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A B S T R A C T

It has been shown that Sn implantation with subsequent annealing in air leads to an increase in the electrolu-
minescence (EL) intensity of SiO2/Si structure by two orders of magnitude. Intense violet EL with a maximum at 
3.21 eV was observed at room temperature by the naked eye at forward bias. The observed emission was 
attributed to radiative recombination in SnO2 nanocrystals synthesized in SiO2 layers. The external quantum 
efficiency (EQE) increased with decreasing Sn concentration The maximum external quantum efficiency was 
found to be 0.7 % for the silica film Sn-implanted at the lowest fluence of 2.5 × 1016 cm− 2. The non-radiative 
charge transport (shunt current) through the sample and mechanism of EL excitation are discussed. It has 
been concluded that the Poole–Frenkel mechanism, or tunneling between traps are the most likely mechanisms of 
charge transport to light-emitting centers.

1. Introduction

The creation of Si-based light-emitting diodes (LED) remains a key 
task in the development of silicon photonics. Some approaches have 
been proposed to deposit light-emitting nanomaterials such as GaN 
(Hikosaka et al., 2014; Lee et al., 2020; Cho et al., 2021), Ga2O3 (Huang 
et al., 2021), ZnO (Liu et al., 2020; Jiang et al., 2014), perovskite 
CsPbBr3 (Xiang et al., 2023), and GeSn (Wu et al., 2023) on Si substrates. 
Unfortunately, the deposition of light-emitting films on Si wafers is often 
complicated, expensive, and resource-intensive process. On the other 
hand, ion implantation is a well-established technique used in the Si 
industry to create light-emitting centers or nanocrystals in Si or Si-based 
matrices such as SiOx and SiNx. Light-emitting Si-based layers fabricated 
via this approach have been demonstrated in Refs (Li et al., 2021; 
Koubisy et al., 2020; Nikolskaya et al., 2020; Arai et al., 2009; Zatsepin 
et al., 2016). The commonly used method for the analysis of the light- 
emitting properties of such films is photoluminescence (PL). However, 
for a technological application, electroluminescence (EL) is more 
important analytical technique. In comparison with photoluminescence, 
it is more difficult to excite a strong luminescence electrically. As a 
result, the literature data on the EL analysis of Si-based dielectric layers 
with demonstration of the important practical characteristics such as 

external quantum efficiency, threshold voltage, and current density 
required to initiate emission are scarce and insufficient (Fujimoto et al., 
2020; Rebohle et al., 2014; Martinelli et al., 2003; Jambois et al., 2007).

Silicon dioxide is an ideal matrix for creating visible LEDs compatible 
with current silicon technology. To date, the implantation with various 
types of ions has been tested to improve the light-emitting properties of 
SiO2. However, the brightest blue-violet luminescence was registered for 
the SiO2/Si samples implanted with isovalent ions (Si+, Ge+, Sn+) 
(Lopes et al., 2005; Rebohle et al., 2000; Bregolin et al., 2009; Shcheglov 
et al., 1995; Romanov et al., 2019; Romanov et al., 2022; Zatsepin et al., 
2012; Rebohle et al., 2002; Lopes et al., 2006; Rebohle et al., 2000; Gong 
et al., 2016; Huang et al., 2011). There are many studies devoted to the 
origin of this luminescence. The similarity of the spectra regardless of 
the type of ion indicates the defect-related origin of the luminescence 
(Lopes et al., 2005; Rebohle et al., 2002; Rebohle et al., 2000; Huang 
et al., 2011). Namely, the PL band at 3,2 eV was interpreted as due to a 
T1 → S0 transition of an oxygen deficiency center (ODC). The probability 
of such transition increased via enhancement of the spin–orbit coupling 
at substitution of Si atoms by heavier isoelectronic atoms. On the other 
hand, implantation with subsequent annealing can result in the syn-
thesis of light-emitting nanocrystals. In particular, the nanocrystalline 
tin dioxide also emits in the violet range (Romanov et al., 2019; 
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Romanov et al., 2022; Huang et al., 2011; Tagliente et al., 2009) by 
breaking the dipole-forbidden rule in the case of nanostructures (Li 
et al., 2012). Thus, Sn-implanted silica layers are promising material for 
creating violet LEDs, but the mechanisms of enhancing their lumines-
cence still need to be studied.

