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INVESTIGATION OF VARIOUS MECHANISMS OF RADIATIVE
RECOMBINATION OF SILICON NITRIDE AS AN EFFECTIVE WAY TO
BROADENING THE PHOTOLUMINESCENCE SPECTRUM

Abstract

The development of devices combining optical and electrical functions based on silicon-containing materials
is one of the challenges in microelectronics. By plasma enhanced chemical vapor deposition synthesis and
subsequent annealing, silicon nitride samples with both excess silicon and excess nitrogen were formed. The high
concentration of Si-H and N-H bonds was determined by Raman spectroscopy in samples before annealing. By
the transmission electron microscopy, it was determined that in addition to silicon nitride, silicon clusters were
formed in the sample’s matrix. The photoluminescence spectra changed significantly for both types of samples
during annealing in different gas atmospheres. Heat treatment of samples at 1100 °C after synthesis led to the
disappearance of the PL spectrum, and after annealing at 800 °C, photoluminescence increases. It is noted that
the highest intensity of photoluminescence was detected after annealing in the air atmosphere and the lowest in
the nitrogen. The participation of N centers in recombination processes was confirmed by the method of electron
paramagnetic resonance. The different mechanisms of particle interaction leading to photoluminescence and charge
storage are considered. Thus, the conditions for the synthesis and annealing of silicon nitride layers are selected to
obtain controlled luminescent properties in various spectral ranges.

Key words: silicon nitride, silicon oxide, luminescence, nanoclusters, stoichiometric order.
Introduction

The prospects for the development of silicon photonics are based primarily on the implementation
of an optical data transmission system in an integrated circuit [ 1-2]. Currently, almost all components
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of silicon optoelectronics have been created. The complexity of obtaining a working LED based on
Si is due to its non-direct-band energy structure. To solve this issue, the formation of Si nanocrystals
in various matrices is also applicable. One of the standard methods for obtaining Si nanocrystals is
based on the heat treatment of silicon oxide enriched with silicon.

Due to the smaller band gap (~5.3 eV), silicon nitride is a more suitable basis for the development
of electroluminescent devices compared to wide-band silicon oxide SiO, (8.2 €V) [3]. Silicon nitride
has a lower barrier at the cluster/matrix interface and therefore more efficient injection of charge
carriers into silicon nanocrystals [4].

However, the silicon nitride matrix also luminesces, and the nature of the radiation is widely
discussed. The emissivity of silicon nitride is associated with electronic transitions between the
energy levels of defects [5-9]. The main centers of radiation recombination in this case are the K-
and N-centers [10]. The K-center level is located close to the middle of the silicon nitride band gap,
and the nature of this center is amphoteric (both electrons and holes can be captured). Consequently,
electronic transitions are possible both between the valence band and the K-center, and between the
K-center and the conduction band.

The levels of the N-centers are located closer to the edges of the bands: the N.° level is ~ 0.5
eV higher than the top of valence band, the N," level is closer to the bottom of the conduction band.
According to some data, their levels may be even below the edge of the valence band [11, 12]. In
this case, the centers are inactive in radiative recombination. However, the model mentioned above
demonstrates the possibility of a negative transition between the N, ° level and the conduction band
(3.1 eV) and a transition between the N, " level and the valence band (3.0 €V).

Comparing various mechanisms of energy transfer involving the main centers of silicon nitride -
K and N, in particular when emitting light quanta, the efficiency of K centers is obviously higher.
By increasing the concentration of K-centers, we increase the capacity of a memory cell. Another
mechanism is associated with the localization of a hole in the field of an electron trapped at the K
center. Such a structure can retain properties under certain conditions.

In the plasma enhanced chemical vapor deposition (PECVD) process, it is possible to influence
the concentration of Si-H and N-H bonds, which, when broken, form structures with uncompensated
charge. By changing the annealing modes (atmosphere, temperature, etc.), both silicon clusters and
various luminescent centers can be obtained.

