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Thin films of silver selenide (Ag 2Se) between thicknesses of about 700 and 2200 A have been
prepared on glass substrates at room temperature in a vacuum of 5 X 10 5 Torr. After vacuum
annealing the films (at about 373 K for 3 h) electrical resistivity measurements on these films
have been carried out in vacuum. From the increase in the rate of decrease of resistance with
temperature, the phase transition temperatures (orthorhombic to body-centered cubic) of the
different films have been located. It is found that the phase transition temperature of the thin
films is a function of thickness increasing with a decrease in the thickness. This observation has
been explained by a recently developed theory [V. Damodara Das and D. Karunakaran, J.
Phys. Chern Solids 46, 551 (1985)] of phase transitions in thin films modified further. Also, an
order-of-magnitude value of the difference in the function of specific surface and interfacial
energies of the two phases has also been determined using the theory.

t INTRODUCTION
It is well known l - 12 that the compound Ag 2 Se undergoes a polymorphic transition. The transition mechanism,
the structure, and the electric and calorimetric properties of
the material have been studied by many workers, and a comparative study has been reported by De Ridder and Arnelinckx. 1 The structural data reported in the literature are,
however, contradictory. At temperatures below the transition point, the compound has been described as tetragona},2
orthorhombic, 3 and sometimes as monoclinic;4 the phase
that is stable at high temperatures has been described by all
the above authors as body-centered cubic (bcc) (the lattice
parameter a = 4.98 A). The phase transition temperatures
of silver selenide located by a variety of experiments like xray diffraction, electron diffraction, thermal analysis, electrical conductivity, etc., vary from 403 to 439 K. 5-9
The discrepancy in the phase transition temperature observed for different samples of the same material is almost
certainly due to the different crystallite sizes of the samples
in the (polycrystalHne) bulk samples and different thicknesses, as wen as to the grain sizes when the material is in the
(polycrystalline) thin-film state.
Silver selenide belongs to the A ~ B VI group of semiconducting compounds characterized by a higher carrier density (10 17 _10 19 cm 3) irrespective of the preparation method. The low-temperature phase behaves as a semiconductor,
whilst the high-temperature phase shows the properties of a
metal. Studies of the electrical properties of Ag 2 Se demonstrated that at room temperature the compound is an n-type
semiconductor with a carrier mobility of 2000
cm z V -I S - I .
Rahlfs lO and others l3 have investigated the crystal
structure of AgzSe by x-ray diffraction and have shown that
in the high-temperature phase, the anions are arranged on
the bce lattice while the Ag ions are statistically distributed
among the 42 interstitial sites available. Such a structure
predicts that all the Ag ions are mobile. Hence ionic conductivity due to Ag ions is large in the high-temperature phase
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and increases slightly with increasing temperature.
It has been found 14 impossible to p-dope silver selenide.
It may also be noted 1: that even a sample containing 0.37
at. % excess Se was n type at 4.2 K. Dalven and Gill's 11
report on electrical properties of AgzSe carried out at very
low temperatures indicates that the onset of degeneracy
takes place at 70 K. The semiconducting behavior, resistivity, and temperature coefficient of resistance CTCR) studies
on the low-temperature phase of Ag 2 Se thin films and the
thickness dependence of these parameters have already been
discussed in our earlier paper. i5
There are quite a few works that regard the shift of the
phase transition temperature during the phase transition of a
material as a function of grain size, and some that regard it as
a function of thickness,,·16-J8 Sharma5 has found that the
transition temperatures of the materials AgzTe, Ag 2 Se, and
Ag 2 S in the thin-film form are higher than in the respective
bulk materials. He observed the phase transition by electron
diffraction and attributed the enhancement of transition
temperature in thin films to the large surface-area-to-volume
ratio. According to Buravikhin, Litvintsev, and Ushakov, 16
the shift in the phase transition temperature in thin films
may be strongly dependent on the small dimensions of the
grains. Watton 17 has found that the superconducting transition temperatures ofSb and In can be enhanced if the materials are prepared in the form of thin films. He has attributed
the enhancement ofthe transition temperature to the smaller
grain size of the films: the thinner the film, the higher the
transition temperature. Natarajan, Das, and Rao 18 studied
the effect of particle size in the 5-] 50 pm range on the phase
transformations of quartz, K 2 S04 , and KN0 4 by recording
the differential thermal analysis curves. The transition temperatures were found to increase with the decrease in particle
size. Since in a thin film the grain size is nearly proportional
to the thickness of the film, one can expect, on the basis of
Natarajan et of.'s observations, an enhancement of transition temperature as the thickness ofthe film decreases. Since
the grain sizes in the thin films are much smaller than the
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particle sizes of the powders used in their work, it is expected
that larger changes in the transition temperature can occur
in thin films. In the case ofBi thin films, the amorphous-tocrystalline irreversible transition is found to occur between
10 and 160 K, depending on thickness. l9 Gallium thin films
also exhibit this type of thickness-dependent phase transition. 20
The phase transition studies carried out in the present
work on AgzSe in the thin-film state by electrical conductivity measurements indicate that the phase transition does not
take place at the same temperature for films of different
thicknesses. In accordance with the observations made on
samples like Bi, 19 Ga,20 and Ag2Te,21 the phase transition of
AgzSe thin films also increases with decreasing thickness. In
the following sections, the phase transition studies carried
out on Ag 2 Se films with the help of electrical resistance measurements are reported and discussed,
II. EXPERIMENTAL PROCEDURE

