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ABSTRACT Nitrogen and boron BF2, and nitrogen, car-
bon, and boron BF2 high-dose (6×1016 –3×1017 cm−2) co-
implantation were performed at energies of about 21–77 keV.
Subsequent high-temperature annealing processes (600, 850,
and 1200 ◦C) lead to the formation of three and two surface
layers respectively. The outer layer mainly consists of poly-
crystalline silicon and some amorphous material and Si3N4
inclusions. The inner layer is highly defective crystalline sili-
con, with some inclusions of Si3N4 too. In the N+B-implanted
sample the intermediate layer is amorphous. Co-implantation
of boron with nitrogen and with nitrogen and carbon prevents
the excessive diffusivity of B and leads to a lattice-parameter
reduction of 0.7%–1.0%.

PACS 81.05.Je; 81.20.-n; 52.75.Rx

1 Introduction

Cubic boron nitride (c-BN) is probably the second
hardest material known after diamond and, like it, it is a good
insulator (with a resistivity of 1017 Ω cm at room tempera-
ture). Additionally, unlike diamond, it has both p-type and
n-type dopants [1], which increases its interest for electronic
devices.

According to theoretical work of Liu and Cohen [2–4]
the hypothetical compound C3N4 would be even harder than
boron nitride. This prediction has stimulated much effort in
recent years for its synthesis. However, in spite of the great
number of publications reporting attempted synthesis of crys-
talline C3N4 with properties close to that of diamond, it ap-
pears not to have been achieved so far.

The polytypes of boron nitride have some of the largest
band gaps of the III–V nitrides (about 6.4 eV in c-BN and
5.1 eV in h-BN) and are of technological importance for deep-
blue and UV optoelectronic applications. There are several
reports about unidentified defects and impurity-related deep
levels, as well as near-band-gap luminescence from both h-
and c-BN (see for instance [5–7]).
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A large number of physical and chemical vapor deposi-
tion (PVD and CVD) techniques have been investigated for
the synthesis of c-BN films, including molecular ion beam
deposition, ion plating, N2-ion implantation in boron de-
posits, radio-frequency reactive sputtering, electron cyclotron
resonance, plasma-enhanced CVD, and microwave plasma-
enhanced CVD [8–12]. Ion bombardment during thin-film
growth has been found to reduce the substrate temperatures
needed to prepare good crystalline films.

Given the similarity in the phase diagrams of C and BN,
including a hexagonal graphitic stable form at ambient con-
ditions, a high-pressure–temperature hexagonal (würtzite)
structure, and a diamond-like (cubic) form, a solid solution
should exist across the C–BN system at high pressure.

BCN compounds are expected to have semiconducting
properties intermediate between those of metallic graphite
and insulating h-BN. They would behave as semiconductors
with a ‘tunable’ band-gap energy, which would be controlled
by their atomic compositions and atomic arrangements. The-
oretical calculations about graphite-like BC2N, for instance,
give three possible atomic arrangements, two of which have
gap energies of a semiconductor [13, 14].

Cubic (β-phase) BCN materials have attracted increas-
ing interest because they may have physical properties simi-
lar to diamond and borazon (high strength, good tribological
properties, excellent thermal conductivity and resistance to
aqueous corrosion, . . . ) and be, therefore, of potential tech-
nological importance. Additionally, c-BCN might overcome
some problems of diamond and c-BN (for instance, high inter-
nal stresses, which result in a poor adhesion of films on many
substrates).

Its mechanical characteristics together with its high op-
tical transparency allow its application in wear protection,
as mask substrates for X-ray lithography, low-Z layers in
pellet targets for laser fusion experiments, composite nano-
tube heterojunctions, etc. Photoluminescence reports from
BC2N with a peak intensity at wavelengths of 580–600 nm
also suggest the possibility of BC2N-based light-emitting de-
vices [15, 16], for the integration of optoelectronic devices
in the silicon technology, and for flat-panel displays. Further,
the negative electron affinity of boron nitride allows fore-
seeing the integration of field-emitter arrays with the silicon
technology.
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As a new approach, in this paper we report the results of
high-dose ion co-implantation of both nitrogen and boron in
silicon. We have also added carbon in some of the samples
using the same technique, and performed subsequent anneal-
ing, as an attempt to synthesize BN and BCN clusters.

2 Experimental

Both-sides-polished (111) n-type float-zone sili-
con wafers, with phosphorus concentration about 1014 cm−3,
were implanted with (i) boron, (ii) nitrogen and boron,
and (iii) nitrogen, carbon, and boron in a modified Varian-
Extrion ion implanter. The ion-current densities were about
5.6 µA/cm2 for N+, 3 µA/cm2 for C+, and between 7.5 and
11 µA/cm2 for BF+

2 . Implantation conditions (doses and en-
ergies) are summarized in Table 1. Energies were selected
to obtain a projected range of about 650 Å in all cases, as
predicted by the SRIM program [17]. Doses were chosen to
obtain a peak concentration of the implanted ions similar to
the bulk silicon density, 5 ×1022 cm−3. All of them were well
over the threshold amorphization dose.

