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Silicon nanocrystals in SiDmatrix are fabricated by plasma enhanced chemical vapor deposition
followed by thermal annealing. The structure and photoluminesc@tigeof the resulting films is
investigated as a function of deposition temperature. Drastic improvement of PL efficiency up to
12% is achieved when the deposition temperature is reduced from 250 °C to room temperature.
Low-temperature deposition is found to result in a high quality final structure of the films in which
the silicon nanocrystals are nearly strain-free, and the Sj/Biterface sharp. The demonstration of

the superior structural and optical properties of the films represents an important step towards the
development of silicon-based light emitters. ZD02 American Institute of Physics.
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In the last decade the optical properties of Si nanocrysa Philips diffractometer. The local atomic environments and
tals have attracted great interest for the potential applicatiobonding configurations of silicon oxide matrix in films were
in optoelectronics~ Of all the forms of the material, the characterized by measurements of infrared absorption, using
most attention has been paid to porous silicon, mostly bea Perkin EImer 2000 Fourier-transform IRTIR) system.
cause of its high external quantum efficiend@—10% of  For excitation of steady-state PL, an*Ataser operating at
photoluminescencegPL).®> Unfortunately, many problems wavelength of 514.5 nm was used with a low power density
with porous silicon, including instability of PL efficiency in of 0.2 mW/mnf. Detection was achieved with a charge-
ambient condition, inhomogeneous structural, and fragilecoupled detector within the wavelength range from 520 to
mechanical properties, prevent its use in practical applica00 nm. All PL spectra were taken at RT and corrected for
tions. On the other hand, embedding Si in Si@atrix has a wavelength-depended sensitivity of the detection.
number of advantages, such as high stability, the self- The influence of the substrate temperature on the PL
organized quantum well structure, and the compatibility withintensity is well demonstrated in Fig. 1. Drastic increase of
microelectronic technolodf.® However, the reported PL ex- PL intensity and slight shifts of the peak position of the PL
ternal quantum efficiency of Si in SiOmatrix was only  spectra are observed with the decreasgfwhile the mean
0.1%-0.3%8" In the present letter, we report that stablegrain size of the silicon nanocrystals for different films is
external quantum efficiency as high as more than 12% can beund to change a little, from 3.4 to 3.8 nm. Thus, the size
realized by optimizing the conditions in producing the mate-changes might be responsible for the shifts of the PL peak
rial from plasma enhanced chemical vapor depositiofvavelength, but not enough for the improvement of the PL
(PECVD). The key trick in reaching the superior properties efficiency. To get a quantitative estimation, the PL efficiency
is actually simple yet very effective. That is, we deposit theOf our samples was calibrated with a standard lightly doped
films on RT substrates instead of heating them to abovéuby (0.05% CF*) sample under the same conditions of ex-
200 °C as usually accepted in PECVD.

Silicon oxide films of about 1.6um thick were deposited T T o
onto both polished and roughened quartz as well as crystal Si 1000k
(100 wafers in a conventional capacitance-coupled PECVD
system using a gas mixture of SHN,O, and H. During
deposition, the deposition temperatuiig) was varied from
250 °C to RT, while the flow ratio of SiHN,O:H,, the rf
power density and the reaction gas pressure was held at
1:3:10, 50 mW/crhand 160 Pa, respectively. The films were
then annealed at 1100 °C in, mbient for 30 min in order
to form silicon nanocrystals in silicon oxide matrix. The for-
mation of silicon nanocrystals in annealed films was identi-
fied by micro-Raman scattering, using a Renishaw system
1000 Raman imaging microscope. The mean grain size of the
silicon nanocrystals was evaluated by x-ray diffraction, using Wavelength (nm)
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FIG. 1. Room temperature PL spectra of the annealed Si-ip-8i®s fab-
¥Electronic mail: yqwang@aphy.iphy.ac.cn ricated by PECVD with differenTy from RT to 250 °C.
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FIG. 2. PL spectra of one of our Si-in-Sj@amples deposited at RT and a . - -
. ) FIG. 3. Micro-Raman spectra of the annealed Si-in-Silins with different
standard pink ruby0.05% CF*) sample. For comparison the PL spectrum T, from RIT to 250 °C P =

of an independently well-characterized porous silicon sample with an exter-
nal quantum efficiency of 4% is also included.

