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Structure characteristics of nanocrystalline element selenium with different grain sizes
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Porosity-free nanocrystallin@c) element Se samples with mean grain sizes ranging from 13 to 70 nm were
synthesized by crystallizing a melt-quenched amorphous Se solid. Microstructures of thewithSz hcp
structurg samples were characterized by means of quantitative x-ray-diffraction measurements. The Bragg
reflection and the background intensities, as well as the reflection shape of the x-ray-diffraction patterns for the
nc Se were analyzed according to data fitting of the measurement results. The grain-size dependencies of the
microstrain, lattice parameters, unit-cell volume, and the mean Debye-Waller parameter were determined. With
a reduction of grain size, the microstrain increases significantly gbd@ direction but decreases alofitp4)
direction, and exhibits an increasing anisotropic microstrain behavior. The lattice parameser found to
increase evidently while decreased slightly with a decreasing grain size, resulting in a significant lattice
distortion with a dilated unit-cell volume. It agrees with the observation that the mean Debye-Waller parameter
increases with a reduction of grain size, suggesting larger displacements of atoms from their ideal lattice sites
in the nc-Se samples with smaller grains. The similarity of the grain-size dependencies of these structural
parameters as that of the grain-boundary volume fraction implies that the intrinsic microstructure feature of nc
materials is closely related to the crystallite dimension and the amount of grain boundaries.
[S0163-18207)07245-1

. INTRODUCTION porosity-free nc materiafs® During crystallization of the
amorphous solid, nanometer-sized crystallites are formed via
Nanocrystalline(nc) materials are structurally character- humerous nucleation and subsequent growth with a con-
ized by ultrafine grains and a large number of metastabl&olled rate in the amorphous matrix, eventually resulting in a
grain boundaries. Properties of nc materials have been fou:&rosny-free nc sample with a narrow grain-size

to be more or less altered, depending upon processing a Oj{ébggogés;:-;ghg%g ds\;;tehi:"nnaﬂ\:vei} dgsr-acr?ézt%wied?uzﬁr%ptlre\e
thermal history of the samples, compared to those of th nnealing condition§.e., varying the nucleation and growth

conventlo'nall coarse-gra_med counterparts.A complgte rate), which facilitates the investigation of the grain-size de-
characterization of the microstructure of nc materials is necy - jence of properties and structure parameters.
essary for gaining an understanding of the origin of thesé In this work, we report a quantitative XRD investigation
altered properties in this class of materials. on the microstructure of porosity-free nc element selenium
Quantitative x-ray diffraction(XRD) has been proved to p|k samples with grain sizes ranging from 13 to 70 nm,
be a powerful tool for structure characterization of nc mateyhich has a different crystallographic symmethcp) com-
rials. Previous investigations on nc cubic metals(Ref. 4 pared with other cubidfcc and bcg systems. The nc-Se
(fco) and Cr(Ref. 5 (bco) consolidated from ultrafine me-  samples were synthesized by means of the complete crystal-
tallic powders(UFP9, and the nc Ciifcc) made by means of |ization of the amorphous solfiThe Bragg reflection and
the severe plastic deformatiéretc., have demonstrated that the background intensities, as well as the reflection shape of
their XRD patterns differ significantly from those of the cor- the XRD patterns for the nc Se, were analyzed. Grain-size
responding reference coarse-grained polycrystalline countettependencies of some structure paramef&ish as micros-
parts. Different structure parametessich as the microstrain, train, lattice parameters, and Debye-Waller parameter) etc.
Debye-Waller parameter, lattice parameter, )ebave been ere determined and analyzed. In addition, low-temperature
obtained in the nc materials compared with those for thexRD measurements were performed to study the thermal
conventional coarse-grained polycrystalline materials. properties and their grain-size dependencies in this material,
Consolidation of UFPs under an ultrahigh presswsu-  which will be addressed in our forthcoming pap®iThese
ally greater than 1 GRaluring the synthesis process of the resuits will provide an overall picture of the microstructure
nc compact may introduce a large stress and nanometer-sizgfaracteristics of the nc Se and are helpful for understanding

pores(or voids in the sample, which may significantly affect the observed properties and structure-property relationship in
the structure parameters and properties as well. The sevefe materials.

plastic deformatiohresults in bulk porosity-free nc materials

(actually the grain size is in the submicron regjmieut an Il. EXPERIMENTAL PROCEDURES
evident texture and residual stress are created in the sample
that are obstacles for gaining the intrinsic structure feature of
nc samples from the XRD data. Nanocrystallization of amor- The nanocrystalline selenium specimens in the present
phous solids provides an effective approach to producevork were synthesized by completely crystallizing a melt-