During the process, with the ion-current densities used, the
mean temperature increase induced by the beam in the sam-
ple holder should not have exceeded 150 ◦C. Nevertheless, the
sample holder was maintained cool by a closed-cycle cool-
ing system. Afterwards, the implanted samples were annealed
in pure nitrogen atmosphere to recrystallize the Si overlayer
and to promote the activation and/or chemical reaction of the
implanted ions. The annealing processes were carried out for
one minute in rapid thermal annealing (RTA), at 600, 850, and
1200 ◦C, and for three hours in a conventional furnace also at
1200 ◦C.

Fourier transform infrared (FTIR) spectra in transmission
mode were collected with a Bruker IFS-66 V spectrometer.
This techniquewasusedtoidentify thevibrationalmodesof the
different bonds present in all the samples and, thus, to follow
the reaction between the implanted ions and the silicon matrix.

High-resolution X-ray diffraction (HRXRD) measure-
ments were performed in a Siemens D-5000 diffractometer,
using the Cu Kα radiation at 1.54 Å as the source for diffrac-
tion. These results allowed us to check the crystalline quality
of the Si overlayer of the implanted samples annealed at
higher temperatures, both in RTA and a conventional furnace.

Spreading resistance (SR) measurements were used to test
the surface-layer resistivity changes and to estimate the impu-
rities’ distribution.

The structural changes originated in silicon by ion im-
plantation have been studied by conventional transmission
electron microscopy (TEM), high-resolution electron mi-
croscopy (HREM), and selected-area electron diffraction
(SAED). Conventional TEM work was carried out in a Jeol

Implanted elements Implantation energy (keV) Dose (cm−2)

N 25 6×1016, 3×1017

C 21 3×1017

BF2 (B) 77 6×1016, 3×1017

TABLE 1 Implantation conditions

1200 EX while a Jeol 2000 EX was operated for HREM
studies. SAED analysis was performed using both transmis-
sion electron microscopes. Electron-diffraction patterns and
HREM image analysis were carried out using Digital Micro-
graph and Semper software. All studies were carried out after
preparing cross-section (X) specimens by mechanical thin-
ning and further Ar+-ion milling at 4.5 kV.

Spectroscopic ellipsometry (SE) measurements of the
samples were performed in a Uvisel Jobin–Yvon spectrom-
eter between 1.5 and 4.5 eV. The SE measurements were
fitted to adequate models to deduce the layer structure and
thickness.

3 Experimental results

3.1 FTIR results

FTIR measurements were performed in all the
samples. An unimplanted silicon wafer is used as a refer-
ence, but no baseline corrections have been done. Figure 1
shows the spectra of the samples implanted with N+ + B+
(Fig. 1a) and N+ +C+ +B+ (Fig. 1b), before and after RTA
processes. The spectra of the samples implanted just with
boron are not shown because the only important result is the
remarkable bending/bowing that the baseline displays after
high-temperature annealing of the samples. This bending is
also present in the other samples (see Fig. 1). It is due to the
activation of the implanted boron, which produces a strong
increase of the free-carrier absorption, and increases as the
growing annealing temperature activates the implanted boron
ions electrically. In some cases this bowing can almost mask
some broad bands.

In some spectra the measured transmittance apparently
takes values higher than 1. This effect is due to the anti-
reflecting behavior of the external layer in the implanted
samples, which leads to an overestimation of the sample
transmittance.
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FIGURE 1 FTIR spectra of the samples implanted with a nitrogen and
boron, and b nitrogen, carbon, and boron, before and after RTA annealing



BARBADILLO et al. N+BF2 and N+C+BF2 high-dose co-implantation in silicon 793

The FTIR spectra measured in the samples before anneal-
ing and after the 600 ◦C process display two main bands. Both
are extremely broad (FWHM ≥ 200 cm−1), because after low-
temperature annealing the structural damage and bond-angle
distortions caused by the implantation over the solubility limit
still remain. The first one is located at about 800–900 cm−1

and is due to the vibrational modes of Si–C and/or Si–N
bonds, which are usually placed at about 780 cm−1 and
850 cm−1 respectively [18, 19]. The second one is a broad
absorption band at about 1300 cm−1, which is more visible
in the higher-dose-implanted samples. As the annealing tem-
perature increases, this peak becomes progressively narrower,
peaking at 1375 cm−1, which is usually associated with the
stretching band of sp2-bonded BN (in amorphous or crys-
talline hexagonal arrangement) [20].

As the samples are subjected to higher-temperature an-
nealing the first broad band seems to decrease (or, at least,
to be masked by the free-carrier absorption). This decrease
may be explained by a trend of nitrogen to bond with boron
atoms.

