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Structured silicon substrates (macroporous silicon) with SiO, nanolayers and CdS nanocrystals were pro-
posed to reduce the flow of electrons and recombination outside the nanoparticle layer. It was found that
the resonance electron scattering in samples with low concentration of Si—0—Si states transforms into
ordinary scattering on ionized impurities for samples with high concentration of Si—O—Si states. The max-
imal intensity of photoluminescence was measured for a structure with maximum strength of the local
electric field at the Si—SiO; interface, indicating a significant decrease of non-radiative recombination in
CdS nanocoating due to the flow of electrons from the silicon matrix towards the CdS nanocrystal layer.
The quantum yield of photoluminescence increases with time due to evaporation of water molecules.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Currently considerable interest exists in the light-emitting
semiconductor nanocrystals based on II-VI compounds. This is due
to the successes achieved by colloid chemistry in the synthesis
of such structures [1]. The ability to control the optical proper-
ties by varying the nanocrystal size allows the development of
“white” light sources, radiation converters and inorganic LEDs, The
researches in this area are aimed at the development of nanocrys-
tals in a dielectric matrix to reduce non-radiative recombination.
The dependence of photoluminescence of CdSe nanoparticles and
CdSe/ZnS on the matrix material (substrate) was studied on the
basis of organic semiconductors and quartz {21

Due to their size-tunable physical properties nanoscale semi-
conductor materials have promising applications, including the
optoelectronic devices such as light-emitting diodes [3} and next

generation quantum dot solar cells [4]. Moreover, nanoscale semi-

conductors functionalized with biomolecules are promising as

* Corresponding author at: V. Lashkarev Institute of Semiconductors Physics
NAS of Ukraine, 41 Nauki pr., Nauki, 03028 Kyiv, Ukraine. Tel.: +380 44 525 23 09;
fax: +380 44 525 83 42.

E-mail addresses: lakar@isp.kiev.ua (L. Karachevtseva), stephan@ukr.net
(S. Kuchmii), alstroyuk@ukr.net (0. Stroyuk), lytvole@gmail.com (0. Lytvynenko),
o kolesnilk84@maik.ru (0. Sapelnikova), yaschichek@ukr.net (O. Stronska),
bo305@hetmail.com (W. Bo), nikar@kartel kiev.ua (M. Kartel).

http://dx.doi.org/10.1016/.apsusc.2016.01.069
0169-4332/© 2016 Elsevier B.V. All rights reserved.

ticles on oxidized silicon 1

" “molecular fluorescent probes in biological applications {5]. The

deposition of light-emitting nanocrystals on structured silicon sub-
strates will favor development of new waveguide amplifiers and
lasers for silicon micro- and nanophotonics.

In this paper, oxidized macroporous silicon structures with
CdS surface nanocrystals were proposed to reduce the flow of
electrons and recombination outside the nanoparticles. In partic-
ular, the analysis of oxidized macroporous silicon structures with
CdS nanoparticles was made on the basis of measurements of IR
absorption spectra. Macroporous silicon is a promising material
for the development of 2D photonic structures with the required
geometry and large effective surface {6,7]. This determines the
optical and electro-optical characteristics of macroporous silicon
structures [8,9}. Thus the local electric field at the “macroporous
silicon-nanocoating” interface was determined. And the influence
of electric field on the photoluminescence intensity of CdS nanopar-
roporous structures was evaluated.

2. Procedure )

CdS nanocrystals were deposited onto silicon substrates from
colloidal solution with polyethylenimine (PEI). The CdS nanocrys-
tal size values were obtained from the data given by atomic force
microscopy. A layer of 1.8/2nm CdS nanoparticles (Fig. 1a) was
deposited from a colloidal solution with PEI onto the oxidized mac-
roporous silicon structure.
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Fig.1. (a) Morphology of CdS nanocrystals in PEl according to the data of atomic force microscopy. Inset: the photoluminescence band diagram with E; —
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Eq~2.7eV (defect level energy) {1.7]. (b) A fragment of the macroporous silicon structure with arbitrary distribution

of macropores and direction of light incidence on the sample (along the main axis of cylindrical macropore).

Macroporous silicon structures with arbitrary distribution of
macropores (Fig. 1b) were made of n-silicon wafers of-[1.00]
orientation (the electron concentration ng =10'> cm~3) using pho-
toelectrochemical etching [7]. The structures with macropore
depth hp=40-80 wm, diameter Dy=2-5um and concentration

=(1-6) x 10% cm~2 were etched.

