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Indium arsenide nanocrystals ranging from 1 to 8 nm in diameter were prepared in triglyme 
and characterized by transmission electron microscopy, electron diffraction, absorption and 
fluorescence spectroscopy, and composition analysis by fluorescent X-ray spectroscopy. Large 
third-order nonlinearity was observed in the degenerative four-wave mixing experiments. 

Introduction 

Recently, great interest has been devoted to the pho- 
tochemical and photophysical properties of quantized 
semiconductor nanocrystals.l-3 Much attention has fo- 
cused on the optical nonlinearity of semiconductor nano- 
crystals, Le., resonant third-order nonlinear optical pro- 
cesses for 11-VI (CdS,Sel,) or I-VI1 (CuC1) semiconduc- 
tor-doped glasses or polymers.P7 Since 111-V semicon- 
ductor nanocrystals must exhibit large size-quantization 
effects due to very small effective masses of electrons and 
holes, they must show remarkable optical nonlinearity as 
expected from results obtained on GaAs quantum wells.a 

InAs (E, = 0.35 eV) is one of the narrow, direct-gap, 
111-V semiconductorsg and its optical bandgap is poten- 
tially tunable from the near infrared to the visible range, 
depending on the degree of size quantization. However, 
only two reports are available for the preparation of InAs 
nanocrystals for optical applications. Wang and Herron 
have reported the application of metalorganic chemical 
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vapor deposition (MOCVD), i.e., reaction of In(CzH& with 
AsH3, in porous glass supportdo, although the optical 
bandgap of InAs-doped glass seemed to be still narrow as 
judged from its black color. The other report concerns a 
magnetron rf sputtering of InAs, GaAs, and Si02 targets, 
which resulted in InxGal-xAs nanocrystals embedded in 
a Si02 glass substrate.” Recently, organometallic syn- 
thetic methods have been developed to prepare quantized 
GaAs nanocrystals which can be well characterized.12-16 

In the present paper, we report a new synthesis of 
colloidal InAs nanocrystals by an organometallic reaction, 
and its crystal structure and chemical composition are 
evaluated. Furthermore, i t  is demonstrated that the 
quantized InAs nanocrystals prepared in this study show 
a large third-order optical nonlinearity. 

Experimental Section 

Indium(II1) acetylacetonate, In(acac)s, waa prepared from the 
reaction of with acetylacetone, followed by repeated 
recrystallizations and vacuum drying. The In(acac)3 prepared 
in this way contained the stoichiometric amount of In, as 
determined by atomic absorption spectroscopy. Tris(trimeth- 
ylsilyl)arsine, As(SiMe&, was prepared according to the liter- 
ature17 and purified by a vacuum distillation. These reagents 
were stored in a drybox. Triethylene glycol dimethyl ether 
(triglyme) was purchased from Aldrich and distilled over CaH2 
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under reduced pressure, ea. 10 Torr. All compounds were 
manipulated in a standard vacuum line or under a high-purity 
nitrogen (>99.999 % ) atmosphere dried with molecular sieves. A 
mixture containing 0.5 mmol of In(acad3 and 0.5 mmol of As- 
(SiMe& in 25 cm3 of triglyme was heated at reflux (216 "C) for 
70 h. As a blank sample, triglyme containing the same concen- 
tration of In(acach was heated under the same conditions. 

The InAs colloids were filtered under nitrogen atmosphere 
using Amicon type YM1 filter with molecular weight cutoffs 
(MWCO) of loo0 (average pore sized = 1.2 nm) and Advantec 
type T020A filter (d = 0.2 pm). The dark brown powders 
separated on the 0.2-pm filter were dried in vacuum and 
characterized hy X-ray diffraction, XRD (Shimadzu XD-3A) with 
the use of Cu Kcr (A = 0.1542 nm) radiation. The absorption and 
fluorescence spectra of the filtrates were measured with a 
photodiode-array spectrophotometer (Hewlett-Packard, 8452A) 
and a fluorescence spectrometer (Hitachi, F-3010). A high- 
resolution transmission electron microscope, TEM (Hitachi 
H-9000, 300 kV), was employed to observe InAs nanocrystals 
deposited onto carbon-evaporated copper grid. The lattice 
spacings of InAs nanocrystals in the TEM pictures and the 
electron diffractionpattem weremeasured by reference tod(200) 
of an Au single crystal observed under the same conditions. 