As the Si–N band almost disappears with the high-
temperature annealing, a peak at about 1020 cm−1 becomes
visible in all spectra, even in the one from the sample im-
planted only with boron. We identify it as the Si–O stretching
band from the surface native oxide, which is usually located
at about 1080 cm−1 [18], but that can be shifted towards lower
wavenumbers because of a softening of the bonds due to the
presence of boron in the native oxide.

This region of some spectra is shown in Fig. 2. A local
baseline has been taken in each of them to have a clear pre-
sentation. In most of them only the contribution at about
1020 cm−1 attributed to surface oxidation can be seen. Nev-
ertheless, in the sample implanted with 3 ×1017 cm−2 of
nitrogen and boron and annealed at 850 ◦C, a second con-
tribution can be distinguished at about 1075 cm−1. Since
we consider that the Si–O stretching due to surface oxide
is the first one, we cannot disregard the possibility of the
second being caused by some B–N bonds in a cubic ar-
rangement (whose stretching band is usually located at about
1075 cm−1) [21].

FIGURE 2 Zoom of the region around 1050 cm−1 of the FTIR spectra of
the samples implanted with a dose of 3×1017 cm−2 of each ion, and an-
nealed at 850 ◦C for 1 min

In the N+C+B-implanted sample this band at about
1080 cm−1 cannot be seen. It suggests that the carbon pres-
ence must have prevented the formation of c-BN structures.

Otherwise, the FTIR spectra of the samples implanted also
with carbon are very similar to those with nitrogen and boron.
The only exception is the additional broadening in the Si–N
band that we mentioned before and that is caused by the con-
tribution of the Si–C bond stretching band, usually located at
about 780 cm−1 [15].

The spectra of the samples annealed for three hours at
1200 ◦C (conventional furnace) are not shown because the
bowing due to free-carrier absorption is so strong that we can-
not distinguish clearly the position, or even the presence, of
these bands. Probably, boron location in substitutional pos-
itions causes the increase of free carriers and its diffusion
causes a decrease in the number of B–N bonds.

No traces of C–N or B–C bonds have been observed in the
IR spectra of any of the samples. However, the presence of the
broad band at 1300 cm−1 could have masked them.

3.2 XRD results

The surface of the silicon wafers employed as sub-
strates becomes completely amorphous after implantation at
such high doses. In order to recover the surface crystallinity,
the samples were annealed at growing temperatures. Since
all the implanted doses are over the silicon amorphization
threshold for these ions, the annealing processes would al-
low activating a fraction of the implanted impurities, as the
amorphizated layer recrystallizes. XRD measurements have
been carried out to check this recovery and to learn of possible
structural effects of the implantation and annealing processes.
Figures 3, 4, and 5 show the rocking curves of the samples im-
planted with 3 ×1017 cm−2 of B+, N+ +B+, and N+ +C+ +
B+ and annealed at 1200 ◦C for 1 min (RTA) and 3 h (fur-
nace). The rocking curves showed broad bases in all cases,
but narrow Si-(111) peaks in those samples implanted with
high doses and several species. It may indicate that the sur-
face layer of the substrate remains polycrystalline, although
highly ordered after the annealing processes. In the boron-
implanted samples, see Fig. 3, the (111) silicon peak looks
extremely broadened, indicating that, even after the 1200 ◦C
annealing, the structural order of the silicon lattice remains
damaged by the high-dose implantation. The FWHM of the
peak in the RTA and furnace-annealed samples is about three
and six times larger than in an unimplanted silicon reference,
respectively. However, the co-implantation of nitrogen appar-
ently helps to recover the structural order. In Fig. 4 the rocking
curves of the samples implanted with 3 ×1017 cm−2 of ni-
trogen and boron and annealed at the highest temperatures
are displayed. The (111) peak is extremely narrow, especially
after the 3 h furnace annealing, meaning a crystalline qual-
ity clearly better than in the sample implanted only with B+,
with a value of the FWHM similar to that of the silicon refer-
ence. In the samples implanted also with carbon (see Fig. 5)
the crystalline quality is as high as in the N+B-implanted
samples.

All samples show a weak secondary contribution on the
right-hand side of the (111) substrate peak, about 0.1◦ away
from it. Since it is present in all cases, it must be an ef-
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FIGURE 3 XRD rocking curves of the samples implanted with a dose of
3×1017 cm−2 of boron, and annealed at 1200 ◦C for 1 min and 3 h
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FIGURE 4 XRD rocking curves of the samples implanted with a dose of
3×1017 cm−2 of nitrogen and boron, and annealed at 1200 ◦C for 1 min
and 3 h