A. Sample preparation
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TABLE I. A list of the annealing temperature and the resultant mean grain size in the as-crystallized
nc-Se samples. The mean grain size was derived from XRD experiments and verified by TEM observations
(in the dark field images

Annealing temperaturé) 363 371 403 423 433 470 482

Mean grain sizeD (nm) 13+2 15+1 23+2 31+3 38+4 60+ 6 70+5

quenched amorphous selenium solid. Commercial amorfhe experimental temperature was 29BK and the scan
phous Se with a purity of 99.999% was sealed in a quartzange for @ was 20°-103°. A small angular step of 2
ampoule with a diameter of 10 mm and a length of 200 mm(0.029 and a fixed counting time of 10 s were taken to mea-
that was evacuated to 10 Torr. The solid Se sample was sure the intensity of the Bragg reflections. For the rest of the
heated to 673 K and held for 60 min in order to melt the XRD pattern, which is related to the background intensity, a

solid completely, followed by a rapid quenching into the step size of 0.1° and a counting timé®s were used.
liquid nitrogen. XRD experiments showed that the whole Se

bar-shaped specimen with a diameter of 10 mm and a length
of 50 mm is in an amorphous state. The as-quenched amor-
phous Sda-S¢ sample was annealed at 333 K for 400 h for  Kinematical x-ray-diffraction theory was used to relate
a full structure relaxation. Then the a-Se sample, which waghe measured intensityf r,T) as a function of scattering vec-
still kept in the vacuum ampoule, was heated up to the detor and temperature to the diffraction proc&s) from the
sired annealing temperatuf@nging from 363 to 482 Kand  sample by*

held for 1.5 h so that the a-Se is completely crystallized. The

C. Data analysis

crystallized Se sample was cooled from the annealing tem- _B(T)2
perature down to room temperature at the rate of 0.2 K/min (7, T)=1,L PA|f|2eXF{— S(7), (1)
in order to minimize the microstrain. The resultant grain size 8m

of the as-crystallized Se was found to increase at higher an-

nealing temperatures, ranging from 13 to 70 nm as deteiwherel, represents the incident intensity multiplied by a set
mined from the XRD measurements. According to the Braggf physical constantd, andP are the Lorentzian and polar-
reflection peak broadening in the XRD pattern, the meanzation factors respectively is the absorption factor anid
grain size was calculated by consideration of the microstrait the atomic scattering factor. The physical constants within
and the instrumental broadening effects. This grain-size rethe I, term are independent af and T, which are not im-

sult is verified by the transmission electron microscopyportant in the present experiment because absolute intensities
(TEM) observations of the as-crystallized Se samples. Tableere not determined. The Lorentzian factor was taken to be
| lists the annealing conditions and the resultant grain sizegqual to (siR6 cos) *. The polarization factor for the dif-

of the nc-Se specimens. fracted beam is given by

B. X-ray-diffraction measurements P(6,a)=(1+cos2a co$26)/2, @

. The quantitative x-ray-diffraction measurements of theWherea is the Bragg angle of the monochromater that pro-
different grain-sized nc-Se samples were carried out on

) ) . ) i imati ideal i tal. Th -
Rigaku D/MAX 2400 x-ray diffractometer with a wide angle ides approximation as an ideal mosaic crysta e absorp

X ion correction could be ignored for data collected with the
goniometer. The nc-Se sample used for XRD measuremenL.% 9

. X . intillation detector because the samples were approxi-
was a flat §heet with a size of E@ mn¥ and a thickness of mately flat. The atomic scattering factorelated to the scat-
4 mm, which was cut and polished from the nc-Se bar. Atering vector was taken equal to

rotating Cu target was used with a voltage of 50 kV
and a current of 100 mA. The x-ray wavelengths
Mio1(=1.540 562 A) andy,.(=1.544 39 A) were selected f(r)=fot Af +(AF")?(2fo+AF"), 3
using a graphite crystdD002 scattering at the goniometer

receiving slit section. With these wavelengths, the extinctiorwheref, is the atomic scattering magnitude of the free elec-
depth in Se was calculated to be less thau@¥, which was  trons,Af’ andAf” are the dispersion correction terms. The
much smaller than the thickness of the measured sampléerm of exjp—B(T)7/87?] is the Debye-Waller factor, which
The divergence slitwhich was placed in the incident x-ray accounts for the attenuation of intensity with the increasing
beam was selected with a width of 0.5°, ensuring that theangle.B(T) is Debye-Waller parameter that is a measure of
entire beam is either absorbed or diffracted by the samplestatic and thermal displacements of atoms from their ideal
The scattering slitwhich controls the scattering x-ray on the lattice sitesS(7) is the diffraction process that relates to the
countej was also chosen with a width of 0.5°. The width of measured intensity of the sample.

