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The thermo-optic effect of Si nanocrystals in silicon-rich silicon ox{@&RSQ thin films at

1530 nm is investigated. SRSO thin films, which consist of nanocryst@cSs) embedded inside

the SiQ, matrix, were prepared by electron-cyclotron-resonance plasma-enhanced chemical vapor
deposition of SiH and G followed by a 30 min anneal at 1150 °C. The refractive indices of all
SRSO films increased with increasing temperature, with the thermo-optic coefficient increasing
from 1.0 to 6.6x10° K™ as the Si content is increased from 37 to 45 at. %. The thermo-optic
coeffecients of nc-Si, obtained by correcting for the volume fraction of nc-Si, also increased with
increasing Si content from 1 to 2510 K™1. The results indicate that the thermo-optic effect of
nc-Si is size-dependent, and that it must be taken into account when interpreting the luminescence
data from SRSO films with high density of nc-Si. ZD04 American Institute of Physics

[DOI: 10.1063/1.1798395

The quantum confinement effects in nanocrysta{ret  creased from 37 to 45 at. %. The thermo-optic coeffecients
Si) can increase both the band-gap energy and the recomkaf nc-Si, obtained by correcting for the volume fraction of
nation probability of electron—hole pairs, inducing efficient nc-Si, also increased from 1 to 25L0* K™ with the in-
visible luminescence even at room temperafuFais has led  creasing Si content, indicating that the thermo-optic effect of
to intense investigations of nc-Si with the hope of developingnc-Si is size-dependent. Finally, we discuss the implications
a Si-based photonic material compatible with Si integratiorof the result on interpreting luminescence data from SRSO.
techniqueé. By now, efficient light emitting diodésas well 4-um-thick SRSO thin films with Si content of 34, 37,
as optical gain from nc-4F have been reported. 42, and 45 at. % were deposited on 6thick thermal ox-

Many of the investigations have focused on the lumineside by electron cyclotron resonance plasma enhanced chemi-
cence properties of nc-Si. For both practical application an¢al vapor deposition of SiHand Q with Ar plasma. The
fundamental understanding of nc-Si, however, detailed exfilm thickness and composition was determined by scanning
amination of other optical properties of nc-Si is needed aglectron microscopy and Rutherford backscattering spectros-
well. In fact, even though many studies about optical propcopy. Henceforth, they will be referred to as SiXX films,
erties of nc-Si have been done, most works have focused aRith XX referring to the silicon content in at. %. After depo-
the refractive indices or absorption of nc-Si in the visiblesition, the films were annealed for 30 min at 1150 °C under
range”’ the thermo-optic effect§TOE) of nc-Si at infrared  Ar environment in order to precipitate nc-Si, and hydroge-
range, which hold the importance for optical communicationnated by a further 1 h anneal at 700 °C in forming (3%
have not been investigated. The refractive index is a criticaH, and 90% N) in order to passivate defects and to optimize
parameter that determines the operational properties of gc-Si photoluminescence. The photoluminesce®tg spec-
photonic device, and knowing its dependence on temperatutiga were measured using the 477 nm line of an Ar laser at
is crucial not only for designing photonic devices, but also t0200 mw pump power, a monochromator, an InGaAs:Cs pho-
screen out spurious effects that can arise under strong exaomultiplier tube, and the lock-in technique. All PL spectra
tation conditions in which the temperature profile of thewere corrected for the system response and measured at
sample can vary significantly. Finally, as the TOE of a ma-ropom temperature. The refractive indices of SRSO films
terial is dependent on its electronic structure, investigation ofyere measured using a prism coupler equipped with an auto-
the TOE of nc-Si can serve as an independent investigatiogontrolled hot stage. The temperature was varied from
of the electronic structure of nc-Si. _ 300 to 370 K and a 1530 nm light from a laser diode was
_This letter reports on the thermo-optic effects of silicon-ysed as the propagation light source. The detailed measure-
rich silicon oxide(SRSQ, which consist of nc-Si embedded ment procedure and the schematic description of the prism
inside a SiQ matrix. We find that the refractive indices of coupling setup can be found in Ref. 8.
SRSO films increase as the temperature is rgiged from Figure 1 shows the normalized room temperature PL
300 to 370K, and that Eshe_'{hermo-opt!c coefficient in-gpectra of the films. Gaussian-shaped PL peaks in the
creases from 1 to 6610~ K™ as the Si content is in- 1 3_1 g eV range typical of nc-Si can be observed. The sig-
moidal oscillations in the PL intensity are optical artifacts
¥Electronic mail: seyoungseo@kaist.ac.kr due to multiple reflections. No discernible PL could be ob-
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. G. 3. The thermo-optic coefficients of nc-Si, estimated by correcting the
FIG. 1. Photoluminescence spectra from annealed and hydrogenated SR SO TOC in Fig. 2 by the nc-Si volume fraction, assuming a complete
films. The symbols are the experimental data, and the solid lines are thﬁhase separation (')f Si and SiO '

