Transport properties of semiconducting ternary vanadate glasses
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Measurements are reported for the electrical dc conductivity of the semiconducting vanadium
tellurite glasses containing,®;, Sh,O;, or Bi,O; in the temperature range 80—450 K. The
experimental data have been analyzed in the light of existing theoretical models. It has been
observed that the general behavior of the electrical conductivity is similar for all glass compositions.
The high temperature conductivity data are consistent with Mott's models of phonon-assisted
polaronic hopping in the nonadiabatic regime, while at low temperatures variable range hopping is
valid. The small polaron hopping model of Schnakenberg is the best model to interpret the
temperature dependence of the activation energy and the conductivity in the entire temperature
range. The percolation model applied to the polaron hopping regime is also found to be consistent
with the temperature dependence of the conductivity data at high and low temperatures. The various
parameters obtained by fitting these models to the experimental data are found to depend on glass
forming oxides other than the vanadium oxide. 1®95 American Institute of Physics.

I. INTRODUCTION o=y[€2C(1—C)/KTR]exp — 2aR)exp(—W/KT),

. . . . 1
Electrical conduction in transition metdlTM) oxide @

glasses occurs by the hopping of small polarons between tWghere 1, is the longitudinal optical phonon frequendy,is
different valence states of the TM iohd.However, there the average site separatianis inverse localization length of
exists controversy over the exact nature of conductionhe s-like wave function assumed to describe the localized
mechanism in different composition and temperature rangestate at each siteC is the fraction of sites occupied by an
Binary vanadate glasses with different glass formers likesjectron(or polaron and therefore is the ratio of the TM ion
P,05, TeO;, etc., have been studied extensivElyThe ac-  concentration in the low valence state to the total TM ion
tivation energy for the hopping conduction in these glasses igoncentration, anW is the activation energy for the hopping
observed to depend on temperature. The contribution of thggnduction.

glass forming oxides other than the TM oxides in the con-  Assuming a strong electron—phonon interaction, Austin
duction processes have been also the subject of mucihd Motf have shown that the activation enerdy is the
controversy.’ loffe et al.” have regarded the glass forming result of polaron formation of binding energy, and an
oxides as noninteracting solvents in the conduction processnergy differencaV, which might exist between the initial

which is considered to depend on the TM ions only, whileand final sites due to variation in the local arrangements of
Flynn et al> have pointed out that the glass forming oxidesjgns

might affect the activation energy for the hopping conduction

in the vanadium tellurite glass. The objective of the present Wy+Wp/2 for T>65/2

work is to study the electrical properties of the tellurium W= ,

vanadate glasses containing either ofOP Sh0O;, and Wp  for T<6p/4

Bi,O5. In order to observe the effect of glass forming OXideS’whereWH(zwp/Z) is the polaron hopping energy adg ,

the amo_L!nt of vanadium oxide is kept fixed in all the glassyefined byhwo=Kk#p, is the characteristic Debye tempera-

compositions. ture. In the adiabatic limit the tunneling term exp2aR)
reduces to unity. An estimate of polaron hopping energy is
also given by Austin and Mott,

(2

Il. THEORETICAL BACKGROUND

_ _ _ Wy=e%/4e,r,, ®)

Many theories have been proposed in the literature to

account for the dc conduction processes in amorphougherer,, is the polaron radius ane, is the effective dielec-

semiconductor$->®~* The predictions of these theories tric constant given by

need to be examined briefly to compare them with the ex-

perimental data. 6 =€, — e, (4
Mott! has proposed a model for conduction processes in

TM oxide glasses. In this model, the conduction process isvheree, ande, are static and high frequency dielectric con-

considered in terms of phonon assisted hopping of small pcstants, respectively.

larons between localized states. The dc conductivity in the At lower temperaturesT(< #,/4), where polaron bind-