To date, electroluminescence from silicon dioxide layers implanted 
with tin ions has been studied in (Romanov et al., 2022; Rebohle et al., 
2002; Rebohle et al., 2000). To the best of our knowledge, the measured 
power efficiency of the Sn-implanted silica devices was reported in the 
Ref (Rebohle et al., 2002). It amounted to 2.5 × 10-4. In this study, we 
have estimated the value of external quantum efficiency as well as have 
analyzed the mechanisms of charge transfer and radiative recombina-
tion in implanted SiO2 layers when excited by an electric field. Here, the 
effect of Sn concentration in SiO2 matrix on practically important pa-
rameters, such as EL in absolute values of the spectral radiant exitance, 
external quantum efficiency, and threshold current density to initiate 
emission are explored for the first time. The aim of our work is also to 
analyze the mechanisms of charge transfer and radiative recombination 
in implanted layers upon excitation by an electric field. This is an un-
doubtedly important step forward in the development of blue-violet Si- 
based nano-LEDs.

2. Material and methods

The (2 × 2 cm2) samples were cut from a thermally oxidized p-type 
boron-doped Si substrate with SiO2 thickness of 130 nm. These samples 
were implanted with 80-keV Sn ions at fluences of 2.5 × 1016, 5 × 1016 

and 1 × 1017 cm− 2 at room temperature (RT) and annealed at 900 ◦C for 
60 min in air ambient.

The Sn distribution in the implanted samples was calculated using 
SRIM-2013 (Ziegler et al., 2010). The fluence in the range of 2.5 × 1016 – 
1017 cm− 2 lead to a peak concentration of the implanted ions between 
2.5 × 1021 – 3 × 1022 cm− 3 (9 % – 37 at.%). The ion average projective 
range is about 49 nm.

The structural investigations were carried out by high-resolution 
transmission electron microscopy (HRTEM) using a JEOL JEM 2100 
transmission electron microscope operating at 200 keV.

Fig. 1 shows the experimental setup for EL measurements in the 

electrolyte–dielectric–semiconductor (EDS) system. EL spectra were 
registered at room temperature in the range of 1.75 – 3.76 eV (710 – 330 
nm) using a spectrometer based on a MDR-23 monochromator and a 
PMT-100 photomultiplier tube. The plastic electrolytic cell was manu-
factured to provide transparent and conductive contact with the sam-
ples. The test sample was placed between the metal anode and a 5 mm 
diameter hole, which provided contact between the emitting layer and 
the electrolyte. The front part of the electrolytic cell is equipped with a 
JGS1 quartz glass. A 1 M Na2SO4 aqueous solution was used as an 
electrolyte. The SiO2-electrolyte-quarz-air system provides 93–95 % 
light transmittance in the wavelength range of 330–705 nm. The mea-
surements were performed at a small solid angle (0.02 sr). Therefore, the 
effect of the electrolytic cell on the radial distribution of intensity was 
less than 1 %, according to our estimates. EL spectra were recorded in 
galvanostatic mode with a positive bias applied to the silicon substrate 
(forward bias). Such regime of the EL measurement did not result in 
dielectric layer etching, and the use of p-type silicon made it possible to 
create a region enriched with majority charge carriers – holes at the Si- 
SiO2 interface in silicon. 24 EL spectra were recorded under constant 
injection current density through the sample 50 μA cm− 2 using an IPPP- 
1/6 semiconductor parameter analyzer. The light-emitting spot diam-
eter was 5 mm. The EL spectra were obtained in the absolute values of 
the spectral radiant exitance (Meλ). A description of the methodology for 
obtaining EL spectra in absolute values and calibrating spectrometer is 
given in the Supplemental file. The dependence of radiant exitance on 
current density Me(j) and the average electric field strength Me(F) were 
obtained via simultaneous recording the EL intensity and the current – 
voltage characteristics.

