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Abstract. Bulk glasses of the SnygSbag_pBipSeq (0 £ = £

81 system were prepared by the comven-

tional melt quenching technique. Thin films were prepared by the thermal evaporation technique on glass
substrates. Appearance of some erystalline phases is observed from the X-ray diffractograms after heat
treatment below the glass transition temperature for 1 h. Scanning electron microscopy studies also show
the presence of microcrystalline phases in the amorphous matrix after annealing for 1 h. The effect of Bi
concentration and heat treatment on the optical gap and activation energy for dark conductivity were also
investigated for the pristine as well as annealed films. The results are discussed on the basis of models
related to the presence of defect states in chalcogenide materials.

PACS. 61.05.C- X-ray diffraction and secattering — 68.37.-d Miecrcecopy of surfaces, interfaces, and thin
films — 74.25.Gz Optical properties — TR.66.J2 Amorphous semiconductors; glasses

1 Introduction

In recent vears, considerable attention has been focused
on amorphous semiconductors, especially those lkmown as
chaleogenide glasses, due to their threshold and mem-
orv switching behavior and the infrared transmission of
many of these glasses which make them potential ma-
terials for industrial applications in memory devices and
fiber optics [1,2]. Structural studies of chaleogenide glasses
are important in determining the transport mechanism,
thermal stahbility and practical applications. Different
techniques have been used to study the structure of chaloo-
genide glasses, eg. electron microscopy, X-ray diffraction
and differential scanning calorimetry [3-5]. Seleniim is se-
lected becanse of its wide commercial applications. Its de-
vice applications like switching, memory and xerography,
etc, makes it attractive. It also exhibita a unique property
of reversible transformation [6]. This property males it
very useful in optical memory devices. But in pure state
it has disadvantages because of its short hifetime and low
sensitivity. To overcome these difficulties, certain additives
are used such as Ge, Sn, Sb, Te, Ph, Bi, In, etc. These
materials are generally p-type semiconductors. However,
when bismuth mmpurities are added in large concentrations
(11 at, 7 at¥ and 3.5 at® n Ge-5, Ge-Se and Ge-Te,
respectively), they exhibit carrier sign reversal [7-0]. Car-
rier sign reversal has also been ohserved m lguid alloys
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Ge-Te-M (M = T1 or Bi) for Bi concentrations between
5-10 at% [10].

Thermal annealing has pronounced effects on the elec-
trical and optical properties due to structural relase-
ation/transformation. In the present work, a study on the
effect of thermal relaxation process with composition on
the physical properties in the multi-component amorphous
SnypSbag_BirSery (0 £ x = 8) chalcogenide system has
been undertaken. The compositional dependence of the
optical energy gap has also been investigated. The effects
of thermal annealing (below the glass transition temper-
ature for 1 h) on the optical properties as well as on the
structure of the films are also reported.

2 Experimental

Bulk samples of SnjpSbge-BipSeqn (0 £ ¢ £ 8) were
prepared by conventional melt quenching technique. The
film deposition was carried out in a high vacuum svs-
tem (HINDHIVAC coating unit, Model No. 12A4D) in
a pressure of 107% mbar. The films were deposited on
well-cleaned glass slides kept at room temperature as sub-
strates and with source material taken in a molvhde-
num boat. A Philips X-ray diffractometer {type PW3T10
mpd with a PW1830 generator) was used to identify
the amorphous/crystalline phases in the pristine and an-
nealed films. The surface morphology of the pristine and
annealed films was analyvzed using a scanning electron
microscope (SEM) (Philips XL30 ESEM system) operated



The Enrcpear. Physical Jomnal Applisdl Paysics

Teble 1. Vaues of thickness (d), glass tn:usttmn temperature (Tg) at 20 K /mir heating rate, optical gas [E“B} artivation

enz=rgy () and band tailing paramete: 5

! for the pristine as well as anneslsd thin filns of the Snio5bai_eBisSem (D5 &= §)

rrbom.
= d Ty () Ef eV, E™ (§V) E4eV) E: (V) =T {em eV =T {cm V)
{atle) () prictin nnn.cn]cd prictino onaealod prictino onnooded
I 1273 420 1.13 1.22 0.45 0.42 S7R.5T h67.25
2 107H 231 1.23 1.14 047 0.38 503.02 5e2.72
4 1250 236 1.03 1.85 0.20 0.2% 44040 322.70
fi 1250 237 101 174 0.24 .20 80,33 254,58
4] 1168 L] [N ATl 2y IL1E 401480 246,65
[ ——
-Q—T'-“ i
[ ] I vefl
r | £ "
' £
5 w’,e"'M WWMW
ol
s b HH “ﬂ i
k] =
& g "
M Tl =0
l ) "j .,-_l- uJ lx'-‘_,ﬂr-,‘.l,l' V.“.h'.ll"“..l M‘J,'-«n-_'.xl'-'-'.h'-' s‘\'*-‘-".--.'l
i -'""""'ﬂw'
: g Tin— il
L 'l 1 J
i 273 hed Lot n a0 an an &N an ™
Temperawre ) ——
20 (deOress ) —
Fig. 1. Typical DEC thermograms for the SnicShbiaBiSem

