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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 sphédgrite
metastable modification of Cd§-CdS to the wurtzite(W) hexagonal stable phase-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 AB, in the temperaturéT) range 100-550 °C. X-ray diffraction data of
annealed samples allowed us to observe a process of gradual changg-ftore-CdS. Optical absorption
spectra let us obtain the band-gap enerfgy) (of samplegboth as grown and annea)edhe unit-cell volume
(V) vs T line shape was explained as an interface movement dstf¢interdomain wall driven byl. TheEg
vs T plot exhibits a minimum as a sharp peak at 300 °C, which iS'thalue assigned by us to the critical point
(Tc) of the experimental structural transformation. THgvs V curve indicates anEg:AV2+ BV+C func-
tional behavior. ThisEy vs V dependence was explained through a relation betwegy/¢T)p and Cp,
whereC; is the specific heat at constant pressure. ChagainstT function was also calculated in the interval
300-800 K.

I. INTRODUCTION II. EXPERIMENT

Solid-state structural phase transitions have been widely Polycrystalline thin films in thgg-CdS phase were grown
investigated due to their important theoretical and appliedn glass substrates at8Q °C by chemical bath deposition.
implications. At present, there are many phenomena that réFhe growth process has been described elsewHdeenty-
main open to suitable explanation, for instance, several adive samples of X 10mnt in area were cut from the same
tual mechanisms involved in the structural, optical, electri-growing lot. The thickness measured by profilometer was
cal, etc., properties during structural phase transitions in 800=10nm. The layers were simultaneously thermally an-
large variety of solids such as superconductors, semiconduf@€aled(TA) in an Ar+S, flux for 30 h at normal pressure in
tors, glasses, metalic alloys, among others. Abundant worf® T range 100-550°C; afterward, samples were taken to
has been reported on the cubic to hexagonal structural pha&el - The stoichiometry of CdS measured by electron desorp-

transition in crystalline semiconductdr€ and some of them  tON spegtroscoayé/vﬁﬁd]/[S% E%Within 3% indas-grown
report, in particular, the sphalerit®) to wurtzite (W) trans- (AG)_ and anneaied 1ims. )_(—ray ! ractlc(rXR_D) ata were
formation in filmS-* and nanometric clustéi of CdS. obtained by means of a Siemens D5000 diffractometer, and

. . . : . the optical absorptiofOA) spectra, in the UV-visible spec-
Phase transformations in semiconducting materials hav: . : .

. ; . . fal region, were measured using a Unicam spectrophotom-
been studied exhaustively theoretically and experimentall

under aoplication of either uniaxial or  h drostatic)éter' All these characterization measurements were carried

reSSW&g& however. the phase transformation )cl:aused b out at RT. The XRD information allowed us to calculate the
P ’ . ’ P Xnterplanar distancé) of the lattice and the unit-cell volume
thermal annealing at normal pressures has not been co

letely understood up to now. In this paper we describe a V). o refers to(11]) and (002) planes for theS and W
pietely L P ' _pap . lattices, respectively. The determination Bf values was
insight into the structural transformation of semiconductors__ - ; '

o . carried out using the formulaav)“=(cte)(hv+E,) of
from a metastable modification to the stable crystalline phasgirect clectronic transitions. wheteis the OA coefficient. In
in particular, into the old and well-known problem of the ' .

2 . B
transformation of zinc blende or sphalerite CGBCdS to g:fai(ahr:V)arzlthtﬁepl?l}’r\/tgt\a/v:{]r;{et?eegrl]%? Of;)r:ii (eextrapo;eged
wurtzite CdS(a-CdS. The functional dependence of the gntp 9y quEys

unit-cell volume ¥), the band-gap energyE(), and the lllustrated in Fig. 1.
specific heat at constant pressu@-J as functions ofl, and

the E, vs V behavior are explained based upon the model of
-9 . IIl. RESULTS AND DISCUSSION
Akhiezer, Davidov, and SpolI'niR (model A of phase tran-
sitions in crystals, and on the relationship betwé&anand XRD patterns of CdS layers show the evolution frgin