In a sample with an excess of silicon, a two-phase structure of silicon nitride and silicon clusters
can be formed as a result of synthesis and subsequent annealing. There will probably be several
photoluminescence (PL) sources in this system.

The novelty of this study lies in finding conditions for the synthesis and annealing of silicon
nitride at which luminescence increases associated with radiative centers, silicon clusters and states
in the band tails.

The motivation of the research was the possibility of broadering the PL spectrum of silicon
nitride in the implementation of various light-emitting mechanisms.

An important feature of this work is the obtaining of silicon nanoclusters both in silicon nitride
samples with an excess of silicon and with an excess of nitrogen.

Thus, considering most materials at the level of interaction of particles with uncompensated
charge is a cornerstone in understanding the mechanisms of photoluminescence and many other
issues.

Materials and methodology

The Si-rich and N-rich silicon nitride films were deposited on the n-type (100)-oriented Si
substrates by plasma-enhanced chemical vapor deposition at 350 °C using a gaseous mixture of
silane (SiH,) and nitrogen (N,) as precursors. The ratio of reagent gases SiH /N, was chosen 1/3 for
the Si-rich and 1/6 for N-rich silicon nitride films. The pressure in the chamber was maintained at
70 Pa.
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The activation energy of the silicon nitride deposition process is approximately 1.8 eV. The
deposition rate of silicon nitride usually depends on the concentration of silane and ammonia in the
reaction mixture as well as the total pressure in the system [13—17].

Plasma enhanced chemical deposition makes it possible to form films at a very low substrate
temperature. This is achieved due to the reaction between gases in a glow discharge. Although the
temperature of the electrons in the discharge can reach 105 °C, the sample temperature remains
within 100400 °C. This is undoubtedly important in the manufacture of semiconductor devices,
since it does not cause the formation of excessive defects.

Films obtained by PECVD contain a large amount of hydrogen (10-35 _ %), the concentration of
which depends on the parameters of the deposition process [18]. Hydrogen in the films forms a bond
with silicon in the form of Si—H and with nitrogen in the form of N-H [19]. Also, plasmochemical
silicon nitride contains 0.5-2 % oxygen as an impurity.

In the presented work, the Raman spectra were recorded using a "Nanofinder HighEnd (LOTIS
TII)" micro-Raman spectrometer. The studies were carried out at room temperature. The radiation
source was a laser with A =473 nm. The laser radiation was focused into a spot with a diameter of ~
1 um. Diffraction gratings of 600 strokes/mm (spectral resolution 0.01 nm) was used for registration.

Structural-phase transformations in silicon nitride films were studied by TEM on a Hitachi H-800
microscope with an accelerating voltage of 200 keV in the "cross-section" geometry. The resolution
of the microscope is 0.2 nm, magnification is 100—-600000.

The PL spectra of silicon nitride films in the visible region were recorded using a photomultiplier
tube sensitive in the spectral region 200-900 nm (Hamamatsu Company, Japan). A UV He-Cd laser
with a wavelength of 325 nm was used to excite photoluminescence in the spectral range of 350-
800 nm and an Nd laser with a wavelength of 532 nm was used to excite photoluminescence in
the range of 600900 nm. Transitions between the levels of K and N centers and the level of the
conduction band were excited.

EPR spectra were recorded at room temperature using a JES -FA (Jeol) spectrometer and a
reference value of Mn(2+)/MgO. The spectra were accumulated four times in order to raise the S/N
ratio.

Results and discussion

In this paper, the objects of research are two series of samples of non—stoichiometric silicon
nitride with a lower Si concentration in SiN_— III-10 and with a higher Si concentration in SiN_—
I11-13. A thin layer of silicon nitride was deposited on two silicon wafers by PECVD at a substrate

temperature of 350 °C, the characteristics of which are presented in Table 1.