3. Results and discussion

Fig. 2 demonstrates XTEM images of the Sn-implanted and annealed 
silica layers.

The thickness of the annealed implanted layers decreased with the 
increasing fluence due to radiative sputtering during high-fluence im-
plantation. The thicknesses were 131, 128 and 92 nm for the samples 
implanted with fluences of 2.5 × 1016, 5 × 1016 and 1 × 1017 cm− 2, 
respectively. The lattice spacings of the nanoparticles were determined 

Fig. 1. Scheme of setup for EL measurements: 1 – anode, 2 – sample, 3 – electrochemical cell, 4 – cathodes, 5 – quartz glass, 6 – quartz lens, 7 – monochromator.
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from the HRTEM images (Fig. 2d). The measured interplanar distances 
of 0.33 nm and 0.26 nm agrees with the (110) and (101) lattice fringes 
of tetragonal SnO2. With increasing fluence, the formation of dendrites 
and merged nanoparticles becomes more pronounced. Besides, in the 
case of the highest Sn fluence, the formation of β-Sn nanocrystals at the 
SiO2/Si interface was revealed.

Fig. 3a shows the hysteresis of the current–voltage characteristics 
(I–V) of the sample implanted with the lowest fluence. The direction of 
measurement is shown by arrows. A current flowing through the sample 
results in a shift in the I–V characteristic to the region of strong fields due 
to charge accumulation on traps in the implanted layers. The I–V char-
acteristic branch measured with an increase in the anode potential has 
distortions caused by charge accumulation on traps. Subsequent mea-
surements of the I–V characteristics of the samples did not lead to sig-
nificant distortions of the characteristics. Fig. 3b shows the I-V 
characteristics of implanted and annealed samples, measured in a state 
with filled traps.

To clarify the mechanisms of charge carrier transport in the 
implanted and annealed SiO2 layers, measurements of the cur-
rent–voltage characteristics were carried out in a state with filled traps. 
(Fig. 3b). As can be seen, all the I–V characteristics can be divided into 
three sections with different slopes: the region of weak (I), medium (II), 
and high (III) fields. The carrier transport mechanisms in each section 

may differ. The obtained current–voltage characteristics are not 
straightened in the coordinates corresponding to the Fowler-Nordheim, 
Schottky and Poole–Frenkel models. The nonuniform distribution of 
nanoprecipitates over the depth of the implanted layers complicates the 
interpretation of charge carrier transport mechanisms. The current flow 
at a voltage less than 10 V (~1 MV cm− 1) indicates that the transfer of 
charge carriers in the implanted layers occurs via deep level states in the 
band gap (Baraban, 1988). Such states can be related to three- 
coordinated silicon atoms, non-bridging oxygen atoms, and peroxyl 
radical (Robertson, 1985; Shaposhnikov et al., 2002; Baraban and 
Dmitriev, 2021). Charge carrier transfer can also occur via defect levels 
related with Sn atoms (Rebohle et al., 2000). In the region of strong 
fields, the increase in current has superexponential dependence, which 
can be caused by the avalanche multiplication of charge carriers 
(Baraban, 1988). As can be seen, an increase in tin ion fluence leads to a 
shift in the I-V characteristics to the region of weak fields. This is due to 
both a decrease in the SiO2 thickness via ion sputtering and an increase 
in the conductivity of the implanted layers.

Fig. 4a shows the EL spectra of the annealed samples. The EL spectra 
were obtained as absolute values of the spectral radiant exitance (Meλ). 
The inset in Fig. 4a depicts an image of a sample emitted brightly in the 
violet range. The intense violet band at 3.21 eV dominates in the 
spectra. Its intensity decreases as the Sn concentration increases in silica. 

Fig. 2. Cross-sectional images of the annealed silica samples Sn-implanted with fluences of 2.5 × 1016 (a), 5 × 1016 (b) and 1 × 1017 cm− 2 (c) and enlarged HRTEM 
image of separate nanocrystals (d).