(0E4/dT)p reported by Sirota® Structural and optical char- to a-CdS as the diffractograms progress from the AG sample
acterizations were carried out at room temperat(R&), to the 550°C TA sample, as reported in previous Wrk.
with the assumption that the crystalline state of annealed’he[111] direction in crystalline3-CdS coincides with the
samples remains almost completely unalterable after coolinf002] direction of crystallinea-CdS after structural transfor-
to RT. This approach phase transformation analysis might bemation. Figure 2 display$(T) as a function ofT. The line
useful for understanding phase change phenomena in a gresttape can be divided into three regions. In the first region, in
variety of semiconductors and insulators. the range 80—-225 °@ exhibits large oscillations whose am-

0163-1829/2000/629)/130646)/$15.00 PRB 62 13064 ©2000 The American Physical Society



PRB 62 SPHALERITE-WURTZITE PHASE TRANSFORMATION IN CdS 13 065

ted againsfT, calculated by using thénkl) indices of peaks

LS CdS displayed in the diffractograms. Since theoreticallyS)
=2V(W), twice the real UC volume ofW-structured
Ar + S, Flux samples was employed in thevs T plot, to have the same
numerical order oV for comparison. This functional depen-
A dence, with a symmetric point @t=300 °C, the critical tem-
© As-grown perature T.) of the phase transition, was reported by us in
v 244°C recent work:® Actually, taking into account that the pressure
LO[ was maintained constarihormal pressupeduring the an-

0O 300°C nealing process, the relatibh

V=(2.65tanf[(1.89x10 ?) K~ 1|(T-573)}

+194.65K 1) 1

(axhv) [(eV)cm210™]
o
(6,

can be considered as the equation of state of the UC of the
material during the phase transformation. In this relation,
according to the moded, V represents the growing volume

of the new phase, which starts from point nucleation centers,
’ followed by an interface movemerithe intermixedS-W
O ==t . — wall) driven by a thermally activated process. In thedy,
2.3 2.5 2.6 2.7 andW crystalline phases have the same mass density value,
hy(eV) so that no volume change would be expected during the

structural transformation. In practice, in tetracoordinated lat-
FIG. 1. (ahv)? vs the photon energyh) plot for as-grown  tices of binary compounds, in thg structure the fourAB
and two annealed samples. The extrapolation of the straight line tistances of theAB, tetrahedron necessarily have equal
the hv axis givesE,. lengths, but in th&V structure theAB length parallel to the
axis is either longer or shorter than the other tHf&éall or
most of the neighboring coordination polyhedra show an
plitude shows a slow decreasegoes toward 225 °C. The equidirectional deformation, crystallites of the hexagonal
second region, 225T=350°C, is characterized by an ap- phase will growth, if deformation implies an increase of the
proximately linear dependence éfvs T. The last region, c axis?® In our case, thé\B length parallel to the axis is
350-550°C, also displays oscillations, but smaller than idonger than the other thre@B distances in all the layers,

the first region. Here, the amplitude éfdamps rapidly, be-

coming flat from

T=470°C onward. The final valued

from the 300 °C TA sample onward. For annealing tempera-
tures below 300 °C, only samples with tigestructure are

=3.3550+ 0.0001 A is shorter than the reported value forobserved in XRD diffractograms, with the foB lengths

bulk W-CdS. 6=3

3599 A. This shift in the finals value

increasing equally withT. Despite the presence of tie

might be due to the polycrystalline character of the CdS thirpphase alone, theA model® predicts the presence of
films and the amorphous nature of the substrate. The inset &t-structured regions for annealing temperatures below

