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This paper reports that the Sit self-ion-implantation are conducted on the silicon-on-insulator wafers with the
28Gi+ doses of 7x1012, 1x1013, 4x1013, and 3x10'4 cm™2, respectively. After the suitable annealing, these samples are
characterized by using the photoluminescence technique at different recorded temperatures. Plentiful emission peaks

are observed in these implanted silicon-on-insulator samples, including the unwonted intense P’ band which exhibits a

great potential in the optoelectronic application. These results indicate that severe transformation of the interstitial

clusters can be manipulated by the implanting dose at suitable annealing temperatures. The high critical temperatures

for the photoluminescence intensity growth of the two signatures are well discussed based on the thermal ionization

model of free exciton.
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1. Introduction

Due to the indirect-band-gap property of silicon,
the direct optical transition and radiation recombi-
nation from band-to-band are rare in the Si-based
semiconductors. This limits the applications of sili-
con a lot in the optoelectronics.) However, consid-
erable arts have been made in the two past decades
toward the goals of the so-called “defect engineer-
ing” and the “full silicon integration of optoelectronics
and microelectronics” in those Si-based materials.? 8!
Ton-implantation is one of those attractive techniques
which can effectively introduce the “intermedial state”
into the forbidden band of silicon, and then endues
the Si-based materials with some novel physical prop-
erties, such as the zero-phonon optical transition.!?:1%!

As the two typical emission peaks of the ion-
implanted silicon, the zero-phonon “G” and “W” lines
which locate at 0.969 eV and 1.018 eV, respectively,
had been utilized to fabricate the sub-band light-
emitting-diodes (LEDs). These devices exhibit high
optical efficiency, but the working temperatures of
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them are still relatively low (< 100 K).[''=13 The
desired light emitter should not only exhibit high lu-
minescence efficiency, but emit at about 1.55 pm or
1.3 pm and work at room temperature. Most re-
cently, it was demonstrated that the intense and sharp
D; line can be detected clearly in an SiT self-ion-
implanted (SII) silicon bulk at temperature as high
as 280 K, moreover, the photoluminescence (PL) in-
tensity of this feature does not show evident temper-
ature dependence.['¥ This reinforces the conception
that SII silicon can be an important candidate mate-
rial for fabricating the optoelectronic device operating
at the desired wavelength of 1.55 um and temperature
of ~300 K.

Some experimental and theoretical works had re-
vealed the presence, evolution, and complexity of in-
terstitial clusters (ICs) in the Si bulk.['>=18] For exam-
ple, it was argued earlier that the tri-interstitial clus-
ter (IsC) could account for many fundamental prop-
erties of W centre. Later, the first principle calcu-
lations on vibration modes of I3C cast doubts on the

relation between I3C and W centre.' Giri et al. pro-
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posed that the W line is more likely to originate from
the small I,C, and the X band at 1.040 eV originates
from the larger I,C which is formed at the cost of the
W centres at higher annealing temperatures (ATs).[2"]
The R line at 0.901 eV was directly correlated with
the rod-like {311} defects based on the observation of
the transmission electron microscopy (TEM),?! and
the chain-like cluster was believed to be the precur-
sor of R defect.??) The multiple PL peaks labeled as
I,,-bands in the range of 0.89-1.01 eV were ascribed
roughly to the luminescence from the complex ICs, 23!
but no satisfactory explanation exists for these inter-
stitial defects.? In fact, these intermediate ICs are
prone to evolve from one to the other with the change
of implanting energy, dose, AT, annealing time, and
ion species. Moreover, they are difficult to be detected
by traditional electric and magnetic techniques. The-
oretical investigations on the structure and dynam-
ics of the ICs have accumulated a diverse results but
in most of the case correlated with the experiments
has been found to be very poor.?*! These open up
challenges for the deeper understanding on the opti-
cal characteristic of the ICs in silicon. Hence, more PL
experiments are needed to probe the nature of the ICs
responsible for the emission properties as a function
of AT and dose, because the studies on the lumines-
cence are believed to better compare with the theo-
retically predicted behaviours of the ICs. Although
the Si bulk implanted with heavy-dose ions has been
extensively investigated by PL, TEM, deep level tran-
sient spectroscopy (DLTS)7[15] and optical absorption
techniques,?¥ to our knowledge, little work was con-
ducted with light ion dose (< 104 cm~2) and the sub-
sequent AT above 600 °C,[" nothing of that operat-
ing on the silicon-on-insulator (SOI) wafer. Especially,
the better performance of the sub-bandgap LED has
been demonstrated most recently on the SOI struc-
ture other than on the Si bulk.[?’! On the other hand,
implanting heterogeneous ion (such as Ge™, Al*, BT,
P, and Er™) into Si generally affects the optical prop-
erties of the Si matrix.6:27] Those negative effects are
mainly due to the implanted impurities which disturb
the periodic potential and therefore act on the energy-
band structure, consequently, on the optical proper-
ties of Si-based materials. To eliminate such chem-
ical effects and purify the luminescence mechanism,
in this paper, the 28SiT with different doses was self-
implanted into the Czochralski (CZ) Si films on the
SOI wafer. The plentiful emissions from the intersti-
tial defects are well studied by the PL technique in a
wide recorded temperature (RET) range.

