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Tuning the emission wavelength of Si nanocrystals in SiO » by oxidation
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Si nanocrystalgdiameter 2—-5 niwere formed by 35 keV Siimplantation at a fluence of 6

X 10 Si/cn? into a 100 nm thick thermally grown SiCfilm on Si (100), followed by thermal
annealing at 1100 °C for 10 min. The nanocrystals show a broad photoluminescence spectrum,
peaking at 880 nm, attributed to the recombination of quantum confined excitons. Rutherford
backscattering spectrometry and transmission electron microscopy show that annealing these
samples in flowing @at 1000 °C for times up to 30 min results in oxidation of the Si nanocrystals,
first close to the Si@film surface and later at greater depths. Upon oxidation for 30 min the
photoluminescence peak wavelength blueshifts by more than 200 nm. This blueshift is attributed to
a quantum size effect in which a reduction of the average nanocrystal size leads to emission at
shorter wavelengths. The room temperature luminescence lifetime measured at 700 nm increases
from 12 us for the unoxidized film to 43s for the film that was oxidized for 29 min. @998
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The recent discovery of visible light emission from oxidation progresses, in agreement with quantum confine-
nanocrystalline group IV materials has stimulated considerment theory.
able experimental effort to understand its origin and utilize it  SiO, films (100 nm thick grown by wet thermal oxida-
to fabricate Si-based optoelectronic devitesThe process tion of lightly p-doped(100 Si wafers were implanted at
of making Si nanocrystals by Si ion implantation into ther-room temperature with 35 keV Siat a fluence of 6
mal SiQ; films on Si, followed by precipitation;” is fully X 10'% cn?, resulting in a Si concentration at the peak of the
compatible with standard integrated circuit technology andmplantation profile of 44 at. %, as determined by RBS.
the SiQ matrix is a robust host that provides good passiva-These samples were subsequently annealed at 1100 °C for 10
tion for the Si nanocrystals. Previously, we have demonmin in vacuum at a base pressure below ™’ mbar to
strated that Si@films containing Si nanocrystals made by induce nucleation and growth of Si nanocrystallteSOxi-
ion implantation show photoluminescence in the visible anddation was performed in flowing {flow rate=47 sccm) at
near-infrared that can be attributed to two distinct sourcesl000 °C and at 1 atm for times ranging from O to 30 min.
One luminescence feature is related to ion irradiation inFinally, 600 eV deuterium was introduced into all samples to
duced defects in the SiOmatrix and can be quenched by quench the defect related luminescence by means of implan-
introducing H or D into the filnf. The other has been attrib- tation using a Kauffman ion sour€end the Si nanocrystal
uted to radiative recombination of quantum-confined exciduminescence was optimized by a subsequent anneal at
tons in the Si nanocrystals. We have also shown that thd00 °C for 10 min. Cross-sectional bright-field TEM images
nanocrystal luminescence intensity can be increased by agere taken to determine their presence and distribution in the
much as a factor of 10 by annealing a deuterated sample akide film. RBS was used to determine the Si depth profile
400 °C, which is attributed to the passivation of danglingusing a 2 MeV He beam at a scattering angle of 93° and an
bonds at the nanocrystal/Sinterface® Previously, it has angle of 3° between the sample normal and the inciderit He
been shown that the luminescence from Si nanocrystals ibeam. The depth resolution was 10 nm. Room temperature
SiO, can be continuously redshifted by thermal annealing(RT) PL spectra were taken using the 457.9 nm line of an Ar
due to an increase in the crystallite sfze. ion laser at a pump power density of 10 mW/mand de-

In this letter, we demonstrate that the photoluminescenceected by a grating spectrometer in combination with a ther-
(PL) peak wavelength from Si nanocrystals embedded in amoelectrically cooled Si charge coupled dei€€D) detec-
SiO; film can be blueshifted by more than 200 nm by ther-tor array. All spectra were corrected for the system response.
mal oxidation at 1000 °C. Transmission electron microscopyPL lifetime measurements were made after pumping to
(TEM) and Rutherford backscattering spectromefRBS)  steady state with a power density of 0.2 mW/fnThe
measurements show the oxidation of Si particles starts negump light was chopped with an acousto-optic modulator
the surface of the Sigfilm and as time progresses, an oxi- and the lifetime traces were taken with a GaAs photomulti-
dation front moves deeper into the film. The PL blueshift isplier in combination with a multichannel photon counting
attributed to a decrease in the average nanocrystal size as thgstem. The time resolution of the setup was 400 ns.