0.15 mm was selected as that of the receiving (slihich In order to derive information about the Bragg shapes and
controls the width of diffracted x-ray to be entered into thethe magnitude of the additional nonpeak intensity, the
countej. Measurements of—26 scans for the samples were Pseudo-Voigt function was used to fit the data. The pseudo-
made in the reflection mode with the scattering vectorVoigt function is a linear combination of Lorentzian and
aligned approximately perpendicular to the sample surfaceGaussian functions representedby
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FIG. 1. The x-ray diffraction profiles afL00), (101), and(200 0 10 20 30 40 5 60 70 8

for the nc-Se samples with different grain siZas indicatel

Grain Size (nm)

FIG. 2. Variations of the background integrated intengityen

211
P (7)= 2m ¥V 1+ 47— Cy circles, the integrated intensity of the Bragg reflectiof@en
i FﬁL rhombusel and the total scattered intensitfyll circles) from 26
12 =20° to 103° with the mean grain size for the nc-Se specimens.
I 2(1— )Wy [(In2)/ 7] The dashed line is obtained by the least-square fitting of the mea-
| o sured total scattered intensity.
—41In2(7—Cy)? that is not associated with the Bragg reflection is regarded as
exXp———pz (<Cy), (48 the background intensity. Figure 2 shows the integrated in-
kL tensities of background and Bragg reflections from 2
211 =20° to 103° for the nc-Se samples. It is clear that with a
B (7)= 27V 1+ 4(7—Cy) decrease of grain size from 70 to 13 nm, the background
k TR I, intensity increases slightly from (7#0.3)x10* to (8.2
12 +0.8)x 10* cps(about 11 7% enhancemeptand the inte-
N 2(1— ) ¥l (In2)/ 7] grated intensity of Bragg reflections decreases from (1.3
Tvr +0.1)x10* to (0.3+0.3)x10% cps. A roughly constant
5 Bragg reflection intensity was observed for the nc-Se
« —4In2(7-Cy) - (ab) samples with grain sizes greater than 40 nm. The total scat-
ex rﬁR (7>Cy), tered intensity of the nc-Se sample, which is a sum of the

background and Bragg reflection intensities, keeps un-
whereV,, I'y, andC, are the integrated intensity, full width changed with grain size, as seen in Fig. 2.
at half maximum, and centroid position of théh intensity Similar results were reported that an enhanced back-
peak, respectively. The parameter weights the relative ground intensity in the nc P(Ref. 13 (about 8+ 8%) and
amounts of Lorentzian and Gaussian components, such th&u (Ref. 6 (6+3%), in comparison with those in the con-
n=1 is the pure Lorentzian ang=0 is the pure Gaussian. Ventional coarse-grained counterparts. However, a very large
The parameters; and I', were adjusted independently intensity of background scattering was observed in a nc Fe
and fitted in the peak profiles of the nonsubject. For eactjWith a bcc structure which was regarded as originating
peak, whenr was in the left of the peak positiog,, Eq. oM & “gaslike” grain-boundary strut;:curjé. The present
(4a) was used to calculate the left side of the Bragg reflec/€Sult seems to imply the so-called "gas-like-structured
tion, when was in the right of the peak positio, . Eq. grain boundaries with neither the short-range order nor the
(4b) was used to present the right side shape. long-ranged order have not been detected at least in the
present clean nc samples.
The background intensity in XRD patterns is a result of
x-ray diffuse scattering from the samples and the instrument.
. . o , In the present experiments, due to the same background in-
A. The integrated intensities of the Bragg reflections tensitypfrom the iﬁstrument, the background intengity from
Figure 1 shows typical XRD line€l00), (101), and(200) the nc-Se samples can be compared. The increased back-
for the nc-Se bulk samples with different grain sizes. It isground intensity patterns indicates a larger x-ray diffuse scat-
obvious that with a decrease of grain size, the Bragg diffractering from the sample. This observation, as well as the de-
tion lines are significantly broadened, and the peak positionsreased Bragg reflection intensity, might be attributed to
C, shift towards lowerr values(smaller @ values. larger atomic displacements from their equilibrium sites in
In order to separate the background intensity from thehe grains and on grain boundaries of which the volume frac-
intensity of Bragg reflection that has been fitted by using thdion increases considerably with a reduction of grain size in
pseudo-Voigt analysis, a couple of edge points located at thi'e nanometer region.
both corners of each Bragg reflection were chosen as the
background. So, the baseline connecting these edge points
was established. The intensity data above the base line were By using the Pseudo-Voigt functidiEgs. (48 and (4b)]
removed for all Bragg reflections. The remained intensityfitting, the Bragg reflection shapes of these nc-Se samples

