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Microstructural change of nano-SnO, grain assemblages with the annealing temperature
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The microstructural changes of nano-Sn@@ave been systematically studied using x-ray diffraction and
Raman spectroscopy. The nano-Snfain assemblage possesses some features of the rutile structure, but has
a large amount of defects: vacancies of oxygen, vacancy clusters, and local lattice disorder at the interface and
interior surface, which lead to a significant lattice distortion and an evident space-symmetry reduction of
Diﬁ and the appearance of a group of new Raman peaks. Two major Ramar\heakdN, in accordance
with Matossi’s force constant model have been found. When the annealing temperature is close to 673 K, the
density of vacant lattice sites and local lattice disorders decreased rapidly in the grains, and the lattice distor-
tion and Raman peakd; andN, almost disappeared at the same time. It suggestd\thahdN,, are closely
related to the microstructural change of the nanocluster grains, or in other wordsid N, peaks mark an
additional characteristic of space symmetry of the grain assemblage of nano-BmORaman peaki; may
be related to local SnPclusters and vacancy clustefS$0163-1827)09704-X]

I. INTRODUCTION X-ray diffraction (XRD) is a powerful tool commonly
mployed in the studies of the structure of materials. For

hemical . ¢ terials h " d anomaterials, it is common to use XRD to determine the
chemical properties of nanomaterials have recently aroused gy sta| structure and to roughly estimate the mean-grain size,

great deal of interest. Generally speaking, the nanostructur cluding the variation of the grain size with annealing tem-

materials are mad.e of two main cpmponents, .e., a graijerature. Only in the past few years have a few papers
component including nanocrystallite, nanocluster asseMreported® the use of XRD for more detailed studies of the
blages, nanoamorphous grains, etc., and an interface compgttice distortion in nanomaterials and the change in the mi-
nent formed by large interfaces and surfaces, etc. crostructure with annealing temperature. On the other hand,
The interface and surface structure have been widely studRaman spectroscopy is a powerful tool used to reveal the
ied. Various types of interface-structure models have beegpace symmetry of materials. The use of XRD and Raman
proposed for nanostructural materi&f§,such as the gaslike spectroscopy together might enhance our understanding of
model, order and extended order models, and ones with the signals from the microstructural change and various de-
distribution of structural features. It is common that the vari-fect states in nanomaterials.
ous peculiar properties of nanomaterials are explained in SnO, is a stable large band-gap oxide semiconductor
terms of the interface and surface structure, while the effectwhich has excellent photoelectronic properties and sensitivi-
from the internal microstructure of the grains are neglectedties of gases, ett.** In nano-SnQ, the above properties
In fact, for different preparation methods the microstructurehave been extensively explor&t}’ and nano-Sn@ will
of nanomaterials can be nanocrystallite, nanoamorphoufind wide applications in microelectronics, photoelectronics,
grain, or nanocluster assemblages with some crystal featureensor and compound function ceramics. The attempt to im-
Since the grains are the basic components of nanomaterialgove its properties largely relies on the understanding of the
changes in their internal microstructure should inevitablymicrostructure of nano-SnQ In the present work, we have
change the physical and chemical properties. Therefore, thetudied the relationships between the microstructural change
study of the internal microstructure of the grains can help usf grains and the change of space symmetry with the anneal-
reveal the general structure of nanomaterials and explain theg temperature of nano-SnQand have discussed the rea-
corresponding experimental results. sons behind the lattice distortion.

