that this strong
polarization dependence of the EDC's is due primarily to the Mj¢ term
with the S term giving possibly a weak background dependence such as
observed in the EDC's at hv > 16 eV. Even though a rigorous proof

of this statement requires a detailed knowledge of the band structure,

there are some experimental facts in its support: (i) the reflectance

&

i s

spectra in the visible range shows clearly strong Mj¢ (E;) dependence

for states within the upper ~ 3 to 4 eV of the valence band, and (ii)

the main features of the EDC's are independent of the type of analyzer
q. used (18). This observed E, dependence of M, ¢ shows the effect of
;¥ crystal field and symmetry. The strong polarization dependence of EDC's

makes it difficult to determine whether the transitions are direct, since

the strong E  dependence of Mj¢ obscures any possible k dependence.
1 € There are indications of direct transitions such as the slope in the
structure plots but only in a limited range of hv (e.g. peaks C and D
& for Eo||c in fig. 7). The question of direct transition is further
complicated by the flatness of the bands corresponding to the initial
- states.

An additional increase of the density of states for both crystalline

and amorphous Sb,Se; starts at v 6 eV deep in the valence band (point G)
which is seen as a sharp change of the slope of the EDC's in figs. 1, 3
; ' and S at hv > 17.5 eV. It is reasonable to assume that this lower

% s portion of the valence band contributes significantly to the reflectivity

rise at "v v 7 eV even though the onset of these transitions cannot
| be seen in the EDC's due to the work function limitation.
The conduction band shows five closely spaced regions of higher density

of states between 6.5 and 9.5 eV above VBM (PO to P4) for both polarizations

; in crystalline Sb;Sez, and two weak structures P and P' at about 7 eV and 8 eV

tor amovphous S§haSex.  The energy position of these conduction band densities ¢
states
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and their coupling in optical transitions to various regions of the valence
band are presented in table 1. The existence of these conduction band

density of states in Sb Se3 has further been confirmed by comparing the

2
optical transition strength w?e? with the x-ray photcemission spectromscopy (6). 9
One interesting feature of the conduction bz . d structure is that it shows '
up much weaker for amorphous than for crystalline SbZSeS. This can be explained »
by the lack of matrix element enhancement, or by a strong cffect of the long
range disorder on the higher conduction band. In particular, the effect of
the long range disorder on the smoothing of the conduction band structure b
% is much stronger than on the sharpness of the valence band edge.

At higher photon energies (hv > 16 eV), the high energy end of the EDC's
changes very little with hv, and similarly to other works (27,28),portrays
the basic feature of the valence band density of states (DOS). The derived
model DOS for crystalline and amorphous Sb28e3 are presented in fig. 12.
The relative intensity of individual peak in this model cannot be determined
¥ accurately due to several unknown factors like M, ¢ and S. Since the scattering

length nccessary to subtract the low energy peak due to inelastically scattered E

electrons 1is not available, the model densities in fig. 12 are 'mormalized"

with respect to the optical sum rules from reference (4); also some cross

features of the XPS spectra (6) are used in this model. It is interesting

to note that due to improved resolution, the EDC's reveal more detailed
4 structurc (e.g., the valley V)in the densities of states for crystalline et
and amorphous Sb25e3 than the XPS data (6).

Since the valley V, separating the upper 2 e/ of the valence band, is
1 one of the most prominent features of EDC's for both polarizations, some ;
3 physicaljinterpretation of this structure is appropriate. This can be done 1
?' by application of the optical sum rules, which determines that there are six
electrons per molecule located between the VBM and the valley V, participating

in the optical transitions from hv = 1.2 eV (the bandgap of Sb Se3) to hv = 3.2 cV. ]

2




Certain caution has to be exerciscd when using the 6pticul sum rules, since
it provides the "effective number' as determined from the total oscillator
strength. This effective number can differ from the true number of valence
electrons, particularly when the upper limit hv lies within the region of
ontical transitions. This has been observed in the case of Ge and VI-V

compounds due to the core d-levels contribution to the total oscillator

strength (29). In Sb25e3, however, the highest occupied levels are the Sb

4d states at ~ 33 eV below the VBM, (6) and the optical sum rules up to hv = 25 eV

do not exhibit any contribution due to these d-bands (4). Therefore, within
the numerical accuracy of the optical sum rules (30), we consider Nggg AS

a reasoiable and useful first order approximation.

Since there has been done no band structure calculation for SbZSe3 or
similar orthorhombic V-VI compounds (primarily due to its very complicated
primitive cell containing 112 valence electrons), the only theoretical model
for the electronic structure of Sb28e3 at present is the conjecture resulting
from the molecular orbital approach (5), (31). Our results can then be
interpreted in the following way. The upper part (first 6 eV) of the valence
band is attributed to weakly-bonding states which have strong p-like character
as evidenced by several flat bands. According to the sum rule calculation (4)
it includes a total of 12 electrons per Sb,Seq molecule with six electrons
per molecule being located within the upper 2 eV region between the VBM
and the valley V. These six electrons per molecule can be attributed
primarily to the three lone (unshared) p-pairs of selenium electrons (32) whose
existence in this class of compounds has been suggested by Kastner(S).

At this point it should be mentioned that such separation of the group of v 6
electrons/molecule by the valley V in the EDC's derived DOS was found also
for other V-VI crystals Bi,Tes and szTe3 of rhombohedral D3m structures (33),

and seems to be a general feature of the V-VI compounds indicating the presence
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of the lone p-pairs. Also we would like to note the striking similarity

pos

of the DOS model of SbZSe)3 to those of Shevchick et al. for Se (28)
particularly the separation of the lone-pair band. This suggests the
important role of the lone pairs on chalcogen atoms in forming the -

weakly bonding band of VB,VIB3 compounds. The lone p-pai. oand in
orthorhombic Sb,Se, is further split by tie crystal field (peaks A,B)
resulting from the low symmetry; this splitting is not observed in trigonal

Se. Whereas the entire nonbonding band of VB,VIBs compounds has been

previously referred to as the "lone-pair band" (5), the combination of
the photoemission and XPS data, together with the sum rules, shows that
in addition to the three lone-pairs, this nonbonding band contains
approximately another six electrons per molecule, clearly separated

from the lone-pair by the valley V. Similarly to the the lone p-pairs
those dceper states have again a strong contribution from flat E vs k
band (peaks C and D) indicatingstrong p character with large contribution
probably from the Sb 5 p-states.

The lower part of the valence band (bonding) starting at about 6 eV

below VBM arises from the bonding states and corresponds to the o

orbitals of the molecular states. According to the sum rule (4) this
band, including 16 electrons per molecule, can extend up to 25 eV

belcw the VBM. This band should include the remaining p-states of Se

and Sb, 5s states of Sb and possible the deep 4s states of Se. Due
primarily to the difference in the strength of the conduction band
structure, the onset of this bonding band is resolved better in the

EDC's for amorphous than for crystalline SbZSes. In the x-ray photoemission
spectrum, which is sensitive primarily to the valence band structure, the
onset of this band is resolved equally well for both amorphous and
crystalline SbySez (6). The 4d states of Sb, according to present results

as well as to (4) and (6), do not contribute to this band.
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The lowest part of the ;onauétion band would correspond to o*
antibonding molecular states. The EDC's show several additional regions
of well localized higher densities of states in the conduction band in
the region 6 to 10 eV above the VBM superimposed on a more Or less smooth
conduction band. The small width of these states and their strong optical
coupling to the p-type states at the upper (weakly bonding) valence
band suggests d-like character of these higher conduction states P, to Py.
The intensity and sharpness of theée states is much lower in the amorphous
phase.

It would be very interesting to correlate the electronic states to
the different type of bonds, particularly in regard to different bond
strengths in the case of this pseudo-two dimensional crystal consisting
of Sb,Seq units (34). The x-ray diffraction data of Tideswell et al. (34)
shows that the bond character is very complex since the bond distances
occur anywheie between the sum of covalent radii (v 2.6 X) and v 3.8 X
(the sum of the van der Waals radii for Sb and Se is 4.20 R). The 6
electrons in the upper 2 eV (primarily lone-pairs) of the weakly bonding
band can be considered to play some role 3. forming the six weakest
bonds per molecule (bond distances 3.74 R and 3.46 R), holding the crystal
and only a small amount of the electronic charge participates in forring
the bonds, as the bond number is ~ 0.01. The crystal field and symmetry
determine the direction of these bonds and their energy levels (rather
flat E vs k bands giving rise to peaks A and B) so that the total
crystal energy is minimized. Another six weak bonds per Sb,Sex meclecule
(bond distances 3.26 X and 3.27 X, bond number ~ 0.1) responsible for
bonding infinitely long Sb-se chains into crystal layers czn be associated,
at least in part, with another six weakly bonding electrons located

between the valley V and the point G. The direction of these bonds and




corresponding electronic energy levels are again determined by the crystal
field which shows up in the EDC's via the strong E, dependence of matrix

elements. The o (bonding) states are involved in forming the strong Sb-Se

o
bonds of distances 2.57 to 2.98 A (bond number ~ 1.0) within infinitely

long chains, parailel with the c-axis (34).

In amorphous Sb,Sex these weakly bonding states are determined by
the local potential instead of the crystal field. The weak bonds,
responsible formerly for holding together or forming the crystal layers,
are now randomly oriented in space, and their energy leve's, determined
locally, lose their resonant character and the bands consequently become
wider. This is clearly reflected in the EDC's for .. orphous Sb25e3
where the sharp peaks A and B are replaced by one broad peak AB, and
peaks C and D are completely missing. The separation of the lone-pairs
by the valley V from the rest of the weakly bonding band is also very
weak in amorphous Sb,Se;.

The effect of the crystal field and the similarity between the major
features of the DOS of crystalline and amorphous SbpSez are consistent
with the wodel of both phases displaying properties characteristic of
molecular solids; the crystal containing Sb4Se6 units bonded rather weakly
to one another (34) and amorphous films being a random aggregate of SbySeq

molecules (35).

CONCLUSION

The EDC's present a considerable extension of the DOS model derived
from the general molecular orbital approach. It is shown that the upper
n 3 eV region of the weakly bonding band has a strong p-type character
with flat bands, whose states are strongly affected by the crystal field

as evidenced hy a strong polarization dependence of matrix elements. This
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region of the valence band is !-0 very strongly affected by the
transition to the amorphous phase, where the local potential results

in smearing of the fine decails of the valence band DOS. The similarity
between the lone pair bands in the DOS of Sb,Se; and Se (28) suggests
the role of the chalcogen lone p-pairs in forming the weakly bonding

band of SbZSe3 and other VB,VIBy compounds .
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CAPTIONS

Energy distribution curves {(EDC's) for E,//c, with respect

to the initial states.

EDC's for
EDC‘s for
ENDC's for
EbC's for
EDC's for
Structure
Structure

Structure

Ey//c, with respect to the final states.

Ey//a, with respect to the initial states.

Ey//a, with respect to the final states.

amorphous Sb,Sesz, with respect to the initial states.
amorphous Sb,Sez, with respect to the final states.
plot for Eu//c'

plot for go//a.

plot for amcrphous Sb,Ses.

Pclarization dependence of the EDC's.

Reflectance spectrum of Sb28e3 (after Refecrence 4).

Model density of states for SbZSes.

- = i e i g 2




z Ak AN s i Bt R RS R T o . - 118 x " Bedlalid E
== e N A s * & MMHWMuH_JJw i i

103

Table la

Position of the Density of States Maxima in (eV)
With Respect to the VBM

Crystalline SbjSe3 Amorphous Sb,Sez

A ~ 0.8 AB ~ 1.2
B 1.6
C 2.6
C 3.3
Py 6.4
P; 7.2 P' 7
P2 7.8
Py 8.5 P' 8
Pg 9.3
Table 1b

The Polarization Dependence of the Transition Between
the Valence and Conauction Band DOS Maxima
in Crystalline SbSe3

hv (eV)

8.0
10.1
10.1

10.6

12.0

Transition

A+ Py
B+p1

D'*pz

Eol|a Eplle

Weak Strong

Weak Strong
Strong Weak

Weak Strong
Strong Not Observed
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Abstract

The photoemission ener, distribution curves (EDC's) of

crystalline and amorphous SbpSe;z were measured in the photon
energy range hv = 7 to 20 eV using polarized radiation from a
synchrotron storage ring. The EDC's show that the six electromns

per Sb,Sez molccule, attributed primarily to the selenium p-pairs,

are clearly separated from the remaining part of the valence band

of crystalline SbjSez. ‘he opticnl transitions from tliese states

occur with matrix elements strongly dependent on the orientation

of the electrical vector of the polarized radiation as a result of

crystal field effects. Model densities of states are constructed

for both crystalline and amorphous SbpSes.
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Resumeé

Les courbes de distribution des photoelectrons emits par
SbySez cristalline et amorphe ont éts mésurés dans 1'intervalle
de hv = 7 eV & hv = 20 eV. Les mésures ont été effectés pour
la radiation polarisee emit par un synchrotron. Les courbes
obtenu indique que six électrons de la molécule de SbySez, sont
bien séparées de la balance des electrons de la bande de valence
de SbpSez cristalline. Les transitions optiques de ces états sont
caractérisés par des probabilities de transitions fortement de-
pendant sur de l'orientation du vector du champ electrique. Ce
phenomene depend des effects du champ cristalline. Les densités
des états ont 6té construits pour l'état crystalline et 1'état

amorphe de SbjSez. '




Orthorhombic SbySez (space group D;g) belongs to the group V-VI

compound semiconductors, a class of materials whose optical and trans-
port properties have been widely investigated. However, little data .
is available on band structure of thzse compounds, primarily because
of their complicated primitive cells (comprising 112 valence electrons v
in the case of SbySe3). Densities of states are penerally derived from
a molecular orbital approach, with the bonding and weakly-bonding bands "
adjusted to fit the reflectance spectra (1). This method is necessarily
conjectural since the reflectance data does not allow the determination
of the absolute encrgy levels of the states involved.

We have employed photoemission spectroscopy to determine absolute
energies and some fundamental features of the structure of the upper
valence band and conduction band of amorphous and crystalline SbjySez and
so determine the influence of disorder on the electronic structure. The
measurcements were made in the photon energy range 7 to 20 eV using the
Univcrsity:of Wisconsin 240 MeV synchrotron storage ring. The radiation
incident onto the sample was naturally polarized ~80% with the electrical

vector EO in the median plane of the storage ring. A double-pass cylindri-

cal electrostatic mirror (2) with a spiraltron was used as an electron
energy analyzer, having a constant resolution of 0.2 eV.

Single crystals of SbySez were grown in a zone refiner (3), and were

cieaved in situ in a vacuum of ~10°10 torr. The natural cleavage plane (010)
produced excellent mirror-like surfaces which allowed the measurement of the
photoemission cnergy distribution curves (EDC's) for Eslla and Egllc. Amor-
phous SbySez filws of thickness 200 to SOOR were evaporated in situ from an
electron-bean gun by a method developed earlier (4). X-ray diffraction
measurements after the photoemission experiment confirmed that the films

were amorphous.




127 y

"

The complete experimental details and results are beyond the scope
of this letter and will be published separately. Here séveral typical
cnergy distribution curves (EDC's) of SbySez are presented and their
relation to the electron energy states is discussed. Fig. 1 shows EDC's
a4t several photon energies for crystalline SbySez with Eolla, and the
structure plot of the major features is presented in fig., 2 for the entire
photon energy range. The main features of the EDC's for crystalline SbySez
are four peaks A, B, C, and D of constant and rather well-defined initial
state energy (fig. 1 and 2). We associate peaks A and B with regions of
high den<ity of states arising from narrow bands or from flat E vs. k
rortions of the valence band. The intensities of the four peaks strongly
vary with photon energy which suggest that they correspond to direct (i.e.,
k conserving) optical transitions (5). A valley V, located 2 eV below the
valence band maximum is onc of the most prominent features of the EDC's fo;
both orientations of Eo (figs. 1, 2 and 4). A weakly resolved onset of a
deeper-lyiﬁg valence baad at v6 eV below the valence band maximum, superim-
posed on the background of scattered electrons and on the conduction band
structure, is observed as an inflection (point G) in the EDC's for hv > 16 eV.
“he existence of this band, which shows up also in the reflectance spectrum
{6), has been confirmed by x-ray photoemission spectra (7).

The lower energy ranges of the EDC's show four peaks P; to Py of inten-
sity and shape strongly varying with hv. Since these peaks are present over
the entire photon energy region with constant final state energy (fig. 2) we
associate them with the regions of high densities of states in the conduction
band (fig. 3). In general, such conduction band density-of-state-maxima can
be filled either directly by optical excitation, or by photoexcited electrons

whicih are inelastically scattered down from high energies (8). In our case,
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these couduction band density-of-states waxima are coupled in optical
cransitions with the regions of high density of states in the upper part
of the valence pand. thus giving rise to very sharp peaks in the EDC's
(e.g., the overlapping peaks D and Py for Bg||a at hv = 10 eV in figs. 1
and 2). Due to several largely unknown factors, €.8., the effect of
matrix elements and electron-electron scattering length, no conclusions
can be drawn from the relative intensity of the peaks.

The strong dependence of the relative intensity of the peaks A, B,
C, and D on the orientation of Eo (fig. 4) is attributed to the effect
of the crystal field. (This dependence of the energy distribution of the
joint density of states of Eo is not observable in the reflectance or the

wzez spectrum, (6), (7)). The matrix elements for the optical transitions

-+ -
now include Eg in addition to k and hw. This polarization dependence of

the EDC's is much stronger than that reported on other materials (9).
According to the optical sum rules (6) the upper 2 eV part of the
valence band contains approximately 6 electrons per Sk,Sesz molecule which
participate in optical transitions from hv v 1.2 eV (the band gap of Sb25e3)
up to 3.2 eV. We attribute these six electrons to the three lone (unshared)
p-pairs of Se electrons, predicted by Kastner (10). Furthermore, these
weakly bonding electrons can be associated with the six weakest bonds per
Sb,Ses molecule between the crystal layers (bond number n0.01) (11). The
crystal symmetry and field determine the direction of these bonds and their
cnergy levels by minimizing the total crystal energy and show up in the
EDC's through the very strong polarization dependence of matrix elements
for optical excitation from these states. Thus, the valley V separates the
6 electrons, attributed to lome p-pairs, from the rest of the weakly-bonding

band located between V and point G. These latter states, which include
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anothier 6 valence electrons per SbySez molecule (6) have again a con-
siderable contribution from flat E vs. k portions or the band (peaks

C and D in figs. 1 and 2). These states can be attributed to the six
resonant bonds of intermediate strength (bond number ~0.1) (11), form;
ing the crystal layers from infinitely long Sb-Se chains. The deeper
valence band starting at “6 eV below the valence band maximum (peint G
in the EDC's) is attributed to o-bonding orbitals, arising from the
strongest Sb-Se bonds within the chains (bond number ~1.0) (11). The
strong coupling of the upper p-typo part of the weoakly bonding band
with the high densities of states in the upper conduction band suggest
the d-character of the latter states.

In amorphous SbpSey (fig. 4) peaks A, B, C and D disappear, and a
broad peak, located at ~1.2 eV below the valence band maximum is observed.
{n addition, two very weak conduction band structures appear, P and P',
located at ~7 and 8 eV above the valence band maximum. The broad peak
is of rather constant intensity :nd shape with respect to hv suggesting
that the optical transitions are non-direct, i.e., ; conservation is not
an important selection rule. As with Se and Te (12) the long-range dis-
order has the effect of smearing the upper conduction band structure rather
than affecting the sharpness of the leading edge of EDC's. No band tailing
is observed within the experimental resolution, in agreement with previous
optical and photoconductivity data (13). The weaker overall structure of
the conduction band allows for much better resolution of the onset of thé
ponding band (point G) in amorphous than in crystalline SbySez. Of parti-
cular interest is the behavior of the Se lome p-pairs located at the top of
the valence band. The separation of the upper part of the valence band by

the valley V in amorphous SbjSez is much weaker yet still noticable. The




very weak bonds, responsible formerly for holding the crystal layers

together, are now randomly oriented in space, and their energy levels
are determined locally by the random potential fluctuations, which L3

result in a lack of the resonance character of these bonds (14).

In conclusion, vacuum UV photoemission spectroscopy provides a
wodel for the density of states of SbySez, which presents a considerably
wore detailed picture than the wodel derived from the reflectance (6) .
or x-ray photoemission (7). Of particular in{erest is the behavior of
the six olectrons in the top 2 eV of the valence band, attributed to the
Sc lone p-pairs. These states arc very strongly affected by the crystal
field, as demonstrated by their behavior in the transition to the awor-
phous phase as well as by the very stromg polarization dependence of the
£DC's in crystalline Sb,Ses.

We wish to thank the staff of the University of Wisconsin Physical
Science laboratory for their cxperimental assistance, R. Mueller for per-
forming the x-ray diffraction, D. Davis for drawing the figures, B. Van

Peit for growing the Sb,Se; crystals, and Professors W.E. Spicer, F.M.

Mueller and J.C. Shaffer for valuable discussions and comments on this
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Captions to Figures

[

-
Fig. 1. EDC's for Eolla (unnormalized). The insert shows the energy
position of the structures P; to P4 in the conduction band as
deternined with respect to the valence band maximum (VBM).

Fig. 2. Structure plot for Ey||a. The final energy of structures
(measured from the VBM) in the EDC's vs. hv.

Fig. 3. Model densities of states for crystalline and amorphous SbySes.

Fig. 5. Cowparison of EDC's (unnormalized) for Bo||a, Lo|lc and for
amorphous Sb,Sex.
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ABSTRACT B i
lligh resolution (0.2 oV) far UV photoemission studies (hv = 7 eV o i
to 35 eV) were performed to test and further develop the electronic structure 4

of amorphous and <crystalline Sb,Sez. The presence of the woakly bonding *

and bonding valence bands consistent with the chemical bonding model of
this material is confirmed, and further details of the weakly bonding E
states aro observed. The six electrons/moleccule in the upper two electron

volts of the weakly bonding band, attributed to the selenium lone p-pairs, s
arc clearly separated from the rest of the weakly bonding band. These F
lone p-pairs are very strongly affected by the transition from the amorphous

to crystalline phase.
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Germany

Introduction

Experimental studies of the electronic structure of amorphous and
crystalline Sb,Ses have been performed using ultraviolet photoemission
spectroscopy (UPS) in order to test and further develop the conjectured
electronic structure of this material which is based upon a chemical
bonding model. Particular attention is given to the roles of the bonding
and nonbonding states of tho chalcogon atoms. szSm3 is interesting in
that in both its amorphous and crystalline forms it displays properties
characteristic of molecular solids. The structure consists of SbySeg
units bonded rather weakly to onc another (Tideswell et.al., 1957).
lience, the cffect of the long rauge ordering on the electronic structure
can bo investigated, taking particular advantage of the strong anisotropy
of the pseudo-two dimensional (layered) Sb,Sez crystals, so that sone
correlation can be made between the bonding and the electronic structure.
As a supplementary study, the far UV reflectance spectra were measured
for a large range of composition of the amorphous Sb-Se systems (Mueller
et.al., 1973).

The electronic structure of solids can be investigated by several
techniques, including UPS, XPS and optical spectroscopy (e.g., reflectance).
The use of UPS with a synchrotron as a source of exciting radiation has the
following advantages over other methods: (i) optical transitions can be
foilowed over a large range (at least 30 eV) of photon energies, (ii)
absolutc energy positions of the maxima in the density of states (DOS
can be determined in both the valence band (VB) and the conduction band (CB)
with a resolution of 0.2 eV or better. (iii) at higher values of photon

energies (typically hv > 20 eV) the experimental data can be related to the
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DOS of the VB(Schevchik et.al., 1973) (Grobman and Eastman, 1972).
(iv) the natural polarization of the synchrotron radiation (with electrical
-5

vector E, in the median plane) allows the study of the crystal field

effects on the matrix elements (Hurych et. al., 1973).

Experimental

The photoemission spectrometer used here differs from conventional
PE spectrometers in two major respects: first, the gas discharge light-

source was replaced by the port of the UWPSL (University of Wisconsin

Physical Sciences Laboratories) 240 MeV Synchrotron Storage Ring, and,
second, the usual retarding field analyzer (Spicer and Berlund, 1964)
was replaced by a double-pass electrostatic mirror (G.J. Lapeyre et.al., 1973)
analyzer, in order to obtain high S/N ratio and high resolution at low
light levels.

Aworphous SbpSez films of thickness 200 to 500 A were evaporated
in situ using an electron-beam gun by a method developed earlier. (Mueller
and Wood, 1972) X-ray diffraction measurements following the photoemission
experiment confirmed that the films were amorphous. The films were stochio-
metric within 1% accuracy as determined by electron microprobe analysis.
Orthorhombic single crystals of the szse3 were grown in a zone refiner
from 99.9999% purity elements and were cleaved in situ in a vacuum of
~ 10"%orr. The natural cleavage plane (010) produced excellent mirror-
like surfaces, which allowed the measurement of the photoemissioa energy

distribution curves (EDC's) for polarizations of Eg||a and Bo||ec.

Results and Discussion

The photoemission energy distribution curves (EDC's) for amorphous
Sb,Ses arranged with respect to the initial states are presented in fig. 1.

While the detailed discussion of these data will be presented elsewhere
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(llurych et.al., 1973), the main features of the EDC's are presented here

together with the structure plot where the energy of the final states 1s

plotted vs the photon energy (fig. 2). A broad peak AB is visible at

~ 1.2 eV below the VBM (fig. 1). An additional onset of the DOS is
observable at » 6 eV below the VBM (point G) in the EDC's for hv > 16 eV,

being superimposed on the smooth background of inelastically scattered

clectrons. All the above structure maintains a constant energy of initial

states over a large range of hv, (figs. 1 and 2), and is therefore associated

with the features of the valence band DOS. Also, two weak maxima P and P'

in the conduction band DOS are observed in the low energy part of the EDC's.

Fig. 3 shows that the basic features of the EDC's and the DOS of amorphous

Sb,Se; can be compared to those of crystalline SbpSez in a rather straight-

forwacd manner. The broad peak AB in the amorphous SbzSe3 corresponds to

two sharp peaks A and B in crystalline SbpSe3. Also, the valley V, separating

the upper 2 eV from the rest of the EDC's is more sharply visible in crystalline

than amorphous SbpSez. The same is true for the conduction band, where four

stronger structures Py to P4 are observed in crystalline form compared to

two rather weak structures P and P' in amorphous SbpSez (Hurych et.al., 1973).

