The origin of photoluminescence from thin films of silicon-rich silica
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We have carried out a study of the photoluminescence properties of silicon-rich silica. A series of
films grown using plasma enhanced chemical vapor deposition over a range of growth conditions
were annealed under argon at selected temperatures. Photoluminescence spectra were measured for
each film at room temperature and for selected films at cryogenic temperatures. The
photoluminescence spectra exhibit two bands. Fourier transform infrared and electron spin
resonance spectroscopies were used to investigate bonding and defect states within the films. The
data obtained strongly suggest the presence of two luminescence mechanisms which exhibit
different dependencies on film growth conditions and postprocessing. We make assignments of the
two mechanisms agl) defect luminescence associated with oxygen vacancieg2ncdiative
recombination of electron-hole pairs confined within nanometer-size silicon cluStgrantum
confinement’). © 1996 American Institute of Physid$§0021-897(06)04912-2

I. INTRODUCTION techniques have been employed in its production, including
implantation of silicon into silicad?~*implantation of oxy-
Light emission from silicon-based devices is an impor-gen into silicon>® plasma enhanced chemical vapor depo-
tant research area in the electronics industry, as the realizaition (PECVD),!"*®low-pressure chemical vapor deposition
tion of such devices would make it possible to capitalize onNLPCVD),*?° and co-sputtering of silicon and oxygéh??
the broad base of knowledge available and to efficiently inx-ray diffraction and transmission electron microscopy
terface with existing electronics technologies. However, thgTEM) studies have confirmed the presence of clusters of
indirect band gap of silicon means that it is a very inefficientsijlicon atoms in the Si@matrix® Depending on the depo-
light source. This has so far precluded the achievement dfition technique and postprocess annealing, these inclusions
true large scale optoelectronic integration at reasonable coan be either amorphous or crystalline: initially amorphous
Recent developments of new forms of silicon have re—justers tend to crystallize on annealing. Recent results have
newed interest in the production of silicon-based luminescenemonstrated broadband light emission from the blue to near
devices and there is CUrrently Significant aCtiVity in the fieldinfrared from material Containing silicon aggrega’[es of vary-
of light emission from novel forms of silicon. Following ing sizes?~'® However, there is considerable uncertainty
Canham’s initial report of porous silicbhere has been an ghout the nature of the luminescence mechanism from
explosion of interest into its novel optical properties, andsilicon-rich silica. A number of possibilities present them-
indeed it does seem to generate light surprisingly efficientlyse|ves: radiative recombination of confined excitons within
for an indirect band-gap material. Figures quoted for quansilicon clusters(“quantum dots’),? defect luminescend¥,
tum efficiency are typically around 5§There are now & interfacial effects at cluster surfac®sand luminescence
large number of groups working on many aspects of porougom novel siloxene moleculéS. Each of these proposed
silicon, from fundamental theoty® to the production of pro-  mechanisms has its proponents and supporting experimental
totype luminescent devicés® However, the recognized in-  eyidence, leading to a very confused picture. Photolumines-
stability of the material may suggest that it is perhaps lesgence studies carried out to date have failed to conclusively
suitable for general device use than was originally thoughtidemify a unique luminescence mechanism and there are a
Reduction in light output after prolonged exposure to thenymper of contradictory reports in the literature. Some
atmospherl% and light-induced degradation continue to POS§roups have reported bright, broadband emission from as-
problems? _ _ grown thin films of silicon-rich silicd/ while other groups
~ Arelated material which has recently begun to generatgee nothing until their samples are anneafedhile some
interest in silicon-rich silicaSi0,, x<2), arguably a more  enqrs show a redshift of peak luminescence wavelength
robust material which exhibits similar optical properties to i increasing annealing temperatdié*2others exhibit a
porous silicon but is significantly less susceptible to damagé;yeq spectral distributiod®?® Similarly, it is not clear
It consists of nanometer-size silicon aggregates suspended i\ other temperature quenching of luminescence is signifi-

a silica matrix. Although luminescence was reported in thiscgnt jn this material: some groups show a strong dependence
material some time agb, it is only recently that its optical of luminescence intensity on sample temperatfirethers

properties have begun to be thoroughly studied. A number of ¢ o change on cooling samples to 78'K.
As yet there is no model which adequately explains the
dElectronic mail: t.kenyon@eleceng.ucl.ac.uk wide range of experimental observations: it seems possible
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that more than one mechanism contributes to luminescenc@ABLE I. Deposition parameters.

