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The linear and nonlinear optical properties of nanometer-sized In,O, organosol were inves- 
tigated by using TEM, ESR, UV-visible absorption spectrum, photoluminescence spectra and 
Z-scan technique. It was found that the prepared In,O, organosol showed a series of new 
optical properties, which can be explained by its special structure. These new optical properties 
made its application in information optics enlarged. 
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1. INTRODUCTION 

R. K. Jain and R. C. Lind measured large third-order optical nonlinear 
susceptibility and ultrafast carrier combination time in the semiconductor 
microcrystallite dopqd filter glass in 1985 [l]. From then on, semiconductor 
nanoparticles as a new kind of optical material have attracted great atten- 
tion. Up to now, the various properties of nanometersiied semiconductor 
materials have been studied and made great progress. The various effects 
which influence the properties of nanometer-sized materials, such as quan- 
tum size effect [2], surface effect [3], and local field effect [4], have been 
investigated. In one word, the studies of nanometer-sized semiconductor 
materials have entered a prosperous period [ S ] .  
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In,O, in bulk is being extensively utilized. It also has relatively large 
nonresonant third-order nonlinear optical susceptibility among inorganic 
oxides [6]. In order to study its optical properties under nanometer-size 
range, nanometer-sized In,O, organosol was synthesized and characterized 
through a series of spectroscopic techniques. 

2. EXPERIMENTS 

2.1. Synthesis of In,O, Nanoparticles 

Nanometer-sized In,O, organosol was prepared through microemulsion 
method. lOml of newly-made InCL, aqueous solution (0.1 M) was added to 
100ml of toluene containing 1 x lo-' mol of stearic acid. The resulting 
mixture was stirred to form microemulsion, then 20ml of 0.1 M NaOH 
aqueous solution was added by means of a pipet to the microemulsion to 
produce hydroxide under strong stirring. After the reaction completed, the 
reaction product was extracted into the organic phase because its surface 
was capped with a layer of stearic acid, then let the reaction system stand 
still to separate the organic phase from the water phase. The water phase was 
discarded and the organic phase was refluxed 0.5 hr, then cooled to room 
temperature. The little amount of water on the bottom of the flask was 
discarded and the organic phase was washed with distilled water for several 
times to further purify the reaction product. After the purification, the organic 
phase was distilled to remove the remnant water. Finally nanometer-sized 
In,Oj organosol with concentration of 5 x lo-, M was synthesized. 

2.2. Measurement Methods 

The size of nanoparticle organosol was measured through Philips EM-400 
transmission electron microscopy (TEM). The average particle diameter 
was 6 nm as shown in Figure 1. Absorption and photoluminescence spectra 
were measured by Shimadzu UV-240 spectrophotometer and a RF-540 
fluorimeter, respectively. ESR measurement was performed on Bruker 200D- 
SRC spectrometer. The magnetic field was calibrated with Mn2+ as a stan- 
dard. Continuous wave (cw) laser Z-scan measurement was carried with a cw 
Ar' laser as light sources. Pulse laser Z-scan measurement was carried out 
with 18-ns, 1.06pm pulse from a Q-switched Nd:YGA laser, operating at a 
repetition rate as the excitation light source. In which nonlinear-optical 
signals were compared with that obtained from a reference sample of CS, 
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FIGURE 1 The TEM bright field image of nanometer-sized In,O, organosol. 

under the same experimental conditions. All experiments were performed at 
room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Absorption Spectrum 

