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EFFECT OF SURFACE Si�Si DIMERS ON PHOTOLUMINESCENCEOF SILICON NANOCRYSTALS IN THE SILICON DIOXIDE MATRIXO. B. Gusev a*, A. V. Ershov b, D. A. Gra
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eived November 27, 2013The e�e
t of surfa
e states of sili
on nano
rystals embedded in sili
on dioxide on the photolumines
ent proper-ties of the nano
rystals is reported. We have investigated the time-resolved and stationary photolumines
en
eof sili
on nano
rystals in the matrix of sili
on dioxide in the visible and infrared spe
tral ranges at 77 and 300 K.The stru
tures 
ontaining sili
on nano
rystals were prepared by the high-temperature annealing of multilayerSiOx/SiO2 �lms. The understanding of the experimental results on photolumines
en
e is underlain by a modelof autolo
alized states arising on surfa
e Si�Si dimers. The emission of auto
atalized ex
itons is found for the�rst time, and the energy level of the autolo
alized states is determined. The e�e
t of these states on theme
hanism of the ex
itation and the photolumines
en
e properties of nano
rystals is dis
ussed for a wide rangeof their dimensions. It is reliably shown that the 
ause of the known blue boundary of photolumines
en
e ofsili
on nano
rystals in the sili
on dioxide matrix is the 
apture of free ex
itons on autolo
alized surfa
e states.DOI: 10.7868/S00444510140500611. INTRODUCTIONAn intense photolumines
en
e (PL) of porous sili-
on in the visible spe
tral range at room temperaturewas �rst observed by Canham in 1990 [1℄. This PL, notinherent to sili
on (whi
h is an indire
t gap semi
on-du
tor), was explained as the result of the size quanti-zation e�e
t of ele
tron states in sili
on nano
rystals.The possibility to 
reate optoele
troni
 devi
es basedthereon and the prospe
ts of their use in photovoltai
spromoted resear
h on the opti
al and ele
tri
 proper-ties of sili
on nano
rystals in various matri
es [2; 3℄.Currently, mu
h attention is attra
ted to sili
onnano
rystals in the matrix of sili
on dioxide (SiO2).This is due to the high thermal and 
hemi
al stabilityof the material and its 
omplete 
ompatibility with thetraditional sili
on mi
roele
troni
 te
hnology.To obtain an e�
ient emission in the visible andnear-IR spe
tral ranges, the nano
rystals should be ofthe size not ex
eeding several nanometers. At this size,*E-mail: oleg.gusev�mail.io�e.ru

the ratio of the nano
rystal surfa
e to its volume islarge, and the surfa
e states may signi�
antly a�e
t theex
itation and emission me
hanisms of the nano
rys-tals.It is known that with a de
rease in the size of sili-
on nano
rystals in the SiO2 matrix, the maximum ofthe PL band at the room temperature shifts from theIR region only to some �blue boundary� of the wave-length about 0:6 �m (
orresponding to the emissionenergy 2.1 eV), whi
h has not been predi
ted by the-oreti
al 
al
ulations based on the size quantization ef-fe
t [4℄. Yet the PL band of sili
on nano
rystals in thesili
on nitride matrix (Si3N4) undergoes the blueshiftup to the ultraviolet region of 0:41 �m (approximately3 eV) as the size of nano
rystals de
reases to 2.6 nm [5℄.The blueshift up to 3.5 eV is also observed for the PLof porous sili
on when the surfa
e of the 
rystals is
overed with hydrogen [6℄. Therefore, the existen
eof the �blue boundary� of 2.1�2.2 eV for PL of sili
onnano
rystals in the sili
on dioxide matrix demonstratesa strong e�e
t of the nano
rystal surfa
e on the PL
hara
teristi
s.830