:jt. frfnay be that several rr;echargs?s dolgerate at on%e or :Ijhdl NOSiH, Substrate Chamber _Deposition
lifferent processes are favored by different growth condi- flowrate rf power temp. pressure time
tions and/or postprocessing. Recently, a few groups, notablgample  (sccm/10 W) Q) (mTor) (min)
Shimizu-lwayama and co-worket$!* Fischeret al,}” and

12 18:1 10 125 100 60
Fo some gxtent Koquat al: haye beggn to.make progress g, 201 10 195 100 60
in identifying mechanisms. Studying silicon-implanted silica, gg11 22:1 10 125 100 60
Shimizu-lwayama identified two bands in the photolumines- ss12 24:1 10 125 100 60
cence spectrum, one around 2.2 eV and another at 1.7 eVSS3 16:1 10 125 100 60
Using electron spin resonan¢eSR spectroscopy, they de- SS514 141 10 125 100 .
tected the presence of a large number of defects in theis2 18:1 10 170 100 120

P _ 9 _ 'ss26 1411 10 200 100 60
samples prior to annealing. These defects are associated wit§so7 18:1 30 200 300 60
oxygen vacancies in silicg:}* The number of defect centers ss28 12:1 10 200 100 60
detected by ESR falls rapidly on annealing at temperatures irf5S29 18:1 30 200 100 60

excess of 600 °C, and the photoluminescence band appears
to be strongly quenched at the same rate. Making a link

between the two observations, Shimizu-lwayaetal. pro- room conditions using acetone and isopropyl alcohol fol-

posed that defects are the source of the high-energy emiSSi%\Ned by sulphuric and nitric acids and finally rinsed with
from SiQ,, and some form of quantum confinement effect\%

q the 1.7 eV band which d t X e-ionized water. After placing in the reaction chamber, the
produces ine 1.7 €V-band which 00€s no app?ar Uy afers were cleaned again with an argon plasma for 5 min. A
samples are annealed at temperatures above 1100 °C. In s

icles by th he 2.2 6V lumi odified capacitively coupled PlasmaTech PD80 machine
sequent articles by the same group, the 2.2 eV Juminescencg, ¢ seq for the deposition. Precursor gases were a silane/
has been linked specifically with defects at the silicon

o 14 \ . argon mix [5% silane(SiH,) in argorl and nitrous oxide
cluster/SiQ interface’* Komoda’s result? also indicated éNzo) as silicon and oxygen sources, respectively. The ni-

the presence of two bands in the luminescence spectrum ous oxide flow rate was fixed at 10 sccm and the silane/

o - X .
Si |mplante_d silica. There was _ewdence for both conflne-argon mixture flow rate changed from run to run between
ment of excitons and defect luminescence.

: . : . _ ) . 240 and 120 sccm. A 13.56 MHz rf generator was used to
Studying silicon-rich silica films deposited using

. ) i oo dissociate the precursor gases, the power being varied from
17 ’

PEC\(D' Fischeret al. |den_t|f|.ed cont.r|but|ons to the pho- run to run between 10 and 30 W. Substrate temperature was

toluminescence from two distinct regions: small nanometer

. - : ) : : . ; .-~ set in the range 120-200 °C, and deposition time was either
size silicon inclusions with relatively high carrier mobility,

. . . o 60 or 120 min. Details of the films deposited are summarized
and highly localized luminescent centers within the bulk Mas, Table |

trix. Th'ese conclusions were deduged 'from temperature - g deposition, each film was divided into a number of
quenching and temperature-related shifts in the energy of thEieces which were then annealed under argon for 90 min at a

phoiNolurEmescer(;cetblilnd. hensi twdv of the oh series of temperatures between 200 and 1000 °C.
€ have undertaken a comprenensive study ot thé pno- o, o461yminescence spectra were measured for each film

toluminescence properties of silicon-rich silica and haveusing a Coherent argon—ion laser operating at 351, 457, or

shown that it is possible t9 c_ontr_ol the peak '“mi”escer?c%m nm as the excitation source. For measurement of room-
wavelength and spectral distribution through careful Cho'ceiemperature spectra, samples were in air, while for measure-

