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ABSTRACT

The conduction mechanism in amorphous A% has been studied by investigating the variation
of the electrical resistivity over the temperaturange 300 — 450 K. The electrical resistivity is
characterised by a mobility gap of 2.15 eV over teenperature range investigated. The dc con-
ductivity provides evidence of conduction by extita of charge carriers into the band edges
near the mobility edges. The results also give passibility of conduction by a phonon-assisted
hopping of polarons between localised states.
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INTRODUCTION The disorder in the atomic configuration is
Discovery and study of different chalcogenidethought to cause localised electronic states or
materials, whose properties can be tailoredyroups of states within the material.

constitute the base of development of the solid

state technology. Electronic conduction inAmorphous semiconductors are materials with
amorphous solids has received considerablgarticularly low mobility. This feature certainly
attention in recent years because of its imporcan be assigned to the lack of long-range order
tance in electronic devices (Anwar et. al.typical for these substances, but the details of
2005). Arsenic sulphide, AS;, and arsenic the transport mechanism are not yet well under-
selenide, AsSe;, are typical representatives of stood. One reason for this state of knowledge is
chalcogenide glassy semiconductors, with #he difficulty in obtaining reliable information
wide range of applications in optoelectronicsabout the mobility for certain amorphous semi-
information storage and acoustic-opticsconductors. Measurements of Hall effect are
(Seddon, 1977; Madan and Shaw, 1988; Pop&ot only experimentally difficult, but interpreta-
scu et al., 1996; Andriesh, 1998). Charge trangion is problematic (Stuke, 1971). Another
port measurements in disordered semiconduecrethod of determining the mobility is the com-
tors and insulators can provide informationbination of thermoelectric power and conduc-
about the electronic structure of these materialsivity measurements. This is better suited for
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the type of determination of the type of carrier(i) Strong interaction between a carrier and a
involved. First hand information on the mobil-  polar lattice can lead to localisation by pola-
ity, however, is obtained by measurement of ron formation (Adler, 1971).
the drift mobility. Unfortunately, these are re-
stricted to rather low conductivity values, and(ii)In molecular solids a similar localisation can
therefore, such results exist only for a few be achieved by distortion of a molecule.
amorphous materials and here also in a re-
stricted temperature range. Moreover, the tentiii) A third cause of localisation is disordergth
perature dependence of the mobility obtained effects of which on the electronic states
by this non-equilibrium method is strongly in- have been discussed by Anderson (1958)
fluenced by traps which are irrelevant for the and Mott (1968, 1969, 1970). It is this type
equilibrium conductivity one is mostly inter-  of localisation which seems most appropri-
ested in. ate in amorphous and liquid semiconduc-
tors.
There have been two basic approaches towards
an understanding of the electrical transport ihn this work, the resistivity variation with tem-
non-crystalline systems. The first approach iperature over the temperature range 300-450 K
appropriate for cases in which the mean freéor amorphous AgS; has been investigated and
path between scattered events is large conthe mode of conduction discussed. The mobil-
pared to the average interactomic spacing, firsty gap of the material has also been studied.
developed for the calculation of electrical con-
ductivity of liquid crystals (Ziman, 1961, MATERIALSAND METHODS
1966). This approach, though successful folhe method of sample preparation is similar to
many liquid metals, breaks down in situationghat described in an earlier work (Nkum, 1999).
where the mean free path is short and appea#ssenic oxide, AgOs;, of 99.99 % purity was
inappropriate for amorphous and liquid semi-dissolved in hydrochloric acid (with some heat-
conductors. Another approach, which has beeing). Hydrogen sulphide gas was passed
used in calculating conduction via the randonthrough the solution and a yellowish precipitate
array of centres found in a heavily doped crysef arsenic sulphide, AS;, was formed. The
talline semiconductor (impurity conduction), precipitate was washed, filtered out and dried.
starts with a localised description of the chargd5 gm of the AsS; thus prepared was put into a
carriers. Transport between localised stateguartz vial, which was evacuated at a pressure
occurs by a phonon-assisted tunnelling process about 1Gtorr and sealed. The vial was
and at the absolute zero, the conductivity iplaced in a furnace for 5 hr at 580, and then
zero. A case intermediate between these twat 600°C for 3 h. At this temperature the vial
extremes is that of conduction in delocalised owas rotated continuously to ensure a good ho-
extended states with a mean free path of theogeneity of the melt. Quenching was done by
order of the average inter-atomic spacingmmersing the vial in iced water. The sample
(Davis, 1971). formed could be identified as glass by a simple
visual examination. This was confirmed by X-
The concept of localised states is used extemay diffraction examination in which the dif-
sively for crystalline semiconductors in whichfraction pattern showed no lines.
impurity atoms and point defects give rise to
localised levels or traps in the forbidden energ® piece of the arsenic sulphide prepared as
gap. What is less familiar is the concept of alescribed above was cut off and shaped into a
continuous range of energies in which all electhin rectangular form of dimensions 1 mm x 1
tronic states are localised. Localisation can oanm x 6 mm. Four electrodes were made at the
cur for a variety of reasons: ends. Silver amalgam was used in making the
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contacts to avoid polarisation. hop directly to neighbouring localised states
A wheatstone bridge method is not suitable fo(Owen, 1970; Nagel et al., 1974). Hopping of
determining high resistances as it becomes ircarriers in the localised states takes place at
sensitive at high resistances. High resistancdswer temperatures (Davis, 1971).