Fig. 3. Voltage dependence on time (a) and current–voltage characteristics (b) of the annealed Sn-implanted silica samples.
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According to (Romanov et al., 2022), the EL band at 3.21 eV can be 
attributed to radiative recombination in SnO2 nanocrystals. The rapid 
decrease in EL intensity with the implantation fluence can be attributed 
to an increase in the concentration of nonradiative recombination cen-
ters as well as an increase of the current flowing through deep localized 
states in the implanted SiO2 layers and not participating in the EL 
excitation processes (Romanov et al., 2022).

Fig. 4b shows the EL spectra of the sample implanted with the 
maximum fluence and annealed compared with the pristine SiO2/Si 
structure with the same SiO2 thickness. The EL spectrum of the pristine 
silica layer is dominates by a low-intensity band with a maximum at 1.9 
eV, which can be attributed to the presence of silanol groups (Si–OH) in 
the silicon oxide (Baraban et al., 2019; Romanov et al., 2018). As can be 
seen, Sn implantation with subsequent annealing results in an increase 
of EL intensity by two orders of magnitude.

Fig. 5a shows the dependence of radiant exitance on the current 
density Me(j) for the implanted and annealed samples. The inset depicts 
an enlarged area of the Me(j) characteristic at low j for the sample 
implanted with the lowest fluence of 2.5 × 1016 cm− 2. As can be seen, 
the Me(j) dependences are nonlinear at current densities up to 5 
μA•cm− 2. The Me(j) characteristics become quasilinear at current den-
sities greater than 10 μA•cm− 2.

The radiant exitance (Me(j0)) was determined by integrating the 
spectral radiant exitance in the range of 330 – 710 nm at a current 
density of 50 μA cm− 2. Me(j) dependences were determined as: 

Me(j) =
I(j)
I0

∫

Meλd λ =
I(j)
I0

Me
(
j0
)

(1) 

where I(j) is the EL intensity measured at j current density, I0 is the EL 
intensity measured at j0 = 50 μA cm− 2, λ is the wavelength. The EL 

signal was measured at a photon energy of 3.2 eV. Since our experi-
ments did not reveal any differences in the EL spectra measured at 
various currents, Eq. (1) can be considered accurate.

External quantum efficiency is defined as the ratio of the number of 
emitted photons to the number of passed charge carries. The flux density 
of photons emitted per second by the surface of the sample can be 
determined by the expression: 

Np =

∫
Meλ

Eλe
d λ = (ehc)− 1

∫

Meλλ d λ (2) 

where Eλ is the photon energy at the wavelength λ in eV, e is the 
electron charge, h is Planck’s constant in eV⋅s, and c is the speed of light.

The density of electrons passing through the sample per second was 
determined as follows: 

Ne(j) =
j
e

(3) 

Based on equations (1) – (3), we obtain the following expression for 
the external quantum yield: 

ηEQE(j) =
Np(j)
Ne(j)

=
I(j)

I0 jhc

∫ 710

330
Meλλ d λ (4) 

where Meλ is the EL spectrum obtained at j0 = 50 μA cm− 2 (see 
Fig. 2a).

Fig. 5b shows the dependence of the external quantum efficiency of 
the EL on the current density for the samples implanted with different 
fluences. The EQE rapidly increased at low current densities (up to 
10 μA cm− 2). For j greater than 10 μA cm− 2, the function EQE(j) is 
saturated. Such type of Me(j) and EQE(j) dependences indicates that the 
fraction of charge carriers involved in the radiative recombination 

Fig. 4. EL spectra (spectral radiant exitance) of the annealed Sn-implanted silica (a) and comparison of the EL spectra of the pristine silica sample (SiO2(130 nm)/Si) 
and the annealed silica sample Sn-implanted with fluence of 1 × 1017 cm− 2 (b). All spectra were measured at j0 = 50 μA cm− 2.

Fig. 5. Radiant emittance of the EL band at 3.21 eV (Me) (a) and external quantum efficiency (b) as functions of current density for the annealed Sn-implanted 
silica samples.
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increases with increasing current flowing through the samples. The EQE 
values obtained by passing a current density of 50 μA cm− 2 through the 
samples are given in Table 1.