At higher photon energies, the high energy region of the EDC's changes

very little with hv, and similar to other works (Schevchick et.al., 1973),

(Grobman and Eastman, 1972), portrays the basic features of the valence

vand DOS. The derived model DOS, using also some features of the XPS data

(Wood et.al., 1972), are presented in fig. 4. There is a striking similarity

between the DOS in fig. 4 and that for selenium (Schevchik et.al.). Both

materials exhibit a second (bonding) valence band starting at v 6 eV

below the VBM as well as splitting of the upper (weakly bonding) band.

While these two bands are observable in Se and SbySey in the UPS as well

as in far UV reflectance (Shaffer et.al., 1972), the detailed structure




in the weakiy bonding band is observable in the UPS data only. Earlier

we have shown (llurych et.al., 1973) that the upper two electron volts of

the VB containing n 6 electrons per Sb,Sez molecule, can be associated !
with the lone p-pairs of selenium. Fig. 3 shows that the lone pairs in '
crystalline SbZSe3 are characterized by two sharp peaks A and B, implying
flat (v 0.4 eV wide) E vs k bands. The strong polarization dependence of
the intensity of these two peaks reflects the effect of the crystal field
which determines the direction and energy levels of these states so that the
total caorgy of the crystal is minimized. The resonance character of those
lone pairs is lost in amorphous SbpScz since the Se states are determined
by the random potential on local scale.

The comparison of our data with thuse of Se (Schevchick et.al., 1973)

suggests that the lone pairs of chalcogen atoms play an important role in
the formation of the upper VB of 25213 compounds, both amorphous and
crystalline, and that the basic features of the DOS are understandable in | i
torms of chemical bonding.

In order to determine what¢ is the minimum concentraticn of Se
nccessary to maintain a separation of the bonding and weakly bonding
bands in the Sb;_,Se, systems, far UV reflectance studies of amorphous

Sb-Se systems were performed (Mueller, et.al., 1973). Kramers-Kronig

analysis of this data is presented in fig. 5 indicating that at Se

concentration as low as 24% this separation disappears.,

Conclusion B

The basic conjectures of the chemical bonding model of Sb,Se; are i
confirmed, and further information on the weakly bonding band is obtained. é
The six electrons/molecule in the upper band, attributed to the chalcogen
lone p-pairs are clearly separated from the rest of this band, and are

very strongly affected by the transition from amorphous to crystalline
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Sb,Se; as is consistent with the model of amorphous Sb,Se; as & random

aggregate of Sb4Se6 molecules.
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3 Captions to Figures
Fig. 1. The energy distribution curves (EDC's) for amorphous SbzSe3z.

él Fig. 2. The structure plot for amorphous Sb,Ses.

.{ . Fig. 3. Comporison of the EDC's of amorphous and crystalline SbjSez, ‘
3 showing also the strong polarization dependence of the EDC's

\

. in crystalline SbpSe3.
Fig. 4. Model densities of states for amorphous and crystalline SbzSe3.
Fig. 5. The imaginary part of tho dieleoctric constant as & function of

composition for the amorphous Sbj_,Sey systems.
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THE PREPARATION OF AMORPHOUS THIN FILMS*

R. MUELLER and C. WOOD
v s Physics Department, Northern Hlinois University, DeKalb, Illinois 60115, U.S.A.

Received 22 February 1972

Amorphous thin films of antimony selenide of conirolled composition have been prepared
by vacuum evaporation. Various evaporation techniques are compared and their influence
on optical properties is discusscd. The optical energy gap is shown to increase with in-
creasing selenium content,

1. Introduction

Certain semiconductors can be made amorphous only under drastic quench-
ing conditions, such as vapor deposition onto a cold (compared to the melting
: point) substrate. Classic examples of such materials are Ge and Se amongst
the elemental semiconductors and As, Te, and Sb,Se; amongst the compound
semiconductors.

A serious problem, which has received little attention in the literature,
arises with the latter group, i.e., one of controlling stoichiometry or of main-
taining a constant predetermined composition of deposited material. In most
cases the vapor above a solid or melt source is not a single species and varies
' with the temperature and environment of the source and vayor, e.g., whether

the vapor is allowed to be in equilibrium with the source. Even if complete
dissociation of the compound source occurs on eveporation it is rare that the
elements have a sufliciently close vapor pressure ai the chosen evaporation
temperature to insure that the components impinge on the substrate in the
desired concentration ratios. We have, of course, ignored the problem of
sticking coefficients onto the specific substrate material. This, however, is
gencrally of secondary consideration only, since once the first [ew mono-
. layers of the compound cover the substrate, one is concerned only with the
sticking coefficient onto the compound itself,
Compositional variations have often gone undetected in amorphous ma-
terials since X-ray diffraction measurements only show lack of structure,

* This work was supported by the Advanced Research Projects Agency of the Department
of Defense and was monitored by the Army Research Office, Durham, under Contract
No. DA-ARO-D-31-124-71-G132.
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Electron microprobe raeasurements are rarely employed and at best can only
show variations on a gross scule (greater than microns) perpendicular to the
substrate where the composilional gradient is likely to be greatest and,
further, the analysis is not accurate to better than ~1 aty/. A saving grace
is that amorphous materials are often not markedly compositional dependent
over deviations of a few atomic %, but it is inexcusable that much data in the
literature is reported on compound amorphous films with gross deviations
from stoichiometry with the implication that the films are stoichiometric and,
what is more, no details are given on preparation.

2. Preparation of antimony selenide

Let us consider the specific case of antimony selenide in the light of the
above discussion. Mass spectrometric measurements by Sullivan et al.1) have
shown that the equilibrium vapor species over Sb,Se; is predominantly SbSe
and most other species present are Sb-rich compared to stoichiometry. How-
ever, this ana'ysis applies w0 the condition of dyranie equilibrism belwesn
a melt and its vapor and does not correspond to the conditions applying in
a conventional vacuum evaporation experiment where the vapor is immedi-
ately removed from above an open crucible. Rather, one is concerned with
the dissociation vapor pressute of the elernent of highest vapor pressure, 1.¢.,
Se above a solid or melt of antimony selenide 2) whose composition is varying
as a function of time. Thus as the evaporation proceeds the source is gradually
depleted of selenitrm and consequrently, the eomposition of the Jepusit elanges
with time3) and with thickness.

Our initial approach to solving this problem was to force a given deposit
composition by using a selenium-rich source. As an example, we found by
trial and error that a source composition of ~SbSe, 4 at a temperature of
~ 720"C was required in order to produce a deposit of $h,Se, as determined
by microprobe analysis. This method necessitated using a large source of
material compared with the amount of deposit required so that the composi-
tion of the source did not significantly alter with time.

A more satisfactory and convenient technique from a control viewpoint
was to coevaporate Sb and Se from separate crucibles. The relative rates
were monitored and controlled by two Sloan Omni 1l A rate-controllers. Col-
limating tubes were cmployed as shown in fig. | to avoid cross-contamination
of the quartz crystal oscillators. By using electron-beam heating for Sb and
resistance heating for Se it was possible to obtain a fairly good degree of
control at a deposition rate of 35-40 A/sec. However, we were not able to
reduce the fluctuations of the rates below +2 A/sec. The Se resistance-heater
was in the form of a thin-walled (5 mil) stainless steel tube, pinched-off at
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Quartz Crystal
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Fig. I. Coevaporalion syslem.

cach end. thus totally enclosing the Se except for a small aperture with
batfle to avoid a Jirect vapor path between substrate and heater. The electric
current was passad through the tube.

Occasionally a vapor surge from the Se source would ruin an evaporation
run. To avoid such surges. we later employed electron-beam heating for the
Se source as well as for Sb. This did reduce large excursions in rates but
fluctuations were at least as bad as with the resistance heater. Electron micro-
probe analysis showed the composition to a pproximately correspond to the set
evaporation rates as plotted on x—f recorders by this coevaporation technique.
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3. Optical properties

One of the purposes of this study was to examine the optical properties ot
amorphous antimony selenide films, deposited on fused quartz substrates,
g as a function of composition and the optical absorption coeffic.ent () versus
» photon energy is shown in fig. 2. It is seen that the absorption edge obeys an
- approximate ahv oc (hv— E,)? variation with energy as observed by Tauc et :
}i
60%. Se i
I 10 Coevaporated k.
- 3
{ = B 31:
E -
; — L 60% Se i
3 e Single Source x:'
s |
4 g
k- T S52% Se
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I Fig. 2. Optical absorption coefficient versus photon energy.
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a'.4) for amorphous Ge, suggesting the optical transitions conserve energy
but fiot crystal momentum (fig. 3). The position of the edge decreaces in
energy as the Sb content increases; a variation observed previously for cther
elements in selenium3). Extrapolation of the curve for amorphous Sti;Se;
to =0 gives a value of E,=1.25¢eV which is slightly larger than the value
of 1.15 eV obtained for the indirect edge in single crystal Sb;Se, ).

The absorption coefficient (a) was determined from the observed trans-
mittance (T,,,) and reflectance (R,,,) using the following equations”8):

(1 = R) e
Tob'= l— R2e"2¢i' (l)
and

Ry =R(1 + Te™ %), )
3601
3301
00
270

gE
210
= /
2180k 60% Se 60% Se
E.1 Single Source {4/
o
150
120F
a0k

sok S52% Se A5% Se
/
30F
) i i 1 1 —r )
[+ ] 1o 11 12 13 14 15 16 17 18 19

hy [eV]
Fig. 3. Variation of absorplion coefficient wilh pholon energy.
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i
where y is the film thickness. These equations could be used only in the

region where the absorption was high and interference and substrate effects
could be ignored. Attempts to use exact equations®), which included inter-

ference and substrate effects, over the whole energy range failed because of .-
100 1
‘3
iy
28 {a}
b 20 i
. : '\
3 o ky
4 = 3
; .
; o E
A [ 8
= ¥
(b) 1
" 0380 E
. 1 Y‘
L 3
i (c) ) "9
3 10 15 20 .
Wavelength [Microns] : . ]
;- Fig. 4. Optical interference peaks in amorphous 1hin films. (a) Typical coevaporaled 4
film - thickness ~ 6.2pm. (b) Film wilh evaporation rates inlentionally varied - 1hickness |
~ 5.5um. (c) Single source film - thickness ~ 4.5um. :
. ;
) "
X
d




e R, i

G 4‘?' Tk

A
G
.
-
i
3

e A,

e

A

1) re
4159
PREPARATION OF AMORPHOUS THIN FILMS 307

a slight modulation imposed on the height of the interference fringes observed
beyond the absorption edge (see fig. 4). By deliberately increasing the rate
fluctuations (see fig. 4) this modulation was traced to be due to the slight
fluctuations in the relative evaporation rates of Sb and Se.

Accordingly, 1t was decided to revert to the single source evaporation
process and to attempt stoichiometry control by the following means.
Evaporation from melt-quenched ingot of Sb,Se; was carried out by electron-
beam gun heating from a water-cooled hearth at sufficiently slow rates such
that evaporation proceeded only from the surface, the rest of the ingot re-
maining solid. Initially, the higher vapor pressure element (Se) is preferenti-
ally evaporated from the surface. The process then becomes rate limited by
the evaporation rate of Sb from the Sb-enriched surface and the rate of
diffusion of Se to the surface. A dynamic equilibrium is thus established such
that the rate at which Se is removed is controlled by the rate of evaparation
of Sb; forcing the relative evaporation rates to be equal to the elemental
ratio in the solid.

By micro-probe examination of the composition of a sequence of films
prepared from a single source in this manner, it was established that the first
few films were selenium-rich but, towards the middle of the run, equilibrium
was established with the films being close to stoichiometry. At the latter
stages, when the electron bean: had penetrated through the source, the films
reverted to non-stoichiometry again. The optical reflectance and transmit-
tance of a typical film prepared in this fashion; fig. 4 shows complete regular-
ity of height of the interference fringes. The optical absorption edge obtained
by analysis of the data (fig. 3} shows reasunable eoincidence with those ob-
tained on coavaporated films of similar composition.

4. Conclusions

It is concluded that conventional evaporation is unsatisfactory as a method
of producing amorphous films of controlled composition; that with the
current state-of-the-art of ratc control, coevaporation is suitable only for
cxploratory work on composition: and surface evaporation, although more
laborious for a phase-diagram type study, does yield homogeneous films of
desired composition at cquilibrium. Furthermore, the optical absorption
cdge of amorphous anumony seienides has beei shiowin Lo strongly depeiid Oii
composition and, aence, on the method of preparation. The optical energy
gap of amorphous Sb,Se, clesely corresponds to the indirect gap in the
single crystal.
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Photoconductivity In Crystalllne and Amorphous sz(_)_31)
By
B. WOLFFING and Z. HURYCH

Photoconductivity measurements were performed on crystals of cubic and
orthorhombic antimony oxide (Sb203). Crystals were prepared using the vapor
transport method from 6-9's purity elements as described in (1), Orthorhombic
needles with growth axis in the c-direction were formed in a fused-quartz tube
in the region just above 570 °c. Triangular faceted cubic crystals were formed
in the region just below 570 0C. In addition, material in the form of an amorphous
film was deposited on the walls of the tube, Silver paste was used to provide
electrical contacts. The contacts were carefully shielded from illumination to
avoid any photovoltaic effects. The samples were exposed to monochromatic light
from a high intensity Baush-Lomb monochromator with a xenon source, chopped
mechanically at a frequency of 37 Hz. The ac photoconductivity was measured
with a Keit:aley 82 series lock-1n amplifier.

Due to the small sample size, a quartz light pipe was used to direct the light
beam to the sample. To obtain a normalized photoresponse, the monochromator
light intensity was 1:onitored in the uv region using a sodium salicylate coated
EMI photomultiplier. Sodium salicylate is known to possess constant fluorescent
quantum cfficiency for A < 3400 R (2, 3). Thus the monochromator output flux
could be measured with great accuracy in the region of interest. I'or the ortho-
rhombic crystals a sheet polarizer was used to polarize the light parallel to the
c and b axes,

For both polarization directions of orthorhombic Sb203 the photoconductivity
onset occurs at about 3,17 eV, Using the Moss® criterion (4) for the haif-maximum
photoresponse, we obtain an activation energy of 3,25 eV for E Il B, and 3,29 eV

for E Il & These vaives are in excellent agreement with the indirect energy gap

1) ‘this work was supported by the Advanced Research Projects Agency of the
Department of Defense aind was monitored by the Army Research Office under
Contract No, LA-ARQ-D-?1-124-72-G115.
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Fig. 1. Normalized photoresponse (solid iine),
compared with the optical absorption index
(dashed line), from (1); —reiative photo-
response,——— absorptlon _lndex*.

a) Orthorhombic Sb203, EIIl b,

b) orthorhombic Sb_O_, 1 ¢,

. 273

¢) cubic Sb203

[
5]
=
L
.5'5:

i

values of 3,25 and 3.30 eV, respectively (1),

In the case of cubic szO3 the photocon-
ductlvity onset occurs at about 3,10 ¢V, Fig. 1
shows an extrinsic photoresponse peak coinciding

with the small peak in the optical absorption co-

N efficient data, occuring at energies below the

! hllclnl‘ll“:nfﬂyy r..l-lt{'}) bandgap. Such absorption can be due to crystal

impuritlies or to crystal Iatlice defects (the latter

seems o be more probable since this absorption does not show up in the ortho-
rhombic Sb203 grown from the same melt). Therefore, no attempt was made to
use the Moss criterion since it is only applicable to inter-band transitions. Since
the extrinsic optical absorption results in a photoconductive process we conclude
that this process results in creation of free carriers rather than of excitons, un-
less the latter immedlately dissoclate. In the short wavelength region (Fig. 1)
the photoresponse drops off sharply while the absorption coefficient is rising
steadily, indicative of the onset of inter-band transitions. This sharp drop in
pholoresponse we altribute to a strong surface recombination in the higher photon
energy region where the optical absorption depth is decreasing.

All attempts to mensure the photocanductivity of amorphous sz()3 were un-
successfui, These results were not unexpected, however, since tie pholosensitivity
of the amorphous phase could be several orders of magnitude less than that of the
crystailine phase (5). In this regard it should also be noted that even in the cubic
crystal we werc unable to measure the photoresponse far enough in the intrinsic
absorptlon region, due primarily to strong surface recombination.

We wish to thank B. Van Pelt for supplylng the crystals and amorphous films.
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The Optical Properties of Amorphous
and Crystalline Sh.04 )
By
C. Waon, B, van Prue, and A, Dwienr

The optical projertios of synthetio erystuls of orthorhambie and eabie 8b,0, are campnred
with thoso of amoerplious ShyO, The energy gaps in the erystals were fonnd ta carrespond
(o indireet transitions,

Low propri¢tés optique dexs eristany synthétiquo orthorbamhique et cubique de 8Sh,0, ant
Oté comparés wveo celles de Pétat amarphe de ShyO,. Len séparations des bandes Qeaergie
poar los erystany sonl occasionnés par des transitions indirect.

1. Introdnetion

As part. of astidy of the homologous series of compounds of Sb with Graup VI
clements we have investigated the optical properties of antimony axide Sb,0,
in the amarphans and erystalline forms. Sb,0; has two crystalline modifications:
orthorhombic Peen, D} and cubie Fd3m, Of. The homologous compounds
SbySe; and Sb,S; aceur only in the orthorhombie form Pbnm, DY,. Both forms
of Sb,0; cxist as natural mineruls, the former as a valentinite and the latter as
senarmontite. We report aptical studies on synthetic crystals.

2. Materials Proparation

The erystals were prepared by enclosing o charge of Sb,0, powder in a sealed
evacuated quartz tube 40 em long and placing the tube in a temperature gra-
dient such that the end containing the powder was nt 680 °C and the other end
at roam temperature. Small arthorhombie needles having dimensions of a few
millimetres length and fractions of 1 wm in erass-section with the growlh axis
in the c-direction were produeed in the region of the tube above 570 °C [1].
Trinngnlar-faceled cubie erystals of dimension several millimetres on a side
were formed in the vogians just helow 870 °C. In addition, material deposited
on the walls ol the tuhe (ar an fised qnartz substrates) as an amorphaus lilin
was also investigated aptically, Larger, hnt less perfeet, arthorhombic erystals
were grawn by an open-luhe method, using argen as o carrier gas and maintain-
ing the Sh,0y powder vt 675 °C and the tube at =580 °C.

3. Crystal Strueturoe

The structure and single erystallinity of cach phase was determined by X-ray
diffraction. Cubic Sh,0y cantains 16 (Sb,0;) molecules per unit cell. The atomic
pazitional parameters given by Bozorth 2| for the cubic form of Sb,0, are

") This wark was supported iy the Advanced Research Projects Agency of the Depart-
ment af Defonse and was monitored by the Army Resoarch Office, Durham, under Contract
No. DA-ARO-D-31-124.71-(:132,
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incorreet. and relined values zg, = 0.885 and 2, = 0.190 given by Almin and
Westgren |3], were used in the present work. From a Debye-Scherrer powder
pattern, the unit cell constant was found to be 11.152 A, and the nearest neigh-
bor 8b-0 and 0-0 interatomie distances were ealeulated to be 1.997 and 2.94 A,
respectively, which are in good agreement with the earlier data [3], (Table 1).

Tablo 1

Interatomio distances in orthorhombic
and cubic Sb,04

contral | bonded |distance (A) and
MLt atom atom multiplicity
enbie Sh 0 1.997 (3)
0 2.888 (3)
sSh 3.627 (3)
0 Sh 1.997 (2)
Sh 2888 (2)
0 2.044 (4)
ortho-
rbombie Sh (U LY97 (1)
Oy 1.999 (1)
0, Sb 1.999 (2)
0 2,611 (2)
Oon Sb 1.997 (1)
Sb 2.010 (1)
Sb 2.511 (1)

The crthorhombie form of Sb,0, consists of four (Sb,O,) molecules per unit
eell comprising endless 8b,0, chains paralle]l to the c-axis. All Sb atoms are
erystaliographically equivalent but there are two different O sites in the lattiee.
Calenlated intensities made with the atomic positional parameters reported by
Bucrger 14] agreed well enough with observed intensities on a Debye-Scherrer
powder pattern that the literatnre values were assummed to be eorreet. The
nearest-neighhor Sh- 0 and O0-0 interntomic distunces were ealeulated to be
1997 A oo the smme as in the enbie Torm, and 2,61 A, respectively. These
vithies difTer congidernbly Tronr those ol Wyckofl' 5] althongh some doubt is
expressed on the quoted vilues,

The volumes per formna weight (/M) were calenlated to permit a compur-
iwon of packing elliciency giving valnes of 86.67 A" (cubic) and 83.03 A? (ortho-
rhombie), indicating a more elTicient. pueking in the high-temperatuve orthorhom-
hie Yo,

4. Optient Mensuremenls

A Cary R spectrophotometer was used (o make optical transmittance (7')
med, with o strong reflectunee attachmens, reflectance (R) measurcments on all
three forms of Sh,Oy, ineluding B {| b unld B }] ¢ for the orthorhombie strueture.
Samples with natweally grown planar surinees were chosen for the measurements,
no further teeatment was npplied. The short-wavelength limit in the measured
speetral rmnge was set by. the automated shit-width of the Cary 14R spectro-
photometer reaching the fully-open position.
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Fig. 1. Mefeaclive Indiees of o plio, tetlivchombie, Iig. 2. Alwurpdlon Indives of awmorphious, orthorhmnble,
and euble 8byO,. (1) nmaephans, (ilekness 60pm: (2) aml enlde 8hyOy. (1) anmmrphions, thleckness 60 png (2)
arlhorheanble, K|jb, Vhleknvess 12003 () oethuelicmb. arthorhaalde, )b, thickneas 120 ; (3) orthorhianh-
ley Efl e, Inteknens 120 : (4) euble, thiekness 830 le, £l e, Hilcknoss 120010 (4) euble, thickness 830 uin

Thie absorption coofficient « was eatentated by computer programming the
third-degree cquution olitained by eliminating the front surfuce reflectivity,
r, from the equations

“ —_ r)'.! (.‘wnl

Ty jag—tad ()
R=r(l £ Tend), (2)
Le.,
1 — R\ 1 (1 — R\? 1
-ad\8 . s oimya—ad = —ad _ T __
(¢ od) +[( n ) |+T2]7(e )z+[( 7 ) 2Je =0
(3)

These equations ave valid only if the multiple reflected rays arve ineoherent;
generally interlerence fringes were not observed in onr samples. Sample thick-
nesses, d, were deternined by edge viewing with a mieroscope fitted with a mietn-
meter stuge,
The refractive nnd absorption indices, n and &, were calenlated from the equa-
tions
4k (n — 1) 4 k2

AR and  r-= (n -+ 1) k2 4)

and are shown in Fig. I and 2. For the enbic sninple 0 sinndl rise in absorption
i ho seen just hefove the main absorption band which could he e to lattice
imperfeetions or impuritios,

The Tront snrfiuce reflectance is shown in Fig. 3. These mensnrenents were
made either with o sample having an irvegulae shaped rear surface or n correction
wius applied to climinate the rellectance eontrilintion from the venr sirface, A
peak at =34 eV cun be observed in the relloctunee speetrum at the orthorhonibije
sumple tur £ || b which may be relatod to the onset, of diroet. transitions.
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nebborloanbiv, and vnbio BhgOq (1) nmorphoas: (U diveel forbidden, nwd G aliceet silowed teancltions
orthoelmmbie, B b; (8) orthnrhomiie, Klje: (4) eabi:

1t appeared possible to fit part of the absorption edge inall snnples to any of
the stadard energy depondences on photon energy by, namely, (x » b v)? for
divect nllowed, (8 n & 19)2 for diveet forbidden, and (& b »)172 for indirect allowed
transitions 6], owever, if both the nngnitnde of « and its rate of change with
haix taken into aceonnt then it beeomens possible to choose between them. The
generalized eneve in Fig. 4 greatly ansists in mnking a choice. Here, for a photon
energy range corresponding to the measured range at the absorption edge, we
hnve plotted
anhy= 268X 105 (hy — ARV (5)
lor direct allowed transitions,

anh o LS8 (hy - AL (6)

for divect forbidden transitions, and
by Bhr AN (7)

for indireet allowad transitions, ignoring the small correction for phonon energy,
and assnmiug o valaeof the proportionnlity constant. = 0% in order to obtain

! /
H - i
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values of « comparable with the experimental values. This eonstant is about two
orders of magnitude higher than that of Ge and Si|7] and one order of magni-
tude higher than for Sb,Se; |8, 9] and GaP [10], although values of BJAE? (6]
are comparable.

A eomparison of Fig. 4 with the experimental results shows fromn the magnitude
of a and da/d(k ») that an indirect transition is responsible for the low-energy
part of tho absorption edge in both single crystal forms of SbyO4 (Fig. 5). The
following values of B were obtained from the slopes: B (E || b) = 1.4 x 105,
B(E | ¢) = 2.1x10°% and B (cubic) = 9.9x 104 em-1 oV-1, From the intereepts
the following indirect onergy gnp values were obtained: for the orthorhombie
covstol, =326V for K|jb. ~ 3.30¢V for I || ¢ and for the cubic erystal =~4.0¢V;
neglecting the small correction duo to the phonon energies.

The ahsorption edge of the amorphous form was also found to obey an approx-
imate (x n k#)!% dependence on photon energy hv showing eonservation
of energy but not erystal momentum [11], and a value of =3.8 eV was obtained
for the intereept of the amorphous phase.

b. Discussion

Tt is seen above that the optical properties in the vieinity of the cnergy gap of
Sb,0, eonlorm to other iembers of the homologous series. The absorption edges
hegin with indirect transitions, as for Sbys, and ShySey, the reflectance spectrumis
chorneteristic ol group V-V1 compounds, and tho maguitude of the refleetanee
is depressed and smoothed on the crystalline to amorphous transition, as is
general Tor group V-VI1 compounds nnd many other materials, 1Towever, the
large shilt ol the encrgy gap to higher enorgies on the orthorhomhic crystal-
line to amorphous transloruation is in strong contrast with Sb,8e, in whieh the
indirect edge of the erystailine orthorhombic phase and the edge in the amor-
phous phase eoincide |12].

