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thermal chemical vapor deposition
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We observe a completely different growth regime of silicon-rich oxXi8RO layers by rapid
thermal chemical vapor deposition for the formation of luminescent nanocrystals. The growth
regime is characterized by IoyiN,O]/[SiH,] ratios(<1) and high growth temperaturés 700 °C.
High-resolution cross-sectional transmission electron microsd@fEM) shows the bimodal
distribution of large polycrystals and nanocrystals after post-deposition annealing. The
luminescence is attributed to the nanocrystals. Fourier transform infrared spectroscopy in
conjunction with XTEM and energy-dispersive x-ray studies show the phase separation and bonding
reconfiguration in as-deposited SRO layers. The effectively increased oxygen content in the oxide
matrix by phase separation and bonding reconfiguration reduces the diffusion coefficient of Si in the
matrix, resulting in the formation of nanocrystals during post-deposition annealing2003
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Since the first discovery of light emission from porous pyrometer(IRCON with a 5um detection bandthrough a
silicon? interest in Si-based optoelectronics has rapidly in-sapphire window. Si wafers were inverted and supported by
creased. Due to the better compatibility with standard ultraquartz pins, and source gases were injected from the bottom
large-scale integratedJLSI) circuit processes, Si nanocrys- of a cold-wall reaction chamber. Such an inverted structure
tals in a dielectric matrix have gained much interest. Theensures the minimal inclusion of particulates. The chamber
standard approach for the formation of Si nanocrystals is thgressure was maintained by a feedback operation of a MKS
utilization of the prolonged annealing of substoichiometricthrottle valve and a Baratron gauge. The chamber pressure
silicon oxide at temperatures higher than 900 °C. During thevas kept at 3 Torr throughout the present experiment. The
annealing, phase separation and precipitation take place olow rate of SiH, was 16 sccm and the flow rate of® was
ing to the energetic stability of Si and Si(phases. The a variable parameter. The growth temperaffiyevas varied
methods for the formation of substoichiometric silicon oxidefrom 650 to 800 °C. SRO layers were subsequently annealed
include ion implantatiod, plasma-enhanced chemical vapor at 1100 °C for 2 h in N ambient. Some samples were further
deposition(PECVD),* low-pressure CVD(LPCVD),*"®re-  annealed at 450°C fal h in aforming gas (N 95%, H,
active evaporation,cosputterind, pulsed laser depositich, 59 to investigate the ki passivation effect. Photolumines-
etc. Silicon-rich oxidgSRO) layers containing-50 at% O  cence(PL) spectra were excited by a 488 nm*Aion laser
yield highly luminescent nanocrystals with large density re-30 mw and~1 mm beam diametgr PL emissions were
gardless of growth methods. Furthermore, growth temperadispersed by a 0.5 m monochromet@ongwoo Optron
tures for the SRO layers were usually below 650°C forpm500). The PL signal was detected by a photomultiplier
maintaining an amorphous phase in as-deposited SRO layefgihe (Hamamatsu R928The observed PL spectra were cor-

The rapid thermal chemical vapor depositi®TCVD)  rected using a tungsten-halogen lamp. The cross-sectional
apparatus has been emerged as the next-generation clusfginsmission electron microscoéTEM) was observed by
tool for ULSI technology.® The growth by RTCVD proceeds ysing a JEOL JEM-2010 through a standard preparation
via limited reaction processing. Thus, the inherently technique. The oxygen and silicon contents in the layer were
RTCVD apparatus is a single-wafer-based processing toohnalyzed by energy-dispersive x-réDX) measurements
thereby requiring a high growth rate of more than 100 Nm/(OXFORD INCA) attached to the TEM equipment. The
min for competitive throughput, as compared to LPC¥D. ponding configurations in oxide matrix were measured by a
Despite the importance of the RTCVD method, little work oyrier transform infrared spectroscoffeTIR, Biorad Ex-
has been done specifically on the growth of SRO layer, exggjibur FTS-3000
cept for a report aiming at the growth of stoichiometric  Fjst we grow several SRO layers with various
Sio, . *? _ [N,OJ/[SiH,] ratios at 650 °C. The growth rate decreases as

SRO layers were grown by a home-built RTCVD. Pro- the[N,0]/[ SiH,] ratio increases. This is due to the decrease
cessing gases were 20% Ar-diluted piehd N.O. Abank of - of the partial pressure of SiHsince the total pressure is kept
tungsten-halogen lamps allows the rapid heating 8 in. Si 4t 3 Torr. After post-deposition annealing, we observe very
wafer with the ramp rate of 80 °C/min. Wafer temper_aturesweak PL emission for samples with<EN,OJ/[SiH,]<S5.
calibrated by a thermocouple, were monitored by an infraregrhg size of Si crystallites critically depends @] in the
layer and exceeds the size of the nanocrystal for quantum
dElectronic mail: yongkim@daunet.donga.ac.kr confinement effect for the layers with loMN,O]/[SiH,] ra-
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FIG. 1. PL spectra of the SRO layer deposited it30]/[SiH,]=7.5 and
T4=650°C after post-deposition annealing. The inset shows the XTEM
image of a typical nanocrystal.
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FIG. 2. PL spectra of SRO layers grown at various growth temperatures
with [N,O]/[SiH,]=0.5 after the high-temperature, Mnnealing and addi-
tional forming gas annealing.