FIGURE 5 XRD rocking curves of the samples implanted with a dose of
3×1017 cm−2 of nitrogen, carbon, and boron, and annealed at 1200 ◦C for
1 min and 3 h

fect of the boron implantation, the only one that has been
performed in all the samples. The incorporation of nitrogen
or carbon in substitutional sites may be reduced due to two
causes: formation of Si3N4 or SiC structures, and competition
of boron atoms. These are expected to occupy lattice pos-
itions preferentially during recrystallization because of their
covalent radii (0.82 Å in B and 0.75 Å in N, versus 1.02 Å in
Si). The same will happen in the case of carbon implantation,
whose covalent radio is 0.77 Å. Substitutional incorporation
of boron atoms to the silicon lattice, just up to the solubility
limit, will cause an effective reduction of the lattice constant
of about 0.82%. In practice, it seems to cause a reduction of
the lattice parameter in all samples of about 0.7%–1.0%, de-
pending on the ions co-implanted and the annealing processes
carried out. The results of this reduction are shown in Table 2.
The increase in the width of the main silicon peak and in the
impurity-induced lattice contraction present the same anneal-
ing behavior.

In the samples implanted just with boron, this reduction is
about 0.76% after RTA, while it is stronger (0.87%) after fur-
nace annealing because the longer annealing and, thus, deeper
diffusion, enhances a higher incorporation of implanted ions
in lattice sites. A decrease in the number of interstitials, which
compensate the effect of substitutional atoms in the contrac-
tion of the lattice, would also be a possible explanation.

This also happens in the one implanted with the lower
doses of nitrogen and boron (6 ×1016 cm−2 each). In this
case the reduction is about 0.81% after RTA, and 1% (0.19%
stronger) after the furnace annealing. Diffusion promotes the
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Implanted species Dose (cm−2) 1200 ◦C RTA samples 1200 ◦C furnace-annealed samples
∆a (%) FWHM ∆a (%) FWHM

B+ 3×1017 0.76% 0.010◦ 0.87% 0.020◦

N+ +B+ 6×1016 0.81% 0.00750◦ 1.00% 0.00810◦
3×1017 0.77% 0.00580◦ 0.70% 0.00410◦

N+ +C+ +B+ 3×1017 0.80% 0.00450◦ 0.87% 0.00550◦

TABLE 2 Reduction of
the silicon lattice constant
and FWHM of the main
(111)-silicon peak after ion
implantation depending on
the implanted species and
the annealing processes per-
formed

incorporation of B and N atoms in the lattice (or their decrease
in interstitial sites), and thus the reduction is stronger.

From Figs. 4 and 5 we deduce that the presence of ad-
ditional ions (nitrogen and/or carbon) enhances the recrys-
tallization process. This can be due to a ‘gettering’ effect in
Si3N4 microcrystals, which probably helps to eliminate the
boron excess, forming boron nitride clusters. FTIR spectra are
in good agreement with this hypothesis.

In the sample implanted with the higher dose of nitrogen
and boron (3 ×1017 cm−2 each), the reduction of the lattice
constant is stronger after RTA than after the longer anneal-
ing (about 0.77 and 0.70% respectively), oppositely to what
happened in the sample implanted just with boron. A possible
explanation for this phenomenon is that this longer anneal-
ing (3 h causes many of the B and N implanted atoms to react
and segregate out of the silicon lattice, forming BN clusters.
Thus, the number of substitutionals left is lower than after the
RTA and the reduction of the lattice constant is also lower.
Additionally, diffusion effects may be attenuated by a higher
density of Si3N4 nuclei, which produce the ‘gettering’ effect
of B mentioned above.

Although after the introduction of carbon (sample im-
planted with 3 ×1017 cm−2 of nitrogen, carbon, and boron)
this effect must also be important, the presence of high con-
centrations of carbon apparently causes an additional contrac-
tion. A possible explanation may be the additional incorpo-
ration of carbon atoms in substitutional sites. In this case the
trend is again the same as in the first cases, with a reduction in
the lattice parameter of about 0.87% after furnace annealing,
0.07% stronger than after RTA (0.80%).

In this last sample, co-implanted with the three ions, an-
other secondary peak, much stronger than the one due to
lattice reduction, appears on the left of the main one. Al-
though the formation of a new and unknown crystalline phase
cannot be completely disregarded, this may indicate the sep-
aration of the surface layer into two regions: one in contrac-
tion, whereas the other is in expansion. After RTA the surface
region may rest in a metastable state, and longer annealing
leads to a segregation of carbon atoms. These carbon atoms
may occupy interstitial sites in part of the surface region,
causing lattice expansion. This effect has been previously ob-
served in silicon implanted with carbon well above its sol-
ubility limit. After low-temperature annealing, most of the
carbon atoms occupy interstitial sites, causing lattice expan-
sion, while higher-temperature annealing leads to SiC cluster
formation. Since the Si–C bond has a lower size than the Si–Si
one, the SiC formation enables the relaxation of the lattice and
the crystallinity recovery [22]. In the underlying region excess
carbon or SiC clusters may act as diffusion sources, induc-
ing an additional lattice contraction in the furnace-annealed
sample.

