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Sphalerite-wurtzite phase transformation in CdS
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An analytical study of the solid-solid phase transformation from the cubic zinc blende or sphalerite~S!
metastable modification of CdS~b-CdS! to the wurtzite~W! hexagonal stable phase~a-CdS! is presented.
Polycrystalline CdS layers in the cubic phase were prepared on glass substrates by means of chemical bath
deposition. Films were heated in Ar1S2 in the temperature~T! range 100–550 °C. X-ray diffraction data of
annealed samples allowed us to observe a process of gradual change fromb- to a-CdS. Optical absorption
spectra let us obtain the band-gap energy (Eg) of samples~both as grown and annealed!. The unit-cell volume
(V) vs T line shape was explained as an interface movement of theS-W interdomain wall driven byT. TheEg

vs T plot exhibits a minimum as a sharp peak at 300 °C, which is theT value assigned by us to the critical point
(Tc) of the experimental structural transformation. TheEg vs V curve indicates anEg5AV21BV1C func-
tional behavior. ThisEg vs V dependence was explained through a relation between (]Eg /]T)P and CP ,
whereCP is the specific heat at constant pressure. TheCP againstT function was also calculated in the interval
300–800 K.
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I. INTRODUCTION

Solid-state structural phase transitions have been wid
investigated due to their important theoretical and app
implications. At present, there are many phenomena tha
main open to suitable explanation, for instance, several
tual mechanisms involved in the structural, optical, elec
cal, etc., properties during structural phase transitions
large variety of solids such as superconductors, semicon
tors, glasses, metalic alloys, among others. Abundant w
has been reported on the cubic to hexagonal structural p
transition in crystalline semiconductors,1–8 and some of them
report, in particular, the sphalerite~S! to wurtzite ~W! trans-
formation in films9–11 and nanometric clusters12,13 of CdS.
Phase transformations in semiconducting materials h
been studied exhaustively theoretically and experiment
under application of either uniaxial or hydrostat
pressure;2,9,14 however, the phase transformation caused
thermal annealing at normal pressures has not been c
pletely understood up to now. In this paper we describe
insight into the structural transformation of semiconduct
from a metastable modification to the stable crystalline ph
in particular, into the old and well-known problem of th
transformation of zinc blende or sphalerite CdS~b-CdS! to
wurtzite CdS ~a-CdS!. The functional dependence of th
unit-cell volume (V), the band-gap energy (Eg), and the
specific heat at constant pressure (CP) as functions ofT, and
theEg vs V behavior are explained based upon the mode
Akhiezer, Davidov, and Spol’nik15 ~model A! of phase tran-
sitions in crystals, and on the relationship betweenCP and
(]Eg /]T)P reported by Sirota.16 Structural and optical char
acterizations were carried out at room temperature~RT!,
with the assumption that the crystalline state of annea
samples remains almost completely unalterable after coo
to RT. This approach phase transformation analysis migh
useful for understanding phase change phenomena in a
variety of semiconductors and insulators.
PRB 620163-1829/2000/62~19!/13064~6!/$15.00
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II. EXPERIMENT

Polycrystalline thin films in theb-CdS phase were grown
on glass substrates at 8061 °C by chemical bath deposition
The growth process has been described elsewhere.17 Twenty-
five samples of 5310 mm2 in area were cut from the sam
growing lot. The thickness measured by profilometer w
200610 nm. The layers were simultaneously thermally a
nealed~TA! in an Ar1S2 flux for 30 h at normal pressure in
the T range 100–550 °C; afterward, samples were taken
RT. The stoichiometry of CdS measured by electron deso
tion spectroscopy was@Cd#/@S#;1.0 within 3% in as-grown
~AG! and annealed films. X-ray diffraction~XRD! data were
obtained by means of a Siemens D5000 diffractometer,
the optical absorption~OA! spectra, in the UV-visible spec
tral region, were measured using a Unicam spectrophot
eter. All these characterization measurements were car
out at RT. The XRD information allowed us to calculate t
interplanar distance~d! of the lattice and the unit-cell volume
(V). d refers to ~111! and ~002! planes for theS and W
lattices, respectively. The determination ofEg values was
carried out using the formula (ahn)25(cte)(hn1Eg) of
direct electronic transitions, wherea is the OA coefficient. In
the (ahn)2 vs hn plot, the intersection of the extrapolate
straight part of the curve with the energy axis equalsEg , as
illustrated in Fig. 1.

