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ABSTRACT 

Ion implantation and thermal processing have been used to synthesize compound 
semiconductor nanocrystals (SiGe, GaAs, and CdSe) in both Si02 and (OOO1) Al2O3. Equal 
doses of each constituent are implanted sequentially at energies chosen to give an overlap of the 
profiles. Subsequent annealing results in precipitation and the formation of compound 
nanocrystals. In Si02 substrates, nanocrystals are nearly spherical and randomly oriented. In 
Al2O3, nanocrystals exhibit strong orientation both in-plane and along the surface normal. 

INTRODUCTION 

In recent years, considerable interest has been generated in nanometer size semiconductor 
nanocrystals which have unique properties resulting from quantum confinement in systems of 
reduced linear dimensions. Much of this interest occurs because of the possibility for fabricating 
optoelectronic devices and optical amplifiers. The elemental semiconductor nanocrystals Si and 
Ge exhibit room-temperature visible-light emission at energies greater than the bandgap of the 
bulk semiconductor.14 Intense light emission is also observed in the visible region from porous 
Si.5 Compound semiconductor nanocrystals can have nearly discrete electronic states6 and 
exhibit very large third-order nonlinear optical properties and fast relaxation times,7 making 
them very interesting for possible applications in optical switching devices. Because of the very 
unusual properties associated with semiconductor nanocrystals, numerous techniques are bein 
used to synthesize such nanocrystaline materials. These include cosputtering (to form Ge2, Si, 
and II-VI compound semiconductor9,10 nanocrystals in SiOa), plasma decomposition of S a  to 
form Si nanocrystals, 1 organometallic reaction to form compound semiconductor nanocrystals,ll 
etc. 

Ion implantation is ideally suited for the fabrication of very high densities of nanocrystals in 
the near-surface region of a wide variety of materials and this method has been used to create Si 
or Ge nanocrystals in SiO2.12913 We are exploring the use of ion implantation to form a wide 
variety of nanocrystals in several insulating materials. We have demon~trated1~915 that 
implantation can be used to synthesize Si and Ge nanocrystals in both Si02 and A1203 In this 
paper, we report the synthesis of compound semiconductor nanocrystals in Si02 and A1203 by 
sequential implantation of the individual constituents of the compound, at energies chosen to 
give an overlap of the profiles. If the individual constituents are insoluble in the matrix, and if 
they have a chemical affinity for each other, then precipitation and compound formation can 
occur during subsequent annealing. We show results for SiGe, GaAs, and CdSe in the two 
substrates. This is the first report, to our knowledge, of the use of sequential implantation to 
form compound semiconductor nanoparticles. Previously, sequential implantation of metal ions 
was used to form ternary metal silicides in silicon.16 In addition, the alloying of metal ions 
sequentially implanted into Si02 has been inferred from shifts in the wavelength of the surface 
plasmon resonance. 17 
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EXPERIMENTAL DETAILS 

The individual constituents of the desired compound semiconductor were implanted 
sequentially at the proper stoichiometric ratio. Substrates used were fused silica, thermally 
grown Si02 films (-8000 A thick) on (001) Si, and (0001) A1203 crystals. Energies were 
chosen for each ion specie to ensure an overlap of the profiles. Doses were in the range of 
3 x 1016/cd to 3 x lO17/cm2 for each specie. Substrate temperatures ranged from room 
temperature to 65OOC. Following implantation, annealing was carried out in a reducing 
atmosphere (Ar -t 4% H2) for 1 h at temperatures in the range of 600°C to llOO°C. Sample 
characterization was carried out using x-ray diffraction (CuKa 1 radiation), cross-section 
transmission electron microscopy ( E M ) ,  Raman spectroscopy (488 nm excitation) as well as 
Rutherford backscattering-ion channeling to monitor the impurity depth profile and crystallinity 
in the near-surface region. Optical properties of selected nanocrystal composites were 
determined using visible, UV, and infrared absorption as well as photoluminsescence 
measurements. 