Mott model for the nearest neighbor hopping in the nonadiaing energy is small and the disorder enefog., Wp) plays a

batic regime at high temperatures= 65/2) is given by dominant role in the conduction mechanism, Ndtas pro-
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posed that hop may occur preferentially beyond nearestaBLE I. Glass compositions, concentrations of total and reduced vana-
neighbors. The conductivity for the so-called variable rangelium ions, their ratio, and average intersite separation for vanadate glass
hopping is predicted to be samples.

o=A exp— B/T1/4), (5) Glass samples Compositiofisol %)

o V,0, Te POs  ShO Bi,O
whereA andB are constants and is given by s o s %0, 7

GP 40 50 10
B=2.1[a%/kN(Eg)]*4, (6) GS 40 50 10

GB 40 50 10
whereN(Eg) is the density of states at the Fermi level. Thus
the variable range hopping model predictda"’* depen-  pensity N (Vo] R
dence of the logarithmic conductivity at low temperatures.(gcm3) (cm™3) (cm™d) C R
Similar temperature dependence of the conductivity at low - 13X 7 260107 0.055 423
temperatures has been also obtained by Ambegaokar ancg:go 111072 6.01 107 0.053 4.45

co-workers® on the basis of percolation model. 3.99 10X 107 5.00% 102 0.049 4.61
Holstein and co-workef$ have investigated a general-
ized polaron hopping model assumi§, = 0, covering both
the adiabatic and nonadiabatic hopping processes. On the = i i i
basis of molecular crystal model the dc conductivity hasd|str|but|on _O_f hopping d|§tances centergd around a median
been deduced as value R,, Killias has obtained the following expression for

the dc conductivity:

o=A exgd —W(Ry)/kT—(a/28kT)?]
for nonadiabatic hopping, while for adiabatic hopping it has X[1— 1 erfq BRy—a/28kT)] (11)
been shown that z 0

o=(3e?NR2J?/2KT)(m/kTWy)*'? exp(— Wy /KT) (7)

whereA is a constania=dW/dR, andg ! s proportional to
o=(87Ne’R?vo/3kT)exd — (Wy—J)/KT], (8)  the width of the Gaussian distribution. Equatidn) predicts
a nonlinear variation of the dc conductivity which may be
Eescribed most conveniently by a temperature dependent ac-
ivation energy given by

whereN is the site concentration ardis the polaron band-

width related to electron wave function overlap on adjacen
sites. The condition for the nature of hopping has been also
proposed in this model and is expressed*by W(T)=Wy(1-6x/T) (129

for adiabatic hopping whereW, and 6y are constants anég is given by
for nonadiabatic hopping 6= a%/4BkW,. (12b
9

Recently, Triberis and Friedm¥hhave applied percola-
with the condition for the existence of a small polaron beingtion theory to the small polaron hopping regime and evalu-
J=W,/3. ated the conductivity in disordered systems. Considering cor-

A more general polaron hopping model, whég+#0,  relation due to the energy of common site in a percolation
has been considered by SchnakenB2ig. this model, opti-  cluster they have obtained,
cal multiphonon process determines the dc conductivity at _ 1/4
high temperatures, while at low temperatures charge carrier o =00 exf —(To/T)™", (133
transport is an acoustical one phonon-assisted hopping prevhere the constanf, has different forms at high and low
cess. The temperature dependence of the dc conductivity temperatures
the Schnakenberg model has the form 12.50%kN, for high temperatures

— . T —
o~T [sinhhvy/kT)]H2 97117.802%kN, for low temperatures

Xexd — (4Wy Ihvg)tanihvy /4KT)] whereN, is the density of states assumed constant. It might
be noted that Eq(13) is similar to the prediction of Mott's

X exp(—Wp /kT). (109 variable range hopping modgEgs. (5) and(6)] with differ-

It may be noted that Eq10a predicts a temperature depen- €nt values ofTy.

