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Abstract. Silicon nanocrystals were prepared by SiT-ion implantation and subsequent annealing of SiO2
films thermally grown on a c-Si wafer. Different implantation energies (20-150 keV) and doses (7 x 10"
2 x 10! ¢cm™2) were used in order to achieve flat implantation profiles (through the thickness of about
100 nm) with a peak concentration of Si atoms of 5, 7, 10 and 15 atomic%. The presence of Si nanocrystals
was verified by transmission electron microscopy. The samples exhibit strong visible/IR photoluminescence
(PL) with decay time of the order of tens of us at room temperature. The changes of PL in the range
70-300 K can be well explained by the exciton singlet-triplet splitting model. We show that all PL char-
acteristics (efficiency, dynamics, temperature dependence, excitation spectra) of our SiT-implanted SiOa
films bear close resemblance to those of a light-emitting porous Si and therefore we suppose similar PL
origin in both materials.

PACS. 78.55.Hx Other solid inorganic materials — 61.46.4w Clusters, nanoparticles, and nanocrystalline

materials — 78.45.4+h Stimulated emission

Different types of silicon-based nanostructured materials
exhibiting efficient photoluminescence (PL) and electrolu-
minescence have been developed in the course of the last
decade. One of the most promising methods to prepare Si
nanocrystals is the Si*-ion implantation of SiOs [1]. This
technique is compatible with the integrated circuit tech-
nology and provides nanocrystals with better passivation,
durability, long-term stability and controlled size as com-
pared with other Si-based light emitting materials, e.g.
light-emitting porous silicon.

In this communication we present results obtained on
a set of four samples prepared by SiT-ion implantation
of thermally grown SiOs layers on a ¢-Si wafer. Time-
resolved PL as well as steady-state PL and PL-excitation
(PLE) spectra were measured and compared to the red
“S band” from typical light-emitting porous Si [2].

Our SiO3 layers (500 nm thick) were thermally grown
on ¢-Si wafers ((100) n-type, resistivity 75 Qcm) and im-
planted with SiT ions at different energies and differ-
ent doses in order to obtain layers with different atomic
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Si content: 5, 7, 10 and 15 at%. To realize a flat im-
plantation profile, a summing of several subsequent im-
plantations was used (see Tab. 1). The total doses vary
between 1—2.8 x 1017 ions/cm?. After implantation, the
samples were annealed at 1100 °C in a N atmosphere for
4 hours. During this procedure a formation of spherical-
like Si nanocrystals in a SiO2 matrix is supposed [3]. The
presence of nanocrystals in our films was evidenced by us-
ing the transmission electron microscopy (TEM). Figure 1
presents a high resolution TEM image of one Si nanocrys-
tal (5 nm in diameter) observed in the 10 at% Sit/SiO,
layer.

Steady-state PL measurements were performed under
excitation with a high-pressure Xe lamp filtered by an ex-
citation monochromator. PL emission was dispersed in an
emission monochromator and detected with a photomul-
tiplier connected to a photon counting system. In order to
study PL spectra as a function of temperature, the sam-
ples were fixed in a temperature variable gas flow cryostat.
PL data were corrected for the spectral response of the de-
tection system. A flash Xe-lamp (pulse duration of ~ 2 us)
was used to excite PL in time-resolved PL measurements.
The PL decay was detected by a time-correlated photon
counting system.
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Table 1. Parameters of the multiple Sit-implantation.

Sample Implantation energy Dose
[at% Si] [keV] [ions/cm?]
5 150 6.0 x 106
80 1.9 x 106
45 1.2 x 10¢
30 7.0 x 10'°
7 150 9.0 x 10'¢
80 2.7 x 1016
45 1.6 x 10%¢
20 1.0 x 10¢
10 150 1.3 x 107
70 4.0 x 1016
20 1.4 x 106
30 1.3 x 10¢
15 150 2.0 x 10%7
68 4.3 x 10'¢
43 1.6 x 10'¢
20 1.8 x 10%¢

Fig. 1. A TEM high resolution image of a typical Si nanocrys-
tal in the sample containing 10 at% Si. The diameter of the
nanocrystal is about 5 nm.

