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Thin Ùlms of Ge1 00 À x Sx w ith di ˜erent values of x are deposited on
quart z substrates by a conventional thermal evaporation technique . T he elec-
trical conductivi ty of these Ùlms was measured. T he experiments reveal that
the electronic conduction is strongly comp ositi on dependent and is ther-
mally activ ated w ith a single activ ation energy for x > 4 0 . A variable range
hopping conduction mechanism seems to dominate w hen x = 16 and 27.
T he optical absorption of the Ùlms is investigated using spectrophotomet-
ric measurements of the transmittance and reÛectance in the w avelength
range 200{ 3000 nm. A ll the studied comp ositions obey the Tauc relation
concerning the non- direct transitions. The optical energy gap E g value in-
creases w ith the increase in chalcogen content x . The U rbach parameter E 0

decreases from 310 meV to 149 meV as x increases from 16 to 70.

PACS numb ers: 73.61.Jc, 78.66.Jg

1. I n t rod uct io n

Germ anium based chalcogenide glasses receive great attenti on due to thei r
potenti al use in vari ous sol id state devi ces[1{ 5]. The y are an interesti ng and uni que
cl assof am orpho us m ateri als.They have a wi dely di ˜erent latti ce structure in crys-
ta l l ine and non-crysta l l ine form . Thi s is contra ry to other vi treo us semiconducto rs,
whi ch have sim i lar short- range order in the two states [6]. Glass form ati on and
structure of Ge{ S system have been studi ed and reported by several autho rs [7{ 9].
Som e workers [10{ 16] have investi gated electri cal and opti cal properti es of such
system .

Thi s paper presents a system ati c investi gatio n of some electri cal and opti cal
pro perti es of Ùve com positi ons of the Ge{ S amorpho us system , whi ch have not
been wi dely inv estigated so f ar.
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2. E x per i m en t a l

Ge1 0 0 À x Sx com positi ons (x = 1 6 ; 2 7 ; 5 2 ; 6 5 , and 70) in bul k form were pre-
pared by the conventio nal m elt quenchi ng techni que [17]. Proper quanti ti esof high
puri ty elements (99.999%) were mixed to gether and sealed in evacuated sil ica am -
poul es (1 0 À 3 Pa). The m ixture was heated at 1273 K f or 24 h in an oscil lato ry
furna ce. The tem perature was ra ised in steps in order to reduce the vapor pres-
sure of the consti tuent components. The m ol ten com positi on wa s quenched in cold
wa ter. It was conÙrmed by X-ray di ˜ra cti on tha t the ingots thus obta ined were
am orpho us. Fi lm s of di ˜erent thi ckness were prepared at room tem perature by
therm al evaporati on in a vacuum of 1 0 À 3 Pa under the sam e evaporati on condi -
ti ons using a hi gh vacuum uni t (Edwa rds E306A) on wel l cleaned quart z substra tes
of the suita bl e dim ensions. The compositi on of the Ùlms was determ ined using the
energy dispersive X- ray spectrom eter (E DS) analysis. The Ùlm thi ckness was es-
ti m ated by T olansky 's metho d [18], using mul tipl e-beam Fi zeau fri nges. The Ùlm
thi ckness was ¤ 1 5 0 0 nm . The rate of evaporati on wa s ¤ 0 : 6 nm / s. Substra te
tem perature was ¤ 3 0 0 K.

El ectri cal m easurements were m ade in a vacuum of ¤ 0 :1 Pa in a special ly
designed cryo stat. The Ùlm resistance was measured wi th a pro gram m able electro-
m eter (Kei thl ey 617) in coplanar conÙgura ti on using Al electrodes. The reÛection
and tra nsmission m easurements were carri ed out using (UV- 3101PC) spectropho-
to m eter in the range 200{ 3000 nm at room temperature.

3. R esul t s an d d iscu ssio n

The X- ray di ˜ra cti on patterns obta ined for various Ge1 0 0 À x Sx ( x = 1 6 ; 2 7 ;

5 2 ; 6 5 , and 70) Ùlms i l lustra te tha t the sam ples under inv estigati on have an am or-
phous nature.

Prel im inary therm oelectri c power (Seebeck coe£ cient) measurements showed
tha t our sam ples exhi bi t p - typ e electri cal conducti on, whi ch agrees wi th the pre-
vi ously reported [2, 19].