ÆÝÒÔ, òîì 145, âûï. 5, 2014 E�e
t of surfa
e Si�Si dimers on photolumines
en
e : : :The most widely spread preparation method of sil-i
on nano
rystals in the matrix of sili
on dioxide is thehigh-temperature annealing of initial �lms of sili
onsuboxide SiOx (x < 2), whi
h 
an be 
arried out by var-ious pro
edures [3℄. The annealing pro
ess indu
es theseparation of the Si and SiO2 phases with the formationof sili
on nano
rystals embedded in SiO2. The size ofsili
on nano
rystals depends on the amount of ex
essSi, as well as on the annealing temperature. The resultsof the studies of the �ne stru
ture of X-ray absorptionspe
tra near the edge stru
ture (XANES) indi
ate thatthe nanoparti
les obtained by the high-temperatureannealing of SiOx �lms are sili
on nano
rystals sur-rounded with a thin layer of 0.6�0.8 nm of amorphousSiOx of variable 
omposition x [7℄. This way, severaltypes of stru
tural defe
ts � Si=O, Si�O�Si, Si�O, andsurfa
e Si�Si dimers � form on the surfa
e of sili
onnano
rystals.It has been shown in theoreti
al investigations [8; 9℄that the blue boundary of PL for sili
on nano
rystals inthe SiO2 matrix 
an be des
ribed with a model of au-tolo
alized ex
iton states forming on the surfa
e Si�Sidimers. We refer to these states as self-trapped ex
itonstate, STE(Si�Si). We note that a

ording to the 
al-
ulations, radiative re
ombination of autolo
alized ex-
itons on STE(Si�Si) should result in the appearan
eof a PL band in the range 1.2�1.5 eV for small sili
onnano
rystals in the matrix of sili
on dioxide. The ob-servation of this band 
an be
ome the proof of the sug-gested model. However, no experimental studies thatdete
ted PL of autolo
alized ex
itons on surfa
e Si�Sidimers have appeared until now.Re
ently, results were published of an experimen-tal investigation of indu
ed light absorption in sili
onnano
rystals, whi
h were explained based on a model ofthe 
apture of hot ex
itons into the autolo
alized sur-fa
e states on the Si�O bond [10℄. It was shown thatin the time interval about 0.1 ns, a hot ex
iton fromthe nano
rystal is 
aptured on the surfa
e metastablestate, from whi
h it returns into the nano
rystal. Thispro
ess was des
ribed using a phenomenologi
al modelof autolo
alized ex
itons 
onstru
ted in the frameworkof a single-mode approximation of Huang�Rhys. TheSi�O vibration was taken as the vibration mode wherethe ex
iton was lo
alized. We refer to these autolo-
alized surfa
e ex
itons as STE(Si�O). Based on thismodel, the pro
esses of �hot� ex
iton 
apture from thenano
rystal into the autolo
alized state, the ba
kwardreturn into the nano
rystal by thermoa
tive tunneling,and the pro
esses of the opti
al ionization of the ex-
iton and its radiative and nonradiative re
ombinationwere theoreti
ally dis
ussed in [10; 11℄. The STE(Si�O)

