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ABSTRACT 

GaAs nanocrystals have been formed by the sequential ion implantation method. The 
sequence of Ga and As ion implantation (Le., Ga + As or As + Ga) is found to affect the size 
distributions of GaAs nanocrystals significantly. The nanocrystal sizes are much bigger in the 
samples with Ga implanted first than those with As implanted first. This phenomenon is 
explained by the different diffusion behaviors of Ga and As species. Different precipitate regions 
have been observed in the samples implanted with Ga first and then As. Optical absorption 
measurements show that Ga particles have already formed in the as-implanted stage. 

INTRODUCTION 

Nanocrystals, exhibiting properties that are different from the bulk materials, are 
attracting considerable attention [ 13. For semiconductor materials, the different band structures 
for nanocrystals lead to new electronic and optical properties. For optical applications, for 
example, visible luminescence has been observed from nanocrystal materials with an enlarged 
band gap due to quantum confinement effects [2,3]. Nonlinear optical properties can also be 
significantly enhanced for the nanocrystals compared to the bulk material [4]. Thus, 
investigations of semiconductor nanocrystals are necessary both scientifically and 
technologically. When the ion implantation technique is used to form GaAs nanocrystals, the 
whole process is entirely compatible with semiconductor technology [5-71. For the formation of 
compound semiconductors, such as GaAs, where there is more than one element involved, there 
are material issues that need to be investigated. In this paper, we report our study on GaAs 
nanocrystals formed in Si@ by the ion implantation method. 

EXPERIMENTAL 

GaAs semiconductor nanocrystals were formed by ion implantation of Ga and As into a 
Si02 layer on (100) silicon, or a bulk silica glass Substrate for optical absorption measurements, 
and subsequent thermal annealing. A typical Si02 layer was - 0.75 pm thick, formed by 
thermally oxidizing a (100) Si wafer. Equal doses of Ga (470 keV) and As (500 keV) were 
implanted at room temperature. The implant energies were chosen to overlap the peak 
concentrations in the middle of the oxide layer. Samples were annealed isochronally for 1 h 
under Ar + 4%& ambient at atmospheric pressure. The annealing temperatures varied from 
800°C to 1000°C. 

The nmocrystalline structures were investigated by transmission electron microscopy 
(TEM). All the TEM specimens were prepared in cross sections, since the concentration 
distribution from ion implantation is a function of depth. Depth profiles of implanted Ga + As 
ions were examined by Rutherford backscattering spectrometry (RBS) using 2.3 MeV He2+ 
beam. Selected samples were also examined by scanning transmission electron microscopy 
(STEM) with parallel electron energy loss spectroscopy (PEELS). Optical absorption spectra 
were recorded using a Perkin-Elmer Lambda 9 UV/VIS/NIR spectrophotometer. 



" RESULTS AND DISCUSSION 

The sequence of Ga and As implantation was found to influence the size distributions of 
GaAs nanocrystals dramatically. Figure 1 shows cross-sectional TEM images from samples with 
different implantation sequences and doses and annealed at 1000°C for 1 h. The GaAs 
nanocrystals in Fig. l(a) were formed in a sample implanted with equal doses, 1.5~1017 
ions/cm2, of Ga and then As, and have sizes ranging from a few nanometers to - 30 nm. These 
nanocrystals are nearly spherical and randomly oriented with respect to each other, as expected. 
Some voids are observed in the region near the oxide surface. The particle sizes are not always 
laterally homogeneous. In the sample implanted with the same dose of As and then Ga, the GaAs 
nanocrystals formed after annealing at the same temperature are much smaller with sizes in 

Fig. 1. Cross-sectional "EM images from samples implanted with (a) Ga (1.5x1017/cm2) + As 
(lSx1017/cm2), (b) As ( 1 , 5 ~ 1 0 ~ ~ / c m ~ )  + Ga (lSx1017/cm2), (c) Ga (l.Ox1017/cm2) + As 
(1,Ox10~~/cm~), and (d) As (1.0x1017/cm2) + Ga (1.0~10~~/cm2) and annealed at lOOO"C/l h. 



' the range of 1 - 10 nm as shown in Fig. l(b). The difference between the two samples shown in 
Fig. 1 (a) and (b) is very striking considering they have been through the same processing 
except the implantation sequence of Ga and As. Matching samples with a lower dose of 
1 . 0 ~ 1 0 ~ 7  ions/cm2 of both Ga and As are also examined. As shown in Fig. 1 (c) and (d), the 
GaAs nanocrystals are much larger (up to - 29 nm) in the sample implanted with Ga frst than 
those in the sample implanted with As first (up to 10 nm). This observation is consistent for 
both implantation doses. 

The Ga and As concentration-depth profiles were analyzed by RBS. Selected RBS spectra 
are shown in Fig. 2. The backscattering peaks from Ga and As are overlapping since the atomic 
numbers of Ga and As are very close and they are implanted to overlap. The peak centered at - 1.7 MeV can be viewed to be approximately proportional to the concentration versus depth of 
Ga and/or As. The Ga + As profile has virtually not changed in Fig. 2(a), from the sample 
implanted with As frst then Ga, before and after annealing at 1000°C. There is only a slight 
sharpening of the peak in the near surface region. The Ga + As profile, from the sample with 
reversed implantation sequence, appears closer to the surface [Fig. 2(b)]. The peak position 
shifted back to the position similar to that in Fig. 2(a) after annealing. Issues that typically affect 
the results of sequential implantation are sputtering and ion beam mixing. These issues should 
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Fig. 2. RBS spectra from samples implanted with (a) As ( 1.5x1017/cm2) + Ga 
(lSx1017/cm2), (b) Ga (1.5xlOl7/cm2) + As (1.5x1017/cm2), (c) Ga (1.0~1017/cm2), 
and (d) As (1.0x1017/cm2) before and after annealing at 1000°C for 1 h. 



