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BLUE AND RED LIGHT-EMITTING NON-STOICHIOMETRIC SILICON
NITRIDE-BASED STRUCTURES

Abstract. The two triple-layered SiO,/SiN /SiO, structures with Si-rich and N-rich silicon nitride active layer were fabri-
cated on p-type Si-substrates by chemlcal vapour deposmon The SiN_ layer of different composition (x = 0.9 and x = 1.4) was
obtained by changing the ratio of the SiH,Cl,/NH, flow rates during deposmon of a silicon nitride active layer (8/1 and 1/8,
respectively). The spectroscopic ellipsometry and photoluminescence (PL) measurements showed that the refractive index,
the absorbance and luminescence properties depend on a chemical composition of silicon nitride layers. The structures with
Si-rich and N-rich SiN_active layers emit in the red (1.9 V) and blue (2.6 ¢V) spectral ranges, respectively. The PL intensities
of different structures are comparable. The rapid thermal annealing results in the intensity decrease and in the PL spectra
narrowing in the case of SiN, , active layer, whereas the increase in the emission intensity and the PL spectra broadening are
observed in the case of the annealed sample with a SiN_, active layer. The PL origin and the effect of annealing treatment
have been discussed, taking into account the band tail mechanism of radiative recombination. Multilayered (SiO,/SiN ) /Si
structures are of practical interest for creation of effective light sources on the basis of current Si technology.
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CBETOU3JYYAIOIIHUE CTPYKTYPbI HA OCHOBE
HECTEXUOMETPHYECKOI'O HUTPUJA KPEMHU S

AnHOTanusa. MeToJoM XUMHYECKOT0 Ta30(ha3HOr0 OCaXICHHUs Ha KPEMHHUEBBIX MOJIOKKAX p-THIIA U3TOTOBJICHBI IBE
Tpexcnolinbie cTpykTyphl SiO,/SiN /SiO, ¢ HeCTEXHOMETPHYECKUMU TUICHKAMH HUTPHUJIA KDEMHHS, 00OTallEHHBIMA KPEM-
HueM (x = 0,9) nnm azoTom (x =1 4) B KaUeCTBE aKTHBHBIX CJIOEB. AKTHBHBIE CIIOM SiN HECTEXHOMETPHYECKOrO COCTaBa
(x=0,9 u x = 1,4) momyd4eHBI IPH Pa3TMIHOM COOTHOIICHNUHN PEarupyromnux ra3on (SlH cl ,/NH,) B mpomecce ocaxnenus
(8/1 m 1/8 cooTBeTcTBeHHO). MeTOmaMu CIEKTPaIbHOM SJUTHIICOMETPUH U (POTONFOMHHECHEHIIH [TOKa3aHO, YTO IMOKA3aTeIh
MIPETOMIICHHS, TIOTTIONEHNE W TIOMHUHECIIEHTHBIE CBOHCTBA 3aBUCAT OT CTEXHOMETPHUYECKOTO COCTAaBAa HUTPHAA KPEMHHUSI.
CTPYKTYypbI C aKTUBHBIMH CJIOSIMH HUTpHJA ¢ U30BITKOM KPEMHUS M a30Ta U3dydaroT B kKpacHoil (1,9 3B) u cuneii (2,6 3B)
00J1acTIX CHEKTpa COOTBETCTBEHHO, IPUUEM MHTEHCHBHOCTH CBEUEHHUS CPaBHUMA IS ABYX 00pa3nos. beicTpas Tepmuye-
ckast 00paboTKa MPUBOJIUT K YMEHBILICHUIO HHTEHCUBHOCTH M CY)KEHHIO CIIeKTpa (hOTOTIOMUHECIIEHIINN 00pasiia ¢ aKTHBHBIM
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cioem SiN, , Torna kax uis 00pasua ¢ akTuBHbIM ci1oeM SiN, ) Hab/Io1aeTest Bo3pacTaHHe HHTEHCHBHOCTH JIIOMUHECLEHINN
C YIIMPEHHUEM CIIEKTPa B KOPOTKOBOIHOBYIO 00JIACTH 1Ocie OT:KUra. [Ipipo/ia BUIMMOTO CBEUCHHUSI U BIIMSIHEE TEPMOOOpa-
0O0TKH OOBSICHSIOTCS C YYETOM CYIIECTBOBAHUS MIPOTSIKEHHOH 30HBI XBOCTOBBIX COCTOSHHIA.