model may also explain the blue boundary of the PL insili
on nano
rystals. In [10℄, no attempts were made todete
t PL of the autolo
alized ex
iton. It should alsobe noted that the study of indu
ed light absorption ina sili
on nano
rystal 
annot be regarded as a dire
tmethod of the investigation of autolo
alized states.The purpose of this paper is to provide experimen-tal eviden
e for the existen
e of autolo
alized stateson the surfa
e of sili
on nano
rystals in the matrix ofsili
on dioxide and to reveal their nature and their in-�uen
e on PL of free and autolo
alized ex
itons. Weinvestigated the stationary and time-resolved PL of sil-i
on nano
rystals in the matrix of SiO2 in the visibleand IR spe
tral ranges. The obtained experimental re-sults are well understandable based on the model ofautolo
alized ex
itons on surfa
e Si�Si dimers.2. PREPARATION OF SAMPLES ANDMEASUREMENT PROCEDURESIn this work, we studied stru
tures 
omposed of thin�lms of sili
on dioxide 
ontaining sili
on nano
rystalsand separated by layers of pure sili
on dioxide. Thisallowed de
reasing a probable e�e
t of energy trans-fer from a sili
on nano
rystal of a smaller size to thenearest-neighbor of a larger size. In thin (
lose to thesize of the sili
on nano
rystal) layers of the SiO2 ma-trix, the number of nearest neighbors is several timessmaller than in the 
ase where the thi
kness of theSiO2 layer with sili
on nano
rystals is larger than thenano
rystal size.Multilayer nanostru
tures a-SiOx/a-SiO2 were ob-tained by alternate evaporation in a va
uum of appro-priate initial materials from two separate sour
es, withthe layer thi
kness monitored photometri
ally as de-s
ribed in [12; 13℄. The a-SiOx layers were depositedby evaporation of SiO powder from an e�usion tanta-lum sour
e, and the a-SiO2 layers, by ele
tron beamevaporation of fused sili
a. The temperature of the sil-i
on substrate during the deposition was maintainedat 200 ÆC. The thi
kness of a-SiO2 layers was set ata 
onstant value of 2.8 nm, and the stru
tures weredistinguished only by the thi
kness of a-SiOx layers.In all 
ases, the �rst deposited layer was that of sili-
on suboxide, followed by SiO2, a-SiOx, et
.; the upperlayer 
onsisted of SiO2. After deposition, stru
tureswere annealed at high temperature (about 1100 ÆC) fortwo hours in an N2 atmosphere. As a result, stru
tureswere obtained with sili
on nano
rystals of the meandimensions 2.5, 3.5, and 4.5 nm, approximately in a
-
ordan
e with the thi
kness of the deposited layer of831



O. B. Gusev, A. V. Ershov, D. A. Gra
hev et al. ÆÝÒÔ, òîì 145, âûï. 5, 2014a-SiOx. The size 
ontrol of the nano
rystals was 
ar-ried out with high-resolution transmission ele
tron mi-
ros
opy as des
ribed in [12; 13℄.The stationary PL was exited with a semi
ondu
-tor laser emitting at � = 405 nm and was registeredby a photomultiplier or by a liquid nitrogen-
ooledgermanium dete
tor. The time- resolved PL spe
trawere obtained at the ex
itation with a pulse nitrogenlaser emitting at � = 337 nm, with a pulse durationof 7 ns and the repetition frequen
y 45 Hz. The PLmeasurements were performed with the use of grat-ing mono
hromator, a strobos
opi
 voltmeter with thestrobe pulse duration of 4 ns, and a digital os
illograph.The time resolution of the registration system with theuse of a photomultiplier tube in the spe
tral range 400�850 nm was 20 ns, and in the region 700�1600 nm, whenthe 
ooled germanium dete
tor was used, 20 �s. All PLspe
tra are 
orre
ted for the spe
tral sensitivity of theopti
al system.3. EXPERIMENTAL RESULTSIn Fig. 1, PL spe
tra are shown for the three ob-tained nanoperiodi
 stru
tures 
ontaining ensembles ofsili
on nano
rystals of mean nano
rystal sizes 2.5, 3.5,and 4.5 nm in the matrix of sili
on dioxide. PL wasex
ited with a 
ontinuous laser at � = 405 nm.The PL bands with the maxima in the region 700�900 nm are well known for sili
on nano
rystals in theSiO2 matrix. They originate from size quantization ofthe ele
tron states in sili
on nano
rystals. Half-widthsof the bands of this PL amount to 250�300 meV and are1 2 3
600 700 800 900 100000:20:40:60:81:01:2