sample at 20 K /min heating raze

at 20 kV. Thickness was measured by KLA Tercor P15
surface profiler and the obtained values for all the fls ace
reported in "lable 1. 'Uhe cifterenzial scanming calornretne
(L5 studies wers carried out to know the glass tran-
sition temperatnre and a temperaamre of ~25 K helow
tha g'.ass transition temperature was used for annealirg
(303 K, 400 K, 405 K, 413 K, and 417 K respectively).

The almfalmg of the fiims was performed ir a rmnning vaz-

uum (~107F mbar! with a heater and thermocouple con-
necticns for temperature measnemsent. The conductivity
measurements were carried out in the tempemture mnge
233-343 K in a rumnnirg vacuum of ~10 * mbar. Electii-
cal contacts with sn dectrods gap of -2 mm in a copla

nar georretry were meade by predeposition of aluminun.
The omrent wes messured nsging a dizits] picoummeter
(LPM-111 Scientite Boprpments, Hoorkee), Uhe optical
tran=misslon spectium was recorded at room temperature
for all the samples using UUV-vizible spectrophotometer
(VARTAN Carva00 UV-VIS-NIR) in the wavel=ngth 1ange
of 400-3000 am. The optical enerzy gapwas obtained from
a olot of (aﬂv]'ﬁ va. e and taking the intercept of the
atraight linc portion of the curve on she cnorgy axis, where
o i the absorption coefficient.

Fiz. 2. The X-ray diffraction patterns for the pristine filns of
sniosbio_ebBizSem (1 £ x5 B) sysem.

3 Results and discussion
3.1 Thermal and structural properties

Figure 1 showe a typical DEC goan for a Snqyp58h:BiSaq,
samplz ab 20 K /min heating rete. The glass transition
temperature. two peak crystallization temperatures and
the melting temperature are cheerved for this sample, ''ke
presence of two exothormie poalia moans that there are two
phazes appearing during the crvstalization process, The
olesa traasition temperature (]" ) shifts towards higher
temperature as the Bi content increasss s5 well as with
the increase in heating rate. The values of T at a heas-
ing rate of 20 K/min for all the samples imvestigated are
lisied in Tahble 1. The change in the valne of T, can be ex-
plained on the basis of chemically ordered network (CON)
model [11]. Fignre 2 shows the X-ray diffraciograms for
the pristne SnyShey Bl -Seqn (0 < » < 8) thin films.
Tte abzence of sharp peaks for the samples with = = 0,
2, 4 a7 of Bi show the amorphous nature of these films.
Tlesamples with © = 6 and & show a 2mall peak revealing
the presence of smell smmount of sorwe eryvstalline shesc in

the amorphons matrix. This peak & idemsified from the
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Fig. 3. The X-ray diffracticn pattems for the amealed
SniSbe_pBizSam (0 £ ¢ = 8) films.

JCFDS dats base (1997) as due to the formsation BisSes
(M) phase. bigure 3 shows the X-ray diftractograms tor all
tae Alms annealed below the glass transition temwperature
(393 K, 400 K, 405 E, 413 K, sl 417 K respeciively) Tor
1 h. The sampls witk x — 0 D1 concentration has ocnly one
poal which corrcsponds to ShyBoy (O) phase as ideatidod
from the JOPDS fles. Ths rumber of peaks increase for
the samples with Bi concantration » = 2.4, 6, & which
indirates the micri-crvstallization of <he amorphons fitms
after annealing below the rlass transizion temoerature for
1 h. Thes= peaks are identified e5 due to the formation of
EizSes (1) and HiSe; (M) phases.