.Of grpyvth conditions a_md postprocess anneallng. Wwe havﬁwent of spectra at low temperatures samples were placed in a
identified two mechanisms which are responsible for I'ghtJanis Supertran continuous-flow liquid nitrogen cryostat.

emission from this material. These give rise to two Ium'nes'Temperature control of 0.1 K between 70 and 300 K was
cence bands: one centered around 2 eV, the other betwe

Gchieved using a LakeShore 321 t ture controller and
1.5 and 1.8 eV. The annealing behavior of the two band ievec using a -4 ' emperatiire controter an

implies that the high i ition i ated _tﬂeater. Spectra were dispersed using a Bentham M300
IMplies that the higher energy transition 1S assoclated Withy, ,qcpromator and detection was via a Bentham 231 side
defect centers while the lower energy band is the result o

ission f fined it ithin sili lust E window photomultiplier tube, a current preamplifier, and
emission from confined excitons within sflicon ClUSLers. Fou~q,q i, amplifier. Both the detection electronics and mono-
rier transform infraredFTIR) observation of Si—H and Si—

O—Si bands vield luable inf i th le of h chromator were computer controlled; care was taken to en-

q —! agl N yui S vagathe n Orm‘? lon (;n € role of Y~ re that the spectra were as accurate and repeatable as pos-
rogen desorption an € annealing of oXygen Vacanci, o a giffraction grating was used as a premonochromator

related defects. We conclude that our results are in bro

ih th f Shimizu-| K q filter out plasma lines from the laser and a Schott glass
agreement with t 0S€ Of shimizu-iwayama, Komoaa, and;e (OG495 placed immediately following the collection
Fischeret al, and we identify growth conditions which can

. . . optics served to prevent the scattered laser line entering. A
favor either of the two luminescence mechanisms. standard Bentham IL1 stabilized tungsten bulb white-light
source was used to calibrate the entire optical system of col-
lection lenses, monochromator, and photomultiplier tube. It

A number of silicon-rich silica films were deposited on was found that over the range studied the system response
lightly dopedp-type (100 silicon wafers using PECVD. The was very sensitive to the nonlinearity of response of both the
sample wafers were first thoroughly cleaned under cleanphotomultiplier tube and the monochromator grating. We

Il. EXPERIMENT
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TABLE II. Film composition and thickness measured by SIMS.

Si(0) Si(e) (0] N C Thickness
Sample (at. %) (at. % (at. %) (at. % (at. %) (pem)
SS24 28.8 8.5 56.6 4.6 1.6 3.1
SS26 33.3 0.2 54.6 6.3 5.6 0.25
SS27 30.9 0.8 62.8 4.8 0.8 1.0
SS28 27.0 8.4 55.1 6.0 3.5 0.38
SS29 22.4 19.3 49.6 6.9 1.9 0.27

cannot stress too strongly how important it is to carry out anoted that film SS27 was in fact very inhomogeneous and
thorough study of the system response and to correct spectegppeared to include large-250 um) particulates, presum-
accordingly. All too often, spectra are presented in the literaably amorphous silicon. This may be a consequence of the
ture which are not corrected for system response. In the cagegh pressure in the deposition chamber during film growth.
of spectra as broad as those reported here, it is almost im-

p_ossible to draw any conclusions about underlying mgghaB_ Photoluminescence

nisms on the basis of uncorrected data, as peak positions,

linewidths, and peak shapes can change enormously when Figure 1 shows photoluminescence spectra for sample
the system response has been removed. Particular attenti&®24 both as-grown and following annealindrgt=400 °C.

must be paid to the long wavelength region of the spectrumThe presence of strong thin-film interference fringes in the
as the photomultiplier tube response is highly nonlinear beSPectra serves to confuse the interpretation, so subsequent
low 1.7 eV. In this case, care was also taken to eliminate anjigures have had fringes removed using a smoothing algo-
contribution to the spectra from photoluminescence inducedithm. Figure 2 shows spectra for sample SS24 following
in the Schott glass filter by the scattered laser light. Althougrnneals at 300, 400, 500, and 600 °C. Figure 3 shows spectra
weak, photoluminescence from the filter could be a problenffom the same sample foF,=600, 800, and 1000 °C. All
when studying weak photoluminescence spectra. The filtdftensities are normalized with respect to the 400 °C an-
was placed immediately adjacent to the last lens of the colb€aled sample and the data are shown on two separate graphs

lection optics, at which point the scattered laser light wador clarity. Figures 4 and 5 show similar spectra for samples
diffuse and unfocused. SS26 and SS28. Again, all intensities are normalized to the