"There appears to he no rulo as to which way the energy gap shouid shift on
loss of long-range order. Kpergy gaps miy shilt to higher energies (Se, Te [131),
comain the same (Ge | 141 ShySe, [12]), or shift to lower enorgy (As;Stg, AsSy
[15]) at the erystalline to amorphous transformation. Part of the problem lics
in the imeertointy as to which region of the absorption edge in the two phases
ghould be compared, Certainly one wonld expect the more weakly bonded
(wecond, third, ete. pearest-neighbor) atons and, thercfore, the indirect transitions
to be most strongly aflected by structural randomization. For a more definitive
grasp of the effects ol randomization on the eleetronic structure the whole
spectrum including direct: transitions should be compared. We are currently
attempting to grow thinner crystals of larger area to obtain more accurate opti-
enl data at higher photon energies.

These results, however, suggest that the short-range order in amorphous Sby0y
approximates more closely to that ol the cubic than the ovthorhombie form,
a conclusion somewhat. supported by the looser packing ol the enbic forin and
by the Mossbauer studies of Long et al. [16] where the quadenpole splitting in
the nmorpbous phase more closoly corresponds to thal ol the enbice strancture.

In order to velate the optical to the crystallographic strinetnre in the two erys-
talline forms ol ShyOy, » calealation of bond numiber, 1, was wads Tor encluol the
bonds listed in Table | using the oquation Tor bond length |174:

D) D) — 08 logen . (8)




:
|

1€9
706 (. Woon ot al.: Optical Proporties of 8b,0,

where the single hond length D(1) =ry + ry — 0.08 [y — yp| = 2.022 A for
Sbh-0. The valence (2 ») indientes that the valencies of Sb and O are fully
sutisfied by the lirst nearest neighbors, i.c., the coordination number is 3 for Sb
and 2 for 0. 'Fherelore, in contrast to other V-VI compounds where it has been
suggested that the valence bnnds arise Iron resonating p-bonds [18], it appears
thut in Sh,0, the vnlenee and eonduetion bands arise Irom honding (a) (or lone-
pmiv stades [19]) wnd wntibonding (o*) states, respeetively. Both optieal ab-
sorption measurements nnd bond length determinations show that these bands
are somewhat closer in ¢nergy in the orthorhombic than in the cubic structure.
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PHOTOCONDUCTIVITY IN AMORPHOUS
$h, _.Se, LAYERS*

L HURYCH, R MUFLLER, C. ¢ WANG and . WOOD
Department of Phasies, Novthern Hinovs University, Dehalh, Hiinois 60115, U8 A,

Reveved 3 Minch 1972

The photoconductive spectial response of simorplions Sby ,Seq ilas s 0 lunclion of

campustion shows that an excess of Shoor Se canses i <ttt toward sinaller or Lger
activithanenergres, respechnve by when comparad soth stodiometrie ShaSe chlins (v 100y,
This shaltagrees sworh the stib ol the ophical ssorption edge. An estamtte af The density
ol skrtes it the gisrs-T e level Tor amonplions ShaSe, gives valones of at least 10 geater
than the single erysial matertal.

1. Tutraduction

Amorphious ShSe 15 one of the deast mveshigined of the V- VE compaund
semiconductoes. There exisis livle experimental data an phatoconductiyi-
1y ' and there the sample campositians were nar well debned. Bevause
of Large dilfecence in1he vipor pressnre of the two consiuents, consen-
pomal evapocanion Tron i single source aF Sh,Se, does not viela stoichio-
metric ShySey lilms¥). Using a cantralled co-evaporation procedure we
have produced Shy - Se, lilms ina kieee cange of compastions with x-values
frome 0.52 up 10 086, so 1that the effect af the v-vilue on photocondnciive
spectrad response and the phorosenstivuy e conld be investigited.

2. Preparation of samples

Sanples desviating Tron stoichiomerry weee prepared by co-evaporation
ol Sh fram an electron becmm gun and Se fram a resistor heater onto room
temperature gtz substrates ), Two o Sloan ONMI A quariz ervstal
monitors and cantrollers were nsed, and the eviporiation rate ol hoth Sbh
ad Seseparate’y monitaed and recorded on v- plotiers. For the stoichio:

* s veseareh was supported by 1he Advanced Research Projecis Agency of the Depart-
ment aft Petense and was imomitored by the Army Research Odlice, Dorlam, noder
Contract No, DAAROD- 3 127-71-GIRY,
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metric composition, Sh,Se,, samples were prepared both by cocvaporation
and by amaditied single source evaporation using an clectron beam gunt),
Gold contacts were evaporated onto the substrates in o separite vachnm
system prior to llm deposition, Antimony contacts were cvaporaled onto
snubstrates duving the same vacaum cycle belove the Sby - Se, lilms were
deposited. The backpronnd pressure was ~ 10" % torr. The composition

ol smuples was determined by electzan microprobe with an aceuriacy ol

~bat",cThe Bilms were Townd (o be amorphons both by Xeray and clectyon
dilfraction ),

3. Photoconductivity

Photocondirctivity of Sh, | Seg s with pold contaets wils anvestipgaled
Tor varians conpositions carresponding to the y-vilies in the ritnpe of (.52
up Lo 086 "The spectral dependence of photocoudnctivity was measnred
using. Baush and omb Hiph Intensity Grating Monochromators, Lipht
was mechimeally chopped at varions Irequencies between 16 and 80 cps
mud the photosipnal was synclvononsly detecied s PAR HR-8 lock-in
amphber. The vesnlts are plotted as o climpe in conductivity perincident
Poton oy versns photon ciergy an g Lo Chis ligore clemly shows the
stroug dependence of the phatocondunctive spectral response on sample
cotmposivon. Fhe set of cnrves figs, Laand Thas divided by the curve for
the stachiometrie ShySe (o (v = 0.60) with photoconductivity activation
eoerpy oo Ld eV oas determined by Moss™ critenon ), I'le coevaporated
and clectron beam evaporated hlms pove essentiadly the same spectral
response, Heas seen that with mereasing: Sh content (v« 0.60) the activalion
enerpy and the photoconductivity onset move toward lower enerpy, while
the igher Se content (v ~0 O0) shilts the vesponse toward hipher ruerpirs
with respect (o ShySe it Ehe elleet af composition on the position of the
photocondictivity onset wans always tonnd (o correspoid to the chiange n
lndanental opuical absorption edpe posiion ) Fins dependence of I,
on - campostton s s 1o that of nelt-ynenched amorphous Shy .S,
published by Mostovshn ¢ ol )obhe stocture present on the onset edpe
of sonie Bl i due o the optical mterference as shown hy comparison
with the albsor plance e D b or comparson, 1 also shows e photo-
seustvity of single erysialling SpSey w8 11 eV,

The hx anpere chmaciensies were vestpned and were found linear
over D orders ol iminntide 1 wa ditlicuit 1o extemd these neasurements
todower light intensities die 1o tre Jow Photasensiovaty of e,

Even thouph the contacts were cinetnlly slielded fromg Hlumination during
ensirements w avord any photoy ol cllects, some elleet of contact
materil was oliserved on (e spectral vesponse g, 3) when 3h or Au con-
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et were nsed, Tlowever, we Tound this cantact cllect was much weaker

than that reported el 2,

The absolnte photocamiuctivity was measneed at fiv=s 163 eV, The
chopped light ilhininated the sample through a light pipe of known dianme-
ter, From the absolute photoconductivity Aa, the product (pt) was caleulated

using i relation
Aa = gy ) Alyfthe,

wihieve A 1s the sample absorptance, s the sample tinchness, ¢ is the clec-
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tronic charge and fo is the light Mnx. The guantum clliciency y was assumed
L beone. The light liux was determined using a ciibrated thermapile,

The values ol the ur (where ©is the lifetime of excess carriers) were Tound
to bein the range of 6 x 10 " np to 2x 10 " ew?/V. The vilue of e lor
staple crystalline Sh,Se, was Tonnd to be 3 x 107 * ey,

A direet display ol the decay ol the photoconductive pulse was geners Iy
impossible becanse the photosensitivity ol the lilns was very low and the
sigual was aften below the noise Tevel. The photocondnetive response tine
was ineasnred from the phiase shilt between the light pulse and the photo-
condaetive response using o method described in vell 8. The values ol the

(I3 oo
b fev)

P 1 Reldive plistoresponse and ophical absoeplance for Sby ,Se, film with v 0 52 8

respoise e were 101 o 10 2 see Tar filis compared o 00 psec Tor
single crystal [Cshonld he nated tiat tus method measnred the “ellective™
tesponse ne, e those components ot the palse which contnibute 1o the
Largest e of the pulse. oy means that tus method cannol resolve the
very Lasonitial rise and Fall o the pulse wlueh s fonnd, ¢.gdoranorphons
Aspley™) or GeToM) and which was assocnited with the recombmition
hictime,

4. Discussian

e photocomductivity spectral response shows g strong dependence on
compostiont winch can be used (o explai the dilference spectral response
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between our stoichiometric ShyS¢y lilms and those reported by K olomiets
¢t al. 1+3), Their lilms were prepared by conventional evaporation from a
sonree of Sh,Scy which we found prodnces nonstoichiometrie films with
composition depending on the temperature of the sonrce and the stape of the
evaporation cycle dne 10 preferential evaporation of Se. The discrepancy
hety en their results and ours ¢an therefore be explained by an cxcess of Sc
m their samples,

Compuaring the spectral response of amorphons with crystalline Sh,Se,.
one finds no significant diflerence between the sharpness of the onset for
these two dillerent modilications. Even though a dilTuse onsct ol photo-

108

S COMIACTS

L.
By PV

Fig. 3. Filect of Sboor Au contacts on 1te spectral photocondactive
responise of Sbe 2S¢y tiking,

condnctivity (or of optical absorption) 1s msally considered as a proof tor
the existence of Jocalized states in the gap. the presence ol a sharp onsct
does not prectude the existence ol these states. [ he explanation is given
by mnch fower valies of matrix clements Jor clectronic transitions hetween
locatized and extended Gates 114 12). Similarly, sharp onsets ol photocondne-
tivaty e optical absorplion cdpe were o previously for amorphons
Gy and Ge'h Al these measnrements snppest that even though the
process of photocondnetvity inclndes hoth optical i transeort properties,
the information abont the focalized states from the pheioconductive edge
coincides with the optical densities rather than with the densitics obtained
from clectricul or magnetic measurciments, 1Lis known't) that the chicctive




|58 ZANMYCI T AL,

“aptical™ density of Tocalized states w the gap can be a few orders of magni-
tude lower i the density obGined From transport measurenients.

Winle fronr the absolute photoconductivity one can easily obtain the
produoet e, the separation ol tius product ntoits two constituents his to
miclnde some wodel Tor trmsport ol carriers, For exainple, the model
proposed by Weiser and Brodshy®) Tor minarphous AsFey asgimines that
cretted cners move along or just above the “mobility edpe®, and © was
"see s giving
molnbty vidoes ol the order of O (0 1 en’fV see, which is Just on the
boundiry between a locahized and delocihized conductivity mechanisim,

cquited 1o the cavrier lidetime Living o valoe al 10

hie appnsite approach was taken by Rolomiets ') who associates v with

Csee, contiolled by trapping eleets, id comple-

the response time of -~ 10
tely nepdects the itial fast part of die phiotapulse, '§he corresponding values
af peare thus i the 10 o 10 Y em?/V see reguon corresponding, to local-
wed mability, e tane 100 Y see then corresponds o the “lilfetime™ of a
hoppmyp caraer beiween b,

TEwe assamie wadelocalized oty valne ol the arder T em?/Vosec i our

. 3 . ) }
il thien, becanse the o prodoe s vidues of the order 1007 (o 10"

oV tie recaradmnio hilernme has to bhean the ranpe 100" to 10 'Y e
Flie tonnedite consequenee i tiat there mnst then exist recombninion
centers ordeep taps ol very Lt pe cross-section approsinetely i the mddlie
al the paendppap. The order of nrptde of tie density of traps can e
estited Trons Jollowg kinete condiions e hipht imtensity nsed corges
spords o the pencration tate g~ 10" secaveraped over the ahso ption
fewetde T the steady state canditian the density ol Tree cariers () st e
equial to g, where 7as the free carmer etmie. Taknng the average valne
ol peto be L 10 " am? VL e Bletume of non-localized vivrers bns a

valne ¢ < ja

sec vieldimg e T0™ ey New trapped carners ol ensity
Aresilt i response tinse 1, clonger tum o by tie actor ool T, b )i
~ ol one cse ot 1005100 < 10" yieldmg e 10" ant, From
the tatal nonber of tapped carriers o we G tien estimate the ol
mnnher ol teapping states N, between the mobility edpes asstnng that the
trapped cierrers are in thernal equiibeinan with the conduction or valence
hands, Lyei thongle the teapping states should be thonght to be distributed
continuansly throughont the pap wath the density Mo eV, the nejor

pentolcarners e tripped a the levels withi a shee k2700 the quasi-UFerng

* N . . :
fevel B The conriman ol thermael equilbrinm then vields '4)

n, NILT i
exp o
1 N /

[3

with N~ 10" fem® being the eflective density o states o the conduction
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bind. Because the ahove eqmation melides two nnknowns (NYCEDY s
nselni to consider ET asa parimneter and calenlate (he correspondimg valnes
o' N Tos is done in table 1, which clearly indicates that EY - 03¢V, since
the density of states inside the WP ol exceed e and densities,
Must exist, also, a lower il for Ly
reqinres the existene

There
hecimse 1he very low hiletime 0
ofreccombimation centers ot rather hi
wlieh wonld lie between (he quasi-| ¢
Gissiming. cqnal recombinaion
Assnming that £}

Y see
el concentration
vl levels tor clecirens amd holes
cross-sections Jor elections ind  holey),
is samewhere i the interval 0.3 eV fo nSev

lom the
non-localized stales, we pet rather

high densities of states (10'¥ o
102 fem?) deep inside (he pxeudogap, '

Tam o

Concemraion of trapping stiles N'*y al ihe quasi-termietevel %, us a funciion of disanee

oL L%y Trom e band cdge

L% (V) hrom

1he tind ealye N eV emh 1
"o A [
0.2 LY
0.3 AT
01 Ao
0.5 g . s
0.6 1)
0.7 o

Stilar calenkaitions were performed Tor simple erystlhne Sh,Sey comna-
ing again the response te the internal [osensitivity i, asstmmg
imobility of 45 cm’!V see Y this case we found (hat the densiny of
tapping states at 1he quasi=lermi level mnst be tower byt least a1 Lactor
of 27 10" than that Tor the amorphons tilims thns giving valnes 10" np
Y em* oV gor arysialline ShaSeq Hiis Fact is of
iwe realize i hoth «amorphons
condnctive onset ol simil
msude the gap,

arenlar importance
and erystalline Sh,Se, exhibit i photo-
ar sharpness despite gnite dilferent vithes of states

S, Conchision

Iis shown that Tor amorplous Shy

ey itms the position of (e photo-
condnctive edge

coincides with e optical absorption cdy
strongly on lilm composition. This cdpe
metric: ShySey lilms,
wmorphois $h,Se

e and depends
s located at 1.4 ¢V for storchio-
The sharpness of (he photoconductive onset for

a8 simifar to that of single crystal Sh,Sey, thus giving
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no direet evidence Tor the b tailing into tlie psendogap. On the otlier
land, the aualysis ol the pholocondncuvity hiacties yields much Ingher
densiy states deep inside the pseudogap, witl viadues ~ 8 x 1017 10 102 eV
et wine are closer 1o densities ol stales obtained From trmsport vatlier
thaan from optical measirenents,
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A method for determining

photoconductive response
times

Z Hurych and C Wang
Department of Physics, Northern Illinois University,
DcKalb, Illinois 60115, USA

MS received 2 August 1971

Abstract It is shown how the photoconductis ¢ response
time 7o can be readily determined from the pliase shift
between the exciting radiation and the photocurrent using a
lock-in amplifier technique.

A standard method of measuring ac photocurrents which
employs chopped light can be casily modified to yield also the
photoconductive response time 7. If a photoconductor with
response time o is illuminated by symmetrical square wave
pulses of frequency £, the first harmonic frequency of the
photocurrent is delayed with respect to the exciting radiation
by a phase ¢, where

do=2nfro. n

This phase shift ¢o can be easily measured using a lock-in
amplifier as a phase sensitive detector. In order to obtain a
good accuracy in o, f must be chosen of the order of 1 [70.
This note indicates how additional phase changes due to the
electronic equipment can be eliminated.

In Ac photoconductivity measurements, the exciting light
pulses are usually produced by a light chopper, where tha
same blade chops the light illuminating the sample and also
the light from an auxiliary light source which is placed in




|
)

Apparatus and fechnigues 1

fiont of a photosensitive detector P P thus provides a signal
coherent with the exciting lighy, windi s wed as o veference
for the lock-in amplifier, In photocurrent measurements, the
phase of the lock-in amplifier is adjusted to the value ¢
for maximum mixer output. Clearly,

dr=do+dr+da+dp @

where the subscripts 0, E, G, P are symbols for the phase
shifts duc to the sample, electronic equipment, geometry of
the light chopper and the photodetector P with its electronic
circuit, respectively.

The sample is subscquenily feplacd by aiuthu “icdeitiee
photodetector R, with a very short response time Tx so that
the corresponding phase delay

fr=2mfry )

is much smaller than ¢e. Then without any change in elec-
tronic circuits or geometry of the equipment, the phase of
the fock-ta amplificr s agaim adjosted toa valie . for maxi
mum mixer output, so that according to equation (2)

do=du+ P+ dot i 4)
From (2) and (4) we obtain
ho=(h1- ) +dn (5)

and the photoconductive response time g is then determined
from equation (). If 7x<7n, ¢ in cquation (5) can be
neglected.

An orthorhombic ShaSes single crystal was used to compare
this technique with the ‘graphical’ method, where 7o is deter-
mined from the decay of the photocurrent pulses observed on
an oscilloscope. Very good agreement was obtained for 7o
in the range 400-80 us using a PAR HR-8 lock-in amplifier
and f=700 Hz (Hurych, Wang and Wood 1971a). The vari-
ation of o in the above range was achieved by partial filling
of traps using a Dc light background of variable intensity. As
the reference photodetector R, a Texas Instrument silicon
light sensor LS 600 with a response time of 15 us was used.
This method was used to determine the response time in
epitaxial YbTe and YhSe (Hurych er al. 1971h).

Due to the use of a lock-in amplifier, the method described
ahove can be used for measurements of 7o even in the case of
photosignals well below the noise level. Thus this method is
applicahle to very poor photoconductors, or can be applied
to good photoconductors at very low light levels or low drift
fields if it is desirable to eliminate space charge effects, and is
particularly useful when other graphical signal :veraging
instruments, such as box car integrators, are not available.

A few errors are associated with this method; for example,
equation (1) neglects the finite width & (usually a few milli-
metres) of the illuminated part of the cample. This in‘roduces
an error Ao of the order of a few per cent, as Ago~d/L,
where L (typically 10-20 cm) is the length of the segment of
the chopping blade corresponding to one light pulse. Another
sonree ol error (~19) is the reproducibility of the phase
shift dial of the lock-in amplilier. (Since this method measures
the dilterciace ¢ —u, the absolute uaccuracy of the phese
shift is not important.) Finally, the value 7o determined fromn
equations (1) and (5) is the exact response time only if the
risc and full of the photociun rent are symmetrical and obey
the exponential dependence on time. Otherwise 70 would be
an ‘effective’ or average response time. The above condition
for exponential rise and decay is very nearly obeyed in the
case of semiconductors with a very low concentration of
traps, where the response time 7¢ is close to the recombination

9

lifetime ol minority carriers (Rose 1963, Mort 1968). Such
atetials are mther poor photoconductors, and the applics
tion of the above method is particularly advantageous.
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OPTICAL AND TRANSPORT PROPERTIES OF
AMORPHOUS Sb,Se,*

C.WOO0D, Z HURYCH and J. C. SHAFFER

Physics Department, Northern Hlinois University, DeKalb,
Hinois 60115, U.85.A.

The optical absorption, rellectivity, electrical conductivity, photo-conductivity, and photo-
emissian have been studied i amorphous tilms ol SbaSes. The films were prepaied by
coevaporation thus wlowing strict cantral ol composition. Comnarison with daa on
ShaSeq single crystals show marked similarity ol properties und in particular, show that the
lorbidden energy gap values closely correspond. Furthermore, in contrast to published
data, on sinnlar amorphous systems such as AsaTey'), the structure at the band edges
appeiirs to be quite sharp, thas showing no evidence of a mobility gap.

. Materials preparation

Throughout the wark deseribed in this contribution the inteant has been
to campare the properties ol amorphous thin lilms al’ antimony selenide with
crystalline Sh, 8¢, Much clfort has been made to ensare that the compesition
ol the lilms can be made closely approxintite to that ol the crystal and that
the lilms are. indeed. amorphous.

The Tilms were prepared by the technigue ol coevaporation onto [used
guartz snbstrates. Separate quartz crystal oscillators monitored and con-
trolled the rates al” deposition of Sh evaporated Irom an electron-beam gun
and Se from a vesistitnee heated crucible. Films could be obtained with a
varicty ol compositions, and though the principal interest herein is with films
of compositian near 1o that af the stoichiometric crystal, we report some
resnlts on other samples.

The degree of arder of these lilms has been checked by electron dilfraction )
and the stoichiometrie lilms werz Tound ta be amorphous to the resolution
al this techniyue (~ 20 A). Masshiuer spectroscopy has been carried out®)
an bath crystalline and amorphous samples and imdicates that the short-range
order ol Shn the amorphaous Gilms dilters 'rom thatin the crysials. Differenti-
al thermalanalysis of the samples allowed a determination ol a erystallizition
* This rescarcli wins supported by the Advanced Rescinreh Projects Ageney ol the Depart-

ment of Detense and was mouitored by the Army Rescarch Ottice Darham, under Contract
No. D-ARO-D-31-124-71-G LA
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temperature, of ~ 180K ; however, no softening temperature (7;) has been

4 determined due to the small mass of the samples. The composition of the
3 samples has been determined by both micro-probe analysis and by conven-
3 tional X-ray emission methods. The compositions are probably accurate to
g the order of | at",,.
¢ 2. The energy band gap

4 1t has been known forsome time that Sb,Se is a semiconducting compound .

with a band gap 1.0-1.2 eV at room temperaturc?). The photoconductivity
spectra of amorphous and polycrystalline films have been measured4) and,
from the threshold, the band gap of thc amorphous samples was found to be
f.6 eV and that of the polycrystalline samples 1.3 eV. As will be pointed out
below, thesc results arc not consistent with those reported here and may be
explained by compositional deviations in the samples used in previous work.
i In fig. t the absorption constant, determined from reflectivity and trans-
' mission measurements, of a thin (250 A) and thick (5.8 pm) film of composi-
tion approximating that of the crystalline material is compared with singie
crystal data using unpolarized light. Similur Jdata for an Sb excess and a Se
excess film are also displayed. The ubsorption constant in the region of the
edge shows an o dependence on photon energy, for the singlc crystal,
It is apparent from this dependence and the reflectivity curves that the transi-
tion giving rise to the edge at ~1.1 ¢V in the crystal is a direct one with a
superimposed indirect tail®). The absorption coefficient for the amorphous
filins exhibits no simple relationship with energy.

10P 15h-excess fim P P ——
b env /'.’/ N
"\I()S 4 ““‘)blSe, film i
' (250A thick)
E_' {
V. '04 < Se excess film l
.z (SbSe,,)
ul
l(lll()j ~-5b,5¢,him !
{(AL)J (58 thick)
0102
z
O - =Single Crystal !
:% I&)1 Y, Sey '
2
i ie?
N T
( & ' ' ' ' ' ' . B
o T 4 4 4 & & w & avew :

Fig. 1. The optical absorption spectra of single crystal SbaSes and amorphous films
of Sb.Se,,.
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The resistivity ol the stoichiometric amorphous films is comparable (o that
ol the crystal. Preliminary values of the thermal activation energies computed
from the slopes of the resistivity versus temperature curves are ~1.0eV
and ~0.5 eV for the crystal and amorphous films, respectively. The former
value is in good agreement with published values®) and with the oplical data.
For thc lilms, a value of approximately onehalf the estimated band gap
appeais to be commonly found for amorphous materials?),
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Fig. 2. The pholoconducling spectral response of single crystal Sb.Se;
and amorphous films Sb,Se,,.

In fig. 2 the photocurrent response spectra of a crystallin: sample and
several amorphous films of different compositions Sb,Se, are shown. The
photoconductive activation cnergy (44)8) of the crystalline sample and for
the stoichiometric amornhous film o" composition Sb,Se, are 1.1 ¢V and
1.3 ¢V, respectively. Thcre appears to be no evidence of band tailing in the
spectral distribution curves.

3. Visible to ultraviolet optical properties

The near normal incidence reficetivity of the natural cleavage plane of
Sh,Sey to unpolarized light and for light polarized ||a and ||c orientations is
shown in lig. 3 for the spectral region 0 eV 1o 11.0 eV. The data s less reliable
in the unpolariz.d light casc because of a wavelength-dependent horizontal
polirizing component in the Cary 14-R spectrophotometer?). The data
exhibits a broad region of high reflectivity extending from about 1.0 eV to
about 7.0 ¢V, In addition much individual structure associated with critical
points may be discerned in this region which is in essential agreement with
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the data of Shutov et ul.5). The Iront surface reflectivity of an amorphous film
ol 8b,Se,, 5.8 pm thick, is also presented in fig. 3 over the same spectral
region. For the particular film there is no measurable transmission in this
range and therefore, the measured reflectivity can be compared to that of the
bulk single crystal. The reflectivity was found to be somewhat lower than

that of the single erystal in agreement with results on other amorphous
materials '),

R 5b,5e,
G0 = Unpolarized
- b a axis
Fhie axis
Ay u.,‘t/
LM
s b -Single Crystal
" -~Amornhous
Al
20 Ca
IR B i S S R
hv (eV)

Fig. 3. Near-normal incidenee oplical reflectivity spectra of
singlc crystal 2nd amorphous SbaSes.

4. Photocmission

Theresults of some preliminary photoemission measurements are presented
i fig. 4. The photoclectric yicld (Y) und the cnergy distribution curves
(EDCY of photoemitted electrons were measured and compared lor single
crystalline and amorphous $h,S¢,. The measurements were performed in
vacuum in the range 10" worr, The single crystals were cleaved in the natural
cleavage plane (1h) in situ. The amorphous films ol composition Sb,Se,
were prepared in the belljar apparatus and transferred under 3 dry inert
atmosphere (o the photoemission chamber and., therefore, because of this
exposure, the datais less reliable. The chamber is being modificd to prepare
the films in situ.

