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The glass transition temperature, T,, and the coordination peak of the radial distribution function, 
obtained from electron diffraction experiments, are studied for amorphous thin films of the Se,oo-xBiX 
system (x 5 8) prepared by vacuum evaporation. The controversial problem of the coordination of Bi 
in these alloys is raised. The T8 data versus composition are analyzed by means of a simple analytic 
model. All results can be interpreted by assuming that the average coordination of Bi for the more 
dilute portions of the system is four, as opposed to the expected value of three, and three when x is 
greater than 5. 0 1989 Academic Press, Inc. 

1. Introduction 

Whether the electronic properties of 
amorphous chalcogenide semiconductors 
can be modified or controlled by addition of 
impurities or dopants is of great interest. In 
this way, the effects of various kinds of for- 
eign atoms on some physical properties 
have been intensively studied, especially 
for the case of the Se-As system (1, 2). 
The Bi-doped semiconductor exhibits a 
striking feature: it shows n-type conduction 
(J-5), whereas almost all of the noncrystal- 
line chalcogenides show p-type conduction 
and are insensitive to doping of impurities. 

On the other hand, the existence of a sta- 
ble liquid immiscibility in the SelmPXBiX sys- 
tem over some part of their phase diagram 
has been demonstrated (6-8). This fact ex- 
plains the limited number of papers dealing 
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with this system. According to Fleury et al. 
(9), above 3 at.% in Bi, their evaporated 
Seim-XBiX samples were no longer amor- 
phous. However, recent thermoanalytical 
experiments (7, 8, 20) suggest the possibil- 
ity of extending the region in which the sys- 
tem behaves as a homogeneous amorphous 
solution by suitable control of the condi- 
tions of preparation. 

Another outstanding problem in amor- 
phous Se-Bi relates to the coordinance of 
Bi in nonstoichiometric alloys. From pre- 
vious literature (11-14) three coordinations 
appear as the most likely: three-, four-, and 
sixfold coordinated Bi. Saiter (IO), bv 
means of the study of the structural relax- 
ation of amorphous films of the Seim-XBiX 
system, determined the coordinations to be 
three and four; particularly, the presence of 
Bi: defects could account for the observed 
inversion in the conduction type. 
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The purpose of this paper is to bring sup- 
plementary insight into the coordinance 
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problem by means of two experimental 
methods, namely 

(i) thermoanalytical techniques: by mod- 
eling the dependence between the glass 
transition temperature, Tg, and the average 
coordination in the binary system; and 

(ii) electron-diffraction experiments: 
starting from the coordination peak of the 
radial distribution function (RDF). 

2. Experimental and Methods 

2.1. Sample Preparation 

The starting materials for all samples 
were 5-9’s pure Se and Bi (Johnson-Mat- 
they). Thin films of the SelOO-xBix system 
with x 5 8 were prepared by vacuum 
coevaporation at a residual pressure of 2 x 

1O-4 Pa from two separate alumina cruci- 
bles heated independently. The thickness 
of the amorphous films were about 50 nm 
for samples assigned to electron diffraction 
experiments and about 1.5 pm for those as- 
signed to calorimetric experiments. Glass 
substrates were used and kept at room tem- 
perature during deposition. Samples for 
electron diffraction were detached from the 
substrate and transferred to the electron 
microscope whereas those assigned to calo- 
rimetric measurements were scraped off 
and put into calorimeter sample pans. The 
thickness and composition of all deposited 
films were controlled during preparation by 
means of a quartz microbalance. The final 
composition of samples containing Bi was 
determined by the electron microprobe 
method. The glassy and homogeneous na- 
ture of the as-prepared samples was 
checked by electron diffraction and calori- 
metric experiments carried out for this pur- 
pose. More details of the experimental ar- 
rangement were described elsewhere (8). 