�; nm
I

Fig. 1. The normalized PL spe
tra of sili
on nano
rys-tals in the SiO2 matrix obtained under ex
itation witha 
ontinuous laser at � = 405 nm for the mean size ofnano
rystals in the ensemble (1 ) 2:5 nm; (2 ) 3:5 nm,and (3 ) 4:5 nm; T = 295 K
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Fig. 2. PL spe
tra of the stru
ture with sili
onnano
rystals of the mean size about 2:5 nm at T == 295 K for three delay times with respe
t to the ex-
itation pulse: (1 ) 0�10 ns, (2 ) 20 ns, (3 ) 40 ns. Theleft-hand side of the spe
trum is 
ut o� by the �lter at� = 450 nmpra
ti
ally independent of temperature. We note thatin the experiments published in [14℄, where the PL ofone sili
on nano
rystal was separated at low temper-ature, the half-width of the PL band was 20�30 meV.Consequently, the observed width of the PL band (200�300 meV) is mainly due to the dispersion of nano
rys-tal sizes in the ensemble. This fa
t allows the study ofPL kineti
s in a wide range of nano
rystal sizes usingsili
on-nano
rystal ensembles with one to two di�erentmean sizes, by 
hanging the wavelength of the regis-tered PL signal.It is well known that under the ex
itation with apulse laser, regardless of the nano
rystal size, two PLbands are observed from the sili
on nano
rystal in thematrix of SiO2. In Fig. 2, we present typi
al PL spe
traof our stru
ture with the mean size sili
on nano
rystalsabout 2.5 nm, registered at di�erent delay times withrespe
t to the ex
itation pulse.As 
an be seen from Fig. 2, beside the above-des
ribed PL band in the region 700�900 nm, related tosize quantization of the ele
tron states in the nano
rys-tals, a se
ond PL band is observed in the region 500�550 nm. The de
ay time of this PL band, in keep-ing with the data of Fig. 2, is of the order of 10 ns(the time resolution limit), three orders of magnitudesmaller than the de
ay time of the PL band in the re-gion 700�900 nm. A

ording to the published data, thede
ay time of the PL band in the region 500�550 nmamounts to several nanose
onds. The origin of this832
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t; �sFig. 3. PL de
ay 
urves at three di�erent wavelengthsobtained at T = 295 K for a sample with the meansize of nano
rystals 2:5 nm: (1 ) 660 nm; (2 ) 720 nm;(3 ) 800 nmband was not established. It is usually attributed tothe Si=O bonds on the interfa
e between the sili
onnano
rystal and the SiO2 matrix. We note that as 
anbe seen from Fig. 2, we did not observe a time delay(within an a

ura
y of 20 ns) in the appearan
e of PL inthe region 700�900 nm originating from the size quan-tization e�e
t of the ele
tron states in nano
rystals.The prin
ipal attention in this resear
h was fo
usedon the study of the de
ay kineti
s of free ex
itons PL inthe region 850�650 nm (1.45�1.9 eV), presuming thatthe sele
tion of PL a

ording to wavelength in thisrange would 
orrespond to the kineti
 dependen
es ofthe emission for the nano
rystals of respe
tive sizes.The example of the PL kineti
s for sili
on nano
rystalsat several energies of emitted photons for a sample withthe mean size of nano
rystals 2.5 nm is shown in Fig. 3.It follows from Fig. 3 that the PL de
ay of sili
onnano
rystals is not of the single-exponential 
hara
ter.The impossibility to des
ribe the PL de
ay observedfor sili
on nano
rystals in the sili
on dioxide matrixwith a single exponent is 
ommonly over
ome by ap-plying a �stret
hed� exponent. This 
hara
ter of de-
ay was attributed to the e�e
t of surfa
e states or tothe ex
itation energy transfer to the nearest neighbor-ing nano
rystal. However, it was shown in [15℄ thateven at the low density of nano
rystals, when energytransfer between nano
rystals 
ould not o

