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Introduction

ABSTRACT

This work reports Fourier-transform infrared spectroscopy (FTIR) investigations
on electron irradiated, nitrogen-doped Czochralski-grown silicon (Cz-Si). The
study focuses mainly on the detection and thermal evolution of bands related to
various nitrogen (N) and vacancy-nitrogen substitutional (VN)-related defects
formed prior and after the irradiation of the material. Thus, in the first place, we
refer to the presence of bands related to N impurity in the range 640-720 cm™" of
IR spectra, where most VN defects are expected to give signals. Then, by fol-
lowing the thermal evolution of the detected IR bands and by considering the
formation energies of the various N and VN defects, we discuss their possible
correlation with different N or VN defects. We suggest that (i) the 650 cm ™
band relates to the N; and with the VNj; at different temperature ranges, (ii) the
655 cm ! relates to the N, defect, (iii) the 660 cm ™! relates to the VN; defect, (iv)
the 678 cm™! band relates to the Ni-N, defect and the V,N, defect at different
temperature ranges, (v) the 684 cm ™' band relates to the VN, defect, and (vi) the
689 cm ™! band relates to the N;, VN; and V,N, defect at different temperature
ranges.

the material properties via the incorporation of
impurities is one of the main purposes in the semi-
conductor industry. In that respect, the introduction

Point defects and impurities are always present in
semiconductors due to thermodynamic reasons, but
also as a result of material growth and processing.
They can affect the physical properties of the mate-
rials and have a decisive role in the performance of
devices. Notably, various impurities are introduced
intentionally in the crystal to tailor the properties of
the material for specific applications [1-4]. Enhancing
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of light impurities in silicon (Si) such as hydrogen
(H), lithium (Li), carbon (C), nitrogen (N) and oxygen
(O) is a common technique.

The present investigation focuses on N, which is an
important light impurity in Si, studied intensively for
the over 50 years. In particular, N introduction in Si
material has been mainly used as a tool to improve its
quality by modifying the physical properties for

Address correspondence to E-mail: mpotsidi@phys.uoa.gr; angelet@phys.uoa.gr; hlontos@phys.uoa.gr

https:/ /doi.org/10.1007 /s10853-021-06784-3

@ Springer


http://orcid.org/0000-0001-5460-465X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06784-3&amp;domain=pdf
https://doi.org/10.1007/s10853-021-06784-3

5508

various device applications. N shows a very strong
locking on dislocations thus increasing the mechani-
cal strength [5-7] of the wafers. This is very impor-
tant for the very large-scale integration (VLSI) and
ultralarge-scale integration (ULSI) technologies of Si,
allowing the material to extend the range of pro-
cessing steps without wafer breaking. In essence,
N incorporation leads to larger wafer diameter and
improves material quality as far as the requirements
for wafer flatness and mechanical stability. N also
enhances the ability of the oxygen precipitation pro-
cess [8, 9], facilitating internal gettering procedure
thus suppressing the deleterious effects of metallic
contaminants. The presence of N atoms suppresses
the generation of some microdefects during crystal
growth, as, for instance, the A-swirls and D-defects/
voids in N-doped Fz-Si [10, 11]. Additionally, N re-
duces the formation [12] of voids that cause degra-
dation of Si devices and can lead to a failure of gate
oxides [13]. In general, N has the tendency to interact
with intrinsic defects (such as vacancies and self-in-
terstitials) affecting the early stages of defect
dynamics during Si crystal growth [12-14]. Addi-
tionally, N impacts oxygen-related defects affecting
the creation of thermal donors and shallow thermal
donors in Si [6, 15] and influences the electrical [6, 16]
properties of Cz-5i. In irradiated silicon, N doping
limits the formation of vacancy-oxygen defects (VO
or A-centers), the presence of which has generally
negative effects in the performance of devices [17, 18].
Furthermore, it enhances oxygen precipitate forma-
tion [19]. In summary, N affects the mechanical,
electrical and optical properties [5-7, 16, 20, 21] of Si
and the more we know about its behavior as an
impurity the better the control of the material for
device applications.

