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D.C. electrical conductivity of Ge-S and Ge-V-S glassy svstems were studied. It was found that so called Mott minimum metallic
conductivity is function of activation energy of d.c. electrical conductivity for all studied glasses. The explanation based on idea
of exponential tail of valence band edge and the p-type of electrical conductivity in extended states close to the mobility edge

of valence band was suggested.

INTRODUCTION

The temperature dependence of d.c. clectrical
conductivity (o) of semiconductors can be represented by
the relation [1,2]:

G = 0, exp| ——

'AE] (1)

where pre-exponential factor ¢, is called Mott minimum
metallic conductivity [1] and AE is activation energy of
d.c. electrical conductivity.

Linear dependence of log o, vs. AE for many
organic and inorganic semiconductors was observed [3-
8]. The temperature dependence of d.c. electrical
conductivity then can be described by so-called Meyer-
Neldel (M-N) rule [9]:

( -AE (1-00 (2)
c =0, exp| — ,
0 PlL T

where ot = T/T,, and T, is constant, so-called characteristic
temperature.

The great attention was paid to M-N rule especially
for study of organic semiconductors but universally valid
model on the base of these studies was not suggested.
One of the possible explanation of the M-N rule was
suggested by Roberts [10] but his assumption of
unreachable temperature T, contradicts reality. In the
model of Roberts the function describing concentration of
the free carriers at the temperature T, is discontinuous.
This fact is in the contradiction with the experiment and

thus the model of Roberts can be far from the real
situation.

The aim of this work is to prove validity of the M-N
rule for semiconducting chalcogenide glasses of Ge-S and
Ge-V-S systems and to propose possible more universal
explanation of the M-N rule. The 49 semiconducting
glasses of Ge-S and Ge-V-S systems from the whole
glass-forming areas of both systems were used for study.

EXPERIMENTAL PART

The glasses of Ge, S,y system (nine compositions
from the whole glass-forming area), 15 < x < 44, were
prepared by conventional method of direct synthesis from
elements of 5N purity in evacuated quartz ampoules.
Glassy samples of Ge, V.S, system (40 samples),
I5<x < 44 and 0.005 < y < 0.5 were prepared by
modified method of synthesis, for details see [11]. The
absence of crystalline inclusions and the homogeneity of
the samples were checked by measurements of optical
transmissivity and X-ray diffraction. The chemical
composition was checked by electron microprobe with
energy dispersive X-ray analyzer. Neither microcrystals
nor optical inhomogeneities were found.

The temperature dependence of d.c. electrical
conductivity was studied for all 49 glasses of different
chemical compositions. All samples were cut to the
square-shaped plates (area from 30 to 40 mm?, thickness
d ~ 2 mm). The samples were contacted with aquadac
and covered by molybdenum plate contact of area
~ 1 mm?. Temperature dependence of the dark d.c.
electrical  conductivity was determined from
measurements of V-A characteristic by using computer
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aided arrangement with Keithly 615 electrometer at the
temperature ranging from 100 to 300 °C and at the air
pressure p ~ 1 Pa. At the temperatures below 100 °C
unnegligible error due to very high d.c. electrical
resistivity was observed. For more details, see [12].

RESULTS AND DISCUSSION

The specific resistivity of all studied glasses at room
temperature were within the interval 10" - 10 Qcm. The
nonlinearities in dependence of log ¢ = f(1/T) were
observed at temperatures below 100 °C. That is why only
data measured at the temperatures above 100 °C were
taken into account, as it was mentioned above.

For all 49 studied glasses dependence of pre-
exponential factor ¢, and activation energy of d.c.
clectrical conductivity AE was found, see figure 1. This
dependence can be described by following equation:

] +
7 +
] "t
6
4 ] Fre
3
2
5 . I
f= ]
1 +
T /)l
0
] P
14 »
. +4
] + 44 t +
-2 4 + + ,.,‘
] +
-3 7 %
- +
- 3
4 /0%
7
-5 — FAR
1 o
I—I'I_(j_rlTITIT_l'lll[lll]lTl
0.6 0.7 0.8 0.9 1.0 1.1
—p AE(eV)

Figure 1. The Meyer-Neldel rule of glasses of Ge-S and Ge-V-S
systems.

¢ — Ge-S; + — Ge-V-S; Ino, = 21.9 AE - 19.2; coef. of deter-
mination = 0.901; T, = 529 K; o = 4.8 x 10° Q"' cm™

Ino,=219 AE- 192 , 3)

which confirms, that the M-N rule for Ge-S and Ge-V-S
glasses is fulfilled.

Before trying to interpret the M-N rule it is
necessary to emphasize that validity of equation (3) for
glasses of both studied systems showes that mechanism
of d.c. electrical conductivity is independent on chemical
composition.