III. RESULTS AND DISCUSSION

XRD patterns of CdS layers show the evolution fromb-
to a-CdS as the diffractograms progress from the AG sam
to the 550 °C TA sample, as reported in previous work18

The @111# direction in crystallineb-CdS coincides with the
@002# direction of crystallinea-CdS after structural transfor
mation. Figure 2 displaysd(T) as a function ofT. The line
shape can be divided into three regions. In the first region
the range 80–225 °C,d exhibits large oscillations whose am
13 064 ©2000 The American Physical Society
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plitude shows a slow decrease asT goes toward 225 °C. The
second region, 225<T<350 °C, is characterized by an ap
proximately linear dependence ofd vs T. The last region,
350–550 °C, also displays oscillations, but smaller than
the first region. Here, the amplitude ofd damps rapidly, be-
coming flat from T>470 °C onward. The final valued
53.355060.0001 Å is shorter than the reported value f
bulk W-CdS. d53.3599 Å. This shift in the finald value
might be due to the polycrystalline character of the CdS t
films and the amorphous nature of the substrate. The ins
the top of Fig. 2 illustrates the unit-cell~UC! volumeV plot-

FIG. 1. (ahn)2 vs the photon energy (hn) plot for as-grown
and two annealed samples. The extrapolation of the straight lin
the hn axis givesEg .
n

r

n
at

ted againstT, calculated by using the~hkl! indices of peaks
displayed in the diffractograms. Since theoreticallyV(S)
52V(W), twice the real UC volume ofW-structured
samples was employed in theV vs T plot, to have the same
numerical order ofV for comparison. This functional depen
dence, with a symmetric point atT5300 °C, the critical tem-
perature (Tc) of the phase transition, was reported by us
recent work.19 Actually, taking into account that the pressu
was maintained constant~normal pressure! during the an-
nealing process, the relation19

V5„2.65 tanh$@~1.8931022! K21#~T2573!%

1194.65 K21
… ~1!

can be considered as the equation of state of the UC of
material during the phase transformation. In this relati
according to the modelA, V represents the growing volum
of the new phase, which starts from point nucleation cent
followed by an interface movement~the intermixedS-W
wall! driven by a thermally activated process. In theory,S
andW crystalline phases have the same mass density va
so that no volume change would be expected during
structural transformation. In practice, in tetracoordinated
tices of binary compounds, in theS structure the fourAB
distances of theAB4 tetrahedron necessarily have equ
lengths, but in theW structure theAB length parallel to thec
axis is either longer or shorter than the other three.20 If all or
most of the neighboring coordination polyhedra show
equidirectional deformation, crystallites of the hexagon
phase will growth, if deformation implies an increase of t
c axis.20 In our case, theAB length parallel to thec axis is
longer than the other threeAB distances in all the layers
from the 300 °C TA sample onward. For annealing tempe
tures below 300 °C, only samples with theS structure are
observed in XRD diffractograms, with the fourAB lengths
increasing equally withT. Despite the presence of theS
phase alone, theA model15 predicts the presence o
W-structured regions for annealing temperatures be
300 °C, whether by generation ofW nucleation centers or by

to
the
g
a-

e

FIG. 2. Interplanar distanced as a function of
annealing temperature. The top inset shows
unit-cell volume plotted against the annealin
temperature. The bottom inset illustrates the log
rithm ~base 10! of the interplanar distance vs th
inverse annealing temperature.
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considering the smallW regions already present in AG
samples, both increasing withT. The more probable expla
nation for the lack of observation of theW phase is the ex-
istence of a preferred growth orientation of theW phase
along the@002# direction, which is parallel to the@111# di-
rection of the dominantS phase. With this in mind, it is
correct to expect no presence of peaks belonging to thW
phase, in addition to~002!, in the XRD diffractograms for
annealing temperatures below 300 °C. As a matter of f
this peak overlaps almost completely the~111! peak of theS
phase. TheW structure does not form a sharp border with t
rest of theSstructure in each grain, there is a mixture of bo
phases in a well-defined interdomain wall, whose wid
grows with T. Furthermore, taking into account that th
width of S-W interdomain walls reaches up to 9–16 % of t
average grain size of the films,19 different nucleation center
of the W phase grow volumetrically inside each grain asT
goes to higher values, and the external borders of these
terdomain walls contact each other untilT;300 °C, with an
effective internal volume of regions withW structure ex-
tremely small as compared with the total volume of the cr
tallite ~see inset in Fig. 3!. If this is the case, the effect of
detectable~by XRD! total volume ofW-structured lattice can
be neglected forT<300 °C.