2. Experiments

The SOI structures having a 100-nm-thick top
CZ Si (high content of oxygen and carbon impurity)
layer and a 1000-nm-thick buried oxide layer were fab-
ricated on (100)-oriented, ~ 10 ©-cm Si substrates
by the SIMOX method.l¥] The CZ Si films on the
SOI structure were implanted at room temperature
with the energy of 300 keV and the 22Sit ion dose
of 7x10'2, 1x10'3, 4x10'3, and 3x10'¥ cm™2, re-
spectively. The radius of the corresponding projected
ion range (Rp) is about 450 nm. All the implanta-
tion experiments were conducted with an ion beam
at an incident angle of 7° with respect to the nor-
mal of the Si film to avoid the channeling effects. Af-
ter the ion-implantation finished, the SOI wafers were
cut into several pieces, and then they were annealed
in the No atmosphere for 30 minutes at two typical
annealing temperatures (ATs), 650 °C and 750 °C,
where the self-interstitial defects transform tempes-
tuously. Here, for the convenience of depiction, the
five SOI samples processed at 650 °C, including the
as-annealed (no implantation) SOI samples and the
four SIT ones implanted with the Sit dose of 7x10'2,
1x10"3, 4x10'3, and 3x10'* cm ™2, are named as sam-
ples Ags0, Beso, Ces0, Deso, and Egsg, respectively.
Correspondingly, the SOI samples annealed at 750 °C
are named as samples Arsg, Brsg, Crs0, D750, and
E750, respectively.

The PL signatures were recorded by using a Syner
JY spectrometer (Tria 550). The SOI samples were
mounted on the cold-tip of a drip-feed liquid helium
cryostat, and the RETs were changed from 6 K to
280 K during the optical measurements. An argon-
ion laser with its wavelength of 458 nm was used as
an irradiation source. In all the PL experiments, the
excited power was monitored by a laser power-meter
and well normalized. The spot diameter and the excit-
ing power of the laser beam were 2.5 mm and 15 mW,
respectively. Light emission from the samples was dis-
persed by using a monochromator and detected by
a liquid-nitrogen refrigerated Ge detector. Standard
lock-in technique was used to improve the ratio of lu-
minescence signal to noise.

3. Results and discussion

Figure 1 shows a set of PL spectra of the SOI
samples annealed at 650 °C. Each PL curve was
well fitted by the Gaussian line-shape model.l'4:28]
In the PL spectroscopy of sample Agsg, the intense

“EHDTO” peak at 1.09 eV and with a full maximum
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at half height (FWHM) of 5 meV can be attributed
to the condensate luminescence from the spatially lo-
calized electron and hole drop (EHD). This identifica-
tion depends on the spectra line-shape fitting, which is
viewed as an effective tool for the evidence of the for-
mation of EHD luminescence.??) Usually, the EHDT©
signature can be detected in an SOI wafer below a crit-
ical temperature, due to the recombination of high-
density carrier confined in the superficial Si film by
the SiO; layer which acts as a diffusion barrier of
the photoexcited carriers. The observation of EHDTO
emission implies the good crystalline quality of the
CZ Si films and the interface between CZ Si film and
oxide layer. It also indicates that the EHDT® peak
can be excited by the blue laser, not necessarily by
an ultraviolet (UV) one. This differs from the report
in the literatures where the UV irradiation was pro-
posed to be a major factor for activating the EHDTO
emission.%31 The other peaks in the PL curve of
sample Agso, labeled as X, S1, So, and P which lo-
cate at 1.035, 0.932, 0.885 and 0.767 eV respectively,
can be attributed to the radiative combination from
the I4C, the small IC in the strained regions (for both
S7 and Ss), and such cluster with a carbon centre per-
turbed by a bi-oxygen atoms, respectively.l'*) The rest
broad-envelope labeled as “I band” at 0.965 eV may
originate from the undefined ICs which are generally
formed by heating the CZ Si at high temperatures.®!]