‘The values o photoeleetric threshold as obtained from the Y versus hv
extrapolation) were 5.7 eV for filins and 6.4 ¢V for crystals.

From the EDC which represent the joint density of clectronic states
(JDOES) between the valence and conduction bands, an attempt was made
to constriet the effective valence and conduction band density of states.
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Fig. 4. Photoemission cnergy distribution N(F) versus energy (£) above the top of the
valence band of single crystal aind amorphous SbaSeu.

In the case of the amorphous material, the JDOES eould be satislactonly
interpreted in terms ol indirect transitions, 1.e., no pronounced dependence
ol matrix elements on &k (bnt possibly a dependence on /iv), Tor photon
cnergies ol 7 eV to 11.8 eV, with no evidence of sharp strueture in the valence
or conduction band. For the sirle erystal, direet transitions were dominant
together with slight additional structure which eould be explained in terms
of indirect transitions, with eonstant matrix elements due probably to a
localized or flat k£ versus & band. A more detailed assignment of these
transitions at present is a diflicult task as the band strueture calculations are
not available, and the results of group theory selection rules have been applied
s0 Tar only to the region of the interband minimum, which is inaceessible to
photoemission measurements due 1o the work function of investigated ma-
terials,

5, Conclusions

In summary we lind marked sinmiaritics between the properties ol single
erystal and amorphous Sh,Se, and little evidence of extensive band tailing
into the forhidden hand gap as one would expect to lind from a mobility gap
consideration,
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THE AMORPHOUS Sb-Se SYSTEM*
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Fssentiatlv ahe complete compositional range of the arphons 8h Se svstem has been pre-
pared in thn-Glm Torm by a simple evaporaion techinigne. Oplical und transport propertics
have been measnied as a tincrion of composition,

L. Introduction

As peated ontin a previoms paper |1} considerable care is required in the pre-
paratien oFmorphons mlerials by vacunm evaporation 2 o gven compasition is
desired and, fonther, thai physical properties, e.g. the optical enerpy gap, change
appreciabhy s a e tion ol composition, 1t s, therelore, of interest o investigate
amarphions systems as o function ol a wide rmge of known compasitions and (o con-
stnelany pe ot “phase diagram®. This cam he avery labovions procednre by conven-
fomal me thods and 1he prnpose o this paper is to describe a me thod wherehy snch
ancinvestigation s facilitated and toappl, this methad to g particular amorphans

sestent mnnely, Sho Se. The basic techmigue has been emplayed in ihe past ta pre-
pare crystalline Glns | 20 3] and composiies [4] but not, to onr knowledge. to pre-
pare amorphous filins, i.c.. its mostapprapriate use. where cynilibrinm phase dia-
grms e nripplicable,

2 Experimental apparatns

The apparatns s very similar in desigin to that described carlier [!]. Sband Sc are
caevaporated from iwe Airco Femescal electron beam (1EB) guns whose relative
rates of evaporation are ¢ folled by two Sloan Omni HA rate controllers ¥ Hawever,

*his work was snpporied by the Advaneed Research Crajects Ageocy of the Department of
Delense and was monttored y 1he Avny Researeh Oftice nnder Comirael No. DA ARO D
1272 GHES. We wish also (o acknawledge finncied support by (he Conneil of Deans
of Norther Hlinois niversiny

' Foolnole, swe nest pape.
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QUARTZ CRYSTAL OSCILLATORS
(WITH COLLIMATING TUBES)

_/

SUBSTRATE & | SUBSTRATE
HEATER ~| o — T HOLDER

| RECESSED
SUBSTRATES

HADIATION
SHITLD =

110 '_]. o £ U GUNS
| U e
i l

VACUUM
PUMP

FFig. t. Co-cvaporation system.

the major difference between systems is that in this instance the EB guns are widely
separated (diametrically opposed) in the bell-jar and the substrate holder is ~ 14 in
(35.0 cm) long, i.c., nearly equal in length to the %" X A" (1.27 ¢cm X 1.27 cm) dia-
meter of the bell-jur (Iig. 1), Thus a total of abont 28 synare fused-quartz snbstrates
can he accommeodated in o holder. The juxtaposition ol one end of the substrate
holder to one cracible ind its remoteness from the other ercible ensnres the Torma-
tion ol strong compaosition gradient along the length of the holder; the actnal value
of the gradientimd the Til - hickness depends on the density o Sb and Se, and on
the height of the holder ab ¢ the crucibles

Onr present system incorporates two such holders situated at different heights
above the emicibles, clamped on the copper tubing cooled by liquid N,. Hence, for
i given ratio of evaporation rates from the two EB guns a broad sampling of compo-
sitions in thick films is obtained in the lower rack and a smaller compositional gra-

! Uhe operation of 1hese controllers has been greatly improved by the redesign of the quartz crys-
tatosciltator by O, D, Newelt of the Industry and Technotogy Department, N.I.U.
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dient about the compusition ratio of interest is obtained in thin films from the upper
rack. Furthermore. the substrates can be held at temperatnres between liquid N,
and room temperiture,

3. Film preparation

In this experiment the evaporutions were carried wut in a pressire of ~10-7 mm
Hg. or lower, and the ratio of evaporation rates (Afsec) for Sb:Se was chosen to be
1.0, thus Sb,Se; occurred near the center of the substrate holder. The substrates
were held at room temperature thronghout the evaporation. The compositions of
selected filins were determined by electron microprobe analysis and are plotted in
fig. 2,

A theoretical plot of filin thickness (1) and composition (f), where f'is the a1 %
Seat point v, tor the lower and upper substrate racks is also shown in fig. 2. A best
fit to the experinental thickness data was obtained assuming an Sb: Se rate ratio

KRR BPEN ﬁ

|

QB4

At.% Se x100
)
5
G

0.4 W 11
—r————y s

[OHE 4L
”5:;1 ) // "
I

Cryst Amorph.
o T i == p =N eyt ey —— T ™ T - 1 T
3 6 9 12 15 8 2t 24 2

FILM POSITION

1. 2 Theoreticat curves of composition (C) and filin thickness (T) versus film position in upper
(U and tower (1) substrate holdess. (x)-p-probe data, (0)-thicknesses determined by intertero-

~

melry.
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Wy, W) ot 007 instead of 1.0, These enrves were plotted nsing the equations®:

NIRRT

W Ao 2 g,
3 St Se d- 2 \2 |
]\‘..=,l+ (I+ ) , . (2)
' WSI)ASIv " ".I'2

Where fuge fose are the thicknesses directly above the respective sources; Ag,, Ag,
e the atomic weights of seleninm and antimoy ;d is the separation of the sources;
and Jris the heght of the rack. For this system, d equals 12.3 in(31.2¢cm), hower
cqals 7000 (17.8 ¢cm) and Mypper Cynals 171 m (13.4 cm). Egs. (1) and (2) include
the assmmption of a cosine distribition from cach ¢ in diameter source. At low evy-
poration rates, ~ 1o 13 Afsee such as nsed in this experiment, this appears to be a
reasonzble assunption. However, Smith [S]) has shown that at high rates of evapora-
tion from EB guns a virtnal sonree exists and, therefore, the sonrce position and eva-
poration distribution arc rate dependent.

Although both clements can be prepared in the amorphous form, amorphous Sb
is stable only at low temperatures for thick films (~ microns) or for very thin films
(~ 107 R) at room temperature |6, 7). X-ray diffraction measurements showed that
all except the extremely Sb-rich filins were amorphous in the present experiment.
The demarcation is shown in fig. 2 for the composition curve of the lower substrate
holder (CL). One Tilw at this boundary appeared 10 be amorphous initially but crys-
tallized on standing lor a period of approximately one week. An indication of this
tramsformation was first noticed optically by the initial appearance of infra-1-d op-
tical transmission and 1eansmission interference fringes and their later disappearance.
The transformation was verified by X-ray diffraction.

4. Optical measurements

i onder 1o survey (he apnical properties of the filws as 1 function of composition
everyalienine substiate m the sequence in e holder was selected for mneasurement.
Becanse of the compositional variation across the substrate only a | mm wide strip
ol the center seetion, perpendicntar to the composition gradieut, was measured.

A Cary 14 R spectrophotometer with a Strong [ 8] reflectince attachment was
nsed tomake optical trnsntittanee (7°) and reflectance (R) measurements. Since the
tilms were deposited on tused-quartz substratcs, true R's and T"s for tke films were
obtained from obseived valies Rops and Ty, by using the following equations (9.
1O} (without a4 subsirate in the reference beam):

* These equahons are essenlilly the same as in ref. 14} bui expressed in terms of atomic weights.
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Tall RiRY
U Ry

e gyt
IIRN

: (4
oln (1 I\';I\’\) )

R=R

where Ry the retectinee at the substrate  film interface was assumed to be ~ R p..
R; =(I ,,\)2 (1+n) 2 and the relractive index of the substrate n =143
The absorption coeflicient (a) was calculated by computer programming the
thivd-degree equation obtiined by eliminating 1le front surlace reflectivity, r. lom
the equations:
Y ow
1 i e (S)

| '.,' ¢ dor

R -r(l 1 e ), {0)

| BC\N

o ¢ l(l.rl\')z . I’].,.(c wy? 4 [(cTR)z 3}c ar ;_=(,. (7)
T-

These cqnations are valid only il the multiple-reflected rays are incoherent: and
were applicd only in the range where interference fringes were not observed. The
short wavelength limit ol the measured spectral range was set by the automatic slit-
width of the Cary 14 R speciropuotometer reaching the Tully-open position. Sample
thicknesses, /, were determined by multiple interference of reflected light »sing a
microscope fitled with a Watson interference objective. The refractive and absorp-
tion indices. nand k. were caleulated from the cquations:

Anh RUBIET Y
r= y "

. (R)
A it 17 A2

The absorption edges were fonnd 1o obey the relation Tor non-direct transitions | 11,
12

alw = Bhy I'."_. ), ()

showmg conservation of encrgy but not crystal momentin. 1 the intereepts of the
extrapolited canves in fig. 3 are taken as the values ol the optical energy gup(l:‘g)
then one tinds a tiemendons varation in £, from ~ 1.9 ¢V to ~0.4 ¢V on increasing
the Sh: Se vatio. Corresponding values for B ra=_2d from 109 10 2X 105 cm ! eV !
tlable 1),

e et

P T T MgYre e | g e
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VoS
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Q0 Qs 0 1.5 25
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Fig. 3. Square-root dependence of absorption coefficient (a) on photon energy (hv) for Sb-Se
films of varying compositions shown in fig. 2.

From classical dispersion theory [13] the real part of the dielectric constant is
given hy:
2

2
= 'N('z Wy w

(10)

n? K2 I
mey, (wll' w?)?+ wig?

- e . . . < 9y
I the limiting case at high Trequencies, and where 22 ke,

_ Ny I

n o ; , o
’”(“ (w‘.) w..)

andatlow frequencies, where w - 0,

n? ot

(12)

A\
i “uJ"

Ihe lugh frequency values of i For four representative films were obtained from
v (T and (R) i the region of now-interference. and the fow frequency values,
where A s small, were obtained from the positions of the maxima and minima in the
mteerence region using the expressions:
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N tmicronst)

Faye b Souare al ietiactive mdes trl veesis spiare of wavelength 1A). Fapenimental tSample 1.13):
Wha cabiulated tomegs 07 and (RY 131 2 detenmined tren smtetference masnms and wminima,
ca thn Theorenical 1oy e penecated trom e T G0} i delermined rom mterlerence maximg
And e generated From Abekes cquations.

id =k mENIN ). (13)

A plat of #2 versns A2 for a typical film is shown in fig. 4. Extrapolations of the
curves In w = e and w -> O yield valnes (1able 2) for the high frequency (€. ) and
low frequency (cy) diclectric constanis, respectively, as shown by egs. (11)and (12).
The high frequency valnes are nat very reliable %o cause of the limited rarige of ex-
pecimental vikues of .

Fable 2
Hiph (e and low ten) Crequency dickectne constanl's obtained from extrapolation ol curves in
lig. 4.
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As can be seen from fig, 4, a considerable error is introduced in the high frequency
region if the #n values determined from interference fringes are nsed for the extrapola-
tion, as eployed by Chandhari et al. | 14]. This is further illnstrated by the plot in
fig. 4 of theoretical valnes of i, determined from (. (10) for wy = 3.0 X 105 se¢ !
andg=1.5X 10" sec ! Using the samc values of 1 and & in Abelds cquations |15]
interference fringes were gencrated and tiw valucs of n determined from the positions
of the maxima and minima (eq. (13)) were plotted. The two theoretical curves are
seen to diverge considerably at high frecuencies as is obse-ved experimentally.

One cannot detcrminc the free-carrie; relaxation time and, hence, the charge car-
ricr mobility, fram the intersection of the:se two regions, z: suggested by Chaudhari
etal.{14]. For high-resistivity materials. with very low free-carrier concentrations,
such as discussed hcre and in ref. [ 14]. the dispersion of the refractive index is due
to an absorption band, nat frec carricrs as they supposed. The lack f absorption at
leng wavelengths is confirmatic 1 that we are not dcaling with dispersion duc to free
charge carriers in cither the he, ar low optical frequency range.

5. Conductivity measurements

Altermating in the holder with the substrates for aptical measirements were sub-
strates which were electroded for conductivity measurcmcnts. The clectrades con-
sisted of fonr strips of baked-on liquid-bright platinum. After film deposii e these
substrates were clamped to a copper-block inside a copper radiation-shiela attached
ta the cold-finger of an Air-Products Cryotip Dewar. Coitact was made to the pla-
tinum by phosphor - bronze strips.

Up to 103 ohms the resistances were measured by passing a known dc current
through the outer two electrodes and, with a Keithley 604 Differential Electrometer
(input impedence 10'4 ghms), measuring the voltage drop across the inner two elec-
trodes spaced 2mm apart. Any potential barrier effects at Cortacts were thus
avoided. Above 10'3 ohms the resistances were determined from th~ current flowing
with 500 V applicd across two eiectrodes. In films where the resistancc variation
with temperature required both two- and four-probe measurements £no versus 1/T
curves coincided showing that contact potential barricrs could be ignored. For films
ot greater than 1013 oluns resistance. i.c., films with > 80 at % Se, a sandwich elec-
trode stanctire was used. Teflon insulation was used throughout. The apparatus was
calibrated with a serics of standard resistances of up ta 10'3 ohms. The temperature
of the film was measnred hy attaching a calibrated chromel-constantan thermo-
couple to the filu side of the substrate. The resistance was monitorcd both in f.ie
cooling and warming cycle. If sufticient time was allowcd ior the films to come to
temperatuse equilibrivin these curves coincided. The warming cycle had the slowest
ratc of change and generally was used for analysis. No hysteresis was observed be-
tween repeated cycles.

The results of these imcasurements are plotted in fig. 5. The activation energies -
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Fig. 5. Yleciricat conductivity (o) versus reciprocal of absolute temperature (T).

were delermineu from a least-squares fit to the equation:

0=0y cxp(u %—f) (14)

For conduction i e. teaded states AF represents the energy difference between the
Fermi cnergy (£:) ana the majority carrier band edge (e.g. the vzlence band edge,
E,). For intrinsic cenduction the Fenmi level i close to the cer r of the forbidden
band and consequently AE = K E, [ 16]. If we assume AE to b+ a linear function of
lemperature

AE= ALy, 2T, (15)

then thc activation energics obtained from the plots in fig. 5 are the extrapolated
values (AE,) o T= 0K and not the actual values of AE at 7= 0 {11, 17].

The pre-exponential term, 0y, includes the charge carrier mobility and density of
states and can be shown to be nearly invariant with respect to temperature for both
conventional acoustic-mode lattice scattering in crystals and diffusive-type mobility
[11. 18] developed for disordered materials. Generally, o) is not strongly temperature
dependent compared to the exponential term in eq. (14) and is expected to lie in the
range 100 ¢ 10 o Poom V(1]

i aly
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If the charge carricrs are excited into localized states at the band edges the:: AE =
Iy Epgt AW, where AW, is the activation energy for hopping conduction and
the localized states ocenpy the energy range kg Ey [11]. Here, 6, is expected to
be ~10 2 ta 100hm -cm U ]11]. A straight linc can be abtained on a £no ver-
sus 1/T plot il the mability does nat vary rapidly between £ and £y,

If happing canduction occurs between localized states near the Fermi cnergy then
AE'= AW, ~ ' width of thc defect band |11]. Again, a straight line £no versus I/T
plot can be obtained, with 0y < 10~2 ohm=!-cm~!, if hopping iz between nearest
neighbors. Ctherwise,

Lno=A- BT V4, (16)

Itis scenin fig. 5 that all but the extremely Sb-rich films yield a straight line on
the {no versus /7 plat. Valnes of o, exp(y/k), abtained by cxtrapolating the cur-
ves to 1/7°= 0 were found to be ~10* ohm ' -em ! an the Sb-rich of Sb,Seq and
then to progressively decrease to ~ 10o0hm ! -em ! with increasing Se content (c.f.
fig. 8). The extreme Sb-rich films weie crystzllise and showed metallic conductivity.
The law temperature region of the {no versus i/7 plot for the film lying just on the
amorphous side of the phase boundary, showed same curvature which would be
fitied to the farm of eq. (16). However, an cstimate of the density of states from
B = 2[a’/kN(E:)] /4 yiclded an unrealistic value of MEg) ~ 1042 eV-! - em~3
and so cannot be interpreled straightforwardly in terms of the Matt model. Anneal-
mg to produce an ac. :ptable density cf states value [19] could not be employed
herc becanse af the propensity to crystallization.

6. Thermoelectric measurements

The Seebeck cocfficient (S) was measured on a number of the films used for re-
sistivity measnrements in an attempt to determine the position of the Fermi level.

Several chaices of expressions for Seebeck coefficient are available for amorphous
semiconductors [ 11]. If the curreat is carried primarily by electrons (or holes) in
the vicinity of the Fermi energy (£:) then:

§=11q2 kT [(!( tna) |

¢ A r=ry (17)

An cquation of this gencral form is applicable to happing conductivity and, for cx-
ample, to a half-filled impnrity or defect band.

For a onc-carrier pon-degencrate system in which a mean free path (L) can be
defined:
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s=t:i (%b; +A), (18)

whare AE = Ep - Ey, is the enrgy difierence between the Fermi energy and the
band edge in which conduction is taking place, i.c. conduction or valence band, and
as mentioned above, is temperaturc dependent, e.g. eq. (15). The constant A may
take on various values depending on the energy dependence of the charge-carrier
relaxation time, e.g. A = 2 for acoustical-mode lattice scattering [20] . If a mean free
path cannot be defined, i.e. L < the lattice spacing, and the energy dependence of
the density of states (and, hence, the ¢ >nductivity® is assumed to be linear then
A =(1+ terms of order T).

For a two-carrier system the individual contributions of electrons (¢) and holes
(h) to the Seebeck coefiicient are subtractive [21]:

¢ 0.5, + thh

3 (19)

Uc+0h

In the intrinsic conductivity range where the clectron and hole concentrations are

cqual
kb 1 [Ay T
l'= s -+
YT b [ ki YA (20)
where b = pfpy,. the ratio of clectron to hole mobility.
Pt Electrodes
Teflon
T Sb5»
Fm
.
- Fused quartz
e Supstrate

T ———Copper Insert

7
/ Teflon Discs

Uig. 6. Diagraia of ¢leciroded subsirale showing soring contacts for thermo-emf measurements.
Spring contacis, without teflon discs, were used for electrical conductivity measurements.
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In the experimental arrangement a Pt wire and a chromel—constantan thermo-
coupled were prested into contact with two of the platinum electrodes cn the sub-
strate using teflon discs attached to phosphor-bronze strips (fig. 6). A Keithley 604
differential voltmeter was connected to the platinum leads to measure the Seebeck
voltage ac-oss the film and then to the two thermocouples, connected differentially,
to measure the temperature gradient. A temperature gradient of ~ 5°C, near room
temperature, was established in the films perpendicular to the platinum eiectrodes
by placing the substrate on a half-copper, half-teflon heatsink (fig. 6) and heating
the copper by a hot plate. In a separate experiment a Pt film was evaporated onto
a Pt-clectroded substrate and the absolute Seebeck coefficicat of the electrodes was
determined to be  2uV/°C with constantan leads.

Values of S for various films are plotted against composition in fig. 7. All values
were positive showing the majority carriers to be holes. Since for most films there

800+

S (uV/C)

4004

2004 ./
/.
7

L

o T LJ v L ¥ v v Al v L]
10 20 30 40 50 &0
At. % Ge

Fig. 7. Room temperature Scchech coefficient versus film composition. (x) constantan or (0)
platinum leads 10 sample.
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was no evidence ol impurity or defect band conductivity, either from the tempera-
ture dependence of the conductivity or from the magnitude of 6. ¢q. (17) was re-
jected. Values for AEy obtained from eq. (18}, for any reasonable assumed value for
-4 and v, could not be reconciled with the AE,, values obtained from £no versus 1/T
curves. We were, therefore, forced to conclude that eq. (19) is applicable, i.c., the
Fermi level is fixed near the middle of the energy gap and both holes and electrons
are contributing to the Seebeck coefficient. If we assume that the Fermi level is in
the middle of the gap for Sb,Sey. Le.. intrinsic conductivity, and substitute in eq.
(20) the value for AE), from the €no versus (1/T) data, putting 4 = | and y=

35X 10 4eV/"C. we can compute a valne for b of 0.39.

7. Discussion

Attention has been drawn to the importance of annealing or depositing amorphous
films near the crystallization temperatnre, T... to obtain reliable oplical and conduic-
tivity data |22 24]. Sbh - Sc films cannol be anncaled because of the tendency to
crystallize. Amorphous Sb filns, of thickness > 103 A, crystallize well below room
temperature and amorplions Se erystallizes at ~ 100°C. The highesl T, reported for
this system was 170°C at the compusition ShySey [ 25]. Because of the slow deposi-
tion rates (~ 2 A/scc). the high vacuum (~ 10 7 imm 14g), and the proximity of the
substrate temperature during deposition 1o T,. it was thought unlikely that further
anncaling would prodnee changes iu filn siructure, while still remaining amorphous.

From straight-line slopes of the €no versus 1/7 curves it is evident that the Fermi
levelis pinned i the gp. We cannot say whether this is die to a high local density
of defect states in the gap as envisaged by Davis and Mot 126] or 1o a charge neu-
trality condition involving localized states tailing into the gap and overlapping, i.c.,
the CFO model | 27]. Alihough the Fermi energy could not be determined unam-
bignonsly by thermo-cinf measurements (the low Scebeck coefficient values clearly
indicate a iwo-carricr mode of conBuction) the results suggest that it is located near
the middlc of tha gap.

The optical gap (%) av room temperature and the thermal activation energy (AEy)
ate shown in fig. & as a function of composition. A break in both curves occurs in the
vicinity of ShySce . Al this composition JAE, ~ E,(0) where E(0) is the value of
F, extrapolated 10 OK | 28] from which we might infer a symmctrical distribution
ot states with the Fermi level pinned near the center of the gap. Since AL strictly re-
presents the difference between (he Fermi level and the valence-band edge, no great
inmportiice shontd be attached to the Tact that 24k > I'.'g at high Sh concentrations
or <k, at high Se concentrations. One cannot justifiably assume that the difference
between 2AE and I, represents the energy spread of the localized levels at the band
edpe as supp wed by Weiser and Brodsky | 29] for amorphons As,;Te (where
QAL < I or by Chandhari et 2. | 14] for amorphous JAsySeq - 25b,Sey ilms
(where 241> I'.'n). Possible reasons for (his difference are:
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Fig. 8. Optical (o) and thermal (x) activation energies as a function os film composition.

(i) the Fermi level may be fixed away from the middle of the gzp cither by a
high density of defect (or impurity) states [26] or by a different energy distribution
of localized states tailing into the gap [27]:

(ii) the value of AE;, obtained from the £no versus (1/T) curves represents the
extrapolated value to absolu e zero assuming a line~r variation (coasiant 7) of AE

with temperature, which is not generally equal to the true values of AE at absolute
zero [11,17]:

(iiii) the optical energy gap is difficult to define since the lower part of the absorp-
tion edge is generally exponential with hv and of uncertain origin {11] (doss not
obey Urbach's rule) and, at higher photon energies, oeys a power law of the form
ahv«(hy F,)' where 0.5 <n <3, which, depending on the assumptions used in
the dcnvnhon will give a different meaning to the value of £, as determined by ex-
trapolation,

(iv) the variation of the optical gap £\, between absolute zero and room tempera-
ture is generally assumed linear for comparison with AE, which is rarely the case;

(v) the demarcation beiween iocalized and non-localized states at the band edges
is not clearly defined and epends to some extent on the localized state’s distribution
in energy |11].

Values of oy exp(y/k) ~ 103 vhm ! -cm~! are found for compositions on the
Sb-rich side of SbySe3. On the Se-rich side the values steadily decrease to ~ 10
ohm~!-cm~!. Assuming an average value of 60 for exp(y/k) (i.c., the value obtained
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from optical measirements for amorphous Sb,Se; between 200K and 300K) [29)
(or all compoasitions then the magnitude of o, suggests conduction in extended
states (or the Sb-rich films and conduction in localized states at the band edges for
the Se-rich filins.

The optical data showed an expected increase in the high (e_,) and low frequency
(¢yy) dielectric constants, with increasing Sb (metallie-bonding) content. Absorption
cocflicients (a) ranged from 103 to 105 cm~! for the particular experimental condi-
tions (film thickness, spectrometer sensitivity, ete.) and fitted well to an (ahw)12
versus A relationship for non-direct transitions showing the k-conscrvation selection
rule is relaxed. An exponential tail was not observed or expected for these high ab-
sorption constants. The slope (B) of the curves showed a steady increase with increas-
ing Se-content.

