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There is much debate about the photoluminescéRtg mechanisms of the nanoscale Si/Si oxide systems
containing oxidized porous silicon and a nanoscale-Si-paifit&P—embedded Si oxide deposited by chemi-
cal vapor deposition, sputtering, or Si-ion implanting into Si oxide. In this paper, we suggest that two com-
petitive processes, namely, the quantum confinerf@@} process and the quantum confinement-luminescence
center(QCLC) process, take place in the PL. The photoexcitation occurs in the NSPs for both of the processes,
while the photoemission occurs either in the NSPs for the QC process or in the luminescence(lc€siens
Si oxide adjacent to the NSPs for the QCLC process. The rates of the two processes are compared quantita-
tively. Which process plays the major role in PL is determined by the capture cross section, the luminescence
efficiency, and the density of the LCs, and the sizes of the NSPs. For a nanoscale Si/Si oxide system with the
LCs having certain capture cross-section and luminescence efficiency, the higher the LC density and the larger
the sizes of NSPs, the more beneficial for the QCLC process to surpass the QC process, and vice versa. For
certain LC parameters, there is a critical most probable size for the NSPs. When the most probable size of the
NSPs is larger than the critical one, the QCLC process dominates the PL, and when the most probable size of
the NSPs is smaller than the critical one, the QC process dominates the PL. When the most probable size of the
NSPs is close to the critical one, both the QC and QCLC processes should be taken into account. We have used
this model to discuss PL experimental results reported for some nanoscale Si/Si oxide systems.
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INTRODUCTION surrounding Si oxide layers and radiatively recombine there.
Recently, some authors suggested that more than one type of
In 1990 Canham reported strong visible photoluminesimechanism were needed in interpreting PL from the nanos-
cence(PL) from porous Si at room temperaturend Tagaki  cale Si/Si oxide systems. For example, it was suggested that
etal. observed room-temperature visible PL from afortheS(slow)-band luminescence the QC model works, but
nanoscale-Si-particlENSP-embedded Si oxide produced by the F (fas)-band luminescence is very likely to originate
microwave plasma decomposition of Sildnd H, or SiH,, from contaminated or defective Si oxideBased on the ex-
H, and an Ar gas mixturé.In both papers they used the periment results reported in Refs. 7 and 8, we suggested that
quantum confinemer@QC) model to explain the PL. It was there are three types of photoexcitation-photoemission pro-
considered that the photoemission occurs inside the NSR=sses for electron-hole pairs in the PL from a nanoscale
with energy gaps larger than that of the bulk Si due to the QGSi/Si oxide systerh (A) Both photoexcitation and photo-
effect. In fact, in many cases the PL experimental results foemission occur in the NSPs, as described in the QC model.
porous Si and the NSP-embedded Si oxide are so compliB) Photoexcitation occurs in the NSPs and photoemission
cated that the QC model seems difficult to explain thes@ccurs in LCs in Si oxide adjacent to the NSPs, as described
results. In fact, there is a long debate concerning the Pin the QCLC model(C) Both photoemission and photoexci-
mechanisms of porous Si and the NSP-embedded Si oxid#ation occur in LCs in the Si oxide. A lot of PL experiments
and for porous Si at least 24 models different from the QCfor nanoscale Si/Si oxide systems can be qualitatively ex-
model were suggested in 1992—-199When a porous Si plained by this physics model. In Ref. 10 it was claimed that
sample is prepared by anodization and lays in the air, it wilfor NSPs with larger sizes, the QC model works, but for
be oxidized quickly. It was reported that after 30-min air NSPs with smaller sizes, SiO bond plays the key role in
exposure about 1-2 % oxygen atoms presented in the porolight emission. In this paper, we consider that in strong-light-
Si layers? Therefore, most porous Si studied is oxidized po-emission nanoscale Si/Si oxide systems where the NSPs
rous Si. Considering that the NSPs in both oxidized poroudave high densities, the procé€y can be neglected, and we
Si and the NSP-embedded Si oxide are covered by Si oxideompare the rates of the procesé&sand(B) quantitatively.
in this paper we refer to both of them as nanoscale Si/SThe key factors in determining whether procéas or (B) is
oxide systems. For PL from these systems, Qin and Jia sughe major one in the PL are discussed. For a hanoscale Si/Si
gested a common mechanism model, the so-called quantuoxide system with certain LCs in the Si oxide adjacent to the
confinement—luminescence centé@CLC) model, which NSPs, we proved that if NSPs have a large enough average
claimed that the photoexcitation of electron-hole pairs occursize, the QCLC model works, but if NSPs have a small
mainly in the NSPs, while most of the photoexcited electronsnough average size, the QC model works. This conclusion
and holes tunnel into the luminescence centef3s) in the  seems contrary to that of Ref. 10.
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THEORY I t