Gaussian fits.

optical properties between our films and results by others are

served from the Si34 film, and is not shown. A clear redshiftdifficult. However, it is still worth to discuss the TOC of
of the PL peak from 1.55 to 1.4 eV with increasing Si con-nc-Si neglecting sub-oxide phase since TOC is relative val-
tent can also be observed, indicating increase in the nc-Sies with temperature. Sihas a refractive index 1.44 and a
size with increasing Si contefit. negligible TOC at 1.53uwm, while Si has a refractive index

Figure 2 shows the temperature dependence of the ref 3.44 and TOC of 2-2.4104K™! at 1.53um.! Thus,
fractive indices of SRSO films between 300 and 370 K. TheSRSO films have refractive indices and TOCs that are be-
symbols are experimental data, and the lines are linear fits ttwveen that of SiQand Si. In case of the Si34 film, the excess
the data. The refractive index of the Si34 film remains atSi content is too little to have a measurable effect on the
1.4568+5< 104 at all temperatures investigated. On the TOC, even though it is sufficient to increase the refractive
other hand, the refractive indices of Si37, Si42, and Si4Gndex slightly.
films increase with increasing temperature. The amount of  Note, however, that the TOC of Si45 film is nearly seven
the increase is dependent on the Si content. The refractiviimes that of Si42 film even though the excess Si content
index of the Si37, Si42, and Si45 films increase from 1.6230/olume fraction of precipitated Si increases from 18% to
to 1.6237, from 1.7685 to 1.7694, and from 1.855 to 1.860524% only, indicating that there are factors other than the
respectively, corresponding to thermo-optic coefficients ofexcess Si content that affect SRSO TOC. This is demon-
1Xx10°+1x 106 K™, 1.2x10°+4x107K™%, and 6.6 strated more clearly in Fig. 3, which shows the nc-Si TOC
X 10%+£1x 108 K™%, respectively. obtained by normalizing the SRSO TOC by the volume frac-

A SRSO can be regarded as a completely phase septien of the nc-Si clusters, assuming that the film is fully
rated nc-Si/Si@ nano-composite material. In fact, some separated into stoichiometric Si and $i@Ve find that the
suboxided nc-Si/Si@interfaces, which is known to be pos- nc-Si TOCs from the Si37 and Si42 films are only about half
sible origin of nc-Si luminescend8 still exist in spite of a  of the bulk Si value at-1x 10* K. Increasing the Si con-
complete phase separation. Due to the uncertainty ofent to 45 at.% increases the the nc-Si TOC to 2.6
suboxide-phase fraction, the exact determination of opticak 104 K1, close to the bulk value.
properties such as refractive index and the comparison of Such reduced TOC for nc-Si is consistent with theories
that relate the TOC of a material with its band gap. In the
model derived by Ghosh, TOC is given'by

v 1.6238
14570} TOC=0 £ 1100k Toc=1x105 s 108K m dn n?2-1 1d
s dT 2n Eeq dT
1.4568 [ I ] [ ] /,/ 1.6234 ) ) o )
" . . where «a is the thermal expansion coefﬂmetﬁegzls the ex-
14566 . sz 16232 citonic band gap3.38 eV for bulk Sj, andR=\ /(}\2—)\%)
é Sis4 =a where\;q is the wavelength corresponding to the isentropic
2 17604 00205 s a0 TH M | Tomoorrts ot m ::z; bandgap0.333 um for bulk Sj. In the present case whexe
8 17892| ,,f‘ o 41'859 is 1.53um, Ris very close to unity. Furthermore, due to the
€ 7600 o (’" ' small values of thermal expansion coefficients of both Si and
. ~ - 1.858 . 6 . .
h vl SiO, (~107°), the second term dominates over the first term.
1.7688 s Pl 1.857 . L .
Si42 u” Si45 1856 Since the refractive index of Si is much greater than 1, Eq.
17686 » -l (1) can thus be reduced to the same form as the Moss-Tule,