Davis and Mot1 | 20] have shown that B can be related to the energy spread (AE )
in localized states at the band edge by

4rmu

(21)

nealy

where itis asstimed that the optical fransitions are ocearring between extended and
the localized states and that o, ~ 0. Table 1 lists the values of A calculated
from the slopes assuming exp(y/k) = 60. 1t can be seen that the values are very small
~ 10 21010 4 ¢V with a minimmm ncar 80 at % Se. HHowever, when oy, drops much
below a valne ~ 102 ohim ' em !, it can no longer be assumed to be ~o,,,, and ¢q.
(21) cammot be nsed 10 determined a valne of AE (. The small values of o, at high Se
content may suggest that condnction ocenrs by hopping in localized states. and that
the valnes we caleulate for AE' are not significant, but this is pire conjecture. A
second difficulty arises namely, that even in the range of high ¢y the values obtained
for AF are very mmch smaller than the photon energy i wge (> several tenths eV)
over which eq. (9) applies.

We are forced to conclude that the assumption of paratolic bands used by Taue
[12] in the derivation of eq. (9) is more applicable to our films, that there is no evi-
denve of appreciable band (ailing, i.e. the band edges are fairly sharp, and the low
values of a, at high Se concentrations are the result of a low diffusion-type mobility
in extended states rather than hopping in localized states. Cohen [ 18] has e~timated
that this Brownian-motion conduc tivitv extends from ~ 5 em2/V - sec down to 10-2
«m?/V - se¢ which, coupled with the aicreasing gap with Se-content, would well en-
compass the rnge of conductivitics encountered in our films.

Further support for these conclusions is given by a companson of conduction in
amorphons b,y Seq and condiction in a single crystal of intrinsic $h;%eq [30]. Be-
tween 300K and 100K, the conductivity in the e-direction ol the siple crystal was
clmacterized by an activation energy ol 0.63 ¢V with g, ~ 33 0hm Foem Tando
(room temp) ~ SX 10 ot U ¢ ! This compares with the amorphions tiln of
ShySey, which has an se’ivation encrgy of 0.625 ¢V, 0y~ 120hm Coem Yando
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(room temp) ~ 2 X 108 ohm=1 - cm~! and shows that the mobiiity is comparabie
in both phases. Furthermore, assuming ‘intrinsic’ conduction for the amorphous
Sb;Se, ﬂlm. the mobility ratio, b, from eq. (20) was found to be very ciose to the
value of § determined by Black et al. (31] for a single crystal of Sb;Sey. Biack et al.
[31] estlmeted the hole mobility in crystulline Sb,Sey to be approximately 45
(molm m )3/‘ Optical absorption [32] and photoconductive spectrai response [33]
measurements on single crystal and amorpl-ous SbySey show almost identicai vaiucs
for the :nergy gap, again. showing the properties of the two phases are remarkably
similar®.

The continuous change in energy gap and conductivi‘y with composition iends
support to the view that foreign atoms incorporated in an amorphous soiid tend to
satisfy their valency requirements rather than act as donor or acceptor impurities.

Sb, when added to amcrphous Se, probably reduces the Seq ring conceiitration (as
with As) [35] and acts us a branching or cross-linking agent between the Se linear
polynier chalns, repiacing the weak bonds between chains with stronger covaient
bonds. The fact that the addition of Sb reduced the glass-forming capability of Se
[36] from the melt is more related to modification of the coordination (it becoming
more metallic) in the melt than to cross-linking in the solid. Amorphous Sb;Se4 has
a higher crystaiiization temperature than amorphous Se. The peak in optical energy
gap occurring at SbySey could be associated with an ordering in the amorphous
phase into molecuiar units corresponding to the crystalline form; but this is not sup-
ported by Mossbauer [37] or electron diffraction studies [38].

The foliowing hypothesis based on a chemical bonding model is advanced to ac-
count for the tremendous variation of energy gap with ccmposition. The vaience
band in undoped amorphous Se is assumed to arise from the non-bonding (ione-pair)
4p states and the conduction band from anti-bonding ° states arising from p-orbitals
(39]. From the reiative energy positions of the molecular states of Sb and Se, the
addition of Sb to Se would provide unoccupied Sb 0* (anti-bonding) states just be-
jow the Se 0* conduction band and Sb o (bonding) states beiow the Se (non-bonding
or ione-pair) valence band [40] . However, Sb—Se bonds will be formed which wiii
probably be of the resonating p-type. At low concentrations of Sb, these bonds wii
create jocalized o* states below the Se o* band. At higher concentrations of Sb the
states wiii beconme delocalized and form the conduction band and, in addition, the
vaience band wiil probably take on a resonating p-state character, first produc:ng io-
calized and then deiocallzed states, as the composition Sb,Se, is approached. The gen-
era overiap of the states and the consequent broadening of the bands wouid account
for the decrease of optical activation energy between pure Se and SbySej. A further in-
crease in Sb concentration would resuit in its domination of the band structure, and
particuiarly the interaction of the Sk £4 <;bitals, which at very high Sb concentrations
would produce appreciable overiap into the encrgy gap. Near pure Sb, these orbitals

¢ Switching has also been observed in both smorphous and crystalilae phases of SbaSey, cf. ref.
|34).
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would be depressed into the valence band, causing the conductivity to be metallic
upon crystallization.

An added reason for the decrsase in oand-gap with Sb concentratien could be due
to the effect of compositional disorder [40]. Lone-pair electrcns adjacent to Sb
atoms will have higher energies than those remote from Sb atoms, causing a broadening
and tailing of the lone-pair valence band of Se. This effect could account for the sha.
lower slope of the (ahv)!/2 versus hv curves with increasing Sb concentration.
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THE AMORPHOUS Sbj_,Tay SYSTEM*

C.M. Garner, L.R. Gilbert and C. Wood
Physics Department
Northern Illinois University
DeKalb, Illinois 60115

Amorphous films of Sbj _xTex, where 0.11 2 x < 0.86, have been prepared
by coevaporation, Crystallization temperatures occur near room-temperature
for all compositions and appear to depend on film thickness. The optical
and transport properties have been investigated as a function of temperature.
Optical band gaps at room-temperature, Eg, ranged between 0.3 to 0.7 eV and

decreased non-linearly with temperature. For the composition SbyTesz, E, ~

g
0.7 eV, in contrast to the semi-metallic character of the crystalline form.
All compositions were p-type with the Fermi-level close to the middle of the

gap. The results have been interpreted in terms of the chemical bonding.

* This work was supported by the Advanced Research Projects Agency of the
Department of Defense and was monitored by the Army Research Office under
Contract No. DA-ARO-D-31-124-72-G1i5.
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Introduction

As part of a c.utinuing study of the properties of amorphous antimony
chalcogenides [1], we report below on an investigation of the amorphous (a)
3b).xTex system. As with other members of this family of compounds, the
5by.xTex system can be readily prepared in the amorphous form only by
quenching from the vapor phase and then, due to its more metallic bonding,
¢1ly with somewhat more difficulty than other members of this series.

wa are aware of only one other report in the literature on the pre-
paration of a-Sbj_yTex. This is the work of Andrievskii et al. [2] in
which a-SbyTes, was prepared by vapor deposition onto a substrate of nitro-
cellulose lacquer held at 20°C. This result is contrary to our experience
in which it was found necessary to cool fused-quartz or sapphire substrates
to temperatures approaching that of liquid Nj in order to obtain amorphous
deposits. Our films were presumably somewhat thicker than those of Andriev-
skii et al. since they were performing electron diffraction studies, but thny
claimed that their results were not dependent upon thickness. Furthermore,
from the method of preparation, there is some doubt as to the composition of
their films in that vaporization occurs by decompositicn into the gaseous
species Sty, SbTez, Sby and SbTe [3,4] and, also, that dispropoitionation
occurs into two phases above the solidus temperature in the range 11 to 60
at% Te S]. Hence, it is extremely unlikely that evaporation from an SbjTes
source will yield the same composition of deposit. We did not find it so
for SbjSesz 6].

A few electrical measurements have been reported on thin films of SbyTesx
by other workers [7,8] but these appear to have been crystalline and, because

the preparation method is the same as above, are of doubtful composition.

Of particular interest in the amorphous-crystalline transformation of
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the Sb-Te system is the effect on the band structure of the loss of
long-range-order, and the possible change in short-range-order. Cry-
staliine (c) SbjTez (rhombohedral, CSSng ) is either a semimetal or a
narrow gap semiconductor. From the optical data of Sehr and Testardi (9]
the band gap is not greater than 0.21 eV and, because of degeneracy effects
(Burstein shift [10]), may be considerably smaller. An estimaie by Smir-
nov et al. (11] of the effect of degeneracy on the position of the optical
absorption edge places the band gap at ~ 0.03 eV. The conductivity is
always found to be p-type despite numeréus attempts by different investi-
gators to produce n-type material by impurity doping or by devi:itions from
stoichiometfy. Free carrier concentrav.ons are always found 7o i.e in the

range 1019 to 1020 ep~3 [12, 13, 14]. It has been -uggested that a wrong-

atom defect is responsible for this characteristic conductivity £120:

Preqaration

Amorphous thin films in two thickness ranges, " 4OOR and v 2000&, were
prepared by a coevaporation method onto an elongated substrate, as described
elsewher; [1]. 1he elements were of high purity (6-9's) and the evaporation
was carried out at rate Vv ijsec in a pressure of < 10-7 torr. The substrate
holders were cooled with liquid N, and contained some fused-quartz and, for
better thermal transfer, some sapphire substrates. during evaporation, the
temperature of the surface of the fused-quartz substrates was ~ 120°K and of
the sapphire ~ 100°K. Compositions of selected films were determined by

microprobe analysis and fitted to theoretical curves of composition versus

substrate position [1].

Structure and AnnealiqgﬁEffects

The films were determined to be initially amorphous in the range 11 to

. 207




86 at% Te by x-ray diffraction. Standing at room-temperature progressively
resclted in the thick (v 2000 R) films at the ends of the composition range
undergoing conversion to the crystalline forn. The greatest stability

of the arorphous structure sccurred in the Sb-rich range of compositions.
After several weeks, all thick films except sample L9 had crystsllized.

The degree of crystallinity oé the thin (v 400 X) fiins was less certain
because of the smaller amount of material present to diffract x-rays.
However, over thic couplete composition range (0.4 < ¢ < 0.8) of these
films, no crystallinity was cetected until the films were heated above
room temperature.

The electrical conductivity at room-temperature increased by at
least an order of magnitude in films held at room-temperature for a
period of about one wsck. At the Sb-rich end of the system sample L4
exhibited metallic-like conductivity when first measured, whereas some
Te-rich films (Ulé and U26) exhibited this type of conductivity progressively
in time, although all three films appeared to be amorphous from x-ray
and optical gap determinations. The effect on the electrical conductivity
of annealing at room-temperature for several days between temperature-
cycles is shown in Fig. 1 for a film of composition 80 at% Te. After
this film had been crystallized by heating it to 200°C, its room
terperature-conductivity increased by 2 order of magnitude above the
last result shown in Fig. 1.

For several selected thin films (v 4C0 R thickness) of widely
differing composition the conductivity measurements were extended above
room-temperature. The films were heated at a rate of ~ 29°C/min in
a static atmosphere of argon at a pressure of slightly more than 1
atmosphere. A marked increase in conductivity over one or more orders
of magnitude at a particular temperature w-s taken as an approximate

indication of the amorphous-crystalline phase transformation. The crystal-
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lization teuperature was taken tc be at the point of maximum slope
and th.s data is plotted in Fig. 2. C(rystallization was confirmed to

have occurred by x-ray diffraction measurements.

Optical and Transport Properties

Details of measurement of optical, elcctrical and thermo-emf®
measurements have been reported clsewhere [1]. Only the results of these
measurements wili be reported here. Measurements were made only on films
that were amorphous and, because of annealing effects, were performed as
rapidly as possible after film preparation; within 48 hours in the case
of optical measurements.

Fig. 3 shows a plot of the square-root depencdence of the optical
absorption coefficient (a) on photon energy (hv) for a range of compositions.
The absorption edge (Eg) was determined from the intercepts of the curves
in Fig. 3 with the abscissa. The variation of Ey with tempcrature was
obtained for four samples of different compositions zuad is plotted in Fig. 4.

Fig. 5 shows a plot of the log of conductivity (log o) versus reciprocal
temperature (T'l) between room and liquid-N; temperdture for a number
of compositions. All higher temperature data fit well to this linear
dependence. At lower temperatures the data points for a number of films
fall belov the straight line. These data points were reproducible for
repeated temperature-cycles if the time lapse between cycles was small.

We do not suspect any meausurement error because this behavior was not
observed for the cther, and in some cases, more highly resistive amorphous
material systems, e.g., Sb-Se, Ge-Se, and Ge-Te [15], using the same apparztus.

Thermo-emf measurements at room-temperatu‘e, employing a temperature
gradient of < 10°C, showed the films to be p-type through ~ut the composition

range. The Seebeck coefficient values are plotted in Fig. 6.
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In Fig. 7 we have plotted the optical activation energy at room-
temperature (Eg); the value of Eg extrapolated to absolute zero temperature
(AEg(O)) using the data in Figs. 3 and 4; and the thermal activation
energy e.trapolated to 0°K (AEp) from the slopes of the curves in Fig. S
as a function of :cmposition.

The results of all these measurements are sumuarized in Table 1,
in which B cm-lev-l is the square of the slope of the curves in Fig. 3
and ¢q chm"lcm‘1 is obtained from the intercept (o, exp y/k) with

1/T = 0 axis of the carves in Fig. S.
DISCUSSION

Preliminary evaporations of thick films (v 1 micron) of Sby_,Tey
on to room-temperature or liquid-N, cooled substrates produced only
crystalline films. Thin films, ~ 400 R and 2000 R, were prepared in
this study in order to stabilize the awcrphous structure. Sb, for
example, is known to be stable in the amorphcus phase at room-temperature

only if the films are extremely thin (16) (17). Similar considerations

appear to apply to the Sb;_,Te, system. In the present siudy all films
~ 2000 X thickness had crystallized on standing at room-temperature for
several weeks, whereas films ~ 400 % thickness in the co.pssition range
0.11 < x < 0.86 appeared, by x-riy diffraction, to remain amorphous.
Optical and transport measurements (Figs. 3,4 and S) n de on these very
thin films imuediately after preparation appear to exhibit standard
semiconducting characteristics. However on standing at room-temperature
for extended periods pronounced changes in conductivity occurred (Fig. 1)
with eventuzl conversion to a semi-metallic character. The type of

substrate used for film deposition, e.g., fused quartz or sapphire, did

not appear to influence either the tendency to crystallization or the

conductivity of the films. 310




From Fig. 2, the thin films appear to be bslow their crystallization
temperatures at room-temperature T.. It should be noted, however, that
our values of T. were not determined by thermodynamic methods and simply
renresent the stage where the crystallite size and volume fraction have
increcsed <c the extent that conducting paths have developed between
electrodes (18)(19). However, in the Ge-Te system, Messier and Roy (20)
have shown a close correspordsnce exists between T, determined from
conductivity measurements and published values.

From the marked time-dependent properties of these films we infer
that the mass diffusion rates, at room-temperature and above, must be
quite high in the a-Sbj_,Te, system. The glass transition temperature
CTg) could be below room-temperature, which would account for the
pronounced annealing effects (Fig. 1). Mezrked changes in conductivity
have been observed at Tg by other investigators in the Ge-Te (<9) and
Ge-As-Te (21) amorphous systems, and distinction has been made between
these transitions and the crystallization temperatures, (T¢), the liatter
generally occurring at temperatures 50°C to 150°C above Tg. The
curves in Fig. 1 closely resemble those of P.nto (21) and Johnson a:1d
Quinn (22) on successively heating Ge-As-Te amorphous films to higher
temperatures. Pinto associates the temperature at which transitions
from semiconducting to semimetallic characteristics occur with Tg.
Johnson and Quinn associate these conductivity changes with a thermally
induced conductive surface layer. The latter mechanism does not seem
likely in our films since we would expect a greater conductivity change
in the thinner films with the smaller bulk which is contrary to our

findings. We also annealed our films under a static positive pressure

of argon to suppress surface evaporation which could give rise to conducting

layers. It appears more likely that, immediately after deposition,
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heterogeneous crystallization is slowly taking place on a microscale
of the type observed by Moss and deNeufville (18) in the Gel_x'l‘ex
system at Tg. We have no way to detect this and this :s the reason why
. the optical and transport measurements were performed as rapidly as
possible af'ter film preparation. We do not believe our thin films are
crystalline tc¢ any marked degree because of the orders of magnitude
o changes in coriductivity, which we 9ssociate with Tc,'occur at ~ 100°C o

to 150°C, i.e., well above room-temperature,

The square root dependence of thé optical absorption coefficient
on photon energy in Fig. 1 suggests that non-direct transitions are
responsible for tiie absorption edge in the range a ~ 103 to 10° cm'l,
in common with many amoiphous materials (23). The slopes of these
curves (B%) gave values for B in the range 5 x 108 to 2 x 107 cm-lev-1
which are appreciably higher than values commonly encountered in amorphous
materials (23) and show that the absorption edges are faiiiy sharp in
the measured range.

The most striking feature of this amorphous system is the surprisingly

'1arge value of the band gap over the whole compositional range (Fig. 7).

The crystalline counterparts, where they exist, all have much smaller

or negligible band gaps. Sb, for example, in the crystalline form is

a semimetal but exhibits semiconducting properties in the amorphous

form (24)(25) (the optical gap is unspecified). The band gap in Te

more than doubles from 0.33 eV to 0.73 eV on transforming to the amorphous
phase (26) (27). As mentioned above, for c-SbyTex Eg is < 0.2 eV and
probably is ~ 0.03 eV, whereas, from Fig. 6, Eg is v 0.7 eV for the
amorphous phase. Considerable changes in short-range order (SRO), .

as well as the disruption of long range order, would be expected to

occur in the crystalline-amorphous transformation in order to account
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for these large shifts in band gap. Electron diffraction studies by
Andrievskii et al. (2) have shown that the SRO in c- and a-Sb2Tej do not
correspond and further that the first coordinstion sphere in a-ShjTe3
is at 2.78 & compared with the shortest Sb-Te bond distance of 3.07 R
in c-szTes, indicating taat the bonding is stronger in the amorphous form.
The optical band gap appears t° hover around the value for amorphous
Te (v~ 0.7 eV) from 80 at % Te (films of higher Te concentration were
crystalline) down to v 35 at% Te, where each Sb atom must have at least
one Sb nearest neighbor. The band gaps then decrease rapidly down to
0.3 eV at ~ 11 at% Te, (films of lower Te concentration were crystalline).
In contrast, the thermal activation energies varied little over
most of the amorphous composition range (with the exception of sample
L4 which, although amorphous, exhibi~ed semimetallic properties). These
are the values extrapolated to 0°k. Applying an approximate correction
to these values for the changing gap with temperature (Fig. 2) would
suggest that, irrespective of composition, the Fermi-level is fixed
at ~ 0.2 eV fiom the valence band edge (the Seebeck coefficients are
positive) at room-temperature. The marked dip in Seebeck coefficient
for compositions between 60 and 70 at% Te (Fig. 6) cannot, therefore,
be due to a shift in Fermi-level. Values of the Seebeck coefficient,
calculated on the basis of a one-carrier system, were at least a factor
of two higher than the experimental values. This suggests that both
electrons ard holes are contributing to the Seebeck coefficient and
that, in the range 60 to 70 at% Te, the electron contribution increases
(perhaps due to a mobility increase) although the Fermi-level remains
approximately fixed.
From the magnitudes of g,, listed in Table 1, conduction appears
to take place in extended states for composition up to v 50 at % Te

2L




and by hopping in localized states at the band edges (23) beyond tuis

composition. However, the intercepts, g, exp (y/k), of the ln ¢
Vs l/T curves in Fig. 5 were all ~ 104 ohm™lem™l, values for 0o were
obtained from these intercepts by estimating y from Fig. 4. These
values are not highly reliable because the temperature variation (B)
| of the optical énergy gap was generally found to be non-linear. Values
e of vy ~ 3/2 were determined from the slopes of the curves in Fig. 4
over the temperature range 200°K to 300°K, i.e., the range in which
straight lines were obtained in the In o Vs l/T curves.
The general downward curvature of the In g vs 1/T curves at low
temperature is contrary tc normal behavior but could be explained by
a shift of the Fermi-level towards the center of the gap as the
temperature is lowered (the distribution of states in the gap is unknown) .
It cannot be explained by the non-linear temperature dependence of the
gap (c.f. Fig. 4) which would give rise to a slight upward curvature,
as verified by a theoretical fit to the data,
An estimate of the relative positions of the molecular state energies
of Sb and Te can be made from €2 sSpectra and atomic ionization energies (28),

This suggests that the antibonding (o*) states of Te-Te bonds and of Sb-Sb

bonds have roughly the same energy. Thus, the conductioa band energy
would be expected to change very little on alloying Sb with Te. The
lone-pair p-states in Te should be located well above the bonding (o)
states of Sb-Sb bonds and therefore should predominate in the formation

of the valence band from pure Te to quite high concentrations of Sb

in the Sb)_,Tey system. This scheme would account for the rather
compositionally independent optical band gap. At higher concentrations of
Sb appreciable numbers of Sb-Sb bonds are formed uncil eventually

the band gap approached that of (amorphous) Sb. The lone-pair band in the
Sb;.

xSex system appears to play a similar role as a function of composition (29).
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The Sb,Tesz crystalline structure is built-up of multiple five-
fold atemic layers (30): Te() - sb - Te(@) - sb - Te}). Eacn
Te(l) atom has three Sb neighbors in the same multiple layer and three
next-nearest Te(I) niighbors in the adjacent layer. In their bonding
scheme for the Cz3-type structures, Mooser and Pearson (31) conclude
that some covalent bonding exists between two adjacent Te(1) sheets.*
This model was rejected by Drabble and Goodman (30) for Bi,Tez on
the basis that the presence of these resonating bonds (required to
satisfy the coordination) would produce an empty orbital _n the valence
shell of some atoms (because of the electron promotion necessary to
give rise to the resonance) and would thus lead to metaliic-like
behavior, whereas Bi,Tes is a semiconductor. This argument is not
applicable to Sb,Tez which does show a metallic-like behavior. As an al-
ternative, Drabble and Goodman proposed that the Te and Bi atoms form
hybrid sp3d2 orbitals in which the s and p-electrons of Te (2) and the
s electrons of Bi become unpaired and occupy free d-urlitals. The
p-electrons in Te(l) atoms are used only in bonding to the three nearest-
neighbor Bi atoms, i.e., the bonding between Te(1) atoms of adjacent
layers is solely of the van der Wasl type.

We suggest that some rescnant covalent bonding between Te(l) layers
does exist in c-SbyTez because of its semimetallic character. However,
in the crystalline to amorphous transformation Te(1) interlayer rssonant
bonding would be absent which could now give rise to semi-conducting
characteristics and, with the decrease in nearest-neighbor distance (2),

an appreciable band gap.

9
* The distance between Te(l) atoms in adjacent layers (3.62 A in S§21e3)
is appreciably less than the sum of the van der Waal radii (4.4 A).
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Table 1

Optical and Electrical Parameters of u-Sbl_xTex
Films as a Function of Composition

Film # At % Te Thickness E B AE o Seebeck
9 g (cm-lev-1) ° ° Coefficient .
(eV) x 108 (ev) ohm-lcm-! (uv/oc)
L1 11.0 1510 0.30 7.9 .
L3 13.5 1590 0.44 7.4
L4 15.5 1600 semi- . + 12,
E | metallic
| L6 20.5 1540 0.26 4.7 x 103 +290.
| L7 24.0 1490 0.48 6.2
L9 33.0 1390 0.54 6.7
U4 46.5 480 0.35 1.1 x 103 +330.
us 48.0 490 . 0.75 11.1
u10 56.5 510 0.33 3.3 x 10! +340,
ul1 58.0 520 0.74 18.6
u12 60.0 530 0.30 8.9 x 10! +310,
Ul4 63.5 530 0.31 1.5 x 10! +100.
3 u15 65.0 540 0.73 17.9
u16 67.0 550 semi- + 98,
metallic
u19 71.5 550 0.67 10.0 .
g | u26 80.0 520 0.28 2.6 x 10! +290,
| u27 80.5 510 0.76 125
228
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Figure Captions

Effec: of annealing at room-temperaturs on the electrical
conductivity of film U-26.

a - measured 2) days after evaporation

b - measured 5 days after eva;oration

¢ - measured 6 days after eyaporation
Cryﬁtallization temperature versus film composition.
Square-root dependence of absorption coefficient (a) on photon
energy (hvj).
Variation of optical bandgap (Eg) with temperature (T). UlS and
U27 - sapphire substrates; Ull and L9 - fused quartz substrates.
Log electrical conductivity (o) versus reciprocal of absolute
temperature (T).
Room-temperature Seebeck coefficient versus film composition.
Optical activation energy at room-temperature (X), optical activation
energy extrapolated to 0°K(O), and thermal activation energy (4)

extrapolated to 0°K versus film composition.
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Awmorphous Thin Films*

C. Wood, L. R. Gilbert, R. Muclier, and C. M. Garner
Physies Department, Norethern Ilinois Universay, Delalb, Hlinoic 60115

(Recewved | May 1973)

Uhe upiicst snd anspart puopedies of the insry smocphons sysiems Sh K¢ Ge S and Gie Te, have
heen invesnigaled sy a fnciinn of rompesniad. Essentisily the whole amaotphons phase of cach sysicam was
prepared in a mingle evapodatiun by ad chmgaled suhshisle cocvapudshn dechmgque The aplical hand gsp
wgnul fouly sinvathly between thie values fie amophans cnd companents Muost Hlns cxlwbiied laer vs

I retstisnshops. Lacept foc the Sh S¢ systein, the or, valies lay @ the hoppng vemdic uvity range. Thise
Gie elialengemde ibus showing ez va T hopping conducivity behavua genrslly convened s 7'
vaLmhow sthicr suneating The theanal achivabiod caeapres and 1herma-cmf maasureacnts shawed the Cermi
tevels 1 be fined well sway fuam the band cdges i the hubuddeo gep Delocuhizanan of sisies o tle gap
of a-Ge wah incressing chalcugen conient was st obscrvorl. The aesalis hsve been inlcypicied i crns of

chendical bonding

INTRODUCTION

One of the mam jarpeses of this sody was o determine
the antlnence of chiemical Tenadige an e propecties of
anm plians wolids, Foothns end, we have selected several
By aystems ant the asis of the moleenkbior waizaton
energies of the end camponenta and attempded tetrace
develgganent of these encrgies across the wlhole pdiese
iarraa,

Since the preparinna of o whale anwrplams hinaay
syeteac sm beopdte Tibarions, we have developed
vacnm caevparaticn tecigigue whereby the complere
veanpositional range can be prepared inane evaparation.
The method is paruenlirly smted we the prepradion
ol soaarphans materiands where the systens are not
paverned by equilibiinm phase diageam cansiderations,
I s peessible, therelfore, va examine a vontinnous change
e physical progertivs aver a wide caapusitnional range.
We leave appicd this mewod 1 an investigation of
the amarplias systems ShoSe, Ge-S¢,and Ge e

MATERIALS PREPARATION

A Lirief deserganm of the svigoirntan systea fullows,
v mace detnled desenption las heen reported else-
where! Basically, the apparitns vansisted af a0 Varian
car-puaped bell-gar system vath twa widely spaced
Vico Fewescal 2709 eheetnm heam (EB) guns, each
i beang vontradled by medied Sloan Omni 1A
arartzecrvstalosallatar  eviqarition-cate  cantrollers.
w clonganed substrare habler of length erpaal 1 the
pacing between the BB s, ie nearly the width
o o BReine Lell Jar, sk capable of heimg naintained
oy temperatige between roam aond ligaid Ns tem-
e, was sitnaded above aml in line with the EB
pons, A series (~30) of fused quantz, snleteates, in
W hicloeach altermate suhstrate was clectroded, was held
in justaposition o tee holder, Thns einh sabstrate
veceived citferent rtjeaf the twn clements becanse al
differimge pasimity 1o the two 1213 gnns (1he exact ritiu
heing cantralled by the settings af the evaparatian vate
cantrollers), i.e., campasitions over a wide range were
porparal simmltanconsly.