The absorption of stearic acid and toluene appears at wavelength shorter 
than 300nm and can be neglected. Figure 2 represents the absorption spec- 
trum of the sample. It could be seen that when wavelength is longer than 
350nm, (band gap in bulk), the sample still has strong absorption. The 
absorption coefficient of amorphous semiconductor can be written as [7]: 

a, ha, E,  are absorption coefficient; photo energy, apparent optical band- 
gap respectively. A is a constant. From the formula (1) it could be seen that 
(aha)''2 has a linear relation with hw, the slope of straight line gives E, of 
materials. The E, of sample is 2.3 eV, which red-shifts 1.2 eV compared with 
that of bulk In20,  [8]. This is contrary to the quantum size effect which 
leads to the blue-shift of E,. with the decrease of particle size and has been 
observed in many nanometer-sized semiconductor materials [9]. Since the 
particle radius (30A) of the sample is larger than the exciton Bohr radius of 
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FIGURE 2 The absorption spectrum of nanometer-sized In,O, organosol. 

bulk In,O,, 10A [lo], the sample belongs to weak confinement and the 
blue-shift of absorption band-gap, due to the quantum size effect, is very 
small and can be neglected. On the other hand, from the analysis of sample 
preparation process the amount of In3+ used in reaction is stoichiometri- 
cally larger than that of OH in order to ensure the prepared nanoparticles 
to have positive charges, which attract anionic surfactants to adsorb to the 
nanoparticles surface to form stable nanoparticles as shown in prepara- 
tion process. Therefore, there are lots of oxygen vacancies due to non- 
stoichiometic ratios of reactants, which mainly locate in the interface of 
nanoparticles and have strong interaction with the interfacial capping sur- 
factants. This interaction stabilized the interfacial oxygen vacancies and 
make them form a series of metastable energy levels within the forbidden 
band. This leads to the red-shift of optical band-gap of the prepared sample 
in absorption spectrum. 

The existence of oxygen vacancies was further justified by the ESR spec- 
trum as shown in Figure3. In,O, in bulk is an antimagnetic material, 
whereas the prepared In,O, organosol shows an obvious ESR signal which 
stably exists at room temperature. The g factor of the sample is 2.001, which 
Is similar to the g-factor of a F center formed by electron capture by an 02- 
vacancy [l 11. This indicates that there certainly exist interfacial oxygen 
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FIGURE 3 The ESR spectrum of nanometer-sized In,O, organosol at room temperature 
a: microwave frequency: 9.3 GH+ b: microwave power: ImW c: modulation frequency: 100 KHz; 
d modulation amplitude: 2 Gauss. 

vacancies in the prepared sample, which trap electrons to form paramag- 
netic centers to provide the observed ESR signal. 

3.2. Excltation and Photoluminescence Spectra 

In,O, in bulk has no luminescence at room temperature [lo], while the 
prepared sample shows obvious photoluminescence at room temperature as 
shown in Figure 4b,c. Figure4a is the excitation spectrum of the sample 
with emissions wavelength of Ae, = 520 nm, which exhibits a wide excitation 
band with wavelength range from 350 to 500nm coinciding with the 
absorption band of oxygen vacancies. This implies that the absorption 
of oxygen vacancies contributes to the observed emission. The structures of 
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FIGURE 4 The excitation and photoluminescence spectra of nanometer-sued In,O, organosol. 
a: The excitation spectrum of Lrn = 520 nm, b The fluorescence spectrum of I.,, = 430nm, 
R,,,, = 495 nm; c: The fluorescence spectrum of = 470nm, I,,,, = 518nm. 

excitation spectrum and photoluminescence spectra reflect the structural 
and environmental complexities of those oxygen vacancies. These energy 
levels of oxygen vacancies are a series of metastable energy levels which 
have relatively long lifetimes and the optical transitions are dipole-allowed. 

From absorption and luminescence spectra, it can be concluded that due 
to the existence of this special interfacial oxygen vacancies stabilized by the 
capping surfactants, these oxygen vacancies form a series of metastable 
levels within the prohibited band of In,O,. The formation of these meta- 
stable leads to the red-shift of absorption band-edge and photolumin- 
escence at room temperature due to their relatively long lifetimes. 