3.3 Spreading resistance measurements

The spreading resistance results have allowed us
to estimate the depth reached by the implanted ions after
diffusion processes caused by thermal annealing. In Fig. 6
we see that boron ions, implanted at a projected range of
650 Å, reached a depth of about 0.7 µm after the 1200 ◦C
RTA process, as the compensation effect shows. Nitrogen and
boron co-implantation helps the recovery of the structural
order and thus the diffusion of boron, as compared to the B-
implanted sample. In Fig. 6b we see that the boron reaches
a depth of 0.85 µm in this case. Carbon implantation, op-
positely, seems to retain/hold boron, lowering the diffusion
coefficient. The cause of this effect may be that the presence
of carbon prevents the so-called transient enhanced diffusion
(TED) of dopants such as boron in silicon, as suggested by
some authors [23, 24].

After furnace annealing (results shown in Fig. 7), boron
ions, when no other species are implanted, reach 4.2 µm of
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FIGURE 6 Spreading resistance measurements of the samples implanted
with 3×1017 cm−2 of a boron, b nitrogen and boron, and c nitrogen, carbon
and boron and annealed at 1200 ◦C for 1 min
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FIGURE 7 Spreading resistance measurements of the samples implanted
with 3×1017 cm−2 of B/N+B/N+C+B and annealed at 1200 ◦C for 3 h

depth, but in both N+B and N+C+B-co-implanted samples
there is an apparent decrease in the diffusion coefficient. This
difference with RTA-annealed samples may be due, again,
to an effect of reduction of the transient enhanced diffusion
of boron due to the presence of the co-implanted impurities.
These must, somehow, fix silicon self-interstitials and, reduc-
ing the silicon interstitial flux, reduce interstitialcy driven pro-
cesses, such as boron diffusion. The formation of B–N bonds
would also retain boron diffusion.

3.4 Transmission electron microscopy

XTEM images of Fig. 8a and b correspond to sam-
ples implanted with N+ +B+ annealed (a) for one minute in
RTA at 1200 ◦C and (b) for three hours at 1200 ◦C, respec-
tively. As a result of the implantation and annealing processes
three layers (1, 2, and 3 in Fig. 8a and b) were formed in both
samples. The thickness of each layer, measured from XTEM
images, is shown in Table 3. SAED and HREM analysis of
the three layers formed in these samples demonstrate that, for
both samples, layers 1 and 3 are crystalline layers constituted
mainly by Si crystals. On the contrary, layer 2 is found to be
amorphous.

Figure 9 shows a SAED pattern registered from the three
formed layers in the sample implanted with B+ +N+ and an-
nealed at 1200 ◦C for 3 h. The electron beam was kept along
[110] of the Si substrate. Analysis of additional SAED reg-
istered from each layer allows the spot assignation of SAED

FIGURE 8 XTEM images of samples implanted with N+ + B+ annealed
(at 1200 ◦C): a in RTA for 1 min, b for 3 h; with N+ +B+ +C+ annealed (at
1200 ◦C): c in RTA for 1 min, d for 3 h

Sample Layer thickness measured by XTEM

Layer 1 (Å) Layer 2 (Å) Layer 3 (Å)

Si (BN) RTA 1650±100 750±50 1700±100
Si (BN) 3 h 1600±50 850±50 1050±100
Si (BCN) RTA 840±60 450±150 –
Si (BCN) 3 h 960±60 250±60 –

TABLE 3 Thickness of the layers detected in the samples implanted with
nitrogen and boron and with nitrogen, carbon, and boron, after 1200 ◦C an-
nealing processes of 1 min (RTA) and 3 h (conventional furnace)

of Fig. 9 as follows. Spots encircled are due to monocrys-
talline Si from layer 3, while spots marked with squares are
due to microtwins existing in this layer. The rings are in-
dexed assuming that layer 1 is constituted for polycrystalline
Si. Though the majority of the crystals in layer 1 are formed
by Si, some few spots assigned to α-Si3N4 and β-Si3N4 are
found in the SAED patterns registered from this layer. This
means that layer 1 consists of a polycrystalline Si matrix
with crystalline inclusions of α-Si3N4 and β-Si3N4. Spots X1

FIGURE 9 SAED pattern of sample implanted with N+ +B+ annealed at
1200 ◦C for 3 h. Spots have been marked with circles (Si matrix and layer 3)
and squares (microtwins in layer 3). The amplified image on the right-hand
side shows spots X1 and X2 assigned to α-Si3N4 and β-Si3N4, respectively
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and X2 of the amplified SAED pattern on the right-hand side
of Fig. 9 are assigned to α-Si3N4 and β-Si3N4, respectively.
The lattice spacing measured for X1 is 0.1310±0.0016 nm
and it is assigned to the lattice spacing of 0.1322 nm [asso-
ciated with planes (−1 −3 3), (−1 4 3), (3 1 3), (4 −3 3),
(3 −4 3), (−3 −1 3), (−3 4 3), (−4 1 3), (4 −1 3), (−4 3 3),
or (1 −4 3) of α-Si3N4]. The measured lattice spacing for
spot X2 is 0.1367±0.0010 nm and it is assigned to the lat-
tice spacing of 0.1359±nm [associated with planes (–1 –1 2),
(–1 2 2), (–2 1 2), (2 –1 2), (1 –2 2), or (1 1 2) of β-Si3N4]. An
analogous SAED study of layer 1 in the sample annealed in
RTA demonstrates the existence of crystalline inclusions of
α-Si3N4, though β-Si3N4 was not detected.