This is confirmed by the measurements of micro-Raman

o . . ) . m‘scattering and infrared absorption. Figure 3 shows the Ra-
citation and detection. Using the well-determined quantu Inan spectra of the annealed films with differehj. The

fficiency of the rubj”*3and after integration of the emit : _ : . -
Sh(;:tgn?g\?er tﬁeli‘gﬁzema}sgi(?n ianée%hi[ gu;nt:m? szic;{:gc )Felatlve redshift of the first-order Raman scattering of silicon

of the samples can be dedudédhe PL external quantum nanocrystals with respect to that of crystalline silicon de-
efficiency of our samples deposited at RT is found to becres_?es Lr? mt:.zllto 0'?1 crf1W|]EtheducmgTdkfrom 2.50 gssen—
about 12%, far higher than the level ever reached in previoug0 » while the line S. a}pe 0 amap peak remains o
reports with Si-in-SiQ films. Figure 2 shows the PL spectra fially the same. Thus, it is most possible that the redshift is
of one of the Si-in-SiQ samples deposited at RT and the due to the elastic strain rather than to the phonon confine-
standard ruby sample. For comparison the PL spectrum of ar'pent. Then the lattice straiz) can be calculated approxi-

1

independently well-characterized porous silicon sample Wm{nated by

an external quantum efficiency of 4% is also included. Itcan ¢ .— w, P+2Q

be seen that the PL intensity of the Si-in-Si€ample is three o | 202 |® @
c c

times higher than that of the porous silicon.
Before describing what has happened to our samples, weherew, is the phonon frequency of crystalline silic@21
need to briefly review how the light-emission process correem ™), o, is the measured phonon frequency of silicon
lates with the material microstructure. It is generally ac-nanocrystaIsP=—1.43w§ andQ=-1.89 wﬁ, the phonon
cepted that the physical mechanism underlying the visibleleformation potentials of silicon. The deducedipon the
and near infrared light emission in this kind of silicon mate-redshift of w.— w,, decreases from 0.31% to 0.04% whEn
rials is essentially that of the quantum confinement of carriteduces from 250 °C to RT. These data demonstrate that de-
ers in a nanometer-scale crystalline structure, and the Si/SiCcreasing the deposition temperatuFg indeed renders the
interface is also thought to play an active role in both theresulting silicon crystals with smaller residual strain.
formation of radiative states and the passivation of nonradi- Figure 4 gives the infrared absorption spectra of the an-
ative states> ' Therefore, a stoichiometric Sinatrix and  nealed films with differenT 4. The absence of the absorption
perfect Si—-SiQ interfaces are of essential importance. Un-feature related to Si—H vibration indicates the annealed films
fortunately, in films deposited on substrates at elevated tem-
peratures the oxide matrix is not completely stoichiometric,

at least in the vicinity of Si crystals, and the latter are actu- 250°C
ally surrounded by some substoichiometric Si(x<2) 200°C
transition layers with, possibly, changing’® The existence 5 150°C
of such transition layers degrades the PL efficiency in two & 100°C
aspects: It frustrates to a certain extent the quantum confine- 3 50C
ment and causes many carriers to recombine via the nonra-§ RT
diative rather than radiative centérsBesides, some lattice ‘é

imperfections such as deposition-induced tensile strain inside 2

silicon clusters are always found in the resulting films, which lg

cannot be completely released by the high-temperature |

post-annealing® The lattice strain, especially its inhomoge- 300 500 900
neous component, may degrade the mechanical as well as the
transport and optical properties of the material.

The present work reveals that when the deposition teMgi 4. FTIR spectra of the annealed Si-in-Siis with differentT. from
perature is reduced the situation can be greatly improvedRT to 250 °C.

1200 1500 1800
Wave number (cm'1)



4176 Appl. Phys. Lett., Vol. 81, No. 22, 25 November 2002 Wang et al.

contain no hydrogen. The principal absorption feature in thePL properties of Si-in-Si@films fabricated by PECVD. Due
spectra can be assigned to the stretching vibration mode @b the structural quality improvement of inner silicon nanoc-
Si—O-Sibonds. The frequency of the -SD—Si stretching rystals and Si/Si@ interfaces, high external quantum effi-
vibration shifts to higher wave numbers with decreasing ciency up to 12% has been achieved by reducing the depo-
from 250 to RT, in a direction that would be expected fromsition temperature from 250 °C to RT. The much more stable
increasingx in SiO, . This indicates that the chemical com- structure and higher PL efficiency than that of porous silicon
position of oxide matrix becomes more and more close to thexplore the great possibility of the Si-in-Si@Ims in fabri-
stoichiometric Si@. The broad shoulder at the low fre- cating efficient silicon-based light-emitting devices.

quency side of the main feature, most probably identified as )

the substoichiometric SiO(x<2), is found to gradually The authors wish to thank Professor D. L. Zhang and
shrink with loweringT4 from 250 °C to RT. All these fea- Professor C. C. Hsu for stimulating discussions. This work

tures promise a marked decrease of the substoichiometrf¥@S Supported by the National Natural Science Foundation
Si0, phase with lowT,. The quality of the interface region ©f China (69976028, 29890217and China State Key
between Si nanocrystals and Sifatrix is thereby expected Projects of Basic Resear¢f2000028201L
to be greatly improved.
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