3.3. 2-Scan Study 

Z-scan technique is a simple, sensitive, single-beam method that uses the 
principle of spatial beam distortion to measure the sign and magnitude of 
refractive nonlinearities ( n 2 )  of optical materials. The details of the estima- 
tion procedures and theoretical background are well documented in the 
literatures [ 12,133. 
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The third-order optical nonlinear susceptibilities of stearic acid and tol- 
uene are smaller than esu and can be neglected. The Z-scan curves of 
the sample excited with pulse laser is shown in Figure 5. The Z-scan curve 
of sample, with closed-aperture arrangement, as shown in Figure, 5a 
indicates that the sample belongs to defocusing materials and exists 
multiphoton absorption as discussed above. Figure 5b further justifies the 
existence of multiphoton absorption with open-aperture arrangement. The 
ratio of two curves gives pure refractive nonlinearity. Through calculation, 
the pure nonlinear refractive coefficient n,  is about -3.4 x lo-'' esu, which 
is two-order magnitude larger than that of bulk In20,, 1.7 x esu and 
is opposite in sign of nonlinearity. The excitation of sample at 1.06pm 
belongs to nonresonant excitation because sample has no absorption at this 
wavelength. Therefore, the nonlinearities of thermalized refractive change 
and exciton effect due to linear absorption can be neglected. The origin of 
optical nonlinearity is mainly electronic refractive effect. Cotter et al. [14] 
had reported an investigation of the behaviors of i3) in the transparency 
region for semiconductor microcrystallites using Z-scan method. They 
found that the electronic refractive nonlinearity of a series of semiconductor 
microcrystallites embedded in a glass matrix with particle radius range from 

Q) 

P'. 
3 1.1 - 
.rl t: ./. \ 1.0 - 0- 8 
rA 

m 3 0.8 - 
.r( d 

-40 -30 -20 -10 0 10 20 30 40 50 

FIGURE 5 Z-scan normalized transmittance of nanometer-sized In,O, organosol excited by 
Qswitched nd: YAG laser with a peak irradiance I, of 0.21 GW/cm2 a: closed-aperture (S = 0.34) 
b open-aperture (S = 1). 
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290 W. XIAOCHUN et a/. 

3.5nm to 6.5nm (1-2.5 times the electron Bohr radius) are consistently 
negative in sign for frequencies below the absorption edge, indicating the 
dominant role of the optical stark effect, which is different from that of bulk 
semiconductors. They further pointed out that even in weak confinement 
region, the quantum size confinement has a profound influecne of Ref) in 
the transparency region only if the excitation of sample is on or near 
resonance for 2PA(two-photon absorption). The quantum confinement 
would be expected to influence this process strongly and correspondingly 
affect the optical stark effect. In our sample (particle radius 3 times exciton 
Bohr radius), the Ref’ (n2)  is also negative and the excitation of the pre- 
pared sample is on 2PA resonance. Therefore the increase of Ref) of our 
sample partly come from the contribution of this process, whereas in bulk 
In20,  the optical stark effect at this wavelength can be neglected due to its 
excitation far-away from the 2PA resonance (2ho << E,). Our experimental 
results agree with those of Cotter et al. Undoubtedly, the contribution of 
the interfacial oxygen vacancies is most important. On the one hand, they 
lead to the red-shift of absorption band-edge and make the excitation of 
sample at this wavelength satisfy the condition of 2PA resonance enhance- 
ment of optical stark effect; on the other hand, these oxygen vacancies with 
negative charges will produce a strong electric field which will further en- 
hance optical stark effect and finally increase of the sample. Therefore 
Both interfacial oxygen vacancies and quantum size effect contribute to the 
increase of Ref) in our prepared sample. It can be obtained from the 
analysis of absorption spectrum that the band-gap of sample located at the 
Wavelength of 540nm, which is just longer than that of double frequency 
of 1.06 pm laser and satisfies the condition of two-photon absorption, 
E, < hw < 2E,. The two-photon absorption coefficient fl (Imi3)) which was 
obtained through open-aperture arrangement, is 0.15 cm/GW. 

