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Mechanism of photoluminescence of Si nanocrystals fabricated
in a SiO , matrix

K. S. Zhuravlev,? A. M. Gilinsky, and A. Yu. Kobitsky
Institute of Semiconductor Physics, Novosibirsk 630090, Russia

(Received 18 May 1998; accepted for publication 15 September) 1998

The luminescence properties of silicon nanocrystals fabricated by Si ion implantation intg a SiO
matrix and subsequent thermal annealing have been studied. To identify the mechanism of
photoluminescence of Si nanocrystals, the dependencies of the steady-state photoluminescence on
temperature and excitation power density, and the time-resolved photoluminescence have been
investigated. The experimental results point to the mechanism of recombination via the levels of
centers which are presumably localized at the silicon nanocrystal—silicon dioxide boundary.
© 1998 American Institute of Physid$0003-695(98)02046-4

The observation of intense photoluminescefieg) of =532 nm, pulse duration 0.1ous, peak power density
porous silicon at room temperature by Canfidras stimu- 0.4 kW/cn?) or a N, laser . =337 nm, pulse duration 7 ns,
lated extensive investigation of the emission properties opeak power density 100 kW/é&nwas used. The photolumi-
different kinds of nanocrystal structures, motivated by thenescence measurements were carried out using a double dif-
need to integrate optical and electronic devices on silicoriraction grating monochromator equipped with a cooled S-1
chips. Silicon nanocrystals fabricated by Si ion implantationphotomultiplier operated in the photon counting mode. The
into silicon oxide with subsequent thermal annealing arePL spectra were corrected for the wavelength-depended sen-
promising candidates as light emitters. In these nanocrystakstivity of the system, which was determined through
the visible and near-infrared PL in the 1.5-1.7 eV range wadlackbody-radiation measurements.
observed® the nature of which is still under debate. Re- In Fig. 1 a typical room-temperature steady-state PL
cently, two different mechanisms of radiative recombinationspectrum of Si nanocrystals is shown. The spectrum com-
in silicon nanocrystals were discussed in the literatutf8— prises an asymmetrical band around 1.5 eV with a width of
the recombination between quantum confinement levels, anabout 300 meV. An arrow in Fig. 1 marks the band position
recombination via levels of defects localized either inside thecalculated by Khurgiret al.” for the 3.5 nm cluster size. It is
nanocrystals or on the interface of nanocrystals with amorseen that the band maximum in the calculated spectrum is
phous silicon oxide, with different experimental and compu-shifted to larger energies in comparison with the experimen-
tational results pointing to either of the two mechanisms. Tdal one, and has its position at 2.1 eV. In Figa dependence
verify the mechanism of radiative recombination in Siof the steady-state PL intensitys() on excitation powe(P)
nanocrystals fabricated by thermal annealing of S&yers  and its approximation by a power-law functibp ~P? are
implanted with Si, we report here the results of an investigashown. The dependence has an overall sublinear character.
tion of kinetics, excitation power, and temperature dependenAt the lowest excitation powers a linear relationship is ob-
cies of the PL of Si nanocrystals. The experimental datserved ¢/=1), while at higher powers it becomes sublinear
point to the mechanism of recombination via the levels ofwith y=0.5. It is necessary to note that the shape of the band
defect, localized presumably on the nanocrystal-matrixdoes not change with excitation power. With temperature

boundary. decreased, the band exhibits a shift at a rate 6f1 meV/K.
The preparation of the samples studied in this work was

described in detail in the paper by Kachurin and co-worRers. Encrgy (eV)

Briefly, 500 nm thick layers of Si©@grown on Si were im- 2220 18 L6 14

planted with 200 and 100 keV Siat a doze of 1 whl

x 10 cm™2, and then annealed at 1200 °Qr fb s and at
400 °C for 30 min. As reported in that study, the results of
transmission electron micrography and Raman scattering in-

PL intensity (a.u.)
i
o
—

vestigations evidenced the formation of crystalline silicon
clusters with an average size of 3.5 nm. An"Aaser oper-
ating at a wavelengtih =488 nm and a maximum power I
density of 2.5 kWi/crh at the sample surface was used for 0— P —
o : . . 600 700 800 900 1000
excitation of steady-state PL, while for transient PL excita- Wavelength (om)

tion a frequency-doubled Q-switched Nd:YAG lasex (
FIG. 1. Room temperature steady-state PL spectrum of Si hanocrystals. The

arrow indicates the calculated band position of 3.5 nm Si nanocrystals ac-
dElectronic mail: zhur@thermo.isp.nsc.ru cording to Khurginet al. (Ref. 7).
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o T T diative channels. In the opposite case of excitonic recombi-
nation in quantum dots, the saturation of the ground-level PL
is accompanied by the onset of the PL of the excited states of
the dots>'° Since we do not observe any change in the spec-
tral shape of the band with excitation intensity, a sublinear
dependence should not be expected for the recombination
between quantum-confined levels in nanocrystals in our ex-
perimental conditions. Third, the absence of the spectral de-
pendence of PL kinetics also points to recombination via
. N local centers. On the contrary, in the case of the quantum-
10 100 confinement recombination model, the PL decay should pro-
Excitation power (W/em’) ceed faster on the shorter wavelength side of the spectrum
because of the strong dependencies of both the recombina-
%lon probability and energy of optical transitions on nano-
crystal radii”*! resulting in a redshift of the band with time.
Let us speculate on the nature of the recombination cen-
Recently, a center of recombination on the Si
nanocrystal—silicon dioxide boundary that is responsible for

(S

—_
(=]
T

PL intensity (a.u.)