Table 1 — Characteristics of silicon nitride layers deposited by PECVD on silicon wafers

- .. . Plate number
Characteristics of the silicon nitride layer 10 13
SiH4/N2 ratio 1/6 1/3
Thickness, pum 0,34-0,36 0,3-0,32
Stoichiometric parameter 1,5-1,41 1,13

For heat treatment, furnace annealing was used for 60 minutes in three atmospheres — argon (Ar),
nitrogen (N,) and in air using two temperatures of 800 °C and 1100 °C for both series.

The low synthesis temperature leads to the formation of bonds with hydrogen. Further treatment
of the obtained samples at various parameters allows the formation of various structures, including
light-emitting ones.
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An important condition for the formation of effective light-emitting centers is the presence of
hydrogen bonds after synthesis and their subsequent annealing during heat treatment. The formation
of Si—H and N-H bonds in the PECVD process was confirmed by Raman spectroscopy. Figure 1
shows the spectrum for a sample with excess nitrogen. As can be seen from the figure, the bands
with maxima at 2230 cm™ and 3330 cm™ correspond to fluctuations of Si-H and N—H bonds in the
initial sample [20-22]. After heat treatment, these bands are not registered in the spectrum. The
disappearance of bands from the spectrum is associated both with the dissociation of these bonds and
with an increase in the luminescent background. For a sample with an excess of silicon, the Raman
signal from Si—H and N—-H bonds was suppressed by a strong luminescence background.

Si-H

Intensitity rel. unit

1800 2000 2200 2400 3000 3200 3400 3600
v,cm™!

Figure 1 — Raman spectrum for a sample with excess nitrogen

After annealing of the samples, hydrogen-containing bonds are broken and stable light-
emitting centers are formed. Their presence was determined by the characteristic peaks in the
photoluminescence spectra.

The interaction of particles with uncompensated charge, leads to the formation of clusters. Such
structures have a higher intensity of PL than individual particles. To determine the formation of
clusters, TEM images of all types of samples were obtained.

Figure 2 shows TEM images of samples with excess silicon and nitrogen, annealed at 800 and
1100 °C. Image analysis indicates the presence of some inhomogeneities in annealed silicon nitride
films. As can be seen, nitride films annealed at 800 °C, both with an excess of silicon or nitrogen,
contain small contrast inhomogeneities. After annealing at a temperature of 1100 ° C, the uniformity
of the structure of the nitride film increases significantly.

In [23] states that silicon nitride films with a high content of silicon, both initial and annealed at T
<650 °C, consist of a mixture of two phases: amorphous silicon nitride with an excess of silicon and
with an excess of nitrogen. Only after annealing at T > 800°C, the formation of silicon clusters in a
matrix of amorphous silicon nitride was detected. Most possible, the inhomogeneities of the structure
are associated with the separation of phases in the film of amorphous silicon nitride into regions with
an excess of silicon SiN =1.3. Annealing at a temperature of less than 800 °C leads primarily to the
brake of weaker Si—H and N—H bonds. It is obvious that the concentration of Si—H bonds is higher
in areas enriched with silicon. Consequently, annealing at a relatively low temperature (less than
800 °C) will lead to hydrogen effusion and a decrease in density in these areas. Thus, the lower
contrast of the images is probably due to the areas enriched with silicon. Heat treatment at higher
temperatures (800—1100 °C) leads to annealing of defects such as broken bonds through their
interaction. This mechanism leads to the synthesis of silicon clusters. This, in turn, should lead to
smoothing of the heterogeneous structure, which is observed in the TEM images.

The variety of different structures, clusters and particles with uncompensated charge leads to
different manifestations of their activity when excited by light.
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(c) (d)
Figure 2 — TEM micrographs of the «cross-section» geometry of samples annealed in Ar for an hour.

Figuresa,b—-T  .=800°C;c,d-T  .=1100°C;a,c—asample with an excess of silicon;
b, d —a sample of a series with an excess of nitrogen.