CprKTypr C ‘lepe}lleU_IHMl/ICﬂ CJIOSIMHU OKCHUJIa U HUTPpUJA KPEMHUSA NPEACTABIIAOT HpaKTI/IquKI/Iﬁ HUHTEPEC 1 CO-
3naHus 9PEKTHBHBIX HCTOYHUKOB CBETA Ha 0a3¢ KPEMHUEBOW TEXHOJIOTHH.

KioueBble ¢JioBa: HECTEXHOMETPUUECKUN HUTPUJ KPEMHUs, (DOTOTOMHHECIIEHITHS, CIIEKTPAIbHASI JUIUIICOMETPHSL,
Kpail MOTJIoImeHus, OBICTPBIN TEPMUIECKHI OTKHUT

Jast uurupoBanusi. CBETOM3ITYYAIOIIHE CTPYKTYPbI HA OCHOBE HECTEXHOMETPUUECKOro HUTpuaa kpemuus / U. A. Po-
MaHOB [u ap.] / Bec. Han. akan. maByk Benapyci. Cep. ¢i3.-maT. HaByk. — 2018. — T. 54, Ne 3. — C. 360-368. https://doi.org/
10.29235/1561-2430-2018-54-3-360-368

Inroduction. At present, covering the full range of visible spectrum light-emitting diodes based on
[II-nitride semiconductors (GaN, InN, AIN, InGaN) have high efficiency, long lifetimes and commer-
cially availability. But, there is still a problem of designing of light source compatible with the existing
Si technology to develop the full optical link in integrated circuits instead of conventional metallic inter-
connections. A logical solution to the problem of Si-based light source absent is a development of LEDs
based on silicon nitride (SiN)). Indeed, amorphous silicon nitride is one of the most important dielectrics
in the current planar silicon technology. It is widely used in the integrated circuit production as gate
dielectric films in transistors, passivation and charge storage layers in nonvolatile memory. Recently,
the light-emitting properties of amorphous silicon nitride films have been attracting researcher’s inte-
rest. However, the researcher’s efforts are mainly concentrated on non-stoichiometric Si-rich SiN _
films. Such films are used as a matrix for the light-emitting Si nanocrystal formation during deposition
or annealing [1-2]. Afterwards, it was demonstrated that the origin of emission from SiN_films should
not be unambiguously assigned to the emission of Si nanoclusters synthesized in the s1hcon nitride
matrix. Silicon nitride exhibits intrinsic light-emitting properties via presence of deep defect levels and
continues band tail states in band gap [3-5]. Besides, the optical properties of SiN_films can be con-
trolled by the variation of chemical composition. There are many previous studies that demonstrated
the changing band gap, refractive index and absorption coefficient with variation of atomic ratio N/Si
(x = 0+1.7) of the non-stoichiometric SiN_films [3, 6-15]. Mainly, these works were devoted to the hy-
drogen containing films deposited by plasma-enhanced or photo- chemical vapor deposition (CVD),
radio-frequency glow discharge at temperatures < 500 °C. The similar studies of the low-hydrogen sili-
con nitride films deposited by radio frequency magnetron sputtering or low pressure CVD (LPCVD)
techniques as well as studies devoted to SiN_photoluminescence (PL) have been discussed only for
Si-rich films (x < 1.3) [3, 7-11, 16-21]. In this work, we studied optical properties of the structures with
Si-rich and N-rich light-emitting SiN_layer deposited by LPCVD. It was demonstrated that the N-rich
(SiN_, ,) silicon nitride can also be as an effective active layer in multilayered SiO,/SiN /SiO, structures.