RESULTS AND DISCUSSION 

Figure 1 shows a cross-section TEM micrograph and particle size distribution measured for 
SiGe nanocrystals in SiO2. In this case, Si ions (215 keV) and Ge ions (500 keV) were 
implanted into Si02 to give an impurity profile peaked at a depth of -3100 8, with a full width at 
half maximum of -2500 A for each constituent. Following implantation, the sample was 
annealed at 1000°C to induce precipitation and nanocrystal formation. X-ray diffraction showed 
strong diffraction lines characteristic of randomly oriented, diamond cubic SiGe, and the Raman 
spectrum from this sample was similar to that measured from bulk SiGe. These techniques 
identify the nanoparticles as a SiGe alloy, but Si and Ge are completely soluble in each other, 
and there is almost certainly a range of compositions in the alloy. The lack of x-ray diffraction 
lines and Raman lines characteristic of pure Si or pure Ge shows that there are few, if any, 
precipitates of the pure phase of each constituent. The TEM results show the individual SiGe 
nanocrystals. The size distribution is peaked at -50 8, with a few precipitates having diameters 
as large as 200 A. It should be possible to produce smaller nanocrystals and a narrower 
distribution by using lower doses or lower annealing temperatures as demonstrated in our work15 
on Ge nanocrystals in Si02. SiGe nanocrystals have also been produced in AI203 by the 
implantation of Si and Ge, followed by annealing. In that case, the nanocrystals are oriented 
preferentially with their (111) planes parallel to (0001) AI203 planes. These nanocrystals also 
exhibit strong in-plane alignment. Details will be published separately. 

" 0 25 49 74 98 122147 171 195219233 
Particle Size (A) 

Fig. 1. (left) SiGe nanocrystals in Si02. Equal doses (3 x 1017/cm2) of each constituent were 
implanted at energies chosen to give an overlap of the profile. (right) Measured size distribution 
for the SiGe nanocrystals. 
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Fig. 2. X-ray diffraction characterization of GaAs . 

Figure 3 shows x-ray diffraction results 
for the case of GaAs nanocrystals in (0001) 
Al2O3. The 8-20 scan (top) along the c axis 
of A1203 shows the expected strong 
diffraction from (0001) planes of Al2O3. In 
addition, there are strong diffraction peaks 
from (1 11) GaAs planes, as well as (weaker) 
diffraction from (1 10) GaAs. The intensity 
ratios show that the GaAs nanoparticles have 
a tendency to orient with their (1 11) planes 
parallel to the (0001) planes of Al2O3. The 
width of the GaAs (111 peak suggests a 

normal. The (1 11) oriented GaAs domains 
also exhibit strong in-plane alignment as 
shown by the $ scans through the (200) 
reflections. The $ scan results show that there 
are several possible in-plane orientations for 
the GaAs domains. 

GaAs grain size of -370 A along the surface 
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CdSe nanocrystals have also been 
synthesized in Si02 and Al2O3. Figure 4 
shows a "EM image from CdSe nanocrystals 
in Si02. In this sample, the CdSe 
nanoparticles are nearly spherical, randomly 
oriented, and have an average size of -50 A. 
A few extend to diameters of 100 A. 

nanocrystals in Si@. Equal doses (1.5 x lO17/cm2) 
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of Ga (at 470 keV) and As (at 500 keV) were 
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Fig. 3. X-ray diffraction from GaAs 
nanoc stals in (0001) Al2O3. Equal doses 

500 keV) were implanted, and the sample was 
annealed at 110OoC/1 h. 

1 x 101 7 /cm2) of Ga (at 470 keV) and As (at 



Fig. 4. CdSe nanocrystals in Si02. Equal 
doses (1 x lO17/cm2) of Cd (at 450 keV) 
and Se (at 330 keV) were implanted and the 
sample was annealed at 1000°C/l h. 
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Fig. 5. X-ray diffraction from CdSe 
nanocrystals in (0001) A1203 Equal doses 
(4.3 x 1016/cm2) of Cd (450 keV) and Se 
(330 keV) were implanted at a substrate 
temperature of 600°C. The sample was 
annealed at 1000°C/l h. 

