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A photoluminescence �PL� study of crystalline Si/SiO2 quantum wells has been carried out for thicknesses
in the 3.9–0.6 nm range. We show that quantum confinement plays a great role on emission properties of these
narrow quantum wells in term of PL line energy and quantum efficiency. In particular, for the very-low-
thickness domain, a set of discrete and high-energy lines is observed between 1.20 and 1.60 eV and viewed as
resulting from two phenomena: the thickness fluctuations of the silicon layer and the appearance of structural
barriers in the plane of the thinnest wells due to the formation of a two-dimensional distribution of Si
nanocrystals embedded in SiO2. A strong increase in the photoluminescence efficiency is measured for wells
pertaining to the very-low-thickness domain.
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I. INTRODUCTION

In the last few years, intense research has been performed
in the field of crystalline silicon �c-Si� based light emitting
devices. Despite the very poor internal quantum efficiency
�QE� of this material �of the order of 1�10−5�, several ways
for the enhancement of the c-Si external luminescence have
been explored. Recombination of electron-hole �e-h� pairs in
implanted bulk c-Si at room temperature with high
efficiency1 or strong spatial localization of carriers leading to
an increase of direct recombination in silicon crystallites2 are
promising techniques for the realization of efficient c-Si op-
tical sources. The exceptional room-temperature photolumi-
nescence �PL� properties of this class of material were dis-
covered by Canham in 1990 �Ref. 3� in porous silicon
obtained by electrochemical etching. This discovery in-
volved a great number of studies concerning silicon nano-
crystals �nc-Si� �Ref. 4� whose size and density control is of
outstanding importance for optical or electronic applications.
While many works were focused on the optical properties of
very thin Si/SiO2 quantum wells �QW’s� obtained by thin-
ning of silicon-on-insulator �SOI� substrates fabricated by
the separation by the implanted oxygen technique
�SIMOX�,5–9 no detailed study was performed to highlight
the connections and transition between ultrathin c-Si QW’s
and nc-Si.

In a previous article,10 we showed that quantum confine-
ment played an important role in the photoluminescence
properties of the two-dimensional electron-hole liquid �EHL�
in optically pumped Si/SiO2 QW’s for thickness lz below
3ax, where ax�4.9 nm is the bulk exciton Bohr radius.
However, no result was presented for lz�ax where the QW
thickness becomes comparable to the diameter of nc-Si. The
aim of this paper is to study such very confined electron-hole
systems and to complete the work accomplished in thick
c-Si QW’s by a systematic study of the influence of the
thickness decrease on the recombination spectra in the low-
thickness domain �i.e., lz�4.7 nm�. A strong quantum con-
finement effect is observed in this lz range, in analogy with

the weak confinement effect10 observed above lz�5 nm.
This results in a set of fixed high-energy lines in PL spectra.
The data will be compared with a simple model which gives
a direct connection between the line position and the QW
thickness. For the sake of a greater physical significance,
some improvement is brought by including the effect of the
image charges in the dielectric barriers on the optical prop-
erties of thin c-Si QW’s. It will be seen that thinning SOI
substrates down to the length scale of the exciton Bohr ra-
dius appears as a promising and alternative way for the fab-
rication of SiO2-embedded nc-Si.

II. SAMPLES AND EXPERIMENT

Samples are obtained from an initial 4-in. SOI wafer
made using wafer bonding technology for the transfer of the
standard 200-nm c-Si layer over the 400-nm thermal
SiO2/c-Si substrate stack. The upper SiO2 barrier necessary
to passivate the silicon surface is fabricated by thermal oxi-
dation of the c-Si layer. Adjusting the oxidized amount of the
c-Si layer following several oxidation-deoxidation cycles al-
lows us to reach the desired silicon and upper oxide
thicknesses—in our case 10 nm for both materials. Using
spectroscopic ellipsometry, we noticed that wafer edges ex-
hibited interesting zones with a silicon thickness gradient of
the order of 1 nm per mm along the sample surface. These
border zones are generally not processed in standard technol-
ogy because of the edge effects. The accuracy of the ellipso-
metric measurements has been found to be ±0.5 nm. Setting
the lz dependence as a function of the position on the sample
surface by means of this technique allows us to establish a
one-to-one relation between PL spectra and the QW thick-
ness.