tios. For the samples wiffiN,O]/[SiH,]>5, SRO layers start

to emit PL after annealing. Specifically, for samples with - . .
[N,O]/[SiH,]=7~8, we observe the most intense PL emis_tals, as expected. The trgnsmlssmn electron dlffractllon
sion. Figure 1 shows the PL spectra for the sample With(TED) pattern shown in the inset further confirms the exis-

[N,OJ[SiH,]=7.5 after post-deposition annealing. The Cen_tence of the large po_lycrystals. BeS|_des diffraction rings,
ter wavelength is at 770 nm. The inset shows the xTEMTaNY spots representing polycrystalline states are visible.

image of a typical nanocryst&k-3 nm diametey found in Figure 3b) shows the XTEM image of the annealed SRO

the sample. The observé@] in the layer by EDX is~53 layer. Very large polycrystals are observed. The TED pattern

at. %. Therefore, the result is in good agreement with reportg'hOWS more distinct spots with sharper diffraction rings com-

by Lombardoet al*° Lombardoet al® have reported intense pared to that of the as-deposited sample. This confirms the
PL emissions from SRO layers with the range|[6f] be- further growth of polycrystals during the anneall_ng. Interest-

tween 52 and-58 at. % grown by LPCVD at 625 °C. How- ingly, we observe many nanocrystals together with very large
ever, the growth rate fiN,O[SiH,]=7.5 is only—10 nm/ polycrystalg see Fig. 8)]. Therefore, the XTEM result may

. : give a clue that the luminescence we observe originated from
min, far below the required growth rate for RTCVD, the nanocrystals. The PL intensities, as shown in Fig. 2, are

although acceptable for batch-process-based LPCVD. Thgnhanced by a factor of approximately 2 compared to those

thickness of the SRO layer in Fig. 1 IS aboqt 600 nm, and th‘\a/vithout forming gas annealing. If the PL originates from the
growth was done by several heating/cooling procedures to

avoid overheating of RTCVD chamber. The cumulative
growth time was 1 h. One practical way to obtain an appli-
cable growth rate is to increase growth temperature. Since
the growth by RTCVD is in the surface-controlled regime,
the growth rate increases exponentially as a function of the
growth temperatur&’

Figure 2 shows the PL spectra of the annealed SRO lay-
ers (N, annealing + forming gas annealing with
[N,OJ/[SiH,]=0.5, but having various growth temperatures.
The luminescence is scaled to the thickness for reasonable
comparison. The PL intensities increase with increasing
growth temperatures. The SRO layer with=750 °C shows
the largest PL intensity, and the intensity is about 30% of the
sample with the equivalent thickness, but with
[N,OJ/[SiH,]=7.5. It is noteworthy that the growth rate for
SRO layers withl =700 °C is more than 200 nm/min. Thus,
the growth rates meet the requirement for the practical appli-
cation of RTCVD.

The finding in Fig. 2 is contrary to the generally ac-
cepted idea that increasing the growth temperature results in
the growth of too-large crystallites to give any quantum con-
finement effect. To clarify the origin of the luminescence, we
investigate the XTEM of the SRO layers. Figura)3shows FIG. 3. XTEM images of SRO layer witH N,OJ/[SiH,]=0.5 and

the XTEM image of the as-deposited SRO layer Witth=750 °C before(a) and after(b) annealing. The insets show the TED

T,=750°C. The layer contains a large density of polycrys-patterns. White boundaries ib) is for a guide to an eye.
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i . Si ring configurations isolated by oxid&The Si rings have
{N,OMSiH,) . )

[ | =05 a role of the basic cells for future Si nanocrystals.
As-deposited For SRO layers with low N,OJ/[SiH,] (i.e., <1), high

T4(T¢g=700°C), effective oxygen content in the oxide ma-
trix is much higher than average oxygen content due to phase
separation and bonding reconfiguration. Furthermore, the ox-
ide matrix contains a large density of Si ring structures,
which could be transformed to nanocrystals during subse-
quent annealing. During post-deposition annealing, pre-
existing polycrystals grow further. Nanocrystals, presumably
responsible for the luminescence, are generated from Si
rings. Hence, this is an extreme example of a bimodal distri-
Wavenumber (cm”) bution (i.e., very large polycrystals and nanocrystalthe
FIG. 4. Infrared spectra of as-deposited SRO layers with various grow’[HﬁamOcrystal growth rate depends linearly on the diffusion co-
temperatures. The spectra are shifted for clarity. Note the appearance of tigfficient of Si?® The diffusion coefficient is extremely sensi-
peaks at 880 ¢t (marked by an arropregardiess of the growth tempera- tive to the oxygen content in the oxide matfifor instance,
ture. Lombardoet al* have reported two orders of magnitude dif-
ference of diffusion coefficients of Si in SRO layers with 10
radiative recombination related to some specific defects, thgng 27 at. % O. Phase separation and bonding reconfigura-
forming gas annealing would quench the PL. tion effectively increase the oxygen content in the oxide ma-
Figure 4 shows the FTIR spectra for as-deposited SRGix. |n this case, the reduced diffusion coefficient of Si in the

layers with various growth temperatures. The IR bandmatrix yields nanocrystals with an appreciable quantum con-
around 1056-1080 is attributed to a SIO—Siasymmetric  finement effect after post-deposition annealing.
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