Experimental. Two triple-layered SiO,/SiN /SiO, structures were fabrlcated on the commer01al
Cz-Si-substrates (p-type) by CVD technlques (Flg 1) Before the deposition, silicon substrates were
cleaned in an oxidizing bath. Stoichiometric silicon dioxide was deposited by plasma-enhanced chemi-
cal vapour deposition (PECVD) as a buffer and capping layer using a gaseous mixture of silane SiH,
(250 sccm) and nitrous oxide (N,0O) (1166 sccm) as precursors at 350 °C. The pressure in the chamber
was kept constant at 52 Pa. Non-stoichiometric silicon nitride (SiN) was deposited on the buffer SiO,
layer by LPCVD at 830 °C as an interlayer. The total flow rate of reagent gas (SiH,Cl, + NH,) and pres-
sure were maintained at 135 sccm and 40 Pa, respectively. By changing a ratio of reagent gases flow
rates (R = SiH,CI/NH,) in the reactor chamber, two structures differed by stoichiometric composition
of active layer (x = [N]/[Si], where ([N] and [Si] are the nitrogen and silicon atomic concentrations)
were deposited. The partial flow ratio (R) of reagent gases was chosen as 8/1 and 1/8.

The atomic ratio (x) of as-deposited SiN_films was determined by Rutherford backscattering spec-
trometry using 1.5 MeV He" ions from the HVE AN-2500 accelerator. The compositions of active SiN_
layer were SiN , (Si-rich) and SiN, , (N-rich) for the films deposited at chosen R (8/1 and 1/8, respec-
tively). Hereafter, the samples SiO,/SiN /SiO, and SiO,/SiN, /SiO, are labeled as SRN and NRN ones.
The 1x1 cm? samples were cut out from the structures and undergone rapid thermal annealing (RTA)
at 1200 °C for 3 min using the setup ‘JetFirst-100". The thicknesses of layers in the fabricated structures
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Fig. 1. Steps of CVD deposition of triple-layered SiO,/SiN /SiO, on Si wafer

were investigated by scanning electron microscopy (SEM) using the Hitachi S-4800 microscope.
Spectroscopic ellipsometry measurements of the refraction index (#) and the extinction coefficient (k)
in the range of 200—1000 nm were performed using the spectroscopic ellipsometer HORIBA UVISEL 2.
Photoluminescence (PL) spectra were recorded at room temperature in the spectral range of 350—-800 nm
with a He-Cd laser (325 nm) as excitation source using a home-made setup.

Results and discussion. Fig. 2 shows the SEM images of deposited films. Unfortunately, the inter-
face between SiN_and SiO_layers were not revealed due to low contrast. As a result, SEM gave informa-
tion only on a total thickness of the fabricated structures. The total thickness of triple-layered structure
was equal to 126 nm and 212 nm for the SRN and NRN samples, respectively. However, the features
of used deposition techniques (PECVD and LPCVD) could help to determine the depth of SiN_layer.
Namely, during PECVD process the film is deposited only on one side of the wafer while during
the LPCVD process film is deposited on both sides of wafer due to vertical design of the used furnace.

back side
O

500nm

10.0 kV x60.0k

Fig. 2. SEM images of the SRN and NRN samples. The triple-layered SiO,/SiN /SiO, structure
was deposited on the face side of the Si substrate. Simultaneously, the SiN_ layer of approprlate thickness
was deposited on the back side of the Si substrate
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Fig. 3. Dispersion of the refractive index n(}) (@) and the extinction coefficient k(L) () of the as-deposited SRN and NRN structures
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Fig. 4. Absorption coefficient spectra (@) and Tauc’s plots of the SRN and NRN samples (b)

So, the single silicon nitride film of the same thickness as in the triple structure was deposited in
the back side of Si wafer. Thus, the SEM images of wafer back side shows that the thickness of active
SiN_layer is equal to 76 nm and 149 nm for the SRN and NRN samples, respectively.

Fig. 3 shows the variation of optical constants such as the real part of the refraction index n(A) and
the extinction coefficient k(A) of the SRN and NRN structures. As can be seen from Fig. 3, the optical
properties of deposited structures depend on active layer composition. For the SRN structure, the refrac-
tive index has higher values in the visible spectral range. A similar trend of n increase with the increa-
sing N/Si atomic ratio of SiN_films has been shown in literature [13, 22-24]. It should be noted the ano-
mal behavior of n for the SRN structure in the range of (200—300 nm). It is typical for silicon nitride
films with large excess of Si [22, 24]. The both obtained structures show the extinction coefficient ampli-
tude increase to become nearby lower wavelengths (UV spectral range). The extinction coefficient £
is quasi null for the wavelength higher than 610 nm and 250 nm for the SRN and NRN, respectively.