are determined either by methods of substitu-

tion provided other resistance of that order i§he semiconducting behaviour of the curve
available or by the method of leakage. The sulef amorphous AsS; follows the equation

stitution method was applied in this experi-

ment. p = p,exp |_(T0 /T )”J

The resistance of amorphous,8swas found where T, andn are constants. The value of the
by measuring the voltage across the sample amkponentn determines the nature of the con-
the current through it. By adding a very highduction mechanism in the semiconducting sam-
resistance (10- 102 Q) of known value in ple.

series with the sample, the current (~°A)

could be found by measuring the voltage acrosSver the temperature range 300 — 450 K, the
the series resistance using a valve voltmeteresistivity of amorphous AS; is found to obey
The voltage across the sample and the seritise semiconductor equation

:)erﬁlestfrnce was measured with a vernier poten'f,l;: poexp(T, IT)= p, exp(E, / 2kT)

RESULTSAND DISCUSSION as demonstrated by theplns 1T plot in Fig.
The temperature dependence of the electric&, with To= Eg/2. Eg is the mobility gap and
resistivity of amorphous AS;is demonstrated has the same value (2.15 Ev) over the whole
in Fig. 1. In order to interpret the electricalalat measured temperature range. This indicates that
obtained on the amorphous &ssample, it is the conduction in amorphous /5 is intrinsic
necessary to assume a model for the electronawver the temperature range, and may therefore
density of states in amorphous semiconductorbe assumed that the Fermi level is pinned very
Until now much contradiction exits about theclose to the middle of the forbidden gap. The
fundamental question whether the salient charesistivity due to excitation of carriers into the
acteristic of the band structure of crystallineband states is described by the exponential tem-
solids, i.e. the sharp edges in the density gferature dependence (Davis, 1970) found also
states forming the well-defined energy gap befor amorphous AsS;. There is therefore evi-
tween valence and conduction bands, is alsdence that conduction in amorphous3®ver
valid for the amorphous case. One of the curthe temperature range considered is due to exci-
rent models of the band structure of disorderethtion of charge carriers into the band edges.
lattices assumes that, due to the absence of long

-range order, there is a range of localised stat8he dynamical electron-phonon interactions in
at the extremities of the bands (Mott, 1969)amorphous AsS; cause the formation of pola-
The densities of localised states decrease gradiwns which once localised also contribute to
ally into the forbidden gap, destroying in thisconductivity by means of hopping between
way the sharpness of the valence and conduegquivalent sites. The conductivity of such a
tion bands. Since these localised states havepping process is also described by the expo-
lower energies than the band states, carrierseential temperature dependence observed ex-
will tend to fall into them and become perimentally for amorphous AS; (Adler,
‘trapped’; the trapped carriers then cannot tak&971). Thus conduction by a phonon assisted
part in conduction unless activated (thermallyhopping of polarons may also be possible in
or optically) into the band states or unless thegmorphous AsS;. It is reasonable, therefore,
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Fig. 1: Temperature dependence of resistivity for amor phous As,;S;
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Fig. 2: Inp asa function of reciprocal temperature for amorphous As;S;

to suppose that the conductivity in amorphousvherel is the inelastic diffusion/localisation
As,S; results from a combination of excitationlength, andA is a constant of the order of 0.1.
of carriers into the band edges and phonon asrom Fig. 2,0, = 2.89 x 1F Q cm. Thus the

sisted hopping of polarons in the localisedvalue ofl is 0.07 A. This value is quite small

states. compared to the value of the diffusion/
According to Mott (1986d) localisation lengths obtained for other non-
hi crystalline materials (Nkum and Datars, 1992;