Equilibrium CdSe exists in one of two structures, cubic and hexagonal, depending on pressure. 
The x-ray diffraction results from this sample reveal the presence of hexagonal CdSe, similar to 
results18 reported for CdSe nanocrystals synthesized in Si02 by cosputtering. However, because 
of overlapping diffraction peaks, we cannot rule out the possibility that a small amount of cubic 
CdSe is also present in the implanted samples. 

Figure 5 shows x-ray diffraction results demonstrating that oriented CdSe nanocrystals have 
been formed in A1203 by sequential implantation followed by annealing. The 8-20 scans along 
the c axis show the expected scattering from Ai203 along with numerous peaks which are 
consistent with those expected from CdSe. The expected position and relative intensities (from 
the powder diffraction files) of peaks arising from hexagonal and cubic CdSe are shown also in 
Fig. 5. From these data, the nanocrystals are identified as hexagonal, although there may be 
small amounts of the cubic phase present. The hexagonal CdSe (002) planes are strongly 
oriented parallel to the (0001) planes of Al2O3, and $ scans for these domains exhibit strong in- 
plane sixfold alignment. (Relative intensities of the lines in Fig. 5 will not agree with the 
predictions of power diffraction lines because these nanoc stals are strongy oriented.) Figure 6 

shows a%M image for this sample. This 
micrograph shows one isolated and several 
overlapping hexagonal shaped CdSe 
nanocrystals. Dimensions parallel to the c 

.. planes of A1203 are several hundred 
angstroms, and along the c axis are -200 A, 
consistent with the widths of the diffraction 
lines. The CdSe nanocrystals in this sample 
are mostly in the hexagonal phase. However, 
CdSe nanoparticles have been synthesized also 
in the cubic phase using different implantation 
and annealing conditions in Al2O3. Details 
will be published separately. 

Fig. 6. CdSe nanocrystals in (0001) Al203. 
This is the same sample as that of Fig. 5. 

-- I. 



A 
-y..-.,.. . .- "-.y...... 

.2 8 1 4 0 -  ' ' ' ' ' ' ' - 

8 1m- 

"0 

-lloooC/lh P -1looOcnh 
B 120 - r 

---Aslmpanted --. As Imp(anted a 

7 - 6 0 -  
$40. E 

3 2 0 -  - 
0 - I o  

Experiments to determine the optical properties of these compound semiconductor 
nanocrystal composites have just been initiated. One result is shown in Fig. 7 for the CdSe 
nanocrystals in Al2O3. The optical absorption results show a blue shift of -0.1 eV relative to the 
bandgap (1.7 eV) of bulk CdSe. Such a shift is consistent with the absorption results reported in 
ref. 11 for the large CdSe nanoparticles (-115 A diameter) in that study. In addition, intense 
band edge photoluminescence is observed as shown in Fig. 7b. Both the shift in optical 
absorption and the wavelength of the band edge luminescence should be strong functions of the 
nanocrystal size. Experiments to demonstrate this behavior are in progress. 

CONCLUSIONS 

Ion implantation followed by thermal processing has been used to synthesize a variety of 
compound semiconductor nanocrystals in both Si02 and Al2O3. Supersaturated solutions of 
individual constituents are created by sequential implantation at energies chosen to give an 
overlap of the profiles and at doses chosen to give the desired stoichiometry. If both implanted 
constituents are insoluble in the matrix, and if the constituents have a chemical affinity for each 
other, then thermal annealing gives rise to precipitation and the formation of compounds. 
Results are demonstrated for the case of SiGe, GaAs, and CdSe in the two matrices. In Si02, the 
nanocrystals are nearly spherical, randomly oriented, and have diameters ranging from 20- 
300 A. In Al2O3, nanocrystals are strongly oriented with the matrix. It should be possible to 
synthesize a very broad range of nanocrystals in a wide variety of host materials by using the 
sequential implantation method. 
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