In order to study defects within the films, a number of 400 °C annealed sample of SS24 and are therefore directly
samples, both as-deposited and postannealing, were studié@mparable. In a number of cases there appear to be two
using ESR. Scans were centered arogre. distinct bands in the photoluminescence spectra which are

In order to monitor the chemical changes within the Separated by up to 0.5 eV.
films brought about by annealing, selected films were studied
using FTIR. This allowed the determination of such change€. Fourier transform infrared
as loss of hydrogefi.e., reduction in Si—Hsigna) and in-
crease in oxidation state of silicdhe., increase in iSO-Si
signa). The instrument used was an FTIR microscope with
resolution of approximately 8pm.

Samples of as-grown films were analyzed for chemical
composition using both secondary ion mass spectroscopy
(SIMS) and electron-probe microanalysis. In particular, we
were interested in the ratio between elemental and oxidized 810° S S
silicon. This was readily obtained from SIMS data. Film ‘ 5
thicknesses for selected samples were measured using Talys-
tep.

Figure 6 shows FTIR data for sample SS26. Spectra are
resented for unannealed, 300 °C annealed, and 400 °C an-
nealed samples. For sample SS24, the Sibkind around
|2200 cm ! is magnified in the inset. Table Il gives the as-

as-grown
400 *C

Ill. RESULTS

Intensity (arb. units)

A. Thickness and composition

Table | shows the deposition parameters for the samples 240 SOF
studied. In those cases in which the composition was mea- _M-
sured by SIMS, the results are tabulated in Table Il along OI N . . ' :
with thicknesses. It is interesting to note the large variations 14 16 18 2 22 24
in film thickness, indicating very different growth rates. In Energy (€V)
particular, although the deposition time for SS24 is twice
that of the other films, its thickness is three times that ofrig 1. Room-temperature photoluminescence spectra of portions of sample
SS27 and ten times that of the remaining three. It should bes24 as-grown and following a 400 °C anneal.
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FIG. 2. Smoothed room-temperature photoluminescence spectra of sampfdG. 4. Smoothed room-temperature photoluminescence spectra of sample
$S24 as a function of annealing temperature. S826 as a function of annealing temperature.

tain silicon clusters which are of the same order of magni-
tude as Petrova—Koch’s estimate, i.e., less than 100 A in
diameter.

Figure 7 shows the dependence of the intensity of the

signments of FTIR bands observed in gi€amples. The
bands around 2200 cm associated with Si—fstretches are
shifted up in energy by approximately 100 chwith respect = Ve 1 e
to the corresponding bands in hydrogenated amorphous sil-T'R bands "’_‘tl 2200 cnt (Si-H,), 1100 cm ™ (Si-O-9),
con. This can be ascribed to the effect of the Sifatrix ~ and 1025 cm® (Si—O-S) on annealing temperature for
around the Si—H sites. In particular, it is worth noting thatS@Mple SS26. There is a clear reduction in the hydrogen
for SS24 the 2200 cit band shows some evidence of three content of the film asT, increases. The SisHband has
separate bands at 2150, 2200, and 2250 crirom com- COmpletely disappeared following the 1000 °C anneal. Ac-
parison with Petrova—Kocht al’s work on FTIR of porous €0mpanying this is an increase in both of thie G—Sibands
silicon2® these can be assigned as Si—H, Si-&hd Si—H  UP to_Ta=6_00 °C, implying an annealing out of oxygen va-
stretches, respectively. Furthermore, from the same article, fncies. Itis not clear what the cause of the subsequent de-
can be inferred that the separation of the Sjbénd into its ~ C€ase in these bandsB=1000 °C is, but it could possibly
three components implies “large” clustefs20 A diam) of P& due to growth of silicon clusters.
silicon with hydrogen terminations. Conversely, the broaden- )
ing of the bands by the local electric field around “small” D- Electron spin resonance
clusters(<20 A diametey tends to lead to spectra with a Figure 8 shows ESR spectra for a control sample of cut
broad Si—H band. We may expect further inhomogeneoussilicon and similar sized pieces of sample SS26 annealed
broadening of the FTIR bands by the presence of the exever a range of temperatures. The presence of a strong signal
tended Si@ matrix, so this estimate of the transition betweenaroundg=2.005 in the latter and its absence in the former
small and large clusters is at best a rough estimate. Howevesuggests that this signal is not due to dangling bonds formed
it is reasonable to conclude that if the Sii-Hand is not by cleaving the silicon substrate, but is from paramagnetic
resolvable into its three components, then our samples contefects associated with oxygen vacancies in the filmg A
value of 2.0055 is generally taken as a diagnostic of the
presence oPy centers in silica, or their analogue in amor-
phous silicon, thé center. Both of these defects consist of
. an unpaired spin located on a silicon atom bonded to three

