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The structural environment of Bi incorporated in Ge chalcogenide glasses has been found from
extended x-ray absorption fine-structure data to consist of threefold coordination. An increase by a
factor of 2 in the Debye-Waller factor occurs as the carrier type changes from pto n. A mechanism
involving the suppression of positively charged structural defects, and the consequent unpinning of
the Fermi level, by the formation of partially ionic Bi-chalcogen bonds is proposed to account for

the doping effect.

PACS numbers: 61.40.+b, 61.60.+m, 72.80.Ng

Chalcogenide glasses are remarkably resistant to
electrical doping by the incorporation of dopant atoms;
the Fermi level is pinned effectively by the presence of
charged defect centers!"? and holes are the predom-
inant charge carrier. The discovery®* that the addition
of Bi to certain chalcogenide glasses changed the con-
ductivity type from p to n was therefore extremely
surprising. Bi appears to be unique in this regard; the
addition of other Group V elements, such as P, As, or
Sb, does not alter the dominant carrier type.

Several mechanisms have been proposed to account
for the doping behavior of Bi: Most propose that the
effect of the Bi is to upset the equilibrium between op-
positely charged native (chalcogen) defect centers,
D*, D™, by being incorporated in a charged state,
thereby allowing the Fermi level to become unpinned.
Thus, mechanisms involving positively charged Bi hav-
ing threefold® and fourfold®’ coordinations and nega-
tively charged Bi having twofold®® and sixfold® '° coor-
dinations have variously been proposed. In addition, a
model assuming percolative transport between micro-
crystalline Bi,X; (X =S,Se) inclusions in a glassy Ge-
chalcogenide matrix has also been suggested.!! There-
fore, the use of a chemically specific structural probe,
capable of determining the local coordination of Bi in
these glasses, should shed considerable light on the
doping mechanism responsible.

In order to try to resolve this problem we have un-
dertaken extended x-ray absorption fine-structure
(EXAFS) measurements on a series of Bi-doped Ge-S
and Ge-Se glasses. It has been observed!!'1? that the
p-n transition in the glassy alloys Bi,GeyCgo-
(C=S5,Se) occurs in the range x = 6-9. Therefore,
EXAFS measurements were performed on a number
of samples having compositions in the range 3 < x
< 10, i.e., spanning the p-n transition. The bulk glass
samples were finely powdered and pressed between
Sellotape to fabricate specimens suitable for x-ray ab-
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sorption spectroscopy. Transmission EXAFS spectra
were taken at ambient temperature beyond the Bi Ly
and Ge and Se K edges on the wiggler line at the
Daresbury synchrotron radiation source. Severe ab-
sorption due to Se precluded quantitative EXAFS
measurements beyond the Bi Ly; edge for the Bi-Ge-
Se glasses. Details of sample preparation and experi-
mental procedure are given elsewhere.!> The EXAFS
spectra were analyzed by fitting in reciprocal space the
back-transformed, Fourier filtered, and background-
subtracted data by use of standard Daresbury routines
based on the curved-wave approximation for the EX-
AFS amplitude.!* Phase shifts for the elements in
question were calculated,’® and then used to fit the
EXAFS spectrum of a ‘‘standard”’ compound (crystal-
line Bi,Si3); the resulting radii and coordination
numbers of each coordination shell were compared
with crystallographic data'® as a check on the accuracy
of the calculated phase shifts. Since all available crys-
talline Bi sulfosalts possess a considerably greater de-
gree of disorder in the primary Bi-S coordination shell
than is found in the Bi-doped glasses, they are not
suitable as standards from which to obtain measured
phase shifts which would be transferable to the case of
the glasses.

The principal result of our study can be seen by
reference to Fig. 1, where the EXAFS amplitudes,
X (k), and their Fourier transforms, P(r), for Bi-Ge-S
glasses with x =3 and 10 are compared. It can be seen
that the amplitude of X(k), and concomitantly also
that of P(r), decreases by about 40% on increase of the
Bi concentration from 3 to 10 at.%. Similar results to
those for the 10-at.% Bi sample were observed for all
Bi concentrations in excess of 6 at.%. This suggests
that the p-n transition is caused and/or accompanied
by a significant change in the local structural order sur-
rounding the Bi impurity atoms. A curve-fitting
analysis of the Bi Ly; EXAFS data (see Fig. 2) has in-
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FIG. 1. EXAFS spectra taken above the Bi Ly edge for
glassy Bi,GeySso—x samples with x=3 and 10: (a) k*-
weighted EXAFS amplitude (Fourier filtered) and (b)
Fourier transform.