The morphelogy of the SnyoStyzBisSe thin film an-
nealed at 400 K for 1 h was examined using scanning eec-
tron microscops (SEM). Figures da, <b shows the surtace
microsiructure of the pristine =2 well as enpealed films,
Az obzarved from Figure <a for the pristine film, the sur-
e appears swoobls lew nee Fatluareless Tocsg rouwd wlich
means that for x — 2 at®, the svatem remains amorphous
which iz already confirmed from the X-rey diffractograms.
After 1 h annealing at T' — 400 K, polverrstalline stre.
tares of different shapes embeadced in the amorpioms ma-
trix were obeerved as shown in Fieure 4b, These pheses
may be due to the formation of BizSesand BiSes as iden-
tified from the X-ray diffractograms.

3.2 Optical properties

In order to determine the abscrpion coefficiert (o
of the films versus the incident enengy, transmission
and reflection measurements were carrec ont at room
temperature, 1n amorphous semiconductors, the optical
absorption spestrumn has been found to have three dis-
Lo, reglons vig., a high alesorption reeion, Ue exporen-
tial edge reglion, and a weax absorption tail that criginetes
from the defeets and impuritics. The high abaerption pars

Fiz. 4. SEM micrographs (a) for the pristine and (5) annealsd
at 400 K for 1 h for SnygShygBigSeyy flim.

2 caused by the band tc band trapsition and is followsd
by an exponential Urbach tail end then finally, a weak
abaorption tacl. It is well known that the weak absorption
tail originates from the defects ard impurities snd the ex-
ponential region is strovgly relased to the cheracteristic
struciural randomness of emorphoas meterial, whereas,
the high absorption region determines the cptical energy
gan. The absorption coefficen: o was computed from the
experimental measured values of 7 and T according to the
following cxprossion

T=(1- R exn(—ad)

wlere o = the thidkness of W vestizalbe] Oloes To Ui
Ligh alsorplion region fo 2= 100 UJ.ll_1:I. plicston enerey
deoendenee of abscrpiion cocficient cen be described sc-
cording to a model propesed by Tane [12]. The modal &

(ki) = Bk — .E',,;,:IJ2
wlere B 13 a constant which depend: vpon the transi-
tion probability and £y is the optical band gap. Tigure: 5
il 6 show e plob of (ofie) @ versos (L) Toe U pris-

tire as wel as annealed thin films for ciffereat Di con-
contrations of Sa1oSbee—xBixr Boo (0 = 2 = 2) systom.

A501-pa



The European Physical Jominal Applisd Physics

407 |-

:

frahey"® {evicm)'™
(5]
2

100

@,
: el . . .
1.00 125 1.5C0 1.75 20
hw {8V
Fig. 5. Plat showing the varistion of (ohe™™? with (he far
the pristine Snpo 8500 BizSep (0 £ ¢ £ &) flms

" =D
el = r-Z
& g=d
% x=8
. 2} + -8
5
2
g 1@
& A I
L
8 7 1/
o rE
g A
- i
2 /i -’f.fr .
0.6 0% 12 15 18
b (2]

Fig. 8. Plat showing the varistion of (ohe™™? with (he far
the annealed Sn1nShoieBieSem (0 7 £ 8) films.

The optical band gap (L;) is caloulated by laking the
intersept on the energy axis. Tlhe wariation of the opticsl
gap with Bi coneentrazion for the pristine anc annealed
films i= listed in Table 1. As observed from Tehle 1, the
optical zap for the priatine dhes initially increases with
r = 2 Bi concentration and then decreases sharply for
all the samples. For the anvealed films, the optical gap
imitielly increascs for = 0 at'’i as comparcd to the unan-
nealed sample andd then decreases sharply fie all the sam-
ples with increase of Bi and is less ss compared to the
unannealec films, The homogeneous mixing at lower con-
centiationg and the formation of strong Bi-Se honde in
the retwors, with consequant decrease in the defect states
may be the reason for initial increase in the optical zap.
Due to the incresse ‘n Bl contens, tae formation of Birich
backbone clusters in the newwork are enhanced. There-
fore, more addition of Bi causes an increase in the size of
these clusters, whick due to lower thermal conductivity of
amorphous network, causes it to crystallize i the network.

