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EXAFS study of structural characteristics of nanocrystalline selenium with different grain sizes

Y. H. Zhao and K. Lu*
State Key Laboratory for Rapidly Solidified Non-equilibrium Alloys, Institute of Metal Research, Chinese Academy of Scienc

Shenyang 110015, People’s Republic of China

T. Liu
Synchrotron Radiation Laboratory, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100039,

People’s Republic of China
~Received 8 September 1998!

Extended x-ray-absorption fine-structure measurements~EXAFS! were performed on nanocrystalline~nc!
elemental Se samples with grain sizes ranging from 13 to 60 nm. Accompanied with the previous study, we
concluded that, with the refinement in nc Se, the intrachain structure~the bond length, the coordination
number! is unchanged while the interchain spacing is enlarged. The grain boundary in the nc Se is found to be
in a low-energy configuration that is different from the disordered ‘‘gaslike’’ grain boundary structure.
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Microstructure characteristics of nanocrystalline~nc! ma-
terials have been intensively investigated in recent ye
Meanwhile, controversial results were obtained in charac
izing the grain boundary~GB! structure, that constitutes
large volume fraction in the nc materials,1–4 the lattice struc-
ture of nm-sized crystallites in several nc samples has b
found to deviate from that of the perfect single crystal5,6

Such a lattice structure distortion, besides the large amo
of nonequilibrium GB’s, may play a vital role in propert
variation of nc materials with respect to their convention
coarse-grained polycrystalline counterparts.

In our previous papers,6,7 quantitative x-ray-diffraction
~XRD! measurements reveal an evident variation of the
tice structure parameters~lattice parameter, Debye-Walle
parameter, and Debye temperature! and thermal expansion
coefficient with the grain size in nc element Se samp
These experimental observations provide strong evide
that even in nc elements the lattice structure of nm-si
crystallites may be distorted and deviated from that of
equilibrium perfect lattice. It is known that trigonal seleniu
consists of helical@Se-#n chains.8 Se atoms in the chain ar
bonded with covalent bond, and the@Se-#n chains are
bonded with Van der Waals forces~see Fig. 1 of Ref. 9!.
From the lattice structure parameters determined from X
measurements, which are averaged from all atoms invo
in the Bragg reflection, one cannot distinguish the latt
distortion existing at intra- or interchain. In order to identi
the origin of the lattice distortion in nc Se, it is necessary
investigate the grain size dependence of the intra- and in
chain structure parameters, such as the bond length, the
ordination number, etc.

In this paper, we will report a quantitative extended x-ra
absorption fine-structure~EXAFS! investigation on the
porosity-free nc element selenium samples~that were used in
our previous work6,7! with different grain sizes ranging from
13–60 nm.

The nc Se specimens were synthesized by comple
crystallizing the melt-quenched amorphous Se (a-Se) solid,
of which the procedure was described in detail in Ref.
PRB 590163-1829/99/59~17!/11117~4!/$15.00
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Table I lists the annealing conditions and the mean gr
sizes of the nc-Se specimens used in the present work.
comparison, an as-quencheda-Se sample was also studied

EXAFS measurements were carried out at the beam
4W1B ~with an energy range of 3.5;22 keV! of Beijing
Synchrotron Radiation Facility for High-Energy Physic
The storage ring current was 50–80 mA at 2.2 GeV, and
EXAFS spectra were measured at room temperature.
absorption coefficient at SeK edge was determined using
Si~111! double crystal monochromator and ion-chamber
tectors. In order to minimize the absorption of high-ener
x-ray harmonics, the monochromator was detuned ab
30% and the ion chamber monitoring the incident beam w
filled with argon gas and that monitoring the transmitted
ray filled with a mixture of argon~75% vol.! and nitrogen
~25% vol.!. Powder samples suitable for EXAFS measu
ments~particle size less than 400 mesh! were ground from
the bulk nc-Se anda-Se samples, taking care of the seve
requirements of thickness and homogeneity for accurate
sorption measurements.

Figure 1 shows the measured x-ray-absorption spectr
a-Se and different nc-Se samples, from which no disti
difference among the spectra of the samples was found.