Samples were immersed in a continuous gaseous helium
flux at 6 K in the cryostat. Excitation was ensured by a �
=351 nm cw beam from an Ar+ laser focused on the sample
surface with a diameter of the order of 50 �m. The laser
density power reached 4 kW cm−2. Use of this particular
wavelength is necessary for efficient excitation of c-Si nano-
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structures because it provides a strong absorption A in
the direct gap of the material following the law A�lz�=1
−exp�−�lz�, where �=9�105 cm−1 at �=351 nm. We regis-
tered the reference spectrum of our 640-mm monochromator
and photomultiplier tube with a cooled InGaAs photocathode
to a white lamp �3400 K blackbody�. We used it as a correc-
tion function for our broadband PL spectra to ensure better
line-shape analysis.

III. PHOTOLUMINESCENCE OF SUB-4-nm Si/SiO2

QUANTUM WELLS: STRONG QUANTUM
CONFINEMENT REGIME

A. Effect of the thickness lowering

In a previous article,10 we showed that lowering the c-Si
QW thickness leads to a weak quantum confinement effect
below lz�3ax

3D and to a blueshift of the EHL line. However,
no PL data were reported for QW’s below lz�ax

3D, when
carrier confinement is expected to play a crucial role in lu-
minescence properties. The observed thickness gradients on
wafer edges are particularly suitable for lz-dependent PL
studies and make possible a comparison between thicker
QW’s �Ref. 10� at high lz and SiO2 embedded nc-Si at low lz.

The structural study of a narrow QW using transmission
electron microscopy �TEM�, as reported in Fig. 1, shows
unambiguously that the crystalline quality of the c-Si QW is
not altered by the various oxidation-deoxidation cycles nec-
essary to reach the nominal thickness �10 nm�. The Si/SiO2

interface is defined at the atomic scale along the two QW
sides, as for standard SOI substrates �lz=200 nm�. Thinning
commercial SOI wafers using thermal oxidation appears as a
promising technique to furnish high-quality c-Si QW’s over
a wide range of thickness, from 200 nm down to a few
nanometers—the crystalline quality of thinner layers �about
1 nm� has also been checked at the European Synchrotron
Radiation Facility �ESRF� by grazing-incidence x-ray dif-
fraction. This method is particularly interesting in view of
the “classical” epitaxial Si/SiGe technique which provides

c-Si QW’s with finite-height barriers and weak carrier con-
finement.

PL spectra acquired at P=4 kW cm−2 and T=6 K with a
focused laser beam are reported in Fig. 2. In the experimental
setup, the sample is free to move in the perpendicular plane
to the focused laser beam. Control of lateral movements
thanks to a micrometric translation stage makes possible
lz-dependent studies of QW PL by tuning the sample position
with respect to the laser beam along the thickness gradient.
From Fig. 2, one can see that spectra can be divided into
several groups. The first group contains a fixed set of lines on
the low-energy side of the PL spectra for any position of the
laser spot or any analyzed thickness. These lines are found to
be the TO-LO EHL and bound-exciton �BE� phonon replica
centered at 1.082 and 1.092 eV and also the corresponding
TA replica at 1.120 and 1.132 eV, and arise from e-h recom-
bination in the substrate.11 The second kind of luminescence
line is observed at high energy for lz between 3.9 and 2.1 nm.
As for the two-dimensional �2D� EHL identified in Ref. 10,
this “moving” line blueshifts as lz decreases. Fits of the EHL
line maximum EM deduced from spectra in Fig. 1 of Ref. 10
for lz�4.7 nm give the empirical relation EM�meV��1081
+1105/ lz

2. When compared to the experimental maximum
EM =1145 meV of the lz=3.9 nm spectrum in Fig. 2, one
obtains the extrapolated thickness lz

e�4.16 nm, which is
very close to the ellipsometric measurements. We conclude
that the moving line observed in spectra of Fig. 2 down to
lz=2.1 nm is ascribed to e-h recombination via confined
electronic states.