In the first region~80–225 °C!, we think that the large
oscillations ind are due to arrangement of vacancies~V! and
interstitials ~I! of cadmium asT increases. An importan
density of V-I Cd pairs is created during the grow

FIG. 3. The difference of specific heatsCP2CV as a function of
annealing temperature. The inset represents schematically a
@S or zinc blende~ZB!# CdS crystalline grain withS-W interdo-
mains~ID! andW-structured regions growing inside the volume
ZB structure.
t,

in-

-

process;21 more V-I Cd pairs, or Frenkel defects, origina
during the TA of layers because of the movement of
cations surmounting an energy barrier in order to produce
structural phase change.21,22 As a matter of fact, theS-W
interdomain contains plenty ofV-I Cd pairs.19,21,22 These
V-I pairs are also being created at random at different po
inside the grain volume, due to thermal nucleation cent
Our opinion is that formation ofV clusters and localizedI
concentrations causes fluctuations in the lattice volume s
the driving thermal power sometimes either joins or spre
out these aggregates of defects, and it also annihilatesV-I
pairs. ForT>225 °C, the organized movement ofV-I pairs
predominates to induce the structural phase change. F
here, the phase transformation process runs faster by re
ing the volume of theS-W walls and, consequently, increa
ing the fraction ofW-structured lattice. In the last region,V-I
Cd pairs gradually disappear andV fluctuations are rapidly
annulled. The inset at the bottom of Fig. 2 displays the lo
rithm of d expansion versus the inverseT in the second in-
terval of TA ~225–350 °C!. This volume expansion is two
orders of magnitude larger than the normal thermal volu
expansion due to the enlargement of vibrational amplitude
ions in the lattice whenT increases. Moreover, the norm
thermal expansion in CdS is not an exponential therma
activated phenomenon, but linear withT. The graph evi-
dences a change in slope just atT5300 °C, the temperature
value that we have associated with the critical point (Tc) of
the transition.18,19,21 The discontinuity in the activation en
ergy at T5300 °C can be identified with different energ
barriers when the crystallite structure passes from
S-dominated to aW-dominated lattice. The inset in Fig. 3 i
a schematic illustration of the phase transformation proc
through interdomain andW-region growth. The heat capacit
must change during the structural transformation becaus
the generation of a larger density of states. With the purp
of observing the change,CP(T) was determined from the
relationCP2CV5a2b21VT, wherea is the volume thermal
expansion coefficient@V21(]V/]T)P# and b the compress-
ibility coefficient @2V21(]V/]P)T#. V21(]V/]T)P can be
deduced fromV(T) defined by Eq.~1!. It should be noticed
thata(T) results in a continuous function.CP2CV can be a
discontinuous function only ifb(T) is discontinuous during
the phase transformation.DV/V is discontinuous when CdS
undergoes a phase transformation from the wurtzite to ro
salt structure under pressure; nevertheless, before reac
the rocksalt structure, CdS first must pass through the m
stableS phase,9 and no discontinuity was observed.23 It is
expected that CdS, in this experiment, has a similar cont
ous behavior inDV/V to that observed in ZnS, when it
lattice transforms fromS to W under pressure.23 In general,
b(T) has a slow dependence onT,24~a! which we took advan-
tage of to use a constant value in calculations. The first
rivative of Eq.~1! allows one to obtain the function

bic
CP2CV5
~3.4831022!T sech4$@~1.8931022! K21#~T2573 K!%

2.65 tanh$@~1.8931022! K21#~T2573 K!%1194.65
eV/K molec. ~2!
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In the 3.4831022 factor are included an average compre
ibility coefficient from two values reported23,25 (b52.23
3106 bar21) and the fact that the unit-cell volumes consi
ered here have four molecules of CdS. Figure 3 depicts
CP2CV versusT function in the interval 450–700 K. This
curve peaks at 573 K, the critical pointTc of the structural
transformation. The form of the curve clearly indicates
phase transition between two different crystalline structu
of the material. As this curve is continuous throughTc ,
which implies thata andb are also continuous, the transitio
is of the first order.24~b! Obviously, the transformation from
S- to W-CdS is a gradual process without any abrupt step
the CP2CV functional dependence onT. It must be noted
that CV cannot have any abrupt change, at least at the h
temperatures used here. The order-disorder transformati
not first order, even though Yu and Gielisse9 suggest thatS
→W is an order-disorder transformation that can be con
ered analogous to a first-order transformation, because
material transforms in a series of infinitesimal steps from o
‘‘phase’’ to the next one as the free-energy curve of ea
successive ‘‘phase’’ becomes the lowest.

TheEg vs T dependence is depicted in Fig. 4. The diffe
ence betweenEg52.45 eV for AG cubic CdS film and the
standard value 2.40 eV fora-CdS bulk is within the well-
known accepted difference~0.1 eV!.26 Figure 4 clearly evi-
dences a minimum valueEg52.29 eV, which peaks sharpl
at Tc (300 °C5573 K). For T.300 °C, Eg turns back to
higher energies, although it does not reach its initial va
but stabilizes at 2.38 eV. TheEg evolution with T in the
range 80–225 °C is less affected thand andV in the sameT
range. Probably,d and V fluctuations are well localized in