The peculiar structure and the unusual physical anqe1
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MPa, the nano-Sn® powder is pressed to form circular
(110) (101) (211) discs with a diameter of about 10 mm and a thickness of
about 1 mm. Samples of different grain size are made using
different isothermal annealing at 473, 673, 873, 1073, and
1273 K for 6 h. X-ray diffraction patterns were obtained with
a Japan Rigaku D/mex-ra rotating x-ray diffractometer using
Cu K radiation, with an operating voltage of 40 kV and a
current of 100 mA. The feature micrographs were obtained
using the H-900 transmission electron microscope. The av-
erage size of nano-Snrain was measured and determined
by XRD and transmission electron microscoyeM) and

l Jw Raman spectra were obtained at room temperature using the
Raman spectrometry system consisting of #mrEx1403
double monochromator with holographic gratings, a cooled

Intensity (arb. units)

Hamamatsu R928 photomultiplier with photon counting
electronics, and amia Processor-Controller for data acqui-
sition, instrumental control, and data analysis. The excitation
source was an argon-ion laser of 480 nm in the backscatter-
ing configuration and the resolution of the instrument was 2
25 35 45 55 65 cem-L

20 The XRD spectra and the spacing of indices in the direct
lattice of nano-SnQ with different annealing temperatures
have been shown in Fig. 1 and Table I. The average grain
size is calculated using the TEM micrograph and the Scher-
rer formula, respectively. Both results show that the average
grain size of the unannealed sample is about 4 nm. The grain
size of samples with different annealing temperatures are 4,

The nano-SnQ grains with an average grain diameter 8, 20, 40, and 80 nm.

smaller than 4 nm have been prepared by the hydrothermal From Fig. 1 and Table |, we see that for the unannealed
method®*° Nitric acid is mixed with 0.25 mol/L solution of sample, there are five rather broad diffraction peaks whose
SnCy, in a suitable ratio, which is heated to 150 °C for 12 h positions have shifted and whose relative intensities have
in a sealed hyperbaric vessel cushioned with polytetrafluoroehanged when compared with the data in the literattire.
ethylene and then cooled naturally to room temperature. Th@/ith increasing annealing temperatures, the diffraction
product is washed repeatedly with deionized water and abpeaks are sharpened and enhanced, thereby indicating that
solute acetone alternatively and the white nano-spow-  the particles have grown and the crystal quality has been
der is obtained. The powder is dried in a vacuum desiccatomproved. For the tetragonal structure, the lattice parameter
and then stored in a desiccator. Under a pressure of 20€an be calculated by

FIG. 1. XRD spectra of nano-SnOwith different annealing
temperaturel,. From bottom to top: unannealed,=473, 673,
873, 1073, 1273 K.

II. EXPERIMENTAL RESULTS AND DISCUSSION

TABLE I. The relation betweenl(;,,, and the annealing temperature of nano-gn@heredy,, is the
spacing of index likl) in the direct latticel/I, are the relative intensities of XRD peaks, the annealing
temperature$K), andD the average grain siz@m).

Samplé? n-1 n-2 n-3 n-4 n-5 n-6 TH#

Ta (K) unannealed 473 673 873 1073 1273

D (nm) 4 4 8 20 40 80  um

i d (A) dA) d@A) dA) dA) dA) dA) 111,00 141, (%)
110 3.300 3300 3351 3350 3370 3351 3.351 100 100
101 2.652 2.650 2.648 2.644 2.659 2.637 2.644 90 81
200 2.394 2390 2374 2368 2380 2366 2.369 25 24
111 2298 2.300 2.304 2.309 5
210 2129 2118 2117 2.120 2
211 1.759 1.760 1.761 1.763 1.768 1.762 1.765 100 63
220 1.678 1675 1681 1672 1.675 63
002 1.612 1.610 1.610 1610 1.610 1.590 1.593 10 8
310 1499 1498 1501 1.497 1.498 13
112 1430 1431 1439 1443 1439 1.439 17

aNano-SnQ samples with serial numbers1 to n-6 with different annealing temperatures. 7# refers to the
data in the literaturéRef. 20.
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TABLE Il. The relation between lattice parameters and the annealing temperature of nanof&nE
anda,gg are calculated with XRD peak410) and(200), respectivelyrip;.1108ndCyp1.000are calculated with
XRD peaks(101), (110, and (200, respectively;Aa and Ac are the difference ofi;;5 and a,y,, and
C101-200 FESPECtively.

