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in microstructure of ion-implanted Si-C solid solution caused by rapid ther-
mal annealing, because it is very important to realize a field-effect transistor
made of this new material. The microstructures of arsenic-ion-, boron-ion-,
and silicon-ion-implanted Sip09Coo1 specimens upon thermal annealing are
observed using transmission electron microscopy, and it is revealed that the
rate of solid-state crystallization of ion-implanted Si-C is slower than that of
the ion-implanted Si.
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1. Introduction

Si-based strained heterostructures are attracting tremendous interest because of
their potential for high-speed devices. For example, it has been reported that
strained Si exhibits high carrier mobility [1] [2] [3] [4]. Many researchers, in-
cluding ourselves, have proposed various methods of producing strain-relaxed

SiGe as a virtual substrate for strained Si [5]-[19]. The technology of stained-
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Si/SiGe is now expected be applied to a practical device-producing processes.

At present, the technologies of other strained heterostructures such as strained-
SiGe/Si and strained-(Si-C)/Si are still being developed. We still need to conduct
basic research on these technologies which has been carried out by many re-
searchers [20]-[29]. In particular, it is necessary to study the thermal stability of
Si-C because the solid solution of Si-C is not thermodynamically stable [30] [31].
Specifically, the study of impurity-doped Si-C is very important for the realiza-
tion of a field-effect transistor (FET).

As a basic study for future applications, we investigated the recrystallization
behavior of arsenic-ion-, boron-ion-, and silicon-ion-implanted Si¢99Co.o1 by trans-
mission electron microscopy (TEM). Arsenic and boron were selected because of
their practical importance. Silicon, which is the matrix material of the target

Si0.99Co.01 film, was selected to clarify the effect of ion-implantation.

2. Experimental Procedure

80-nm-thick SigsCoo: films were epitaxially grown on p-type Si (100) wafers by
chemical vapor deposition. We then prepared arsenic-ion-implanted, boron-
ion-implanted, and silicon-ion-implanted specimens. Ion-implantation condi-
tions were selected so that the ion distributions were similar. The ion source, ac-
celeration voltage, and ion dose of each specimen are shown in Table 1.

Each specimen was then annealed at a temperature of 800°C or 1000°C for 60
s in a rapid thermal annealing (RTA) system in an atmosphere of argon. X-ray
reciprocal space mapping (X-ray RSM) was utilized to evaluate the lattice strain
and carbon composition. TEM specimens were prepared by an argon ion-mil-
ling process with an acceleration voltage of 4 kV. After that, the microstructures
of the specimens were observed by TEM using a conventional filament-type mi-
croscope (JEOL JEM-2000FX-II). For comparison, we also carried out the ar-

senic-ion implantation and annealing of a p-type Si (100) wafer.

3. Results and Discussion

The ion ranges were simulated using TRIM, a well-known ion-implantation
program, the results of which are shown in Figure 1 [32] [33]. These results
show that we can expect similar ion distributions in all the prepared specimens.
Specifically, the amorphous phase may be produced below the surface with a
depth of several tens of nm.

Figure 2 shows the result of TEM observation of the arsenic-ion-implanted Si.

Table 1. Ion implantation conditions.

Ton Ton Source Acceleration Voltage [kV] Ion Dose [ions/cm?]
arsenic AsH; 35 2.0 x 10"
boron BF; 40 2.9 x 10"
silicon SiH4 25 3.5x 10"
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Figure 1. Simulated ion distributions calcu-
lated using TRIM [32] [33].

Figure 2(a) shows a cross-sectional bright-field image (BFI) of the arsenic-ion-
implanted Si. There is no contrast from the surface to a depth of about 60 nm.
Therefore, it is considered that an amorphous Si layer with a thickness of about
60 nm was formed below the surface. There is a diffraction contrast at a greater
depth, as shown in Figure 2(a), indicating a crystalline structure. Figure 2(b)
shows a cross-sectional BFI of arsenic-ion-implanted Si after annealing at 800°C
for 1 min, showing that the amorphous region was completely recrystallized to a
single crystal, although it included some lattice defects. Figure 2(c) shows a BFI
of arsenic-ion-implanted Si after annealing at 1000°C for 1 min; the crystallinity
of this specimen is almost perfect.