Two types of photoexcitation-photoemission processes
(A) and(B) in the PL from a strong-light-emission nanoscale Uope
Si/Si oxide system as described in the introduction are takel L
into consideration. The photoemission rates of photons ir
processesA) and (B) in the unit volume of the system are
referred to asP,, and Py, respectively. We haveP,, U
=Negn/ 7ar @and Py, =Ngp/ 7, WhereNgy, is the density of
nonequilibrium electron-hole pairs in NSPs, ang and 7,
are radiative recombination lifetimes of the nonequilibrium
electron-hole pairs in the processes A and B, respectively

Suppose that all NSPs in the Si oxide/nanoscale Si syster S
are cubes with the same size and using the effective mas
and infinitely deep well approximations, Hybertsen : . o . z
obtained -L 0 Ee E+e d
1 Eo(L)sirP(koL/2) FIG. 1. Thezdirection electron potential of a SjQayer of

(1)  thicknessd adjacent to a NSP with width df and of a LC located

_:a ’
Tar ko= (2m/L)?J°LE in the SIiQ, layer.

where lattice will relax to the thermal equilibrium configuration for
512%e?n, (|P,|2/2m) th.e excited electron state by em!tting mu]tiple phonons.
= s : Since the rate for the lattice relaxatipwith a time constant
3mA“c ko of 1071°—10 ! sec(Ref. 14] is usually far faster than the
52 5 3 ) rate for the e!ectron transition from _the gxcited state to the
Eo(L)=Eqt+ — | —+ —+ _) (Z) ground state in a Lthe corresponding time constantss
0 92 im m my/lL 108 sec(Ref. 6] to emit a photon. The capture cross sec-

tion is mainly determined by the rate of the photon emission
process, and is approximately independent of the initial en-
ergy of the electron in the NSP. Moreover, it is supposed that

L is the side length of the cubic NS®, the refraction index
of Si, P, is the dipole matrix element for vertical transitions

Ir?1 it;ultles'r'r:;o:sodfzfﬂsgéréi 'isntt],z!ﬁgﬁe :r?grsgagtr:ftf; the LCs distribute uniformly in the SiOlayer. The capture
b t cross sections depend on the charged states of the LCs. As-

longitudinal and transverse effective mass for electrons in Si ; >
. . ) . . sume that the LCs are neutral before illumination, both an
respectivelymy, is the effective mass for holes in S is

the forbidden gap for bulk S¥ is the Planck constané is electron and a hole can be captured by a neutral LC with

the charge of proton, antlis the speed of light. For a NSP Capt“fe cross-sec.t'iomi andaﬁ', then the LC changes to be
embedded in SiQ the potential-well depths for electrons negative and positive, respectively. Then, a hole and an elec-

and holes are 3.2 and 4.6 eV, respectively, which are so deé pn can he c_aptured by the negative and positive LCs, re-

that the infinitely deep well approximation can be used. pectively, with very large - capture cross-sections. The
In order to calculate H,, , thex, y, andz axes are located eIectron—hoIe pair in the LC can recombine radiatively or

along the three sides of a cubic NSP. When we consider thgonradlatlvely. We have

tunneling of electrons and holes along, for example, zhe

direction, the barriers of SiQare considered infinitely deep T_:(Ve0'2+vha'g)NLC77LCv 2

along thex andy directions, while of the actual depth along br

the z direction. Therefore, electrons and holes photoexcitedvhere

in the NSP can only tunnel through the barriers alang

direction?**Figure 1 shows the-direction electron poten- v :ﬁ(i+ i)[ 1 [1—exp—2Kod)]
tial with a SiQ, layer of thicknessl surrounding a NSP and ¢ AUl m T my/ [ miKe e
a LC located in the SiQlayer. It is supposed that the LC has

a negatives potential. The potential of the LC is U in the + [1—exp — 2Ketd)]} ,
rangez=§¢—¢ and é+e, and zero outside the range, and MiKet