P, = PAG? Nkum, 1994). It has been observed Kium
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(1994) that the localisation length of non-been made by Owen (1970) for amorphous
crystalline solids decreases with increasing\s,Ses and some sulphide glasses. The high
amount of impurity. resistivities of sulphide glasses may be attribut-
able to the very low electronic mobilities of
It appears that disorder leads to some tailing cfulphur group glass formers such as arsenic
the bands into the forbidden gap. Opinions vargulphide, germanium sulphide, and phospho-
as to the extent of this tailing. Cohen et alrous sulphide. It may therefore be possible to
(1969) have proposed a model for multicompoebtain ion conducting chalcogenide glasses in
nent systems in which the valence and condusystems in which ionisable elements combine
tion bands overlap in the middle of the gapwith the sulphur glass formers. In fact, sulphide
(Fig. 3a). A nice feature of this model is that itglasses exhibiting predominantly ionic conduc-
ensures self compensation and a Fermi levéion have been found by Plumat (1968) in the
pinned close to the centre of the gap. David anslystems GeSNa,S and others by Kawamoto et
Mott (1970) have suggested a much smalleal (1974, 1976) in the systems As-S-Ag, Ge-S-
degree of tailing and proposed the existence &g and P-S-Ag.
a ‘defect’ band, near the gap centre (Fig. 3b).
Both models, however, use the concept of loThe mobility gap is found to be 2.15 eV. This
calised states in the band tails leading to thealue agrees quite well with the range of values
existence of mobility edges. 2.1 eV to 2.3 eV found by Owen (1970). The
mobility gap is less than the optical energy gap
Amorphous AsS; is found to be so resistive of 2.4 eV and 2.36 eV observed by some work-
(resistivity at 300 K ~ 18 Qm) that measure- ers (Kolomiets, et al., 1972; Tauc and Menth,
ments are only possible over a limited range 01972). This is possibly due to the fact the mo-
high temperature. Similar observations havaility rises abruptly in a region of energy where

N(E) N(E)

(@) (b)

Fig. 3: (a) Density of statesin multicomponent glasses according to Cohen et al. (1969), (b)
density of states according to Davisand Mott (1970). The ordinate in all casesiselectron en-
ergy.
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the states are not completely delocalised, tivity, Optical Absorption and Photoconduc-
whereas the optical absorption occurs betweentivity in Amorphous Semiconductors,
delocalised bands (Weiser, 1969). Phil.Mag. 22: 903 - 922

CONCLUSION Kawamoto, Y., Nagura, N. and Tsuchihashi, S.

The electrical resistivity of bulk glassy £ (1974). Dc Conductivity of Ge-S-Ag and As

has been found be characterised by a single-S-Ag Glasses]. Amer. Ceram. Soc. 57: 489

activation energyE, equal to 1.08 eVH, = - 491

Ey/2) over the temperature range 300 — 450 K.

The dc conductivity providesvidence of con- Kawamoto, Y. and Nishida, M. (1976). lonic

duction by excitation of charge carriers into the Conduction in Ag$:.AQ,S, Ge%.GeS.AgS

band states near the mobility edges and conduc-and BOs.Ag,S glasses,.Non-Cryst. Solids

tion by a phonon assisted hopping of polarons. 20: 393 - 404

It is reasonable, therefore, to suppose that the

conductivity in amorphous AS; results from a Kolomiets, B. T., Lyubin, Y. M., Shilo, V. P.

combination of excitation of carriers into the and Averjanov, V. L. (1972). Polymeric

band edges and phonon assisted hopping ofStructure and Energy Spectrum of Local

polarons in the localised states. States of Vitreous Arsenic Selenidk,Non-

Cryst. Solids 8-10: 1017 - 1024
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