Si0, nanocoatings were formed in the diffusion stove after treat-
ment in the nitrogen atmosphere. The oxide layers (thickness of
5-200nm) were formed on macroporous silicon samples in dry
oxygen for 40-60 min at a temperature of 1050 °C. The oxide thick-
ness was measured using ellipsometry.

The chemical states on the surface of macroporous sili-
con structures with nanocoatings and the electric field at the
“Si—Si0," boundary were identified by IR absorption spectra
using a PerkinElmer Spectrum BXII IR Fourier spectrometer in the
300-8000 cm! spectral range. The optical absorption spectra were
recorded at normal incidence of IR radiation on the sample (along
the main axis of cylindrical macropores—see Fig. 1b). The experl—
ments were carried out in air at room temperature. - - - - -~

The photoluminescence spectra of the macroporous 5111con sam-
ples with a silicon oxide layer and CdS nanoparticles with PEI were
obtained in the 1.8-3.3 eV range of photon energy. The excitation
radiation with photon energy E. = 3.44 eV of the first exciton peak
[10} (see insetin Fig. 1a)falls on the sample through an optical fiber.
And the photoluminescence emission of the test sample falls on
the sensor and the optical fiber through a slit with width of 2.5 nm.
The angle between the excitation radiation and photoluminescence
emission is 5°.

3. Experimental
3.1. Macroporous silicon structures with SiO, nanocoatings

Preliminary surface cleaning of macroporous silicon with oxi-
dation and oxide etching off reduces concentration of -organic
compounds, CH, and OH bonds. The IR absorption spectra of
macroporous silicon structures after cleaning and further surface
oxidation (oxide thickness of 5-200 nm) are shown in Fig. 2a. The
IR absorption of macroporous silicon with surface oxide thickness
of 5 nm (curve 2)is 1.5 times greater than that without surface oxi-
dation (curve 1). The nature and intensity of absorption peaks are
almost identical for curves 1 and 2.

The IR spectrum of the macroporous silicon sample with surface

oxide thickness of 10 nm.(curve 3) changes dramatically. We mea-. .. .

sured a 364cm~! peak of one-phonon absorption and 465 cm=~!

peak associated with Si—0-Si rotation {i11]. There is a strong

-..growth of the Si—0—Si oxide peak (1095 cm~!) with further oxi-
dation of macroporous silicon (curves 4-7). This indicates increase
of the concentration of bridge-like oxygen atoms in Si—0—Si (TO
phonons) due to reduction of passivation of silicon and oxygen
dangling bonds in the absence of hydrogen [12}]. In addition to the
TO phonon peaks (1086-1095 cm~1), LO phonon absorption peaks
(1250-1256 cm~!) are formed due to radiation incidence along
the surface of cylindrical macropores (geometry of frustrated total
internal reflection {13}).

In__addition, new _ absorption_ peaks are . formed .in_ the
spectral regions of TO and LO phonons at @=1467cm™!=
w10 * (@0 — w10 ), 1646 cm~1 = wy o + 2w — wro)and 1880 cm™—1 =
wio +3(wo — w10), that are presented separately in Fig. 2b. A series
oflight absorption bands at w > w o can be explained by formation
of multi-phonon states [ 14] as a result of the interaction of phonons
of the SiO, layer with waveguide modes in the silicon matrix.
It is known that the surface LO phonons are phonon-polaritons

- [ £5],-so the waveguide modes increase the density of the polari-
ton multi-phonon states [16]. As a result, absorption increases as
the frequency (ws* )y of the Nth mode of surface phonon-polariton
coincides with the frequencies of the waveguide modes. In our case,
the guided and quasi-guided modes are formed on a silicon matrix
with the parameters of modes equal to the spacing between the
macropores {17,18]. According to Fig. 2, the resonance frequency
Nth mode of surface phonon polaritons is

s {N (gsi_)”z

taking into account that the frequency of the LO phonon is
w10 =wro(€0/€00 )12 for p-polarized surface mode {14]. It should be
noted that impurities increase the density of the polariton states
too.

(1)

-3.2. Comparison of the IR spectra of oxidized macroporous silicon
with and without surface cleaning

Fig. 3a shows the IR spectra of macroporous silicon samples hav-
ing surface oxide 200 nm thick, with (curve 1) and without (curves
2) surface cleaning.