Onr present system cerparated twa snch halders

staded . different heights abave the concilies, Heave,
for o gaven tatio of evaparation rates friomcthe twa KB
g, . broagd sampling of compaosiiions in thk lilins
was ohtanne] @ the wed rack cand o soitller camposi-
vl gradient alenn a0 preselected compaosition wies
«htained i than blos Taaa the npped ek,

T this expreriment the evaparatums were carriol ant
w o pressie ol o~ N T Ny, acdower, o extiemely
low evagmcition rates (~ F o 2 A/see). The snhstiates
were held at roon tempecature thranghant the evapora-
tioe e vampositions f selected Blms were detre-
mined by elecron miercpeabe amalysis and, from the
peamenry of the system and the measnred evaparitian
rates, the compositicn was calenlated! as a lunction of
positiar an tie halder

OPTICAL MEASUREMENTS

L e 1o sevey the pdical jroperties of the Tilms
as o functinn uf vmposaion, every alternate snbsteate
in the sequence in the hobler conbd Iwe selected v
meisneement. Becanse of the compmsitional variatinn
aceoss the substode, anly a0 Janme-wide stnp ol the
center sertion,  perpendienlar ta the Fennpositinn
pradient, was measnred.

A Uary 14 R spectraphananetec with Stiong?
rellectanre attrhment  was psal o make opetical
teansmitbmer Tand rellectinee R measorriornts I'rom
these measmements, e refractive and the alsorp-
tian indives ol e alsorplion constimt were calenlated
Iy st methied eeprated i Ref. F

Fhe absarption edges were found 10 abey the relation
for nandirect transitions?-4:

ahy = I3 (hv--14,)*, ("

shiowing conservation of enewgy it nol crystal no-
mentime. The intercepts uf the (echw)t vs v curves
extrapaliated 1= were taken as the values of the

optival energy gap £,
CONDUCTIVITY MEASUREMENTS

Altermating in the lolder witle the snhatrates for
aptical meisnements - wae substrates which were

2an J. Vac. Scl. Technol.,, Vol. 10, No. 5, Sept./Ocl. 1973 Copyiight © 1973 by the American Vacuum Society 739
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clectroded far conductivity measurements. The clec- subtractive’: ) .
trodes consisted of four strips of haked-on liquid- Sa"-s-_'!'_‘f_kiy ©6)
hiright platinnm, so that four-probe measurciments ok

conld be made. Measurements were made between room
and ligid Ne temiperature.

Thermal activation energies were determined from
a least-sguares it 4o the equation

0 g AHIT, (2

For conduction in extended stintes, Af5 represents the
enerpy difterence hietween the Fermi energy e and
the najority cavrier band alge (e, the valenee
Band 75). M we assinne 324 1o be o linear Tnnetion of
temperatnre,

AlL Alg--vyT, )

then the activation energy obtained fram the plots ol
Fq. (2) is the extrapolated valne (Al w1 0 KK and
not the actal values of A av 77 0 I Generally,
oo 1% nol stiongly temperatare dependent compared 1o
the exponential e in Ee (2) and s expected o lie
i the rnge 102 1000 e

If the clarge earriers are excited mito localized states
At the lond edge, then Al Fp el AW whee
A, s the activation enerpy fur hopping candnetion
e the loealized  states ocenpy the energy  range
1 = 1op A Here awis expected tabe ~ 107 108 Pem Y

If hopping candnetian ocenrs - hetween laralized
states near the Ferpu energy, then Al AW~
width of the defect Tunml 1T happing is henween nearest
weighbars, Fe. (2) 15 followed with ao <10 292 am N
I variable range bopping acenrs, the condnetivity
variatian has the form?

Ine - A'--18"1" 4, -

THERMOL LECTRIC MEASUREMENTS

The Secheck cactheient S at rogin temperitnre was
measired ona nmber of the Thins nsed Tor resistivity
PIFOISHICICINS,

For i onc-carrier nandegenerate svstent i whicl o
wean free path L can he dehined,

ksAE
S= 1 < |.l>, (3)
e\kl

where AL = Ep—15v, 5 U energy difference hetween
the e energy ond the fand wdge o which candne-
von s taking place, e, canduetion or valence Teid
As mentioned above, AL s temperane depemldent
b Eag (). The constant 2 may take on varions valies
depending un the energy dependenve of the cliarge-
carrier relaxation e, e, A 2 far aeonstieol-onxle
Latice seattering.® Hoawment dree path cannat he dee
ned, e, Loas less than the Tittiee spacing, and the
energy dependence of the density of states is assined
1o be linear, then b (B 1 evs ob onder 1),

Fora two-varrier systent, e nidividual contribntions

af electrons e aud holes b ta the Seebeck cocliciens are

Sci. Technol., Vol. 10, No. 5, Sept./Oct. 1973

Sb-Se SYSTEM

Althongh hoth elements cam be prepared in the amar-
phous forn, anmrphons Shis stable only at low tempera:
nives for thick Bhns (~irrous) or for very thin filins
(~ 10t A) at mom temperatnre*? N-ray ditfraction
measvements shawed  that all except the extremcly
Sherich (> 85 a6.9%) Ghos were anmrphons vt
present experiment.

Attention has heen deawn o the importance nf an
nealing ar depositing amorphons Ghos near the erystal
lization temperatnee 75 10 obtain weliable aptical ame
canductivity dati.™ 7 ShoSe s cannen he anneales
nmel above room tenperatnee bevouse of the tendeney
1o crystallize or phase segregante” Amorphons S il
of thickness >10° A, crystallic ¢ well helow room tenr
peratiee and smarphons Secrystallizes ar ~100 o,
The highest 17 veported for this syatem was 170 °C
at the vampasition ShySea? Becanse of the slow deposi-
tin rates (~2 A/sec), the high vicnnmm (<107
), sl the praxinity of the snbstite temperature
during depmsition 1o T, it was thonght unlikely that
further amuealing wonld - prisdice cliniges in il
structnre.

Ahsarption coclficients a ranged from 10* to 10* e ™
far the particnlar experimental conditians (Glm thick-
ness, spectronieter sensitivity, eie.) snd hitted well
an (@)t vs B relationship for namlirect trinsitions.
An exponentinl tail was ut ahservell or sxpected for
these high absoeptinn constimts. The slove (BY) of the
cnrves slimwed o steady inerease with inereasing Se
content.

Ieowas formd that all bt the extremely Sherich Bhns
(> 85 ar.Ye SH) yichled straight Tines vn the Ine vs 1/ T
plot. Valnes of aue® obtained by extrapolating the
cneves o 17 s0were fonnd ta be ~10°802 ' em on the
Shenich side of Shatesand then progressively to decrease
with increasing Se content to o mmimnm of  ~ 10
@ cm U ar B0 Y Se and then invrease again o
100 @V e
(20T ), the extrente Se-rich ils were measiied
nsing o sandwich elertiode strnctare. The exacae She

Becanse of then very Ingh vesistanee

rich (s weve covstalline and showed metallic condn-
tvity. The low temperatipe region of the Ine vs 177
plov for i Ghin vingg Just on the anmrephons side of the
phiase honndary stiowed some enrvatee which conld he
ltted o the form of Eg. o8).

All Seeheck caetlicient valnes for samples with npota
S5 0t % S owere positive (Fig 4) showing the majority
carricrs e e holes. Beyond  this cimpesitim, the
resistinres were ton high to allow measnrement. Valnes
for Al olitained fram Bqg. (3) tar anv reasonable
asstned valne fon o and y conhil not bhe reconaled with
the Ay valines abtamed from fne va 17 anves. We
ware, therefore, forced 1o cancinde that 1Fge (0) s

<8
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appleable e the Feron desel motsed vean the mddle
vl the energy pap oond that e Jades and electrons
ae contubnumg 1o the Secheck coctheient,

The wptical gape £, a0 voom temperiiine and the
thermd activation energy &g ot alsolate zero -
peratine is shown Fig baso funetion of campusition.

Ge-So SYSTEM

Bath eletents Ge and Se can bee preparet e tlack
saorphans whia fovn Ty depasition anto vocan-tem
pevatnree snlbatiates Canseguently, the cangdere system
wan fonnd 1o Tee oorpdicas by x-vay ditbiaetun,

Do s avalhdde o the Tineraure™ ' on sonnealig,
and ghass ond aastallization t@aperatines fan linated
tonges od coampositians of melt gqoenched ghasses love
beemeported. FHiese values are nor dovestly teanshatable
tac thin uhims” cad sygmbicam dbllerences lueve been
observed even for vacaans methosds of tan tdone peepare
ton, fea exaomple, whether spttered or evajanated B0
aand for ddlerent degrves ob lngh vacnmm.™ 3 herefore, n
was fonnd necessay tecanneal ome s i simall progires-
SIVE RLCPs I temperatine,

The opdical wsorpion caetheients, winele wain
tanged Detween 10 and 107 cm Y, hieted well o the
talte)V vn Be pelationshin heah cefore omd after amaeal
. Plaweser, the slopes (80 slightly deceeased and the
wiercepts (1) slightly meveased anannealing, with
mest mnked chanees ocenrring aronnd the composie
tems CeSe and Liehey,

Mast lilms obeyed a Ine vs 11 dependence and, far
these, anneading alsecmcreased the theema! scnivanon
cnergies Al but, i additian, it converted a nmber
af Gearich Blms (0 32 019 Se) aleyimg o e vs 771
hoppang conducrivity- type velationship, over at least
pat of e rempevature range, to a Ing vs 17 de-
pendenee,

T was feaend it o vanged between 10 0 and 12!
nhns, for compositians
Fetween Oand SO0 Se, with a shiarpomimimnn ocenr-
ring near CoeSead ~ 109 tem ol then inereased
again bevond tos prant, vy was determined from the
remperatnee vinedion af the apical e Nealing
nereased the vadies of oy hy less than a factor of S m

he range S0 000 Sec Filins heyoad 5S4 LG40 Se
wave wed been samealed, tacdate,

Thermeeenl romm - temperanne
diowed the Sechieck caethient 1o be n tvpe far the
Caericl composinans 1o 45 a0 %0 Sey the it ol onr
nesstrenients, el 1o erease momatonically with Se
content (i 1),

Again, we have plotted the optical (14,) and thevmal
(ALY activation energies as o function of comjueation
i Fig: 2 Here, we alsa show the effects of annealing.

v Uodar he Leedepesited

meaotpements ol

Ge-Toe SYGTEM

Sinee Teis normally crystallinge as deposited at roam
temperatnre, anly ilims op o the compesition O a1 %

. Vac. Scl. Technol.,, Vol. 10, No. 5, Sopt./Oct. 1073
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®. I, tas depasaedy, A, Al las depostted).

Fe were tomd 1o Lo saaorphons Ta xaavy difiraetion,
Allwngeh we nsed pabhished data on aamealing!? as o
pinde, we tomad e one sanples aystallized well
helow ahe temper.ames hsted Vherefore, we ad 1o
sl 1o .||uu'.|||||;,' 1" slages

Same prior work an spittered fihas of this system
Nenfvalle™ tar

vesnlts e i substaamial agreement with thers af we

was poponted e Rockstad Laud de
compate o as deposited thins witle their annealed
ones; evere thaneh oy opdical band gap s delined
dillevently and most of onr conduetivitytemperatnre
dejendences htted a steaght-lime Tor vs 100 hehavior
aver the whole tanperatine range doawn tec ligmed N
tempenatmes, e nnportant exception is that, as with
Cur Sey 0
luo va 1 Uhehavica before amealing, and i lne vs 771
relationship adrerwands,

The vpnical absorption edges hted the @)U vshe
relattonshnge quate well me the ramge o~ 1010 cm U,
Genecally, comealing shglinly wmereased the vilie of £,
alove the as-deposited valies, the slope (B1) was
sienifcantly chamgrd andy in the vicinity of Geles,
where it was lowered.

nminlec of the Geernch ihins exluhited w

In contiast 1o the behavier of the optical gege 4,
and to the hehavior of the thenmal activation energy
Al inthe Ge Se system, Ay in this system deereased
on anneithoy,

In the as-deposited Ghas, o Lge seatier i go valines
was obtained, generadly cmging between b oand 1Y
Qe Yowith oo maximmm at Celes sd a0 marked
minimim of 10 42 Ve Vo the rmge 70 8thad 9 Te
Agaim v was obtained fram the temperatre dependence
of the opdical gap. Alter annealing, the oo valies de-
erveased by a factar of hetween 2 and 10, excepat for the
vanpe 7080 a2 Fe, where the valnes imercased tathe
ginne coder as the other Gilms,

The ton-temperintnre Secheck coclticient we's n type
i the Ge-rich el af the system up to 36 at. % te and
Py beyond this composition (Fig. 4).

Figire 3 shows a plat of K, ut room temperature
and Ak, bath as a function of composition and an-
nealing,
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Foatue 2. Ge Seosysiom. Optical scond thermal activation energy
vs composition: @, £, (as depisited) s Ay (West anneal) ) x,
Ay (s depusited); O, 8¢ (st amal); O, 8 s (sweeund anneal;
The tast anneating 1empernintnre was 2000°C for smpgdes continining
less vhiar 85 s Se il 160 °C T somnqaes gredter tham 55 a5
Se. The second somealing temperature was SU° higher,

DISCUSSION

For ol three systems, the optical energy gaps viny
fairly smoothly  with vampositan frome values cor-
respoiding to the haud gaps al the aworp ons ed
visnponents. bu the Ge Se and e Te systans, the
sasps renion faly constimt aver guite o Lirge connpasic
van vange near the end romponents, As e concentri-
tan of Ge decreases, the forliddeu gap renians ronstant
until 70 ac% Ge, where Se Se or Pe Te bonds are
furmed. At the extreme Geerich ends ol the Ge Se
and Ge le Ineanted
~ (2 e\ e the comdurction Teaul edge. This voloe

systems the Fernn levels ae
15 close il smpurity activation energy of Seamd e
mecrystalline Ge?oaud s at least supgestive that the
localizell sGyes lixing the postion of the Feemi level ane
due wa the addinon of these atons, The corresypmndence
between the Fernislevel positom withy vespent 1a the
conduction band i Ge Se el Car Teos pte vlase
both svatems nmil vampasitions Gese and v be e
reochien Wil fiother ierease of vhalangen caneentra:
ton, the optival ind gap, bawes e aleereases foar Ge e
while it mereases for te Se A apgnosinianely Btadt,
Te, the Fermidevel for e Teas lacatrd aear the center
of thie gape Far tlis veasan, the s of the thermopower
changes hevond this coonpossoinn. “Thereas no danbt that
we are dealing wintl . twovarnes system and tha the
marked  deviation Secheck cocthaent
vitlues beyaml <~ 43 a0, vhaloogen (Fig. 4) s due 1o
the more raprd nwvewmen of 1he valence Taml away
from the conduction hand in Ge Se than o Ge Te,

between  the

The S Se system shows o omore Lincar clange
optical imd thernal Lond gap than e Ge Se anil
Ge Te systems. Also, the Fermi level appeirs o e
closer o the middle of the gagpr aver the whale composi
tion ringe Ui i the Ge elab agemdes.

Dver ahe entire Ge Seoad Ge T'e systems, the
magnuilde of oy abserved both Letore and alter an-
vealing adicited tat condw vy was cither by hop-
Py at the biaud alges or le Biownion-type motion,?

J. Vac. Scl. Technol, Vol, 10, No. 5, Sept./Oct. 1973

aw vitlues for the Sh Se system, hased on the value ol
at ShSes, indicate this type of condnetivity from o
o B0 at.9%, Se, iond conduction in exteaded states ont
sidde this composition range.

Sinee the conditetivity obeys a lne va 141 hehavion
for sy lihas over guite o wide temperittire range.
the Fermi level must be dixed in the gap although
generally, not in the center of the gap. We presame thie
is die 1o bigh density of lociatized stites in the regia
af the Fermi level.

In those lilins which conld nat Le lided to Ine vs T
heciuse of the possibility of several condnetion mech.
wisim abeying different temperatnre depemlences, th
iterpretation of the condnetivity was not nnnnbiguon

Presmmalily, Shor Ge, when added to Se or Te,
as o lanching or cross-linking agent hetween the line.
polymer chiains with Shoin threefuld, Ge o fourfald
aud Se or ‘T'e in two-fald coordination. Radial distribu
tinon studies by Betts et ol 2 on thee Uie e systenm sl
by Fawretn ef al., 1 on the Ge Se system siggest thiat o
randam covalent unxlel applies over the whale composi
ton range, i.e., that Ge s tetrahiedrally coordimited ind
that the chalcogen is twofold coordininal, imt am
exrlusively 10 nnlike atoms as in i chain crossing undde
Hawever, at low cancentrations ol Gein Se, hoth models
seemed applicable.

A completely ovdered systenr ean existia the compusi-
tHons SheSes, GeSeq, snd Ge'l'ey, where boudiug s
camplendly hetween dissimilar atoms, which could ae-
connt for shight £, wmaxima st these compositions.”
However, this necessiGites  the introdietion of .an
janarphons claster model® toaccmmt for the amorphons
stinetnte. On cach side of these compositions, aninn
anion ar ertion s Gition boads will be formed cansing the
vithte of %, 10 progressively chiange with conposition.
Similoly, ordering into o theeefold  coordination at
amarphons Ge'le has been saggesied? e account fu
thermmdymanmic properties which could he related tn
the minimum we observe in &L, The rather i varia

. . . . . '
o ] ) LI T TN SR B 1 N ] Il o l.1‘
(Y B

Frcuwe L e Te System. Opvicad sl thermal irtivat ke coergy
vs camprsition, @, £, (s deposited) ) A, Ey (e el o, F
(secom] amead); X, AKe (s deposited); 0, Ake (lust anneal)
10 A (sevcomd annveal), The et annealng temperatine dicredse
B ly vy 20 °C 50 0010 %) Ve o LIE°C ot SHacty e, Fo
sngdes geater Yhan SULACS Te, the st annealing tempanae
wirw 10" C. The secoad qanwalig temperatme wasaapgrenimated:
S hgher avin the entie tange
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Bear of Fywule commpeanniar o e b el of the Ve Qg
and Lo Se svstenes ol e associited waith pluee
separaticar ol amerpdicas plosest aliliangl, i this ¢ gse

we wantld hos

Cenpuctd o hed dhamge i oe v
(NTTE e

tacal praperies vary less smonthlv wath cvanpuesintan,

teais al 2oy swatle conpguesition v anneabing

fobably as g aeanl ol a sheng connpositional Laul
stinchinal 1|4'|u'||||1'||| B

Pollow g the worlh oF Manser il Pearam 5y I
e Zalden et ad i Shatler o ol we presevd the
lollowany Ty pothesis 10 explam the cannjumsitienal
deperndence ol the elecomie stetine of 1hese svstems

Athe exteme chaloagenarich end of 1he svslems,
we wanld expect the sodenee o 1o principaslly anse
v the dane-paic podand, amd the conduetion Tuad

* ind ol 1he

pmapally from the o anrdwarding
chadeagen Smabaelv, o 1the exrrens Sle ar G end ol
the vange, we wonhl expect the valenee Tond 1o e
crpally avise from the o Tondings Toaed, aud 1the ool
B hard from the o annibiidug Taned. (In the ase
of Stethe overlgond the S Tevel with the enerngn Rt
has heen proposerl 1o cccannt n s semimetalhe
watnreS™ ronn the velanive cneney posihions ol e
medeculn states of Sh, Gl Sey ol Cle, we wenld o
pect at the snternmedinte vige of eommpositions that e
vialenee Tomd Sses preincipally from the fone-pan
Do of the chalongen, and the condwetion Yol oo
rescatabing Sie Se o lands ar st liybvidized Ve Se g
Vo e hands

Heawy empdiasis was placed i ihis wonk on e pep-
wation and measirement of the Gearich compositions
movhe expectation that o deocalizanan of lome-pair
£ty canbd he oliserved ™ Tawever, none was ol-
sevved frome either vhe aplical o transport divla, 'ee-

haps v toa-sunple-tnded view of the translition of the

J. Vae, See v
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relalive enerey paeatiomrs of miole wlae sttes inta o
sohd las beev saken and 1hai 1he lone-faiv states da
wat fadl within il fon Ladhlen g of Gy, l\llt-rn.'lfivc'ly.
e canarge that the introduction of levels within 1he
hand is wa sultien by viself, bt ihoan 1he accupaney,
ey Fermievel position. Wity regard 1o 1he levels, s
el g ian B pether wiork s anned 10 eluei-
ot these prants,
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A Zone Refiner for Crystal Grov *h*

C. Woop, B. VAN Prtt, anp E. HyLanp
Depariment of Physics, Northern Illinois Usiversity, DeKalb, 1ilinosis 60115
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A horizontal zone refiner has been developed for crystal growth of group V-VI compounds. Tin-oxide coated
fused quartz 1ubes were used as transparent heating clements.

It is fairly common practice to utilize a horizontal zone
refiner to grow single crystals.' Not ouly cun the shape of
the freezing interface be convenicntly viewed (almost an
essential for good crystal growth), but also there is the
additional convenience that some purification can be
cfiected before the nttempt is made to grow a crystal. It
may be added that superior zone purification is effected if
the conditions encourage good crystal growth since it is
well known that impuritics tend to scgregate at grain
boundaries.

If the material has a high vapor pressure at the melting
point or is a compound with a tendency to dissociate at
the melting point, then it becomes necessary to control
the temperature of the whole environment of the material
in order to suppress evaporation or dissociation. Evapora-
tion or dissociation still occurs, but a dynamic equilibrium
is set up between the melt and walls of the vessel enclosing
the ingot. In the case of dissociation of a compound, the
clement having the highest vapor pressure tends to evapo-
rate preferentially. The walls of the cnclosure are thus
muintained at a temperature which corresponds to a
higher vapor pressure for the free element than the pressure
of that element above the compound at its melting point.
This furnace enclosure also acts as an afterheater, which
greatly assists in the growth of single crystals, but often
obstructs clear viewing of the freczing interface.

We have heen growing single crystals of antimony
chalcogenides, c.g., SbSs, SbiSes, SbyTes, which tend to
dissociate on melting (mclting points in the range 600~
700°C) and have devised a system which overcomes the
difficulty of viewing. A schematic diagram is shown in
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I 1 ttorizontal zone refiner,

Fig. 1. The temperature of the hot zone is sensed by a
Chromel-Alumel thermocouple junction positioned in the
center of the zone and susperded inside the inner furnace
tube. The arms of the thenmocouple extend from opposite
ends of the furnace tube and are supported by a frame
attached to the traveling zone carriage. The thermocouple
controls the power supplied to the furnaces, which are
wired in series, through a Leeds and Northrup Speedomax
W Azar recorder. The compounds are sealed ofl inside an
evacuated fused quartz capsule which is placed inside the
furnace tube.

The central feature of the apparatus is a tin-oxide con-
ductive coating on the exterior of fused quartz tubing.?
This has been utilized to provide both the stationary fur-
nace tube enclosing the whole ingot and the shorter travel-
ing heater which supplies the additional heat necessary for
the molten zone. The tin-oxide coating can be made thick
(~30-170 0/square) while still remaining very transparent
(the growth interface can be clearly seen through both
tubes) and can be operated cont’ auously at temperatures
up to 700°C without deterioraticn.

Silver paste supplied by Engelhard Industries, Inc.
painted in strips around the tube and fired on at ~600°C
provides a suitalle electrica: c.ntact to the tin-oxide. It
is essential not to contact the tin-oxide directly since hot
spots are formed which craze the oxide coating. Stainless
steel foil wrapped and bolted around the silver paste con-
tact or stainless steel U-shaped bars (preferably gold
coated) in which the tube can be nestled are satisfactory,

The main difficulty experienced in the development of
this apparatus was nonuniformity of the tin-oxide coating.
For good crystal growth it is essential that the temperature
conditions do not vary at diferent parts of the tube, which
implies uniformity of conductive coating. A coated tube
supplied by Corning Glass Works, although remarkably
uniform considering it was hand coated, was inadequate for
our purposes. Since better uniformity of coating was not
available, we therefore set up a spray coating system
(using the fcrmula described in Ref. 2) on a traveling
lathe. The problem of maintaining the tube surface at
~520°C during spraying was overcome by inserting a
Nichrome wound furnace tube inside the fused quartz
tube to be coated and relying mainly upon radiant heat to
maintain the surface temperature. Best results were ob-
tained with freshly mixed solutions of tin-chloride.
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As is well known, the ideal shape of a freezing front is
slightly concave, i.e., the molten zone forms the shape of a
slightly concave lens, so that the first part of the front to
frecze does so on the crystal nuclei and not on foreign
nuclet on the walls of the tube. This condition is casily
achieved by lowering the heat input to the molicn zone
and thus increasing the relative contribution of the ther-
mal conduction along the bar to the heat losses, Too small
a heal input will cause the axis along the center of the
molten zone 1o freeze across completely while the edges
stll remann molten. oo large a heat input will give rise to
aconves shape,

Examples of some of the erystals grown in (his type of
apparatus are showacin Figo 2. The shape of the freezing
hont used on g syl crystal of ShaSey can he seen in
Fig. 2(a). The ingot was not uniform in cross section and
shows 1he freezing from shape in a height step.