the top of Fig. 2 ill

ustrates the unit-c€lUC) volumeV plot-

300 °C, whether by generation @ nucleation centers or by
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process more V-Z Cd pairs, or Frenkel defects, originate
during the TA of layers because of the movement of Cd
cations surmounting an energy barrier in order to produce the
structural phase chang&?? As a matter of fact, thes-W
interdomain contains plenty of-Z Cd pairs!®?'?? These
V-7 pairs are also being created at random at different points
inside the grain volume, due to thermal nucleation centers.
Our opinion is that formation o¥ clusters and localized
concentrations causes fluctuations in the lattice volume since
the driving thermal power sometimes either joins or spreads
out these aggregates of defects, and it also annihilt&s
pairs. ForT=225°C, the organized movement BZ pairs
predominates to induce the structural phase change. From
here, the phase transformation process runs faster by reduc-
ing the volume of th&s-W walls and, consequently, increas-
ing the fraction ofW-structured lattice. In the last regiovZ
0.0 Cd pairs gradually disappear aMifluctuations are rapidly
400 500 600 700 annulled. The inset at the bottom of Fig. 2 displays the loga-
T(K) rithm of § expansion versus the inver3en the second in-
terval of TA (225—-350 °Q. This volume expansion is two
borders of magnitude larger than the normal thermal volume
é&pansion due to the enlargement of vibrational amplitude of
ions in the lattice whe increases. Moreover, the normal
thermal expansion in CdS is not an exponential thermally
activated phenomenon, but linear with The graph evi-
considering the smalW regions already present in AG dences a change in slope justTat 300 °C, the temperature
samples, both increasing with The more probable expla- Value that we have associated with the critical poifg)(of
nation for the lack of observation of th& phase is the ex- the transition'®'%?! The discontinuity in the activation en-
istence of a preferred growth orientation of thié¢ phase ergy atT=300°C can be identified with different energy
along the[002] direction, which is parallel to thg111] di-  barriers when the crystallite structure passes from an
rection of the dominanS phase. With this in mind, it is Sdominated to aV-dominated lattice. The inset in Fig. 3 is
correct to expect no presence of peaks belonging tohe a schematic illustration of the phase transformation process
phase, in addition t¢002), in the XRD diffractograms for through interdomain and-region growth. The heat capacity
annealing temperatures below 300 °C. As a matter of factynust change during the structural transformation because of
this peak overlaps almost completely 1d.1) peak of theS  the generation of a larger density of states. With the purpose
phase. ThaV structure does not form a sharp border with theof observing the changeCp(T) was determined from the
rest of theSstructure in each grain, there is a mixture of bothrelationCp—Cy= a8~ VT, wherea is the volume thermal
phases in a well-defined interdomain wall, whose widthexpansion coefficientV*(dV/aT)p] and B the compress-
grows with T. Furthermore, taking into account that the ibility coefficient[—V~1(aV/dP)]. V™ 1(aV/dT)p can be
width of S-W interdomain walls reaches up to 9—16 % of the deduced from\/(T) defined by Eq(1). It should be noticed
average grain size of the filmi8 different nucleation centers thata(T) results in a continuous functio@p— Cy, can be a
of the W phase grow volumetrically inside each grainTas discontinuous function only if3(T) is discontinuous during
goes to higher values, and the external borders of these ithe phase transformatioAV/V is discontinuous when CdS
terdomain walls contact each other ufti-300 °C, with an  undergoes a phase transformation from the wurtzite to rock-
effective internal volume of regions witkV structure ex- salt structure under pressure; nevertheless, before reaching
tremely small as compared with the total volume of the crysthe rocksalt structure, CdS first must pass through the meta-
tallite (see inset in Fig. B If this is the case, the effect of a stableS phase and no discontinuity was observétlt is
detectabléby XRD) total volume ofW-structured lattice can expected that CdS, in this experiment, has a similar continu-
be neglected fom=<300°C. ous behavior inAV/V to that observed in ZnS, when its
In the first region(80—225 °Q, we think that the large lattice transforms fron$ to W under pressuré In general,
oscillations iné are due to arrangement of vacandigsand  B(T) has a slow dependence ®17*® which we took advan-
interstitials (Z) of cadmium asT increases. An important tage of to use a constant value in calculations. The first de-
density of V-Z Cd pairs is created during the growth rivative of Eq.(1) allows one to obtain the function

0.10[-

0.081-

0.06-

004

Cp' Cv(eV/ k)

0.02+-

FIG. 3. The difference of specific hea@s— Cy, as a function of
annealing temperature. The inset represents schematically a cu
[S or zinc blende(ZB)] CdS crystalline grain witt5-W interdo-
mains(ID) andW-structured regions growing inside the volume of
ZB structure.