whenU; ande tend respectively to infinity and zero simul- 97343

taneously, 2U, remains a constantl . is the height of the h=——7——[1—exp—2K,d)],
barrier of Si oxide for electrons. The rate for a carrian 4UonL " miKp,

electron or a holein a NSP to hit the Si@barrier at+z (or

—2) direction isP,/2m,L, whereP, andm, are the carrier _ V2my(Uoe—Eo(L))
momentum and effective mass indirection, respectively. el h ’
Suppose further that after the photoexcitation the carriers in

the NSP relax to the ground states before tunneling. As soon V2m[Uge—Eq(L)]

as an electron entering the excited electron state of a LC, the et h '
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V2m[Uon—En(L)] Assuming that the LCs are positively charged before illu-
h= 7 , mination, the electron can be captured by the positively
charged LC with a very large capture cross-sectign then
25201 2 the LC changes to be neutral, and a hole can be captured by
Ed(L)= —2(— + —), the neutral LC with a medium capture cross-sectign We
2L \m o my have
3mh?

1 VeoiVyop

En(L)= oo ks 0
h 2m;L? o VeU;-I-VhO'ﬁNLC??LC VhonNLenic

In EQ. (2), N ¢ is the density of the LCs in the SjQayer, o°N
7Lc the luminescence efficiency of the LQ,,, the height of =b,, h '-C”Lcllz - @

the barrier of SiQ for holes,d the thickness of the SiO (Uop—En(L))™ 1L

layer, andE,(L) andE,(L) the energies of an electron and a o ,

hole in a NSP in their ground states respectively. Because the [N @n actual nanoscale Si/Si oxide system, the sizes of
thickness of the SiQlayer is usually larger than 0.4 nm, the NSPs are not uniform and have a distribution, normally the
factors expf2K.d), exp2K.d), and expE2K.d) are Gaussian one:

much smaller than 1 and can be neglected. Then we have

Lo 1 (L—Ly? g
w4 1+2)(1+ 2 1 plL)=——ex 202 | ®
e m " m {m2 7 m¥2] U Uge— Eeo(L)]72L*
vz \M My Am v /Uod Uoe~Ee(L)] whereL,, is the most probable size of NSPs,the root-
3,4 ©) mean-square deviation. Assuming further that the sizes for
v :977 h ( 1 ) 1 the NSPs have a low limit, which is denoted by, we have
" avz |m? U Uon—En(L)T7LY .
V. in Eq. (3) is not different much fronV,, in value. If 62 <T_ar> = fL Tarp(L)dL 9
>op, we have °
. and
1 Nic7icoe 7
Tor " [Uoe— Ee(L)]VL* <i> - Jmip(L)dL (10)
where Tbr LoTbr
a4 where(1/7,,) and{1/7,,) are the average values ofr}/ and
AT N 2\ 1 1/7y,, over the nanoscale Si/Si oxide system, respectively. In
e 4 \m o m I mP? T m? U, Egs.(9) and(10), the size distributiop(L) is given by Eq.

(8). Comparing1/7,,) with (1/7,,), we can see whether the
is a constant independent of the size of the NSPs and therocessA) or (B) is the major one.

parameters of the LCs. Hp>o2, we have For a nanoscale Si/Si oxide system, we can define a criti-
. cal Nic, N{¢, as follows: whenN c>Nfg, we have
i:b i Nic7icon (Umy)>(1l7y,), and whenN c<N{g, we have(1l/r,)
Tor  [Ugn— En(L) 1YY >(1/7p,). NFE as a function oL ,, can be derived from the
(5)  following equation:
977%4( 1 ) 1
= —, 1 1
™ avz \m?) Uon <—> =<—>. (12)
Tar Thr

Assuming that the LCs are negatively charged before il- B crit .
lumination, the hole can be captured by the negatively':rom Eqs(1)~(11), Nic can be obtained. When the LCs are

charged LC with a very large capture cross sectign then neutral _andr.g> gﬂ, or when the LCs are negatively charged
the LC changes to be neutral, and an electron can be capturggfore illumination,

by the neutral LC with a medium capture cross-sectign a
We have Nfrc“=—ro
DrenLcOe
1 VeolVhoy,