Ill. RESULTS AND DISCUSSIONS

B. The Bragg reflection shapes analysis
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100 broadening profilda Gaussian functigris the same for dif-
1 ferent nc-Se samples. Hence, it can be deduced that there
g oL I { exists a Gaussian component between grain size and micros-
8 [ - train broadening profiles. Considering that the grain-size
g 60 ,I ] broadening profile is a Lorentzian function, one may at-
e X L] tribute the Gaussian component to the microstrain broaden-
'E [ ing. With a decrease of grain size, the Gaussian fraction
g 4or gradually increases, indicating an increasing attitude of mi-
3 - crostrain in the nc-Se specime(as seen in Sec. I C

20}

[ C. Peak broadening effect analysis
P — The peak broadening is characterized by its integral

0 10 20 30 40 50 60 70 80

Grain Size (nm) width. The measured intensity profile of the Bragg reflection

is a convolution of the physical intensity profile from the

FIG. 3. Variation of the Lorentzian fraction for the Bragg re- sample with a profile representing instrumental broadening.
flections vs the mean grain size in the nc-Se samples. As shown above, the measured profile of the Bragg reflection

in the nc-Se sample possesses primarily a Lorentzian com-

can be described by means of a sum of Gaussian and Lorer@onent. The instrumental broadening profile determined by
zian functions with a larger Lorentzian component. For in-means of a Si@reference sample is revealed as to be a
stance, the Lorentzian fraction is about:6P% (the Gauss- Gaussian type in the present study. So, one can suppose that
ian is 38+ 1%) for the nc Se with a mean grain sizB) of  the physical profile of the nc Se is primarily a Lorentzian
13 nm. The Lorentzian component for the nc-Se sample wag/pe. From the above analysis, one can separate the physical
found to be decreasing with a reduction of grain size, fromntensity profile from the measured intensity profile by re-
about 84-8% (for D=70 nm) to 62=1% (D=13nm), as Moving the instrumental broadening effect. The microstruc-
seen in Fig. 3. This variation tendency differs from the ob-ture broadening of the sample may originate from impurities,
servations in the literature that enhanced Lorentzian compcgsmall crystallites, and the presence of microstrain within the
nents were detected in nc materials compared with theigpecimen. As the effect of impurities can be ruled out for the
coarse-grained counterparts. It has been reported that in tfiéire nc-Se samples in this case, the physical broadening pro-
nc Pd made by consolidation of UFfsthe primary file can be considered as the convolution of the grain-size
Lorentzian-shapedmore than 90% Lorentzian compongnt broadening profile(usually represented by a Lorentzian
Bragg reflections were observed, in contrast to a 40—509functiorf) with that of the microstrain broadenir{g Gauss-
Lorentzian component in the coarse-grained polycrystallinéan function as analyzed in Sec. 11)B
Pd. A rather similar behavior has been found in Cu made by According to the analyses above, the grain size and the
severe plastic deformation methbdhe primarily Lorentz-  Mmicrostrain of the sample can be calculated from the integral
ian shape of Bragg reflections in the nc samples was intewidth of the physical broadening profilg in terms of the
preted by the small crystallite size and the influence of theScherrer and Wilson equatith
long-range internal stress fields of the nonequilibrium grain )
boundarie$. Bhk A Bhi

The shape of the Bragg reflections is originated from the t9%0nk Dhiitd OniSindny
broadening profiles of the grain-size refinement, the micros- ) 2 \ip
train, and the instrument. The grain-size broadening profilewhereX is the wavelength ohy,, , and Dy and (&)
which frequently dominates the reflection, can be normallyrepresent the thickness and the mean magnitude of micros-
represented by a pure Lorentzian functidihe microstrain train inside of the grains and the interfacial regions in the
broadening profile is related to the distribution of the micros-(hkl) direction, respectively.
train in grains. According to the present results, the Lorent- Table Il lists the resultant mean grain sizes and micros-
zian component varied with grain size, and the instrumentatrains in the as-crystallized nc-Se samples calculated from

+a(ef )2 5

TABLE IlI. A list of the mean grain size and the mean microstrain, the grain sizes and microstrains aléb@hend(104) directions,
and the grain boundary microstrains(z)é’bz) in the as-crystallized nc-Se samples.