Below lz�2.1 nm, a new series of fixed and discrete
high-energy lines arises in the e-h recombination spectra.

FIG. 1. Cross section of a SOI QW obtained after several cycles
of oxidation and sacrificial deoxidation of Si. Each point corre-
sponds to two unresolved atomic columns.

FIG. 2. Well PL as a function of lz in a variable thickness QW
�ellipsometric measurements of lz label each spectra�. Laser density
power is P=4 kW cm−2 and T�6 K. All spectra have been cor-
rected from the setup response to the 3400 blackbody.
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Such spectra cannot be due to a wavelength-dependent sen-
sitivity of our experimental setup since spectra recorded in
Fig. 2 have been divided by the setup response to the 3400 K
blackbody light, assumed to be a white light in the spectral
interval of acquisition.

In order to determine the origin of the observed high-
energy radiations, we etched the superficial oxide and silicon
layers of a similar sample using a buffered HF solution and
an aqueous TMAH solution. The spectrum of the resulting
structure �bulk c-Si substrate+buried oxide� is reported in
the top of Fig. 2 and only exhibits e-h recombination in the
substrate under the same pumping and temperature condi-
tions than for the other reported spectra. This shows unam-
biguously that light emission occurs in the c-Si QW and/or at
the Si/SiO2 interface.

Spectra acquired for lz�2.1 nm have been fitted using
five Gaussian curves. Results indicate that the e-h recombi-
nation line positions12 are constant for all spectra �similar
behaviors have been found in other samples� with values
EM1=1.21 eV, EM2=1.29 eV, EM3=1.36 eV, EM4=1.46 eV,
and EM5=1.60 eV. As no line was observed in the spectral
range between 1.60 eV and the upper cutoff of the detector
sensitivity—determined to be above 3 eV—it is likely that
no more energetic line appears beyond the fifth component.

In view of these results, we shall give a very simple de-
scription of the electronic processes that can explain the
shape of the spectra in Fig. 2 as resulting from e-h recombi-
nation via highly confined electronic states in Si/SiO2 nano-
structures. The EHL line blueshift observed below lz�3ax in
Fig. 1 of Ref. 10 is well explained in thin QW’s by both an
opening of the band gap and a rigid band shift due to many-
body phenomena given, respectively, by ab initio calcula-
tions of the c-Si band diagram from Niquet et al.13 and the
adapted theory of Kleinman.14 More precisely, the line posi-
tion depends on a quantum confinement term EQc=Ec−Ev
and on a Coulomb term ECb taking account of the image
charge effect. Following Ref. 13, we have

Ev�lz� =
Kv

lz
2 + avlz + bv

, �1�

Ec�lz� =
Kc

lz
2 + aclz + bc

+ Eg, �2�

where lz is in nm, Kv=−1326.2 meV nm2, av=1.418 nm, bv
=0.296 nm2, Kc=394.5 meV nm2, ac=0.939 nm, and bc
=0.324 nm2. The negative ECb term arises from many-body
interactions inside the plasma. Here, for the sake of simplic-
ity, we shall assume that ECb can be approximated by the
exciton binding energy given by the Keldysh theory of exci-
tons in semiconductor-dielectric nanostructures15 including
image charge effects. Finally, we have

EM�lz� = EQc�lz� + ECb�lz� − 	
TO

= Ec�lz� − Ev�lz� − BEX�lz� − 	
TO, �3�

with BEX�lz� the thickness-dependent exciton binding energy
given by Eq. �24� of Ref. 15. In Eq. �3�, we assume that e-h
recombination is assisted by constant-energy phonons in the
range of studied lz.

Thickness can be expressed in units of silicon monolayers
� as lz=�aSi /4, where aSi�0.5431 nm is the silicon lattice
constant. To compare our model with data, we selected the
2.1-nm QW PL spectrum with well-defined spectral compo-
nents as shown in Fig. 3. Each Gaussian contribution
�circles� is well separated from one another. Using Eq. �3�
and measuring the experimental EM allows us to estimate the
corresponding � parameters. We find �=19, 14, 12, 10, and
8 monolayers for EM =1.21, 1.29, 1.36, 1.46, and 1.60 eV,
respectively.