Sample n-1 n-2 n-3 n-4 n-5 n-6 T#
D (nm) 4 4 8 20 40 80 um
Ta (K) unannealed 473 673 873 1073 1273
a0 (A) 4.677 4.677 4.739 4,738 4.766 4.739 4.739
ay00 (A) 4.788 4.780 4.784 4.736 4.760 4.732 4.738
Aa (A) —-0.121 —0.113 —0.009 0.002 0.006 0.007 0.001
C101.110(A) 3.223 3.219 3.193 3.186 3.204 3.174 3.186
C101-200(A) 3.185 3.187 3.190 3.187 3.206 3.176 3.186
Ac (A) 0.038 0.033 0.003 —0.001 —0.002 —0.002 0.000
1 h%2+k?® |2 There are a large number of vacancies of oxygen, vacancy
&2, = TJF 2 ) clusters, and local lattice disorders, which lead to an increase

in ¢ and decreases @ and the volume of the unit cell. The

whereh, k, andl are all integers, i{kl) is the lattice plane low-temperature annealing can lead to a relaxation in the
index, anda andc are lattice constants. For a real crystal, theinterface structure, but cannot dispel the local lattice disor-
calculated values cd andc are the same based on different ders or change the internal structure of the nanograins, so
crystal planes. However, the presence of a large number dhere are no apparent changes in the positions and intensities
vacant lattice sites and local lattice disorders may lead t@f XRD peaks. When the annealing temperatligeis close
serious reduction in the intensitpr even the nearly disap- to 673 K, there is a rapid decrease in the density of vacant
pearanck of the XRD peaks of the corresponding lattice lattice sites, vacancy clusters, and local lattice disorders and
plane[e.g., the lattice plan€20)]. In the standard spectrum a rapid resumption of lattice parameters and the volume of
database for Sng that peak has a relatively intensity of the unit cell towards normal values, and the grains begin to
63%, and is one of the four strongest characteristic peakgrow. From room temperature to 673 Ka increases while
(see Table)l On the other hand, the weak pedR90 and Ac decreases by almost an order of magnitude, and at the
(002, with relative intensities 24% and 8% in the standardsame time, the volume fraction of interfaces decreases from
spectrum have essentially kept their relative intensities. Oub2% to 26%. WherT, is higher than 873 K, the vacancies
results therefore suggest destroyed periodicities in somean assemble and form vacancy clusters in the interface,
crystal planes and a significant distortion of the rutile lattice.which leads to a local state of interface. The unit cell volume
We have calculated the lattice parameters with different anincreases since the SpQrluster and vacancy clusters get
nealing temperatures using E(.). The results have been into the lattice whenT, increases and the grains grow
shown in Table Il and Fig. 2. (Av/v is about 1.7% for annealing at 1073 K for & kVhen

From Fig. 2, we can easily notice the relationships of theT, is higher than 1273 K, the density of vacancy clusters
annealing temperature with the changes of lattice parameterdecreases rapidly and the cell volume resumes its normal
and with the volume fractions of interfaces. The volume frac-value.
tions of interfacesV; can be calculated By V;=3A/D, It is well known that in a substable fluid phase, single
whereA is the average thickness of the interface or surfaceatoms or molecules will turn into atoms or molecules of
and D is the average diameter of the nano-Sn@rains. stable grain phase, which will decrease the Gibb’s free en-
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FIG. 3. TEM featured micrograph of nano-Sp@ample No. n-6 Es ! i
n-1, X 150 000). w } \
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ergy AG. If the volume of an atom or molecule of grain is o~ N 1 f’,/
O, the interfacial energy between the crystal and the fluid is = J\N
vst, and the radius of a spherical assembled grain formed in = \—N/\
the substable fluid is, the resulted change of the Gibb’s free '2 -.x ]
energy is - 7 !