FIG. 2. Dependence of the steady-state PL intensity of the nanocrystals
the excitation power at room temperature.

In Fig. 3 a set of time-resolved PL spectra measured atter
300 K is shown as a function of the delay time after the __°

excitation pulse. It is seen that the shape of the spectru 5 eV luminescence was considered by Alktral® They
does not change W'th. the delay time. The inset to Fig. ve shown that a single covalent bond, for example a Si—Si
shows decay curves mtegrat_ed over the spectrum taken %gnd can act as a trap and a recombination center. Their
tserveretl:]ter;perattijre: ?1nxa V\gdﬁtri tllm:ehscak:\./ At alrl temprerjéalculation shows that a metastable recombination state,
mu ?Sd t? et(r:aty hSd oxe %0 n?i |af, n t? (r:1u _T_f] ad?bapp ° %’eparated from the excited state by an energy barrier, can
tin?ei 4%03 6e50 endeé po Ei 42 7U7C cr)1d5é95 eK ) €AY exist on the boundary of small nanocrystals. The nonexpo-
€S » 39 8 Qs at 4.2, 77, a » TeSPEC antial decay kinetics can be expected in such centers if the

tively. Though the temperature decrease leads to a Cons'd.etgérriers between excited and metastable states of the centers

able increase of the decay time_ acco_mpanied_by a slight "Myvould have a certain energy spread and, consequently, the
crease of the steady-state PL intensity, we did not observ robability of carrier transition from the excited to recombi-

Sgatcli]r?enge of the band shape with delay time in this temhation state would differ. In our case, since the recombina-

The above result t th mption that radi tiVtion centers are localized on the boundaries of nanocrystals,
, ml:?ir? t? neinESliJIi S r?ur?pr? ) et a}ssiu rrr: gi t 3 ba am the barrier height can depend on the local environment.
eco atio sticon nanocrystals 1S mediated by some particular qualitative characteristic of the center can

dffeiCtnlel\:/ﬁIst' ;Lhe fﬁllfwmg:c fbdsie:?(/atlcrms Fr):tl)?r: ttci) t:'ls Corr']'be inferred from the temperature dependence of its PL band
ciusion. FIrst, the energy ot radiative reco 1ation 1S €o energy. It is known that the temperature dependence of the
siderably less than the expected energy of optical transitio

n : i
between the quantum-confined levédee Fig. 1 Second, Band energy of a center that is strongly bound with crystal

. i . ' lattice differs from that of the band gap of the host crystal.
the sublinear dependence of PL intensity on the exc'tat'o'l\ccording to the configuration diagragmenodélmthe dire)cg-

power indicates that Fhe recombination s mef:iiaFed by%iomﬁon of the PL band shift with temperature is determined by
localized centers Wh|ch_saturate at_hlgh. ex0|tat|on POWEIS 6 ratio of the frequencies of vibration modes of the ground
and thus let charge carriers recombine via competing nonr

%nd excited states of the center. The blueshift of the band
with decreased temperature that we observe experimentally
enables us to conclude that in our case the frequency of the
vibration mode of the ground state of the center is higher.

In conclusion, we have studied the steady-state and time-
o 0 0 resolved luminescence of 3.5 nm silicon nanocrystals fabri-

Time (ms) ] cated by Si ion implantation into a Sj@natrix. We observed
= 1 that the 1.5 eV PL band that is usually attributed to the
recombination of quantum-confined carriers in silicon quan-
tum dots displayed a sublinear intensity dependence on the
excitation power, a spectrally uniform decay after transient
excitation, and besides that, the estimated energy position of
the band differs strongly from the experimentally observed.
These data enable us to conclude that the characteristic 1.5
eV luminescence of Si nanoclusters is governed by the re-
] combination via the levels of some defect-related centers,
700 800 900 which are presumably localized at the silicon nanocrystal—

Wavelength (nm) silicon dioxide boundary.
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FIG. 3. Evolution of the transient PL spectrum of Si nanocrystals with time The authors are grateful to Dr. W Skorupa Dr. G. A

at room temperature. The spectra were taken at delays of 0.25, 1, 3, 8, 1% . . .
25, and 50us. The inset shows the decay curves integrated over the banfkachurin, and Dr. |. E. Tyschenko for supplying them with

spectrum at 4.2, 77, and 300 (fom upper to lower. the samples used in this study and to Dr. A. K. Gutakovsky
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