TEeir nucleation anc growth with ncrease in El content
enaarces the defect stales associated with the inhomoge-
weous Lbwe plieese sysbemn or Uhe copsbeados b W mixiog
of cryvetslline biemuth clusters and amorphous nsetwork.
Tre increase of thess deafect states may thns lead to de-
crease in tha optical zap. However, the typical rele plaved
by Bi impurity in chalcogenids systems, i.e. the change in
coaduction type Fom p-type to n-type alss mtuences the
optical properties of the system. The 2harp change in the
optical gap at higher Di cont=nt may alsc b= due to the
ocenrrence of carsler tvpe reversal (CTR] in the present
system [12.,14]. The change in the opiicel band sap for
the annealed films with increase m Bi content fiom x = €
to 8 may be due to the earangement of localized de-
fert states, D' and D (which are characteristic defects
uf clhimloogenicde plasses), ioduos] by eroneal aooeadiog Te-
low T, [16]. The quantity 37°, which & determined from
the elope of the Tawe plowe of (cgl'].mfjllf'2 wareue (he) for
the SnioSbes_Bie—8er (0 = 2 = 8) system for all the
pristine as wel as annealed fims, can be taken as an ap-
proximate messure of the sxtent of band tailing into the
band gap of the amorphous semiconductors. The obtained
valnes of B! for the pristine as well as annesled films are
lizzed in Teble 1. As obsaved from Table 1, the vahlice
of B~ for the pristine filma Ao not show any parsienlan
trend wizh Bl copcertration but in eass of annealed films
the values of B~ 'decrense with incr=ase in Bi content for
all the semples. The rise and fall in the value of B7! may
be atiributed to a decrease in the extent of localized tail
sbicbes aand due Lo Wlee developaenl of delecl stales by Ll
addition of Bi.

3.3 Electrical properties

Tte de conductivity messuremenss vield veluehle informa-
tion about the conduction mechanizm in amorphons 2emi-
conductors, Chalcogenide zlasses nonwally show an acti-
vasod temperature depeadent daslk conductivity according
tr the A-thening “elstinn
7 = Orexp J—.

where my 15 the material relsted pre-exponential actor,
E; ia the activaticn energy for de conduction and 18 calcn-
lated from the slope of In(«) versus 1000/T plots, & is the
Beltzmann constant and T 1s the shsolute temperature,
Figurz 7shows the variation of In{er) with semperatare for
the pristine as well =5 ann=alad dhrs snd these plats are
found to be straight linss ‘ndicazing that the conduction
15 through an activated process having single activation
energy 11 the temperature range 233-343 K. The dark
coaductivity of all the samples mecrease with ircrease in
temperature for both tie pristice end arnealed fims asz
shown iz Figure 7. The obtalned walues of the activation
energy for both the pristine and annealed films are listed
in Table 1. As observed from Table 1. for the pristine
films at low Bi concentration, there i= a little change in
activetion energy where as at higher concentiations of Bi,

A501-pd
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Fig. 7. Plots of In{e) versus 1000/T for the pristine (W) as
well as annealed ((71) SnyoShopeBipSern (0 £ © = 8) films.

a considerable decrease in the activation energy 1= ob-
gerved. For the annealed films, the activation energy i=
lesa as compared to the unannealed films and decreases
substantially with the increase in Bi content for all the
samples. With the addition of Bi, there = an ncrease
in the ionic bonds (Bi-Se). Moreover, the larger polar-
izability of the dopants helps in the formation of partially
ionic bonds with chaleogen likely and also accounts for the
increase in conductivity. The sudden decrease in activa-
tion energy can be understood by considering the effect of
charged impurities on the defect density and carrier con-
centration. According to Mott and Davis [16], the increase
in the density of localized states leads to the formation of
compositions with a high degree of disorder. The variation
of de parameters with Bi for the investigated compositions
may be explained by assuming that Bi atoms act as impu-
rity centers (give rise to some non-radiative defect centers)
in the mobility gap. This induces structural changes in the
network which may disturb the balance of the charged de-
fects and consequently change the electric conduction. In
such a situation the distribution and density of localized
states are modified and even some new trap states can
be created in the mobility gap [17]. Addition of Bi brings
about a reduction in the relative concentration of DV as
compared with D™ defects. This imbalance accompanied
by the contribution of extra electrons brings about dom-
inant electron conduction in Bi doped glasses. Also the
thermal annealing seems to readjust the localized states
in such a way that there is a substantial decrease in the
value of activation energy.

4 Conclusion

Thin films of Sn—Sb-Bl-Se were deposited at room
temperature have shown amorphous nature as confirmed
from the ¥-ray diffractograms for = = 0,2, 4 pristine films
and the samples with = = 6, 8 at'y of Bi show small peak.

The hinary phases of BizSes and BiSes were resulted af-
ter heat treatment for 1 h below the glass transition tem-
perature. Scanning electron microscopy studies also show
the presence of polverystalline phases in the amorphous
matrix after annealing. Optical gap mitially increases for
lower Bi content and then decreases sharply for the pris-
tine film= as Bi content increases. After heat treatment,
the optical gap increases for » = 0 as compared to the
pristine film and then decreases for all the samples as Bi
content ncreases. The activation energy follows the same
trend with Bl concentration as that of the optical gap.
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