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Abstract. In the present work, high-doses (10"
10 cm™2) of carbon, nitrogen, and boron (BF,") ions
were coimplanted onsilicon (111) substratesat21,25and
77 keV, respectively. Two series of samples have been
implanted (series A and B) and subsequently annealed.
Series A samples have been implanted at room tempera-
ture and treated one minute by rapid thermal annealing
(RTA)and 3 hoursat 1200 °C. Series B samples have been
implanted at 600°C and subsequently annealed at
1200 °C during 3 hours. The annealing in both series
has been carried out in N, at atmospheric pressures.

The structure of the buried layers has been deter-
mined by conventional and high resolution transmis-
sion electron microscopy (CTEM and HRTEM).
Polycrystalline silicon and new crystalline phases
are observed by electron diffraction patterns. The
polycrystalline silicon inclusions have been confirmed
from analysis of HRTEM images.
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During several decades, the ion implantation process
has been used for doping semiconducting materials.
The addition of simultaneous species coimplanted at
high doses can produce the formation of new crystal-
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line phases layers, which are grown on the surface or
buried in the substrates. Carbon, nitrogen and boron
species, can be coimplanted on silicon substrates in
order to obtain crystalline phases like BN or BC,N,
Si3Ny, C3Ny or SiC. Each crystalline phase possesses
different micro and optoelectronic properties [1-5].
After an annealing process, these crystalline phases
can transform in other phases or disappear. On the
other hand, thermal annealing of the physical damage
resulting from the implantation process can result in
the generation of defects. The conventional coimplan-
tation is carried out at room temperature. However,
the in-situ ion implantation at high temperature is a
relatively novel process [6]. Coimplanted species are
distributed in different forms depending on tempera-
ture, energy, dose and species of coimplantation.

In previous work, we have reported the existence of
new crystalline phases on silicon after binary coim-
plantation processes, which were carried out at room
temperature and 600°C [6, 7]. The species in these
binary coimplantation processes were C™ +NT and
BF," + N*. The mentioned phases have been detected
by conventional and high transmission electron micro-
scopy (CTEM and HRTEM, respectively) using selec-
tive area electron diffraction (SAED) patterns and
Moiré analysis. The detected phases were generally
C5Ny, SiC, Si3Ny, and polycrystalline silicon. Twin
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Table 1. Summary of implantation conditions
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Sample Ton implantation dose (x 10" cm=2) /energy (KeV) Implantation Annealing time/
temp. (°C) temp. (°C)
ct Nt BF,*
Al 5/21 5/25 3/77 ~25 RTA (1 min)/1200
A2 5/21 5/25 3/77 ~25 3h/1200
Bl 5/21 5/25 5/77 600 as implanted
B2 5/21 5/25 5/77 600 3h/1200

Si (111)

Fig. 1. (a) Bright field XTEM image registered in [110] axes zone for sample Al. (b) HRTEM image of layer 2 of sample Al

and planar defects have been observed for 600 °C-
coimplanted samples.

In the present work, high-doses (10'"—=10"® cm~2) of
C*, N*, and BF," ions were coimplanted on silicon
(111) substrates at 21, 25 and 77 keV, respectively. Two
coimplantation temperatures have been used (room and
600°C).

Experimental

In order to perform the coimplantations, both-sides-polished (111)
float-zone silicon substrates (n-type, doped with phosphorus con-
centration about 10'*cm™>) have been used. Carbon, boron and
nitrogen species have been coimplanted in a modified Varian-
Extrion ion implanter. The ion-current densities were about
56pA-cm~2 for N*, 3pA-cm~2 for C*, and between 7.5 and
11 pA cm~2 for BF,™. Implantation conditions (dose and energies)
are summarized in Table 1. Energies were selected to obtain a
projected range of about 650 A, as deduced using the SRIM program
[8]. Doses were chosen to obtain a peak concentration of the
implanted ions similar to the bulk silicon density, 5 x 10?2 cm—3.
Two series of samples have been coimplanted at room temperature
(A) and at 600 °C (B). In series A samples, the sample holder was
cooled by a closed-cycle cooling system, while in series B samples,
the temperature of the sample holder has been maintained at 600 °C
with a controlled hot filament furnace. Afterwards, all coimplanted
samples were annealed in pure nitrogen atmosphere.

TEM studies were carried out in the JEM 1200-EX (for CTEM
studies) and JEM 2000-EX (for HRTEM studies) microscopes,
which operate at 120kV and 200kV, respectively. Cross-sectional
TEM (XTEM) specimens were prepared by mechanical thinning
approximately to 100 pum, subsequently the electron transparency
was achieved by ion milling at 4.5kV with a N; liquid cold stage
to reduce the damage in the samples.