Since the oscillatory part of the x-ray-absorption conta
the structural information, we isolate the fine structure a
invert it to obtain the structural parameters in the followi
way ~details of the procedure are given in Refs. 10 and 1!.
The curve,a1E231a2E241a3 ~with photon energyE, pa-
rametersa1 , a2 , anda3!, was fitted to the data in the pre

TABLE I. A list of the annealing temperature and the resulta
mean grain size in the as-crystallized nc-Se samples. The m
grain size was derived from XRD experiments and verified by TE
observations.

Sample A B C D

Annealing temperature~K! -- 363 403 470
Mean grain size,D ~nm! a-Se 1362 2362 6066
11 117 ©1999 The American Physical Society
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edge region of SeK-absorption edge and another lea
square spline is fitted in the post-edge region. The EXAFx
can be derived by removing the least-square spline from
data and normalizing byt(CE232DE24) where t is the
thickness parameter and parametersC,D were given in Ref.
12. The derived EXAFS are then converted as a function
the photoelectron wave numberk ~5@2m(E2E0)/\2#1/2

whereE0 was chosen at the top of the first peak in the a
sorption spectra of all samples, andm the electron mass!.
Figure 2 shows the EXAFSk2x(k) of a-Se and nc-Se
samples as a function ofk. It can be seen thata-Se and nc-Se
samples possess very similar EXAFS oscillations.

FIG. 1. X-ray-absorption spectra ofa-Se~A! and nc-Se sample
with different grain sizes~B513 nm, C523 nm, andD560 nm!.

FIG. 2. EXAFSk2x(k) data fora-Se and nc-Se samples aft
background removal and normalization.
-
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The next step in the analysis is to Fourier transform10,11

k2x(k) using the region from 3.0–14.0 Å21. This converts
the data from a representation in terms ofk to that in terms of
coordinate spaceR and gives an overview of the averag
radial distribution in the material. Typical results of Fouri
transformFT(xk2) for a-Se and nc-Se samples are shown
Fig. 3. It is clear that the EXAFS from all samples conta
only a first-shell signal, and the prominent peaks due to
first-nearest selenium atoms are observed at;2 Å. The
second- and third-nearest peaks are not found fora-Se and
nc-Se samples for large structural defects. Moreover, it
be seen that the amplitudes of the first shell ofFT(xk2) for
samplesB ~13 nm! andC ~23 nm! are only about 6 and 8%
smaller than that forD ~60 nm!. These reductions are muc
smaller than those for nc Pd~21%, 16 nm!, Cu ~32%, 10
nm!, andW ~52%, 5–15 nm!.2 From Fig. 3, one can also se
that the amplitude of the first peak ofFT(xk2) for a-Se is
smaller than those for nc-Se samples. This is in agreem
with other amorphous semiconductors~such as a-Si,13

a-Ge14! of which the nearest-neighbor peak slightly d
creases with going from the crystalline to the amorpho
state as a result of structural disorder.

In order to obtain the structural parameters of the fi
shell, the Fourier-transformed data were filtered and ba
Fourier transformed intok space, then fitted by the leas
square curve based on a single scattering theory.15 The fitting
results were listed in Table II. The coordination number, c
ordination distance~bond length!, and the Debye-Waller fac
tor are found to be nearly unchanged within the measurem
error fora-Se and different nc-Se samples. These values
in agreement with the data reported in Refs. 16–18. For
a-Se film, the coordination number is 2.15 and the bo
length is 2.3260.01 Å. For the crystalline films of Se, th
bond length is 2.3660.01 Å.16 The Debye-Waller factor in
the present study are different from those from the XR
measurements for nc Se samples which were found to
crease from 0.034~60 nm! to 0.044 Å2 ~13 nm!.6 The differ-
ence may result from the different analysis methods: EXA
gives the Debye-Waller factor of the first-shell atoms, wh
the XRD obtains it averaged from all atoms involved in t
Bragg reflection.

FIG. 3. The magnitude of Fourier transform fora-Se and nc-Se
samples. The transform range was from 3.0–14.0 Å, and the
were weighted byk2 before the transform.
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According to Ref. 8, the bond length of nc Se,l, can be
obtained from measured lattice parameters~a andc, the cal-
culation ofa andc was described in detail in Ref. 6!:

l 25~ 1
3 c!21~ma!2 ~1!

with l 052.373 Å, a054.3662 Å, and c054.9536 Å (m
50.3903). Figure 4 shows the bond lengths of nc Se fr
XRD and EXAFS measurements. It can be seen that
bond length keeps a constant value within the measured e
~61%! against the grain size, and the results from XR
agree well with those from the EXAFS measurements. T
grain size independent of the bond length in nc Se sugg
that the atomic intrachain structure is unchanged compa
to that in the equilibrium perfect lattice.