: 2
—=—————Nc7c~Veo2N. 7 .. Eo(L)sirf(koL/2) _(L=Lp)
Tobr V60'2+Vh0'h Leke ereieie Lo[kg—(ZW/L)Z]ZLeeX 20_2 dL (12)
X
_b oeNLeic ®) = 1 ex;{—(L_Lm)z dL
"[Uoe— Eo(L)]LY Lo(Uge— Eo(L))72L* 207

085309-3



G. G. QINANDY. J. LI PHYSICAL REVIEW B68, 085309 (2003

approximations. First, the term ${k,L/2) in Eq.(1) is a fast

10"
kI Lo o vibrational function ofL with a period ofa/0.85=0.64 nm.
i I 1.2nm 0.8nm While for a nanoscale Si/Si oxide system, the full width of
10° | i 1.0nm 0.8nm half maximum for NSP size distributions are of
. E Il 0.8nm 0.8nm 2(2 In 2)¥26-=2.35s, which is usually evidently larger than
e : 0.64 nm. Therefore, instead of &k,L/2), its average value
S 10 . of 1/2 can be used approximately. Second, lthia Egs. (1)
29 E QCLC dominates and (2) is substituted by its most probable valug. Then,
e i we have the Eq913) and(14):
E T NLccrit L, 1 _ a,Eo(Lpm) _ 13
10% Tar|  2[Kg—(27/Le) *TPLy,
S E—- PR P— » When the LCs are neutral ard> o, or when the LCs are
negatively charged before illumination:
L (nm) 9 y [¢]
rit - ; 1 De0oN 7
FIG. 2. TheNJ¢-L,, curves obtained from Eq12) with o SV ree LCYLC (14)
=0.8nmand_,=1.2, 1.0, and 0.8 nrsolid lines 1, Il, and I1) and Tor/  (Uge— Ee(Lm))Y2Lp

from Eqg. (16) (dashed ling
When the LCs are neutral ang> o2, or when the LCs are

When LCs are neutral andy>og, or when the LCs are positively charged before illumination, the subscrip& ih

positively charged the subscripte™in Eq. (12) should be  Eq. (14) should be substituted byh®.

substituted by h”. When L, decreases, botkl/r,,) and (1/7,) increase
In Refs. 15-17, the capture cross-sections with the ordergery fast.(1/7,,) increases approximately &s,° from Eq.

of magnitude of 210~ ** cn? for some neutral defects and (13), while (1/7y,) increases approximately &s,* from Eq.

impurities in SiQ have been reported. In our numerical cal- (14). As shown in Eq.(14), o2 (or ¢?), N.c and 7, are

culations we tookrg=1x10"*° cn?, |P,,|?/2m=4 eV and important parameters besides, for (1/7,,). We have ap-

nLc=10% (as we know porous Si can have a PL efficiencyproximately

of ~10%). Wheno andL, for the NSP size distribution of a

nanoscale Si/Si oxide system are givBiii as a function of (L7y,)

L, can be obtained using E¢12). We performed the nu- (Ury,)

merical calculations in the following two casd4) suppose

o=0.8nmand_,=1.2, 1.0, and 0.8 nn\*™ as functions of Where c°=ag, when the LCs are neutral aned> oy, or

L., are shown as three solid lines I, 11, and III, respectively,when the LCs are negatively charged before illumination,

in Fig. 2; and(2) supposeLo=1.0 nm ands=0.8 and 1.2 and o°=o}, when the LCs are neutral andy>og, or

nm, Nf% as functions ofL, are shown as two solid lines | when the LCs are positively charged before illumination.

and 11, respectively, in Fig. 3. From Egs.(11), (13) and (14) when the LCs are neutral
In order to easily comparél/r,,) with (1/7,,), we get ando?> oy, or when the LCs are negatively charged before

their analytical expressions under the following two furtherillumination, we have

1 I i o L Nf[igtw arEO(Lm)(gOe_Ee(Lm)z)lzlzz-
1055 | 0.8nm 1n?n 2breo'27]LC[k0_(27T/|—m) 1Ly

Il 1.2nm 1nm When the LCs are neutral ang> o2, or when the LCs are
positively charged before illumination, the subscrip&s th
Eqg. (16) should be substituted b$h” . The Nfrc't as an ana-
lytical function of L, obtained from Eq(16) is depicted by
a dashed line in Fig. 2 for cag@&) and a dashed line in Fig.
3 for case(2).

x0°Nicncl, (15

(16)

10" N

QCLC dominates

-3
N, (cm7)