dent hopping energy given by

>
J[ <](kTWH/77)1’4(hvo/Tr)1’2

(13b

lll. EXPERIMENTAL PROCEDURE
W/, =Wy[tani hvy/4kT)]/(hvo/4kT) (10b)
Glassy samples were prepared from reagent gradg .V

which indicates a decrease of activation energy with decreaseeO,, (NH,),HPO,, ShO;, and BiyO;. The appropriate

of temperature. mixtures of these chemicaf$able ) were melted in alumina
Killias'® has proposed a polaron model in which thecrucibles at 1173 K 02 h in airatmosphere. The melt was

variation of activation energy with temperature is consideredjuenched by pouring on a brass plate and pressing by an-

to be due to thermally activated hopping in a system whictother brass plate. The glassy nature of the samples was con-

has a distribution of hopping distances. Assuming a Gaussiaiirmed by x-ray diffraction, scanning electron microscopy,
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TABLE Il. Parameters obtained from the fitting of high temperature data to
the Mott model.

< w 2 a
I(E, | Samples (eV) (s )
‘Tq GP 0.32 9.%10%2 0.53

2 -8 GS 0.33 1.8108 0.69

b GB 0.35 2.0x10% 0.91

o I

g

2 2 %,

| \‘p‘\?‘%o\ nificantly in the conduction processes. In the following, the
TN general behavior of the temperature dependence of the con-

-16 ' ' ' L1 ¢ ductivity for all compositions is analyzed first and the com-
o 2 4 () 8 10 12 14 . . .
2 -1 position dependence of the various parameters obtained from
107/T (KD the analysis is discussed at the end.
The phonon-assisted hopping model of Mott is consis-

FIG. 1. The dc conductivity shown as a function of reciprocal temperaturetent with the dc CondUCtIVIty data presentEd in Fig. 1 in the

for different sample compositionD, sample containing s (GP); A, high temperature region. Equati¢h) predicted by the Mott
sample containing SB; (GS); ®, sample containing BD; (GB). The solid ~ model is fitted in Fig. 1 with the experimental data at high
lines are fits to Eq(1) predicted by Mott's model. The dashed curves are temperatureS, uan&l a, andW as variable parameters The
drawn through the data. best fits are observed above 200 K for the values of the
parameters shown in Table II. The activation energy is lower

differential thermal analysis and ir spectroscopy. The con” the R.O; containing glass and higher in the, Bk contain-

centrations of total {l) and reduced \(**) vanadium ions ing glass than that in the 30, containing glass in consis-

: " . tence with the conductivity. The values of obtained from
were estimated from glass compositions and magnetic mea- .- . . ’
. ; e fitting are reasonable and differ for different glass com-
surements, respectively. The density of the samples was de-

termined by Archimedes’ principle. The average intersitepositions. These values of are consistent with the estimate

) ; ” of v, from infrared studies® The values ofx obtained from
separation R) was obtained from glass composition and

density. The various physical parameters of the preparegm fitting are also reasonable for localized states and indicate

. ; trong localizationin all glass compositions.
glasses are shown in Table I. For electrical measurements . : .
; An estimate of the polaron radiug, may be obtained
gold electrodes were deposited on both surfaces of the . -
. éxperimentally within the framework of the Mott model
samples. The conductivity of the samples was measured ug- .
) : rom Eg. (3), assumingV=W, andW,>J. The calculated
ing a Keithley 617 programmable electrometer. Before mea- . . :
. . -Vvalues are included in Table Ill. The valuesefused in the
surements Ohmic behavior at the contacts was ascertaine : .
N - calculation were estimated from E¢d), where ¢y and e,
from the linearity of thel -V characteristics. An evacuable . ) .
: were obtained from Cole—Cole plot of the complex dielectric
chamber was employed as a sample cell and was inserted In X
onstants. It has been shown theoretically by Bogomolov and
a cryostat for low temperature measurements. Measurements 6 X X
: : .co-workerg® that for the case of nondispersive system of
were made in the temperature range 80—450 K with a stabil: o
ity of +0.5 K frequencyy, the polaron radius is given by

ro=(m/6)"3(R/2), (14)