Fig. 4 shows the corresponding absorption coefficient a calculated from the extinction coefficient
(o = 4mk/\).

It is evident the absorption edge blue shift with increasing x parameter. It indicates an optical band
gap widening with increase of N/Si ratio. Assuming parabolic bands, the absorption edge could be de-
termined using the well-known Tauc’s equation:
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(aE)”=B(E-E),

where E, E_and B are the photon energy, indirect optical gap and the Tauc constant (slope), respectively.
E, calculated by the straight line extrapolation in the linear region of Tauc’s plots with the energy axis
are equal to 3.2 eV and 5.5 eV for SRN and NRN structures, respectively. These values are differed with
the E =5eV of stoichiometric Si,N, deposited by LPCVD [25].

E reduction with the decreasing N/Si ratio was reported for Si-rich films elsewhere [12, 15, 26] and
explained via the progressive replacement of Si—N bonds by Si—Si bonds. The nonstoichiometric silicon
nitride film is composed of a random network of Si—N and Si—Si bonds. In the case of Si-rich alloys,
the band edges are formed by the Si—Si states. In the N-rich alloys, the replacement of Si—Si bonds
by stronger Si—N bonds causes the band gap increase with the increasing stoichiometric parameter x.

Tauc slope B could provide information about the degree of spreading tails of valence and conduc-
tion bands [23]. The value of B determined from the Tauc’s plots is equal to 540 (eV-cm)'? and
245 (eV-cm) ' for SRN and NRN structures, respectively. It is known that the width of band tail states
can depend on static disorder due to structural randomness. In some papers [20, 27-28], band-tail states
in the non-stoichiometric SiN_films are attributed to a long-range disorder due to spatial fluctuations
of the elemental composition. The dependence of B on stoichiometric parameter is not linear. In Ref [23],
Si-rich and stoichiometric nitride films (x = 0.34—1.34) were studied. According to [23] the minimal
value of B is equal to 130 (€V-cm)? for x = 1.34. The change of B for a wider range of x (x = 0—1.6)
was discussed in [26, 29]. In this case, a minimum in the Tauc slope (250 (eV-cm)'?) is at around
x = 1.0. According to [14] the B decreases linearly with the increasing x from 0 to 1.5 and increases
abruptly for the x > 1.5. The magnitude of B is inversely proportional to energy ranges occupied by tail
states. In the case of investigated SRN and NRN structures, it can be concluded that both ones exhibit
band tail states. However, NRN structure exhibits a more significant tailing.

Fig. 5 shows the room-temperature PL spectra of the as-deposited SRN and NRN samples. The posi-
tion and full width at half maximum (FWHM) of the PL bands depend on the composition of active
layer. The PL bands maxima are located in red range at ~1.9 eV (650 nm) for the SRN sample and in blue
range ~2.6 eV (470 nm) for the NRN sample. PL bands are broader for the NRN films (FWHM is equal
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Fig. 5. PL spectra of the as-deposited SRN (/) and NRN (2) structures (intensity normalized to thickness) (a)
and schematic energy band possible optical transitions for the both structures, assuming band tail states (b)
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Fig. 6. PL spectra of the as-deposited (/) and annealed (2) SRN (a) and NRN (b) samples

to ~0.7 eV) than for the SRN (FWHM is equal to ~0.6 €V). It should be noted that an additional weak
emission in blue spectral range is registered for the SRN structure.

Fig. 6 shows the effect of RTA on light-emitting properties of the structures. In the case of the struc-
ture with Si-rich silicon nitride as active layer (SRN sample), the annealing results in increase of PL in-
tensity with the broadening to short wavelength range. On the contrary, the annealing of the structure
with N-rich silicon nitride as active layer (NRN sample) leads to a negative effect on PL intensity.
Besides, the PL spectra of NRN sample become narrower after annealing. It should be noted that blue
shift of PL maximum after annealing is observed for both SRN and NRN samples.