Thin films of Ag2 Se alloy were prepared by vacuum
evaporation of the bulk Ag 2 Se alloy. The alloy was prepared
by mixing ultrapure Ag (99.999%) and Se (99.999%) in 2: 1
atomic ratio and heating the mixture in vacuum in a sealed
quartz tube, keeping it at 1000 °C for about 12 h. Then it was
cooled and the compound annealed at 650·C for several
hours and slowly cooled to room temperature. X-ray powder
diffraction patterns of the samples taken from various regions of the ingot confirmed the formation of the compound.
Films of different thicknesses, between 660 and 2200 A, were
prepared by vacuum deposition of the above bulk alloy onto
cleaned glass substrates held at room temperature, using a
molybdenum boat in a vacuum of 5 X 10 - 5 Torr. The glass
plates used as substrates were cleaned with warm chromic
acid, detergent solution, and distilled water in that order.
Immediately before the glass substrates were mounted in the
vacuum deposition chamber they were further cleaned with
isopropyl alcohol. Films of different thicknesses were prepared in individual evaporations. The source-to-substrate
distance was about 20 cm and the substrate was held directly
above the source. The lateral dimensions of the films were 3
cm X 1 cm. The thicknesses were measured in situ using a
quartz crystal thickness monitor. In order to ensure that the
composition of the film was that of the starting bulk alloy
and also to ensure the homogeneity of the thin film, a known
quantity of the bulk alloy was taken into the boat each time
and was completely evaporated at a fast rate.
The x-ray diifractograms of as-grown Ag 2 Se films did
not exhibit any peask of Ag 2Se which could confirm the
compound formation. Also, electrical measurements could
nol be carried out on as-grown Ag 2 Se films because of the
instability of measurements. (The instability of the as-grown
films might have been due to its metastable state and amorphous state.) Hence, an the Ag 2 Se as-grown films were
vacuum annealed at 373 K for about 3 h, the duration and
temperature of annealing being fixed by trial experimentation. The x-ray diffractograms of the annealed Ag 2 Se films
confirmed the compound formation in the thin-film state
(Fig. 1). It is also seen from the figure that the diffractogram
contains only the peaks corresponding to (020) and (040)
2106
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FIG. 1. X-ray diffractogram of typical annealed Ag,Sc thin

mITL

reflections of the orthorhombic low-temperature phase, indicating that the films have a fibrous texture with (010)
planes of the crystallites being parallel to the film plane. The
compositional analysis carried out on annealed films by the