DISCUSSION

10'25‘ For a nanoscale Si/Si oxide system with thé £, L)

points just on theNf’C”—Lm curve, such as the one in Fig. 2
or 3, we havg1/r,,)=(1/7,,), which indicates that the QC

and QCLC processes have the same rate. For a nanoscale
FIG. 3. TheNSi— L, curves obtained from Eq12) with L,  Si/Si oxide systems with theNic, L) points at the left-

=1.0 nm andr=0.8 and 1.2 nnfsolid lines | and I} and from Eq.  down side of the N{¢—L,, curve, we have(1/r,)
(16) (dashed ling >(1lr,,), i.e., the QC process surpasses the QCLC process,

L, (nm)
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and for a nanoscale Si/Si oxide system with thed, L) the PL. In general, for NSPs with larger sizes, the QCLC
points at the right-up side of the™—L ., curve, we have Process domi.nates, while for NSPs with smaller sizes the QC
(1Ury,)>(1l7y,), i.e., the QCLC process surpasses the Q@Process dominates. This conclusion seems to contradict that
process. If the N,c, L,) points are near theNErC“—Lm of Ref. 10, as already pointed out in the introduction.

curve, both the QC and QCLC processes have to be consid- All the above conclusions are obtained under several ap-
cit  proximations, e.g., the effective mass approximation, infi-

ered; and if the N c, L) points are far from theN,¢ itelv I e dth ) distri
—L, curve, only the major one in the QC and QCLC pro- nlte_y eep we approxmatl(_)n, and the gp_pro_XImate Istri-
bution described by Eq8) with a lower-limit-size ofL,,

cesses should be considered.
From Eq.(15), for a nanoscale Si/Si oxide system, the etc.. Moreover, wheh decreases to very small values, some
~ ’ parameters in the equations suchkas m;, m, and my,,

larger the LC parameters;?, n,c, andN,, and the larger . , )
the NSP most probable sizk,,, the more favorable for the might alsc_) b_e funct|on§ oL. However, we believed that
ost qualitative conclusions mentioned above, e.g., the con-

\?Vft:rlg 2 Spggg;iscst;gesgfrpl_?:sisn tgi?g)?ﬁ:e Sgﬁgzséﬁ; Zdaxgsoversg]Usion that “for a nanoscale Si/Si oxide system, the larger
. j - the LC parametersy®, ¢ andN ¢ and the larger the NSP

are fixed. TherN, - andL,, are the two active parameters . -

which determine whether the QC or QCLC process plays th ost probable sizel.r,, the more beneficial for the the »

major role in PL. The larger the sizes of NSPs and the highe CLC_ process to surpass the QC process, and vice versa

the density of LCs in Si®, the more favorable for the are still valid qualitatively.

QCLC process than the QC process to occur, and vice versa, We discuss a couple of experiment results for PL from the
For a nanoscale Si/Si oxide system wiﬂ#,o 8 nm and nanoscale Si/Si oxide systems using the physical model sug-

Lo=1.0 nm from Fig. 2, wheih, =2, 2.5, 3, 4, 5, and 6 nm gested. It was reported that PL peak energies in a range of
Cgrres.pondinglchrit.: 1.0x 1015m 8010 53x104 10 L14-2.0eV for more than one hundred as-prepared porous Si
<104 1.9x 103 L(;.I’ld 881012 o3 rt,asp.ectiveh; For Samples shifted into a small range centered at 1.70 eV after

most oxidized porous Si and NSP-embedded Si oxide, th@9iNg in air for one year or 200°C oxidation for 200%.
NSP size distribution hak,,>2.5 nm2® Therefore, ifN,¢ References 20 and 21 independently obtained similar results.