In view of the observed spectra, some correlation emerges
between � and the measured thickness along the Si gradient
of the QW �see insets in Fig. 2�. If we look at the general
shape of the 1.3-nm spectrum reported in Fig. 2, we can note
that the main contribution is centered at EM

4 =1.46 eV, with
�=10. This leads to estimate the thickness obtained in the
model of strong quantum confinement and gives lz
�1.36 nm, in very good agreement with ellipsometric mea-
surements. We conclude that the experimental spectra ob-
tained in very narrow QW’s are well explained in the frame-
work of our model of carrier recombination under strong
quantum confinement. Moreover, the characteristic form of
the � series gives interesting data on the shape of the silicon
gradient. One can see that two consecutive PL lines corre-
spond to two distinct thicknesses with a mean separation of
�=2 monolayers. This suggests to us that the Si gradient is
made of terraces and steps with quantized thickness fluctua-
tions of two monolayers.16

FIG. 3. Solid curve: PL spectra of the 2.1-nm QW �see Fig. 2�.
Circles: fit of the spectrum using a five-Gaussian curve set.

ELECTRONIC AND OPTICAL….II.… PHYSICAL REVIEW B 72, 205325 �2005�

205325-3



In view of the multicomponent nature of the PL spectra
reported in Fig. 2 and of the previous conclusions, we de-
duce that the laser spot samples several lz for a definite po-
sition.

As mentioned above, no luminescence contribution was
found beyond EM5. This result is a priori surprising in a
scheme of quantum confinement since e-h recombination in
a �=6 monolayer QW is expected to produce 1.78-eV pho-
tons �see Fig. 3�. Such processes do not occur so that the
1.60-eV line seems to be the ultimate and more energetic PL
line produced by c-Si QW’s when the Si layer progressively
vanishes.

Many authors reported the observation of this red PL line
for narrow SIMOX QW’s �Refs. 5–8� and a similar PL signal
in porous silicon.17 Thanks to a rigorous control of the QW
thickness, we have shown in this work that the band edges
continuously move from their bulk position up to very far
values for the thinnest wells. Thus, the experimental freezing
of e-h recombination at 1.60 eV is likely due to trapping of
carriers on constant-energy levels. This kind of e-h recombi-
nation is activated when quantum confinement is sufficiently
strong—i.e., when lz passes below a critical value. For such a
thickness, the conduction- and valence-band edges cross the
trap levels so that the lower-energetic transitions are no
longer the band-to-band recombination but recombination
via trap levels. For Takahashi et al.,6 excited carriers transfer
and recombine on an interfacial trap when confinement is
sufficiently strong. This assumption on the nature of the
traps—i.e., of interfacial type—is supported by the experi-
mental and theoretical work of Wolkin et al.17 on the lumi-
nescence properties of c-Si nanocrystals �nc-Si� and the role
of oxygen. As we did for c-Si QW’s, they found a clear
effect of the nc-Si size reduction on the PL properties, result-
ing in a blueshift of the e-h recombination line. This effect
due to quantum confinement is seriously altered when nc-
Si crystals are oxidized: the PL peak position of the smallest
crystallites redshifts towards the same recombination energy.

Their numerical calculations show that the SivO bond cre-
ates interfacial traps while the band gap is opening due to
quantum confinement in small crystallites, with activated
trapping of one electron and one hole on the Si and O atoms,
respectively.17

In view of the above-mentioned results, we assume that
the 1.60-eV line is produced by e-h recombination on inter-
facial traps of very thin QW’s, as reproduced in Fig. 4. Ab
initio calculations of the electronic structure of nanometric
c-Si QW’s taking account of the great density of oxygen
atoms and silicon oxygen bonds at the interface would be
very useful to understand the physical processes at stake in
such nanostructures.

B. Correlation between structure and light emission

In the previous section, we explained the multicomponent
nature of the PL spectra in Figs. 2 and 3 as the result of
quantized fluctuations of the QW thickness. The absence of
thermalization between the different components indicates
that carriers are strongly localized although they are a priori
free to diffuse towards the deepest energetic well—i.e., the
largest thickness—and to recombine to give a unique PL
line.