’ not make substantial changes in the Ga + As peak position since, first, sputtering is not 
significant for the implantation energies used and secondly, the sputtering and ion mixing effect 
should be similar for ions with atomic numbers as close as Ga and As. Further experiments have 
been performed to determine what happened in the samples implanted with Ga first. 

To study the individual behaviors of Ga or As in Si@ upon annealing, Ga~or  As has 
been implanted into Si02. The Ga peak in Fig. 2(c) from a Ga-implanted sample does not appear 
as a smooth curve, which indicates some transport has occurred for Ga even at the as-implanted 
stage. The Ga profile changed substantially after annealing, and there is also a substantial amount 
of loss of Ga during annealing. In contrast, the As profile, in Fig. 2(d) from an As-implanted 
sample, has virtually not changed after annealing. These results reveal that the As implanted is 
thermally stable, while Ga implanted in Si02 is very mobile during implantation and annealing. 
Comparison between the RBS spectra from the Ga or As implanted samples, with the same 
nominal dose which is monitored by a charge integrator connected to the sample holder, indicates 
that there is some loss of Ga, presumably emitted from the sample surface during implantation. 
The thermal stability of the As profile helps to interpret the thermal stability of the As + Ga 
profile in the samples implanted with As first. When Ga ions are implanted after the implantation 
of As, they bond with the As atoms due to the chemical affinity between Ga and As. 
Consequently, the fmal position of the GaAs peak after annealing is determined by the As 
profile. 

To observe the microstructure before the completion of GaAs formation, a sample 
implanted with Ga (l.Ox1017/cm2) and then As (1.0x1017/cm2) annealed at 800°C for 1 h has 
been studied by STEM. The dark-field image in Fig. 3 shows that there are two distinctly 
different precipitate regions. The near-surface region contains large precipitates (up to - 27 nm) 
in bright color, while the lower region contains much smaller Precipitates (up to - 5 nm) with 
less confined contrast. PEELS spectra, with energy range selected for the Ga and As L edges, 
are shown in Fig. 4. Curve (a), from a large precipitate in the top region, shows very strong Ga 
signal and a small amount of As. When the middle region is probed, curve (b), both Ga and As 
are detected. At the lower region with very small precipitates, PEELS shows mainly As signal 
with very little Ga, as shown in curve (c). PEELS reveals that the top region is Ga rich and the 
bottom region is As rich. Combining the results from TEM, RBS, STEM and PEELS, the 
microstructural evolution process, for the samples implanted with Ga first, is explained as 

Fig. 3. Cross-sectional STEM 
images for a sample implanted 
with Grt (1.0x1017/cm2) + As 
(1.0x1017/cm2) and annealed 
at 800°C for 1 h. 



follows. Ga particles form at the near-surface region, which results in the Ga + As peak closer to 
surface in RBS spectra. When the sample is annealed at loOo"C, mobile Ga atoms diffuse and 

find As to form GaAs, which results 
in the final Ga + As peak in RBS 
spectra positioned at about the As peak 
position. As the Ga particles dissolve, 
some of them could leave behind voids 
in Si@ at the near-surface region. 
With the added mobility from Ga, the 
GaAs nanocrystals grow much bigger 
under the same annealing conditions 
than those formed in the samples with 

Optical absorption spectra from 
Ga-implanted samples show a strong 
absorption peak at 220 nm, see Fig. 
5(a). This absorption peak is atuibuted 
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demonstrates the formation of Ga 
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particles in the as-implanted stage. The optical density decreases after annealing at lOOO"C, 
which is in agreement with the Ga loss shown in the IU3S spectra. For the Ga and As implanted 
samples, absorption decreases as the annealing temperature increases pig. 5(b)]. The density of 
implantation-induced defects in Si& is expected to decrease after annealing at higher 
temperatures. However, there are no strong distinctive absorption peaks. In the infrared 
reflection measurement, which is much more sensitive to the material at near-surface region, 
surface phonon resonance modes for GaAs nanocrystals in Si@ have been observed [7]. 
Further optical-property characterizations will be performed for these GaAs nanocrystals in Si@ 
samples. 

CONCLUSIONS 

GaAs nanocrystals have been formed by sequential ion implantation method. The 
microstructure has been characterized extensively by TEM. A broad range of nanocrystal sizes 
can be produced through the control of ion implantation and annealing processes. It is 
demonstrated that the sequence of Ga and As ion implantation affects the size distributions of 
GaAs nanocrystals significantly. The nanocrystal sizes are much bigger in the samples with Ga 
implanted first than those with As implanted first. This phenomenon is explained by the 
different diffusion behaviors of Ga and As species. The final concenuation profiles of GaAs 
nanocrystals are determined by the As profiles since Ga is much more mobile than As upon 
annealing. Optical absorption measurements show that Ga particles have already formed in the 
as-implanted stage with the absorption peak at 220 nm due to a surface plasmon resonance of 
metal particles in Si@. The formation of Ga particles is also confirmed by the STEM study. 
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