Although N belongs to the V group of the periodic
table, it is an ineffective donor conversely to phos-
phorous (P), arsenic (As) and antimony (Sb) which
are n-type dopants in Si [22]. Importantly, the solid
solubility [23] of N in Si is low approaching at the
melting point 4.5-10 x 10" atoms/cm®, which is
more than two orders of magnitude less than that of
O and C in Si. It has been determined [12, 24, 25] that
N interacts strongly with O, C, vacancies and self-
interstitials. The main families of defects in N-doped
Cz-Si are nitrogen—oxygen and nitrogen-vacancies
complexes. The present study focuses on the latter
complexes where there are still unclear points
regarding their properties and behavior. Regarding
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the vacancy-nitrogen substitutional defect (VNy),
with local vibrational mode (LVM), signals in the
range 663-669 cm™' have been correlated with the
N residing in a substitutional position [26-30]. LVM
signals at 726 and 778 cm™' have been correlated
with the VN, complex [31]. Additionally, a LVM
value at 551 cm™" has also been reported [28, 32], and
values in the range 665-693 cm™' have been calcu-
lated [26, 30] for this center. Regarding the V)N,
complex, an LVM value at 689 cm~! has been
reported [31], although a value at 653 cm ™! [12] and
calculated values in the range 669-694 cm ™" [30] have
also been cited in the literature. Thus, the picture
regarding band assignments for the VN;, VN,, V5N,
and generally nitrogen-vacancy-related defects is not
yet clear.

The purpose of the present study is to investigate
the relation between the spectral identity and thermal
evolution behavior of various nitrogen-vacancy
structures in Si and contribute to their band assign-
ment in the different temperature ranges. Impor-
tantly, these complexes have been reported
[19, 33, 34] to function as precipitate nuclei and also
affect the void formation in Si, a critical point for Si
semiconductor industry. As a result of the low con-
centration of N in Si, the corresponding signals of the
relative defects are quite weak. Irradiation is an effi-
cient way to enhance the formation of nitrogen-va-
cancy defects. This is because during irradiation,
there will be a supersaturation of vacancies and a
higher number of these vacancies will be associated
with N effectively increasing the concentration of the
nitrogen-vacancy defects. To investigate these
defects, we will employ infrared spectroscopy mea-
surements in irradiated N-doped Si. Remarkably,
only in the last few years have been made such
considerable measurements [17, 31].

Experimental details

Samples cut from prepolished Cz-Si wafers were
used. The N concentration given by the provider was
5 x 10" em ™. The O concentration was determined
by a Fourier-transform infrared (FTIR) spectrometer
using a calibration coefficient of 3.14 x 10" cm ™2
(ASTM F 121-89 standard). The C concentration was
beyond detection limit. The samples were subjected
to 2 MeV electron irradiation with a fluence of
2 x 10"® em™2, at ~ 70 °C, using the facilities of the
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Figure 1 Segment of the IR spectra in the range 640—720 cm™'»
a before irradiation (as-grown sample), b after irradiation, c at
50 °C and d at 200 °C.

Dynamitron accelerator at Takasaki-JAERI (Japan).
After the irradiation, the samples were subjected to a
series of 20 min isochronal anneals up to 1200 °C in
open furnaces with a step of ~ 10 °C. After each
annealing step, IR spectra were recorded at room
temperature (RT) employed an FTIR spectrometer
(JASCO-70 plus) operated with a resolution of
1 cm ™. The two phonon background absorption was
subtracted from each recorded spectrum by using a
Float-Zone (FZ-Si) sample of equal thickness as that
of the CZ-5i sample.