: 855
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FIG. 2. The refractive indices as a function of the temperature in the rang .
of 303-373 K. The symbols are the experimental data, and the lines are th?ghereEg IS the_ band gap. . . .
linear fits to the data. The slope of the line gives the thermo-optic coeffi- ~ NOt€ that in both cases, the thermo-optic coefficient is

cient, and is indicated. inversely proportional to the band gap of the material. Thus,
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the reduction of the nc-Si TOC is consistent with the in-
creased band gap of nc-Si due to the quantum confinement
effect. The actual value of the band gap is difficult to obtain
since the value ofdEy/dT for nc-Si is not known. The
Varshni relation can well describe temperature dependence
of energy band gap and has been successfully used for de-
duction of TOC of Si-based materidf$Even though some
fraction of amorphous Si is still present in high temperature
annealed films**°the values of dimension parameters char-
acterizing materials in the Varshni relation are similar be-
tween bulk Si and hydrogenated amorphous3She thus
used bulk Si dimension parameters instead of amorphous Si "
remaining nc-Si band gap at 0 K to be fitting parameter. In k(em )

fact, ”95!”3{ no d'_ﬁerence in results was found when amor'FIG. 4. The graphic solution to the waveguide eigenvalues problem for a
phous Si dimension parameters were used. Thus we can @$1-um-thick Si45 film with a 10zm-wide strip with aAT of 5 K. « andy
timate from Eq.(2) the band gap of the nc-Si in Si37 film to are the transverse wave vector and attenuation coefficient of waveguide,
be about 2.2 eV. This is much higher than 1.5 eV, the energgpspectively. We observe two solutioslosed circley indicating emer-

of the nc-Si luminescence peak shown in Fig. 1. However, jgence of multimode waveguiding.

is in a good agreement with the calculated and measured , ) )
absorption band gap of nc-Si luminescent at 1.5'%¥%nd from the wavelength we discussed. However, since refractive

provides an independent confirmation of the strong Stokedices and TOC of crystalll?le silicon at=0.8 um are
shift predicted for oxide-passivated ncléi higher than those at 1.53@m, we thus believe that the_

We note that an incomplete phase separation of Si angXact value of such pump beam induced thermal gradient
SiO, from the original SiQ may also result in reduced TOC. Will be larger than our prediction. _
However, several points indicate that incomplete phase sepa- !N conclusion, we have investigated the thermo-optic ef-
ration does not play a major role in the reduction of the ne-sfect of silicon-rich silicon oxide. We f|no_l that while the over-
TOC. First, it has been reported that a complete phase sep@l Property can be understood as a mixture of the properties
ration of Si and SiQ occurs near 1100 °C, even though the of Si and SiQ, the thermo—optm.coefflments of nc-Si display
SiO, remains defectivé’ Second, from the measured values Sizé-dependence consistent with the enlarged band gap of
of refractive index, we can estimate the Si volume fraction."c-Si- The results also indicate that thermo-optic effect may
Using the values of 3.44 and 1.44 for refractive index ofPlay a significant role during optical measurements of SRSO
nc-Si and SiQ, respectively, we obtain the nc-Si volume thin films.
fraction Si37, Si42, and Si45 films to be 9%, 16%, and 21%, This work was supported in part by NRL Project from
respectively, which agree quite well with 8%, 18%, and 24%MOST and BK 21 Project.
calculated from the film composition and used in Fig. 3. )