The tin oxide coating is quite versatile as a heating ele
ment and speciatly shaped heating zones can casily be
fabricated by painting the clecirodes 1o the desired con-
figaration. Also, il is comparatively simple to construct a
heater with multiple heating zones for rapid zone refining
by painting many electrodes on a tin-oxide coated tube
and shorting out alternate coatings.

The aathors are indebted to B. Hanson for assistance
with temperature control and construction of an electrical
power supply for the tin-oxide tubes.

* Rescnch supporied by 1he Advanced Research Projects Agency
of the Bepartment of Defense and rienitored by the Army Rescarch

b 2 ) SheSe g sigle ciysgal Freesng oconied from (s gl Oflice, Dorham, under Contract Nos. DA-ARO-D-31-124.71-G132.
(1Y Savwe SheSeainpot deaved Lanpe e aee fa e Q) uppermost "G Vfann, Zone Melling (Wiles,, New York, 1959), p. 153.
() Cleaved SHTey mipor @ahove tlen) wih Lirge cleavage face Evoceedings of the Eleventh Symposium on (he Art of Glass-
Towaud naler and cleaved Shongol (helow aler) Blowing, American Seientitic Glasshlowers Society, 1966, jp. 128.
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Amorpbous lilms of Shsey, with 0.5 < x -

o were stufied with the Mdsshiuer effect, The spectra are

all stmtlar to oach ather but differvent from that ol crvstalline ShoSey. Despite the poor resolution, it ia
clear that the matvid condensed from vapor 15 not micra-crystalline.

Awmorphous films of SbSe,., with0.5 - ¥ 9
and tens to microns thick, were prepared by
viicuuin evaporatlon onto quartz substrates at
room temperalure and were studied by use of
Mdssbauer resonance spectra taken at 49K,
Films of various compositlon were obtained by
partial evaporation of large quenched ingots
having different Se/Sb ratios. The compositlons
of the films were determined by electron micro-
probe and or X-ray emisslon spectroscopy. The
Se ‘Sb ratios of ingo! and film frequently were
found to be quite different; e.g.. in SbgSez source
{v - 1.5) produced a film with v = 9. The crystal-
line SbaSeg measured for comparison was in the
form of a powdered sample of a single crystal.

The SbeSeg crystal is orthorhombic
Phum(DMID2) consisting of inifinite chains par-
allel fa The ¢ axls. In each umit cell are two
equally popalaled types of Sb sites and three types
of Se siles. The strongest bonds are within the
chains, where the Sb-Se bond distances range
from 2.576 to 2.777 A while the separations of
"non-honded™ Sh-8e pairs range from 2.98 to
3.74A {1]. Twa camputer fits o the experlmental
MUsshiier speclrnm of a powdered siimple of
crystalhine 8ShySeg are shown in [ig.1. The solid
line in the upper plot s the unsuccessful fit ob-
lained when a single Sb lattice site was assumed;
in the lower plot the computer was allowed two
different bul enquislly populated Sb sites. The

* Work peclormed wiwder the slaspices of the 11,8,
Aamie Fnergy Comnnssion,

O Phie rescarel was sapported by the Advineed RRo-
search Projects Apeney of the Dopartment of Deflonse
and wisk imonitoraed by the Armiy Research Oifice,

Durham, ander Comrinel no, D-ARO-D=10=-124-71-G 312,

goodness-of-fit criterion x2 shrinks from 7.3 in
the upper fit to 1.2 in the lower. In this Mdss-
bauer spectrum, the isomer shifts for the two
sites (which measure the over-all electronic
charge density at the nucleus) were -4.2 and
-7.1 mm s relative to InSb.

The spectra of amorphous films in the compo-
sition range 0.5 < x - 9 were obtained at 4°K
with a CaSnO3(Sb) source in a conventional
Mdssbauer spectrometer. As ceen from the
typical spectrum shown in flg.2 and from the
results in table 1, the spectra for all composi-
tions of amorphous ShSey consisted of a single
peak at a position intermediale between the
double peaks of the crystalline SbaSe3. For a
single antlmony site and a pure quadrupole inter-

T T 1
(a)
: i
2 3
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F4
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-
E 0
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T ' A i. 1 i |
20 =10 Q 1o 20
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Fig. b, Dunl fittings 10 the spectram from crystalline
ShuSey. (1) Corresponds to a single site of Sb, while (b)
corresponds to two-cqually populated sites,
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‘[able §
Quadrupole splittings ¢2qQ anmi isomer shifts S of
amorphous nixl crystalltne samptes of ShSe,.

Composition c2qQ S4)
¥oSe’/sy {mm/s) (mm/s)
5.3 9.6 -14.0
B 9.7 -14.4
2.0 fO.N =-13.¢
t.5 oy -13.6
(LN} 11.5 -13.0
— . A -12.8
L.o¢Crystulltne) { S -15.5

) As measured relative to n CaSnOy sonrec. Relative
to InSh, add X, Glum/see,

actlon, ihe Mtssbaner spectrum of 121gp (in
which the trausition is between nuciear levels
wlth spius § and ?) i8 an asymmetric octet; but
lu the present case the individual lines cannot be
resolved because the quadrupole splitting 18 not
large enaugh in comparison with the natural llne
width (2.1 mm‘s),

The data for the amorphous films could be
moderately weli fitted (x ¢ < 3) by assuming a
single site for which each member of the octet
has a normai width (I = 2.8 mm. s), the quadru-
pole shift +29Q - 10.5 + 1 mm s and the isomer
shift IsS  -5.1 1+ 0.5mm/s. Giving the computer
more freedom by allowiug addliional sites could
furt er decrease x2, but the values of e29Q and
S fo. the indivldual sltes wouid still fall within
the ranges glven : nove. (For comparison, § =
-6.0, 0 and 12.3 m. s for SbF3, InSb and the
(SbFg)~ ion, respectively: and equ = 18.7 and 0
for $hpO3 und InSb, respectively {2].) The
simplest interpretatlon Is that In all these amor-
phous SbSe, films, regardless of their composi-
tion, the nearest-newghbor eavironnient is qulte
uniform. However, we do not understant why the
Mdssbhauer spectra should he so simnilar for such
a wide range of compositions over which consid-
erable changes shonld occur in the Sb environ-
ment.

Taken tocether, the specira show that the
short-range vrder in 8bSe,. differs from that in the
crvstallme sahd and indicates ihal the environ-
ments of the anfimony sltes in the amorphous
solid are quite howmogencous, i.¢., they are cha-
racterized by g narrow rivnge i coordinatlon
mnber smud in bond length, T'his viewpoint is
supparted by electvan-diffraciion studles |3]: in-
Fensdy and vadal-distrivnon cueves indicate
thai both the coordination nuimber aud the nearcest-
neiplibur distiinee deerease i the transition from
the crystalhine to the amorphous phase of “SbgScg "
Because ot the method of preparation used, the
inmorphous phase was prohabiy Sc-rich.) In con-
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with a single site,

trast, As9Sg and GaAs in the amorphous phase
vere shown to retain the configuration inherent
in the crystalline phase.

Similar results have been obtained for
Fe(POg)3 In both the glassy and the crystalline
form [2] Detailed analysis shows that the spectra
correspond to two sites for the glassy samples
but only one for the crystal. The quadrupole
spllttings in the glass are 3 and 8 times those in
the crystai and the line widths are perhaps 4
times as large. For iron phosphate, therefore,
the glass has more sites and more site distortion
than the crystal. For SbgSeg, it is ciear that the
two sites seen in the crystal are replaced by
many in the glass but that the properties of the
iatter sites are closely similar (little site dis-
tortion).

The above resuits shed significant light on the
nature of amorphous or glassy solids. In partic-
ular, they are relevant to the controversy on
whether a soiid condensed from a vapor is truly
A glass or consists of microcrystals - especialiy
for SbySes and oiher materials from which the
glass cannot readily be formed by quenching from
a meit. The answer appears to be that the solid
su formed is noi a coiiection of microcrystals
in equilibrium and therefore is presumably a
glass.

The authors wish to thank Dr.C. W. Kimbail
for many heipful discussions.
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Mossbauer investigation of Sny(As;Se3);_x glasses*

S. P. Taneja, A. E. Dwight, L. Gilbert, W. C. Harper,
C. W. Kimball & C. Wood

Physlcs Department, Northern [linois University, DeKalb, Illinois

Mdssbauer measurements on  V9Sn  nuclei In
Sny(As:Ses)i-x (x=2-5, 50, 80, and 10-0 ar’}) glasses
have been made at 4-2, 77-3, and 298K. The chemical
reactions suggested by Shkolnikov are con’irmed.
However, contrary to his findings, the present results,
combiried with those of Borisova ct al., show that the
chemical kinetics are sensitive to the method of prepara-
tion of the glass. Although x-ray measurements indicate
that no long-range order exists in the amorphous
samples, the Mossbauer results indicate that the local
environment ahout Sn atoms is similar for all composi-
tions; that is, a high degree of local chemical order
exists. Moreover, the long-range disorder in the glass
affects the isomer shift and quadrupolar coupling at Sn
atoms only to second order. The Debye temperature for
Snoatoms differs by abour 40K benween the crystal
(~ 190K) and the gluss (~ 100K).

The ternary systems of amorphous chalcogenide scmi-
conductors have been the subject of intensive investiga-
tion in the past.(. 2 This class of materiuls has recently
taken on more significance with the discavery of
switching elfects and possible device applic: tions. ™)
The addition of group IV clewments to the arsenic
chalcogenidcs has been found 10 have significant effects
an softening temperature, microhardness, and clectrical
conductivity. Thesc changes in the physical propertics
have been ascribed to the crosslinking ol the chain-like
structure by the group IV clemcnt.t"

A Mdssbauer study of '9Su in Sny(.\s2Sea)) x
glasses, where x=2-5, 50, 8:0, and 10 at), has bcen
madc at 298, 77-3, and 4-:2K to study further the nature
of the glass—crystal transition and the role of the
group IV element in a switching glass. The isonicr shift,
the ccntroid of the absorption pattern, reflcets the
clectronic structure of the Sn atam and its vibrational
cnergy. The guadrupolar interaction reflects both the
clectronic structure and the noncubic nature of the
environment of the atom. In a disovdered system
distributions ol both isomer shift and quadrupolar
voupling should occur and the hine breadth and shape
should reflcet the dispersion of these distnibutians. The
Debye temperatuse may be obtincd by measuring the
temperature dependence of the Mosshiner absorption.

* This rescarch was supporied by the Advanced Rescarch Projecis
Agency of 1he Depariment of Defense und was monitored by lhe
Army Research Office, Durham, under Coniract Nu. DA-ARO-D-
31-127-71-G132.
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Experimental

The samples were preparcd from 99-9999%, grade
materiais. Arsenic and selenium were outgassed by
subliming in a vacuum and then scaled in a fused
quartz ampoule, in the appropriate ratio, under a
pressure of ~10-> mm Hg. The ampoule was placed
in a rocking furnace at 630°C for about 12 h and then
quenched in a brine solution at about 200K.

To prepare a single crystal of SnSeg, high purity Sn
and outgassed Se were mixed and sealed in an evacua-
ted quartz ampoule; excess Se was used in order to
avoid a mixed phase of SnSe and SnSe;. The ingot
was placcd in a three zone furnace and the temperature
was slowly raised to 680°C over a period of four days.
One of the end zones and the middle zone were cooled
at 4 dey; C/h to solidify the ingot from one end.
Crystalline SnSe was prepared in a similar fashion
using equal percentages of Sn and Se.

All samples were tested by x-ray analysis. Debye-
Sherrer pattcrns, using a Cu target, show diffuse bands
characteristic of amorphous systems for x=2:5, 50,
and 8-0. Similar patterns for the samples containing
10%, Sn show thc amorphous phase and have, in
addition, five lines of 4 crystailine phase of which four
may be indexed as lines of SnSe as shown in Table 1.
The crystalliscd specimens containing 10% Sn are
iaund to be predominantly in the SnSe phase.

The Mossbaucr absorbers were prepared by powder-
ing the amorphous compounds and encapsulating
them in a cold-setting plaziic. The sample thicknesses
were 5-10 mg/cm2 of natural tin. The Mdssbauer
source was 1195n in BaSnOj3 at 298K, and the spectra
were recorded with a conventional spectrometer in the
constant acceleration modc. All data were fitted by
computer to Lorenizian lines using the least squares
method.

Table 1. Analysis of x-ray Jilm for the 10% Sn
amorphous sample

i, dy LA) Source for SnSe on ASTM Card

mn 290 298

m 2:86 287

w 238 2:39

w 198 Uncenain, also not seen on SnSe sample

w 1-82 1-84
> ~ 153
Iurg('
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Figure 1. The Mdsshauer spectra of amorphous
samples ar 77-3K. The solid line is a least squares fir
1o the model described in the text

Results and discussion

The elfect of tin on the wicrohardness and conductivity
of semiconducting As:Ses glasses has been studied by
Shkolnikov.® The hardness and conductivity change
signilicantly after 5%, Sn is added and Shkolnikov
suggested that a chemistry in which SnSez occurs at
low tin concentrations und SuSe at high concentra-
tions may account for such hehaviour. None of his
suggested reactions contains any compound of tin
with arsenic. Also, he found that air cooled and
quenched  Sn- As-Sc glasses were almost  equally
amorphous. Bonsova ef al.® have examined the 1198y
Massbaner effect in Sni(AsgSey); | glasses formed by
cooling v air, and concluded that only SnlV occurred
in the glissy state but that the glass crystal mixtures
exhibited both the Snlt and SnlV absorption lines.
The present authors Mosshauer measurements on
Sn As Sc glasses quenched to low temperature from
the melt, sbow quantitative diflerences in the chemical
kinetics from those observed by Borisova ef al.

Typical Mossbauer spectra at 77-3K for amorphous
samples containing 2:5, 50, and 8-0°, Sn are shown in
Figure 1. ane for those containing 107 Sn in lFigure 2.
Tin occurs in only one phase at concentrations ol 2-5
ar 507 buta second phase appears in the spectra of
the samples containg both 80 and 10-0,. Although
the linnt of solubility of tin i the guenched glassy state
has been set by Kolomiets e al ™ as about 7%, the
secoind phuse does not cartespond (o cither a- or f-Sn,
The reaction chemistry given by Shkolnikav® for low
Sn concentrations is

184 Phvses and Cheonistry of Glasses Vol 14 No. S Detober 1972

{xSn+ AsSe;.s — xSnSez+-[1 —(8/3)x) AsSey.5-+
+2xAsSe +(2/3)xAs}

and for higher concentrations
xSn-AsSej.s — xSnSe + (1 —2x) AsSe;.5 +2xAsSe.

As the Snconcentratipn increascs, the Sn atom changes
its valence from +4 to +2 and the free As combines
with Se to give a further i* .rease in the AsSe;s
content.

Crystalline SnSe; is trigonal (CdI;- - C6 type) and
all Sn atoms are in equivalent sites; crystalline SnSe is
orthorhombic (GeS— BI16 type) and all Sn atoms are
in cquivalent sites. A doublet is expected for both
SuSe and SnSe; and these spectra arc shown in
Figure 3. The spectra of the amorphous samples
co~.aining low concentrations of tin are similar to the
spectrum of SnSez, and at higher concentrations a
spectrum characteristic of SnSe appears. Slight but
significant differences between the patterns for
amorphous and crystalline samples are discussed
below. The spe:tra are similar to those of Borisova
et al., but the relative quant‘.ies of SnSez and SnSe for
similar concentrations of tin differ. Apparently the
chemical kinetics are dependent on method of sample
preparation in contrast with Shkolnikov’s findings.
The dominant phase in the crystalline samples is SnSe,
but this phase also appears in the amorphous samples.
X-ray analysis shows no crystallinity for the 8%
samples quenched to low temperatures but the
Madssbauer patterns show the presence of both SnSe
and SnSez.

The Mdssbauer results are given in Table 2. Within
statistical error the quadruvolar coupling and line
width (/"~09 mm/s) are in“ependent of composition
for both SnlV and Snll sites in the amorphous samples.
It the ideniity of atoms about a given Sn atom were to
vary on the basis of random occupation of sites, local
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Figure 2. The Miissbauer spectra of amorphous and
crystalline samples conraining 10%, Sn at 77-3K
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Tabie 2. Re.lts of the analysis of Mdssbauer Spectra of Sny(As3Ses)s-s; 6 is the isomer shift relative to BaSnOs,,

4 is the quadrupole splirting (= (1 12)e2qQ), and the subscripts I and 2 denote values corresponding to tin valencies of

IV and 11, respectively

Temperature Composition 1
( (ar?,) (rms)
Amorphous
773 25 1-68 | 0-04
773 50 1694014
773 80 1-69 +0-02
2980 10:0 166 1 0-02
773 100 167 1 002
42 100 1-69 | 0-02
Crystalline
2980 100° ~162
773 100° 1462 1,008
2980 SnSes 1:33 { 0:02
773 SnSe, 11351 0€C2
2980 SnSe -
773 SnSe

o 4; - I}

(mim]s) {(mm]s) (mm|s)

— 0424010 —

— 0334014 —

3-49 .+ 006 0464006 096 +0-04

332 + 02 051 +0-06 0824008

339 +0 72 0504 0-06 093 |.0-04

343 t 02 0-50 | 006 0:96 | 0-04

3-27 1002 ~0-50 0741002

31321002 0201018 0-78 | 0-02
- M)o ol

- ~00 :

3-28 1002 - 0744010

}ili002 079 +002

®* Less than 6%, of the area at 298K corresponds to SnlV. A small quantily of an unidentified third phase is observed ai 6~0-53 mm/s with

4~099 mm/s

fluctuations in composition would be expected to lead
to a distribution of electric field gradicnt tensors and
a line broadening which wus dependent upon com-
position.” The near constancy of isomer shift,
quadrupolar coupling, and linc width ure interpreted
to mean that the Sn atom has a similar local environ-
ment for all compositions; i.c. a high degree of local
order cxists about the Sn sites und, further, the local

T i i
0008 v

0016
0024
[LXARR
0040 SnSe, II
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008}
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Figwee 3. The Miissbauer spectra of samples of
crystalline SnSey and SnSe al 77-3K
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chemical order closely resembles that of SnSe and
SnSez for Sull and SnlV atoms respeciively. Morcover,
the symmetrical, and only slightly broadened, lines for
Sn in the glass indicate that the electronic structure of
the Sn atom and the electric field gradient at the atoms
are affected to only second order by the long-range
disordcr and composition change in the glasses. The
long-range disorder in the amorphous systeins leads to
small, systematic differences in the isomer shift and
quadrupolar coupling between amorphous and crystal-
line systems.

Debye temperatures, or St are estimated to be from
the temperature dependence of the Mdssbauer
absorption Gu=~145410K in crystalline SnSes, Op~
130 L 10K in crystalline SnSe, Ou~1004+10K in the
Sn-As-Se glass SnIV and Ou~90+10K in SnlL
Within the error of the measurement (4 10K) the same
Deby~ temperature fits the data from 4-2 to "7-3K and
from 77-3 to 298K; it is, therefore, inferred that the
glass—crystal transition takes place above room
temperature.
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MOSSBAUER SPECTROSCOPY OF AMORPHOUS SEMICONDUCTORS AND
GLASSES CONTAINING ANTIMONY, TIN, AND IRON: A REVIEW'

S.P. Taneja, C.W. Kimball and J.C. Shaffer
Department of Physics, Northern Illinois

University, DeKalb, Illinois

ABSTRACT

A comprehensive review is given of Mossbauer studies
of bond character, electronic structure and glass-crystal
transition in amorphous semiconductors and glasses con-
taining antimony, tin and iron. The isomer shift is cor-
related with electron density (calculated from HFSCF) at
the tin and antimony nuclei to delineate clectronic struc-
ture in amorphous tin and antimony chalcogenides. The
Debye temperature is computed for tin chalcogenides. Com-
prehensive data on Mossbauer parameters are presented
along with an extensive bibliography.

I. INTRODUCTION

Mossbauer measurements have become a major tool for
the investigation of the electronic properties of amor-
phous materials. In disordered systems distributions of
isomer shift, quadrupolar coupling and hyperfine inter-
action occur. The line breadths and shapes reflect the
dispersion of these distributions. Isomer shift and quad-
rupolar splittings are related to the valence state and
coordination of the atom in the glass. The Mossbauer

fraction yields the strength of the binding of the Mass-
bauer atom.

tBased on work performed under the auspices of an ARPA
grant (ARO, Durham).




A brief discussion of current models of amorphous and
glassy systems is given. A general review of recent Moss-
bauer work follows, A few typical studies are discussed in
detail.

[T. GENERAL THEORIES OF STRUCTURE OF GLASSES

An understanding of the structure of glass is based on
a knowledge of how a glass is formed. Normally on cooling
a solution, crystals precipitate at a certain temperature,
the liquidus temperature. For glass forming materials,
when the temperature drops about 100°C below the liquidus
temperature, the rate of growth of crystals becomes so
small, due to increased viscosity of the melt, that the
substance remains a liquid. As the temperature is de-
creased further, the viscosity increases so much that the
non-crystalline structure is frozen in. The glass is char-
acterized by its non-crystalline nature and a lack of any
long range order.

According to the random network theory of Zacharia-
sen(l), silica glass is formed of three dimensional random
networks of alternate atoms of silicon and oxygen in long
cross-linked chains. The random nature of these networks
causes each atom to have a slightly different environment.
Elements which can form such linked chains are called glass
formers. This random network theory predicts that glass
has a very open structure which is well suited for holding
other elements called network modifiers. The crystalline
theory of the structure of glass proposes that glass is
made up of move or less deformed crystals bound together
by regions with a low degree of order. This theory calls
for marked deviations in chemical composition of the glass
from point to point. A synthesis of both models is pro-
babiy necessary to correctly describe some glasses. The
rardom network implies that bonds are not all alike. Dif-
ferences between bonds can account Sfor the fact that glass
does not have a fixed melting point, but rather there is a
temperature rang: over which it becomes less viscous and
finally becomes a regular liquid. Since the viscosity be-
comes very high as the temperature is lowered, strains and
inhomogeneities ar~ frozen in when the glass is quenched.

One of the important tools in studying glass str.icture
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has been x-ray diffraction., X-ray patterns can be analyzed
to give radial distribution curves which give the probabil-
ity of finding a second atom at a given distance from the
first. One difficulty with x-ray diffraction techniques is
that x-rays are not very selective, since the radial dis-
tributions overlap in more complex systems.

I1I. MOSSBAUER EFFECT IN AMORPHOUS SEMICONDUCTORS AND
GLASSES

Mossbauer spectroscopy has been recognized for some
time as a useful technique for obtaining information about
the structural behavior of antimony, tin and iron atoms in
amorphous semiconductors and glasses. The first observa-
tion of the Mossbauer effect in glass was made by Pollak
et. al.(2) who made a qualitative study of Fe>’ in fused
quartz and Pyrex glass. Subsequent work appeared on alkali
silicate, iron metaphosphate, borate and phosphate glasses.
An excellent review of this early Mossbauer work was pub-
lished by Kurkjian(3). The present piper reviews the re-
cent Mossbavc: studies on amorphous semiconductors and
glasses with antimony, tin and iron as components.

A. Antimony: Amorphous and Crystalline Chalcogenides

The VB-VIB (chalcogeride) semiconductors have become
of substantial interest in recent years because of potential
device applications(4,5). Optical and transport properties
have been studied in both crystalline and amorphous phases.
In crystalline form the semiconductors of composition
(VB),(VIB)3 have been of greatest interest(6). The system
(VB)x(VIB)y can exist over wide ranges of composition in
particular’ cases in amorphous form. More complex amorphous
materials may be obtained by the addition of elements from,
e.g., columns IV and VII of the periodic table. Amorphous
materials with Sb as the VB component may be studied by
Mossbauer spectroscopy (Sbl2l) yielding structural informa-
tion (e.g., stercochemical changes on the crystalline to
amorphous transition) and valuable insight into the chemi-
cal bonding in these materials. The latter is particularly
important since (VB);(VIB)3 compounds crystallize in & var-
iety of complex crystal structures (see below) obviating,
for the present, band structure calculations, and the pro-
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perties of these materials must be interpreted with phe:
enological models based upon the assumed chemical bondin,
and its systematic variation(7). Mgssbauer studies have
been made on Sby03 in both cryst:lline and amorphous form
by Long et. al. 8?. SbyS3 has been investigated by Stevens
and Bowen(9) both as a crystal and as an amorphous solid.
SbaSe3 has been studied by Ruby et. al,(10) in both crystal-
line and amorphous form and, in addition, these investiga-
tors performed Mossbauer measurements on a series of SbxSe
compositions in amorphous form. SbyTes has been investi-
gated in its crystalline form by Birchall and Della Valle(ll),
The results of these investigations as well as those from
work on associated compounds(8,9) are summarized in Table I.

Since the SbjX3 compounds and their amorphous forms are
typical of VB-VIB materials, Mossbauer results can contri-
bute to the elucidation of the chemical bonding and stereo-
chemistry of these materials. With this in mind crystal
structures of the SbyX3 compounds are briefly described in
conjunction with Mossbauer results on both crystalline and
amorvhous samples.

Sb203 crystallizes in two polymorphs. a-Sh203 is a
complex cubic structure with space group Fd3m with 16 Sb,03
units in the unit cel1(12), As is seen in Table I, the
isomer shift and quadrupolar coupling in the amorphous
Sb203 closely correlate to those in the cubic crystal. The
orthorhombic-Pcen polymorph has also been investigated by
Long et. al.(8) and has virtually identical isomer shift.

Sb2S3, stibnite, crystallizes in a complex orthorhom-
bic structure with space group Pnma with four Sb)Sz units
in the unit cell and two non-equivalent Sb sites(13). As
is made clear by Stevens and Bowen(9), these two Sb sites
were not resolved in their Mdssbauer study (it should be
noted that their crystalline materials were not precisely
stoichiometric). On the crystalline to amorphous transi-
tion there is an apparent variation in the isomer shift but
this is difficult to interpret, since the two-site spectrum
was not resolved in the experiment on the crystailine mate-
rial.