The PL spectra of our samples (solid lines in Fig. 2)
consist of one symmetrical red emission band peaked at
around 1.6 eV. This emission undergoes a red shift with
increasing concentration (total dose) of Sit-ions. The in-
tensity of this PL band reaches its maximum for the con-
centration of 7 at% Si. Compared with a typical porous Si
PL spectrum (open circles in Fig. 2), PL spectra of Si*-
implanted samples have their maxima at slightly lower
energies and are narrower (FWHM is about 0.25 eV).

Is Sit-implanted SiO, film brightly luminescing mate-
rial? In order to get a rough estimation of the PL emission
efficiency, we proceeded as follows. We corrected the PL
spectra as well as a PL spectrum of a reference porous Si
sample for the amount of the absorbed excitation radia-
tion. The optical absorption of 0.5 pm thick Sit-implanted
SiOs film was taken to be equal to the absorption of oth-
erwise identical Sit-implanted SiO» films deposited on a
transparent silica substrate (e.g. for the 10 at% Si sample
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Fig. 2. Photoluminescence spectra (T' = 75 K, Aexc = 370 nm)
of SiT-implanted SiO2 samples with Si concentration of 5, 7
and 10 at% (solid curves in the left-hand side of the figure).
The PL spectrum of a typical red luminescing porous Si sam-
ple (open dots) is shown for comparison. The PL intensity is
corrected for the same number of absorbed photons. The in-
set shows Tauc plots of PLE spectra (T' = 75 K) detected at
765 nm for the 10 at% Si sample (full line) and porous Si (open
dots).

we measured the absorption of about 9% at 370 nm). The
porous Si absorption was estimated to be 90% because
the light-emitting porous layer was much thicker — about
20 pm. The spectra in Figure 2 are corrected in this way.
One can see that the PL efficiency of Sit-implanted sam-
ples is of the same order as in brightly red luminescing
porous Si.

The inset of Figure 2 shows the Tauc plot (i.e. plot
of \/(IpLghv) vs. hv) of PLE spectra of the 10 at% Si
sample and of porous Si (detected at 765 nm). The linear
shape and close resemblance of both the PLE spectra are
remarkable. The intersection of the linear fit of PLE spec-
tra with the z-axis is used to assess the value of the Tauc
gap Eg. In our case we have found E, to be about 2.2 eV.
We should stress, however, that the value of E, (but not
the shape of PLE spectra) depends strongly on the cor-
rect subtraction of the PLE signal background. The linear
absorption behaviour in the Tauc plot means that the in-
direct optical transitions are responsible for the observed
absorption edge [4].

Time-resolved PL experiments exhibit a slow decay
of PL in the sub-ms time scale. Decay curves are non-
exponential (see Fig. 3). They may be fitted by double
exponentials, e.g. in the sample 7 at% Si (Apr, = 740 nm)
we found characteristic times of 30 us and 92 us. Again,
such a slow non-exponential dynamics is typical for porous
Si, where it has often been fitted by a stretched exponen-
tial Ip(t) ~ exp|—(t/7)?]. Using a stretched exponential
to fit the PL dynamics in Figure 3 we found parameters:
7 =24 us, f = 0.67. This behaviour is usually explained
by the dispersive diffusion of photoexcited carriers in lo-
calized states in nanocrystal [5,6].

The observation of a peculiar PL temperature be-
haviour is perhaps the most important results in this pa-
per. The temperature dependence of PL spectra was mea-
sured down to liquid nitrogen temperature (from 300 K
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Fig. 3. Microsecond dynamics of PL in the 7 at% Si sample
(open dots) at room temperature (Apr, = 740 nm). The tempo-
ral shape of exciting pulse (Xe flash lamp, 337 nm) is shown by
a black area graph. PL decay is fitted by a double-exponential
with characteristic times of 30 and 92 us.

to 70 K). In Figure 4, we present the temperature vari-
ations of PL spectra of the 7 and 10 at% Si samples
(Figs. 4A and 4B, respectively). The salient feature is that
PL intensity does not vary monotonously with tempera-
ture. It increases with increasing temperature, reaches its
maximum between 90 and 130 K and then starts to di-
minish gradually.