.ég “

413 ) g “
AG(r)= 30, Ag+Amreyg. (2 = \ 'l
If the spherical grain with the radius is composed of
atoms or moleculesAG can be expressed as a function of
i to give the general expression
AG(I)=iAg+A(i) yst, (€) S
where A(i) is the volume fraction of interfaces, namely,
A(i)=7l?? and 7 is the form factor which is given by
7=(36m)302"° for a spherical grain andy=6Q02" for a
cubic one. \w/wmw’m
When the size of a grain is greater than the micrometer v

range, its shape will depend on the dynamics of the crystal , ‘
growth process. When the size is several nm, the main factor 150 320 490 660 830 1000

deciding its shape may be the requirement of a minimum
interfacial energy. For fluids, the energy for a spherical in-
terface is minimum; for crystals, the external crystal face is
the crystal face having the lowest interfacial energy. There- FIG. 4. Raman spectra at room temperaturéapfin amorphous
fore, during the formation of nano-SpQin order to main-  film of SnO, (Sample No.a-0), and (b) nano-SnQ sample with
tain the minimum energy of the system, spherical crystalglifferent annealing temperaturéSample Nosn-1 to n-6).

need to be formed and the crystal face should be the one

which possesses the lowest interfacial energy for the adgs supported by the high-resolution electron microscope pho-
sembled grains. The feature micrograph of the 4-nm sampltograph of SnQ obtained in Ref. 6 which showed that the
is shown in Fig. 3. For the convenience of calculation andcrystals are polygons, most of which tend to be spherical. In
description, we describe the crystals as nearly spherical. Thihe grains, a defed¢such as vacant lattice site, vacancy clus-

() Raman shift (cm™)
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TABLE Ill. Raman spectra vibration modes of Sp(Data with (*) are data from Refs. 22—25, while
those with (**) are calculated using Eq(5). N; to N3 represent new Raman peaks. VS: very strong
vibration; S: strong;M: medium strongW: weak.

Mode Ref. 22 Ref. 23 Ref. 24 Ref. 25 Our détan %)
em™ @em™ (@em™) (em™Y) a0 n-1 n-2 n3 n4 n5 n-6
A, 632 638 6396 634 63Q 630 630; 630, 630, 6305

Ay 455 398
Big 87 100 126.60 184

B,y 773 782 7608 777 78§, 774y 774y 774, TT4y TT4y T4y
Eq 472 476 4514 475 472 AT2y AT2y AT2y
N, 574 569+

5665 574s 5685
N, 358, 350
Ns 440, 440, 442, 442

ter, or local disordercauses the lattice distortion and the  We attribute the above phenomena and results to the mi-
lowering of lattice space symmetry. crostructure of components of nano-Sn@®irst, theN peaks

A unit cell of the typical rutile structure of Sn{contains  are closely related to the microstructure of the nanocluster
two tin ions and four oxygen ions and belongs to the spacgyrains; they might constitute a new kind of vibration mode
group D (Paoimnm) - Scott®? Katiyar et al,” Satoet al,**  according to Matossi's force constant model, reflecting a
and Gervais and Kre$s have investigated the vibration new characteristic of space symmetry of the nano-SnO
spectrum of single-crystal SO According to the group grain assemblage which is closely related to vacant lattice
theory, there are 15 lattice vibration modes: sites and local lattice disorder, or they might be related to

Ay, and B;,. By, is of the greatest interest in the four

Gruti=A1g+ Azgt Aoyt Bigt Bog+ 2B+ Eg+ 3By, @ R;gman-actlig/e mlgdes whiIAzggis Raman inactive. Scéft
. determined,, to be 87 cm ! and calculatedh,y to be 455
whereAq, Big, Byg, andE, are Raman activeh, and  cm~1 ysing Eq.(5). A, and B;; modes are related to the
E, possess TO and LO mode, where TO is transverse-optichear 0-Sn-O base which turns around the vertical axis of
vibration and LO is longitudinal-optical vibration. ~  sn and theB,, mode is related to an incipient instability in