The substitutional carbon composition of the silicon-carbon thin film depo-
sited on a Si substrate by CVD was evaluated using the result of X-ray RMS,
which is not shown here, and it was approximately 1 atom%. Figure 3(a) and
Figure 3(b) show a bright-field TEM image and diffraction pattern of as-depo-
sited Sig99Co.01, respectively. There is no evidence of lattice defects in Figure 3(a)
and only the diffraction spots of the Sip99Coo: film and Si substrate can be seen in
Figure 3(b). These results show that we succeeded in producing a single-crystal
Sig.00Co.01 solid solution film on the Si substrate.

Figure 4 and Figure 5 show the result of TEM observation of arsenic-ion-
implanted Sios9Cooi. Figure 4(a) shows a BFI of as-implanted Sip99Co.01, which
shows that a layer of Sipe0Coo1 of approximately 55 nm thickness became amorph-
ous upon arsenic-ion implantation. This behavior is almost the same as that of
Si, which is shown in Figure 2(a).

On the other hand, the crystallization behaviors of arsnic-ion-implanted
Sig.00Co.01 and arsenic-ion-implanted Si, which are shown in Figure 2, were com-
pletely different as mentioned below. Figure 4(b) shows a BFI of arsenic-ion-
implanted SipsCoo1 after annealing at 800°C for 1 min. This annealing condition
is identical to that for Si, the result of which is shown in Figure 2(b); however, a
very wide amorphous region remains in SigsCoo:1. Figure 4(c) shows a BFI of

arsenic-ion-implanted Sio.90Coo: after annealing at 1000°C for 1 min.
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Figure 2. TEM observation of arsenic-ion-implanted Si.
(a) Cross-sectional bright-field image (BFI) of arsen-
ic-ion-implanted Si. (b) Cross-sectional BFI of arsen-

ic-ion-implanted Si after annealing at 800°C for 1 min.
(c) BFI of arsenic-ion-implanted Si after annealing at
1000°C for 1 min.

In this case, there was no residual amorphous region in Siy9Co.o1, although the
single crystal Sip09Co.01 layer contained many defects. Figure 4(d) shows a SADP
corresponding to the BFI in Figure 4(c). Diffraction spots originating from
twins can be clearly seen. The high-resolution lattice image (Figure 5) also
shows that the specimen contains many defects and has large numbers of twins
and stacking faults.

Figure 6 shows the result of TEM observation of boron-ion-implanted Si¢.09Co.o1.

Figure 6(a) shows a BFI of as-implanted Sio.0sCoo1, Which shows that a layer of
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Figure 3. TEM observation of as-deposited Sio.99Co.o1. (a)
Cross-sectional BFI. (b) Selected-area electron diffraction
pattern (SADP).

Sig.90Co.01 of approximately 70 nm thickness became amorphous upon boron-ion
implantation. This result is similar to those for the arsenic-ion-implanted
Sig.99Coo1 and Si. However, the rate of solid-state crystallization of boron-ion-
implanted Sio09Co is slower than that of ion-implanted Si. Figure 6(b) shows a
BFI of boron-ion-implanted SipssCoo: after annealing at 800°C for 1 min. An
amorphous region remains below the surface, although the region is smaller
than that for the arsenic-ion-implanted specimen after annealing, which is
shown in Figure 4(b). Figure 6(c) shows a BFI of boron-ion-implanted Sio.0Co.01
after annealing at 1000°C for 1 min. The Sip0Coo was fully crystallized but it
contained many defects, similarly to the arsenic-ion-implanted Sip09Coo1 Shown
in Figure 4(c).