Figure Xa) shows a bright-field cross-sectional TEM im-

JElectronic mail: Brongersma@amolf.nl; http://www.amolf.nl/departments/ @9€ Of the imp_lanted SiKilm after anne_a"ng in vacuum at
optoelec 1100 °C. The image was taken at a slightly defocused con-
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FIG. 1. Cross-sectional bright-field TEM images(ef a 100 nm thick Si@ 500 600 700 800 900 1000 1100
film on (100 Si implanted with 35 keV Si to a fluence of 6 Wavelength (nm)

X 10'® Si/cn? and annealed at 1100 °C for 10 mifh) The same sample

after annealing in Qat 1000 °C for 15 min. The arrow indicates the location FIG. 3. Room temperature PL Spectra p|otted on a |ogarithmic intensity

of the oxidation front. scale, measured on 100 nm thick $S#ms containing Si nanocrystals, that
were oxidized for 0, 3, 10, 15, 20, 25, and 29 min at 1000 °C. For each

. . spectrum, the corresponding oxidation time is indicated. The band-gap
dition to enhance the contrast. Despite the wagontrast wavelength of bulk Si is indicated by an arrow. The inset schematically

between Si and SiQ it shows a dense array of Si particles in shows the change in the nanocrystal size distribution upon oxidation.
the size range of 2—5 nm distributed throughout the whole
oxide film. The nanocrystals in the center of the SiIm

_ . % at roughly 40 nm below the surface. Figure 2 also
are slightly larger than those near the surface and near the %}1 ° rougnyy W st gur S

bstrate. This is attributed to the fact that implantati ows the RBS spectra taken after annealing in flowing oxy-
substrate. This 1S altributed 1o the fact that implantation pro_-&gn at 1000 °C for 3, 6, 10, 15, and 30 min. It can be clearly

duceska Gaussian sha[t)ectj- Si C?ns(?e.ntiﬁt'on d;apth fptrr? file V\('j' en that the oxidation of Si nanocrystals starts at the surface
?I pe&:N exhcess Cﬁncen tr)aflon obStin h_ehcen elr ?. ?I'E)Ii/ll &nd as time progresses, the oxidation front moves deeper into
tlhmt. th € g\_/e st.olvvn clore, Iusmg ¢ 'ﬁ]? resoiution 'the film. After 3 min the oxidation front has reached a depth
a Fi ese :[(Ibg)ar[:C €s are singie cr)t/_s a |n§" hi-field TEM of 50 nm and the Si concentration near the surface is ap-
. \gure SNOWS a cross-sectional bright-iie ., proximately 33 at. %, the Si concentration in stoichiometric
image taken from the same sample after receiving an oxid Si0,. Upon further oxidation the oxidation front moves

tlon_ step at 1000 °C for 15 min. !n &60 nm thick surfa_ce slower but steadily deeper into the film and after 30 min the
region all nanocrystals have oxidized aw(ay least to a size whole film is reconverted into SiO It should be noted that

S“_“a”er than the detec_t|on limit Of. 1.5 r)nw_hlle 8~40NM  yhe oxidation front is much wider than the RBS depth reso-
thick region near the interface with the Si substrate clearlyiution (~10 nm), indicating that a relatively wide cluster

shows the presence of nanocrystals. o o :
) . oped region is oxidizing at the same time.
Figure 2 shows the RBS spectrum of the implanted anéi Figure 3 shows room temperature PL spectra of the films

annfealed hﬂlm ble]foresp?ngqudljc_atetddbg a “07). Thelt taken before and after oxidation for 3, 10, 15, 20, 25, and 29
Sﬁr acetr(]: asn.ng ?r: : Ifr'1| bOtSh n |cake y ant artTOW- f 4 in, plotted on a logarithmic intensity scale. The PL spec-
shows the St depth profiie with a peak concentration o rum of the unoxidized samplé'0” ) shows a broad peak

centered around 880 nm, in agreement with the estimated

10 . recombination energy for quantum-confined excitons in a

Oxidation time ] ~3nm diam Si nanocrystdl,corresponding to about 700
- atoms per crystal. The width of the emission band is attrib-
1 uted to a wide distribution in nanocrystal siZesAs can be
- seen in Fig. &), the intensity increases over the whole
wavelength region by a factor ef 1.5 after 3 min oxidation,
i and then decreases for longer oxidation times. Furthermore,
] oxidation leads to a continuous blueshift of the spectrum.
After oxidation for 29 min, the emission peaks at 680 nm.
Taking into account the tails of the spectra, this oxidation
technique can be used to tune the luminescence from 500 nm
(green all the way to the band gap of bulk Si at 1.&in. An
emission wavelength of 500 nm corresponds to a crystal di-
ameter of~1 nm (~26 atoms)?
FIG. 2. RBS spectra of 100 nm thick Si@ims on (100 Si implanted with In the case of a system of noninteracting Si nanocrystals,
6> 10° Si/cn?, annealed at 1100 °C for 10 min, and subsequently oxidizedthe Juminescence intensity at each wavelength is determined
ok o et o o e esnonng MBS s +nBY the number density of Si nanocrystals, their absorption
horizontal arrow indicates the direction in which the oxidation front moves. Cf0SS section, and their luminescence efficiency. Nanocrys-