O experiments
fittings
RET =6 K
AT = 650 °C

PL intensity /arb. units

0.7 0.8 0.9 1.0 1.1
Photon energy/eV
Fig. 1. The PL spectra of the SII SOI wafers with the ion
doses of 0.0 (as-annealed), 7x10'2, 1x10%3, 4x10%3, and
3x10' cm~2, respectively, and annealed at 650 °C for 30
min. The RET in the PL experiments was 6 K. The Sit
implantation energy in all the experiments was 300 keV.

With the implantation of Sitinto the SOI wafer,

some interesting optical features are observed in those

SII SOI samples annealed at 650 °C. The intensity of
EHD™© peak decreases with the increase of Sit im-
planting dose, and shows obvious dose dependence.
Actually, the more the Sit dose is, the more the dam-
age formation is, and the more the photoexcited EHD
involved in non-radiative recombination is. A broad
envelope D; with the FWHM of 47 meV is observed
at 0.820 eV in those PL curves of samples Bgsg, Cgs0,
Degso, and Egsg. Whether the D; centres originate
from the relaxed dislocation loops®? or the point de-
fects in between the dislocations®3 is still a contro-
versy. In our recent study on the defect depth profile
by the reactive ion etching technique, the PL inten-
sity of D7 band declines steeply before the dislocation
loops are removed,®4 this seems to support the latter
identification.

In the range of 0.950 eV-1.020 eV, several sharp
I} (1=1,2,3,4) Peaks (labeled as I;-14, at 0.965, 0.976,
0.991, and 1.003 eV, shown with arrows, respectively)
overlapping on the S; band are shown in the PL spec-
tra of samples Bgsg, Cgs0, Dgso, and Egsg. The four
I; peaks disappear till the RET up to 60 K. This ex-
cludes the possibility that the I; signatures originate
from the noise introduced during the optical measure-
ments. The peak position and the FWHM of I; line
are very close to the G line whose luminescence centres
are formed with an interstitial carbon atom trapped
at a substitute carbon atom (C;Cs) in silicon. How-
ever, most of the G centres are produced during the
short-time annealing below 500 °C, and they trans-
form to the other ICs at higher ATs (> 500 °C) or by
prolonging the annealing time to hours in the low AT
range of 250 °C-500 °C.1'425] The FWHM and inten-
sity of these I; feature, do not exhibit apparent dose
dependence, and these sharp peaks seem to be lying
on the broad and asymmetrical Sy band whose inten-
sity decreases with the increase of Sit dose. It implies
that the I; centres can be formed even with the lowest
dose of 7x10'2 cm~2, and the cluster configuration of
the I; centres keeps relatively stable in spite of further
increasing the Sit dose.

Figure 2 shows another set of PL spectra of the SII
SOI wafers with the corresponding Si* doses but the
AT of 750 °C. The luminescence properties of these
SIT SOI samples exhibit a strong dependence of the
dose. The PL curve of sample A7sg only shows a single
EHD™© peak at 1.090 eV. Note that the EHD™© in-
tensity of sample Azsg is about 70 times stronger than
that of sample Agsg with the same PL measurement
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conditions. The peak at 0.901 eV can be attributed to
the R-line which is observed usually in the damaged
Si bulk annealed above 600 °C.
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Fig. 2. The PL spectra of the SII SOI wafers with the
different ion doses and the post-annealing temperature of
750 °C. The RET in the PL experiments was 6 K. The Sit
implantation energy in all the experiments was 300 keV.