Figure 8c and d show that two thin layer contrasts are vis-
ible in XTEM images of samples implanted with N+, B+,
and C+. The thickness of layers 1 and 2 (see Table 3) do not
suffer strong changes after the annealing for 3 h at 1200 ◦C.
A HREM study of layer 1 shows, both for the sample an-
nealed in RTA for one minute and the sample annealed for
3 h, that this layer consists of polycrystalline Si mixed with
amorphous material. However, the annealing for 3 h causes
a strong decrease of the percentage of amorphous material
in layer 1. Figure 10a and b present HREM images of layer
1 of samples implanted with N+, B+, and C+ annealed in
RTA for one minute and for 3 h, respectively. From these
images there is evident the crystallinity increase produced
by the annealing for 3 h. The encircled region of Fig. 10a
corresponds to a Si nanocrystal in the amorphous matrix.
Such nanocrystals are found to be dispersed in layer 1 in the
samples annealed in RTA for one minute. Layer 2 consists
of monocrystalline Si with many planar defects. Figure 10c
presents a HREM image of a zone of layer 2 rich in planar
defects.

By SAED pattern analysis, crystalline inclusions have also
been determined to be present in the matrix material of layer
1 in samples implanted with N+, B+, and C+. The presence
of α-Si3N4 can be confirmed from SAED analysis for both
samples (annealed with RTA for one minute and for 3 h).
Figure 11 shows a SAED pattern registered from a sample an-
nealed for 3 h where two spots (Y1 and Y2) do not correspond
to Si. The measure lattices spacing for spots Y1 and Y2 are
0.2252±0.0018 nm and 0.2670±0.0024 nm, respectively. If
we assume possible binary compounds formed combining Si,
C, B, and N, spot Y1 only can be assigned to β-C3N4 (lat-
tice spacing of 0.2250 nm). On the contrary, spot Y2 can be
assigned to several crystalline phases: β-Si3N4 (lattice spac-
ing of 0.2663 nm), 2H−SiC (lattice spacing of 0.2664 nm),
4H−SiC (lattice spacing of 0.2668 nm), and 8H−SiC (lattice
spacing of 0.2606 nm). Crystalline inclusions of β-C3N4 are
only detected in the sample annealed for 3 h, and this phase
is not found in the sample annealed in RTA for one minute.
However, as the SAED pattern of Fig. 11 shows, the presence
of other crystalline phases cannot be discarded in the sample
annealed for 3 h.

3.5 Spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were
performed between 1.5 and 4.5 eV using a Uvisel Jobin–Yvon

FIGURE 10 HREM images of
samples implanted with N+ +B+ +
C+ annealed at 1200 ◦C (b, c) and
in RTA for 1 min (a) registered
from layers 1 (a and b) and 2 (c)

FIGURE 11 HREM images of samples implanted with N+ + B+ + C+ an-
nealed at 1200 ◦C for 3 h. Spots Y1 and Y2 correspond to crystalline inclu-
sions in layer 1
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ellipsometer, with an experimental accuracy in the ellipsomet-
ric angles,ψ and ∆, better than 0.02◦.

It is possible to estimate the composition and the thickness
of the resulting films by means of a conventional proced-
ure [25]. It is based on a least-squares fitting done by fixing
initial values and varying them to minimize the sum of the
errors in the equations that relate the measured ellipsometric
anglesψ and ∆ and the optical properties of the films (refrac-
tive indexes and absorption coefficients) [26, 27].

Using different theoretical approaches of the effective
medium to simulate the optical properties of the films by
changing the relative concentration of its components, this
technique can be applied to the analysis of inhomogeneous
films. In our case we have used only the two main approxima-
tions. The Maxwell–Garnett model (see for example [25, 28])
is employed when the main component (a) can be consid-
ered as a ‘host’ (h) for the others (over 75% in composi-
tion), and thus the dielectric constant of this main component
is considered as the dielectric constant of a ‘host’ in which
the other components are included (εh ≈ εa). The Brugge-
man model [25, 28] is applied when components (a, b, . . . )
are in similar proportions and allows us to obtain the effect-
ive dielectric constant by considering as ‘host’ the effective
medium itself (εh = ε).

