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Strong photoluminescence of nanostructured crystalline tungsten
oxide thin films
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Strong photoluminescend®L) is observed in nanostructured crystalline tungsten oxide thin films
that are prepared by thermal evaporation. Two kinds of films are investigated—one made of
nanoparticles and another of nanowires. At room temperature, strong PL emissions at
ultraviolet-visible and blue regions are found in both of the films. Compared with the complete
absence of emission of bulk phase tungsten oxide powder under the same excitation conditions, our
results clearly demonstrate the quantum-confinement-effect-induced photoluminescence in
nanostructured tungsten oxides.2005 American Institute of PhysidDOI: 10.1063/1.1898434

Tungsten oxide has been extensively studied for distincehromic MgK anodg1253.6 eV. PL spectra measurements
tive physical and chemical properties—especially the elecwere conducted at room temperature on an Edinburgh Ana-
trochromic, photochromic, gaschromic properties—in recentytical Instruments F900 Emscan 2-320, with a Xe lamp as
years: ™ Much effort has been made to probe the mechanisnthe excitation source.
of chromism>® the coloration efficiency® the photocurrent XRD analysis on the two types of films clearly indicates
process ?and the absorption propertié®f tungsten oxide that both the thin films have good crystalline structure. As
thin films. Nevertheless, less attention has been paid to thghown in Fig. 1, the reflection peaks of tRefilms corre-
emission properties of W{since it is an indirect-gap semi- spond to standard peaks of WQCPDS card No: 85-2460
conductor with low emission efficiency. Manfreeli alfre-  while the reflection pattern oA films indicates that the crys-
ported light emission in thin W@films at liquid nitrogen talline structure matches the reflection of; 30, (JCPDS
temperatures. However, the emission disappears at roof'd NoO: 84-151F Since no additional oxygen was intro-
temperature, showing photoluminescence in tungsten oxigduced into the system, the origin of the tungsten oxides on
is not preferred at room temperature. Here we report on 1€ substrate might be due to the Wan the wire that was
strong photoluminescence found in nanostructured crystaf?ot removed totally in the cleaning process. When we used
line tungsten oxide thin films at room temperature. Two!h€ same spiral coil that has been already evaporated for the
kinds of films(P films andW films, P films are referred to as 1St time as the second and third evaporation source, almost
the films composed of nanoparticles antilms are referred  othing could be found on the substrate, thus demonstrating
to as the films composed of nanowirese involved in the ~©Ur Speculation. In the experiments, teéfilms were pre-
investigation. Under excitation at 256 nrR, films exhibit parfad_ with longer evaporation time of ab_out 80 s and the
strong ultraviolet-visible(UV) emission at 355 nm, and/ radiation from the lighted _c0|I_may greatly increase the sub-
films show two emission peaks at 355 and 475 nm. In conStrate temperature, resulting in a loss of oxygen and forma-

trast, from bulk phase WQpowder, no photoluminescence tion of a W10, tungsten oxide structure. Usually, we get
was ’detected under the same exc}tation conditions amorphous films if the substrate is not heated before evapo-

Both the films were prepared through simple thermalration, indicating that high substrate temperature is helpful

evaporation. A spiral coil made up of a tungsten wB8.9% for formation of crystalline tungsten oxide structures.

0.3 mm in diameterwas used as the evaporation source.
800

Before curled into coil, the wire was burnished and cleaned s 1=
with ultrasonication. In a vacuum system, &13il) wafer as 1 e ' =)
a substrate was heated to 400 °C before evaporation. Then 5 600 l@ ‘ &
A current was introduced to flow through the coil at a { =
vacuum of 2x 1073 Pa.P films andW films can be obtained 400 j.%f[

by controlling experimental conditions. X-ray diffraction
(XRD) data were obtained on a Rigaku D/MAX 2400 type

spectroscope(Cu K;, wavelength: 1.5406 A A field- L A i
emission type scanning electron microscoiSEM) (XL- %Mhﬁﬂ
SFEG, FEI Corp. and transmission electron microscope 0-

(TEM) (Hitachi 9000 were used to study structures of the

films. X-ray photon spectroscofXPS) was measured with 1 20 30 40 50 60
an ESCALAB-5 photoelectron spectrometer using a mono- Diffraction Angle (26)

Intensity (a.u.)

FIG. 1. XRD patterns for theé® films sample and th&V films sample,
dauthor to whom correspondence should be addressed; electronic maishowing both theP films and W films are crystalline—corresponding to
hjgao@aphy.iphy.ac.cn WO; and W0, diffraction patterns, respectively.
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FIG. 3. Wy level XPS for theP films (solid) and theW films (dash,
indicatingWe* valence state of films and mixed valence statesWffilms.

films. Considering the different flux density of the evapo-
rated tungsten oxides because of different relative orienta-
tions of the substrate and the coil, relatively smaller flux
density can be the reason for the formation of dispersed
nanowires. Another different detail in the preparation of the
two films is the evaporation timé? films are prepared with
larger flux density and shorter tin{20 9, while W films are
obtained with smaller flux density and longer tirf8) 3.