ur, the PLde
ay also did not �t the single-exponential behavior.Therefore, the 
ause of the deviation of the PL de
ayof sili
on nano
rystals in the matrix of SiO2 from thesingle-exponential 
hara
ter should be sought in the ef-fe
t of the surfa
e.
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Fig. 4. De
ay time of the (1 ) slow and (2 ) fast 
om-ponents of PL for sili
on nano
rystals with the meansize 3:5 nm as a fun
tion of the energy Eph of emittedphoton. Plot (3 ) shows the fra
tion k of the ampli-tude of the fast 
omponent in the overall PL ampli-tude (k = Afast=(Afast + Aslow)). The results wereobtained at T = 300 K. The points are 
onne
ted withlines for 
larityThe pro
essing of our experimental data on the PLde
ay of sili
on nano
rystals in the region 850�650 nm(1.45�1.9 eV) has demonstrated that they are well de-s
ribed in the full studied range of photon energies withtwo exponentials di�ering in time by approximately anorder of magnitude. In Fig. 4, the de
ay times of thefast and slow PL 
omponents of free ex
itons for thestru
ture with the mean size of nano
rystals 3.5 nmare presented as fun
tions of the energy of the emittedphoton (i. e., of the sili
on nano
rystal size). In thesame �gure, the fra
tion k of the amplitude of the fast
omponent in the total amplitude is also shown.4. DISCUSSIONThe results of our resear
h 
an be understood basedon the model of autolo
alized ex
iton states on surfa
eSi�Si dimers STE(Si�Si), developed in [8; 9℄. Surfa
eSi�Si dimers arise at the repla
ement of a sili
on atomwith an oxygen atom, with the formation of 
hemi-
al bonds with two neighboring sili
on atoms giving abridging Si�O�Si bond. Two remaining dangling bondsof the sili
on form bonding and antibonding orbitals ofthe dimer. We note that in theoreti
al 
al
ulations ofthe energy of formation of Si�O, Si�O�Si, and Si=Obonds on the surfa
e of nano
rystals, the bridging bondwas shown to lead to the most stable isomeri
 
on�gu-ration. In the 
ase of the bridging stru
ture, deforma-5 ÆÝÒÔ, âûï. 5 833



O. B. Gusev, A. V. Ershov, D. A. Gra
hev et al. ÆÝÒÔ, òîì 145, âûï. 5, 2014tion is lo
alized around the Si�O�Si bond, thus pro-du
ing the stret
hing of the Si�Si dimer [16; 17℄. TheSi�Si dimers on the surfa
e of the oxidized sili
on werere
ently found by dete
ting the ele
tron spin resonan
espe
tra using the e�e
t of spin-dependent re
ombina-tion [18℄.In the framework of this model, we believe thatthe results of the �tting the PL de
ay 
urves withtwo exponentials presented in Fig. 4 (
urves 1 and 2 )allow suggesting that the nano
rystal ensemble 
on-tains two groups of emitting nano
rystals. The �rstgroup 
onsists of the nano
rystals that have surfa
estates (states of autolo
alized ex
itons) where free ex-
itons 
an be 
aptured, and the se
ond group 
onsistsof the nano
rystals of the same size devoid of thesesurfa
e states. Just the presen
e of these two groups ofnano
rystals results in the two-exponential PL de
ay ofsili
on nano
rystals. The slow 
omponent of the PL de-
ay (
urve 1 in Fig. 4) is due to the well-known in
reasein the rate of radiative re
ombination at de
reasing thenano
rystal size. The experimental data on the slow
omponent (
urve 1 in Fig. 4) are well 
onsistent withthe known lifetime of PL of sili
on nano
rystals of the
orresponding size. As regards the fast 
omponent ofthe PL de
ay (
urve 2 in Fig. 4), whose amplitude in-
reases with de
reasing the size of nano
rystals (
urve3 in Fig. 4), we attribute it to the redu
ed lifetimeof free ex
itons in the nano
rystals having the surfa
eSTE states.We qualitatively dis
uss the e�e
t of the size ofnano
rystals with surfa
e Si�Si dimers on possible tran-sitions between the free and autolo
alized ex
itons andtheir radiative re
ombination. In Fig. 5, the 
on�gu-ration 
oordinate diagram is presented for three 
har-a
teristi
 sizes of nano
rystals having surfa
e Si�Sidimers. The shape of the adiabati
 potentials for Si�Sidimers shown in Fig. 5 
orresponds to the theoreti
al
al
ulations in [8; 9℄ with the strong anharmoni
ity dueto the stret
hing of the 
ovalent Si�Si bond on the sil-i
on nano
rystal surfa
e taken into a

ount.Under opti
al ex
itation, the �hot� ex
itons arisein all nano
rystals of the ensemble regardless of thepresen
e or absen
e of surfa
e Si�Si dimers in them.After the thermalization pro
ess, we arrive at the adi-abati
 potentials FE1, FE2, and FE3 shown in Fig. 5,whi
h 
orrespond to the presen
e of a free ex
iton inthe nano
rystals with surfa
e Si�Si dimers. We notethat the 
apture of �hot� ex
itons into the autolo
al-ized state STE(Si�Si) is ex
luded be
ause the ex
itedos
illation levels of the Si�Si dimer exist only in a nar-row interval of energies (
f. Fig. 5).The pro
ess of ex
itation of free ex
itons in

