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The effect of particle size on the structural transitions in zinc sulfide
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Studies of pressure induced phase transformations of ZnS nanoparticles using diamond anvil cells
and synchrotron radiation were carried out to 20.0 GPa. Nanopatrticles initially in the zinc-blende
and wurtzite phases both transformed to the NaCl phase under the application of pressure. The
zinc-blende particles, which were of 2.8 nm size, and the wurtzite particles, which were of 25.3 nm
size, transformed to the NaCl phase at 19.0 and 15.0 GPa, respectively. Nanoparticles of the
wurtzite phase never regained their initial wurtzite structure but returned to the zinc-blende phase
upon downloading the pressure. The resultant zinc-blende nanoparticles transformed to the NacCl
phase upon the reapplication of a pressure of 15.0 GPa. Nanoparticles initially in the zinc-blende
phase returned to their original phase. 2001 American Institute of Physics.
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I. INTRODUCTION temperature. Commercial phosphors are often fired at tem-
peratures near 1000 °C to optimize luminescence. A potential

Semiconductors with dimensions in the nanometer realmydvantage, therefore, exists in using nanoparticles of ZnS

are important because their optical, electrical, and chemicajince the high temperature wurtzite phase can be attained by
properties can be tuned with particle size. This feature makegeating to relatively low temperatures, around 400500 °C,
them attractive candidates for device applications. Interest g5 reducing the cost of processing. Another advantage is

these materials is further heightened by the fact that theifyat the particles can be annealed directly on glass screens,
electro-optical properties arise from quantum confinemeny hich typically soften at temperatures above 600 °C. It is

effects and because their thermodynamic properties arg hsequently important to find the pressure tolerance for
dominated by surface effectiNanometer-sized particles of nanoparticles in the B4 phase, in order to determine their

PbS, CdS, and CdSe show lattice distortions from thelr .bu”f)perational limits in the presence of high pressure condi-
counterparts as well as the presence of residual rain. tions

Recently, Goldsteiet al. reported that nanoparticles of CdS In previous studies the semiconductor-to-metal transition

g1ue”I: ﬁ;c;et?iggerature which is substantially below that of thepressure P,) of bulk ZnS was reported to be in the range

9 . .
The Il-VI semiconductor ZnS is used in many applica_from 14.0 to 24.0 GP&? From shock studies?, was esti-

tions primarily for its luminescent properties. Although it has mated to-be 1?'7‘“‘2 Gpa%O Regent anglg dispersive a.md.
been reported to exist in a variety of polytypes, at standar§"€r9y dispersive x-ray diffraction experiments have indi-
temperature and pressu@TP it is known to adopt a crystal cated a transition from thelll34-to-B3 phase in the 8-—12 GPa
structure of either cubic, zinc-blende phd8& phase in the ange followed by a transition from B3 to the cubic NaCl
Struckturberichtotation, or the hexagonal, wurtzite phase (B1) phase at 12.4-13.5 GPa. Particles initially in the B3
(B4). The luminescent properties of the B4 phase are consid?nase showed the onset of the B1 phase at 8 GPa. The B3
erably greater than the B3 phase, however the B3 phase #d B1 phases coexisted up to 13 GPa. at which point the
the more stable structure at STP. Upon application otransition from B3 to B1 was completed. In their study, the
1020°C and 0.1 MPa to bulk ZnS, the B3 phase transformguthors do not mention the particle sfZzeRecent high pres-
into the B4 phase. Recent high temperature experiments pegure experiments based on resistivity measurements of ZnS
formed at the Naval Research Laboratory revealed a signifievealed the strong dependency Ryf on the particle size,
cant reduction in the B3 to B4 transition temperature withwhereP; varied between 15:60.3, 19.G¢-0.4, and 20.50.6
reduced particle sizéNanoparticles of ZnS were found to GPa for particles of 1&m, 36 nm, and 11 nm, respectively.
undergo zinc-blende to wurtzite transformation at a temperafhe experiments stressed the need to specify the particle size
ture at least 600 °C below that of the bulk phase transitiorwhen reporting the transition pressure of a I[I-VI
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semiconductot? In this article we report the effect of par-
ticle size on the B3-to-B1 transition pressure of ZnS. We
also study the stability of nanoparticles in the wurtzite phase
upon the application of pressure and present the compress
ibilities of the B4 and B3 phases.