FIG. 4. Band-gap energy as a function of annealing tempera
The top inset shows that Vegard’s law is not valid. The bottom in
displays the band gap vs unit-cell volume plot. The band-gap
ergy shows a parabolic dependence on the unit-cell volume. Da
line is the least-squares minima calculation.
-
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the W-S interdomain; however, these fluctuations alter t
total volume of each crystallite. In contrast, theEg measure-
ment is a result of light signals coming from the whole bu
of grains, in which are zones having neither clusters
aggregates of defects, but mostly well-structured mate
AboveTc , in agreement with Vegard’s law, one expects t
Eg value to follow the same trend toward lower energie
becaused continues increasing, but it does the opposite. F
T.Tc the binding forces of theW lattice overcome the vol-
ume increase effects.Eg peaks acutely atTc due to the fact
that there exists adV/dT maximum value, after which the
ever-increasing density of largerAB lengths starts to have
slower growth rate and stops at saturation (T.500 °C). It is
worth while remarking that disorder is not the origin of th
sharp minimum in theEg plot, since the calculation ofEg
values is based on the parabolic band structure around tG
point of the UC, i.e., using the well-known relation (ahn)
5(cte)(hn1Eg). Here, Eg is the intercept of the straigh
line with thehn axis, as demonstrated in Fig. 1. This mea
that the band structure either swells or shrinks according
whether the UC volume diminishes or increases.

The upper inset of Fig. 4 showsEg as a function ofd.
Obviously, Vegard’s law is not valid along the entire ran
swept by d; nevertheless, in a small range neard
53.345 Å, corresponding toTc , the experimental points re
semble a linear dependence ofEg on d. In the inset at the
bottom of Fig. 4, theEg vs V data plot exhibits a parabolic
dependence, through a set of well-scattered experime
points in theV range of, approximately, the linear part of th
V vs T line ~in the interval 225–350 °C of the top inset o
Fig. 2!. The scattering of experimental points in theEg vs V
plot around the parabolic fitting is larger than the error
direct Eg measurements added to the error produced by
culating theEg error propagation fromV and T error bars
produced in their individual measurements. The dispers
character of the points is mainly due to intrinsic fluctuatio
of Eg and V. By means of least-square minima applied
those experimental measurements, one can obtain the
nomenological expression

Eg5$@~1.0560.34!31022 Å 26#V22~4.0861.32! Å 233V

1~4006127!% eV. ~3!

For a theoretical fitting of this function, the relation

CP52A~]Eg /]T!P ~4!

proposed by Sirota16 can be used. A is a constant paramete
depending on the specific semiconductor studied. An equ
lent relation,

Eg52A21E
T0

T

CP dT ~5!

was employed by us. The integration of Eq.~2! from T0 to
anyT value nearT0 can be approximated by using in Eq.~2!
sechx'1 and tanhx'x, for x→0, in our case whenT
→T0 . In this way,
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E
T0

T

~CP2CV!dT>~3.4831022!

3E
T0

T T dT

~5.031022!~T2T0!1194.65
.

~6!

The integration process supplies

E ~CP2CV!dT

5„2.0631022$52.9~T2573!2~1.753105!

3 ln@11~2.5731024!T#%… eV/K molec.

Afterward, one can use the series ln(11x)5x21
2x

211
3x

3

2••• . Up to second order in the series, the following expr
sion is reached: *CPdT5$(7.4831025)T21(1.48
31022)T255.211*CVdT% eV/molec. Employing the De-
bye temperature of CdS, it can be shown that the variatio
CV from 450 to 700 °K is 0.983(3R) to 0.992(3R), respec-
tively, where R58.314 J/K molec.58.62
31025 eV/K molec., is the molar constant of gases. In th
case,CV can be taken constant in this temperature ra
~averageCV52.5531024 eV/K mol!. Then*CVdT5@(2.55
31024)T20.146#
eV/molec. Consequently,

E
573 K

T

CPdT5$~7.4831025!T22~1.5131023!T

255.36% eV/molec. ~7!

In order to getEg as a function ofV, we used theV vs T
experimental dependence in the same range of theEg para-
bolic dependence, i.e., the interval ofV from 191 to 198 Å8

~bottom inset of Fig. 4!. In this region Eq.~1! can be ap-
proximated to the linear function V5„2.65$@(1.89
31022) K21#(T2573)1194.65%…Å 3, equivalent to T
5@(20.0 Å3)V24466# K. In this way, by replacing this las
expression in Eq.~7!, one obtains

E
573 K

T

CPdT5$~2.9931022!V2213.06V1489% eV/molec.

~8!

The constantA in Eq. ~4! should be evaluated from exper
mental data already reported. Thus, (]Eg /]T)523.90
31024 eV/K ~average!,27~a! and CP513.1 cal/K mol52.8
31024 eV/K molec.~average!.27~b! Both values,]Eg /]T and
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