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ABSTRACT 

Nanocrystals of group IV (Si, Ge and SiGe), IJI-V (GaAs), and II-VI (CdSe) 
semiconductor materials have been fabricated inside Si02 by ion implantation and subsequent 
thermal annealing. The microstructure of these nanocrystalline semiconductor materials has been 
studied by transmission electron microscopy (TEM). The nanocrystals form in near-spherical 
shape with random crystal orientations in amorphous Si02- Extensive studies on the nanocrystal 
size distributions have been carried out for the Ge nanocrystals by changing the implantation doses 
and the annealing temperatures. Remarkable roughening of the nanocrystals occurs when the 
annealing temperature is raised over the melting temperature of the implanted semiconductor 
material. Strong red photoluminescence peaked around 1.67 eV has been achieved in samples with 
Si nanocrystals in Si02. 

INTRODUCTION 

Semiconductor nanocrystals, also termed quantum dots, are attractive materials due to their 
potential applications in optoelectronics. Quantum confinement effects and surface or interface 
states are considered to be the dominant factors for the visible photoluminescence (PL) of group IV 
semiconductor nanocrystallites [1-4]. Finite-size effects also substantially enhance the optical 
nonlinearity of II-VI nanocrystals [5-7]. To obtain three-dimensionally confined systems, many 
groups have exploited a variety of techniques, for example, pyrolysis for nanocrystal colloids 
[3,8], wet micromilling of bulk material [9], cosputtering [10-12], pulsed laser ablation [13], 
chemical vapor deposition [14] and ion implantation [4,15-16]. 

The ion implantation technique has been utilized in our study. This technique can produce a 
controlled depth distribution of desired species and is extensively used in semiconductor 
technology. This paper presents a study of Ge, Si, SiGe, GaAs and CdSe nanocrystals in 
thermally grown Si02, with emphasis on Ge. Thermally grown Si02 on Si wafers is not only a 
stable matrix for the nanocrystals, but also well characterized and suited for semiconductor 
processing. Cross-sectional transmission electron microscopy (TEM) is extensively used to 
investigate the nanocrystal formation at various conditions. PL measurements are used to 
characterize the optical properties. Related results on semiconductor nanocrystals in other matrices 
can be found elsewhere [17]. 

EXPERIMENTAL 

The semiconductor nanocrystals were formed by ion implantation (at room temperature) of 
semiconductor species into a SKD2 layer on (100) silicon substrate and subsequent thermal 
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annealing. A typical Si02 layer was 750 nm thick, formed by thermally oxidizing a (100) Si 
wafer. The implanted species included Ge, Si, Si4Ge, Ga+As, and Cd+Se, with doses of (0.6 to 
3)xl0 1 7 ions/cm2. Implant energies were chosen to put the peak concentration at the center of the 
oxide layer. For the compound semiconductors, equal doses of each constituent were implanted. 
Samples were annealed isochronally for 1 hr under Ar + 4%H2 ambient. The annealing 
temperatures varied from 600°C to 1100oC. 

The nanocrystalline structures were investigated by TEM and X-ray diffraction. All the 
TEM specimens were prepared in cross sections, since the concentration distribution from ion 
implantation is a function of depth. Depth profiles were also examined by Rutherford 
backscattering spectrometry. PL and Raman spectra were measured at room temperature using an 
Ar-ion laser as the excitation source. 

RESULTS AND DISCUSSION 

A series of samples have been implanted with different doses of Ge (400 keV) into SiC>2 
and annealed at different temperatures to study the effects of dose and annealing temperature on the 
nanocrystal formation. The cross-sectional TEM pictures of three samples are shown in Fig. 1. 
The Ge particles are spherical in shape, as is expected for an amorphous matrix. A wide range of 
particle sizes, from 1 to 25 nm, is observed in the sample implanted with 3x l0 1 7 ions/cm? and 
annealed at 1000°C (Fig. la). At the peak of the concentration profile, the largest crystallites are ~ 
25 nm in diameter. The peak of the size distribution profile over the whole implanted region is at ~ 
5 nm (Fig. Id). It is worthy to point out that plan-view TEM may provide only part of the picture 
when the nanocrystal size is a function of depth. In some large precipitates, crystal defects, such as 
twinning, have been observed. The nanocrystallites are randomly oriented. 