Mean grain Mean microstrain, D100 (2,01 Dios (2,01 (e2)e
size,D (nm) ()12 (%) (nm) (%) (nm) (%) (%)

132 0.60+0.08 15:2 0.73t£0.07 104 0.04£0.07 1.10.2
15+1 0.39-0.06 161 0.51+0.06 133 0.06+0.06 0.8£0.1
23*+2 0.27£0.02 32 0.41£0.05 202 0.12£0.04 0.72#0.2
31*+3 0.29+0.04 393 0.43:0.05 273 0.13£0.04 0.9£0.1
38=4 0.16:0.05 43+3 0.26£0.04 354 0.12+0.05 0.720.2
60*=6 0.20+0.05 65-5 0.23£0.05 54+5 0.13+0.03 0.8:0.2

705 0.13+0.01 7H5 0.14+0.02 656 0.13+0.02
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08 7135 slow rate. Experiments also indicated that the microstrain

\ _ % does not change with the annealing tifieThe observed

] variation of the mean microstrain might be attributed to

i 25 larger atomic displacements from their equilibrium sites in

3 ] the grains, and on grain boundaries of which the volume
. ' 20 fraction increases remarkably with a decrease of grain size in

I\\ 1 the nanometer region. _

¥ I ] Comparing Fig. 3 with Fig. &), one can see that the
SN I 310 inverse grain-size dependence of the mean microstrain is

more pronounced than the variation of the Gausgian
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I Lorentzian component. As analyzed in Sec. Il B, the shape
S T U TOUIE TUUIT TUUTT R I of the Bragg reflections originates frofn the broadening
0 10 20 30 40 50 60 70 80 profile of the grain refinemerit.orentzian function (ii) the
(@) Grain Size (nm) microstrain broadening profilégGaussian function and (iii)
the instrumental broadening profi{&aussian The instru-

09 mental broadening profile can be excluded as it is the same

08 E —e— <100> for different nc-Se samples. A reduction of grain size in-

o7 ] —o— mean creases the Lorentzian component and hence depresses the

F ! —a— <104> Gaussian. Meanwhile, with a reduction of grain size, the mi-
crostrain component increases, which leads to a larger
Gaussian component. Therefore, the overall variation of the
Lorentzian component cannot be comparable with that of the
microstrain.

Due to the overlapping of the second-order reflection
peaks in the XRD spectr210), (201), and(100) reflections
were selected to estimate the grain size and the microstrain
1. along (100 direction, D1q0, (3002 by EQ. (5), and (104

0O 10 20 30 40 50 60 70 80 and(102) lines for D1q4, (392 The results are presented

(b) Grain Size (nm) in Table Il and Fig. 4b). It can be seen that, with a reduction

FIG. 4. @ A plotof th rostrain v th ~ of grain size from 70 to 13 nné,efo()”zincreaseg apparently

. 4. (@) plot of the mean microstrain vs the mean grain 0 0 ; 12 4.
sizes in the nc Se. The dashed line represented the grain-size dfér%rgsgélﬁr?l.oggotgz&7t3;060074?6 Ov;/(r)}(l)le \fvilfc):ﬁ cagebe
pendence of gram-bounqary VOl.ume fractidfy() in the nc SaM= \vell correlated with the variations of the lattice parameters
ple. (b) A plot of the microstrains along100» and (104 direc- . . . . .
tions vs the mean grain size in the nc Se. The dashed line represerﬁrj}[%]dC W'th grain siz€, as dISCUSSGC_i n _Sec. Il . An increas-
the variation of the mean microstrain with grain size. ing anisotropic m_lcrostram beh_awor is clearly seen for the

nc-Se samples with smaller grains. For the 70 nm Se sample,

nine single XRD peaks. Figurea shows the mean micros- the microstrains are comparable algd§0 and(104) direc-