3)404 " ) PRI [ S S T NS SR S R

I~ R+ further silicon atomgSiz=Si?). In the case of amorphous
4 - AN ° e . .
1 | ——— silicon, such defects are characterized as dangling bonds at
_ ] S s the surface® while in the case of silica films on silico®,
z ¢ \ L . . .
g 20 “ A centers can often be associated with oxygen vacancies at the
g \ ‘
E ] AN 5 TABLE lll. FTIR bands and assignments.
S 10t N : o
] N\ X
) 1 N F Frequency
1. v S r (cm™h Assignment
0 _ e ) 1050 $-O-Si
1.4 1.6 1.8 2 2.2 2.4 1100 $-O-Si
Energy (V) 2150 Si—H
2200 Si-H
FIG. 3. Smoothed room-temperature photoluminescence spectra of sample 2250 Si-H

SS24 as a function of annealing temperature.
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FIG. 6. FTIR absorption spectra for sample SS26 as-grown and following
400, 600, and 1000 °C anneals. Inset shows the region around 2200 cm

Si/Si0, interface®® 3!t may therefore be the case that fag ~ Madnified for sample SS24.

centers in our samples are located at the cluster/silica inter-
face. Studies of the passivation and depassivatidd,afen-
ters in thin film SiQ have demonstrated an increaseFg V. DISCUSSION
content on annealing &t>500 °C in vacuum, argon, nitro- Looking first at the photoluminescence results, the situ-
gen, and aif® Further annealing at higher temperatures caration appears to be complex. Although all the films studied
reduce defect concentration by compensating dangling bondshow broadband emission, not all show bright luminescence
with interstitial oxygen and water. The rapid increase in ESRas-grown(SS27, for example Some appear to exhibit a pro-
signal abovelr =500 °C agrees well with other observations nounced redshift of the luminescence peak on annealing
of the annealing behavior of thB, center. The decrease (SS24,SS26while others show this only weaklySS29.
betweenT=200 and 500 °C may be due to an initial uptake Some films show strong quenching of luminescence when
of interstitial hydrogen. annealed at temperatures above 600(8S524,SS26while
others only begin to exhibit luminescence when annealed at
temperatures in excess of thiSS273. This diversity of re-
sults strongly suggests the presence of more than one lumi-
nescence mechanism. From inspection of the smoothed data,
it is clear in most cases that the spectra observed exhibit
Figure 9 presents photoluminescence spectra obtained ebntributions from two luminescence bands. This is most
70 and 300 K for sample SS24 following a 400 °C annealpronounced for sample SS28 but does seem to be the case for
On cooling to cryogenic temperatures an increase in the peake remaining samples as well. Figure 13 shows room-
intensity of luminescence by a factor of around 8.5 cantemperature photoluminescence data for sample S$24C
clearly be seen. It is the case for all films studied that theramealed at 400 °Cresolved into two Gaussian components.
was some increase in photoluminescence intensity on coolFhis shows bands centered around 1.95 and 1.7 eV.
ing, but the magnitude of this varied considerably from ap-  Looking in more detail at Fig. 13 and bearing in mind
proximately 3(SS27 to around 8.5SS24. Figure 10 shows the separation of the spectra into two bands, it becomes pos-
photoluminescence spectra from sample SS24 obtained sible to make an analysis of the effects of annealing. The
70, 200, 250, and 300 K. All spectra are normalized to giveas-grown film shows predominantly 1.95 eV emission with a
peak intensities of 1. A blueshift in the higher energy peakshoulder at 1.75 eV. On annealing to 400 °C, both bands
with increasing temperature is evident, although it is notincrease in intensity by a factor of around 7 and the shape of
clear how the lower energy transition is affected. To investhe spectrum remains largely unchanged. However, after an-
tigate this further, spectra of SS24 taken over the range 70realing at 600 °C, the 1.95 eV band falls rapidly while the
300 K were fitted using two Gaussian components. Figure 11.75 eV band exhibits a redshift of around 0.05 eV. Further
illustrates the shifts in peak energy of the two componentannealing of the sample to 1000 °C results in complete
with temperature; Fig. 12 shows the temperature dependencgienching of the 1.95 eV band, attenuation of the low-
of the photoluminescence intensity. Over the range of temenergy band but, more significantly, a further redshift of 0.3
peratures studied, the temperature quenching of the luminesV.
cence appears more significant for the higher energy band. In  As a general trend, this applies to all the samples stud-
particular, the results for the higher energy transition showried: the higher energy band, if present, remains at a fixed
in Fig. 11 are strikingly similar to those presented by Fischerenergy around 2 eV regardless of annealing temperature and
etall’ becomes completely quenched at temperatures above 600—