Results and Discussion

All samples exhibit two layers, the first one on the
surface (layer 1) and the second one buried (layer 2)
in the silicon substrate. From SAED patterns, is pos-
sible to observe a generalamorphous matrix with some
crystalline inclusions in layer 1 and a typical twinned

Table 2. Layer thicknesses measured in XTEM images for series of
samples A and B

Sample Layer thicknesses (nm)

Layer 1 Layer 2 Total
Al 84+6 45+ 15 129 + 21
A2 96+ 6 25+6 121 £12
B1 75+ 14 100 £ 20 175 £ 34
B2 72+ 13 52+12 124 £ 25
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Fig. 2. SAED patterns registered in [110] axes zone of substrate for the samples (a) Al and (b) A2. The reflection amplified correspond to
new crystalline phases inclusions in layers. The squares represent the silicon microtwins

Table 3. Interplanar distances obtained from indexed reflection of SAED patterns of Fig. 2 for Al and A2 samples. The reflection 1 and 2

correspond to Al sample and reflection 3 correspond to A2 sample

Reflection from Fig 2 Associated reflections

Corresponding planes

SAEDs/crystalline phase Measured interplanar

distance (nm)

Theoretical interplanar
distance (nm)

1/B-CaN, 0.2252 40,0018 0.2250 (101), (011), (101), (111), (111), (011)
2/B-SisNy 0.2670 & 0,0024 0.2663 (101), (O11), (101), (111), A1D), (011)
2/2H-SiC 0.2664

2/4H-SiC 0.668

3/a-SisNy 0.1638 £ 0,0012 0.1637 (203), (023), (203), (223), (223), (023)

silicon in the layer 2 [9]. In Fig. 1a, a XTEM image of
A1 sample is showed. Likewise, a HRTEM image of
the layer 2 is showed in Fig. 1b, the Fourier Fast
Transform (FFT) image has been inserted.

Due to the annealing treatment, the total layer
thicknesses of both layers decreases slightly. Layer
thicknesses are summarized in Table 2.

For series A samples, some crystalline inclusions
are detected from SAED patterns analysis. In Fig. 2
two SAED patterns are showed, which correspond to
samples Al (Fig. 2a) and A2 (Fig. 2b). In these
SAED patterns some extra reflections associated with
silicon microtwins appear. (The squares inserted in
the images represent the silicon microtwins gener-
ated from ion implantation in layer 2). The extra
spots, which don’t correspond with any silicon
reflection, are indexed with (using EMS program
[10]) several possible new crystalline phases: Si,

h-BN, c-BN, 2H-SiC, 3C-SiC, 4H-SiC, 6H-SiC,
SH-SIC, O[-Si3N4, IB-Si3N4, O[-C3N4, B-C3N4 and
BC,N. The crystalline phases associated with the
reflections observed in Fig. 2 are summarized in
Table 3. The reflections 1 and 2 (indicated in
Fig. 2a) correspond to sample Al, while the reflec-
tion 3 (indicated in Fig. 2b) corresponds to sample
A2. Evolution of crystalline phases is observed when
the sample is annealed for 3 hours. For sample Al
(RTA annealed for 1 minute), the reflection 1 can be
assigned to C5Ny crystalline phase, while reflection 2
is assigned to 3-Si3Ny, 2H-SiC or 4H-SiC crystalline
phases. In sample A2 (annealed for 3 h), the reflec-
tions observed in sample Al disappear and other
new reflection appears, which is associated with
a-Si3Ny crystalline phase.

On the other hand, HRTEM analysis of polycrys-
tals inserted in the amorphous matrix of layer 1
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confirm the existence of silicon polycrystals. New
crystalline phase have not been confirmed by
HRTEM. In Fig. 3, two HRTEM images of some
silicon polycrystalline inclusions are observed in
layer 1 of samples Al (Fig. 3a) and A2 (Fig. 3b).
The marked planes in the images, correspond to
(111) silicon. The area of polycrystalline inclusions
inserted in layer 1 has been estimated from HRTEM
images, which is approximately 21% of the layer.
Regions of Si underneath layer 2 consist of defect-
free monocrystalline Si.

In series B samples, which have been coimplanted
at 600 °C, crystalline phases different that silicon have
not been detected. Polycrystalline silicon has only
been detected in both layers (layers 1 and 2). In
Fig. 4a, a XTEM image of sample B2 is showed,
where the existence of the two layers (1 and 2) is
clearly observed. The SAED pattern corresponding
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Fig. 4. (a) Bright field XTEM and (b) SAED
pattern of sample B2 registered in [110] axes zone
of substrate

to sample B2 is showed in Fig. 4b, only the existence
of polycrystalline silicon is confirmed.

Conclusions

In conclusion, coimplantation of C*, N* and BF,* on
Si (111) substrates at room temperature and 600 °C,
originate particular changes in the surface of the sub-
strates. In room temperature coimplantations, new
crystalline phases (8-C3Ny, o and (-SizNy, 2 and
4H-SiC) are detected. New crystalline phases have
not been detected in samples implanted at 600 °C.
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