The sensitivity of the technique is limited to the outer few
thousands of angstroms, since the absorption constant, α, of
silicon is between 103 and 105 cm−1 in the spectral range of
measurements. In fact the fittings have been done taking into
account only the first 650–1300 Å. This means that, in all

a

b

FIGURE 12 Ellipsometry measurements of the samples implanted with N+
and B+ (3×1017 cm−2 each), annealed at 1200 ◦C for 1 min (a) and 3 h (b)

cases, we are seeing just a part of the outer layer observed in
TEM analysis, in which only polycrystalline silicon and some
inclusions of Si3N4 were detected. Thus, other components
(boron nitride, silicon carbide, etc.) that are detected by SE
should be in amorphous form in this region or, if crystalline,
in very low concentrations. Oppositely, crystalline inclusions
of Si3N4 have been detected by TEM and not by SE; this may
indicate that it is present only in small concentrations and, be-
ing almost transparent for ellipsometry, it cannot be clearly
distinguished from BN contributions.

Figures 12 and 13 show the spectra of the pseudodielec-
tric constant of the samples implanted with nitrogen and
boron, and nitrogen, carbon, and boron, respectively, and their
fittings.

In the sample implanted only with N+B, RT-annealed
(Fig. 12a) no reasonable fitting could be obtained, but any of
the best trials included the presence of amorphous silicon (a-
Si) and hexagonal boron nitride (h-BN) as the most abundant
species just below a thin surface layer of native silicon oxide
(SiO2).

In these fittings h-BN can mean amorphous (a-BN) or
crystalline hexagonal boron nitride, formed by B–N sp2

bonds, as has been mentioned. This explains why it has not
been detected by SAED. It can be forming an amorphous
matrix in which just minor crystalline inclusions (as silicon
nitride) would be seen by SAED results.

The pseudodielectric constant of the N+C+B-implanted
layer, RT-annealed (Fig. 13a) has a slight similarity to the
dielectric constant of h-BN, although with an effective gap en-

a

b

FIGURE 13 Ellipsometry measurements of the samples implanted with N+,
C+, andB+ (3×1017 cm−2 each), annealedat 1200 ◦C for1 min (a) and3 h (b)
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Layer 1 Layer 2 Layer 3

Sample implanted with N+B, 322 Å of – 372 Å of
annealed for 3 h {51% c-Si+26% a-Si+23% SiB21} {72% h-BN+21% a-Si+7% SiB21}

Sample implanted with N+C+B, 130 Å of 127 Å of 368 Å of
annealed for 1 min {84% h-BN+16% voids} {84% h-BN+16% a-Si} {67% h-BN+19% a-Si+14% SiC}

Sample implanted with N+C+B, 156 Å of 280 Å of 263 Å of
annealed for 3 h {53% SiB21+39% a-Si+8% c-Si} {45% SiC+33% c-Si+22% a-Si} {77% h-BN+14% SiB21+9% a-Si}

TABLE 4 Composition of the outer layers of the samples, according to SE fittings. (Layer 1 corresponds to the most external layer and layer 3 to the deepest
of them)

ergy of around 3 eV, well below that of h-BN (about 5.1 eV,
see [29]). The best fit corresponds to an external layer con-
sisting mostly of h-BN with some porosity near the surface
(simulated with ‘voids’) and some inclusions of a-Si and even
some silicon carbide (SiC) in the inner part of the layer. To
simulate the varying composition, the layer structure has been
divided into three sub-layers as quoted in Table 4.

The experimental pseudodielectric constants of the sam-
ples implanted with N+B and N+C+B and annealed at
1200 ◦C for 3 h (see Figs. 12b and 13b) look very simi-
lar. In any of the two samples crystalline silicon after im-
plantation has been simulated as a mixture of pure silicon
(c-Si), with data from Aspnes and Theeten [26], and heav-
ily doped-with-boron silicon (1021 cm−3), using data taken
from measurements of Viña and Cardona [30], ‘SiB21’ in our
table.

In both samples, the composition of the most external
layer has a strong effect on the quality of the fittings, but
significant changes in the fractions of the different species in-
cluded in the inner layers lead to equally reasonable fittings.
In both cases, the most external layer consists mostly of crys-
talline silicon (mixture of c-Si+SiB21) and a-Si. Both fittings
require a significant fraction of h-BN in the inner layer. The
only difference between the fittings is the requirement of an
intermediate layer with an appreciable content of SiC in the
N+C+B-implanted sample.

After the 3-h 1200 ◦C annealing, it was not necessary to
include any BN in the external layers. Probably, boron ni-
tride decomposes at such high temperatures, and both B and
N out-diffuse and evaporate from the surface after prolonged
treatments.