(3.48<10 )T sech{[(1.89x10 2) K~ |(T-573K)}

CemCv="3465 tank[ (1.89x 10 ?) K~ 1(T—573K)} +194.65

eV/K molec. (2)
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the W-Sinterdomain; however, these fluctuations alter the
) total volume of each crystallite. In contrast, thg measure-
s, ment is a result of light signals coming from the whole bulk
< ‘i. of grains, in which are zones having neither clusters nor
N o aggregates of defects, but mostly well-structured material.
2301 ot AboveT,, in agreement with Vegard’s law, one expects the
L B S 3330 3340 335 3360 Eg4 value to follow the same trend toward lower energies,
o/'\‘ INTERPLANAR DISTANCE (£) because’ continues increasing, but it does the opposite. For
- T>T. the binding forces of th&V lattice overcome the vol-
\ ume increase effect&, peaks acutely af due to the fact
\ oo 00 that there exists @V/dT maximum value, after which the
- ‘e Vot ever-increasing density of largé&B lengths starts to have a
\ s slower growth rate and stops at saturatidn=500 °C). It is
.35 | . worth while remarking that disorder is not the origin of the
/\. sharp minimum in theEy plot, since the calculation dEg
\ values is based on the parabolic band structure arount the
i»;azL Y § \ point of the UC, i.e., using the well-known relatiomlfv)
SR T 4

Saal % y '\.. ./. =(cte)(hv+Ey). Here, E4 is the intercept of the straight

230 Yt ",“' ) \/ line with thehv axis, as demonstrated in Fig. 1. This means
196 102 v'Ti\%m L that the band structure either swells or shrinks according to
whether the UC volume diminishes or increases.
0 100 200 300 400 500 600 The upper inset of Fig. 4 show, as a function ofé.
TEMPERATURE (°C) Obviously, Vegard's law is nqt valid along the entire range
swept by &, nevertheless, in a small range near
FIG. 4. Band-gap energy as a function of annealing temperature= 3.345 A, corresponding td., the experimental points re-
The top inset shows that Vegard’s law is not valid. The bottom insesemble a linear dependence Bf on 4. In the inset at the
displays the band gap vs unit-cell volume plot. The band-gap enbottom of Fig. 4, theEy vs V data plot exhibits a parabolic
ergy shows a parabolic dependence on the unit-cell volume. Dashetependence, through a set of well-scattered experimental
line is the least-squares minima calculation. points in theV range of, approximately, the linear part of the
V vs T line (in the interval 225—-350 °C of the top inset of
In the 3.48<10 2 factor are included an average compress—ig. 2). The scattering of experimental points in thg vs V
ibility coefficient from two values reportéd#® (8=2.23  plot around the parabolic fitting is larger than the error in
X 1P bar ) and the fact that the unit-cell volumes consid- direct E4 measurements added to the error produced by cal-
ered here have four molecules of CdS. Figure 3 depicts theulating theE error propagation fromV and T error bars
Cp—Cy versusT function in the interval 450—700 K. This produced in their individual measurements. The dispersive
curve peaks at 573 K, the critical poifit of the structural character of the points is mainly due to intrinsic fluctuations
transformation. The form of the curve clearly indicates aof E; andV. By means of least-square minima applied to
phase transition between two different crystalline structureshose experimental measurements, one can obtain the phe-
of the material. As this curve is continuous through, nomenological expression
which implies thatz??(gl)dﬁ are also continuous, the transition
is of the first ordef.*” Obviously, the transformation from _ 5 R 2 3
S to W-CdS is a gradual process without any abrupt step inEg_{[(l'OSi 0.34x107*A™°]V*~(4.08+1.32 A™XV
the Cp—Cy, functional dependence oh It must be noted +(400+127)} eV. 3
that C, cannot have any abrupt change, at least at the high
temperatures used here. The order-disorder transformation 8, 5 theoretical fitting of this function, the relation
not first order, even though Yu and Gieli$seiggest thas
— W is an order-disorder transformation that can be consid-
ered analogous to a first-order transformation, because the Cp=—A(dEq/dT)p (4)
material transforms in a series of infinitesimal steps from one
“phase” to the next one as the free-energy curve of eaclproposed by Sirot4 can be used. A is a constant parameter
successive “phase” becomes the lowest. depending on the specific semiconductor studied. An equiva-
TheE, vs T dependence is depicted in Fig. 4. The differ- lent relation,
ence betweere,=2.45eV for AG cubic CdS film and the

[N
o
[=3

N
>
@
T
\
.