B3(311)

NaCl(220)
B3(220)

0.43 GPa

NaCl (220)
BI(220)

NaCl(111)

20.53 GP
N AL

NaCl (200)
NaCl (220
BA(110)

& B3 (220)

B1(200)

15.53 GPa

Bi(111)

B1(220)

The ZnS:Mn(Mn ~0.5 at. % nanometer-sized particles
were synthesized using a technique in which the bicontinu-
ous cubic phase exhibited by some lipids and surfactants is
used as a matrix to provide a uniform nanometer-sized reac-
tion chamber for the formation of the particEsPowders of
two different particle sizes were used in this work: 281
nm and 25.30.9 nm. Particle sizes were obtained by using
x-ray diffraction scans on a powder diffractometer and by
high resolution transmission electron microscopy. The ZnS
powders were mixed with a pressure calibrant of either NaCl
or Au (both 1-2um) and loaded in a 10@m diameter hole FIG. 1. Diffraction spectra for the 25.3 nm ZnS particles recorded at se-
in a stainless steel gasket of a diamond-anvil pressure Ce"a_cted pressures showing the onset of the B4-to-B3-to-B1 transitions using

) . . NaCl as the internal pressure calibrant.
Methanol—ethanol 4:1 fluid was used as hydrostatic-pressure
medium for all the runs. Pressure was determined from the
appropriate equation of state. whereAE is the FWHM of the diffraction peak in keV after

Data were collected using energy dispersive diffractionremoving the experimental broadenir§, the strain, and
facility on the superconducting-wiggler beam lig¢17C) at  ¢=Ed=6.1992/sird (a constant In order to determind .
the National Synchrotron Light Source, Brookhaven Na-andrfrom the experimental datd,E? should be plotted as a
tional Laboratory. The detector was set at an angle ®f 2 function of E2. The particle size can be calculated from the
=13.0° for all the measurements. Additional details are reintercept of a linear least square fit to the data and the slope

g
Il. EXPERIMENT '§
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ported elsewheré gives information about the strain. If the slope is zero then
there is no strain and E@3) is essentially the same as Eq.
IIl. RESULTS (2) and the particle size can be calculated from either of

In the absence of strain, the particle sizes can be detewe
mined from the full width at half maximuntFWHM) of the A g particles of 25.3 nm size
standard x-ray diffraction peaks using Scherrer’s fornitla. ) )
We have modified the standard Scherrer's equation for en-  The 25.3 nm particles in the B4 phase were observed to
ergy dispersive x-ray diffraction spectra as follows: undergo gradual B4-to-B3-to-B1l transitions as they were
placed under increasing pressure. A series of energy disper-
_ 0.94Ed sive x-ray spectra at selected pressures is shown in Fig. 1
AE

where NaCl is used as an internal pressure calibrant. The
whereris the particle size in angstromE is the FWHM of NaICI (111 pe:"_( 1S 'mslrgei W':]h tge Bf]DOZ) peak so thﬁt B
the Bragg peak in keV, and is the interplanar spacing in only one peak is visible. As the B3 phase appears, the B3
angstront: The instrumental broadening was deconvolute

d(lll), (220), and (311) peaks overlap with the B4002),
from the measured peaks using the Bragg peaks of the presi10» and (112) peaks, respectively. The onset of the B3
sure calibrant NaCl whose particle size was 1#8. The

phase is, therefore, manifested by the relative increase in the
corrected FWHM for the ZnS peak can be computed fromoverlappmg B3 and B4 peaks, such as(@p)/B3(111), to
the following equation:

the nonoverlapping B4 peaks such as(B@0 and B4(101).
Our experiments with nanoparticles using angular dispersive
[(AEzne)m]*=[(AENac) 1*+[(AEzns)c]?, (20 x-ray diffraction and an image plate detector showed con-

where the subscripts andc refer to the measured and cal- tinuous diffraction rings indicating the absence of preferred

culated FWHMSs of the ZnS peaks respectively, @, orientation in the nanoparticles while under pressure using a

is the FWHM of the NaCl peak closest to the ZnS peak in thefdiamond-anvil cell. At a pressure above 0.5 GPa, peaks cor-
spectrum under consideration. responding to the B3 phase begin to appear in the spectrum

In the presence of strain, the contribution of strain and®S indicated by the relative increase of the merge82
particle size to the FWHM of the diffraction peaks, can be@nd B3111) peak with respect to the B400), (101), (102,

calculated by using the following equation for the energy-2nd(103 peaks. The B4 and B3 phases coexist, with a con-
tinuous shift towards the B3 phase as the pressure increases,

until approximately 16 GPa where all nonoverlapping B4
peaks finally disappear from the spectrum. At 15 GPa, peaks
corresponding to the B1 phase appear. The B3 and B1 phases

1)

T

dispersive x-ray diffraction casé:
2

: )

T

AE?=K_E*+
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FIG. 2. VIV, as a function of pressure for 25.3 nm ZnS patrticles. PhOtOIl Energy (kCV)

FIG. 3. Diffraction spectra for the 25.3 nm ZnS particles recorded at se-
lected pressures showing the onset of B3 phase and its coexistence with B4

coexist as a mixed phase with a continuous shift towards BPhase. B3 phase is retained at 0.001 GPa.