>8x 104 cm3, the QCLC process dominates the PL. In Reference 22 reported that PL peak positions for porous Si
fact, N, c=8x 10" cm 2 is such a small LC density that Samples shifted to about 1.69 eV after ozone oxidation. Al-
there is only one LC in %10’ SiO, molecules in average. though preparation conditions and oxidation treatments for
Assuming that in the oxidized porous Si, the Si@yers Porous Sisamples in the four papers were quite different, the
covering the NSPs have a thickness of around 1 nm. Whefxperimental results were consistent with each other. These
N, c=8x10"cm 3, the corresponding Si/SiOinterface  experimental results are very difficult to be explained by the
density is around & 107 Cm72. If the actual density of the QC mOdeI, because NSPs will shrink after oxidation and the
LC at the Si/SiQ interface is larger than such a small inter- PL spectra from the porous Si samples should blueshift con-
face density, the QCLC process dominates the PL. It indiSistently according to the QC model. However, the result can
cates that if the values af° and 7,¢ for the LCs and the be explained as follows: after oxidation, suppose that one or
values ofl, and o for the NSPs taken in our calculations are Séveral types of LC with luminescence energy near 1.7 eV in
proper in the orders of magnitude, for most nanoscale Si/Spi 0xide play the major role in PL, and at least one of these
oxide systems the QCLC process dominates the PL. types of LC having a large enough density and/or the sizes of
For a nanoscale Si/Si oxide system with defilite,, we ~ NSPs are large enough so tlatr,,) is markedly larger than

can define a critical ,, L™, as follows: whenL ,> L™, (1/T_ar>, i.e., the QCLC process through the LCs with the
luminescence energy near 1.7 eV in Si oxide markedly sur-

we have(1/7y,,)>(1/7,,), i.e., photoemission occurs mainly )
in the LCs in the Si oxide and wheh,,< Lfn”t, we have Passes the QC process, theref_ore, _the PL peak energies of
(Ur)>(Lm,), i.e., photoemission occurs mainly inside oxidized porous Si samples shifted into a small range cen-
crit - . tered at about 1.7 eV.
the NSPs.L," as a function ofN,c can be also obtained M i1q the PL K ener function of the siz
from Eq. (11), or from theN®™—L ., curves in Fig. 2 or 3 easuring the . peak energy as a iunction ot the Sizes
. X tc— btm i _ of the NSPs is an important experiment method to check the
using Fhe foIIowmg method: drawmg a honzpntal !me COMe-p| mechanism model. If the PL peak energy shifting with the
sponding to the giveN ¢ to get an intersection point on the Ngp gj765 just consists with what the QC effect predicts, the
Nch%_ L, curve, .the absmssa_l of the intersection point is theQC model is verified. If the PL peak energy pins nearly at a
Ly corresponding to the giveNc. For c=0.8nm and fixed energy independent of the sizes of the NSPs, the QCLC
Lo=1.0nm, from Fig. 2, whenN c=10 10", and model is verified. In fact, the experimental results for how
10" cm~2 the corresponding;'~5.6, 4.0, and 2.0 nm, re- the PL peak energy shifts with the NSP sizes reported by
spectively. For example, for a nanoscale Si/Si oxide systemgifferent research groups seemed to contradict each other.
with N c=10" cm 2 we haveL%"'=2.0 nm. It means that Shimizu-lwayamaet al. studied the annealing time depen-
for this system whem.,,>2.0 nm, the QCLC process plays dence of the PL spectrum from the NSP-embedded Si oxide
the major role in PL; folL,,<<2.0 nm, the QC process plays obtained by Si-ion implanting into an amorphous $iO
the major role in PL. Since few nanoscale Si/Si oxide sys-matrix?3 They found the PL peak energy for the implanted Si
tems can havé,,<2.0 nm, we conclude again that for most oxide film was almost independent of the annealing time and
nanoscale Si/Si oxide systems the QCLC process dominatdisus was independent of the sizes of the NSPs, because their
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previous experimental results of cross-section high resolularger than or about 3 nm the PL process should take place
tion transmission electron microscopy did verify the growthinside the NSPs. We agree with the conclusion of Ref. 27,
in sizes of NSPs after increasing the annealing fifidow-  however, if the ion-implantation and annealing processes can
ever, in the experiment of Brongersratal. the Si nanocrys- be excellently controlled to make the LC density in Si oxide
tals (with diameters of 2—5 nirwere formed by Si implan-  low enough and/or the NSP sizes small enough, the QC pro-
tation into a 100-nm-thick thermally grown Sjdilm on  cess may play an important role in PL.