2.2. Differential Scanning Calorimetry 

Measurements were made on a Perkin- 
Elmer DSC-2C scanning calorimeter and a 

constant scanning rate of 10 K mini was 
used. The experiments were performed un- 
der pure argon atmosphere. Calibration of 
temperature was carried out by measuring 
the transformation curve of melting of pure 
In and Pb. The temperature scale was cali- 
brated using standards within +0.2 K. Sam- 
ples about 3 mg, stripped from the sub- 
strate, were placed in crimped aluminum 
DSC pans. Reaction of the sample with the 
aluminum pans is negligible up to 775 K. 

2.3. Compositional Dependence of Tg 

Taking advantage of the previous knowl- 
edge (15) of the correlations between Tg and 
structure for polymeric systems, Berkes 
(26) has proposed a simple analytic model 
for this purpose applicable to inorganic 
compounds. The basic assumption of the 
model is that the average coordination in 
the system is directly related to Tg as 

Tg = Tot g 

% = 2 CiXi, 
I 

where cis the average coordination for co- 
valently bonded materials, and the factor Tp” 
is calculated by assuming that Se added to 
itself will not change Tg. The variables Ci 
and Xi are the bonded coordination and the 
atom or mole fraction, respectively, of the 
glass-forming species present. Conse- 
quently, Ti = T,(Se)/2. 

2.4. Electron Diffraction 

The structure of liquids and amorphous 
solids is described by the radial distribution 
function p(R), obtained from the relation 

4wR*p(R) = 47rR*p, + F 

I 0m Si(S) sin(SR) dS 

in which p. is the mean density of atoms, S 
= 41r sin B/h, and the kernel of the integral 

F(S) = Si(S) 
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is sometimes called the reduced interfer- optimum p(R) function. Details of the 
ence function. method are described elsewhere (21-23). 

In practice, i(S) is calculated directly All electron diffraction experiments were 
from the corrected and normalized inten- carried out inside a Phillips EM 300 elec- 
sity observable in a diffraction experiment tron microscope operated at 80 kV . The dif- 
as fraction patterns were recorded photo- 

j(S) = 4 - u-9 
graphically on Kodak film and then scanned 

(fj2 ' 
with a Joyce Loebl-3cs microdensitometer. 
The photographic calibration was carried 

where Zq is the coherent-scattering intensity out by the Karle method (24). In order to 
in absolute units, f(S) are the scattering obtain the area under the coordination peak 
factors, and ( ) refers to composition aver- free of the usual drawbacks we used the 
ages. Stetsiv (25) method, based on the theoreti- 

An extensive study about the techniques cal relation between the height of the first 
of diffraction, data reduction processes, maximum and the limit value of the module 
and methods for the elimination of spurious of the scattering vector S,,,. 
errors is reported in the previous literature 
(see, for example, (17-19)). Particularly, 
the authors have exhaustively studied (20- 

3. Results 

22) the experimental and theoretical strate- 3.1. DSC Experiments 
gies to improve the results obtained by 
means of electron diffraction. 

Figure 1 corresponds to a typical DSC 

In general, information about the short- 
scan showing the glass transition and crys- 

range structure can be obtained from the 
tallization phenomena. As sketched in the 

positions and areas beneath maxima in 
figure, the departure from the baseline was 

RDF curves: nearest-neighbor spacings, 
used as the Tg value. 

average number of nearest neighbors, and 
With regard to the bonded coordinations 

the mean bond angle. This last magnitude y 
Ci, as a first approximation the 8-N rule can 

can be deduced from the radius of the first 
be used, where N is the number of outer 

and second coordination spheres, Ri and 
electrons of an atom. However, it is well 

R2, according to 
known (26, 27) that for amorphous chalco- 
genide the foreign atoms cannot be consid- 

y = 2 sin-i(Rzl2R1) ered individually but rather as making up 

since R2 corresponds to the separation of 
part of more complex structural units. For 

atoms linked together through their com- 
mon nearest neighbor. 