dicated!?® that the Bi atoms are coordinated by three S
atoms, independent of the Bi content, and that the
difference in the EXAFS spectra between low and high
Bi concentrations, e.g., as shown in Fig. 1, is due to a
factor of 2 increase in the Debye-Waller factor,
A =202 [where o is the rms fluctuation of the inter-
atomic distance projected along the line connecting the
absorbing (Bi) atom and the atom responsible for the
backscattering]l. Confirmation of this finding comes
from plotting for the two Bi compositions the ratio of
the EXAFS amplitudes (at extrema in the spectra) log-
arithmically versus k2. In the single-scattering, plane-
wave approximation, this plot should yield a straight
line whose slope is equal to the difference in Debye-
Waller factors, 202, with the k=0 intercept equal to
the logarithm of the ratio of the first-shell coordina-
tion numbers for the two materials. Such a plot of the
EXAFS data for the x=23 and 10 at.% Bi samples can
be fitted by a straight line with a nonzero gradient!3;
the slope gives a value for the difference in Debye-
Waller factors of 0.006 A, in good agreement with that
obtained by curve fitting of the EXAFS data, 0.007 A
(see Table I). In addition, the Bi—S bond length in-
creases by ~0.02 A with increasing Bi content,
although the value of this difference is on the limit of
experimental uncertainty associated with variations in
x-ray absorption-edge threshold energies, etc. The
results are summarized in Table I; the errors quoted
therein reflect the uncertainties resulting from the use
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FIG. 2. Results of fitting the EXAFS data for glassy
Bi;GeySs7. Fit to (a) EXAFS amplitude and (b) Fourier
transform. In both cases the solid curves refer to the (unfil-
tered) data and the dashed lines are the fits.

of calculated, rather than measured, phase shifts, as
well as, to a lesser extent, those associated with the fit-
ting of the data.

Within the sensitivity of the EXAFS technique, the
measured spectra [Fig. 1(a)] show no evidence [e.g.,
beating in X(k) or peaks at higher rin P(r)] for the
presence of an appreciable contribution (=10%) of
an additional atomic species to the first coordination
shell having a significantly different bond length from
that of Bi—S, such as Bi-Bi nearest neighbors (indicat-
ing a homogeneous distribution of Bi), or Bi—Ge
bonds (as suggested on the basis of Raman evi-
dence!’). This indicates that the Bi atoms are ‘‘dis-
solved’’ preferentially in the chalcogen-rich regions of
the structure, a result which is in accord with bond-
energy considerations.!® Moreover, there is no simi-
larity between the EXAFS spectra for high- or low-
content Bi-doped glasses and the corresponding crys-
talline compound Bi,C; (C =S, Se)—see Fig. 3. This

TABLE I. Structural parameters obtained from fit to EX-
AFS of Bi,GeySso— glasses. N, Ry, and A4, are the first-
shell coordination number, the bond length, and twice the
Debye-Waller factor (20°2), respectively.

X Nl Rl (1&) Al (1&2)
3 305 2.54 £0.02 0.007 £0.001
10 3105 2.56 £0.02 0.014 £0.001
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FIG. 3. Comparison of (a) the EXAFS amplitudes and
(b) the Fourier transforms for glassy BijgGe;0S+o and crystal-
line Bi;S3.

is strong evidence against the existence in any signifi-
cant proportion of microcrystalline (or smaller) re-
gions having a structure similar to (crystalline) Bi,S; or
Bi,Se;. Furthermore, the percolation model!! for the
influence of Bi on electrical properties would predict a
continuously increasing proportion to the (crystalline)
Bi-rich phase, with increasing Bi content, always hav-
ing the same structure, in contradiction with the
present experimental results.

On the basis of the present EXAFS results, there-
fore, we feel able to rule out several of the contending
models for the doping activity of Bi. We see no evi-
dence for fourfold-coordinated Bi sites,®’ nor do we
see any direct evidence for sixfold-coordinated
sites.® 19 The sixfold coordination around Bi in crystal-
line Bi sulfosalts invariably comprises three nearest S
neighbors at distances in the range 2.5-2.7 A, together
with a further three S neighbors at distances beyond 3
A. In the present case, it could be that if similar
sixfold-coordinated Bi sites do exist in the Bi-doped
glasses, the three distant S neighbors are not detected
by EXAFS because of a large degree of site disorder
and a concomitantly large Debye-Waller factor; how-
ever, we do not think this to be the case.