FIG, 2, (a) EDAX spectrum oftlle bulk Ag,Se alloy. (b) Typical EDAX
spectrum of an annealed Ag,Se film.
V. D. Das and Do Karunakaran
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Philips Scanning Electron Microscope attached with an
ED AX analyzer also gave a near-stoichiometric composition. Figures 2 (a) and 2(b) show the results of the EDAX
analysis carried out on the bulk sample and the annealed thin
film, respectively. It was found from the figures that the ratio
of the integrated intensities of the peaks in the two figures
corresponding to Ag and Se in the bulk and the thin film is
nearly the same, confirming the stoichiometry in the thin
films, too [the additional peak in Fig. 2(b) (EDAX spectrum) of the film is that of silicon coming from the glass
substrate used j.
The measurement setup and the method of resistance
measurement have already been explained in an earlier paper.22 Briefly, the experimental setup consisted of a copper
heater stage to which the film carrying substrate was
damped. The heating stage could be heated at the rate of 1-2
K/min. The electrical contacts to the film were made with
copper pads at the ends using thick silver film layers overcoated on the film. The temperature was measured to an
accuracy of ± 1 K with a copper-constantan thermocouple
fixed right onto the film. Resistance was measured with a
Wheatstone's bridge to an accuracy of ± 0.1 %. The vacuum during film formation, annealing, and the conductivity
measurement was about 5 X 10 - 5 Torr.
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III. RESULTS
Figure 3 (a) shows the typical behavior of the resistance
variation with temperature for a thin film of thickness 870 A.
before, during, and after the transition. The phase transition
temperature is defined as the temperature at which the largest decrease of resistance with temperature occurs. The
phase transition temperature for this particular thin film
during heating is 419 K. Figure 3 (b) shows the resistance
variation with temperature of the above film both during
heating and cooling and it is evident that the transition temperature during cooling is different and much lower from
that during heating, thus exhibiting a hysteresis behavior.
This kind of hysteresi.s behavior was found in the case of all
the films and the magnitude of hysteresis was thickness dependent. This hysteresis behavior and its size dependence
have been discussed in another paper23 and hence need not
be discussed here again. We will consider here only the shift
in the transition temperature because of the change in the
thickness of the film (during heating only). Figure 4(a)
shows the phase transition curves for films of different thicknesses during heating. It is clearly seen from the figures that
the phase transition temperature T, (marked by arrows) of
different films are different and the phase transition temperature is thickness dependent. Figure 4(b) shows the
log R (R = resistance) vs liT plots for the above films,
which also clearly show that the phase transition temperatures of the different films are different, The near linearity of
the curves also shows that before the transition (at low temperatures) the films are semiconducting. Figure 5 shows T,
described above as a function of film thickness t. The differential scanning calorimetric analysis carried out on the bulk
alloy used for thin-film preparation gave the bulk transition
temperature as 400 K. Because of the very low resistance of
2107
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FIG. 3. (a) Resistance vs temperature plot of the Ag 2Se film of thickness
870 A showing the phase transition behavior. (b) Resistance vs temperature plots of the above film both during heating and cooling showing hysteresis in the phase transition during heating and cooling.
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the bulk alloy, the phase transition temperature could not be
located by electrical measurements.
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The conditions for phase equilibrium in thin films can
differ from those in the bulk materials because of the effect of
external surface and grain-boundary surface energies. 24,25
Further, to the extent that the external surface-to-volume
ratio and the grain size of the films become functions of
thickness, the external surface and grain-boundary surface
energy contributions to the Gibbs free energy of the phase
will be thickness dependent. This will lead to shifts in the
phase transition temperature of thin films to lower or higher
values compared with that of the bulk, depending on the
nature of the difference in specific external surface and
grain-boundary surface energies ofthe two phases. Hence, in
thin films, the film thickness can be considered a thermodynamic parameter, qualitatively equivalent to the usual parameters-temperature, pressure, and concentration of
components-as mentioned in the literature.lO,n 18 Thus, in
the thin-film state, taking into consideration the external
surface energy and grain-boundary surface energy contributions, the Gibbs free energy per unit volume of the given
phases (say 1 and 2) can be written as21
GF! =GB1

+ (C;uel/t) + (CPo/t),

(la)

and
(lb)

where GBland GB 2 are the Gibbs free energies of the two
phases in the bulk, GF I and GF2 the Gibbs free energies of
those in the thin-film state, ad , a e2 and Un 'U r2 the specific
external surface energies and grain-boundary (internal surface) energies of the two phases, and t is the film thickness.
Also, Cjuelt refers to the external surface energy per unit
volume of the material and CPi It to the grain-boundary
(internal surface) energy per unit volume of the material. C 1
and C2 are constants of proportionality.
In the case of a film of thickness t and lateral dimensions, breadth b, length l, we have external surface
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FIG. 4. (a) Phase transition curves for films of different thicknesses (resistance vs temperature plots) during heating. (b) log, R vs lITp!ots for the
above films showing semiconducting behavior at low temperatures and also
the phase transition temperatures fOT different films.
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FIG. 5. Phase transition temperature T, as a function of thickness t for
Ag,Se thin films.
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area = 2bl (because t ~ b,l) and volume = bit. Therefore,
the external surface area per unit volume is

(2a)

Ae = 21t.

Hence, the external surface energy contribution per unit volume of phase 1 becomes

(Ut)a,

= ClUe, It

with

C 1 =2.
(2b)
The functional relationship between the grain-boundary energy contribution and thickness t can be worked out
because, as mentioned earlier, grain size is a function of
thickness, increasing nearly linearly with it. 26 Thus, if the
grains are considered to be spherical and of average radius r,
the number of grains per unit volume will be 11(413 )1Tr 3
= 3/41Trl. Thus, the internal surface area per unit volume
becomes
41Tr(3/~)

= 31r.