For the case of a binary amorphous alloy, 
the area subtended under the first maxi- 
mum (the coordination peak) is given by 

A = I,” 4vR2p(R) dR = ; F FL,@, 

n,,p being the mean number of atoms of T(K) 

type p surrounding an atom of type (Y. 
300 320 340 300 380 400 420 440 

In the present work we used the maxi- FIG. 1. Typical nonisothermal DSC trace for Se at 10 
mum entropy method (MEM) to obtain the K min-1 heating rate. 



192 MUP;TOZ, CUMBRERA, AND MARQUEZ 

example, we consider here the structural 
groups 

I 
Se 
I. 

iB1\ 
Se Se 

I 
Se 

-Se-Bi-Se- 

Se 
/ \ I 

@iSed W%d 
which account, respectively, for the coordi- 
nations three and four. In applying this ap- 
proach for the first assumption we suggest 
that the material is constructed as a Se- 
BiSe3i2 system composed of Se chains inter- 
connected by the three-coordinated BiSe3n 
species. Let v be the atomic fraction of Bi; 
consequently, this gives a fraction v for the 
BiSe3n structural unit and a fraction {l-v- 
(3/2)v} for the Se in the chains. Then, we 
have 

E=3 1 - ;3,2)v + 2 
(1 - V) - (3/2)v 

1 - (3/2)~ 1 
= 2 + 1 - ;;/2)v ’ 

A 
StrUCtUral unit 

350~. s 
v 

340.. 

t 
% at Bi 

F 
0 2 4 s s 

FIG. 2. Experimental (*) and calculated (continuous 
line) TB versus Bi content. Two different postulated 
structural units are contemplated. 

TABLE I 

TB VALUES IN THE Se,,-,Bi, SYSTEM AS A 

FUNCTION OF x 

x 

(% at in Bi) 0 0.7 1.4 3.4 5.7 8.0 

Tg (W 318.2 322.1 327.5 331.5 328.3 332.2 

Likewise, we obtain 

c=2+2j+ 

for the case of BiSe4j2 species. 
Figure 2 shows the experimental data 

points of TB versus Bi content (see also Ta- 
ble I) and the calculated dependence previ- 
ously analyzed. This figure indicates a 
trend to the coordination four for Bi con- 
tents lower than the 5 at.% and to the coor- 
dination three for greater concentrations. 

For larger percentages of Bi (15 < x < 
27), Saiter (10) found the formation of 
(Bi2Se&,Se, clusters, where the Bi is 
threefold coordinated, freezing the struc- 
tural relaxation. Such a slow down of the 
relaxation rate has been likewise observed 
by one of the authors (7) for even lower Bi 
percentages. This behavior suggests a role 
for Bi as branching additive connecting 
neighboring trigonal-like Se chains. The co- 
ordination four for Bi may be explained, 
according to Saiter (IO), on the basis of the 
metallic character of this element. More- 
over, taking account of the difference in 
electronegativity between Bi and Se, and 
according to Fritzche et aE. (28) and 
Kastner and Fritzche (29), it is very likely 
that Bi behaves as a positive impurity in- 
volving, because of electrical neutrality, 
negatively charged defects (C; for exam- 
ple). The increase in the density of C; de- 
fects involves the reduction of the native 
C,’ defects following the reaction C; + C,’ 
3 2C!!. The disappearance of C: seems to 
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be (10) closely related to the observed in- 
version in the type of conduction. 

3.2. Electron DifSraction Experiments 

The RDF functions of pure Se and those 
of x = 2.2 and x = 4.3 are presented in Fig. 
3. These RDF functions do not reveal dras- 
tic modifications when introducing a slight 
percentage of Bi in the amorphous selenium 

matrix. The more prominent change is a 
continuous and substantial increase with x 
in the area under the first maximum, de- 
spite the low Bi content, which only may be 
explained by a considerable difference be- 
tween the coordination two of Se and that 
of Bi. Table II summarizes the measured 
and the theoretical (according to the ex- 
pression reported under Section 2.4) values 

FIG. 3. RDF functions for various compositions obtained by the MEM method. 
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