Experimental results and discussion

Figure 1 shows the IR spectra in the range
640-720 cm ™' taken (a) before irradiation (as-grown
sample), (b) after irradiation, (c) after thermal treat-
ment at 50 °C and (d) after thermal treatment at
200 °C. Figures 2 and 3 show the IR spectra in the
range 640-720 cm ™' after thermal treatment at char-
acteristic temperatures in the range 300-1100 °C. In
the spectrum of the as-grown material, one could
immediately detect the bands at 645, 655, 660, 678,
689, 697 and 706 cm'. After irradiation, the bands at
655, 678 and 697 remain in the spectrum, the bands at
660, 689 and 706 cm~! diminish, and a band at
650 cm~' emerges. In an attempt to correlate the
detected bands with possible candidates from the
family of Nj-related defects, we have taken into
account.

i. that the high-intensity signals of N,related
defects [29] lie range
645-720 cm ',

ii. the formation energies of the various N,-related
defects as given in recent studies [26, 28-30],

iii. that vacancies could be created in the crystal
during growth, although their concentration
dependence on the crystal growth parameters
remains complicated [26]. Values of the order
of ~ 10" cm ™ have been proposed [35], and it
is expected that if the nitrogen concentration
exceeds that of the vacancy’s, vacancy-nitrogen
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Figure 2 Segment of the IR spectra in the range 640—720 cm™'» 050 (a)
after annealing at the temperatures a 300 °C, b 450 °C, ¢ 550 °C, - N - 300 °C
d 600 °C. °®1 1% 5 S
o] = § 88 g 3
o ©
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Figure 3 Segment of the IR spectra in the range 640—720 cm™'»
after annealing at the temperatures a 700 °C, b 850 °C, ¢ 950 °C,
d 1100 °C.

Examining the thermal behavior of the 650 cm™'

band, we detect its disappearance around ~ 200 °C
(Fig. 1), its reappearance in the range ~ 300-600 °C
(Fig. 2). The band finally anneals out just above ~
600 °C (Fig. 3). If one assumes that the 650 cm™"
band relates to the N, defect up to ~ 200 °C, then by
capturing vacancies in the range 300-600 °C (sources
of these vacancies are vacancy-oxygen defects [31, 41]
or vacancy-related clusters [9, 42]) could transform to
VN; defects. Notably, the VN; defect is expected to
form at higher formation energies of 3.79 eV [30] (or
3.71 eV [26]) and its highest intensity LVM band
corresponding to a Cz, symmetry. In this symmetry
for the VN; defect, a calculated LVM frequency value
at 654 cm™' has been reported [30]. An additional
argument on the connection of the 650 cm™' band
with the VN; defect in the range 300-600 °C was
given by Stein [28]. In that work, it was stated that the
loss of the N, defect after a 350 °C annealing and the
increase of the SL6 and SL7 EPR signals could relate.
Goss et al.[26] report that the latter EPR signals pos-
sibly relate to the of VN; and VN, defects,
respectively.

Thus, we suggest that the 650 cm ™' band possibly
correlates with the N defect up to ~ 200 °C and with
the VN; defect in the T range 300-600 °C.

The 655 cm ™! band

The band at 655 cm ™' appears in the spectra of the as-
grown sample as well as of the as-irradiated sample
exhibiting similar intensities in both spectra (Fig. 1).
Its signal progressively decays toward ~ 600 °C and
increases again from ~ 850 °C onwards, staying
detectable up to 1100 °C (Figs. 2 and 3). For the
655 cm ™! band, possible candidates are (i) the N;
defect (as discussed above) or (ii) the VN; defect
(theoretically predicted [30] at 654 cm ™' for the Cs,
symmetry and at 664 and 673 cm™' for the C, sym-
metry). If we assume that the 689 cm ™' band belongs
to the N; defect [37] (see below), then one could cor-
relate the 655 cm ™" band, which is of similar intensity
with the 689 cm™' band in the as-grown sample
(Fig. 1), with the N, defect. At first, the two bands are
expected to have equal concentrations in equilibrium
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conditions [26] (Fig. 1). It is worth noting that
although the vacancy concentration during crystal
growth is expected around ~ 102 cm*3, values
at ~ 10" cm™ have also been reported [26], making
the formation of the nitrogen-vacancy-related N,
defect possible even during crystal growth conditions
[26]. Regarding now, a possible connection of the
655 cm ™! band with the VN; defect this seems less
possible, since the VN; defect has been reported to
increase after annealing at 350 °C [37] or form after
annealing in the range ~ 380450 °C [43], a thermal
behavior opposite to that shown by our 655 cm™"
band.