The spectrally integrated PL intensity of the spectra
from Figures 4A and 4B are displayed as a function of tem-
perature in the lower part C of Figure 4. The solid lines in
Figure 4C are simulations calculated using the model of
exciton singlet-triplet exchange splitting in Si nanocrys-
tals which was already used to explain similar tempera-
ture behaviour of the S-band in PL of porous Si [7]. This
model can be expressed in terms of 4-energy levels Ey,
Ey, E; and Ej3 (see inset in Fig. 4C). The Ey level repre-
sents nanocrystal ground state, the E; (E2) denotes the
exciton triplet (singlet) state. The principle attributes of
the model are: the £ — Ej transition is spin forbid-
den, PL due to optically allowed Es — Ej transition (i.e.
Too < T10) becomes possible via a thermally activated
process B4 — Es. However, an excessive increase of tem-
perature already induces non-radiative escape Fy — E3 of
the population Ny from the Fs level and leads eventually
to PL quenching. A steady-state solution of the relevant
kinetic equations gives for the PL intensity

- g12
1 + T20923 + T10912 + T20T10912923

IPL(T) ~ NQ(T)

where g;; = vexp(—E;;/kT) denotes the rate of thermally
activated transitions E; — E;, v being a frequency pref-
actor.

To simulate the temperature dependence of PL we
take the mean value from time-resolved PL measurement
(60 ws) as the radiative decay time 7o9. The theoreti-
cal curve of PL temperature dependence from Figure 4A
(solid line in Fig. 4C) was obtained for the following set
of parameters: Fo1 = 26 meV, F33 = 68 meV, 719 = 3 ms,
and v = 1.6 x 105 s~1. The value of the exchange splitting
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Fig. 4. Temperature dependence of PL for two samples with
concentration of 7 and 10 at% Si (part A and B, respectively).
The spectra taken at the highest and the lowest temperatures
(300 and 70 K) are shown by the bold lines. Part C plots
the spectrally integrated PL intensity vs. temperature. Lines
are calculated using the exciton singlet-triplet splitting model
depicted in the inset and described in the text.

energy Fo; = 26 meV is in reasonable agreement with the
values quoted for porous Si [8].

It is worth mentioning that the result displayed in
Figure 4C clearly demonstrates the ideas behind the exci-
ton singlet-triplet splitting model. Quantum confinement
as well as exciton singlet-triplet splitting are larger in
smaller nanocrystals. Therefore, in smaller nanocrystals
the temperature induced transformation of the triplet ex-
citonic population (energy level E7) to the higher lying
singlet level (E3) starts at higher temperatures. This is
what can really be observed in Figure 4C: the maximum
in the temperature dependence for the sample 7 at% Si is
at higher temperature than that of the sample 10 at% Si in
conformity with Figure 2 (PL band maximum of the sam-
ple 7 at% is at higher energy compared with the 10 at%
sample, i.e. the quantum confinement here is stronger and
therefore nanocrystals are smaller in the 7 at% sample).

In conclusion, we prepared Si nanocrystals in ther-
mally grown SiO2 on c-Si substrate by a Sit-ion implan-
tation and subsequent annealing. Strong visible/IR PL
was observed in these samples at temperatures of 70—
300 K. PL spectra consist of one symmetrical band which
shifts to the red with increasing concentration of Sit-ions,
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i.e. with increasing size of Si nanocrystals. This fact may
be explained by weaker quantum confinement effect in
nanocrystals of bigger size. The PL efficiency as a func-
tion of implantation dose reaches its maximum for the Si
concentration of 7 at%. The decrease of PL intensity in
samples with higher concentration of Si atoms is probably
due to higher probability of non-radiative decay processes.
A slow PL dynamics may be approximated by a double-
exponential or a stretched exponential decay with charac-
teristic times of the order of tens us. The non-monotonous
temperature dependence of PL can be well explained by
the exciton exchange singlet-triplet splitting. Almost all
the observed PL characteristics of SiT-implanted SiO»
samples — efficiency, dynamics, temperature dependence
and excitation spectra — very much resemble those in a
typical light-emitting porous Si. It enables us to speculate
that the origin of steady-state PL in our Sit-implanted
SiOs films is the radiative recombination of electron-hole
pairs in Si nanocrystals sized approximately 3-5 nm [9].
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