as the pressure increases until 18.7 GPa where the transition

to the B1 phase is completed and all peaks in the spectrum

correspond to the ZnS B1 phase or to the internal pressu@ownloading the pressure the B4 phase was not recovered,
calibrant, NaCl. Upon the release of pressure the B4 phadgowever, the maximum pressure of the experiment was not
was not recovered but instead the B3 phase was retainedufficient to complete an absolute B4-to-B3 transition, which
This is evident since all B4 specific peaks are absent fronwvas observed at about 16 GPa in the previous trial, therefore
the spectrum and because the previously merged B3 some remnant B4 nanoparticles remain as indicated by the
B4(002), and NaC(111) can be distinguished as separatecontinuous presence of the B00 peak. The experiment
B3(111) and NaC{111) peaks. Figure 2 shows the reduced showed that the wurtzite phase is unstable when subjected to
VIV, as a function of pressure for the nanoparticles of ZnSressures even as low as 0.5 GPa. Similar results were re-
initially in the B4 structure. Different symbols in this figure ported in the experiments conducted by Desgrerseras 1
correspond to different pressure runs and the open symbolghere they found that merely grinding the synthetic B4 ZnS
correspond to data taken on the decreasing pressure cyclegas sufficient to cause some of the sample to revert to B3. In
Since only the B3 phase was retained on the decreasing cycsaldition, Desgrenierst al. reported the same B4-to-B3-
the reducedv/V, corresponds to only the B3 phase. It is to-B1 transition sequence observed in our experiments. The
clear from this figure that the compressibilities of the B3 andpeaks marked with an asterisk can be identified with the high
B4 phases are equivalent. Reapplication of pressure to tharessure phase of ZnO as reported by Jiangl!’ The lat-
recovered B3 nanoparticles again caused an onset of a trartese parameter of the B3 phase was calculated to be 5.395
formation to the B1 phase at a pressure of 15.0 GPa, andt0.005 A based ofl11), (220), (311), and(222) peaks; it is
there was a likewise return to the B3 phase as the pressutess than 0.2% from the bulk lattice parameter of 5.405 A.
was decreased. In order to observe the B4-to-B3 transitiohe slightly reduced parameter may be due to the fact that
without the interference of the NaCl peaks, we loaded theahere is still some remnant pressure on the sample. By plot-
25.3 nm B4 ZnS particles into the diamond-anvil cell and rarting the AE? versusE? we observed a straight line with zero

a separate trial. The pressure was estimated by comparing te®pe indicating the absence of strain. X-ray diffraction mea-
ZnSd spacings with those of our previous trial where NaClsurements of the recovered sample in a regular powder dif-
was used as an internal pressure calibrant. Figure 3 shovisactometer showed a lattice parameter of 540802 A in

the series of spectra as a function of pressure along with ®ery good agreement with the bulk value.

spectrum at ambient conditions after downloading the pres-  In our recent studi€son the size-induced phase transfor-
sure. In this figure, the peaks corresponding to the B4 phasmations in ZnS, we observed a significant reduction in the
have been identified along with those of ZnO. The smallB3-to-B4 transition temperature, as compared to the bulk
quantity of ZnO is generated during the synthesis of ZnS invalue. Postanneal x-ray diffraction studies revealed an in-
the B4 phase. The small ZnO peaks were present in all datarease of crystallite size, accompanied by a partial transfor-
runs using the B4 nanoparticles, but usually less distinguishmation from the B3 structure to the hexagonal, the B4 struc-
able where internal pressure calibrants were used. Upon apure at temperatures as low as 400 °C. This was significantly
plication of pressure, the peaks rapidly disappear. The onsétss than accepted bulk transition of 1020 °C. In the present
of the B3 phase can be observed at 0.5 GPa where thstudies, we started with ZnS particles synthesized in the hex-
merged B8111) and B4002 peak becomes significantly agonal wurtzite structure and found that as soon as the pres-
larger than the diminishing B400) and (101) peaks. After  sure is applied the particle size decreases and a phase change
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FIG. 4. Crystallite size as a function of increasing pressure.