Q Q QG G G
E E Ea b 
STEFE3STESTEFE1 FE21:18 eV 1:18 eV
Fig. 5. S
hemati
 
on�guration 
oordinate diagramfor three 
hara
teristi
 sizes of nano
rystals havingSTE(Si�Si) states. The 
on�guration 
oordinate Q
orresponds to the stret
hing of the 
ovalent Si�Sibond on the sili
on nano
rystal surfa
e. The adiabati
potential G 
orresponds to a Si�Si dimer with no ex-
iton. The adiabati
 potentials FE1 > FE2 > FE3 arepresented in the 
ases where a free ex
iton is present inthe nano
rystal of the respe
tive size D1 < D2 < D3.The adiabati
 potential of STE(Si�Si) 
orresponds tothe presen
e of an ex
iton in the autolo
alized surfa
estate. The verti
al arrows show the possible radia-tive re
ombination transitions and the horizontal ar-rows show the possible nonradiative transitions of freeex
itons into the autolo
alized state, and the reversetransitionnano
rystals with STE(Si�Si) states is thereforeessentially di�erent from the ex
itation pro
ess offree ex
itons in nano
rystals with STE(Si�O) states;for the latter, the 
apture of �hot� ex
itons into theautolo
alized state with the subsequent transition intofree-ex
iton states plays the de
isive role [8; 9℄.We �rst 
onsider the 
ase of the smallest nano
rys-tals, where the energy minimum of the adiabati
 poten-tial (FE1) for a free ex
iton is higher than the energyof the STE(Si�Si) state (
f. Fig. 5a). Free ex
itons dueto the low potential barrier separating the minima ofthe adiabati
 potentials FE1 and STE easily go over tothe autolo
alized state. Photolumines
en
e of free ex-
itons from these nano
rystals would be weak or evenabsent. This phenomenon very well explains the fa
t ofthe blue boundary of PL of sili
on nano
rystals in thesili
on dioxide matrix at the dimensions of nano
rystalssmaller than 2 nm (emission energy near 2 eV) [8℄.The total lifetime � of free ex
itons in smallnano
rystals with STE(Si�Si) states is governed by theradiative lifetime �r and by the time �ta of the ther-mally a
tivated transition in the autolo
alized state:834
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t of surfa
e Si�Si dimers on photolumines
en
e : : :1� = 1�r + 1�ta : (1)For �r � �ta (low barrier), we have � = �ta. There-fore, the fast 
omponent of the PL de
ay time of freeex
itons shown in Fig. 4 is determined by the time of
apture of free ex
itons into the STE state. As thenano
rystal size in
reases, �ta in
reases due to the in-
rease in the potential barrier between the state of thefree ex
iton and STE state. This is fully 
onsistentwith the results of measuring the de
ay time of the fastPL 
omponent in the range 1.7�1.9 eV (
f. Fig. 4).At the largest sizes of the nano
rystals from theensemble (
f. Fig. 5
), when the energy of the free ex-
iton FE3 is lower than the energy of the autolo
alizedstate, the energy barrier separating free-ex
iton statesand STE states is large. In this 
ase, the free ex
itons
annot be 
aptured into the STE states. This meansthat the probability of the radiative re
ombination offree ex
itons in these nano
rystals is insensitive to thepresen
e of the surfa
e Si�Si dimers.When the energy of the free ex
iton from thenano
rystal in the ensemble 
oin
ides with the energyof an STE state (
f. Fig. 5b ), the energy barrier sepa-rating the state of the free ex
iton and the STE stateis identi
al for the free and autolo
alized ex
itons. Thefree ex
itons 
an transit into the STE states, and theautolo
alized ex
itons, into free-ex
iton states. We be-lieve that the energy range where the de
ay time ofthe fast PL 
omponent (
f. Fig. 4, 
urve 2 ) is inde-pendent of the energy 
orresponds just to this 
ase. Itis therefore possible to estimate the energy position ofthe autolo
alized state to be 
lose to 1.7 eV (730 nm).Approximately the same value was obtained from thedependen
e of the amplitude ratio of the fast and slow
omponents on the energy of the emitted photon (
f.Fig. 4, 
urve 3 ). We note that the energy of 1.7 eV 
or-responds to the emission energy of sili
on nano
rystalsin SiO2, below whi
h the quantum e�
ien
y of sili-
on nano
rystals starts to in
rease from 0.5 at 700 nm(1.8 eV) to approximately 1 at 800 nm (1.5 eV) [19℄.5. EMISSION OF AUTOLOCALIZEDEXCITONS ON A SURFACE Si�Si DIMERWe believe the applied model of STE(Si�Si) states
an be proved by experimentally dete
ting the PL bandof an autolo
alized ex
iton whose intensity is maximumfor small nano
rystals where the energy minimum ofthe adiabati
 potential FE1 for a free ex
iton is lo-
ated higher than the energy of the STE(Si�Si) state(
f. Fig. 5a).
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b1 20:6 0:8 1:0 1:2 1:4 1:6�; �m012