We are left, therefore, with the conclusion that Bi is
predominantly threefold coordinated in Bi,GeyyCgo—
glasses, and in this regard, therefore, Bi behaves simi-
larly to the other Group V elements, which utilize
predominantly p, and not d, orbitals in their bonding.
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Photoemission experiments’ on amorphous Bi,Se;
films have indicated that the Bi atoms are positively and
not negatively charged and, although similar experi-
ments have not yet been performed on the Bi-doped
glasses studied here, it is not unreasonable to assume
that charge transfer in the same sense would occur in
the latter glasses too. We postulate, therefore, that at
low concentrations, the Bi atoms are incorporated in
n ‘“‘alloying” sense, being covalently bonded to three
S atoms by three equivalent bonds having approxi-
mately equal bond lengths. At higher concentrations,
it is presumed that the Bi-S bonding acquires more
ionic character (as found in the crystalline sulfosalts);
the Bi atom becomes positively charged and the conju-
gate negative charge is localized on a neighboring S
atom. As a result of this charge transfer, the
Bi®* —S®~ bond length becomes longer'® than the
other two more covalent Bi—S bonds (although the
magnitude of the difference is difficult to evaluate
since it depends on the extent of charge transfer!® and
the coordination!?); the static contribution to the
Debye-Waller factor is therefore expected to increase,
as observed. In addition, an overall increase is predict-
ed in the average Bi—S bond length, and this seems to
be observed (see Table I).

The doping effect is presumed to arise because the
S~ centers introduced by the Bi impurities unbalance
the equilibrium between the native S;~ and S;*
centers by the law of mass action,?’ and consequently
allow the Fermi level to become unpinned, and Ef
moves towards the conduction band; the observation
of n-type doping®* and the decrease of the dc conduc-
tivity actlvatnon energy to approximately % of its value
on doping'? can be explained in this manner.13

We have also directly observed the doping effect of
Bi in these glasses by ESR.13 Undoped Ge-S glasses
exhibit an ESR signal in the dark arising from unpaired
electrons residing on S dangling bonds?!; the addition
of more than 3 at.% Bi causes the ESR signal to be-
come undetectably small,'?* presumably as the Fermi
level rises through the defect band near midgap, con-
verting singly occupied paramagnetic centers to doubly
occupied diamagnetic centers, as observed in the case
of doping in a-Si:H.??

Finally we believe that Bi is special in its doping abil-
ity because of two factors which distinguish it from
other (Group V) elements!?: Its larger polarizability
makes the formation of partially ionic Bi-chalcogen
bonds more likely; in addition, the small band gap of
Bi-doped glasses® makes a shift in Eg possible.
Fritzsche and Kastner have shown?® that the addition
of electropositive impurities, when incorporated as
positively charged species 4™, increases the concen-
tration of C;~ defect centers at the expense of C;*
centers. They have shown that the concentrations of
free electrons (n), dopants ([A4*]), and native
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charged defects (N,) are interrelated via

n(2NG/[AY 1+ n)=2[4"%1n8, (n
where ng is defined by the equation

21 C3*1/1C;~ 1= N2exp(—2¢,/kT) = nd, 2)

describing the equilibrium C,~ = C3* + 2e with reac-
tion energy 2¢,, and N, being the density of states of
band states at the conduction-band (mobility) edge;
N, is defined by the equation

[C3T1C, 1= Njexp(— E )/ kT,) = N§, (3)

describing the creation of charged defects from nor-
mally bonded atoms at the glass-transition tempera-
ture, T,, viz., 2C,= C3*+C;~. In the case
n>>2Ng/[A*], Eq. (1) simplifies to

n= 2[4+ 1333, (4)

i.e., the thermal activation energy for conduction £, is
reduced to + of its original value. We ascribe!3 the ob-
servation'? of a discontinuous reduction in E, from
0.9 to 0.6 eV at x=10 in glassy Bi,Ge,oSegq— » to this
effect. Since Ny=10"7 cm~3 and [4%]=3x10%
cm™3, n needs to be greater than = 5x 102 cm™? in
order for Eq. (4) to be valid; with €,=0.9 eV and
N,=10% cm~3, Eq. (2) gives n=1x10% cm~3 at a
temperature of 7=400 K at which the p-n transition
has been observed. 1!

It has been noted® that incorporation of Sb into Ge
chalcogenide glasses does notlead to n-type doping and
large conductivity changes; alloying, instead of doping,
behavior is observed. EXAFS measurements beyond
the Sb K edge on Sb,GeySgo— . glasses have re-
vealed!® that there is no observable change in the local
structure of Sb as its concentration is increased; it
therefore appears to be incorporated into threefold-
coordinated, covalently bonded, alloying sites for all
compositions.
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this work and to Mr. J. M. Oldale for fabricating the
samples used to obtain the results described in this pa-
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