IV. RESULTS AND DISCUSSION whereR is the average intersite separation. Equatib) is
obviously oversimplified for a complex system, but the in-
frared spectra of the present glass composittbssiggest

p03|tt|ons :?_shot;/vn n 5'? 1 ?ﬁ af_functli)hn :)I reclllprcl)cal M-hat this approximation is valid for these glass systems fairly
perature. It 1S observed from the igure that or all glass Comy,.q| the yalues of the polaron radius calculated from Eq.

positions the dc conductivity shows an activated behavi0|i14) using the values oR from Table I are shown in Table

a.b.ove ab.ogt 200 K a_nd below this t.e'”f‘Pe_fatWe _the ConducI'II. It may be noted from Table Il that the experimental and
tivity exhibits a nonlinear characteristic, indicating a tem-tneoretical values of,, are comparable
p .

perature dependent activation energy, which decreases wit
the decrease in temperature. It is also observed that at all
temperatures the conductivity of the glass composition conTasLE I1. Effective dielectric constants and polaron radii calculated from
taining BOs is higher and that of the glass composition con-Egs.(3) and(14).
taining BLOg3 is lower than that of the composition contain-
ing SkO;. It might be noted that the conductivity of the
P,Og containing glass is higher, while that of the 8k or
Bi,O; containing glasses is lower than that of the binary GP 6.82 1.70 1.65
vanadium tellurite glasses with same vanadium oxide GS 6.34 .79 1.72

. - GB 5.71 1.86 1.80
content These observations clearly indicate that the glass
forming oxides other than the vanadium oxide contribute sig#From Cole—Cole plot of the complex dielectric constaiief. 15.

The logarithmic dc conductivity of various glass com-

rp &) re (A)
Samples €,°  Calculated from Eq(3)  Calculated from Eq(14)
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FIG. 2. The dc conductivity shown as a function Bf */* for the same -16 l I | ‘ I I

sample compositions as in Fig. 1. The solid lines below 130 K are fits to the 0 2 4 i 8 N 10 12 14
variable range hopping modgtg. (5)] and the solid lines above 130 K are 10%/ T (K™
fits to the percolation model of Triberis and Friednj&y. (13)].

FIG. 3. Plot of logyoT) as a function of reciprocal temperature for the
o same glass compositions as in Fig. 1. The solid curves are fits t¢18yq.
At low temperatures, the dc conductivity data can bepredicted by Schnakenberg’s model.

fitted to Eq.(5) predicted by Mott’s variable range hopping
model. A semilogarithmic plot of the conductivity W& /4

is shown in Fig. 2 for the glass compositions. The plot shows J~e3[N(EF)/e§]1’2. (15
two distinct linear regions one above and other below abou
130 K. The low temperature daiae., below 130 K are
fitted to Eqs.(5) and(6) in Fig. 2 by the least-square fitting
procedure. It may be noted in Fig. 2 that the fit is fairly well.
The values oN(Eg) obtained from the best fits are shown in
Table IV. In the calculation, previous estimatem{Table )
was used. The values df(Eg) are reasonable for localized
states’ However, the data above 130 K, where the mul-

tiphonon process is domindrftare not fitted to the vaiable the experimental data. In the fitting procedurg, Wy, , and

range hopping model. The linear region above 130 K in I:'gWD are used as variable parameters. The best fits to the data

2 is discussed later in the text. In the context of the MOtthave been observed for those values of the parameters as
model it might be observed from Figs. 1 and 2 that the tem- P

perature dependence of the activation energy in the intermes'-hown in Table V. It may be noted that the valuesiptre

diate temperature range can not be interpreted by this mode(f!ose to the values obtained from the infrared data. As ex-