301
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� < 50�s� � 5 msFig. 6. PL spe
tra of the stru
ture with the mean sizeof sili
on nano
rystals (a) 3:5 nm and (b ) 2:5 nm:(1 ) the 
omplete PL spe
trum; (2 ) the PL band ex-tra
ted from spe
trum 1 
orresponding to the large de-
ay time � � 5 ms; T = 77 KWe have found the PL of an autolo
alized ex
itonwhen investigating the PL of two stru
tures with themean size of nano
rystals 2.5 and 3.5 nm. Photolumi-nes
en
e was ex
ited with the radiation of a GaN laseremitting at � = 405 nm. The laser was modulatedwith a 
urrent to obtain a pulse duration of 50 ms atthe frequen
y 10 Hz. In this 
ase, PL was registeredwith a 
ooled germanium photodete
tor. The PL spe
-tra of the stru
tures with the mean size of nano
rystals2.5 and 3.5 nm registered at the temperature 77 K arepresented in Fig. 6.As 
an be seen from Fig. 6, along with the PLband of the free ex
itons with the maxima at 0.825 and0:735 �m, bands with the maxima at 1.24 and 1:18 �mfor nano
rystals of the respe
tive size 3.5 and 2.5 nmare observed in the spe
tra of both stru
tures. Thesame as the peak of free ex
itons, the low-energy peakis subje
t to the blueshift with de
reasing the size ofnano
rystals. The shift of the low-energy peak amountsto about a half of the blueshift of the free-ex
iton PLband. The longwave bands were attributed in [20℄ tothe re
ombination of an ele
tron from the valen
e bandwith a hole lo
ated in a deep surfa
e trap on the bound-ary between the sili
on nano
rystal and SiO2. In thismodel, the half-shift 
orresponds to the shift of the edgeof the 
ondu
tion band of sili
on nano
rystals.We see from Fig. 6 that the PL spe
tra of the stru
-tures have a nontrivial shape of the PL bands in theregion 0.9�1:1 �m, espe
ially evident for the stru
ture835 5*
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t, msFig. 7. PL de
ay 
urves at the wavelengths(1 ) 1:05 �m, (2 ) 0:85 �m, and (3 ) 1:20 �m for asample with the mean size of nano
rystals 2:5 nm;T = 295 Kwith the mean size of nano
rystals 2.5 nm (
f. Fig. 6b ).The spe
trum shape suggests the existen
e of one moreband in this region. To dis
over this band, we havestudied the PL kineti
s depending on the energy of theemitted photon in the region 0.8�1:25 �m. Examples ofPL de
ay 
urves in the region 0.9�1:2 �m for a samplewith the mean size of nano
rystals 2.5 nm are shownin Fig. 7.As 
an be seen from Fig. 6, the PL de
ay is gov-erned by two 
omponents: a short one with the timeless than 50 �s, and a long one with the time about 5 msin the whole spe
tral range where this band is observed.This large di�eren
e in the de
ay times permits an easyextra
tion of the long-lived PL 
omponent, whose spe
-trum is shown in Fig. 6b (
urve 2 ). We believe that thePL band dis
overed in the region 0.9�1:2 �m with themaximum at about 1:05 �m (1.18 eV) and the FWHMabout 250 meV is 
aused by radiative re
ombination ofthe autolo
alized ex
itons. The energy position of thisband is in good agreement with the position theoret-i
ally 
al
ulated for an ex
iton lo
alized on a surfa
eSi�Si dimer [8; 9℄.We interpreted the long lifetime of the autolo
alizedex
itons at 77 K and the absen
e of the 
orrespond-ing emission band at room temperature based on themodel of Cal
ott et al. [21℄. This model takes into a
-
ount that the ex
iton levels are split by the energyof the ex
hange intera
tion between an ele
tron and ahole into a triplet (lower) and a singlet (upper) level.The radiative transition from the triplet level is forbid-den. It is known that the level splitting energy of free