We notice that increase of the 655 cm™ above ~
600-650 °C might indicate a dissociation of existing
VN; defects in the crystal into V and N,. Similar
arguments have been stated [31] for the case of the
dissociation of irradiation-induced defects after
annealing at 600 °C and their return to Ni-N; defects.

Thus, we suggest that the 655 cm™" band possibly
correlates with the N, defect.

1

The 678 cm™! band

The 678 cm™' band appears in the as-grown sample
and shows thermal stability up to ~ 450 °C (Fig. 2),
after which temperature disappears and reemerges
at ~ 800-850 °C further existing up to 1100 °C
(Fig. 3). This behavior points toward either different
originations of this band in these two temperature
ranges or a reformation upon dissociation of other
defects. In the discussion below, we examine and
consider the evolution of the 678 cm™' band at two
temperature ranges.

In the T range from growth to ~ 450 °C

Possible candidates are the N,-N; defect with LVM
frequency values at 678 cm™' [30] and 668.6 cm ™'
[26]. The N;-N; defect with reported LVM line at
672.8 cm ! [26], as well as the VN; defect with cal-
culated LVM frequency at 668 cm ™' [30]. The inten-
sity of our 678 cm™! band as it appears in our spectra
remains unaffected by vacancy concentration
enhancement during irradiation (Fig. 1). Considering
the relatively low formation energy of the N,-N;
defect (0.9 eV [30]) and its reported stability due to
the closed shell structure [30], at a first attempt, one
could attribute our 678 cm™' band to the N-Nj
defect. This connection, however, contradicts Goss
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et al. [26] reporting on the N;-N; formation. The same
authors [26] report on the possibility that N;-N; could
form during nonequilibrium cooling down condi-
tions from 1400 °C crystal growth if vacancy con-
centration reaches values ~ 10° cm™3. Also, the
reported disappearance of the Ni-N; defect
around ~ 400 °C [26], which agrees well with our
678 cm™! defect observed decay at ~ 450 °C, is a
further supporting argument for the latter
correlation.

On the other hand, a linking with the VN; defect
seems less favored before irradiation and up to
450 °C, if one considers (i) the higher number of
vacancies needed for a N; defect to gradually end up
to VN; defect (compared to the one vacancy needed
for N; pair to produce N;-N; [26]), (ii) the higher for-
mation energy of the VN; defect (3.79 [30] and 3.71
[26] eV) in relation to that of the N;-N, formation
energy (2.51 eV [29]) and (iii) the observation that the
VN; SL6 EPR signal increases after annealing [43]
at ~ 400 °C, while our 678 cm~! band decreases
after annealing around this temperature. For the
above reasons, we propose that the N;-N; defect best
meets the criteria for the connection with the
678 cm™' band in the range up to ~ 450 °C.

In the T range 800-1100 °C

The band at 678 cm ™' reemerges above ~ 800 °C but
with lower intensity (Fig. 3). The reappearance of this
band could possibly indicate either (i) the formation
of higher-order vacancy aggregates with existing
nitrogen defects or (ii) the dissociation of existing
nitrogen VN defects into their components. Regard-
ing the former case, such higher-order VN defects
could be the V,N, defects with reported LVM bands
[30] at 673 cm ™!, as well as numerous other bands in
the 678 cm™! vicinity [30]. The existence of V)N,
defects has indeed been reported at elevated tem-
peratures [44]. The vacancies needed for the forma-
tion of those higher-order nitrogen-vacancy defects
could be provided by the actual dissociation of the
various multivacancy-multioxygen (V,,0,,) defects at
the temperature range above 600 °C [45]. We must
note that oxygen precipitates that form in the crystal
[46] are known to emit self-interstitials or attract
vacancies in the course of their formation, in order to
accommodate the volume expansion in the precipi-
tate area [47]. The fact that precipitates form at a
relatively lower temperature (~ 600 °C, (Fig. 4)) in
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our doped samples is an indication of release of
vacancies due to the dissociation of V,,0,, defects.