2.45

BAND-GAP(ev)
n n
5 8
J
3
~

240

BAND GAP (eV)

standard value 2.40 eV far-CdS bulk is within the well- T
known accepted differenc®.1 e\).2° Figure 4 clearly evi- Ey= —Aflf CpdT (5)
dences a minimum valug,=2.29 eV, which peaks sharply To

at T, (300°C=573K). ForT>300°C, Eq4 turns back to

higher energies, although it does not reach its initial valuevas employed by us. The integration of E8) from T, to
but stabilizes at 2.38 eV. Thg, evolution with T in the  anyT value neaiT, can be approximated by using in E)
range 80-225°C is less affected th&andV in the samel  seclx=1 and tanix~=x, for x—0, in our case whenr
range. Probablys andV fluctuations are well localized in —Tg. In this way,
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.
f (Cp—Cy)dT=(3.48x10?)
To

JT TdT
" )1, (5.0x10° 2)(T—To)+194.65
(6)

The integration process supplies

f (Cp—Cy)dT

=(2.06x 10 4{52.9T—573 —(1.75x 10°)
XIn[1+(2.57X 10" %) T]}) eV/K molec.

Afterward, one can use the series In{)=x—2x>+x3

—-+-. Up to second order in the series, the following expres-

sion is  reached: [CpdT={(7.48<10 °)T?+(1.48
X 10" %)T—55.214 [C,d T} eV/molec. Employing the De-
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Cp, were taken at room temperature. The constant of &q.
was evaluated utilizing both these data, obtainiAg
=—0.71molec. . In Eq.(8) the volumeV is that of the UC,
which has four CdS molecules. According to thiss=4A’
=—2.84molec:’. Then Eq.(5), E;=—A"1[Cp(V)dV re-
sults in

Eg={[(1.05£0.15 x 10 2 A~ °]V?

—[(4.60+0.35 A 3]v+(482-40)leV. (9

Within the error bars, generated in E§) partially because

of averaging of thes, Cp, andJE4/JT data reported, and
partially from theV vs T dispersion error in the experiment
observed in the upper inset of Fig. 2 and in the approximated
integration, this is, in principle, a coincident expression with
the phenomenological relation of Ed2), and explains
learly theEy vs V dependence in the phase transformation.
In fact, disorder in the lattice does not exert an important
influence in the phase transformation. Figure 1 shows a

bye temperature of CdS, it can be shown that the variation ofpnger tail at low energies in the OA data of the 300 °C TA

Cy from 450 to 700 °K is 0.983(R) to 0.992(R), respec-
tively, where R=8.314 JJK molec=8.62

sample, evidencing that there is a maximum disorder in the
lattice, which does not affect tHTeg calculation. This means

case,Cy can be taken constant in this temperature ranggiependence, in agreement with the model of Akhiezer, Dav-

(averageC,=2.55< 10 *eV/K mol). Then [C,dT=[(2.55
X 10" T—0.146
eV/molec. Consequently,

In order to getEy as a function ofV, we used thev vs T
experimental dependence in the same range oEthpara-
bolic dependence, i.e., the interval 6ffrom 191 to 198 &
(bottom inset of Fig. # In this region Eq.(1) can be ap-
proximated to the linear functionV=(2.65[(1.89
X 10 %) K~ 1)(T—573)+194.63) A3, equivalent to T
=[(20.0 A%)V—4466| K. In this way, by replacing this last
expression in Eq(7), one obtains

T
f CpdT={(2.99x 10 ?)V?—13.06/+ 489 eV/molec.

573K

(€)

The constanf in Eqg. (4) should be evaluated from experi-
mental data already reported. ThusgE(/dT)=—3.90

X 10 *eV/K (averagg?™® and Cp=13.1cal/K mok2.8
X 10~ * eV/K molec.(average?™® Both valuesgE,/dT and

CpdT={(7.48<10 °)T?—(1.51x10 3T
K

idov, and Spol'nik, in theS-Wphase transition of CdS. The
work done by the system against the atmospheric pressure is
~4x10 %eV, which can be considered negligible. Since
the performance of the calculatéth(T) function through

the critical point predicts thé&, vs V dependence and no
discontinuity is necessary, ti&Wtransition can be assumed

to be first order.

IV. CONCLUSION

In summary, we have completely described the phase
transition process of CdS thin films from sphalerite to wurtz-
ite structural phases, at normal constant pressure, based on
x-ray diffraction and optical absorption measurements. The
experimental results were theoretically explained by using a
phase transition model and tf@,=—A(JE4/JT)p func-
tional dependence.
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