: 2 \12;

trains in the as-crystallized nc-Se specimens as a function diens, b'“'t_ for the 13 nm Samg"éﬁ}g& IS abqut one o'rder
grain size. It is clearly seen that with a decrease of grain siz8f maggltude larger thar(eo,) ™ The Voigt function
(from 70 to 13 nm, the mean microstrain increases evidentlyMéthod™ was also used to calculate the grain sizes and the
from about 0.1% up to 0.6%. One can see from this resulficrostrains along100) and (104 directions, and similar
that the microstrains in the as-crystallized nc-Se samples aféSults were obtained. 4
smaller compared to those in the mechanically-deformed nc Similar to the present results, Eastman and co-wofkers
materials[that reached as much as about 1—3Refs. 17 reported the strain breadths are essentially isotropic in the
and 18]. The measured grain-size dependence of mean mfeoarse-grained sample Pd, but very anisotropic in the nc
crostrain in the nc-Se sample has a similar tendency as th§&mpPle. The nc Cu made by means of the severe plastic
of the volume fraction of grain boundarieS,,=36/D (s deformation method was also found to be anisotr8pitie

the grain-boundary thicknessas indicated in Fig. @), strains along100) d|rect|(_)n were foun(_JI to be much larger
which is inversely proportional to the mean grain size. Ac-than those along11l) direction and in nc, Pd, and Cu

6 while i :

cording to the two-state modebne may describe the overall s(_';\mp!eé‘,. while in the nc-Se samples the strain aldag0

microstrain of a nc sample bye?)Y2=F (s2)X2+ (1 direction is larger than that alof@04). Such a difference in
C g

n gb . . . . .
_ ng)<82>g/2, where<82)l’2 and(.ez)g’z are the microstrains ;@%rrr:(e:[ﬁ:tsraln can be attributed to different crystallographic

Microstrain (%)

gb
for the grain boundary and the crystallite, respectively. Tak-

ing the mean microstrain of the 70 nm sample(a$)>?

(=0.13%) for the crystallite and=2 nm (a thickness of D. Refinement of lattice parameters

H 1/2 H . . . . .
about four atomic layejsone can getz?);, as shown in Determination of the lattice parameters in nc Se includes

Table Il. The(s?)3 values seem to be independent of graintwo stages. First, thk,,, component was removed from the
size, being a constant within the error bdg2)i?=0.9  XRD profiles using the modified Rachinger mettdd? Sec-
+0.2%. The origin of the microstrain caused by the quenchend, the lattice parameters were calculated from the intensity
ing can be ignored since the samples were cooled at a rathpeak centroid positions for the nc-Se specimens. The peak
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positions were calibrated by the external standard method  4.385
using a pure Si polycrystal in order to minimize the systemic

error. The calibration function was observed as 4.380 I
A26=a+ B coh+ vy sind, 6 x
A 4 © _ 4375 |
where « relates to 2-axis origin displacemeni relates to %

eccentricity between the sample and goniometer center axis, 379
and y relates to the sample flatness or absorption. In this [ 1 3
study, @, B, and y were determined by the least-square [
method, beinga=0.013 891, = —0.0805712, andy 4.385 [ ar=4.3662A z
=0.023 696 9. Considering that the nc Se is the hexagonal
structure, we select the weighted least-square method to cal-  4.360 Mool b bess b b b b
culate the lattice parameters in order to minimize the calcu- 0 10 20 30 4 5 6 70 80

lation error. The equation is originated from the Bragg's law 3 Grain Size (nm)
and given by 4.970
a* * c* *c* a*c* -
2 2 2 - J——
Wtk 2K e TN o 4965 [
a*b* 4 sirtg [ :
+2hk cosy” +E(O)X=—7—, @) S 4960 | I I I I [