The maximum EQE of the pristine SiO2 layer is 1.3 × 10-5. Sn im-
plantation with subsequent annealing significantly increased EQE. It 
should be noted that the EQE increased with decreasing the Sn+ fluence. 
The maximum value of the EQE is ~ 0.7 % for the sample implanted 
with the lowest fluence. The relatively low quantum efficiency indicates 
that the current flowing through the samples is mainly due to the 
transfer of charge carriers not involved in radiative recombination 
processes. Threshold values for current densities (jmin) under EL exci-
tation are given in Table 1. It can be seen that jmin increases with the 
implantation fluence. The absence of EL signal at low currents can be 
attributed to nonradiative charge-carrier transport through deep level 
states in SiO2. At low current values, the electric field strength is low 
(less than 2 MV cm− 1), and the carrier energy is not enough to excite an 
EL processes. The increase of jmin as well as the decrease in EQE with the 
fluence increase can be explained by an increase in the concentration of 
defects that form deep level states in SiO2 matrix.

The dependence of the EL radiant exitance on the average electric 
field strength Me(F) was studied to determine the mechanisms of charge 
carrier transport responsible for violet light emission. The EL signal 
appeared at an electric field strength greater than 2 MV cm− 1. Fig. 6a 
shows the experimental Me(F) characteristics in semi-logarithmic co-
ordinates for the samples implanted with different fluences. In contrast 
to the current–voltage characteristics (Fig. 3b) (), the Me(F) character-
istics in semi-logarithmic coordinates exhibit linear dependence. This 
dependence is typical for dielectrics with a high trap concentration. For 
such materials, carrier transport is described by the Poole–Frenkel 
mechanism (Nasyrov and Gritsenko, 2013; Hill, 1971) or by tunneling 
between traps (Odzaev et al., 2020). The Poole–Frenkel effect arises 
from the emission of charge carriers trapped at defect levels and sub-
sequent transition into the conduction band (for electrons) or the 
valence band (for holes). Fig. 6b shows the experimental Me(F) charac-
teristics in the Poole-Frenkel coordinates.

Taking into account tunneling between traps, the experimental 
characteristics of Me(F) (Fig. 6 a) are well approximated at low and 
medium luminescence intensities (up to 10-6 W cm− 2) by following 
expression (Gismatulin et al., 2019): 

Me = Atsinh
(

eN− 1/3
tr F

2kT

)

(5) 

where At is the parameter depending on the optical and electrical 
properties of the sample and Ntr is the trap concentration.

The values of Ntr determined by this approximation are also given in 
Table 1. Ntr parameter characterizes the concentration of traps that 
provide the transfer of carriers to luminescence centers. A decrease in 
the Ntr with an increase in the fluence may indicate a reduction in the 
number of tunneling events between traps. SiO2 implantation with high 
Sn+ fluences as 5 × 1016 and 1 × 1017 cm− 2 and subsequent annealing 
leads to the formation of merged nanoparticles and dendrites. Charge 
carriers can move without tunneling over long distances along such 
dendrites (Zatsepin et al., 2012). Then, the number of traps involved in 
the charge carriers transport to luminescence centers is less than in the 
sample implanted with a fluence of 2.5 × 1016 cm− 2 (Nasyrov and 
Gritsenko, 2013). The large value of Ntr for the sample implanted with a 

fluence of 2.5 × 1016 cm− 2 indicates tunneling through the localized 
states. In this case, to obtain an intense EL a higher voltage is required.

Classical Poole-Frenkel law is described by the equation (Hill, 1971): 

Me = AP− F Fexp
(

βP− F
̅̅̅
F

√

kT

)

; βP− F =

̅̅̅̅̅̅̅̅̅

e3

πε0ε

√

(6) 

where AP-F is a parameter depending on the optical and electrical 
properties of the sample, βP-F is the Frenkel constant, ε is the dielectric 
permittivity of the implanted and annealed layers.