For better analysis of our results it is useful to make
clear meaning of the slope and absolute term of equation
(3). From the common form of equation (3):

Inc,=AAE+B , (4)

it is obvious that the slope A means reciprocal energy
and absolute term B is the logarithm of the constant
quantity of pre-exponential term. We can write:

1
— and B=1In G, , &)

0

A=

and then we can deduce from the equations (1), (4) and
(5) equation (2) for the M-N rule. Equation (2) can be
rewritten in the form:

(6)

AE -AE
o= o] 2] el 2]

(T, kT

0

Comparing of equations (1) and (6) (if the M-N rule is
valid) it is possible to express pre-exponential term G, in
equation (1) in following form:

2|

0

O, = O, €xXp

If the M-N rule is valid then it is evident from
equation (7) that the pre-exponential term G, in equation
(1) 1s not constant and depends on constant terms ¢, and
T, and on the value of activation energy of d.c. electrical
conductivity AE, as well. To interpret the temperature
dependence of d.c. conductivity we can start from the
assumption of validity of the M-N rule expressed by
equation (6) and from Davis-Mott model of d.c. electrical
conductivity of non-crystalline semiconductors [13].

Carrier mobility in the localized states is described
by Davis-Mott model as follows:

eD

—_— 8
T (8)

Hy =

where W, is mobility of carriers in extended states close
to the mobility edge of valence band (studied chalco-
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genide glasses are of p-type of conductivity) and D is
diffusion coefficient. Pre-exponential term in equation (1)
is then expressed:

G, = ¢ DN(E, ) exp (% ) : 9)

where N(E, ) is density of extended states near the
mobility band edge, y ~ 4.10" eV K is the constant of
temperature dependence of AE. (Speaking about the
densiwy of states, then owing to spatial fluctuation of their
density we have in mind the effective density of states
and effective mobility, as well.) Diffusion coefficient
D = 1/6 v R*, v is the electron frequency of order of 10"
s'[14] and R is the distance of two adjacent potential
wells (mean free path of order of bond length) [14].
Under the assumption that D is constant, equation (9)
implies that N(E,) is the only one non-constant quantity.
The value of this quantity can be expressed as a function
of energy, in this case as the function of activation
energy of d.c. electrical conductivity AE. Then we define
Fermi level Epas energy at which the density of localized
states under discussion is the lowest and AE is zero.
Under assumption of exponential tailing of the localized
band states [10], the density of extended states close to
the mobility edge of valence band can be expressed:

AE
N(EV)=N(EF)exp[ T—] , (10)

0

where N(E;) is density of states close the Fermi level
that is related to density of states at the mobility edge of
valence band (and thus could not be related to summary
density of states at the Fermi level). Equation (9) together
with equation (10) then gave the following form:

AE
6, = € DN(E,) exp {E} (11)

0

wfl)

\

which is for:

o) = ¢ DN(E,) exp (—Z ) (12)

equal to the equation (7) and consequently with the
expression which under assumption of validity of the M-
N rule can substitute the pre-exponential term G, in
equation (1). Then we can suggest that the tail of valence
band localized states (e.g. energetical dependence of
density of localized states at energies greater then energy
of mobility edge of the valence band E, ) has for all
studied glasses the same exponential behaviour,
characterized by value T}, see equation (10).

Owing to the exponential decrease of density of
states near the mobility edge, we consider the assumption
about fast decrease of mobility in localized states very
close to the mobility edge E. to be realistic. Then
dominant mechanism of conductivity can be carrier
motion in the extended states close to E,, . It is necessary
to add several notices to this assumption. Mechanism of
electrical conductivity is deduced usually from the order
of value of pre-exponential factor ¢, in equation (1)
without knowing of width of localized states above E, (in
the case of p-type conductivity). If the width of localized
states 1s AE,, £ 0.2 [2,14,15,] then it can be shown that,
at the usual temperature region of measurements
(T ~ 400-550 K) of d.c. electrical conductivity of semi-
conductors with high specific resistivity, about 10 % of
carriers can be directly excited over localized states close
to the band edge to extended states near the maobility
edge. Assuming the difference of carrier mobility in
extended and localized states in order 10° [14], the
carriers excited to the extended states close to the
mobility edge should significantly contribute to d.c.
electrical conductivity. This suggestion is in accordance
with the idea of Mott and Davis based on the fact that in
the case when the width of localized states at the band
edge 1s smaller then ~ 5 kT it can be expected carriers’
moving in extended states [14]. We suppose, that the
width of localized states at band edge is probably a little
greater than 5 T, but difference of carriers’ mobility in
extended and localized states can cause dominant role of
the carriers excited to the extended states near the
mobility edge.

Activation energy and pre-exponential term for
all studied glasses are described by equation (3). Thus
from equations (4) and (5) arise that both ¢’ and T,
are constant for all studied glasses and their values are
o', =48x10°Q'cm’and T, = 529 K.