ex
itons in sili
on nano
rystals in SiO2 monotoni
allyin
reases from 8.4 to 17 meV as the nano
rystals sizede
reases from 5.5 to 2 nm [20; 22℄. As a result, at he-lium temperatures, where the free ex
iton exists in thetriplet state, its radiative lifetime is large, 5�10 ms.It 
an be expe
ted that the energy of the ex
hangesplitting of the autolo
alized state of a surfa
e ex
i-ton should be larger. From the obtained de
ay time� = 2 ms of the long-lived PL band of the autolo
al-ized ex
iton, we 
an estimate the energy of the singlet�triplet splitting of STE(Si�Si). For this, we use theformula des
ribing the temperature dependen
e of thePL radiative lifetime � from [6℄,1� = � 3�t + 1�s exp�� �EkBT ���� �3 + exp�� �EkBT ���1 ; (2)where �s and �t are the radiative lifetimes of the ex
itonin the singlet and triplet states, kB is the Boltzmann
onstant, and �E is the energy splitting. For the esti-mation, we took �s = 10 ns, the 
hara
teristi
 lifetimeof dire
t radiative transitions not involving phonons,and �t = 5 ms, the 
hara
teristi
 lifetime of a free ex
i-ton in the triplet state, and the lifetime of the autolo-
alized ex
iton, whi
h we experimentally measured as� = 5ms at temperature 77 K. The obtained estimationof the energy of the singlet�triplet splitting, �E = 60�80 meV, was, as expe
ted, larger than in the 
ase ofa free ex
iton in sili
on nano
rystals, where its valueranged from 6 to 20 meV for nano
rystals of the sizefrom 5 to 2 nm. This is due to the stronger ex
hangeintera
tion originating from the ex
iton lo
alization onthe nano
rystal surfa
e within the area less than 1 nm.6. CONCLUSIONWe have studied the kineti
s of PL de
ay of sili
onnano
rystals in the matrix of sili
on dioxide in a widerange of the energy of emitted photons (nano
rystalssizes). The experimental results are well 
onsistentwith the model of the 
apture of free ex
itons on sur-fa
e Si�Si dimers with the formation of autolo
alizedex
itons, 
al
ulated theoreti
ally in [8; 9℄. The PLband of the autolo
alized ex
iton in the SiO2 matrixwith sili
on nano
rystals is dis
overed for the �rsttime. The energy position of the autolo
alized ex
iton(1.7 eV), the energy of splitting of singlet�triplet states(60�80 meV), and the energy of the opti
al transition ofthe autolo
alized ex
iton (1.18 eV) are estimated. It is836
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t of surfa
e Si�Si dimers on photolumines
en
e : : :shown that the surfa
e Si�Si dimers essentially governthe lumines
en
e properties of sili
on nano
rystals inthe SiO2 matrix, determining the �blue boundary� ofPL of sili
on nano
rystals and the high quantum yieldof the nano
rystals with the emission energy below theenergy level of the autolo
alized ex
iton state.The authors thank I. N. Yassievi
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