Al tho ugh there is not a deÙnite cri ti cal com positi on whi ch separates the ac-
ti vati on typ e conducti on (l inear relati on between log ¥ and T À 1 ) from the vari able
range hoppi ng (V R H) conducti on (l inear relati on between log ¥ and T 1 4 ), the
latter conducti on m echanism seems to dominate in the com positi on range where
x i s smal ler tha n 40 for Ge1 0 0 S Ùlm s. The v ariati on of the dc conducti vi ty
(¥ ) wi th recipro cal tem perature (1 =T ) for Ùve compositi ons of Ge1 0 0 S ( x =

1 6 ; 2 7 ; 5 2 ; 6 5 , and 70) Ùlm s is shown in Fi g. 1a. The plot of log ¥ vs. 1 =T gives a
stra ight l ine obeying the fol lowing exp onenti al relati on:

¥ = ¥ 0 exp (À E =k T ) ; (1)

where ¥ 0 i s the pre-exponenti al facto r, E i s the therm al acti vati on energy and k

i s the Bol tzm ann constant. In general , the conducti vi ty wa s increased either by
increasing temperature or by increasing Ge content. Tabl e summari zesthe resul ts
obta ined for the used sam ples. The ¥ 0 values calcul ated for the com positi ons wi th
x > 4 0 are wi thi n the range 4 : 8 È 1 0 4

À 4 : 7 È 1 0 6 ( ¨ cm) 1 . Fol lowi ng Mo tt and
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Fig. 1. (a) Temp erature dep endence of dc conductivi ty for Ge100 À x Sx Ùlms w ith dif -

ferent comp ositio ns. (b) ln ( ¥ T
1 = 2

) versus T
À 1 = 4 plot for Ge100 À x Sx Ùlms with x = 16

and 27.

D avi s [20] these hi gh values of ¥ 0 indicate tha t conducti on ta kes place in the
extended states. However, the smallest values of ¥ 0 for the compositi ons wi th
x = 1 6 and 27 suggest tha t conducti on is due to carri ers exci ted into the local ized
states at the band edge [21]. The ln ( ¥ T 1 = 2 ) can be pl otted l inearl y against T À 1 = 4

for Ùlms of x = 1 6 and 27 as shown in Fi g. 1b, indi cati ng tha t the tra nsport is due
to VR H of the charge carri ers in the local ized states near the Ferm i level, and is
characteri zed by Mo tt' s VR H relati on [22]. The density of local ized states around
the Ferm i level, N (E F ) , is obta ined from ln( ¥ T 1 2 ) vs. T 1 4 plot by assuming
the decay length of the local ized states to be 1 nm . For x = 1 6 and 27 N ( E )

i s found to be 1 : 1 1 0 1 7 and 3:9 10 eV cm , respecti vely, whi ch is in a
reasonable agreement wi th the results of R ef. [11].

The absorpti on coe£ ci ent ˜ ( ! ) i s calcul ated accordi ng to the relati on

˜ ( ! ) = (1 =d ) ln[ (1 R ) 2 =T 0 ] ; (2)

where d i s the Ùlm thi ckness, R i s the reÛectance, T 0 i s the tra nsmi tta nce and !

i s the angular frequency. The opti cal absorpti on curves of di ˜erent compositi ons



686 H.S. Met wal ly

T AB LE

Measured values of thermal activ ation energy E a , pre- exponential factor ¥ 0 , optical
energy gap E g , the band tailing parameter B , and the U rbach parameter E 0 for
di˜erent comp ositions .

Com positi on E a [eV] ¥ 0 [ (¨ cm ) À 1 ] E g [eV] B [ ( eV cm ) À 1 ] E 0 [m eV]

Ge8 4 S1 6 0.34 11.18 0.88 9 :8 9 È 1 0 5 310

Ge7 3 S2 7 0.45 62.8 0.96 4 : 1 È 1 0 5 296

Ge4 8 S5 2 0.69 4 : 9 5 È 1 0 4 1.5 3 :3 8 È 1 0 5 239

Ge3 5 S6 5 0.85 9 : 8 5 È 1 0 5 2.29 2 :5 5 È 1 0 5 165

Ge3 0 S7 0 0.91 4 : 9 2 È 1 0 6 2.59 1 : 8 È 1 0 5 149

Fig. 2. The change of absorption coe£cient ˜ with x . T he lines draw n on curves indi-

cate the range of h ¡ used to calculate E 0 .

are shown in Fi g. 2. As shown in thi s Ùgure, the absorpti on curves shift to higher
values as the Ge content increases i .e. sulfur content (x ) decreases, sim i lar resul ts
are shown by others [11, 23].

In am orpho us as in crysta l l ine m ateri als some useful inf orm ati on can be
deduced from absorpti on edge measurements, even tho ugh in such m ateri als the
edge is lesssharp tha n in crysta ls. For many am orpho us materi als an exponenti al
dependence of the absorpti on coe£ cient ˜ on photo n energy h ¡ i s found to hold
over wi de range and ta kes the form [24, 25]:

˜ ( ! ) = ˜ 0 exp( h¡ =E 0 ) ; (3)

where ˜ 0 i s a constant, h i s Pl anck' s constant and E 0 i s an energy, whi ch is
interpreted as the wi dth of the tai l of the local ized states in the norm ally forbi dden
band gap. These are associated wi th the di sorder of amorpho us system s. Thi s
relati on wa s Ùrst proposed by Urba ch [24] to describe the absorpti on edge in
alkali hal ide crysta ls at high absorpti on levels. The calcul ated values of E 0 are
l isted in T able. Values of E 0 are found to decrease from 310 to 149 m eV as the
chalcogen content x increa ses. The increase in E 0 wi th the increase in Ge content
indi cates an increase in disorder in Ge{S system. Simi lar phenom ena are also seen
for amorpho us Ge [26].
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T o deÙne the opti cal gap, E g, T auc et al . [27] pro posed the fol lowing expres-
sion for the non-di rect tra nsiti on:

( ˜ h¡ ) = B ( h¡ À E g) 2 ; (4)

where h¡ i s the incident photo n energy and B i s the band ta il ing parameter. E g

i s then calcul ated by a l inear extra polati on of the (˜ h¡ ) 1 = 2 vs. h¡ to the energy
axi s as shown in Fi g. 3. The energy gap E g for di ˜erent com positi ons estim ated
in thi s work is in a good agreem ent wi th the previ ously reported one [12, 28]. The
physi cal basis of the T auc expression is the assumpti on of parabol ic energy bands,
an energy-independent mom entum m atri x element and a rel axati on of momentum
conservati on. It is clear from T able tha t the estim ated values of B for di ˜erent
compositi ons are of the right order of magnitude when com paring wi th tho se ob-
ta ined for di ˜erent amorpho us semiconducto rs [21]. Fi gure 4 shows the opti cal gap
E g as a functi on of chalcogen content x . From thi s Ùgure one can observe tha t the
energy gap E g increa seswi th the increase in chalcogen content x . Thi s resul t is in
accordance wi th tha t previ ousl y reported by Shim izu et al . [11].

Fig. 3. Dep endence of ( on the photon energy for di˜erent values.

Co dy et al . [29] found tha t E 0 ( T 1 ; X 1 ) and E (T 1 ; X 1 ) are proporti onal
to each other, where T 1 and X 1 represent the therm al and structura l disorder,
respect ively. The relati on between E 0 and E i s inv estigated thro ugh thi s study
as shown in Fi g. 5. A sim ilar lineari ty as described by Co dy is found. Thi s favours
our indi cati on about the di rect rel ati on between the increase in structura l di sor-
der, represented by E 0 , and the decrease in opti cal gap as the chalcogen content
decreases.

Germ anium chalcogenide glasses can be described as smal l chemical ly or-
dered clusters embedded in a conti nuo us netwo rk as pro posed by Phi l lips [30]. In
Ge S1 glass, som e of these clusters are (S) chains, Ge (S1 2 ) 4 corner sharing
tetra hedra l , and Ge2 (S 1 2 )6 ethane- like structura l uni ts whi ch dom inate Ge S1

al loys near x = 0 ; 0 :3 3 , and 0.4, respecti vely [2]. In the S-ri ch region the Ùrst two
typ es of clusters would dom inate. Ge ato m s are fourf old coordi nated and S ato ms
are two fold coordi nated. Al most al l bonds are Ge{S for x = 2 , but there exi st
Ge{ S and S{S bonds in the glass wi th x > 2 and Ge{ S and Ge{Ge bonds in tha t
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Fig. 4. The optical gap E g as a function of chalcogen content.

Fig. 5. Linear variation of the T auc gap E g and the U rbach parameter E 0 w ith respect

to changes in x .

wi th x < 2 . In the glass wi th x < 2 , bond breaki ng wi l l ta ke place m ore likely at
Ge{ Ge bond (37.6 kcal / mole) whi ch is weaker tha n Ge{S bond (55.52 kcal / mole).
Assum ing tha t most of incorporated chalcogen ato m s are two fold coordi nated,
there are fol lowing several possibi l i ti es for the ori gin of the decrease in N ( E F ) and
increase in E g by the addi ti on of chalcogen ato ms:

1. Cha lcogen ato ms intro duce the lone-pai r character to the valence band,
m aki ng the e˜ecti ve electron correl ati on energy U in the dangl ing bond states
negati ve. As a resul t, dangl ing bonds becom e charged ones D + and D À .

2. Cha lcogen atom works as a term inato r to Ge dangl ing bond just as hy-
dro gen or possibly oxygen does [31, 32].

3. Intro ducti on of tw ofold coordi nated chalcogen ato m s makes tetra hedra lly
bonded structure of Ge Ûexible, so tha t the density of dangl ing bonds is re-
duced [23].
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4. Co n cl usion s

In thi s work, we have studi ed the change in some electri cal and opti cal prop-
erti es of Ge1 0 0 À x Sx thi n Ùlm s as a functi on of the chalcogen content x . Ana lysis of
the experim ental resul ts reveals tha t the electro nic conducti on is com positi on de-
pendent and therm al ly acti vated for x > 4 0 . A vari able range hoppi ng conducti on
m echani sm seems to dom inate when x = 1 6 and 27. From absorpti on coe£ cient
studi es, all compositi ons under test show a non-di rect tra nsiti on accordi ng to the
T auc rel ati on. The opti cal energy gap E g value increases wi th the increase in
chalcogen content x , whi le the Urba ch param eter E 0 decreases. It could be con-
cl uded tha t the structura l di sorder, represented by E 0 , increases as the chalcogen
content decreases whi ch is accom pani ed by the decrease in the opti cal energy gap.
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