The temperature dependence of the conductivity, simila gcted the values of the hopping enewy are less than the

to the Mott model, is also predicted by the Holstein modela:gg gﬁ)rgget:(r)att#ereest(i:ri\:tlgg‘l[er;reorrgny.th-;hlail\(srlgisl\)/\rtgh::r?s
[Eq. (8)] for the nonadiabatic hopping limit in the high tem- D

17 ;
perature region. This modgEq. (9)] also provides an inde- theory.” It might be noted that the value d,,+Wp/2

pendent check of the nature of hopping. The limiting values(Table V) is approximately equal tV (Table I in accor-

of J estimated from the right-hand side of E§) at 300 K, dance with the pred|ct|pn of the Mott model. .
. Another model, which accounts for the decrease of acti-
using the values of, and Wy =W from Table I, are of the : : ;
. . vation energy with decrease of temperature, is due to
order of 0.031 eV for all compositions. An estimateJofan 13 4
. Q.. Killias.™ In this model, the temperature dependence of the
be made from the following expressidn: L : .
activation energy arises from the dependence of the activa-

EJsing previous estimate ™(Eg) (Table V), Eq. (15) gives
J=~0.013 eV.Thus the hopping in these glasses in the high
temperature region occurs by nonadiabatic process.

The Schnakenberg modgtqg. (10)] predicts a tempera-
ture dependent activation energy in consistence with the data
presented in Fig. 1. In Fig. 3, lggo'T) is plotted as a func-
tion of reciprocal temperature. The theoretical curves given
by the Schnakenberg modélg. (109] are fitted in Fig. 3 to

TABLE IV. Parameters obtained from Mott's variable range hopping andTABLE V. Parameters obtained by fitting the Schnakenberg model to the

percolation models. experimental data.
N(Ef) No v Wy Wp Wy +Wp/2
Glass samples (evitem™d) evtem™d) Glass samples (s (eV) (eV) (eV)
GP 1.710% 1.1 x10%° GP 9.2x10"? 0.25 0.13 0.315
GS 1.5x10° 0.96x10%° GS 1.0x10'° 0.26 0.15 0.325
GB 1.4x10'° 0.85x 10 GB 1.1x10% 0.28 0.17 0.365
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tion energy on hopping distand&q. (12)]. Equation(12)  presented in the temperature range 80—-450 K. It has been
indicates that the activation energy is linearly dependent oombserved that the general behavior of the temperature depen-
the inverse temperature. However, the experimental data edence of the dc conductivity of all glass compositions is
timated from Fig. 1 do not show inverse temperature depensimilar. However, at all temperatures the conductivity of the
dence, rather follows Eq10) predicted by the Schnakenberg glass composition containing,®; is higher and that of the
model (Fig. 3). glass composition containing &, is lower than that of the
The percolation model[Eq. (13)] of Triberis and composition containing SB;. Opposite trends have been
Friedman* predicts aT~*'* dependence of the logarithmic observed in the values of activation energy. Analysis of the
conductivity in the high as well as in the low temperaturedc conductivity data shows that at high temperatures the dc
region. The data presented in Fig. 2 also show linearity in theonductivity is consistent with the predictions of the phonon-
logyo o vs T~*# plot above and below 130 K in consistence assisted hopping model of Mott, while the variable range
with the percolation model. However, it has been observeghopping model is valid at lower temperatures for all compo-
earlier in the text that the data below 130 K is consistent withsitions. The Holstein and Friedman model indicates that hop-
the variable range hopping model of Mott. When the modebing in these glasses occurs by the nonadiabatic process. The
of Triberis and Friedman is fitted to the data below 130 K,Schnakenberg model is consistent with the temperature de-
the values oN, obtained are close to the values obtained forpendence of the dc conductivity in the measured temperature
N(Eg) from Mott’s model. In Fig. 2 the data above 130 K range. The Triberis and Friedman model can also interpret
are fitted to the model of Triberis and Friedman. The valueshe dc data at high as well as at low temperatures. Reason-
of N, obtained from the least-square fitting procedure areable values of the various physical parameters, namely, hop-
shown in Table IV. The values CNO are consistent with the pmg and disorder energies, localization |ength, phonon fre-
values of the density of states at the Fermi level Obtaine@]uency, density of states at the Fermi level, etc., have been
from the Mott's variable range hopping model. obtained by fitting the experimental data to these theoretical
It is clear from the above discussion that the generahodels. The difference in the values of the conductivity, ac-
behavior of the electrical properties of the vanadium telluritetjivation energy and the various other parameters has been