As the dose of the implanted Ge decreases, the high end of the size distribution reduces 
rapidly. In a sample implanted with 1.5xl01 7 ions/cm2 and annealed at 1000°C (not shown), the 
sizes of Ge nanocrystals range from 1 to 12 nm. At an even lower dose of 6xl0 1 6/cm 2 , the Ge 
nanocrystal sizes are all smaller than 7 nm, with the peak of the size distribution profile at ~ 4.5 nm 
(Fig. lb and le). It is noticed that in a sample where the size distribution covers a large size range, 
there is a higher number density of small nanocrystals closer to the surface (upper side of the 
implanted region, see Fig. la). This phenomenon is much less visible in samples with narrower 
size distributions. 

Another controlling factor for the size distribution is the annealing temperature. The sample 
implanted with a high dose of 3xl0 1 7/cm 2, but annealed at a low temperature of 600°C, contains 
Ge nanocrystals with sizes between 1 nm to 9 nm (Fig. lc and If). The sizes of the majority of the 
nanocrystals are smaller than 5 nm, and the peak of the size distribution profile is at ~ 4 nm. 
Although the samples shown in Figs. 1(b) and 1(c) contain smaller sizes of nanocrystals, the 
sample implanted with a high dose but annealed at a low temperature (Fig. lc) has a much higher 
number density of nanocrystals than that implanted with a low dose but annealed at a high 
temperature (Fig. lb). In samples implanted with the high dose, no substantial change in 
nanocrystal sizes has been observed when annealed at 800°C compared with the sample annealed 
at 600°C. When the annealing temperature is increased to 1000°C, a dramatic increase in sizes 
appears for the nanocrystals located at the peak area of the concentration depth profile, where there 
is more Ge for large particles to grow. Small nanocrystals are usually desired in order to excite 
efficient photoluminescence. 

Under similar processing conditions, the Si (implanted at 400 keV) nanocrystals formed in 
Si02 are much smaller. A cross-sectional high resolution electron microscopy (HREM) image of a 
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Fig. 1. Cross-sectional TEM images of samples with Ge doses and annealing temperatures of 
(a) 3xl0l7/cm2 1000°C/1 hr, (b) 6xl016/cm2,1000°C/1 hr, and (c) 3xl017/cm2,600°C/1 hr. 
Corresponding Ge nanocrystal size distributions of samples a, b and c are in (d), (e) and (f), 
respectively. 
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Fig. 2. Cross-sectional HREM image of Si 
nanocrystals in a sample implanted with 
6xl017ions/cm2 and annealed at 1100°C for 1 hr. 

Si-implanted sample with a dose of 
6xl01 7/cm2 and annealed at 1100°C is 
shown in Fig. 2. The Si nanocrystals 
are smaller than 6 nm, with a high 
number density. Compared to the 
samples with Ge nanocrystals in Fig. 
1(a), this sample has a higher dose and 
has been annealed at a higher 
temperature, but contains much smaller 
nanocrystals. In the sample implanted 
with a dose of 3 x l 0 1 7 / c m 2 and 
annealed at 1000°C, the sizes of the Si 
nanocrystals are even smaller, ~ 3 nm. 

The remarkable difference in 
sizes of the Ge and Si nanocrystals 
indicates that there is no rapid increase 
in crystallite size until the annealing 
temperature approaches the melting 
temperature of the implanted material. 
The annealing temperature (1000°C) for 
the Ge-nanocrystal sample shown in 