The energy positions of the PL bands (1.9 and 2.8 eV) are quite far away from the band edges E, cal-
culated from the ellipsometry data (3.2 and 5.5 eV for SRN and NRN structures, respectively). This
suggests that PL arises from radiative recombination via band tail and/or defect states. The blue shift
of PL maximum as well as PL spectrum broadening with x increasing for SiN_alloys are typical features
of the emission via radiative recombination of within localized states at the band tail [20, 30]. Indeed,
the shift of PL band to blue spectral range for the NRN sample in comparison with SRN one is caused
by larger E . It was shown that the NRN structure possesses band tails broader than those observed
for the SRN structure. It results in fact that PL spectra of NRN structures is broader in comparison
with SRN ones.

Surprisingly, the intensity of PL spectra of the as-deposited SRN and NRN structures are compa-
rable. Taking into account the band-tail origin of PL, there are two factors which influence negatively PL
intensity of the samples. For NRN structures, the sub-gap excitation (£ (3.8 €V) < E, (5.5 eV)) is rea-
lized (Fig. 5, b). In this case, the absorption occurs only into the band tail-states, and weak absorption
results in weak emission [3]. For SRN structures, the above-gap excitation (E_ (3.8 eV) > Eg (3.2 eV))
is realized (Fig. 5, b). In this case, all photons are absorbed, but photoexcited carriers thermalize toward
the demarcation energy that result in increasing probability of non-radiative recombination [3]. It should
be noted that an additional blue weak band in PL spectrum of SRN samples can be originated from
the band-to band recombination without termalization process involving band tail states. Thus, despite
the same mechanism of luminescence for both structures the measured emission intensities are caused
by different reasons. Besides, in the case of triple-layered structures SiO,/SiN /SiO,, the interference ef-
fects can also influence their emission intensities [31]. But, discussion of this effect is beyond the scope
of our study.
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The blue shifts of PL maxima observed for both structures after annealing can be explained by
the widening band gap due to the band tail shrinking. In turn, elimination of band tail states is caused
by “smoothing” out structural inhomogeneity after annealing. Indeed, band-tail states in the non-stoi-
chiometric SiN_films as well as in amorphous SiO_ films should be related to short-range disorder due
to a spatial fluctuation of the elemental composition [32—33]. In the case of PECVD silicon nitride films
characterized with high concentration of Si—H bonds, annealing at some regimes can cause an increase
of Si dangling bonds via hydrogen effusion which results in increase of localized tail states. However,
in the case of LPCVD silicon nitride films (the ones deposited at high temperature), additional annealing
can result only in reduction of native defect and dangling bond density as well as degree of structural
disorder. Therefore, decrease of band tail spread and band gap increase are expected after annealing
in our experiment. It could explain a blue shift of PL maxima. Besides, in the case of SRN, it should in-
crease the absorption of excited photons (£ approaches to £ ) and, as a result, the PL intensity should
increase, too. In the case of NRN structure, the opening band gap should result in reduction of absorp-
tion and constriction of band tail energy range involved in the recombination process. As a consequence,
the emission and PL spectra should become weaker and narrower, respectively. It is in agreement with
the annealing effect on luminescence observed for the SRN and NRN samples.

Conclusions. Two triple-layered structures SiO,/SiN, /SiO, and SiO,/SiN, ,/SiO, prepared by CVD
method emit under the excitation by laser light (3.8 V) in blue (2.8 ¢V) and red (1.9 €V) spectral ranges,
respectively. The spectral ellipsometry investigation reveals the larger band edge of active nitride layer
in the case of SiO,/SiN, /SiO, (5.5 €V) in comparison with SiO_/SiN_ ,/SiO, (3.2 €V). Based on the calcu-
lated Tauc slope, it can be concluded that an energy range occupied by band tail states for the N-rich
active nitride layer is larger in comparison with that for the Si-rich active layer. The correlation between
features of energy-band structure and light-emitting properties suggests that the origin of luminescence
can be mainly attributed to the band-tail recombination. Annealing has different effects on emission
of the structures with Si-rich and N-rich active layers. The PL spectra become more intensive and wider
for the Si0,/SiN  /SiO, structure after annealing. On the other side, annealing results in the degradation
of emission intensity and contraction of PL spectra of the SiO,/SiN ,/SiO, structure. This effect is also
explained by the band tail mechanism of radiative recombination.
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