FIG. 5. Diffraction spectra for the 2.8 nm ZnS nanoparticles recorded at

. .. various pressures showing the B3-to-B1 phase transition.
to the B3 phase is induced. As the pressure is increased, the P 9 P

FWHM of the ZnS(101) peak increased, suggesting a de-

crease in the crystallite size, while the Na@DO) peak re- 78 4 GPa from the elastic constartg andc,, reported by
mains invariant with pressure suggesting hydrostatic presgerlincourt et al'® and using the expressioBy=1/3 ¢,
sure conditions. Thus, the ZnS particles appear to be.2c..]. The B, and B, values were reported by Desgre-
fragmented into smaller particles with the application ofpjers et all! to be 80.1 and 4, respectively, for the bulk
pressure inducing the B3 phase transition. The crystallitgygdulus of the wurtzite phase. The smaly value for our

sizes, calculated based on E¢¥) and(2), are shown as a experiment may be attributed to a reduced particle size.
function of pressure in Fig. 4. In our previous studies, we

observed mixed phases of B3 and B4 for a crystallite size o
7.4 nm. An analysis of the x-ray diffraction peaks showed
absence of strain. In the present study we find that the crys- ZnS particles with a nominal diameter of 2.8 nm that
tallite size is reduced to 13.4 nm from 25.3 nm with a pres-were initially in the B3 phase transformed to the B1 phase at
sure of 0.5 GPa with a concomitant appearance of peakslevated pressure. The transition was sluggish; onset was ob-
corresponding to the B3 phase. Further increase of pressuserved at 18.0 GPa and was not complete until 21.0 GPa.
resulted in the reduction of the crystallite size with a subseBoth NaCl and Au were used as internal pressure calibrants
quent increase in the intensities of B3-phase peaks. At & separate runs. Figure 5 shows a series of spectra taken as
pressure of 10.7 GPa, the crystallite size was reduced to 11&function of increasing pressures using Au as internal pres-
nm. There was no significant change in the crystallite size up
to 15.0 GPa, at which point we observed the onset of the
B3-to-B1 transition which was complete at 18.7 GPa. Upor T
release of the pressure, the B4 phase was not recovered ag W
the B3 phase was retained. The crystallites of this B3 phas. .
were of the order of 10.3 nm in size. No further reduction in 5
the particle size was observed as the pressure was increas ¢ » 19.8 GPa
to 20.0 GPa and followed by releasing to the ambient condi
tions as the transitions from B3 to B1 and B1 to B3 were
cycled.

The bulk modulus, and its pressure derivatig, were
obtained by fitting the measured,/V data to the Mur-
naghan equation of state

B/
VO) sl " W

V U W S S ST PSR W SHNT S T A S WS

whereV is the volume at pressure, andV, is the zero- 15 20 b 25 30 35 40
pressure volume. A least square fit of the above equation t_ Photon Energy (keV)

the experlmental pressure-volume data givBg=68.5 FIG. 6. Energy dispersive diffraction spectra of 2.8 nm ZnS particles re-

*6.8GPa, angB’'=7.09:0.7. The valge O_Bo is slightly  corded at selected pressures without any pressure calibrants. Sample peaks
less than that for the bulk B3 phase which is calculated to beere used to determine the pressures.

E. ZnS particles with 2.8 nm size
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11 T y L ¥ v T T Most of the theoretical studies based & initio calcu-
s e B3| lation have been on the bulk [I-VI compounds. Our results
104 a Bild suggest the need for theoretical calculations of structural
» ] phase transitions within the limits of reduced particle size. It
oo L . 1 is also very important to investigate the transition pressures
’ * o o of II-VI compounds as a function of crystallite size as more
> T e . 1 and more of the nanoparticles are synthesized.
~o0s8} 4
>
A, )
07 F 4
| IV. CONCLUSIONS
06 - 7 Pressure induced transformations in nanoparticles of
1 ZnS with two particle sizes of 2.8 and 25.3 nm were carried
0.5 . s . 1 . 1 . 1 . out using energy dispersive x-ray diffraction and a diamond-
0 5 10 15 20 25 anvil cell. The particles with 25.3 nm size which were ini-
Pressure (GPa) tially in the B4 phase showed transformation to the B3 phase

as soon as a small pressure of 0.5 GPa was applied and then
to the B1 phase at a pressure of 15.0 GPa. Upon release of
the pressure the sample did not return to the wurtzite phase;
sure calibrant. The onset of the B1 phase at 18.0 GPa can t')%Stead the B3 pha_se was retamec_i at the atmospheric pres-
: . o Sure. The nanoparticles with a particle size of 2.8 nm which
easily seen in this figure. In order to see the B3-to-B1 tran- - . -
e ; . . were initially in the B3 phase showed an onset of transition
sition with no interference from the calibrants peaks, we L
i . to B1 phase at a pressure of 18.0 GPa indicating that the
made a separate run with only ZnS. Figure 6 shows the spec¢-_ . . . .
. . ransition pressure increases for ZnS as the particle size is
tra at various pressures. The pressure was estimated from the A . .
: . : .. reduced. The initial B3 phase and the particle size were re-
B3(111) peak which was calibrated using the data taken with _.
; . ained after release of the pressure.
NaCl and Au as the internal pressure calibrants. The
FWHMs of the peaks remained invariant with a change of
pressure which suggests that the smaller particles did not
fragment upon application of pressure in contrast to the case
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FIG. 7. VIV, vs pressure for 2.8 nm ZnS particles.
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