Through the results for arsenic-ion-implanted Sig99Coo1 and boron-ion-im-
planted Sio99Coo1, it is clear that the recrystallization behavior of ion-implanted
Sipe9Co.r is different from that of ion-implanted Si. However, it is difficult to cla-
rify the physical origin of this phenomenon because it is a result of many com-
plex factors. Therefore, we carried out experiments on silicon-ion-implanted
Sig.99Co.01, because silicon is the matrix element of the thin film; thus, it is not ne-

cessary to consider the chemical interaction between the implanted element and
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Figure 4. TEM observation of arsen-
ic-ion-implanted Sio99sCoo. (a) BFI of
as-implanted Sio99Coo1. (b) BFI of arsen-
ic-ion-implanted SiossCoor after anneal-
ing at 800°C for 1 min. (c) BFI of arsen-
ic-ion-implanted SiossCoo1 after anneal-
ing at 1000°C for 1 min. (d) SADP cor-
responding to the BFI in Figure 4(c).

the elements of the films, Siand C.
Figure 7 shows the result of TEM observation of silicon-ion-implanted

Sig.99Co.01. Figure 7(a) shows a BFI of as-implanted Sio.ssCoo1, which shows that a
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Figure 5. High-resolution lattice image of arsenic-ion-
implanted Sio.99Co.o1.

(b)

Figure 6. TEM observation of boron-ion-implanted
Sio.99Co.01. (a) BFI of as-implanted Sio99Co.01. (b) BFI of
boron-ion-implanted SiossCoo: after annealing at 800°C
for 1 min. (c) BFI of boron-ion-implanted Sio.ssCo.o1
after annealing at 1000°C for 1 min.
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Figure 7. TEM observation of silicon-ion-implanted
Sio99Coo1. (a) BFI of as-implanted Sio.99Co.o1. (b) BFI of sili-
con-ion-implanted Sio99Co.o1 after annealing at 800°C for 1
min. (c¢) BFI of silicon-ion-implanted Sios9Coo after an-
nealing at 1000°C for 1 min.

layer of Sig99Coo1 Of approximately 65 nm thickness became amorphous upon
silicon-ion implantation. Figure 7(b) shows a BFI of silicon-ion-implanted
Sio09Co.01 after annealing at 800°C for 1 min. A very wide amorphous region re-
mains in the Sip0Coo1, similarly to the case of arsenic-ion-implanted Sip.09Co.o1-
Figure 7(c) shows a BFI of silicon-ion-implanted Sip0Coo: after annealing at
1000°C for 1 min. In this case, the Sip.ssCo.o1 Was fully crystallized but it contained
many defects similarly to the cases of arsenic-ion-implanted Sig9sCoo and bo-
ron-ion-implanted Si.99Co.o1-

The result for the silicon-ion-implanted specimen was very similar to those
for the arsenic-ion-implanted and boron-ion-implanted specimens. This fact

leads us to the conclusion that the chemical interaction between the doped ele-
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ments and Si and/or C is not the main reason for the difficulty of forming de-
fect-free single-crystal Sip99Coo1 by solid-phase crystallization. Our experimental
results suggest that the carbon atoms themselves might play a role in the inhibi-

tion of recrystallization.

4. Summary

We produced a single-crystal Sig99Coo1 solid solution film on a Si substrate and
implanted arsenic ions, boron ions, and silicon ions into the specimens. We then
annealed the specimens by RTA and observed the microstructures of the speci-
mens by TEM. It was revealed that the rate of recrystallization of ion-implanted
Sio.09Co.01 is slower than that of ion-implanted Si. Furthermore, the crystallinity of
Sig99Coo1 Was inferior to that of Si, even after Sip0Coo1 was fully crystallized.
Therefore, further basic research on the solid-phase crystallization of Sig.ssCo.o1 is
necessary to promote the realization of future applications. The precise mechan-
ism of solid-phase crystallization of Sig99Coo: is still under discussion at this
stage; however, we revealed that the interaction between arsenic/boron and Si/C
did not directly affect this phenomenon because the silicon-ion-implanted spe-
cimen showed the same results to arsenic-ion-implanted and boron-ion-im-
planted specimens. It is concluded that the carbon atoms in the specimen play a

role in inhibiting the recrystallization.
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