In relation now, to the latter case, the onset of the
678 cm™ ! band possibly correlates with the reforma-
tion of N;-N; defect (see above) due possibly to the
dissociation of existing VN defects in the crystal (for
example, one may consider the dissociation of VN,
into V and N;-N;). A similar phenomenon has been
reported by Inoue et. al. [31] in relation to a possible
return of irradiation-induced nitrogen defects to N-
N; defects after annealing at 600 °C. Notably, in this
case, also, the vacancies released by this dissociation
could also contribute to the formation of additional
oxygen precipitates at lower temperatures.

Thus, we suggest that the 678 cm™" band possibly
correlates with the N;-N; defect up to ~ 450 °C.
However, in the range 800-1100 °C, the picture is not
clear and two possibilities exist: In this range, the
defect may correlate either with the V>N, defect or
with the N-N, defect.

The 689 cm ™! band

The band at 689 cm ™' exists in the as-grown silicon
samples and decreases after irradiation (Fig. 1).
Commenting on its thermal behavior, one could
highlight three stages: i) a decrease occurring around
200 °C, ii) an onset at ~ 300450 °C and a further
decrease at ~ 600 °C and iii) a second increase
at ~ 800-850 °C. The band continues to exist further
up to ~ 1100 °C. These observations along with
consideration of the formation energies of the VN,
(3.79 [30] eV, 3.71 [26] eV), VN, (2.71 [30] eV, 3.42 [26]
eV), VN3 (2.45 eV [30]) and V,N, defects (5.27 eV [30],
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5.08 eV [26]) led us to discuss different origins of the
689 cm™! band in the three different temperature
ranges that is i) from growth to ~ 200 °C, ii)
from ~ 300 to 600 °C and iii) from ~ 800 to 1100 °C.

In the T range from growth to ~ 200 °C

In a non-irradiated crystal where vacancies could
form but a supersaturation environment is less
favored compared to irradiated material, N; and N;
pairs, both of which are not vacancy-related, are
expected to form [26]. The N; pair is the dominant
defect in nitrogen implanted silicon [26] with a for-
mation energy of ~ -0.77 eV [29], while the forma-
tion energy of N; defect is 2.07 eV [29]. Both values
are significantly lower than the vacancy formation
energy value. This has been calculated for various
approximations and symmetries to range [38, 39]
from 3.17 to 4.13 eV and has been reported experi-
mentally at 4 eV [40]. The strong appearance of the
band at 689 cm™! prior to irradiation is a first indi-
cation of a nitrogen interstitial-related defect rather
than a nitrogen substitutional one. In fact, as the N,-
related defect formation presupposes the presence of
vacancies in the crystal, the significantly lower for-
mation energy of the N; and N; pair defects compared
to that of the vacancies supports the above correla-
tion. Indeed, the band has been previously correlated
with the N; defect [37]. The observed decrease of the
689 cm™' band in the spectra along with the simul-
taneous appearance of the 650 cm™" band of N, defect
after irradiation as discussed above stands for the
above correlation. In contrast, the low formation
energy of the N;-N; defect (0.9 eV [30]) cannot
exclude a possible correlation of our 689 cm™' band
with the previously theoretically derived 685 cm ™'
NN, band [30]. However, the observed decrease
before ~ 200 °C in our experiment does not agree
with the reported stability of the Ny—N; defect [30].