In addition, the effect of nc-Si/SiQinterfaces on TOE L T. Canham, Appl. Phys. Lett57, 1046(1990. o
has to be considered also. We do not however believe that'[éspe?\[ﬁi%g'sfiapsoenreﬂkgfj and L. dal Negiowards the First Silicon
the interfaces can dominantly contribute for TOE of nc-Si, %G. Franzo, A. Irrera, E. C. Moreira, M. Miritello, F. lacona, D. Sanfilippo,
because Si34 film, which has nearly no nc-Si and its TOE is G. Di Sefano, P. G. Fallica, and F. Priolo, Appl. Phys. A: Mater. Sci.
attributed mainly to suboxided phase, shows complete IackAProceSS-_74, 1(2002. _ _
of TOE. On the contrary, such interface can lead to the un- L. Pavesi, L. Dal Negro, C. Mazzoleni, G. Franzo, and F. Priolo, Nature
certainty of determination of active Si fraction making it 5(|_Lo£ﬁr?2ch‘:ggey&(zgggénen S. Novikov, and J. Sinkkonen, Appl. Phys
difficult to evaluate exact nc-Si optical properties including et 79, 1249(2001). o ’ ' o '
TOC as well*® A accurate interface model has not been in- °L. Khriachtchev, M. Rasénen, and S. Novikov, Appl. Phys. L88,. 3018
troduced, and will be of much help in clarifying the expla- (2003 _ _
nation of nc-Si optical properties. D. Amans, S. Callard, A. Gagnaire, J. Joseph, G. Ledoux, and F. Huisken,

Final!y,_ it should be pointgd out that _the positive and s‘é_é‘_’p&aﬁg?’?_?ﬁ_ ﬁz?;znc:jogi_s. Bae, Appl. Phys. L&, 1438(2002.
non-negligible TOC of SRSO imply that high pump power °. jacona, G. Franzo, and C. Spinella, J. Appl. PH§&. 1295(2000).
densities can lead to significant thermal gradient and forma®™. V. Wolkin, J. Jormne, P. M. Fauchet, G. Allan, and C. Delerue, Phys.

tion of unwanted waveguides or cavities. For example, if the Rev. Lett. 82, 197 (1999.

; ; ; !G. Ghosh, Appl. Phys. Lett66, 3570(1995.
pump beam is focused into a narrow stripe, the temperaturgl |. Pankove Optical Processes in Semiconductgi3over, New York,

gradient induced by the pump beam itself can form a wave- 1975.

guide. When a 0.Jem-thick SRSO film with 45 at. % Sion %, G. Della Corte, M. E. Montefusco, L. Moretti, I. Rendina, and A.
SiO, is pumped with 10aem-wide light source AT of mere Rubino, Appl. Phys. Lett79, 168(2001).

5 K (corresponding thé\n of 0.0003 is found to be suffi- 1% Jacona, C. Bongiomno, C. Spinella, S. Boninelli, and F. Priolo, J. Appl.

. . . . Phys. 95, 3723(2004).
cient for formation of a multimode wavegwde under the 158, Fazio, M. Vulpio, C. Gerardi, Y. Liao, I. Crupi, S. Lombardo, S. Trusso,

pump beam, as shown in Fig. 4. Figure 4 is a graphical anq F. Nerid, J. Electrochem. Sot49, G376(2002.
solution of the eigenvalue problem for TE modes of wave-*c. Delerue, G. Allan, and M. Lannod.jight Emission in Silicon: From
guide. For calculation, such thermal induced waveguide was Physics to DevicesSemiconductors and Semimetals Vol. @ademic,
regarded as symmetric slab waveguide with thicknessf UEB"S" Y'\‘/’I:r'j igg\?'s?hfffglov C. M. Yang, H. A Atwater, M. L. Brong
19 pm by using the_ effective index .met'hod. In fact we con- ersma, and A. Polman, Appl. Phys. Lef, 2033(1996,
sidered for gwc_:led |Ight of 0.&m, Wh_|Ch IS the center wave- 18 ghriachtchev, S. Novikov, and O. Kilpeld, J. Appl. Phy87, 7805
length of nc-Si luminescence of Si45 film and is different (2000.
Downloaded 11 Apr 2011 to 143.248.103.152. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Even mode g

N
T

Tan(xw/2)

(=}

Odd mode

Calculated values (a.u.)
]

s
A
T

w =10 pm

0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10°