In order to understand the composition of the different
tungsten oxide films, we used XPS to investigate the valence
distribution of both the tungsten oxide films. As shown in
Fig. 3, the XPS spectrum of the films shows double peaks
with the binding energies of 35.6 and 37.7 eV, corresponding
to Wyt 7o andWys 55, respectivel;?. They are the typical va-
lence state peaks &f°* and are consistent with the standard
spectra of WQ. This result fits well with the XRD analysis
of the P films. On the other hand, there is a broad peak in the
XPS pattern ofV films showing obvious mixed states in the
sample.

Strong photoluminescend®L) emission for both films
FG. 2. Moroholod i struct . i tonast s il was observed, while no emission was found on commercial

. 2. orpnologies ana structures o e prepared tungsten oxiaes 1m H 3 H H
_(a) SEM imgge O?P f_ilmg, sh_owing small p;,rticrl)es of ‘thegfiln(b) S_EM WO?’ %OWdera'?t thet Sartn% ttl)me’ 20 IOtf[VI%US er;?_lssmnbpeaks_
images ofW films, indicating disperse nanowirgs) TEM image of a single was O_ served lor a treated bare Si p a e - y putting a bare Sl
nanowire, the inset image is the SAD pattern, respectively. wafer in the vacuum system and heating it to the same reac-
tion temperature. Thus, the possibility of emission from the
substrate is ruled out. Figuréa}l shows PL spectra of thie

Figure 2 shows the SEM images of the two kinds offiims and thew films excited at 256 nm. A very clear emis-
films obtained. One can see tiefiims are made of small sion peak at 355 nm was observed in the PL spectrk of
particles of about 10 nm in diametgfig. 2a)], while theW  fiims, while two PL emission peaks were observed at 355
films are mainly of disperse nanowires with a diameter abound 435 nm fronW films. Figure 4b) is the emission spectra
20 nm and various length&ig. 2(b)]. The average thickness of the P films excited under different wavelengths, 256, 275,
of the P andW thin films were determined with a SEM and and 309 nm. The emission of the Si substrate is provided for
an atomic force microscope to be about 30 nm. Figéegi8  comparison with tungsten oxide films. It can be seen that the
a typical bright-field TEM image of a nanowire, and the insetemission peak at 355 nm does not shift under different exci-
image is a selected area diffractiéBAD) pattern. These tation wavelengths and shows intrinsic properties of the film
show clearly that the nanowire is single crystalline and thetself.
growth axis is along th&010» W10, direction, both in WO; is an indirect-gap semiconductor and has very low
good agreement with the x-ray diffraction analysis. Thoseemission efficiency. It is believed that in the bulk crystal of
streak-like SAD spots along directions perpendicular to théndirect-gap materials, the electron-hole combination is pos-
(010 growth axis imply there are modulated structures in thesible only through phonon emission or absorption for the
W 140,49 Nanowires, which is caused by crystallographic sheawave vector compensation. However, in nanoscale indirect-
planes or partial oxygen vacancy walifslt has been found gap semiconductors such as Si, Ge, room-temperature pho-
that the coil's position relative to the substrate has a greabluminescence has been observed. Studies about this photo-
effect for preparing® films andW films. When the substrate luminescence reveal quantum-confinement-induced indirect-
is dead against the tungsten cdi, films of particles are to-direct gap conversion in the nanostructures, strongly
formed. However, if the coil is not dead against the wire, i.e.,suggesting the importance of the quantum-confinement effect

the coil is shifted to the side of the substrate—we Wét in the luminescence processt®Recently, Le&’ reported PL
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1400000 disappears because of minor oxygen vacancies il tiilens.
1200000+ Thus, the two emissions observed may also be attributed to
s the band—band transition and oxygen vacancies or defects, as
= 1000000 proposed by Lee.
< 800000 In summary, we report strong photoluminescence in
%’ nanostructured crystalline tungsten oxide thin films at room
§ 6000001 temperature. By controlling experimental conditions, crystal-
= 4000001 line tungsten oxide thin films composed of different nano-
structures can be obtained through thermal evaporation of
200000+ tungsten wire. An UV emission at 355 nm and a blue emis-
04 i sion at 435 nm are observed on the prepared nanostructured
300 350 400 450 500 crystalline thin films. These emission peaks can be attributed
Wavelength (nm) to band-band transition and localized states induced by the
1400000 presence of oxygen vacancies or defects in the nanostructure.
Since no PL can be detected in bulk phase material, it is
1200000 - helpful for understanding the quantum-confinement effect on
. the band structure of this kind of indirect-band gap semicon-
§:1000000- ductors and the photoluminescence process in them.
Z 800000 The authors thank M. Dotson for critical reading of the
% 600000+ manuscript. The project is partly supported by the National
E 400000 Natural Science Foundation of China, National “863" and
“973” programs of China and the Chinese Academy of Sci-
200000 4 ences.
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