The concentration of In and As in the colloids was determined 
by a fluorescent X-ray spectrometer (Rigaku, 3270A): 0.1 cm3 
ofthecolloidor thestandard solution (atomicahsorptionanalysis 
grade) was dropped on a filter paper (Rigaku, 3379C13, dried in 
vacuum, and then determined using calibration curves prepared 
withtheuseofthe intensityofInKuor As Ku. Thecomposition 
of the dark brown powders was determined similarly after 
dissolving them in concentrated nitric acid. 

The third-order optical nonlinearity of InAs colloids was 
examined by using the configuration of the degenerative four- 
wave mixing (DFWM) with two forward incident heams'am at 
room temperature. To obtain the colloid with a higher concen- 
tration of InAs nanocrystals, the 0.2-pm filtrate of the original 
InAs colloid was concentrated to one-half of its volume by a 
vacuum evacuation. The 0.2-rm filtrate of the original InAs 
colloid, the concentrated one, and the blank sample containing 
Iu(acac)s in triglyme were used for the DFWM in aglass cellwith 
the optical pass length of 2 mm. A commerical colored glass 
filter (HOYA, Y-52, thickness = 1.05 mm) was also used as a 
reference sample. The sample was excited with two laser beams 
intersecting at an angle of 1.5' from a Q-switched NdYAG laser 
(SpectraPhysia,GCR-11) generating532-umpulses witha width 
of 7-11 ns. The signal beam diffracted by the laser-induced 
grating was introduced to a monochromator (McPherson, 2035) 
equipped with a photomultiplier (Hamamatsu Photonics, R955) 
and was recorded by a digitizing oscilloscope (Hewlett-Packard, 
54510A). 

Results and Discussion 

Characterization of InAs Nanoerystals. Brown 
turbid slurries were obtained by the reaction of In(acac)s 
with As(SiMe8)s in triglyme at the reflux temperature. 
Transparent brown colloids were obtained from the slurries 
by filtering them through a 0.2-pm filter. The colloids 
stored under nitrogen in the dark were very stable and did 
not aggregate for at least 6 months. 

Figure 1 shows a typical TEM photograph of the InAs 
particles obtained by filtration with a 0.2-pm filter. Clear 
lattice planes are seen in Figure 1. By reference to the 
lattice spacing of the (200) plane of the Au single crystal 
in the TEM picture obtained under the same conditions, 
the lattice spacing of the particles was determined to be 
0.346 i 0.003 nm, which is assigned to d(ll1) = 0.3498 nm 
of InAsZ1. The electron diffraction of the particles gave 
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Figure 1. Transmission electron micrograph of InAs nano- 
crystals. 

Table I. Lattice Spacing, d, of InAs Nanocrystals 
Determined by Electron Diffraction 

dlnm dlnm 
(JCPDS dataP hkl (obsdY error/%* 

0.3498 111 0.3441 -1.7 
0.3030 200 0.2964 -2.2 
0.2142 220 0.2141 -0.1 
0.1826 211 0.1835 +0.5 

Lattice spacing determined by reference to d(200) of Au single 
crystal measured under the same conditions. Experimental error 
ford, compared with JCPDS data. 

Particle diameter / n m  
Figure 2. Size distribution of InAs nanoerystals determined 
from TEM picture. Total number of particles counted was 154. 

clear zinc blende type patterns of (lll), (220), and (311) 
and weak (200) of InAs, as summarized in Table I. Figure 
2 shows the size distribution of the In& particles, which 
was obtained for 154 particles with clear lattice fringes on 
several TEM photographs. The particle size ranges from 
1 to 8 nm, and the average diameter is 3.76 nm with a 
standard deviation of 1.35 nm. 

Dark brown powders produced in the original slurries 
were collected on the 0.2-pm filter. After drying under 
vacuum, 0.193 g of a dark brown powder was obtained. As 
shown in Figure 3, the X-ray diffradogram of the dark 
brown powder shows very broad peaks which can be 
assigned to  zinc blende type InAs. The particle size 
estimated by Scherrer's equation is about 4 nm, being 
consistent with that observed by TEM for nanocrystals in 
the colloids. This result suggests that  the dark brown 
powders contain either InAs nanocrystals which were not 
dispersed in the colloids or poorly crystalline InAs bulk 
powders. 

Figure 4 shows the absorption spectra of the 0.2-pm and 
1.2-nmfiltratesoftheInAs colloids. For theO.Z-pmfiitate, 
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Figure 3. X-ray diffractogram of the dark brown powders which 
were obtained by filtlation of the original slurries with 0.2-pm 
filter. Peak assignments are based on zinc blende type InAsZ1. 