A crude estimate of the maximum carrier mean free path
before recombination Le,h can be made by equating the car-
rier velocity to the Fermi velocity vF in the 4.7-nm QW �Ref.
10� �vF

e,h�12�106 cm s−1�. Assuming that the pair lifetime
is of the order of 200 ns—as for EHL e-h pairs in a 28-nm
QW �Ref. 10�, we deduce that Le,h�2.5 cm, which is some-
what greater than the real carrier spreading radius rp
�500 �m of an e-h plasma with n�3.2�1018 cm−3 and
P=4�103 W cm−2 in a 2-nm QW. These values indicate
that e-h pairs should “explore” all the volume of the layer
with various accessible lz before they recombine. In the case
of a thickness gradient with a gradual variation of the con-
finement energy, a driving force which attracts carriers from

FIG. 4. Electronic processes at
stake in narrow QW’s in the
scheme of band-to-band transi-
tions �large thickness� and of acti-
vated carrier trapping on interfa-
cial centers, assumed to be the Si
and O atoms of the SivO bonds,
as deduced from Ref. 17 �small
thickness�. Inset: formation of the
2D nanoplates assembly for the
thinnest QW’s and corresponding
band diagrams. The scale of
length along the QW is con-
tracted.
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low to high lz would result in an efficient e-h recombination
in the lowest-energy state. A single line should be seen which
is not the case in our samples—see Figs. 2 and 3. Then, we
conclude that structural barriers for carrier motion form in
the plane of the very narrow QW’s, stop the carrier diffusion,
and fix e-h transitions to the local value arising from the
quantum confinement properties.

In order to determine the structure of narrow QW’s, we
performed a surface analysis of a sample coming from the
edge of a wafer by atomic force microscopy �AFM�, as
shown in Fig. 5. Images �a�, �b�, and �c� have been recorded

for decreasing mean thicknesses, after deoxidation of the top
oxide in a buffered HF/NH4F solution. In these pictures,
c-Si is bright whereas the underlying oxide is dark. These
data show a clear change in the surface state of the silicon
layer when lz is lowered from a few nanometers �a� down to
a few monolayers �c�. The QW surface, continuous and
atomically flat �a�, progressively breaks into a planar distri-
bution of Si nanocrystals and/or two-dimensional Si grains,
which we call nanoplates �c�, lying on 6-nm SiO2 pillars
resulting from a low overetching of the buried oxide layer.
Note that the buried oxide etching must be very well con-

FIG. 5. AFM images of a QW surface �field=2 �m� obtained after removal of the top oxide. Images �a�, �b�, and �c� correspond to
scanned zones with decreasing mean thickness. Bright surfaces are flat and are made of crystalline silicon, whereas the dark underlying
surfaces correspond to SiO2. The step between the Si and SiO2 surfaces arising from the oxide etching is about 6 nm.
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trolled and limited to prevent the entire consumption of the
oxide pillars and detachment of the upper dots. However,
such a process is expected to remove the smallest crystallites
from the sample surface and does not allow to exactly pre-
pare the sample with its initial silicon surface state. Due to
the radius of curvature of the AFM tip, the lack of lateral
resolution prevents us from accurately measuring the diam-
eter of the objects coming from the QW breaking. Thus, we
cannot estimate the aspect ratio and the dimensionality of
these dots. We conclude that data acquired via AFM corrobo-
rate the spectroscopic observation of various lines on the
same PL spectrum and the model of blocked thermalization
of carriers by structural barriers in ultrathin c-Si QW’s. The
inset in Fig. 5 gives a schematic view of the thickness gra-
dient as deduced from spectroscopic and AFM measure-
ments. According to Fig. 2, the QW surface is no longer
continuous below the mean thickness lz�2.1 nm. In view of
these results, the thermal thinning of SOI wafers down to
lz�2.1 nm, in the “dot domain,” appears as a promising way
to make c-Si nanostructures particularly suitable for single-
electron electronics.