In the range of 0.91 eV-1.01 eV, several peaks
labeled as Ip, (m=5-12) (at 0.910, 0.932, 0.956, 0.976,
0.992, 0.963, 0.998, and 0.922 eV, shown with arrows,
respectively) are observed in these SII SOI samples
annealed at 750 °C. The I5 peak with an FWHM of
4 meV can be detected in samples Br7sg, Cr50, and
D750. Although the I feature also presents in the PL
curves of the above three samples, the FWHMSs of this
signature increase from 15 to 24 and 42 meV with the
increase of dose. Whereas, the I7, Ig, and Iy features
can only be observed in sample B759. The absence of
I7 peak in the PL curve of sample Cr5¢ probably re-
sults from the evolution of I7 centre to I defect with
the increase of the interstitial. This may account for
the broadening and strengthening of Ig peak of sam-
ple Cr750 in comparison with those of sample B7sg. A
new I1g peak with different position and FWHM with
those of I7 and Ig is shown in the PL spectroscopy of
sample Crs0. It suggests that the Ig centre is likely to
be the precursor of the Iy centre. Similar behaviour
occurs on the I;; feature in the PL curve of sample
C750. The I1; centre possibly grows at the cost of the
Iy centre. With the evolution from Iy centre to Iiq
one, the I;; signature undergoes a blue-shift of 6 meV
and a broadening from 6 meV to 15 meV. Although

the peak position of I1; feature superposes with that

of the phonon replica WA of W-line, few W centres
can be survived after the AT above 600 °C.[35—37]

Further increase the dose to 4x10'3 ¢cm™2, the
PL spectroscopy of sample D759 shows the P, R, I5,
I, and Iy; peaks. The weak P-line begins to be de-
tected till the dose up to 4x10'3 cm™2, while there
are scarcely any changes occurred on the line shape of
I, feature with the increase of dose from 1x10 to
4x10" cm~2. Considering the continuous broadening
of I peak, the absence of I;g peak in the PL curve
of sample D759 probably implies that the I;g centre
repeats the behaviour of I7 centre, i.e., the I1g centre
transforms to the Ig centre with the incorporation of
the more interstitials. Therefore, it can be concluded
that the structural size of I centre is larger than those
of I, Ig, and I centres.

Great changes of the luminescence characteristic
occur on sample E750. Not only the I5 and I peaks,
but the R line can no longer be detected in sample
E750. Instead, a weak and broad I;» band with its
centre at 0.922 eV and an FWHM of 110 meV appears
in the I,, band range. The I15 centres seem to grow
at cost of the {311} rod-like defects (R centre), the
I5, and Ig centres. In such structural transformation
process, the large ICs, such as I centres and {311} de-
fects, may transform to the extended ICs which then
greatly enhance the FWHM of I;5 band.

Similar “I band” has also been observed in those
ion-implanted Si bulk, and some rough structures have
been proposed to describe the configurations of the
ICs related to the I bands.[*® However, less the spe-
cific structures and explicit numbers in those complex
ICs have been proposed yet, and none of that have
been demonstrated directly in the experiments. So,
the determination for the exact configuration of the
ICs still remains an open question. Tsuji et al. at-
tributed the I band to those defects which are the pre-
cursor of {311} rod-like defects. However, this identi-
fication was not well supported in the literature where
the evolution of {311} rod-like defects did not occur
even that the I band has been observed clearly.l37 Af-
ter the annealing in the AT range of 600 °C-700 °C
and beyond the processing time of ~18 minutes, it
was argued that half of the I,,Cs in the damaged Si
bulk have the clustered interstitial size of n = 8, the
other half of that are ripened then have a broad size
distribution in the range of n = 10-100.13% Whereas,
such larger I,Cs with wide distribution (n = 10-100)
cannot account for the sharp multi-peak,2% such as
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the four I; features shown in Fig. 1. Another possible
mechanism for the multiple sharp-peaks is the optical
transition from different excited states to the same
ground state of large IC. For instance, NL51 signal in
the electron-spin resonance spectra of electron-beam
irradiated Si had been attributed to an excited state
of the neutral I,C.[*) The PL excitation spectra of
diamond exhibit a series of similar undocumented PL
peaks which are ascribed to be the radiative transi-
tions from different excited states to the same ground
state of the divacancy-related IC.* As a result, it
is proposed in this paper that the four I; peaks ob-
served in those SII SOI samples annealed at 650 °C
may originate from the radiative combination between
different excited states and the same ground state of
the IgC. Another evidence supports this identifica-
tion is that the four I; peaks disappear simultane-
ously with increasing RET to 60 K. Moreover, the
four features have almost the same deactivation en-
ergy of 23+£1.8 meV, which were obtained by fitting
the RET-dependent PL intensities with an Arrhenius
form, i.e. I(T) ~ I(Ip)exp(E/kgT), where kg is the
Boltzmann constant.'! This suggests that the series
of I; peaks may originate the same interstitial defect.
However, this mechanism cannot interpret the origin
of those multiple I,,, peaks observed in those 750 °C
annealed samples, since the I,,, centres are not stable
and each of them is prone to transform to the other
IC with the increase of Si interstitials. The sharp Ig
and Iy features, which have the similar PL line profile,
may originate from two different configurations of the
IsC, respectively. Note that even the small I3C has
possible multiple configurations.'8! As a result, the
relatively stable I;; centre may be composed of the
diploid IgC, namely, I;4C. The Iy and Iy centres are
probably the large but compact I,Cs. The I5 and I
centres may correspond to the chain-like defects which
should not be attributed affirmatively to the precur-
sor of the {311} rod-like defects. Although these I,
features are assigned, more experiments are needed to
classify the specific configuration of these ICs.