Wavelength / nm 

Figure 4. Absorption spectra of the InAs colloid filtered through 
0.2-pm (-) and 1.2-nm (- . -) pore size filters. A spectrum of 
In(aca& triglyme blank solution filtered through a 0.2 km filter 
(---) is also shown. Optical path length = 2 mm. 

the absorption onset is about 730 nm (1.7 eV), being blue- 
shifted greatly from that of the bulk material (3543 nm). 
Since the InAs colloid which was concentrated to one-half 
of the original volume exhibited almost the same absorp- 
tion onset, the absorption onset a t  about 730 nm seems 
to be a characteristic of the InAs nanocrystals. Using a 
simple effective mass approximation for the relation 
between the bandgap and the particle size', the diameter 
of the InAs particle is estimated to be 6.6 nm. This is 
consistent with the TEM results (Figure 2), since the 
optical absorption threshold of the colloids must be 
determined by the largest particles in the colloids.2 The 
spectrum for the 1.2-nm filtrate is quite different from 
that of the 0.2-pm filtrate and is rather similar to that of 
an In(acac)a triglyme blank solution containing no InAs 
particles. The weak absorption from ca. 600 nm for the 
blank solution is probably due to an In-(acac)-triglyme 
complex, since triglyme is a good complexing agent for 
many metal ions.22 

Fluorescence spectra are shown in Figure 5 for the InAs 
filtrates and the blank In(acac)3 solution. Although the 
emission observed for the InAs colloid prepared by 
filtration with use of a 0.2-clm filter is stronger than that 
for the blank solution, the spectral shapes of them are 
similar; the emission onsets near 700 nm and peaks a t  
about 550 nm. Therefore, the emission properties of the 
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Figure 5. Fluorescence spectra of 0.2-pm (-) and 1.2-nm (- -) 
filtrates of InAs colloids and of the In(acac)a blank solution (---). 
Excitation was a t  500 nm. 

Table 11. Content of In and As Contained in 0.2-rm and 
1.2-nm Filtrates of the InAs Colloid and in the Dark Brown 

Powders Determined by Fluorescent X-ray Analysis 
no. sample In/mmolR As/mmolo 

Solutions 
1 loadedb 0.500 0.500 
2 0.2-pm filtrate 0.187 0.033 
3 1.2-nm filtrate 0.123 0.019 
4 A(2-3)c 0.064 0.014 

Dark Brown Powders 
0.360 (21.4 w t  %) 

@ In 25 cm3 of each solution or in 0.193 g of the dark brown powders. 
b Original amount of the starting material. Difference between the 
run nos. 2 and 3, corresponding to the composition of InAs 
nanocrystals greater than 1.2-nm particles. 

0.304 (11.8 w t  % )  

InAs nanocrystals may be masked by molecular species 
(In-acac-triglyme complex) in the present system, being 
different from the case of GaAs colloids prepared in 
triglyme.16 

Table I1 shows analytical results for the content of In 
and As in the InAs colloids. The content of In is much 
higher than that of As for both 0.2-pm and 1.2-nm filtrates. 
The composition of the InAs particles in the colloids was 
estimated by subtracting the amount of In and As obtained 
for the 1.2-nm filtrate from that for the 0.2-pm filtrate, 
since, as mentioned above, almost all of the InAs particles 
were removed by the 1.2-nm pore-size filter. The com- 
position of the InAs nanocrystals obtained in this way 
contained excess In, whose source may be the In-acac- 
triglyme complex which may serve as a stabilizing agent 
to prevent the aggregation of the InAs nanocrystals. The 
amount of InAs produced in this synthesis is estimated to 
be 0.014 mmol (0.55 mM), with the assumption that the 
amount of As determined for the residue on the 1.2 nm 
filters is that from the InAs nanocrystals. This means 
that 2.8% of As(SiMe3)~ in the original solution was used 
in the chemical synthesis of InAs. A large portion of the 
loaded materials was found to be included in the brown 
powders as shown in Table 11. Judging from the content 
of In and As, the dark brown powders contain an 
appreciable amount of organic moieties besides InAs 
crystals confirmed by the XRD. 

Optical Nonlinearity of InAs Nanocrystals. When 
a nonlinear optical material is excited with two forward 
laser beams in the directions denoted by kl and kz wave 
vectors, the diffracted signals due to the third-order 
nonlinearity must be observed in the directions of 2k& 
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In the DFWM experiments, we must take thermally 
induced refractive index changes into a c c ~ u n t . ~ ~ ~ ~ ~  The 
thermally induced third-order susceptibility IX(3)thermdl is 
given as f 0 1 l o w s : ~ ~ ~ ~ ~  

1- ' '-1 03 1 o4 1 o5 
Laser intensity / w cm-* 

Figure 6. Beam powder dependence of diffracted DFWM 
signal: (e) Y52 glass filter; (0) concentrated InAs colloid; (A) 
original InAs colloid. Theoretical cubic slope (eq 1) is also shown 
in the figure. 