Figure 3 shows the photoluminescence spectra of the two initial samples.
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Figure 3 — a — Photoluminescence spectra of initial samples,
b — The spectrum for the I11-10 series sample decomposed into Gaussians

For the series — III-10 non-stoichiometric SiN , a wide peak is observed, which is at around
0.52 relative units, in the range of 580 nm, this is approximately 2.14 eV. The width at half-height is
460-670 nm (2.7-1.85 eV). This spectrum also has a second weak peak — at a wavelength of 410 nm
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(3.02 eV), with an intensity of 0.255 rel. units. The peak of the second spectrum of the SiN_series —
I11-13 has a lower intensity — 0.17 rel. units and is located at 640 nm (1.94 eV). It is shifted relatively
to the first peak in the long-wavelength region. This spectrum has another weak peak — 430 nm (2.88
eV) with a intensity of 0.06 rel. The unit shift of the spectral line to the long-wavelength region
indicates a higher Si content in SiN_series II1-13 compared to series I11-10.

Figure 4 shows the change in the position of the spectral bands of the III-10 series as a result
of annealing in argon compared to the initial one. During heat treatment at 800 °C, the peak of the
spectrum becomes sharper, shifts to the short-wave region to a value of 510 nm (2.43 eV) with an
intensity of 0.76 rel. units. The width at half-height is 440-610 nm (2.82-2.03). At a temperature of
1100 °C, photoluminescence is significantly extinguished and already amounts to 0.18 rel. units at
640 nm (1.94 eV). The width at half-height is 470-700 (2.64—-1.77).
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Figure 4 — a — Photoluminescence spectra of the initial sample and after annealing in argon for series I11-10;
b — The spectrum of the initial sample of series 11I-10 decomposed into Gaussians

The energy interval between the K center and the conducting band (CB) is less than that between
the N center and CB. Therefore, K centers are more actively involved in radiative recombination.
Based on this, methods with increased sensitivity, such as EPR spectroscopy, are needed to determine
the properties of N centers.

For the sample of series III-13, after annealing in a nitrogen atmosphere at 800°C (Fig. 5), two
lines caused by unpaired electrons were observed in the EPR spectrum. The choice of this sample is
due to the highest intensity of PL. Characteristics of the first EPR line: g — factor = 2.00173, width
AH = 8 G. This line could not be identified.

g=2.0056,AH=6G
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Figure 5 — EPR spectrum of the I1I-13 series sample after
annealing at 800 °C in a nitrogen atmosphere
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Characteristics of the second line: g — factor = 2.0056, width AH = 6 G. In [24], a line in the
EPR spectrum of amorphous silicon nitride with similar characteristics (g — factor = 2.0057, width
AH =8.5 G) was attributed to a 2-coordinated nitrogen atom (N-center). Therefore, we can talk about
the presence of N-centers in the samples, and the increased luminescence of this sample can be
explained by the recombination of carriers in the N-centers.

Conclusion

During the PECVD processes, various light-emitting structures of silicon nitride were formed
by changing the SiH /N, ratio. The Raman spectroscopy method revealed the in-tensive formation of
Si-H and N-H bonds, which, upon further annealing, are broken during the formation of light-emitting
centers. The synthesis of silicon clusters after annealing of samples with an excess of silicon and
nitrogen was determined from TEM images. The mechanisms of cluster formation vary significantly
depending on the features of the interaction of particles with uncompensated charge.

The influence of the atmosphere and the temperature of annealing on the efficiency of
photoluminescence of the formed layers was determined. During annealing at 1100 °C, the intensity
of all samples is significantly reduced, and for initial samples with a higher silicon content, it is
completely absent. During annealing at 800 °C, photoluminescence increases.

For each annealing mode, the mechanism of formation of radiative particles is de-termined, as
well as their effect on the intensity of PL. Radiative recombination is associated with the presence of
K and N centers, silicon clusters, and edge luminescence.

The different silicon content in the initial nitride samples determines the spectral po-sition of the
photoluminescence band. The higher silicon content corresponds to the shift of the maximum of the
PL band from 580 nm to 640 nm. In our opinion, the radiative re-combination of electrons and holes
in this case occurs between states (energy levels) in the tails of the energy bands.