Moreover, correlation between the QW surface structure
and the light emission can be found by comparing cw PL
spectra obtained before the top oxide deoxidation and AFM
images, as reported in Fig. 5 �right column�. The great rise in
the intensity of the 1.60-eV line when the quantum dot den-
sity increases for the lowest thickness—Figs. 5�a�–5�c�—
strongly suggests to us that the 1.60-eV contribution is as-
cribed to e-h recombination in Si dots. Complementary
experiments would be necessary to observe the fine structure
of luminescence spectra from single Si dots obtained using
the thermal oxidation technique. Cathodoluminescence or
confocal spectroscopy would be of great interest to deter-
mine the dependence of the trap level as a function of the
nanoplate and nanocrystal diameters.

C. Quantum efficiency of c-Si QW’s as a function of thickness

The previous study of PL spectra of thick and narrow
QW’s as a function of lz brings other important information
on the relation between carrier localization and the quantum
efficiency �QE�, defined as the e-h pair radiative recombina-
tion probability. In bulk c-Si, the usual value of QE�1
�10−5 due to preeminence of Auger processes makes c-Si a
bad candidate for applications in optoelectronics. Thinning
c-Si QW’s and localizing carriers to lower the probability of
phonon-assisted e-h recombination appears as a practical
way to rise the silicon QE. Here, we will use previous data to
plot the QE�lz� function and compare it with a simple model
that takes account of the carrier localization in a 2D medium.

At first, it is useful to define the integrated intensity Iint of
a given PL spectrum by the relation

Iint = �
h�1

h�2 S�h��
C�h��

dh� , �4�

where h�1 and h�2 are the lower and higher photon energies
of the PL spectrum, S is the recorded signal by our lock-in
amplifier system, and C is the setup response to the white
lamp. A more practical physical parameter has to be

introduced—namely, the photoluminescence efficiency �,
defined as the integrated intensity per pump energy unit:

��lz� =
Iint

P � A�lz�
, �5�

A�lz� being the absorption coefficient at �=351 nm. Due to
the lack of accurate knowledge in the absolute spectral sen-
sitivity of the setup, it is very difficult to estimate the true
value of the QE for a given QW. Here, a relative estimate of
the PL efficiency gain with respect to the bulk value is much
more convenient. We choose �bulk= Iint

bulk /P�1−A�3.9 nm�� as
the standard bulk value of the PL efficiency, where Iint

bulk is the
integrated intensity of the substrate lines of the lz=3.9 nm
QW as shown in Fig. 2 and P=7�103 W cm−2. Using the
relation ��lz� /�bulk=QE�lz� /QEbulk and previous spectro-
scopic data �cf. Fig. 2 and supplementary data not shown in
this figure10�, one obtains the thickness dependence of the
relative gain in the quantum well QE, as reported in Fig. 6.

The ratio QE�lz� /QEbulk is almost constant and close to
unity over a wide range of thickness provided that lz
�3 nm. We conclude that the SOI QE remains unchanged,
as the result of the constancy of phonon-assisted e-h pro-
cesses down to lz�3 nm and the very low density of nonra-

FIG. 6. Gain in the QW quantum efficiency with respect to
substrate as a function of thickness. Inset: overlap of electron and
hole wave functions. Right: probability 1

e,h of finding an electron
�respectively, a hole� in a pz=	kz state for various localization de-
grees. Left: edge positions of the 1

e,h functions as a function of
thickness in the first Brillouin zone, with p0=	2� /aSi, impulsion at
the edge of the first Brillouin zone.
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diative recombination centers in these, artificial structures.
Below lz�3 nm, the quantum efficiency gains until two

decades for the thinnest QW’s, in qualitative agreement with
the expected increase of the no-phonon-assisted e-h recom-
bination due to the spreading in the k space of the carrier
wave functions. If we keep in mind the AFM pictures of the
QW surface shown in Fig. 5, the actual values of
QE�lz� /QEbulk in the thinnest QW’s should be seriously re-
evaluated since the covering rate of the silicon layer is not
100%. This results in a lowering of the PL-integrated inten-
sity and in an artificial underestimate of the PL efficiency
compared to the case of a total covering by quantum dots.