Si(100).2° The PL spectrum for the NSP-embedded Si oxide Pavesiet al?® experimentally proved that the PL process
peaked at 880 nm which was attributed to the recombinatioin a nanoscale Si/Si oxide system with an average size of the
of quantum confined excitons. Upon oxidation at 1100 °C forlNSPs of about 3 nm took place at the interface between the
30 min the PL peak blueshifted by more than 200 nm. ThisSi nanocrystal and the SjOnatrix rather than in the NSPs.
blueshift was attributed to the QC effect in which a reductionTheir results also seemed to contradict that of Ref. 10.

of the average nanocrystal size led to the emission at shorter

wavelengths. The apparent contradiction between the experi- CONCLUSION

mental result of Shimizu-lwayamet al. and that of Brong- Two competitive photoexcitation-photoemission  pro-

grrfim?zﬁfIs\:é;;rga?secsé(gI?r:gegizteimoaft%eslésa;ngeg(rwtvr?é ('jr:a nc_esses occur in the PL of the nanoscale Si/Si oxide systems,
sity of LCs in Si oxide were large enough so that the QCI_Cmcludlng the oxidized porous Si and the NSP-embedded Si

. oxide. In the QC process, both photoexcitation and photo-
goceiigsd;;nqggtiend d;heenljil_e’n?r;?}r:gesriizjsrec;f tt?]z Z;gsaﬁ;\i\%’mission occur in NSPs, and in the QCLC process, photoex-
o ge); in Bron ersma’z case. the sizes of NSPs and)or A citation occurs in the NSPs, while the photoemission occurs

ver, | 9 ' 'z }W‘n the LCs in a Si oxide adjacent to the NSPs. Which process
density of L.CS were not Iar_ge enough so that the QC proce?{ﬁays the major role in PL is mainly determined by two fac-
played an important role in the PL, and thus the PL peal ors: the sizes of the NSPs and the main parameters of the

energy evidently depended_o_n th_e SIZes of the NSP.S' .HOV\L'C in the Si oxide, which are the capture cross sections of
ever, only when the blueshifting is consistent quantltatlvelythe LC when it is neutral, and the density and luminescence

with what the QC model predicts, which was discussed re- ... . A )
cently by Delerueet al,® it can be concluded that the QC efficiency of the LC. For a nanoscale Si/Si oxide system with

process plays a decisive role in the PL. Because Ref. 24 d@ specific type of LC of definite density, a critical most prob-

. . S . ble size of NSPs can be defined. When the most probable
not give the size distributions of the NSPs neither before NOLi- o of the NSPS is larger than the critical one, the QCLC
after the annealing, whether or not the blueshifting is Cons'sbrocess surpasses the QC process, while when the most prob-

t?”t W't.h what the QC model predicts cannot be quantlta'able size of the NSPs is smaller than the critical one, the QC
tively discussed.

Rebohleet al. presented a review paper on PL and elec_process surpasses the the QCLC process. This conclusion
. P . : Paper -~ seems contradict to that of Ref. 10. They claimed that for
troluminescence g Si_oxide layers |on-|mplgnted with NSPs with larger sizes, the QC model worked, but for NSPs
e e el e o aaS<CE7® wih smallr sies SO bond @ ype of LC3 played the
P ; y . " key role in light emission. Provided that the key parameters
mary of this paper, they stated that “strong PL in the blue—for a nanoscale Si/Si oxide system are giverNg— L,

Yz:)leerts sigeoct:;aelr\igglwhit:or: i?gaS:e-(,j ?)ndasn?(-)llrggﬂ?g-tlieki%% curve can be calculated. For the nanoscale Si/Si oxide sys-
Y y tgms with the N, ¢, L,,) points just on the curve, the QCLC

nescence center characterized by well defined excitation an .
rocess and the QC process are equal in rate. For a system

emission energies. ... Qu_a_ntum cpnfmement effec;s_ln nalr](f’:/)vith the (N.c, L) point at the left-down side of the curve,
clusters as a possible origin of this PL can be definitely ex; . ;
, ) , the QC process dominates, and for a system with the
cluded.” We consider the reason for excluding the QC pro- Nic. L) point at the right-up side of the curve, the QCLC
cess in NSPs as a major process in PL is that in the Si oxidg Lc, tm) PO! ght-up . ' ‘
process dominates. For a system with thg {, L) point

layers ion-implanted with group-IV elements the LC density
is usually large even after annealing and the sizes of thglose to the curve, both the QCLC and the QC processes
ghould be taken into account.

NSPs are typically larger than 3 nm; hence, the rate of th
QCLC process normally goes far beyond that of the QC ACKNOWLEDGMENT

process in these materials. Moreover, the conclusion of Ref.

27 is contrary to that of Ref. 10, which claimed for a nanos- This work was supported by the National Natural Science
cale Si/Si oxide system with the average size of the NSP&oundation of China.
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