E. Low-temperature photoluminescence
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FIG. 7. Dependence of intensities of 2200, 1100, and 1025 ¢IR lines
on annealing temperature for sample SS26.

800 °C. The lower energy band is present even in sample
annealed at temperatures up to 1000 °C and shows a redsi‘\lc‘I

with annealing, the magnitude of which varies from sampl

2 eV band is rather weak even 8;=400 °C. The 1.7 eV
band grows rapidly a3, approaches 400 °C, after which it
quickly becomes quenched and shows little evidence of al
annealing-related redshift. However, the two transitions ar
clearly present.

Turning to the question of determining the mechanisms

et SN VL

M’/\/,_V T3=600°C
[ AN AN

Control Si sample

R

e v
As-grown
Ta=200°C

Ta=400°C

M",/“\ Ta=800°C
. A,
o T=1000°C
[t rmprs A it A \v/,, vy
T
3425 3475 3525
MAGNETIC FIELD (G)

FIG. 8. ESR spectra for segments of sample SS26 as-grown and following
anneals at a number of temperatures in the range 200—-1000 °C. The top
trace is for a control sample of silicon cut to the same size.

gested that a peak luminescence emission around 1.7 eV cor-
responds to cluster dimensions of approximately 4 nm. The
quantum confinement model also predicts a strong increase
in luminescence intensity with decreasing cluster size. This
may help to explain the reduction in photoluminescence in-
tensity accompanying the redshift of the low-energy band on
annealing afl ,>600 °C.
For the case of the high-energy band, the absence of an

annealing-related redshift makes it unlikely that this band is

e result of recombination of confined excitons. However,
inescence around 1.9 and 2 eV has been noted before in

hoth amorphous silica and quartz. This is generally associ-

to sample. Sample SS29 shows a variation of this pattern: th§ted with defect states produced by implantation or irradia-

tion. Shimizu-lwayama'’s work suggested the presence of de-
fects in implanted samples and assigned an emission band
Hround 2.2 eV to defect luminescence from states at the sili-

band. It has been well established by a number of groups that
annealing silicon-rich silica films at temperatures in excess
of 600 °C results in accretion of excess silicon atoms and

aggregates to form progressively larger clustérs. an-

nealed at a high enough temperature for a sufficient time, the

larger silicon clusters will tend to “swallow up” the smaller
ones, resulting ultimately in macroscopic inclusions of
“bulk” silicon within the SiO, matrix. This is referred to as
“Ostwald ripening.” !’ An increase in cluster size produces
a reduction in confinement energy and therefore a narrowin

Im.énsity (arb. units)

g

of the optical band gap. Observation of annealing-related

redshifts in luminescence spectra is therefore generally taken
to be good evidence in support of the quantum confinement
hypothesis. The dependence of the photoluminescence en-

ergy on cluster size is well established and formulae hav

e

1.2:10°

110°

810*

610°

410

240*

%on cluster SiQinterface.
Our ESR data do indicate the presence of a significant

: ) number of paramagnetic centers in all the films studied. The
responsible for the two photoluminescence bands, perha% P g

the first point to address is the redshift of the low-energy

?gnal atg=2.005 is associated with tH®, oxygen vacancy

1.8 2
Energy (eV)

been_ published which quantify thgrelationship b_EtV_Veen Cluskig. 9. smoothed photoluminescence spectra of sample SS24 obtained at
ter size and band-gap energy—>* From these, it is Sug- 70 and 300 K.
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FIG. 10. Smoothed normalized photoluminescence spectra of sample SS52AUSsian transitions.
as a function of temperature.