Therefore, the grain-boundary interface energy per unit volume varies inversely with radius (size). As the average grain
size 2r can be approximately considered to increase linearly
with thickness t and hence is nearly equal to i.t, the grainboundary energy per unit volume also varies inversely with
thickness.
Thus, the grain-boundary energy contribution per unit
volume becomes.

A;ui , = (3Ir)O",l = (3ICt)ail = (C2 a n It),

(3)

where C z ",,6 as t"",2r.
Since the phase transition temperature in the thin-film
state is determined by the relation GFl = Gn instead of by
GB 1 = GB 2' valid for the bulk state, by starting from the
above relation for phase transition in the thin-film state, we
can arrive at an expression for the thickness dependence of
the phase transition temperature along the lines suggested by
Komnik. 27
Damodara Das and Karunakaran 21 have recently
shown using the above equations that the shift in the phase
transition temperature 11 T in the case of spherical grains is
given by
t:..T= TB - T,

= flaTB/Lt,

J. Appl. Phys., Vol. 68, No.5, 1 September 1990

2irr 2 + 211'rl = 21TK 2 t 2

+ 21TKt 2 = 21TK(l + K)t 2.

Further, the number of grains per unit volume becomes
( 1/rrK 2t 3). Thus, the total grain-boundary area per unit volume becomes

Ai

=

OhrK lt 3 )[21TK(l

+ K)]t 2 =

[2(1

+ K)IK]( 1/t).
(Sa)

Therefore, the grain-boundary contribution to energy (per
unit volume) in the case of cylindrical grains becomes (for
the first phase)
[2( 1 + K)/Kt

JUil

=

(C20"il/t)

with

C2 = [2(1 +K)/Kl.

(5b)

This equation should be compared with Eq. (3) valid for the
spherical grains.
Proceeding on the same lines as described earlier,21 we
get a similar inverse thickness-dependent expression for the
shift in the phase transition temperature with the thickness
of the film even in the case of cylindrical grains, viz.,
AT, = (AuTsILt) but with different expressions for a\ and
0"2 and hence for /).u as outlined below,
As for phase transition in thin films, the condition is
GF ! = G n insteadofGR ! = GB2 where Gis the Gibbs' free
energy and the suffixes F and B refer to the film state and the
bulk state, respectively, and 1 and 2 stand for the first and the
second phases, and in the case of thin films, G is a function of
not only pressure P and temperature l' but also the two surface areas, viz., Ae the external surface area and Ai' the
grain-boundary surface area, we can write for the condition
for phase transition to occur dGF! = dGF2 as an equality of
the sum of the three partial deri va ti yes of G wi th respect to T,
A e , and Ai (for constant pressure P) of the two phases. 21
The partial derivatives of G can be written as

(6)

(4)

where L is the heat of transformation, Tn the transition temperature in the bulk material, and T, the transition temperature in the thin film state of a film of thickness t;
t:..0" = U 2 - a 1 is the change in the function of specific external surface and grain-boundary surface energies during the
phase transformation. The index 1 refers to the high-temperature phase and 2 refers to the low-temperature phase. T,
can increase or decrease, depending on whether fla is positive or negative. The above relationship was obtained by
making assumptions that the grains were spherical and the
radius ofthe grains was approximately equal to the thickness
of the film.
In the case of the present Ag 2 Se thin films, it can be seen
from the diffractogram of Fig. 1 that they have a good (010)
preferred orientation and hence consist of grains which are
highly columnar. Thus, we can consider these grains to be
cylinders of length 1 = thickness of the film t and radius r
2109

equal to Kt where K is the constant of proportionality and is
less than 1, Then the volume of a cylindrical grain becomes
11'r 2/ = 1TK 2t 3 and the area of the grain surface becomes

( aGf-")
JAe

I;P.A,

dGF
JA;

T.P,A,

(

)

= O"e,

(7)

=

(8)

U ,
i

because the Gibbs' energy G in the case of a thin film is given

by
(9)
where U e and O"i are the specific external and internal surface
energies, Pis the pressure, V the volume, S the entropy. T the
temperature, and U the internal energy.
Substituting these values of the partial derivatives in the
equality of the total derivatives dG FI = dGn , we get 2 !