Table 111. Linear and Nonlinear Optical Properties of 
InAs Colloids and Y52 Glass Filter at 532 nm 

sample T / % O  a/cm-l ~ ( ~ ) / e s u ~  vol fractiond 
InAs colloid 59.4 2.61 3.0 X 10-lo 4 X 

InAs colloid (original) 78.4 1.22 1.6 X 2 X 
Y-52 filter 85.2 1.52 1.3 X 2-5 X 

a Transmittance. Absorption coefficient. The third-order non- 
linearity evaluated at 7.3 kW cm-2. d Volume fraction of semicon- 
ductor particles included in the sample. 

and 2kl-k~ on the opposite side of the sample.'8 The 
intensity of the diffracted signal beam I, is related both 
to the incident beam intensity IO and to the absolute value 
of the third-order susceptibility lx(3)1 as f01lows:~J~ 

(1) 
where a is the absorption coefficient, T the transmittance, 
n the refractive index, c the light velocity, and o the angular 
frequency of the laser beam. As given by eq 1, the intensity 
of the diffracted signal I, should depend cubically on that 
of the incident beam IO. 

We performed the DFWM experiments using the 
original and the concentrated InAs colloids, the 1.2-nm 
filtrate, the blank sample, and a commercial CdS,- 
Sel,-doped glass (HOYA, Y-52) as a reference sample 
whose I x ( ~ ) ~  at  532 nm is reported to be 1.3 X le9 e m 6  
Distinct diffracted signals were observed for the InAs 
colloids, and their intensities indeed increased cubically 
with increasing the laser power as shown in Figure 6. On 
the other hand, no signals were detected for the 1.2-nm 
filtrate and the blank sample, indicating that the InAs 
nanocrystals are responsible for the optical nonlinearity. 
The signal intensity is higher for the concentrated InAs 
colloid than that for the original colloid. The value of 
1x(3)1 for the concentrated InAs colloids was determined to 
be 3 X 10-lo esu by applying a reference to eq 
1 as shown in Table 111, where results on the Y-52 filter 
also are included. 

(concentrated) 
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where dnldT is the rate of change of the refractive index 
n of the solvent with temperature, a is the absorption 
coefficient, r is the laser pulse width, @ is the fraction of 
absorbed radiation converted to heat, and p and C, are 
the density and specific heat. The accurate CP was not 
known for the InAs colloid, although the sample used in 
this experiment exhibited an emission by the excitation 
a t  532 nm (@ < 1). Using the specific values reported for 
t r i g l ~ e ~ ~  and dnldT = lo4 K-1,26 we can estimate 
IX(3)thermd) to be <1 X 10-lo esu for the concentrated I d s  
colloid. To evaluate the thermal effect, control DFWM 
experiments were carried out using pararosaniline, that 
shows purely thermal grating.27 The compound was 
dissolved in triglyme in such a way as to give the same a 
as that of the concentrated InAs colloid. Then, 1 X 10-10 
esu was obtained for IX(3)thermdl. However, in the case of 
pararosaniline solution, the full width at  half-maximum 
(fwhm) of the diffracted signal was broader (12.5 ns) than 
that of the laser beam (11.3 ns) due to a delay by the 
thermal effects. No such broadenings were detected for 
the InAs colloids and Y-52. Even if the correction of the 
thermal effect is made by subtracting IX(3)thermdl from the 
obtained 1x(3)1 value for the concentrated InAs colloid, 1x(3)1 
was little changed. Accordingly, we can conclude that the 
intrinsic ( x ( ~ ) I  for the InAs nanocrystals is very high. Since 
the colloid solution contained only a small volume fraction 
of InAs compared to the caes of the Y-52 colored 
glass where (2-5) X volume fraction of CdS,Sel, is 
contained, 1x(3)1 for the InAs nanocrystals will be in the 
order of 10-8 esu if the volume fraction of the semiconductor 
particles is adjusted to the same value as that of Y-52. 
Furthermore, the InAs particles that can respond to the 
monochromatic light of 532 nm must be limited to those 
having the diameter larger than 5.4 nm if the bandgap vs 
the particle size relation derived by Brusl is applied. Large 
particles occupy only 12% of the prepared InAs nano- 
crystals as judged from the particle size distribution given 
in Figure 2. Since lx(3)1 depends on the wavelength and 
volume fraction, much higher 1x(3)1 may be obtained at  
shorter wavelength if the InAs nanocrystals are doped in 
a solid matrix a t  high concentration. 
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