In the T range 300-600 °C

The anneal out of various multivacancy defects [9] as
V,, V3, Vy, Vs, as well as the VO and VO, defects [41],
could provide additional vacancies in the tempera-
ture range ~ 300450 °C. A reaction of these vacan-
cies with nitrogen may lead to the formation of
vacancy-N;-related defects. Moreover, we notice the
following: (i) It is known [28] that after annealing
at ~ 350 °C, a band at 687 cm™! arises in the IR
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spectra coinciding with the annealing out of the
653 cm™' N, band and (ii) the annealing at ~
380-450 °C of samples containing SL5 (N;) centers
results in the formation of two other N centers (SL6
and SL7 [43]). Remarkably, in the above report [28],
the 687 cm ™! band has been connected with the SL6
and SL7 EPR signals [28, 43]. These EPR signals have
been possibly related [26] to the VN; and VN, defects,
respectively. Platonenko et al. [30] also report on a
VN, band at 688 cm™'. Similarly, it has also been
stated [31] that an experimental band at 689 cm™’
was intense after annealing at 400 °C, but weak at 200
and 600 °C, a behavior similar to that of our experi-
ment. This band was, however, correlated with the
V1N, defect [31]. Therefore, main possible candidates
for the 689 cm ™' band in this temperature range are
either the VN; and VN, defects [26] or the V,N,
defects [31]. In our opinion, the latter assignment is
less favored, due to its relatively higher formation
energy of V,N, defect (5.27 eV [30], 5.08 eV [26]) than
that of the VN; (3.79 eV [30], 3.71 eV [26]) and VN,
(2.71 eV [30], 3.42 eV [26]) defects. Finally, for the
consistency of the analysis, we cannot leave out the
VN3 defect from possible candidacy for the 689 cm™!
band in this temperature range, with reported for-
mation energy of 2.45 eV and LVM band calculated
around 690 cm™" [30].

In the T range ~ 800-1100 °C

The reappearance of the 689 cm™' band above ~
800-850 °C and its existence up to ~ 1100 °C may
suggest that at elevated temperatures, the VN, (or
VN;) transforms into V,N, by capturing another
vacancy. The V,N, has calculated LVM frequency
value at 687 cm™' [30]. It has also been reported
experimentally at 689 cm™' by Inoue et al. [31],
although these authors attribute this band to the V,N,
defect at lower temperatures than ours. We notice
that the transformation of the VN, to the V,N, defect
and the existence of the latter at elevated tempera-
tures has been reported previously [44]. The vacan-
cies needed for the latter transformation could be
provided by possible dissociation of V,0,, defects
[45] at elevated temperatures above 600 °C or even by
the dissociation of existing nitrogen-vacancy-related
defects [31]. Lastly, one could expect the formation of
V,N, defects to occur at higher formation energies
(5.27 eV [30], 5.08 eV [26]) than that of the VN;
(3.79 eV [30], 3.71 eV [26]) and VN, (2.71 eV [30],
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3.42 eV [26]), supporting that the formation of the
V,N, defects may be aggregates of vacancies with the
VN; or the VN, defects. Therefore, it is logical to
correlate the reemergence of our 689 cm™' band with
the formation of the V,N, defect in this temperature
range.

At this point, it is important to notice that V>N,
defects can exist at temperatures of void aggregation.
This shows that their formation can affect the con-
centration or the diffusibility of the vacancies [44].
Based on this, we think that further studies on this
defect could shed new light on the general formation
of all vacancy-nitrogen-related defects in irradiated
silicon.

The band at 684 cm™!

Carefully analyzing the IR spectra in the temperature
range 450-850 °C, one could point out the appear-
ance of a band at 684 cm™', which rises upon the
decay of the 689 and 678 cm ™' bands in the range
450-600 °C (Fig. 2). At first, we attempt to correlate
this band with a vacancy-nitrogen defect, considering
the lower formation energies of the VN;, VN,, VN;
compared to those of the V,N, centers [26, 30]. These
have been calculated as 3.79 [30] and 3.71 [26] eV for
the VNy, 2.71 [30] and 3.42 [26] for the VN, 2.45 [30]
eV for the VN3 and 5.27 [30] and 5.08 [26] eV for the
V3N, respectively. The above values suggest that the
VN;, VN, and VN3 defects meet the criteria to form
once vacancies exist in the crystal, though this does
not occur for the V,N,, having a much higher for-
mation energy. Thus, in terms of formation energies,
the appearance of the 684 cm ™' band at this relatively
narrow temperature range could be related to the
VN;, VN, or VN3 defects, all of which have calculated
LVM values [26, 30] in the 684 cm ™" neighborhood.

On the other hand, the onset of the 684 cm ™! band
coincides with the formation of oxygen precipitates
in the crystal at ~ 600 °C. This temperature is lower
compared to that in an undoped crystal [46, 47] and a
possible explanation could be that the V,N, defects
that form at these temperatures act as nuclei for
oxygen precipitates [48, 49]. Following this sugges-
tion, one could attribute the 684 cm™ ! band to the
presence of V,N, defects, as well.