Fig. 1(a) is above the melting 
temperature of Ge (938.3°C), while the annealing temperature (1100°C) for the Si-nanocrystal 
sample shown in Fig. 2 is well below the melting temperature of Si (1414°C). To demonstrate the 
enormous size increase of the precipitates at the melting temperature, a sample was implanted with 
Si (215 keV, 3xl01 7/cm2) and Ge (500 keV, 3xl01 7/cm2) sequentially and post annealed at ~ 
1100°C, near the melting point of the alloy. As shown in Fig. 3, very large SiGe precipitates are 
formed at the center region, including particles with dimensions greater than 100 nm. Besides 
coarsening, some precipitates have coalesced. The smaller particles along the edges of the 
implanted region are still in near-spherical shape. In the SiGe alloy system, imperfect overlap of 
implantation profiles or a mix of melted and solid material during annealing generates non
uniform composition, which undesirably complicates the system. When a sample with the same 
high dose of SiGe is annealed at 1000°C (lower than the melting point of the alloy), the largest 
precipitates are smaller than 15 nm, and spherical in shape. 

Other compound 
semiconductor nanocrystals 
formed in Si02 include 
GaAs and CdSe 
nanocrystals. Figure 4 
shows HREM images from 
samples containing (a) 
equal dose (1.5xl017/cm2) 
of Ga (470 keV) and As 
(500 keV) and annealed at 
1000°C, and (b) equal dose 
(Ixl0 1 7/cm2) of Cd (450 
keV) and Se (330 keV) and 

mmmm. 100 nm 

Fig. 3. SiGe precipitates in Si02 after annealed at 
~1100°Cforlhr. 
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Fig. 4. HREM images of (a) GaAs and (b) CdSe nanocrystals. 

annealed at 1000°C. Similar to the Ge nanocrystals, large GaAs nanocrystals contain crystal 
defects such as twinning (Fig. 4a). Such defects could affect the optical properties. Both the 
GaAs and CdSe nanocrystals are nearly spherical. X-ray diffraction shows that the CdSe has the 
hexagonal wurtzite structure. The size distributions of the nanocrystals depend on the doses and 
annealing temperatures as discussed above. Further investigation on the formation of compound 
semiconductor nanocrystals is in progress. 

Among these semiconductor-
nanocrystal-containing samples, the strongest 
PL intensity is detected in the Si +-implanted 
samples with high doses and annealed at 
1100°C. The sample implanted with a high Si 
dose of 6x l0 1 7 / cm 2 contains a large number of 
small nanocrystals (1-6 nm) as shown in Fig. 2. 
The PL spectra from this sample, shown in Fig. 
5, are measured at room temperature and excited 
by 50 mW of 514 nm radiation from an Ar ion 
laser. The PL spectrum from the as-implanted 
sample has a broad peak around 1.95 eV. After 
thermal annealing at 1100°C, the PL peak red 
shifts to 1.67 eV with an intensity 15 times the 
peak intensity from the as implanted sample. The 

2.4 peak position shift upon annealing is in 
agreement with the previously reported work 
[4]. However, the PL intensity from the 
annealed sample presented here is much stronger 
in reference to the PL from the as-implanted 

as implanted 
annealed 
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Fig. 5. PL spectra of Si + implanted Si02 
to a dose of 6xl0 1 7ions/cm2 and annealed 
atlKXTCforlhr. 



sample. The PL intensity is sensitive to the Si doses, annealing temperature and annealing 
ambient Detailed PL results will be published elsewhere. 

CONCLUSIONS 

Semiconductor nanocrystals of Ge, Si, SiGe, GaAs and CdSe have been formed in Si02, 
which is thermally grown on Si wafers, by ion implantation and subsequent thermal annealing. 
Effects of dose and temperature have been investigated in depth for the Ge nanocrystals. Lower 
doses tend to produce smaller nanocrystals. Roughening of the nanocrystals is significant when 
the annealing temperature is above the melting temperature. The effect of annealing temperature on 
nanocrystal sizes is also demonstrated in the Si and SiGe nanocrystal systems. All the elemental 
and compound semiconductor nanocrystals are in spherical shape with random crystal orientation 
in amorphous Si02. Twinning defects are observed in the large nanocrystals, which could affect 
the optical properties. Strong PL peaked 1.67 eV is observed in Si-nanocrystal-containing 
samples. The PL intensity is more than an order of magnitude higher than that of the broad peak 
around 1.95 eV from the as implanted sample. 
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