XRD results revealed that the lattice parametera in-
creases significantly with a reduction of grain size in nc
implying that the interchain spacing is enlarged. This p
nomenon can be qualitatively understood by the fact that
covalent bonds intrachain are much stronger than the
der Waals force interchain. Or in other words, when
nc-Se grain size becomes smaller, i.e., more GB’s are
ated, the interaction between GB’s with the nm crystal
results in a distortion in the crystallites~near the GB’s re-
gion!. This distortion may exhibit anisotropy that the inte

TABLE II. The structure parameters fora-Se and nc-Se
samples by the least-squares curve fitting of the filteredFT(xk2)
data based on a single scattering theory~Ref. 15!.

Sample
Coordination number

~Se-Se!
Bond length

~Å!
Debye-Waller factor

~Å2!

A 2.1460.03 2.3560.02 0.01660.001
B 2.1560.03 2.3660.02 0.01660.001
C 2.0560.03 2.3760.02 0.01860.001
D 2.1460.03 2.3660.02 0.01660.001
Ea 2.1560.03 2.3260.02 --

aThe values fora-Se film from Ref. 16.

FIG. 4. The bond length of nc Se from EXAFS and XRD me
surements against the mean grain size, and the schematic repr
tation of the trigonal Se structure~Ref. 9!.
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chain arrangement~which are bonded by relative weake
Van der Waals forces! may be preferably altered compare
with that intrachain~which are dominated by strong covale
bonds!. As a result of minimization of the total energy o
crystallite and GB, the interchain spacing is dilated while t
covalent bond length keeps unchanged. More accurate
of the parameters are needed to identify the detailed int
hain structure~such as the bonding angle!.

Previous EXAFS studies2 on nc Cu, Pd~fcc!, andW ~bcc!
by consolidation from ultrafine particles observed a lar
intensity reduction in first shell of the Fourier transfor
compared to those of the coarse-grained polycrystal
counterparts. The mean coordination numbers were foun
decrease from 12~for coarse-grained Cu, Pd! to about 10.5
~nc Cu!, and 10.9~nc Pd!. These results were interpreted
terms of a ‘‘gaslike’’ GB structure that differs structurall
from either the crystalline or the glassy state in the GB co
ponent. However, in present work, when the mean grain s
decreases from 60–13 nm, the Fourier transform amplit
was only reduced by a few percent and the coordinat
numbers were unchanged. The relative small reduction
Fourier transform intensity with decreasing grain size of h
nc Se agrees with the observation in the XR
measurements.6 The background intensity from XRD pat
terns of 13-nm Se was found to decrease by about 1167%
compared to that of 70-nm Se, this reduction is much sma
than that of nc Fe.1 The GB enthalpy in nc Se was measur
experimentally.19 It was found that the GB enthalpy is com
parable to the small-angle GB energy, and it decrea
~rather than increases! with a reduction of grain size. Thes
observations imply that the GB structure in the present nc
is in a low energy configuration, that is substantially diffe
ent from that of the disordered gaslike GB. More recen
De Panfilis et al.20 reported an EXAFS study of nc-P
samples subjected to various treatments by considering
distribution of particle sizes, the observed reduction in av
age coordination number can be explained as a size e
originating from the reduced coordination of the atom
present in the surface of the particles, and no further red
tion was found, which is in contrast to Ref. 2. Eastman a
observed the similar results.21 Moreover, to avoid the experi
mental artifacts which erroneously lower the apparent co
dination number in transmission mode, Stern22 measured the
nc Cu ~13 nm! by the total electron yield technique an
found that the GB structure, on the average, is similar to t
in conventional polycrystalline Cu, contrary to previous E
AFS measurements made in transmission which indicate
lower coordination number. Further experiments~such as
high-resolution electron microscopy! are needed to identify
the nature of GB structure of nc Se.

In summary, according to the EXAFS measurements
nc-Se samples and previous study, we found that, wit
reduction of grain size, the intrachain structure of nc Se
unchanged while the interchain spacing is enlarged. The
like grain boundary structure has not been detected in the
Se samples.
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