As shown in Fig. 6 b, the experimental characteristics of Me(F) can be 
well approximated by the classical Poole-Frenkel law at low and me-
dium luminescence intensities. The values of ε determined by this 
approximation are also given in Table 1. It is known that the dielectric 
permittivity of SiO2 is 3.9, and this parameter is greater than 10 for SnO2 
films (Ahmad et al., 2019). As can be seen in the Table 1, the dielectric 
permittivity increases from 6.4 to 7.9 with increasing implantation dose. 
This is probably due to an increase in the SnO2 phase content in the 
implanted layers.

In conclusion, let us discuss charge carrier transport through SiO2- 
SnO2 nanocomposite. The total current flowing through the sample 
consists of ‘shunt’ current and current produces excitation of lumines-
cence centers (jEL). In the case of a weak electric field (region I in 
Fig. 2b), charge carriers are transported through deep level states, with 
jEL = 0. An increase in the electric field (region II in Fig. 2b) leads to the 
appearance of a current jEL. Fig. 7 shows the band diagram of the Si/ 
SiO2/SnO2/SiO2/electrolyte system at forward bias. It is assumed that 
violet emission is related to the radiative recombination of electrons 
localized at the oxygen-vacancy levels in SnO2 nanocrystals with holes 
in the valence band (Romanov et al., 2022). Electrons from the elec-
trolyte are injected into the silicon oxide and trapped at deep defect 
levels (1). Then, the injected electrons tunnel between traps (2) and are 
transferred to the conduction band of the SnO2 nanocrystal. Then, 
electrons from the SnO2 conduction band are captured by oxygen va-
cancies (VO

+ or VO
2+). The hole transfer to the SnO2 valence band can be 

carried out by tunneling from silicon into the shallow trap levels (3) and 
subsequent transition into the valence band of SiO2 via the Poole–-
Frenkel effect (4). Mechanism 3 is possible when the electric field 
strength is sufficient to form a thin tunnel barrier between the silicon 
valence band and the trap energy level. Thus, the appearance of an EL 
signal at a field strength of ~ 2 MV cm− 1 can be explained by a decrease 
of the potential barrier and tunneling holes from silicon into the shallow 
trap levels in SiO2 with subsequent hole transport to the SnO2 valence 
band.

4. Conclusions

SiO2 layers with embedded SnO2 nanocrystals were synthesized by 
Sn ion implantation of SiO2/Si structures at different fluences with 
subsequent annealing in air (900 ◦C, 60 min). The fabricated SiO2:SnO2/ 
p-Si structures exhibited bright violet electroluminescence with a 
maximum at 3.21 eV at a forward bias that could be attributed to the 
radiative recombination in SnO2 nanocrystals. The sample implanted 
with the lowest fluence of 2.5 × 1016 cm− 2 have exhibited the lowest 
threshold current density (0.9 μA•cm− 2) for EL appearance and the 
highest external quantum efficiency (0.7 %). The deterioration of the 
light emission characteristics with the fluence increase is attributed to 
the increase in defect concentration in SiO2. In turn, it increases the 
possibility of charge carrier transport through the implanted layer 
without EL excitation. A model of charge carriers transport through the 
implanted layers has been suggested. At current densities below 5 μA 
cm− 2, the most of charge carriers are tunneling to deep levels in SiO2 
without EL excitation. On the basis of the analysis of the dependence of 
EL radiant exitance on electric field strength, we can conclude that 
charge carrier transport to luminescent centers occurs according to the 
Poole–Frenkel mechanism or tunneling between traps. We believe that 

Table 1 
Threshold current densities for EL appearance, EQEs after passing through the 
samples j = 50 μA cm− 2, calculated trap concentrations Ntr, and dielectric 
permittivity.

Sn fluences, cm− 2 jmin, μA•cm− 2 EQE, % Ntr × 1020, cm− 3 ε, arb. u.

2.5 × 1016 0.9 0.74 4.3 6.4
5 × 1016 2.0 0.24 2.6 6.9
1 × 1017 2.7 0.05 2.4 7.9

I. Romanov et al.                                                                                                                                                                                                                               Results in Optics 17 (2024) 100750 

5 



this study will provides a way to further develop silicon-compatible 
LEDs using SnO2 nanocrystals embedded in SiO2/Si structures.
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