wherea*, b*, ¢c* anda*, 8*, v* are the reciprocal-lattice -
parameters from which the lattice parameters of the nc Se 4,955 |-
can be obtainedz( 6) is the error function that is selected as i L -
sirf26 andx is the error function weight. Nine single peaks I
were used in the calculation. 4950 L loew e buuus b bt b e
Measured lattice parametefa and c) for the nc-Se 0 10 20 30 40 S0 60 70 &0
samples with different grain sizes are shown in Figa) &nd (o) Grain Size (nm)
5(b). The values ofa are evidently above the equilibrium
lattice parameter, (=4.3662 A) with grain sizes smaller
than 30 nm, for the nc Se with grain size larger than 35 nm
a values are approximately equal &. The value ofa is
found to increase significantly with a reduction of grain size.
The values ofc are found to be largetabout 0.1-0.2 %  crystallite and the grain boundaries. From the present avail-
than the tabulated value of the equiliorium Sey,  able data, however, it is difficult to identify which situation
(=4.9536 A), and show a slight decreasing tendency with dolds in the nc-Se samples. Variation of the lattice param-
reduction of grain size. The enhancement of the lattice paeters in trigonal nanophases has been observed jR, Ni
rametera with respect toa,, Aa=(a—ag)/a,, increases F&B,?*?*in which the lattice parameteris enhanced while
from —0.05 to 0.3% when the grain size decreases from 7@ is depressed. In a cubic-structured nanoph@se Pd,*
to 13 nm. From Fig. &), one can see that, with a reduction increased lattice parameters were also reported based on the
of the mean grain size, the microstrain algd@0 direction =~ XRD measurements.
(a axis) increases, but decreases aldi@4 direction (that With the measure@d andc, the unit-cell volume ¥) of
can be regarded asaxis approximately This behavior can the nc-Se sample can be calculated according Vto
be correlated with the variations of the lattice paramegers =(v3/2)a%c. V is found to be larger than the equilibrium
and c with grain size. However, the intrinsic nature of the data (/) for all nc-Se samples, implying an evident lattice
different grain-size dependencies of the two lattice paramexpansion in the nc Se. Figuréapshows the variation of the
eters(a andc) is actually unknown and needs further inves- unit-cell volume for the nc-Se specimens against the grain
tigation. size.AV increases from around 0.1% to 0.7% with a reduc-
The lattice parameters for the nc-Se samples from th&on of grain size from 70 to 13 nm. The increased unit-cell
XRD experiments may be considered as an weighted averag@lume is found to be proportional @, as shown in Fig.
from the atoms inside the crystallites and those on grai(b), which is similar to that observed in the nc 3Rj
boundaries that satisfy the Bragg reflection conditions. Or, irFe,B.%2*
other words, some of the atoms on the grain boundary may From a thermodynamic point of view, the metastable
contribute to the Bragg reflection when they are associatestructure with an enhanced unit-cell voluifee referred to as
with the crystallite lattice. The evident deviation of the mea-an effective lattice expansipmight be explained. With re-
sured lattice parameters of the nc-Se samples from the tabapect to that of the infinite large crystal, the free energy of a
lated values for the equilibrium crystal impli€g a lattice  crystallite of which the dimension i® will be enhanced by
distortion in the crystallites, ofii) a significant distortion AG(T,D)=4Q+v/D, where(} is the atomic volume of the
localized in the grain boundaries while the crystallite latticegrain andy is the interfacial free energy. From this point of
structure remains unchanged, (or) a distortion in both the view, a reduction of grain size will enlarge the free energy of
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FIG. 5. (a8 A plot of the measured lattice parametewns the
mean grain size in the nc-Se samplegh) A plot of the measured
lattice parametec vs the mean grain size in the nc-Se samples.



14 328 Y. H. ZHAO, K. ZHANG, AND K. LU 56

82.5 ¢ 15
8.4 b
823 F I 10 F
822 F T £
< a1 | 1 I B oos |
= 5

81.9 F r R 0.0 |
E Vo=81.7822 & [ —o—13nm
818 e —e— 70
81'7:....I....I....I....I....I....I....I.,.. _0'5-....I....l....l....l....l....I....
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35
(a) Grain Size (nm) (@) 2 (A%)
0.8 40 . 35
[ \ ]
1 L 130
i I \ 1
= B \ ]
06| 35 | ] 125
< [ e = 120 &
2 - 8 a0 [ \ ] =
Z 04 I L.t & \ ] L?’
: e 10 : hS 115
[ ; . z
02 | ,}:I I 25 ‘\L { 1
L /I/ B )
0.0 AT EPETEEE IS SPEPETAT | | P A B 2'0 METEN S BET SRS R 1 1 PR | T BFET A AT BT O
0 1 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80
(b) D-1(10-2nm-1) (b) Grain Size (nm)

FIG. 7. (@ The logarithm of integrated peak intensities di-
vided by the appropriate multiplicity factors and Lorentzian, polar-
ization factors, structural factor for the nc-Se samples with the
mean grain size of 13 and 70 nm. The straight lines represent the

. . S best weighted linear fit to the data(b) Variation of the average
the crystallites and consequently raise the equilibrium Somt%ebye-Waller parameters with the mean grain size for the nc Se.

So'.Ub'"ty in the crystal Ig’[tlce. In a pure“eleme,r'n SyStem’The dashed line represented the grain-size dependence of grain-
pomt defects aqd vacancies are posslbly solute”. '”trOdl,JC'boundary volume fractionR) in the nc samples. The average
tion of more point de]_‘ects or vacancies In the cry_stal I_att'c%ebye-Waller parameter for the equilibrium coarse-grained poly-
would disturb the lattice structure resulting in lattice d|stor-Crystal SEBS(293)=2.35 A?] is also indicated.