)\
(aaT
iAe

(aaT)

= (O"e2 = (U,"2 -

'h.
:.r.tt

O'eJ

)/(S2 -SI)'

(10)

Ai

0';1

)/(S2 - SI)'

(11 )

A('

V. D. Das and D. Karunakaran

2109

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.120.242.61 On: Sat, 29 Nov 2014 19:41:00

(11) and noting that as before, BAclat = - 2It 2 , but now
aAilBt becomes = [ - 2(1 + K)IKJ( lit 2) [from Eqs.
(2a) and (Sa)], we can write

But the rate of change of phase transition temperature T
with thickness t can be written to be due to a sum of two
contributions-one due to the external surface area and the
other due to the internal surface area.
Thus we get

dT

dt =

(aT) aAe
(BT) BAi
BAe A, iit + BAi A, at

dT
dt

(12)

Substituting for the partial derivatives from Eqs. (10) and

or

f

dT
dt

[20".1

+ 20'i! (1 + K)IK]

-

[20""2

+ 20".2 (l + K)/K]

(13 )

(S2-S\)12

j

Thus, if we put

+ ai, (1 + K)IK]

2[ O"el

0"\

=

0"2

= 2[ (Te2

and

+ 0"12 (1 + K)IK],

the equation becomes

dT = [(a l
dt

_

O"Z)/(S2 -

SI)] (lIt 2)

(14)

or

dT
(15)
dt
where the latent heat of transition, L = Tn (S2 - SI), Te is
the bulk transition temperature, and !:w = (O"z - O"j) is the
difference of the specific surface energy function.
Integrating as before this equation for the thicknesses
from t = t and t = 00 (bulk material), we get

(Ji dT=

JTr

_ (AO'TBIL)f'" dt It 2

(16)

t

or
(17)

In the phase transition of AgzSe thin films, since the
transformation temperature increases with a decrease of
thickness, it can also be inferred that a, > 0'2' since
AO" = 0"2 - (Tj is negative.
In addition to the film thickness, deviation in composition of the thin films can also affect the phase transition
temperature to a certain extent. The compositional analysis
carried out by EDAX analysis on annealed Ag 2 Se films used
in the experiments confirms near stoichiometry. The small
variation in stoichiometry seems to be not strong enough to
affect the phase transition temperature at least in the present
observations, since the inverse thickness dependence as required by the above equation in the case of thin films of
different thicknesses is clearly exhibited in the plot shown in
Fig, 6. This fact oflinear relationship with inverse thickness
also rules out the influence of porosity, if any, on the change
in the phase transition temperature with thickness. This is
because, as discussed in the case of Ag 2 Te films, 15 the porosity will be independent of thickness and also only changes (J'i
to (Te without increasing the grain-boundary surface area.
The intercept of the straight line gives the phase transition
2110
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temperature for a film of infinite thickness according to the
above equation, which is found to be about 390 K. This compares well with the phase transition temperature in the case
of bulk samples which is reported to be around 400 K. From
the slope of the straight line, a change in the surface energies
function can be calculated, provided the heat of transition L
is known. Taking the value of dS as 2.85 cal mol- 1 deg
K,I-5 and Tn as that of infinite thickness film, 390 K, using
the relation dO'TBIL = slope and L = TB/j,S, where 6.S
= 1110 cal mol I, 6.a is calculated as 912 ergs em -- 2 • Instead of taking TB to be the phase transition temperature of
the infinitely thick film as obtained by the transition temperature versus lIthickness plot, if we take Teas the transition temperature of the bulk alloy (406 K), 10 then we also
get Aa as 912 ergs/cm2 since the expression for the phase
transition temperature T, is independent of TR but depends
only on Sbecause TBIL = liAS. No previous values of the
surface energies-particularly the grain-boundary surface
energy-are available in the literature or calculable for comparison with the observed aO' value. The 1l0' value obtained
in the case of Ag 2 Se thin films is of the same order ofmagnitude as previously obtained in the case of Ag 2Te thin films,
which is 436 ergs/cm2 and is about double that of Ag 2TeY
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V. CONCLUSIONS

( 1) It is found that the phase transition temperature for
transition from the orthorhombic to the bec structure is a
function of thickness in the case ofAgzSe thin films of thicknesses between about 700 A and 2200 A.
(2) The functional relationship between the shift in the
phase transition temperature and thickness is found to be an
inverse relationship.
(3) Our theory relating the shift in the phase transition
temperature with thickness obtained in an earlier paper has
been modified and used to explain satisfactorily the inverse
thickness relationship in the case of Ag 2 Se thin films also.
( 4) The theory has also been modified to be applicable
to thin films with columar grains (as in the present case of
Ag 2 Se thin films).
( 5) The function 1::..(7 has been evaluated and is found to
be 912 ergs/cm 2 and is of the same order as that in Ag 2Te
thin films and is about double that in Ag 2Te. 21
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