An intense peak labeled as P’ and with its cen-
tre at ~0.773 eV (~1.6 pm) is observed in the PL
spectroscopy of sample Er50, as shown in Fig. 2. The
intensity of P’ band at 6 K is even stronger than
that of the EHD™© peak of sample A7s. Our origi-
nal fitting experiments indicate that the line-shape of
P’ band is asymmetric, and this signature cannot be

constructed by only one type of luminescence centre.

Further fitting operations emphasize that the 0.767 eV
line, 0.789 eV line, and the 0.820 eV band are actually
the basic features for forming the intense P’ peak, as
shown in the inset of Fig. 3. The three features can
be definitely attributed to the P, CjO;, and Dy lines,
respectively. Note that the C;O; line at 0.789 eV corre-
sponds to the monoclinic interstitial centre involving
carbon and oxygen atoms.[*?l So, the observation of
the intense P’ band only in sample E75q probably can
be ascribed to the increase of the P and D; centres
and the new formation of the C;O; centre induced by
further increasing the dose to 3x10'* ¢cm~=2 and the
AT to 750 °C.

o experiments
fittings
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Fig. 3. The PL spectra of sample E759 at different RETs.
Inset is the detailed fitting results for the 40 K PL spec-
troscopy.

Figure 3 shows the PL spectra of sample E-5 at
different RETs. The EHDTO peak can still be ob-
served in the 15-K PL curve, but disappears in the
20-K one. It supports the EHD phase diagram model
in which the upper-limit temperature for the obser-
vation of EHD phenomena is below 20 K.143] The I;4
feature can only be detected below 80 K. However, the
P’ band can still be observed at 260 K. This is very
promising for the optoelectronic application operating
at room temperature.

The intensities of both I;; peak and P’ band do
not decrease monotonously with the increase of RET,
as shown in Fig. 4. Actually, the zoro-phonon I7; line
exhibits a maximal intensity at ~40 K. The abnor-
mal intensity growth below 40 K is similar to the in-
crease of free exciton luminescence, and probably can
be interpreted in terms of the competition for captur-
ing the excitons between the optical centres and other
traps. With the increase of temperature from 0 K,

there is a rapid increase in the probability of thermal
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ionization of the excitons, more excitons involved in
the I;; emission then freed from the original traps be-
come available for capture by other, deeper, exciton
traps, including luminescence centres, increasing the
probability of radiative combination. Consequently,
a growth in PL intensity can be frequently expected.
Beyond the critical temperatures (40 K for I;; fea-
ture), the PL intensity decreases due to the thermally
scattering and dissociation of excitons. Same temper-
ature dependences of the intensity of I1; feature have
also been confirmed in sample Cr59 and Drsg. It sug-
gests that luminescence growth of I7; feature at low

temperature is dose-independent.

w 2]
= =
= =]
] =]
3 el
- ~
5 5l
N ~
< =
I E 14 —2 . =]
- i1 dose: 3x10°" cm™° — calculations -
—34 i| AT =1750°C
3 é o P’ band L0.4
0 40 80 120 160

(1000/RET)/K~!