The detected PL bands in the short-wave region can be associated with the formation of Si
nanoclusters. An increase in the heat treatment temperature leads to an increase in the size of
nanoclusters, which, in turn, leads to a red shift of the photoluminescence bands.

Funding. This research was funded by the Ministry of Science and Higher Education of the
Republic of Kazakhstan, (Grant No. BR18574141 titled “Comprehensive multi-purpose program for
improving energy efficiency and resource saving in the energy sector and mechanical engineering
for the industry of Kazakhstan™).
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®OTOJIOMUHECIUEHISA CIEKTPIH KEHEATYIH TUIM/I OICI PETIHJIE
KPEMHUW HUTPUTHIH PATAANMUAIBIK PEKOMBUHAMSICHIHBIH
OPTYPJII MEXAHW3M/IEPIH 3EPTTEY

AHjgaTna

Kypambiana xpemMHnit 6ap Mateprangap HETi3iH/Ie ONTHKAJIBIK XKHE 3IEKTPIIK (QYHKIHIIApAs! O1piKTipeTiH
KYPBUTFBLIAPIBI 931pIiey — MHUKPORIICKTPOHUKAHBIH HET13T1 MIHIETTEpiHiH 0ipi. XUMHUSIBIK TYHIBIPY KYIICUTIITCH
TUTa3MaJbIK CHHTE3 apKbUIBI Ta3 (pa3achlHaH KOHE OfaH KeHiHT1 KYWIIpyAeH apThIK KpeMHHUIMEH Jie, apThIK a30T-
neH e OalbIThUIFaH KPeMHHUM HUTPUAIHIH yirijepi ansiHasel. Si-H xone N-H GaitnaHbIicTapbIHBIH JKOFaphl KOH-
HEHTPAMSChl KYHAIPY albIHIarb! yiriiepae PaMan creKTpoCKONHsCH! 9/[iCIMEH aHBIKTaJ/Ibl. TpaHCMUCCHSIITBIK
AIEKTPOH/IbI MUKPOCKOIHUS apKbUIbI KPEMHHUI HUTPUIIHEH Oacka, YJIri MaTpHUachlHAa KPEeMHHUH KilacTepiepiHiH
naiiia OosaTelHBl aHBIKTAABI. (DOTONIOMHHECHEHIHMS CIEKTpJIepi SpTypii ra3 armocdepanapblHAa KYHAipy
Ke3iHJe YATUIepAiH eKi TYpi YIIiH Je aiftapieikTail esrepictep kepcerti. CuatesneH keitin 1100 °C remneparypana
yirinepai TepMusiblK eHaey PL cnextpiHig skoramybrHa okenai, an 800 °C Temmeparypana KYWIipreHHeH KeiiH
(OTOTIOMUHECLCHIIMAHBIH KapKBIHIBUIBIFBI JKOFapblIafbl. DOTOMIOMUHECIEHIUSHBIH €H )KOFaphl KAPKBIHIbUIBIFbI
aya atmoc(epachlHIa KYHIIPUITCHHEH KEWiH OalKasibl, aln a30T arMOoc(epachiHia €H TOMCHIT KapKbIHIBLIBIK
AHBIKTAJIBl. N-OpTaIBIKTAP/bIH PEKOMOMHAIMSIIBIK IIPOLECTEpre KaTbhICYbl SJIEKTPOHJBI MAapaMarHUTTIK pe-
30HAHC oficiMeH pacTaiabl. (POTONOMMHECHEHIMAFA JKOHE 3apsATHIH JKHHATYBIHA OKEJETIH OeIeKTepaiH
e3apa 9PEKeTTECYiHIH opTYpil MeXaHM3MAEpl KapacTblpbuLibl. OcbUlaiilia, SpTypli CHEKTPIiK AManasoHaapaa
0acKappUIATHIH JTIOMUHECIICHTTIK KaCHeTTepIi aly YIIiH KPeMHUI HUTPHII KabaTTapblH CHHTE3/ICY JKOHE KYHIIpy
IapTTapbl TaHJATAIbL.