SbySes crystallizes in the same structure as Sb253(14)
(with virtually identical lattice constants) and thus also
has two non-equivalent Sb sites. Ruby et. al.(10) were
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Flguro 1, Spoctrum (rom (a) crystallino ShaSos corrosponds
to a singlc sito of Sb, (b) corresponds to two equally pop-
ulated sites, (c) SbSe; g amorphous film fitted with single
site. (From Ruby et, al.)

able to resolve the contributions from these two different
sites in both isomer shift and quadrupolar coupling. In
comparing the results on the cryvstalline and amorphous ma-
terials (see Figure 1) these workers concluded that it was
impossible to fit their amorphous spectrum with any two
Sb-site model. Their result indicates a distribution of
antimony sites in the amorphous material with nearly iden-
tical short range environment. Moreover, the Mossbauer
parameters aro close to the average of the crystalline par-
amoters, The snme workers found only small changes in
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Mossbauer specira with composition through a series of amor-
phous materials of the type SbySe,. Since the composition
varied over a broad range they were unable to explain this
insensitivity. ‘

SbyTe3 crystallizes in a trigonal (rhombohedral) struc-
ture of space group R3m having a single antimony site in
the unit cel1(]J5). Its isomer shift as measured by Birchall
and Della Valle(ll) is larger than the mean isomer shift in
SboSe3. As the materiz. is difficult to prepare and main-
tain in the amorphous phase, no Mossbauer data, as yet, has
been obtained on amorphous ShjTes.

Much speculation has been made about the chemical bond-
ing in the chalcogenide semiconductors(7,13,14,16,17), Most
of this has been based upon crystallographic structure in
these materials and their optical properties. Kastner(18,19)
following the classic work of Phillips(20) and Van Vech-
ten(21) on the tetrahedral semiconductors, has interpreted
the optical response of several chalcogenide semiconductors
in terms of a simplified chemical bonding model. In this
model the higher occupied electronic states are assigned to
lone p-pair (L.P.) non-bonding orbitals on the chalcogen
atoms while the bonding (o) orbitals form deeper valence
states. The highest s electrons of both the group V and
group VI atoms are well below the o states in energy and
may be regarded as core states. The conduction band is
composed of the o*(anti-bonding) states associated with the
o(bonding) orbitals. The o-orbitals are thought to be es-
sentially p-type with little or no s-p hybridization oc-
curring(22§. In this picture the lone p-pairs are sensi-
tive to the "ionicity' (electron transfer) in the material
and, it is speculated(19), draw nearer to the o bonding
states as the ionicity increases. The optical measurements
on the series SbyXz (X = 0, S and Se)(23,24,25) indicate
decreasing ionicity as the chalcogen increases in atomic
number. This is inferred from the qualitative trend of the
main absorption bands in these materials to separate fur-
ther (these bands arise from the L.P. + ¢o* and ¢ » o* tran-
sitions) as the chalcogen varies from O to Se. The optical
data for SbjTes suggests(26) that the chemical bonding in
this compound is somewhat different from that of the other
Sb chalcogenides. Based upon .he measured isomer shifcs of
these materials, it is concluded that the charge density at
the Sb nuclei increases in magnitude in the sequence 0, S,
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Se to Te in SbyX3. One can estimate the p electron con-
figuration of Sb on the basis of the Hartree-Fock calcula-
tions of Ruby et. al.(27). If one assumes that the deep-
lying 5s2 electrons remain unaffected, then the result of
this procedure indicates increased Sb + X electron transfer
in the order 0, S, Se and Te. This conclusion is contra-
dictory to that from the optical data.

Upon the transition to the amorphous state only small
differences in isomer shift are found between crystal and
amorphous material. This tends to corroborate the insensi-
tivity of the deep 5sZ2 electrons to the details of the
chemical bonding in these materials which is understood
principally in terms of p-bonding without significant s-p
hybridization(22), It should be emphasized that the chal-
cogenide semiconductors both as crystals and as glasses are
in an early stage of understanding of their detailed struc-
ture. Much additional work on Mossbauer spectra and its
comparisons with other measurements will be necessary in
order to establish more precisely, the stereochemistry and
electronic structure in these materials.

B. Tin: Amorphous Chalcogenide Semiconductors

The ternary system, Sn-As-Se has recently taken on
technological significance with the discovery of switching
cffects and possible applicntions(zs). The addition of
group IV clements to the arsenic chalcogenides has been
found to have significant effects on softening temperature,
microhardness and electrical conductivity. These changes
in the physical properties have been ascribed to the cross-
linking of the chain-like structure by the group IV ele-
ments(29) .

Mossbauer studies in the amorphous Sn-As-Se have been
made by Borisova et. al. (30) and Taneja et. al.(31) at
various concentrations and temperatures. The nature of the
glass-crystal transition and the role of the group IV ele-
ments in the microchemistry of a switching glass have been
studied. Mossbauer studies in this system have also been
made by Vasil'ev et. al.(32) and Bartenev et. al.(33).

The effect of tin on the microhardness and conductivity
of semiconducting As;Sez glasses had been studied by Shkol-
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nikov(34), The hardness and conductivity change signifi-
cantly after 5% Sn is added. Shkolnikov suggested that a
chemistry in which SnSe; occurs at low tin concentrations
and SnSe at high concentrations may account for such beha-
vior. Also, he found that air cooled and quenched Sn-As-Se
glasses were almost equally amorphous. Borisova et. al. (30)
have examined the Snll9 Mossbauer Effect in Sn-As-Se glass-
es formed by cooling in air and concluded that only Sn IV
cccurred in the glassy state but that the glass-crystal
mixture exhibited both the Sn II and Sn IV absorption lines.

Figure 2a shows the Mossbauer spectra of Tane‘a et.
al.(31) at liquid nitrogen temperature for amorphous samples
containing 2.5%, 5.0% and 8% Sn. Figure 2b shows M3sshauer
spectra of 10% Sn in amorphous and crystalline form(31).

Tin occurs in only one phase at concentrations of 2.5 and
5.0%, but a second phase appears in the spectra of the sam-
Ples containing 8.0 aznd 10.0% Sn. This result is consist-
ent with the limit of solubility of tin (v7%) in the
quenched glassy state set by Kolomiets et. al.(35). Tha: ra-
action chemistry given by Shkolnikov(34) for low Sn concen-
trations is

2
xSn + AsSe) 5 + xSnSep + (l-gx)AsSel.s + 2xAsSe + sxAs

and for higher tin concentrations

xSn + AsSe) 5 - xSnSe + (1-2x)AsSe) g5 + 2xAsSe.

As the Sn concentration increases, the Sn atom changes
its nominal valence from +4 to +2 and the free As combines
with Se to give a further increase in the AsSe) 5 content.
None of the suggested reactions contain any compound of tin
with arsenic.

Crystalline SnSep is trigonal (CdI-Cg type) and all
Sn atoms are in equivalent sites; crystaliine SnSe is or-
thorhombic (GeS-Bjg type) and all Sn atoms are in equiva-
lent sites. A doublet is expected for both SnSe and SnSe,
(Figure 2¢).

The spectra of amorphous samples of low concentrations
of tin are similar to the spectrum of SnSez and at higher

217




10

pue Zasug auryieIsAId> ()

‘Rl AL IOTTaA
o8 0% o5

us %01 Suturejuod sardues aur
Us §8 Pu® %S ‘§5°z Bururejuod satdures snoydiowe () F¢ e1ydads I3NBqSSOHN

S,

1s("T® "39 efouel wo1z) - ¢+// 3 [1® ‘agug
I1®e3s41> pue snoydiome (q)

(29s/ww) ALIDOT3A

C6_C2 Of 0T 0Qf- C2- o<-

3

B
3

.

£
X

]
NOILJYOSEY JAILV I

e et

3 43

w

——

8

@

8

auEshay

C
C

8

P JL Uy GE—
g

~o—
‘é

A

RS

Y -
9
0
NOIL JHOS8Y

SToudJItuY

)
o

i

e B el o Ao
9]
o)

EE

"z 2and1y

oSN > - A |

JAILV Y

1y em

MO ety

Reproduced from
best available copy.




11

concentrations a spectrum characteristic of SnSe appears.
The sgectra shown are similar to those of Borisova et.
al.(30) but the relative quantities of SnSe and SnSe for
similar concentrations of tin differ. Apparently, the
chemical kinetics are dependent on the method of sample
preparation in contrast with Shkolnikov's findings. The
dominant phase in the crystalline samples is SnSe but this
phase also appears in the amorphous samples. X-ray analy-
sis shows no crystallinity for the 8% samples quenched to
low temperatures, but the Mossbauer patterns show the pre-
sence of both SnSe and SnSej.

The Mossbauer results are given in Table II. Within
statistical error the quadrupolar coupling and line width
(I = 0.9 mn/sec) are independent of composition for both
SnIV and SnIl sites in the amorphous samples. The near
constancy of isomer shift, quadrupolar coupling, and line
width is interpreted to mean that the Sn atom has a simi-
lar local environment for all compositions; i.e., a high
degree of local order exists about Sn sites and, further,
the local chemical order closely resembles that of SnSe and
SnSe; for SnII and SnIV atoms, respectively. Moreover, the
symmetrical, and only slightly broadened, lines for Sn in
the glass indicate that the clectronic structure of the Sn
atoms and the clectric field gradient at the atoms ave af-
fected to ouly secor:l ovder by the long-range disorder nnd
composition change in the glasses. ‘The long-range disorder
in the amorphous system leads to small, systematic dif-
ferences in the isomer shift and quadrupolar coupling be-
tween amorphous and crystalline systems.

From the temperaturc dependence of the Mossbauer ab-
sorption, Taneja ct. al.(31) estimate the Debye tempera-
ture for Sn to be 6p = (145 * 10)K in crystalline SnSep,
6p = (130 + 10)K in crystalline SnSe, and 6p = (100 * 10)K
as SnIV and 8 = (90 * 10)K as SnII in Sn-As-Se glass. It
is inferred from the temperature dependence of the 6p that
the glass-crystal transition takes place above room temper-
ature.

The Ha- trce-Fock calculations of Ruby et. al.(27) and
measured isomer shift indicate that the electronic struc-
ture of SnIV in the above systems closely corresponds to
that of a-tin (sp3). SnII has a shift which is close to
the tin halides, namely, between SnCl2 and SnF3.
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Vasil'ev ev. al.(32) concluded from their Mossbauer
studies that in case of the glass AsSej, 5Sng,3 (excess se-
lenium), the structure of the glass network is ‘sainly
formed from structucal AsSez/- 'nits joined by selenium
bridges

Se-
A§{Se-5e-
\Se-

whereas in the case of glass with selenium deficit (AsSe
Sng,0s) the structural units are AsySeq/2 with As-As bonds,

-Se” ~SAs<

Furthermore, the immediate environment of tin in glass is
similar to that of SnSe,, i.e., the Sn atoms form struc-
tural SnSe6/3 units in the glass.

C. Tin: Silicate, Borate and Phosphate Glasses

Mossbauer studies of alkali tin silicate and borate
glasses have been made by several workers(36-40), Mdss-
bauer spectra of glasses containing tin differ from the
spectrum of SnO; by a small chemical shift and slightly
broader width(36). Mitrofanov and Sidarov(37) noted the
absence of quadrupolar splitting in silicate glasses and
only a small splitting in borate glasses. In alkali free
glasses tin is present as SnIl hut in alkali glasses ro
5nIl is found. Evestrop'ev et. al.(40) studied the al-
kali-tin-(silicate, borate, germanate and phosphate) glass-
es and measured the temperature dependence of Mossbauer
froction f for some of these glasses as well as the f de-
rendence on the composition. Evestrop'ev et. al.i’0) find
that the temperature dependence of f for SnOp fite well
into the (ramework of the Debye model, whercas the f de-
pendence for NaJ)-Sn02-Si0p giass is complex. They ob-
served similar behavior in other silicate glasses and ex-
plained this behavior with a model in whiclh tin containing
glasses are formally considered as systems containing tin
atoms as impurities.




Table III

Mossbauer Parameters of Tin Containing Glasses(40) i

Composition of Glass i )
(mm/sec) (mm/sec) i

Na0-Sn0,-5i07 ~0.20 + 0.05 0.40 t 0.07
Naz0-5:07-B203 -0.10 £ 0.05 0.60 t 0.07
Na;0-Sn0,-GeO, -0.06 ¢ 0,05 0.50 t 0.07
Nap0-Sn03-GeOp (crystal) -0.10 * 0.05 0.30 * 0.07 |

Na70-Sn0-P50¢ 3.60 £ 0.05 1.80 & 0.07

* I.S. relative to CaSn0js.

Table IV

Pa amoters ol Mossbauer Spectra of Glusses
Na0-Sn07-5i07 Produced Under Reducing Conditions(40)

Composition  6*,5nIl §*,SnlvV AEQ Snll/
of Glass (mm/sec) (mm/sec) (mm/sec) SnlV

13%-35%-52% 2.8 *+ 0.05 -0.2 * 0.05 1.75 % 0.07 1.10

13%-5%-82% 2.8 £ 0,05 -0.2

-+

0.05 1.75 ¢ 0.07 0.85

* I.S. relative to CaSnOjz.
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For silicate and borate glasses f was found to de-
crease with increasing Naj0 or Sn0j content. For germanate
glasses f does not depend on the composition. Table III
prasents the data on the chemical shift and quadrupole
splitting fo:r glasses prepared under oxidizing conditions.
The chemical shift for silicate, borate and germanate
glesses ccrresponds to that of SnIV; although the shift
dif’ers somewhat from that of Sn0;. The presence of only
a snall quadrupolar splitting in silicate, borate and ger-
manave glasses is interpreted by these workers(40) to imply
the existence of long-range order in these glasses. Tin
occurs only as SnIl in phosphate glasses. When the glass is
formed under reducing conditions, Snll appears even in sili-
cate glasses (Table IV) and the fraction of Snll increases
with increasing Sn concentration in the glass. Evstrop'ev
et. al. concluded that at sufficiently high concentrations
of tin, Snll also appears in silicate glasses formed under
oxidizing conditions. Thus the chemical equilibrium which
exists in these glasses between SnIV and SnII is displaced
towar<. Snll as the tin content is increased.

Bartenev et. al.(39) also studied the alkali-tin-
silicate glasses. A negative chemical shift indicates an
increase in the degree of ionicity of Sn-0 bonds through
the series of Li-Na-K glasses. The ionic character of the
chemical bond increases in these glasses with an increase
in cation radius of alkali metal. From the temperature de-
pendence of f values it was concluded that the rigidity of
the bonds decreases with increasing ionicity of the chemi-
cal bonds in alkali silicate glasses.

D. Iron: Amorphous Alloys

Mossbauer studies have been made to examine the nature
of magnetism in amorphous alloys. Tsuei et. al.(41) and
Bonder et. al.(42) have measured the magnetic hyperfine
field as a function of temperature and composition in amor-
phous Fe-P-C.

The Mossbauer spectra of alloys at different phosphorus
concentrations(42) are shown in Figure 3. The lines of the
magnetic hyperfine pattern are found to be greatly broadened
in the amorphous alloys relative to those in pure iron (Fig-
ure 3a). The broadening is attributed to disorder in the
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Figure 3. Mossbauer spectra of amorphous alloys of iron
and phosphorus at 295 K. Phosphorus content: a - pure
iron, b - 9.0, ¢ - 12.4, d - 16.8, e - 19.6 and £ - 24,.4%
(From Bonder et. al.)42,

neighbor shells about an Fe atom and to the spread in inter-
atomic distance of these necighbors throughout the amorphous
alloy.

The mean field at Fe nuclei diminishes linearly as the
phosphorus concentration increases (see Figure 4a). The
effective hyperfine field (Heff) is found to depend mainly
on the nearest neighbor environment of Fe atoms. Bonder
et. al.(42) explain the reduction in field and an increase
in the shift with increasing concentration in terms of
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Hofr £Oe

Figure 4. (a) Concentration dependence of the effective
hyperfine splitting in iron-phosphorus alloy, (b) Mdss-
bauer spectrum of alloy at 295 K with 19.6% P. (From
Bonder et. ul.)42

transfer of electrons from P »nd £ atums to the 3d band in
Fe. The solubility of phosphorus in iron at room tempera-
ture is less than 1%. The amorphous alloys of iron-phos-
phorus are therefore metastable and, with annealing, trans-
form into a mixture of crystalline phases. Figure 4b shows
the Mossbauer spectrum of such a sample with 19.6% phos-
phorus, annealed at 673 K for one hour. The spectrum fits
well to a combination of the absorption pattern of a-ipon,
FegP and FegP.
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Figure 5. Mossbauer spectra of amorphous Fe ?dso-xSizo
alloys at liquid helium temperature (From Sharon and
Tsuei)

Sharon and Tsuei ‘43) have made similar measurements
on Fe-Pd-Si amorphous allcys at 4.2, 77 and 295 K with
varying concentration of Fe and Pd. Above T. the presence
of many non-equivalent Fe positions in the random alloy
give rise to a superposition of many isomer shifted quad-
rupolar patterns which result in an as/mmetric total pat-
tern,

Figure S5 shows the magnetic hyperfine patterns of

amorphous Fe-Pd-Si alloys at 4.2 K. To a good approxima-
tion the electric quadrupole interaction has vanished in
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these spectra. The fact that six peaks are clearly re-
solved and quite symmetric in shape suggests that the hyper-
fine field distribution is rather narrow and also symmetric
about its average value. The data were fitted with a
Gaussian distribution of fields:

Ho)2
éxp (- (H-Ho):

P(H) = )

2ﬂA°2 2Ao2

where H, and 4, are average hyperfine field anda standard
deviation respectively. These values along with the line
widths, average isomer shift and quadrupole splitting are

listed in Table V.

Table V

Values of line width (I, I'2), quadrupole splitting ()
isomer shift (§) hyperfine field (Hy) and standard deviation
(80) for amorphous Fe-Pd-Si alloys (From Sharon § Tsuei)43

Composition ;8 ro8 43 68 Ho®?  Agb
(mm/sec) (mm/sec) (mm/sec) (mm/sec)? (koe) (koe)

FeiPd79Sizg  0.348 0,394  0.413  -0.095
FesPd77Sip)  0.398  0.406  0.431 -0.088 226.5 18.8
FesPd77Sizg  0.447 0,471  0.466 -0.070 240.8 16.2

FeyPdy3Sizg  0.485  0.516  0.544 -0.047  248.3 20.6

a measurements at 295 K
b measurements at 4.2 K
T isomer shift relative to Co57 in Cu

Sharon and Tsuei(43) proposed a model in which the Pd
atoms play very little or no role in the magnetic ordering.
In terms of a band picture, the Fermi level is high enough
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Figure 6. Mossbauer spectra of amorphous FeCl sample at
35, 100 and 350 K (From Boyle et. al,)44,

so that the states which arise from the 4d orbitals of Pd
are completely filled; electron transfer from Si fills the
d holes of Pd. The magnetic interaction between Pe atoms
takes place via the conduction electrons and is locally
ferromagnetic.

-

Boyle et. al.(44) have studied the temperature depend-
ence of magnetic hyperfine field of amorphous FeCl; to
examine the sharpness of the magnetic transition. The
Curic temperature is found to be 22 K. The quadrupolar
splitting observed at 24 K is ~2.5 times the value found in
crystalline FeCl;. At 8 K an average hf field of about i
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85 koe is present in addition to the quadrupole interaction
found at 24 K. At 15 K the magnetic hf field is reduced
to 45 koe,

Figure 6 shows the Mossbauer spectrum of an amorphous
FeCl; sample upon warming well above the critical tempera-
ture. Three distinctly different quadrupole spectra ap-
pear which are denoted by A, B and C. A pure quadrupole
spectrum A (with e2qQ = 5.3 mm/sec) is observed immediately
above Tc. At about 30 K, the spectrum B (with e2qQ = 3.2
mn/sec at 77 K) starts to grow in. Around 380 K the sample
is largely converted into phase B, but at the same time
phase C begins to appear. Conversion to C is achieved at
about 400 K. The quadrupolar splitting of phase C (e2qQ =
1.7 mm/sec at 300 K) identifies this phase to be crystal-
line FeCl;. Recooling to 8 K produces a spectrum which is
typical of antiferromagnetic crystalline FeCl,.

Boyle et. al. conclude that there exists a sharp mag-
netic transition in amorphous FeCly, that the amorphous
system transforms to crystalline FeCl; via an intermediate
phase, and that the transformation is irreversible. Sim-
ilar behavior was observed in other amorphous halides.

E. Iron in Glasses

The behavior of iron in glasses has been discussed in
detail by Kurkjian(3). Consequently, only a brief dis-
cussion of later work will be given. As pointed out by
Kurkjian, the sitructural picture of iron in glass is quite
complicated. The Mossbauer results on iron silicate glass-
es(45), iron vorate glasses(46) and iron borosilicate
glasses(47'48) have been compiled in Table VI.

Bukrey et. al.(46) made Mossbauer measurements to
1dentify crystal formation in the iron-borate glass system
containing up to 35 wt % Fej03. Figure 7 shows their Moss-
bauer absorption spectra of Fel* in paramagnetic Na20-B203-
Fe203 glass at room and liquid nitrogen temperatures. The
spectra remain unchanged over the range 10-30 wt % Fey03.
The main feature of the spectra of all these glasses was a
resolved quadrupole doublet. Bukrey et. al. attributed
the significant broadening in width to incomplete relaxation
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Table VI

Mossbauer Parameters for Some Complex Glasses

Composition &% A r
(mm/sec) (mm/ sec) (mm/sec)

Iron-Silicate- Fe3* 0,37 : 0.03 0.85 % 0,05

Glasses (with 0.75
7-15 wt% of Fe2* 1,12 ¢ 0.05 2.00 & 0.10

Fe203)45

Iron-Borate- Fe3* 0.3 . 0.5t 1.0 0.7

Glasses (with

10-30 we% of

tron-Boro- Fe3* 0.07 + 0.02"70.69 + 0.04 0.72 1 0. 04
Silicate-

Glasses (with_ Fe?* 0.80 t 0.01 2.08 & 0.03 0.90 * 0.04
8 wt$ F8304)47

I+

N [.S. relative to Co57 in Cr.

t' varies from liquid nitrogen to room temperature,

** I.S. relative to Co57 in Cu, add .378 mm/sec to convert
it relative to Co57 in Cr,

of the magnetic hyperfine field. It was shown that samples
containing as high as 30 wt % Fez03 can be prepared for
which no hfs appeared. The appearance of hyperfine split-
ting was roughly correlated with the method of cooling the
melt of the glass sample. Figure 8 shows a series of Moss-
bauer spectra for glass samples in the range of 30-35 wt %
Fez03 which exhibit hfs at room temperature. The order in
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Figure 7. Mossbauer spectra of Fe3* in Naj0-B203 glass at
liquid nitrogen and room temperature (From Bukrey et. al,)46

split doublet due to iron in glassy material as well as a
weak hfs pattern characteristic of Fe;03. Bukrey(49) has
recently pointed out that the spectrum attributed to Fe;B
in the complex spectrum shown in Figure 8(d), turns out to
have a hyperfine ficld different from that of FezB by about
20 koe. Therefore, the spectrum is not due to FezB which
is consistent with the x-ray analysis. Thus, he pointed
out that the behavior of iron in this glass is far more
complex than first imagined(46) since the "non-Fe,B" spec-
trum as well as 12 other lines in the data, remain unassigned
to any known iron compounds. From the values of the isomer
shift and quadrupole splitting, it was found that the iron
ions in these borate glasses are in Fe3* state in regions
surrounded by 6-8 oxygens.

Taragin and Eisenstein(47,48) studied the borosili-
cate glasses. The Mossbauer spectrum for 8 at. % Fez04 in
borosilicate glass at room temperature is shown in Figure 9
and the corresponding Mossbauer paraneters are listed in

261




=

» [} [ L} [} [} A ] .. ) o
VELOLITY oF dovact (em/veed

Figure 8. Mossbauer spectra of crystalline material in
the glass samples. B and C contain 30 wt % Fey03; A, D
md H contain 35 wt, % loy0z (From Bukroy ot, nl,)46,

Table VI. Data at 80 K showed ro significant difference
from room temperature spectra. By comparing the isomer
shift values with other iron containing glasses, it was

: found that both ferrous and ferric iron were present in
borosilicate glasses. By correlating the data on isomer
shift and quadrupole splitting with coordination number

1t was found that both Fe2* and Fe3* are in sites with ‘
predominantly tetrahedral symmetry. Taragin and Eisen-
stein concluded that ferric ions almost certainly replace
Sid4* in Sioy tetrahedra; i.e., Fe3* occurs as a glass form-
er. Further, unustal broadening of the Mossbauer line
probabiy arises from the presence of Fe2* in diverse sur-
roundings,

Finally, it is worthwhile to mention that a number of
Mossbauer studies have been made on frozen aqueous solu-
tions(50,52), Recently, Ruby(53) has presented a short
roview on this subject., Mosshanar effect has AlR0 been
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Figure 9. Mossbauer spectrum of Iron Borosilicate glass
at room temperature (From Targin and Eisenstein)47
applied to the study of the glass-crystal transition in
polymers(54) and methanol(55),
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XVl Crystul surfaces, surface reactions, thin film and epitary

XVI-7. MECHANISM OF CRYSTAL GROWTH IN THIN FILMS OF
SbxSey CAUSED BY ELECTRON IRRADIATION. By H,

Brigitte Krause, Pnysics Department, Northern lTT\nois
Uﬁf%??slty. DeRalb, 1111nois, U. S. A.

Tnin filns of SbxSey ranging from SbySey to
Sb .55e3 were {nvestigatcd by electron spectroscopy
ana selected ¢rea electron diffraction. Most sam-
ples, orfiginally amorphous, crystallized in the clec-
tron beam. Although size and shape of the resulting
crystallites, ranging from thin fibers to well defined
single crystsl domains varied considerably, the dif-
fraction patterns for all compositions indicated a
perfect or defect Sb S3 structure. In some cascs
superiattices were observed. The composition of the
reflecting crystallites, although not stochiometric,
differed from the spectmen composition since some of
the antimony seqregated by diffusion. The crystal-
1ization occurred also at low temperatures, for {in-
stance, down to -125C., The crystals formed at the
various temperatures were stable only while in the
electron beam. The mechanism of reversible and fr-
reversible changes with the electron cnergy and with
temperature wll? be discussed.

The author thanks Or. Ck.. ies Wood and Mr. R. Mue'ler
far supplying the thin f{ims.