Among all the above defect structures, the most
possible candidates for our experimental 684 cm™"
band seem to be either the VN, structure in the C,

symmetry [30], with a calculated value at 683 cm™" or
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the VN3 structure in the Cz, symmetry [30] with a
calculated value at 687 cm™'. Notably, the latter two
bands have similar and relatively high intensities
[30].

The 660 cm ™! band

The band appears before irradiation (Fig. 1) and
disappears after irradiation (Fig. 1), and it reappears
with increasing intensity after annealing at 300 °C
(Fig. 2). It finally decays around ~ 600 °C (Fig. 2). Its
thermal behavior resembles that of the 655 cm™" and
689 cm~! bands in the range 300-600 °C, discussed
above, correlated with the VN; defect in this tem-
perature range. Therefore, one reasonably could also
correlate the 660 cm™' band with the VN; defect.
Importantly, Platonenko et. al. [30] have also calcu-
lated a band at 664 cm ™, of relatively high intensity
corresponding to the C; symmetry of the VIN; defect.

A final comment: N in Si forms various families of
defects, important among them are the vacancy-ni-
trogen defects which appear in all temperature ran-
ges. Most of them are produced during growth but
some after irradiation. However, their properties are
not completely known and understood in compar-
ison with the vacancy-oxygen family of defects which
are dominant in irradiated Si. Vacancy-oxygen family
has been studied intensively and extensively by
electrical, magnetic, optical and structural methods
[41, 50-53] using numerous experimental techniques,
for instance, electron paramagnetic resonance (EPR),
infrared absorption (IR), deep level transient spec-
troscopy (DLTS), positron annihilation spectroscopy
(PAS) and photoluminescence (PL) among them.
Since vacancy-nitrogen defects affect the behavior of
Si material in many ways depending on the particu-
lar application, it is important to improve the picture
regarding their properties, with this being the main
purpose of the present work.

Conclusions

We have investigated N-related and VN-related
bands in N-doped electron irradiated Si employing
FTIR measurements at room temperatures. The
thermal evolution of the bands was monitored in the
temperature range from room temperature up to
1100 °C. The 650 cm™' forming after irradiation
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possibly relates to the N; defect. It decays
around ~ 200 °C (as a N, defect), reemerges at ~
300 °C (as VNj; signal possibly due N, to VN; con-
version) and decays at ~ 600 °C. The 655 cm ™'
detected before and after irradiation with the same
intensity might be due to the N; defect. It progres-
sively decreases toward ~ 600 °C, and it increases
again and stays detectable up to 1100 °C. The
reemergence could be related to the dissociation of
VN; defects into vacancies and N, defects.

The 660 cm ™' band appears weak before irradia-
tion, is not detected up to 300 °C and reemerges in
the range 300-600 °C. It probably relates to the VN;
defect.

The 678 cm™' and 689 cm ™' bands form in the as-
grown sample (possibly related to the Ni-N; and N;
defects, respectively). The 689 cm ™! N; band decrea-
ses at ~ 200 °C, then by capturing vacancies could
form the 689 cm™' VN; defect at ~ 300 °C, by cap-
turing further vacancies at ~ 400 °C could convert
most possibly to VN, giving rise to a band
at ~ 684 cm™' in our experiment. The 684 cm '
band decays at ~ 800-850 °C, while the 689 cm ™!
band emerges again possibly due to further capturing
of vacancies by the VN, defects leading to the for-
mation of V,N, defects. Regarding now the 678 cm™"
band, it reemerges after ~ 800-850 °C also staying
detectable at 1100 °C. We suggest that the 678 cm ™"
band and the 689 cm™' band at temperatures
above ~ 800 °C are connected with the presence of
the V,N, defects in the crystal, in agreement with the
recent work by Platonenko et al.*® calculating the
LVM frequencies for the V,N, defects remarkably

close to our values at 678 and 689 cm™'.
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