Fig. 4. The RET-dependent PL intensities [1000/RET
vs. In(Intes)] of the I11 () and P’ (+--0--
of sample E750. The maximal PL intensities at different
RETSs had been normalized before plotting. The solid line
is the theoretical result based on Eq. (2).

-) signatures

The P’ band exhibits its maximal intensity (Intes)
at RET of 20 K, as shown in Fig. 4. Different from
the expectation, RET-dependent PL intensity of the
P’ band exhibits another intensity growth near the lig-
uid nitrogen temperature range (70 K). In order to un-
derstand the interesting behaviour, we have extracted
RET-dependent PL intensities of the three features for
forming the P’ band, P, C;O;, and D; lines from the
PL data, respectively, as shown in Fig. 5. Then, it can
be concluded that the maximal intensity of P’ band at
~20 K are mainly dominated by the enhancement of
P line in the corresponding temperature range, while
the small growth of the PL intensity at ~70 K is con-
tributed by the abnormal growth of C;O; line.

Within the frame of thermal ionization model of
free exaction, taking into account that the binding
energy of an exciton at a trap is FEj},, and assuming
that all species of traps in a particular sample can be
parametrized by traps of one effective E;, we can sta-

tistically describe a fraction of the traps (f) which are

not ionized and can compete with the luminescence
centres for the capture of excitons by using Eq. (1).[42]
Therefore, the luminescence intensity at a certain tem-

perature (T') can be expressed by Eq. (2)
f=[1+bT%?exp(—Ey/kpT)] ", (1)
I(T) = I(Io)/[(1+ f) (1 + P)], (2)

where P = ¢gT%/?exp(—Fy/kgT), gT%/? is the ef-
fective density of band continuum states where ion-
ization occurs, f’ is equal to cf which includes the
temperature-independent ratio of the trapping cross
excitons at the luminescence centres and the compet-
ing traps, b and c are constants. The fitting results
based on Eq. (2) are agreed with the RET-dependent
data of I1; and C;O; features well, as the solid lines
shown in Figs. 4 and 5, respectively. The FE; val-
ues of the Iy; and C,0; features are ~5.3 meV and
~8.8 meV, which are the possible values for the exci-
ton binding to the shallow-levels, respectively. Both
values larger than that of P line (~3 meV) derived by
G. Davis in the damage CZ Si bulk.[*?l This suggests
that the higher binding energies are responsible for the
higher critical temperatures, ~40 K and ~70 K, ob-
served in Figs. 4 and 5, respectively. Combining with
our recent work, we conclude that the exciton binding
energy of some defects, such as Dy and C}O; centres,
can be improved by the SII and its subsequent an-
nealing process. This offers an alternative method to
realize the high-efficiency luminescence at room tem-
perature by using the silicon-based materials.

{70 K
2.5
& .
a2 2.0 A
5
e :
5 154 !
< [T TS SR A ——. O *
p %
E o104 % 8 G0, line
= $ w0 P line
- 0.5 - {?dose: 3x 10 cm ™2 e D line
: * AT = 750 °C calculations
0 40 80 120 160

(1000/RET) /K1
Fig. 5. The RET-dependent PL intensities [1000/RET vs.
In(Intes)] of the C;0; (O), P (---0---),and Dy (---%---)
features of sample E759. The maximal PL intensities at
different RETs had been normalized before plotting. The
solid line is the theoretical result based on Eq. (2).

4. Conclusions

Several new emission features have been detected
in the Sit self-ion-implanted SOI wafers with differ-
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ent SitT doses and subsequent ATs. The luminescence
properties of the interstitial clusters formed at AT of
650 °C seem to be less dependent on the implanting
dose. However, those defects formed at 750 °C are
strongly dependent on the dose and undergo a severe
transformation from one type of interstitial cluster to
the other.
served at ~1.6 pym in the SOI wafer with the dose
of 3x10'* ecm™2 and the AT of 750 °C, shows great

potential in the optoelectronic application. The ab-

An intense emission band, which is ob-

normal intensity growth of this intense band is well
discussed based on the thermal ionization model of
free exaction. Although the emission related to the

interstitial-clusters has been detected and identified in

this study, more experimental and theoretical works
are needed to clarify the concrete configurations of
these interstitial-clusters, then to realize the manipu-
lation on the luminescence of these defects in silicon

for the purpose of the application.
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