tion with a dilated unit celf®

FIG. 6. () Variation of the unit cell volumé&/ with the mean
grain size in the nc Se.(b) A plot of the unit cell volume change
(AV=(V—=Vy)/Vy) with D1,

o Se[(2.6+0.2) A?]. These values for nc-Se specimens are
E. Debye-Waller parameter determination obviously larger than that for the conventional coarse-
The Debye-Waller parameter is a measure of the displacegrained polycrystalline Se (2.35%4.2° The average Debye-
ments of atoms from their ideal positions. Usually theWaller parameter of the nc-Se specimen was found to in-
Debye-Waller parameter can be obtained from XRD patternsrease with a reduction of grain size, as can be seen in Fig.
by means of the Warréhmethod or other methodé?6Ac-  7(b). The grain-size dependence of the Debye-Waller param-
cording to Eq.(1), the Warren method can be expressett as eter in the nc Se is consistent with previous observations in
nc metals|Pd (Ref. 30, Au (Ref. 27, and Cu(Ref. 6] in
- B(T)Cﬁ which enhanced(T) was detected relative to their coarse-
TJ“J' (®) grained counterparts. From a thermodynamic point of view
as mentioned above, the variation of the Debye-Waller pa-
whereW is the integrated intensityy is the centroid peak rameter of the nc-Se specimens against the grain size can be
position, andm, is the multiplicity factor of thekth intensity  explained, since the increase in the free energy of the system
peak. The parametdris a constant scaled with the incident due to the reduction of grain size is offset by enhanced solu-
intensity. Figure 7a) shows plots of—In(¥,/m) vs 7% (7 bility of defects that is measured IB(293).
=4 sinbh/\) for the nc-Se samples with grain sizes of 13 The determined Debye-Waller parameter according to Eq.
and_?O nm. It was observed that the plots are best fitted byg) provides a measure of the atomic displacements from
straight lines, the average Debye-Waller parameters at roofejr ideal lattice sites averaged over all crystallographic ori-
temperatur¢293 K), B(293), can be obtained from the slope entations and regions. It may be separated into two compo-
of the straight line. The obtained value B{293) for 13 nm nents:B; andBg. By is the contribution from thermal vibra-
Se[(3.5+0.3) A?] is about 35% larger than that for 70 nm tion of atoms and is temperature-depende is the

- |n(\lfk/mk) =
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temperature-independent term due to the existence of thgattern increases. When the grain size decreases from 70 to
static lattice distortion, i.e., the static atomic displacem&hts. 13 nm, the mean microstrain in the nc Se was found to in-
The present result indicated that the enhanced atomic disrease from about 0.1% to 0.6%, and the microstrain in-
placementsthermal and staticin the grains and/or in the creases significantly along t&00 direction but decreases
interfacial regions might take place in nc-Se samples. Howalong the(104) direction, exhibiting an increasing aniso-
ever, with these data, one cannot separate the contributioiikopic microstrain behavior.

of the thermal motion and of the static atomic displacements. The lattice parameters and the Debye-Waller parameter
Nevertheless, based on the measurement results of micror the nc-Se specimens were found to be strongly dependent
trains and the lattice parameters for the nc Se with differenon the grain size. An evident lattice distortion was observed
grain sizes described in Secs. Ill C and Il D, we may sup-with an enhanced unit-cell volume relative to the equilibrium
pose that static atomic displacements might play an imporlattice structure. With a reduction of grain sizejncreases
tant role in the variation oB(293). In order to identify the ~Significantly by as much as about 0.3%, butdecreases
contributions ofB; andBs to the observed enhancement of Sightly, the unit-cell volume increases by about 0.7% with
B(293), it is necessary to measure the Debye-Waller paranP =13 nm. The distorted lattice structure with a dilated unit-
eters at different temperatures. With the temperature depe ell volume is consistent with the grain-size dependence of

.. _the average Debye-Waller parameter that increases with a
dence o8(T), Br, andBs could be separg?ed and.the o.r|g|n reduction of grain size, suggesting larger atomic displace-
of the B(293) enhancement can be clarified, which will be jents in the nc Se with smaller grains.
discussed in our forthcoming paper. The observed grain-size dependencies of microstrain,

unit-cell volume, and the Debye-Waller parameter in the
IV. CONCLUSIONS nc-Se samples exhibit approximatdly ! relations, and are

Porosity-free bulk nanocrystalline element seleniumrather consistent with that of the volume fraction of grain

samples with grain sizes ranging from 13 to 70 nm made b punc}aries in nc materials. The resul'ts imply that the intrin-
nanocrystallization of melt-quenched amorphous Se havt ic microstructure feature of nc materials is closely related to
been investigated by means of quantitative XRD analysis' e crystallite dimension and the amount of grain boundaries.
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