. . see the characteristic ESR signal due to the NBOHC at
defect and is present in all the as-grown and annealeg_5 oo1. It may thus be that some other, nonparamagnetic
samples. Loo{!«ng_ at sample SS24, we observe a concentrgafect is responsible for the 2 eV band. Certainly, on the
tion of 5x10'° spins per gram in the as-grown film. How- pagis of our data, we cannot conclusively identify it. There is

ever, comparison of the annealing behavior of the 2 eV lusome evidence that the electron trag @fect luminesces at
minescence band with that of tig, centers shows that it is hege energie¥ but the presence of this defect in our

unlikely that these defects are responsible for the emiSSionsamples remains speculation at present. However, the an-
For sample SS26, between 200 and 600 °C, the photolumieajing behavior and lack of redshift in the case of the 2 eV
nescence signal increases by a factor of 2 while the ESRgng suggests a defect origin.

signal atg=2.0055 falls sharply. Annealing at temperatures  Tpe gpservation that in all cases the 2 eV photolumines-

in excess of 600 °C leads to completg quenching of t.he 2 €¥ence band is completely quenched following anneals in ex-
band but this is the range over which the ESR signal igess of 600 °C indicates that the quenching mechanism is
strongest. _ _ _ tied in with the filling of oxygen vacancies in the silica ma-

There has been considerable debate in the literature oveiy by diffusion of interstitial oxygen and water. However,
the origin of the 1.9 and 2 eV luminescence bands inpe |ow-temperature anneal behavior of the 2 eV band re-
silica®*3® but the current model suggests that they are duguires further investigation.

to emissigon from nonbridging oxygen hole centers = | yoking at the FTIR data, two processes become appar-
(NBOHCs * Such defects are usually associated with theant, First, all the samples studied are initially rich in hydro-
radiolysis of hydroxyl groups or the cleavage of strainedyen to varying degrees, as illustrated by the presence of the
silicon—oxygen bonds by irradiation: Si—H, stretch band at 2200 c¢m. Annealing the films at
=Sj—-0—H->=Si-O] +H- progressively higher temperatures causes a reduction in the
intensity of this band, as is consistent with the evolution of
=Si—0-S=—=Si-0]+Si= hydrogen until, following a 600 °C anneal, the band is in all
However, there is evidence of the presence of NBOHC$ases below our detection limit. At the same time, there is a
in as-grown CVD oxide films® It is puzzling that we do not 9radual increase in thei-SO-Si bands at 1100 and 1025
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FIG. 11. Peak energy as a function of temperature for sample SS24. Upper
points: data for higher energy band. Lower points: data for low-energy bandrIG. 13. Double Gaussian fit to photoluminescence data from sample SS24.
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cm 1, indicating an annealing out of oxygen vacancies as

sufficient thermal energy is delivered to interstitial oxygen
atoms for them to diffuse to fill vacancies. The subsequent
decrease in these bandsTgt>1000 °C may be due to the
growth of silicon clusters and hence the formation of Si—Si
bonds in preference to Si—O bonds.

It is worth noting that in almost all cases studied, the
Si—H, band around 2200 cit was not resolvable into the  (g) (b)
three components. This implies that the silicon clusters being
studied are less than 100 A in diameter.

It would initially be expected that removal of hydrogen
from hydrogen-rich SiQfilms would produce a large num-
ber of dangling bonds which would in turn act as nonradia-
tive recombination centers and quench luminescéhce. i
However, there is a clear increase in the photoluminescence @
intensity from the 2 eV band following annealing at
T,<600 °C. FTIR data certainly indicate almost complete
removal of hydrogen by this point. This suggests that the () (@
evolution of hydrogen from the films a@t, <600 °C serves to
increase the population of optically active defects at a rat&IG. 14. Scheme for creation of dangling bonds by thermal evolution of
which is greater than that of their annihilation by thermally hydrogen followed by compensation by diffusion of interstitial oxygen. The