Compositional independent values of both above
mentioned parameters then have to be connected
with such a property of studied glasses which is
independent on chemical composition. This compositional
independent property which would be connected with
p-type of electrical conductivity is existence of
nonbonding two-electronic states of chalcogen called
lonepair (LP) states. LP states create a top of valence
band of sulphur-based chalcogenide glasses in the whole
glassforming region [4,16,17]. It means that the top of
valence band of all studied glasses is created by fulfilled
nonbonding atomic orbitals of sulphur. The steepness of
exponential decrease of density of localized states in tail
of valence band is then probably more affected by
interaction of atomic orbitals called "configuration
distortion" [16] than by fluctuation of bond lengths
and of bonding angles as it happens when the top of
valence band is created by bonding molecular orbitals.
This fact implies that chemical composition does not
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affect significantly energetical dependence of density of
states.

Interpretation of ¢’ and 7, is not clear so far. On
the base of equation (12) we can report ¢’ as a minimal
conductivity at the smallest density of states connected
with d.c. electrical conductivity, i.e. localized states with
density N(E.). The characteristic temperature T, i.e. the
temperature at which specific d.c. electrical conductivity
is the same for all studied glasses, corresponding to the
energy kT, ~ 368 cm’' (expressed in the units used in the
far-IR spectroscopy). This energy is from the region of
fundamental vibrations of studied glass and it can be
taken as the most probable that the tails of localized
states at the valence band edge is closely connected with
energy of these fundamental vibrations.

CONCLUSION

The validity of Meyer-Neldel rule for glasses of
Ge-S and Ge-V-S systems was proved by temperature
dependence of specific d.c. electrical conductivity. The
p-type conductivity in extended states close to the
mobility edge of valence band was supposed as possible
mechanism of d.c. electrical conductivity for studied
chalcogenide glasses. States at the top of valence band
are created by fulfilled atomic orbitals of sulphur, so-
called lone-pair. For interpretation of experimental data
we suppose exponential behaviour of localized state tail
at valence band edge, in accordance with Roberts {10].
The possible explanation of insensitivity of d.c. electrical
conductivity to changes neither germanium content nor
vanadium content in the studied glasses can be con-
nection between mechanism of electrical conductivity and
existence of lone-pair states.
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STEINOSMERNA ELEKTRICKA VODIVOST SKEL
SYSTEMU Ge-S A Ge-V-S.
MEYER-NELDELOVO PRAVIDLO

7ZDENEK CERNOSEK

Katedra obecné a anorganické chemie,
Fakulta chemicko-technologicka, Universita Pardubice,
Namésti Legii 565, 532 10 Pardubice

Na 49 objemovych vzorcich skel systémi Ge-S a Ge-V-S
byla studovédna teplotni zavislost stejnosmérné elektrické
vodivosti. Bylo zji§téno, Ze pro vSechna studovand skla je
hodnota ¢, (tzv. Mottova minimdln{ kovovd vodivost) funkc{
aktivaéni energie AE stejnosmérné elektrické vodivosti. To
znamend, Ze u téchto materidld byla zjiSténa platnost Meyer-
Neldelova pravidla.

NavrZend interpretace Meyer-Neldelova pravidla ukédzala, za
predpokladu exponencidlnich chvostd lokalizovanych stavi u
hrany valen¢niho pdsu, Ze moZnym mechanismem stejnosmérné
elektrické vodivosti je u studovanych chalkogenidovych skel
dérové vodivost v delokalizovanych stavech u hrany pohyblivosti
valentniho pdsu. Tyto stavy jsou u chalkogenidovych skel
tvofeny atomovymi orbitaly chalkogenu obsazenymi dvéma
elektrony, tzv. lone-pair stavy. Interpretace experimentdlnich
vysledki pfedpoklddd exponencialni chvost lokalizovanych stav(
u hrany valencniho pdsu. Spojeni mechanismu elektrické
vodivosti s ptitomnosti lone-pair stavii miize byt vysvétlenim
skuteCnosti, Ze stejnosmérnd elektricka vodivost neni vyznamné
ovlivnéna ani obsahem germania, tedy chemickym sloZzenim skel,
ani dotaci vanadem.

Problematickou zdstava interpretace konstant ¢’y a 7, Na
zdkladé navrZené interpretace Meyer-Neldelova pravidla se lze na
o', divat jako na minimélni vodivost pfi nejniZ3i hustoté stavi
spojenych s vodivostf, tedy stavi s hustotou N(Ep).
Charakteristicka teplota Tj,tedy teplota pfi které je stejnosmérnd
vodivost viech studovanych skel stejna, odpovida energii kT, ~
368 cm'. To je energie z oblasti fundamentdlnich vibracf
studovanych skel a lze poklddat za redlné, Ze chvosty
lokalizovanych stavii u hran pdst budou s energii téchto vibraci
lizce souviset.

148

Ceramics — Silikdty 40 (4) 145-148 (1996)