In our high-potential-barrier QW’s, the wave functions
associated with the e-h stationary states is written �n

e,h�z�
=�2/ lz sin�n�z / lz� along the z direction �n=1 corresponding
to the ground state�. Localizing the carriers in the �x ,y� plane
leads to a broadening of the probability functions 1

e,h�pz�
= �	�1

e,h �kz
�2 of finding an electron �respectively, a hole� in a
pz=	kz state given by

1
e,h�pz� = � 1

2i
� lz

�	
exp�i�

2
−

pzlz

2	
��

��Fpz −
�	

lz
� + Fpz +

�	

lz
���2

, �6�

where F�pz�=sin�pzlz /2	� / �pzlz /2	�. In the case of crystal-
line silicon and to simply account for the effect of localiza-
tion, we shall center the 1

h�pz� function at the � point and
1

e�pz� function at the k= �±0.86,0 ,0�2� /aSi point on the
electronic band diagram of silicon—this latter point corre-
sponds to the position of the conduction-band minimum in
the �X direction.

The right inset in Fig. 6 gives a schematic view of the
spreading phenomenon of the wave functions of an electron
and a hole under strong localization and clearly shows that
no overlap occurs for large thickness between the e-h prob-
ability functions. The left inset reports a plot of the first right
and left zeros of the 1

h�pz� �1
e�pz�, respectively� functions

when centered on the valence- and conduction-band edges,
respectively. Appreciable overlap is found below lz
�1.9 nm, which can explain the significant increase in the
QE in narrow QW’s as a result of direct recombination via
highly confined states. Here, the mass of carriers has no in-
fluence on the form of the probability functions and then any
change in the band curvature arising from a decrease in the
QW thickness has no effect on the result of the calculations.

According to the results of the preceding section, this “lo-
calization” model can be hardly compared to spectroscopic
data acquired on the thinnest nanostructures since no uni-
form silicon layer with mean thickness lz�2.1 nm can form.
This model agrees well with our experimental data in the

sense that no noticeable increase in the QE is observed in
QW’s with lz�3 nm. Fabrication of a set of ultrathin SOI
wafers with uniform and monolayer-defined silicon layers
would be of great interest to test the relevance of our ap-
proach. Moreover, data analysis reveals that the change in
the slope of the QE�lz� curve below lz�3 nm is mainly as-
cribed to the 1.46-eV e-h recombination and the so-called
1.60-eV interfacial transitions. This particular transition via
trap levels needs a more specific treatment and does not obey
our previous model. AFM surface analyses �see Fig. 5� tend
to prove that recombination on interfacial traps only occurs
in nc-Si-type structures �i.e., silicon dots� and that the ad-
equate approach to describe e-h processes in those structures
should be done by means of ab initio calculations, as Delerue
et al. did for porous silicon.2

In their theory, the calculated recombination rate of e-h
pairs in silicon crystallites is found to be of radiative type
when the diameter d is sufficiently small due to direct recom-
bination and increases when d decreases. In addition, if the
diameter of the nanostructures is smaller than the mean dis-
tance between the nonradiative recombination centers, an ex-
tra contribution term due to the spatial confinement effect
contributes in the QE increase. A theoretical study of the
influence of the carrier localization on the SivO bonds on
the e-h pairs recombination dynamics would be very inter-
esting to compare with our data.

IV. CONCLUSION

In this article, the transition between two-dimensional and
zero-dimensional Si/SiO2 nanostructures is observed. The
quantum confinement effect involves important line blue-
shifts, up to 600 meV with respect to bulk samples. For the
thinnest wells, the discrete series of high-energy PL lines
reveals that carrier energy levels are also discrete. A simple
model based both on the thickness dependence of the band
gap and on the e-h interactions in the QW has been presented
to account for these results and connects these electronic
states to monolayer-defined regions of the sample. The ex-
perimental freezing of the QW luminescence at 1.60 eV is
ascribed to e-h recombination via localized states on the
SivO bond of the Si/SiO2 interface. Supplementary experi-
ments such as thermal treatments in controlled atmospheres
should be performed to break the SivO bonds and to ob-
serve the expected quenching of the 1.60 eV line and extra-
high-energy PL lines originating from highly confined elec-
tronic states.
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