. . L. L 7 sequence runs from low to high annealing temperature showag(b):
excited interstitial oxygen atoms. This is perhaps unsurpr'sl’apid removal of hydrogen an@)—(d): slow diffusion of oxygen to result-
ing when the differences in mobility between oxygen andant dangling bond centers.
hydrogen are considered. However, the nature of the defect
responsible for the 2 eV band is not clear. We assume that it

is produced by the cleavage of Si—H or O—H bonds and magominantly defect luminescence with little signal from sili-
be generically similar to the NBOHC, although it does notcon clusters. The FTIR results indicated that those films
appear to be ESR active. which were initially very hydrogen rich were those which
The dangling bonds left by hydrogen evolution exist in ashowed the greatest contribution from defect luminescence
very different environment from that seen by similar dan-and the greatest increase in the 2 eV luminescence band for
gling bonds in either porous or amorphous silicon. In theT <500 °C. These tended to be those films which were
case of SiQ, the presence of the extended Si@twork  grown at low rf power and high chamber pressure. Under
around the dangling bond sites means that they cannot hiese conditions more hydrogen is likely to be incorporated
considered in isolation as nonradiative recombination ceninto the growing film as a result of less complete dissociation
ters. The conventional picture is that an increase in danglingf silane. Conversely, those grown at higher powers and
bonds leads to a sharp decrease in photoluminescémigs;  |ower pressures showed a stronger contribution from the 2
is known to be very much the case in both amorphous andV band. This suggests the possibility of controlling the pho-
porous silicor’®*® In both materials the presence of even atoluminescence properties of Si@rough careful choice of
small number of dangling bonds serves to completely quenchrowth parameters. “True” quantum confinement effects
photoluminescence. However, it appears that for the particuenly appear to be dominant for films which contain few in-
lar case of silicon-rich silica, the defect centers produced byrinsic defects, i.e., those which are initially low in hydrogen
annealing and associated hydrogen evolution act as radiativ@ those which have been annealed Tgt>500 °C. Con-
recombination sites. versely, the brightest visible luminescence is obtained from
Figure 14 illustrates a suggested scheme for the formadefect-rich films. This may help to clarify some of the con-
tion of defect centers in SiCfilms by hydrogen evolution. fusion surrounding the contradictory reports of some,SiO
Figure 14a) shows the initial hydrogenated silicon-rich films exhibiting photoluminescence as-grown, and others
silica matrix. Heating this al ;<500 °C rapidly drives off only showing this following relatively high temperature an-
hydrogen, leaving silicon dangling bonfiSig. 14b)]. Fur-  neals. It may be the case that films grown by those groups
ther heating af ,>500 °C allows interstitial and nonbonded who report no luminescence as-grown contain very little hy-
oxygen atoms and water molecules to diffuse to the oxygenrogen, and consequently exhibit no defect photolumines-
vacancy site$Fig. 14(c)], leading eventually to full compen- cence. Assuming the excess silicon to be evenly distributed
sation of the dangling bond$ig. 14d)]. At this point, the in these samples, luminescence from guantum confinement
existing silicon clusters may begin to grow as interstitial sili- of excitons will only be seen when the samples are heated to
con atoms diffuse. temperatures sufficient for silicon clusters to aggregate.
Although all films studied exhibit broadly similar photo- It should be borne in mind that the peak energy and
luminescence spectra, i.e., bands at 2 eV and 1.5-1.75 elntensity of the low-energy luminescence band are not nec-
the relative magnitudes and absolute positions of the twessarily determined by the amount of excess silicon present
bands vary considerably. Some samples show only a wedk a film. What is more important is the size distribution of
contribution from the 2 eV band while others exhibit pre- silicon aggregates. The excess silicon may be present as very

9298 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Kenyon et al.



widely distributed small inclusions or as a smaller number offiers, and filters etc., then a solid understanding of,3iO
large clusters. The two cases will lead to very different pho-minescence mechanisms is a prerequisite. The aim of this
toluminescence spectra and annealing behavior. The lumstudy was to attempt to reduce some of the confusion sur-
nescence properties of films are therefore not necessarily desunding the optical properties of this material, although
termined by overall film stoichiometry: differences in growth there are still a number of questions to be addressed. In par-
conditions(i.e., rf power, chamber pressure, substrate temticular, the precise nature of the defect responsible for the 2
perature, et¢.can produce very different films with the same eV emission remains to be identified.
elemental composition.
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