The Si surface channel is also indicated by an arrow. tals luminescing at different wavelengths will have different
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absorption cross sections as the absorption cross section de o [
pends on the size. However, at a fixed wavelength, changes E
in the PL intensity can be translated directly into a change in

the number density of luminescing nanocrystals of a particu- § y
lar size. Since the total number of nanocrystals decreases 7 10
upon oxidation, the initial intensity increase observed after 3 §

min oxidation must be attributed to an increase in the lumi- 2
nescence efficiency. It is known that Si nanocrystals made by f 107E
thermal annealing of a Si-rich oxide have a suboxide layer o

between the nanocrystal and the Sifatrix'° that could

give rise to nonradiative decay channels for quantum- ol
confined excitons. Possibly, the oxidation treatment can re- 0 50 100 _150 200 250 300 350
move these nonradiative decay chann@lsd thus increase Time (ps)

the luminescence eﬁ'C'enﬂby maklng the nanocryStal sur- FIG. 4. Normalized RT luminescence decay traces taken at 700 nm from
roundings more stoichiometric. The RBS measurementsio, films containing Si nanocrystals that were oxidized for 0, 3, 10, and 29
show that after 3 min oxidation, half of the Si profile is min at 1000 °C. For each decay trace the corresponding oxidation time is
affected by the oxidation, resulting in possible changes in thé&dicated.
luminescence efficiency for all crystallite sizes, as observed.
The overall decrease in the intensity observed for longer oxildeal case of noninteracting nanocrystals that can only decay
dation times is attributed to three effects, namely) the  radiatively, a single exponential decay is expected, e.,
number density of Si nanocrystals decreag®sthe absorp- =1. The experimental fact thg@<1 demonstrates that in-
tion cross section decreases for optical excitation with deféraction between neighboring nanocrystallites, or between
creasing nanocrystal siZe(3) the oxidation process may nNanocrystallites and defect states may play an important role
yield nanocrystals that do not luminesce. in the PL behgvio_r. The increase in batiand_ﬁ_ then shows
According to quantum confinement theories the bandhat upon oxidation the nanocrystals emitting at 700 nm
gap of a Si nanocrystal increases with decreasing nanocryst3°ré and more approach the ideal case of a collection of
size? Comparing the luminescence spectra for 3, 10, and 180ninteracting radiatively decaying nanocrystals.

min, it can be seen that for a fixed wavelength above 740 nm In conclusion, we demonstrate that thermal oxidation of
the intensitydecreasess the oxidation time increases, while SiO, films containing Si nanocrystals results in a substantial

it increasesat shorter wavelengths. This behavior can bePlueshift of the PL spectrum due to a continuous decrease in
explained in terms of a shift of the nanocrystal size distribu-the_ average nanoc_:rystals size. TEM and RBS show that the
tion to smaller sizes due to the oxidation process, as ingi®Xidation of the Si nanocrystals starts close to the surface,

cated schematically in the inset of Fig. 3. The number denfollowed by oxidation of nanocrystals located at a greater

sity of nanocrystals emitting at shorter wavelengths than 0.7erth. The RT luminescence lifetime measured at 700 nm

um grows due to the oxidation of larger nanocrystals emit.vas on the order of 1@s, indicative of the fact that the Si

ting at longer wavelengths. After oxidation for 15 min, when nanocrystals behave as an indirect band-gap material. The

nearly all the large nanocrystals in the center of the oxidedecay traces become more single exponential upon oxida-

film have been oxidizetsee RBS and TEM the intensity at tion, wh|cth I|s at.ttrr:bttﬁ]te_d toa dec(;gase in the interaction of the
the long wavelength side of the PL spectrumg50 nm) has hanocrystals wi €lr surroundings.

decreased by more than an order of magnitude. For longer The work at FOM was financially supported by NWO,
oxidation times(20, 25, 29 min the PL spectrum continues STW, and the SCOOP program of the European Union. Fur-
to shift towards the blue, indicating a further decrease in tther Support was obtained from the U.S. Department of En-

average s_ize of the Iuminescing nanocrystals. Eventua_tlly, alergy under Grant No. DE-FG03-89ER45395 and the NATO
ter oxidation for 30 min all nanocrystals have been oxidizedwinistry for Scientific Affairs.
and no PL is observed.
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