Tipek ce3nep: KpeMHHI HUTPUJI, KDEMHHUH OKCHUJlI, JIOMUHECLEHIIUS, HAHOKIIACTEPJIEpP, CTEXHOMETPHUSUIBIK
TOPTIIL.
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UCCJIEJOBAHUE PA3JITUYHBIX MEXAHU3MOB PAJTMAIITMOHHOM
PEKOMBUHAIIMU HUTPUJA KPEMHUSA KAK DOOPEKTUBHOI'O CIIOCOBA
PACHIIUPEHUSA CIIEKTPA ®OTOJIOMUHECHEHIIUHU

AHHOTALUA

Pa3paboTka ycTpoiCcTB, COYETAIOINX ONTHYECKHUE U AIEKTpUUIecKue (DYHKIMN Ha OCHOBE KPEMHHUICOIEpKa-
X MaT€puaoB, ABIACTCA O)IHOﬁ 13 3aJ1a4 MUKPOIJICKTPOHUKH. HyTeM IJIa3MEHHOT'O CUHTE3a C YCUJICHHBIM XH-
MHUYECKHM OCXJICHUEM M3 I'a30BOM (a3bl M MOCIEAYIONIEro OTKUTa ObLIH MOTy4eHbl 00pa3ibl HUTPHIA KPEMHUS
KaK ¢ M30BITKOM KPEMHUsI, TaK U ¢ U30BITKOM a3zora. Beicokyro konnentpammio ceszeid Si-H n N-H onpenensiu
METOZIOM PaMaHOBCKOH CIIEKTPOCKONUH B oOpasiax mepes oTKUroM. C MOMOIIBIO MPOCBEYMBAIOIICH 3JIEKTPOH-
HOH MHUKPOCKOTHH OBIIO OTPEIeNICHO, YTO MOMUMO HUTPH/a KPEMHHSI, B MaTpHIie 00pa3na o0pa3yroTcs KIacTepbl
kpeMHHsA. CIeKTpsl (HOTOTIOMHHECHEHIINN CYIIECTBEHHO M3MEHSIINCH ISl 000X THIIOB OOPAa3IOB IPH OT)KUTE
B Pa3MUYHBIX Ta30BBIX atMocdepax. Tepmudeckas oopadboTka oOpasmnoB npu 1100 °C mocne cuHTe3a mpuBena K
ucyesnoBenuto crekrpa [1J1, a mocne omxura mpu 8§00 °C dortonomuHeceHus yBeanduBaercs. OTMEUeHo, YTo
HanOOJIbIIAsT MTHTEHCUBHOCTH (DOTOJIOMUHECLICHIIMH ObLIa OOHApyKeHa Mocje OTXKUTa B BO3AYIIHOM aTMocdepe 1
HaMMEHbIIIas — B a30Te. YuacTtue N-IIeHTPOB B PEKOMOMHAIIMOHHBIX TIPOIECCax MOATBEPKICHO METOIOM JIEKTPOH-
HOTO TTapaMarHUTHOTO pe30HaHca. PaccMOTpeHB! pa3iudHble MEXaHU3MbI B3aUMOJCHCTBHS YacTHII, TPUBOISIIINX
K (OTOMOMHUHECIIEHIINY 1 HAKOIUICHUIO 3apsiia. Takum o0pa3zoMm, mogoOpaHbl yCIOBUSI CHHTE3a U OT/KUTA CIIOCB
HUTpHUJa KPEMHUA JJI MOJYUYCHUS YIPABIACMBIX JIIOMUHECIICHTHBIX CBOICTB B Pa3JIMYHBIX CIIEKTPAJIbHBIX AHa-
Ha30HaXx.

KuiioueBble ciioBa: HUTPUJ KPEMHUS, OKCUJ KPEMHHMS, JIIOMUHECLICHLIMS, HAHOKJIACTEPhl, CTEXHOMETpUYE-
CKHI OPSIJIOK.
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