4 Discussion

As the annealing temperature increases, both sam-
ples co-implanted with N+B and with N+C+B show
a trend to separation into Si3N4, h-BN, or a-BN phases, and
SiC in the last case, as evidenced by FTIR results. How-
ever, FTIR spectra offer only overall and qualitative infor-
mation of the composition in the surface regions. A closer
view may be obtained by considering the results of the other
techniques. However, we have to have in mind that each of
them offers information about different regions of the sam-
ples. Only the near-surface layers have been analyzed by
TEM, HREM, and SAED. On the other hand, spreading re-
sistance measurements show the behavior of the diffusion
in the underlying regions, where impurities are of the order
of or below the solubility limit, and thus electrically acti-

vated. On the contrary, ellipsometry is sensitive only to a part
of the most external layer seen by TEM (layer 1). Finally,
XRD gives information only of crystalline or highly ordered
layers.

The annealing behavior of the B-only-implanted sample
strongly differs from the behavior of the co-implanted ones.
While B diffuses very deeply when implanted alone, in co-
implanted samples, both N+B and N+C+B, diffusion is
strongly retained. Two phenomena may be responsible for
this slowing-down of the diffusion, one occurring at the near-
surface region, where the B concentration is comparable to the
Si one, and the other in the underlying regions, where B is of
the order of or below the solubility limit. Near the surface re-
gion the formation of BN or BCN stable clusters may reduce
the available diffusion source. Additionally, the appearance of
SiC clusters may contribute to decrease the effective surface
of the diffusion source. In deeper regions, trapping of Si self-
interstitials by carbon [23, 24], and even by N [31], atoms is
responsible for the slowing-down of the transient enhanced
diffusion of boron.

Because of the high-temperature annealing processes, it
is expected that most of the F atoms out-diffuse [32], leaving
a high density of extended end-of-range (EOR) defects that
also prevents excessive transient enhanced diffusion [33, 34].
This effect is especially apparent in B-only-implanted sam-
ples. The diffusion depth after RTA in this sample is lower
than in the N+B or the N+C+B ones, while the opposite
occurs after furnace annealing; however, a large damage re-
mains in the B-only-implanted samples. In these samples the
FWHM of the main (111) peak is considerably wider than in
N+B and N+C+B samples (see Figs. 3, 4, and 5). A large
disorder remains in the surface layer of the B-implanted sam-
ple, even after the 1200 ◦C furnace annealing (see Fig. 3),
whereas the presence of N and N+C helps considerably to the
damage recovery.

The annealing behavior of N+B- and N+C+B-im-
planted samples is also different. In the N+B samples three
layers are clearly distinguished by TEM (see Fig. 8), a poly-
crystalline silicon layer with α and β-Si3N4 inclusions at the
surface, followed by an amorphous layer and a highly defec-
tive Si layer, also with silicon nitride clusters. Because of the
high doping, the surface polycrystalline layer exhibits a strong
light absorption and, thus, ellipsometry is sensitive only to the
most external part. In fact, the fitting of the SE spectra requires
the use of strongly doped silicon (SiB21) and shows that this
layer is not homogeneous and needs the use of a nearly trans-
parent material, like amorphous or h-BN, as a database, in
a deeper layer to get a reasonable fitting.
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On the contrary, TEM images of the N+C+B-implanted
samples show a structure of two layers, being polycrystalline
silicon layer with clusters, followed by an amorphous layer.
This structure is confirmed by SE measurements but, even in
this case, the most external layers must be inhomogeneous
because of the need of deeper layers with more transparent
material like h-BN or SiC.

5 Conclusions

TEM studies show that, after annealing, the N+B-
implanted samples exhibit near the surface a three-layer struc-
ture, whereas in those implanted with N+C+B there are
only two layers clearly distinguished. In the N+B-implanted
sample the intermediate layer (2) is amorphous, the outer
layer (1) is a mixture of amorphous and crystalline phases, and
the inner layer (3) is highly defective crystalline silicon with
inclusions of other phases.

Ellipsometry is sensitive just to a part of the most external
of the layers seen by TEM. In the RTA annealed samples, both
N+B and N+C+B co-implanted ones, ellipsometry sug-
gests the majority presence of a BN phase in the external layer
that could be fitted using the dielectric constant of hexagonal
boron nitride. This is in accordance with the BN vibrational
mode detected by IR, associated with the h-BN phase. How-
ever, since it has not been detected by SAED, we believe that
boron nitride could be amorphous because the IR vibrational
mode and the dielectric constant of amorphous and hexagonal
BN could be very similar.

After the three-hour annealing at 1200 ◦C, the fraction of
amorphous material in the outer layer decreases, becoming
mainly highly ordered polycrystalline silicon, with some in-
clusions of α- and β-Si3N4. These phases were also detected in
layer 3.

XRD results show that co-implantation of N+B and
N+C+B helps in the damage recovery as compared to sam-
ples implanted with boron only. Furthermore, the additional
implantation of N and C prevents the excessive diffusivity of
B. The implanted samples exhibit, after high-temperature an-
nealing, a lattice-parameter reduction between 0.7 and 1.0%.
This reduction is mainly due to B substitutionals.

All the results point to a more stable structure of the
N+C+B-implanted layer than the N+B ones, that opens the
possibility to BCN buried layers in silicon.
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