glasses containing,Bs, SkOs, or Bi,O; is similar. How-  attributed to the effect of the glass forming oxides on the
ever, there are differences in the values of the conductivitygonduction processes.

activation energy and various parameters, namely,, r,,

N(Eg), etc., obtained by fitting the experimental data to the

theoretical models for different glass compositions, although

the V,O5 content is same for all compositions. The values of

a (Tables 1) increase from the glass composition containing 1y, £, Mott, 3. Non-Cryst. Solidd, 1 (1968.

P,Og to the composition containing BD;, indicating de-  2I. G. Austin and N. F. Mott, Adv. Physl8, 41 (1969.
crease of localization in the same order. The phonon fre-zM- Sayer and A. Mansingh, Phys. Rev.634629(1972.

: : - : P A. Ghosh, Phys. Rev. B2, 5665(1990; 41, 1479(1990.
quenCy(TabIes Il and \7 IS hlgher in the BJO?’ containing 5B. W. Flynn, A. E. Owen, and J. M. RobertsoRroc. 7th Int. Conf. on

glass and lower in the s containing glass than that in the  amorphous and Liquid Semiconductoeglited by W. E. SpeafCICL,
Sb,0; containing glass. Similar trends have been observed in Edinburgh, 197, p. 678.

the values of hopping and disorder energi€able V) and jC- H. Chung and J. D. Mackenzie, J. Non-Cryst. So#ds151 (1980.
polaron radiugTable Ill) in consistence with the high tem- Zbg'(izaﬁaecjl B. Patrina, and . S. Poberovshya, Sov. Phys.—Solid Sfate
per?ture acti\_/ation energirable 1) a_nd localization length sy ¢ Mott, Philos. Mag19, 835 (1969.

(a™") respectively. However, opposite trends have been ob?N. F. Mott and E. A. DavisElectronic Processes in Non-Crystalline Ma-
served in the values of density of states at the Fermi leve| terials, 2nd ed(Clarendon, Oxford, 1979

(Table V) in the Mott model and constant density of states * Ambegaokar, S. Cochran, and J. Kurkijarvi, Phys. Rev,B3682
(Table Vi) in thg Tri_beris and Friet_jman mod_el in consistenceny wostein, Ann. Phys(N.Y.) 8, 343 (1959; D. Emin and T. Holstein,
with the vanadium ion concentratiofifable |) in the glasses.  ibid. 53, 439(1969; L. Friedman and T. Holsteiribid. 21, 494 (1963.
The glass forming oxides thus contribute significantly to theiz»"- Schnakenberg, Phys. Status Soliflj 623 (1968.

. - -y - . 3 illi
conduction processes in addition to the vanadium oxide. 14'(";' ';' *;'r'i't')ﬁ}spgﬁfj' I':etgol':rsiéjiz?{ 3. Phys.16, 2281(1985; G. P

Triberis, J. Non-Cryst. Solid4, 1 (1985.
V. CONCLUSIONS 1A, Ghosh(unpublishedl

. . . . 18V, N. Bogomolov, E. K. Kudinov, and Yu. A. Firsov, Fiz. Tverd. Tela
The dc conductivity of the semiconducting vanadium ( eningrad 9, 3175(1967 [Sov. Phys.—Solid Stat®, 2502 (1968].

tellurite glasses containing,®;, Sh,0;, or Bi,O; has been A, Miller and S. Abrahams, Phys. Rei20, 745(1960.
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