Figure 4 and Table Il show the Raman spectra vibrationne |attice?? For a nano-Sn@ grain assemblage, a large
modes of a single crystal, an amorphous film having théyymper of vacant lattice positions and local lattice disorders
sample serial numbera(0), and six nano-Sn® samples  can |ead to a change in the bond length, a space symmetry
with different annealing temperatures having the serial NUMzaqyction ofD1* and a serious lattice distortion. In particu-
bers (-1) to (n-6). Clearly, the peaks of nano-Span the  |5; the vacancy of oxygen and local disorder in the lattice
Raman spectra can k_Je divided into tv_vo groups. One grouBjane (220 may shift the vibrational frequency @&, and
resembles the vibration modes of microcrystal and singl ransformA, into Raman active. If we assume the vibra-
crystal SnG (we refer to them as th€ peak$. These Ra-  jgnq frequency ofB,, shifts to 358 and 350 cm!, the
man shifts are 630, 774, and 472 cth) which are consistent vibrational frequency Cg)Az will be 574 and 569 cm? i‘rom
with the A4, ?Zg, and Eg vibration1 modes, respectively. Eq. (5) for samplesn— 1 a?ndn—z, respectively.
A1q (630 cm ) and B,y (774 cm'7) are related to the — ‘gecongN, andN, may be related to the structure of the
expansion and contraction vibration mode of Sn-O bondsytarface componerf-28 The degree of order of interface
while E, is related to the vibration of oxygen in the 0xygen 4toms can affect the relative linewidth and positions\af
plan. These peaks show that the nano-$possess the main 54N, peaks. TheN; peak may be related to vacancy clus-
characteristic of the tetragonal rutile structure. In d (o5 ang Jocal Sn@clusters. When the samples are annealed
sample, besides the previous peaks, we have also found Otr\%thermally at 673 K for 6 h, the new Raman peaks almost
group Raman shifts of 358, 574, and 440 ch(we refer to

disappear and the intensity of tiAg, peak increases while
them as theN peaks. TheN peaks have not been observed yq inewidth decreases due to the disappearance of the va-
in Raman spectra of single crystal or microcrystal $Snkut

' a : 1 cant lattice sites and local lattice disorders. At the same time,
N; is close to the vibration modé&66 cm™ ~) of an amor-

. ’ g ) the lattice distortion almost disappears and all XRD peaks
phous film of SnQ. Itis evident that the positions of the two ¢4 pe identified with Cohen’s tetragonal rutile structure of

new peaks shift towards lower frequencies and the relativgno, As the isothermal annealing temperature increases,
intensities change for isothermal annealing at 473 K for 6 hyo grain size increases and all XRD peaks @ngeaks of
We studyN; andN, according to the Matossi force constant paman spectra become more intense and sharp. Due to the

0’26 I . . . . .
modef®*® using assemblage of interface vacancies and the resulting rapid in-
.2 2 2 12 crease of vacancy clusters, and due to the emergence of a
@(ND)=[0%(N) + @™ (Bag) + @™(Asg)] ®  ocal SnO, cluster in the interface, th&l; mode is once
and have found that the data from calculations agree verggain excited. Its intensity increases and its linewidth broad-
well with our Raman spectregsee Table ). ens probably because the densities of vacancy clusters and
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local SnG; clusters increase and some of them become ineomponent and the lowering of the lattice space symmetry,
corporated into the lattice. When the annealing temperaturien addition to the effects at the interface and surface. The
is higher than 1273 K, part of the vacancy clusters integratd; and N, peaks agree fairly well with the Matossi force
with local SnG, clusters. Together with the crystal growth constant model. The lattice distortion almost disappears and
and perfection, a portion of the vacancy clusters evolve intdhe space symmetry reverts tm}(,ﬁ when the samples are
nanoholes, the local states rapidly decrease antlljigeaks annealed isothermally at 673 K for 6 h. The study of the

disappear.

change of the internal microstructure of the grains is signifi-

To sum up, we suggest that the main reasons behind theant for the understanding of the whole structural feature of
change of some diffraction peaks and the emergence of nemanomaterials and for the preparation of new nanomaterials
Raman peaks are the microstructural change of the graiwith peculiar properties.
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