One of the applications of nonlinear refractive index is in the role of 
all-optical switching. The ratio n2/flL, which is a vital parameter for device, 
is 310 and quite large. Therefore our prepared sample is a quite good 
material for all-optical switching device. 

The Z-scan curves of sample excited with a cw Ar+ laser as shown in 
Figure 6 indicated that the refractive nonlinearity also belongs to defocus- 
ing nonlinearity, while the absorptive nonlinearity belongs to saturation 
absorption. The nz of sample at 514.5 nm is - 5.8 x lO-’esu, and the satu- 
ration absorption light intensity Isat is equal to 200 mW/cmz, which is 
much low and indicates its application in optical limiting at visible light 
range. The excitation of sample with a cw Ar’ laser at  514.5nm belongs to 
resonant excitation because excitation wavelength is shorter than band-edge 
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FIGURE 6 Z-scan normalized transmittance of nanometer-sized In,O, organosol excited 
with a cw Artlaser. a: closed-aperture (S=O.34) with total irradiance I, of 0.1 MW/cm2; 
b open-aperture (S = I )  with total irradiance I ,  of 0.83 MW/cm2. 

wavelength. From the analysis of linear spectra, on the one hand, it be- 
comes clear that the excitation of sample at I = 514.5 nm gives rise to from 
oxygen vacancies at the interface of nanoparticels, which shows strong 
electron-lattice interaction due to its strong interaction with capping surfac- 
tants and disorder of interfacial structure [l5, 161. The strong electron- 
lattice interaction indicates that the system has high non-irradiative 
efficiency, which can leads to large thermalized refractive nonlinearity at 
strong laser irradiation. Therefore the large n, of sample at 514.5 nm comes 
from thermalized refractive change. On the other hand, those oxygen va- 
cancies exist in the form of metastable states, which have relatively long life 
times. The excitation of those long-lifetime metastable states at strong laser 
irradiation can lead to the nonlinear saturation absorption. The low satura- 
tion intensity of sample is due to the long lifetime of those oxygen vacancies. 

4. CONCLUSIONS 

From above experiments and discussion, it could be concluded that the 
structure of the prepared nanometer-sized In,O, nanoparticles consists of 
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the inner In203  microcrystallite core covered with a shell of interfacial 
oxygen vacancies stabilized by surfactants, similar to that of porous silicon 
[ 171. This special oxygen vacancy structures make nanometer-sized In20 ,  
nanoparticles exhibit a series of new linear and nonlinear optical properties 
which can be summarized as follows: 

(1) The nanometer-sized In203  organosol shows red-shift of absorption 
band-edge due to the formation of metastable energy levels of oxygen 
vacancies within the prohibited band. 

(2) These metastable energy levels emit obvious fluorescence at room tem- 
perature due to their relatively long lifetimes. 

(3) The existence of oxygen vacancies is further justified through ESR spec- 
trum. 

(4) From the pulse laser Z-scan study at the wavelength of 1.06 pm, the n2 of 
the sample is - 3.4 x 10- l o  esu mainly coming from the optical stark effect, 
larger than that of the bulk. Due to the red-shift of band-gap, the two- 
photon absorption is also observed at this wavelength and fl is 0.5 cm/GW. 

(5) From the cw laser Z-scan study at  the wavelength of 514.5 nm, the n, of 
the sample is - 5.8 x 10- esu coming from the contribution of therma- 
lized refraction. Due to the excitation of metastable energy levels of long 
life-time at this wavelength, obvious saturation absorption phenomenon 
is observed and Isat is 6.55 W/cm2. 

These new optical properties can be reasonably explained by its special 
oxygen vacancy structures under nanometer-sized range. These new optical 
properties also enlarge the applications of In203  in nonlinear optics, such 
as optical switching and optical limiting. 
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