Absorption of macroporous silicon samples without oxidation
and oxide removal exceeds by 4-20 times that of macroporous
silicon samples with previous cleaning. The oscillations of IR

_absorption.(Fig..3a.and-b).result.from.electron.-resonance .scat-
tering in a strong electric field by impurity states on the surface
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Fig. 2. (a) The IR spectra of macroporous silicon structures after surface cleaning without surface oxidation (curve 1) and with surface oxidation: oxide thickness of 5 nm
(curve 2), 10nm (curve 3), 20 nm (curve 4), 50 nm {curve 5), 100 nm (curve 6) and 200 nm (curve 7). (b) IR absorption spectra of macroporous silicon with surface oxide
thickness of 10 nm (curve 1), 20 nm (curve 2), 50 nm (curve 3), 100 nm (curve 4) and 200 nm (curve 5) in the spectral region of TO and LO phonons.
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Fig.3. (a)IR absorption spectra of macroporous silicon having surface oxide 200 nm thick, with (curve 1) and without (curve 2) surface cleaning. (b) Fragment of IR absorption
spectra of macroporous silicon having surface oxide 200 nm thick, with (curve 1) and without (curve 2) surface cleaning.

of macropores, with the difference between two resonance ener-
gies AE=Fa=8-20cm~" equal to the Wannier-Stark step [18,19].
The oscillations (Fig. 3a) have small amplitudes of IR absorption
and nearly the same period for samples with surface cleaning and
those of macroporous silicon without prevxous surface cleamng

(Fig. 3b). :

Sharp decrease of the oscillation amplltude inthe electro-optical
effects is determined by an increase of the broadening parameter
I'" [20]. The calculations of the broadened electro-optical function
for the Franz-Keldysh effect were performed in {2¢,21}. By analogy
with this approach, we determined the effect of broadening on the
amplitude of oscillations in IR absorption spectra (AA) in the form
of convolution of the “non-broadened” oscillation amphtude (AAO)
with the Lorentz distribution:

AA r do’

s T

= arctan
AAg +

b @

(o — w)

where Aw=w’ — w is the energy of the Wannier-Stark step Fa.
The results of calculation with Eq. (2) are shown in Fig. 4a, from
which it follows that the oscillation amplitude increases linearly

with Fa/I" up to Fa/I" ~ 1. The Fa/I” values lie within 1 <Fa/I" <100
for the experimental data on IR absorption in macroporous silicon
structures with oxide thicknesses of 50 and 200 nm in the spectral
region of the Si—O surface states (Fig. 2b) and AA/AAy=0.2-0.5
(Fig. 3b). The same period of oscillations (see Fig. 2b) confirmed low

values I =6.1-10-cm=1 The-obtained-F-values correspond to this -

parameter for surface phonon polaritons measured in thin films of
[I-VI semiconductors {18,221

Let us analyze the dependencies of oscillation amplitudes AA
on absorption A for local surface states of macroporous silicon
structures (Fig. 4b). The dependence AA(A) for macroporous silicon
samples without surface cleaning is linear. And the dependencies
AA(A)obey the “3/2 law” for the samples after surface cleaning. The
obtained dependencies of oscillation amplitudes AA on absorption
Acorrespond to I'"'~7~E or E3/2 (where T = 1/I" is electron scatter-
ing lifetime and E is electron energy). The resonance scattering of
oxidized macroporous silicon samples without preliminary surface
cleaning with z,~E transforms into an ordinary electron scattering
by ionized impurities with lifetime 7;~E3/2 for the samples with
surface cleaning.
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Fig. 4. (a) The results of calculation (curve) of the AA/AAy dependence on Fa/I” by Eq. {2} The symbols are experimental data from Fig. 3a on IR absorption by macroporous
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Fig. 5. The infrared absorption spectra of oxidized macroporous silicon structures

without (1) and with (2) a nanolayer of CdS nanoparticles 30 nm thick and the oxide

thickness 10 nm.

Thus, the effect of broadening on the amplitude of oscillations
in the IR absorption spectra is due to interaction of the surface
multi-phonon polaritons with scattered electrons. This interaction
transforms the resonance electron scattering (t,) in the samples
without preliminary surface cleaning into scattering on ionized

impurities () for the samples with prehmmaly surface cleanmg 7

and the structured oxide formation.

3.3. Photoluminescence spectra

IR spectra and photoluminescence were investigated for oxi-
dized macroporous silicon structures with preliminary surface
cleaning and the layers of CdS nanocrystals with thickness of

10-30nm and oxide thickness of 5-20 nm. ¥ig. 5 shows-the IR

absorption spectra of oxidized macroporous sxhcon structures
without (curve 1) and with (curve 2) a nanolayer of CdS nanopar-
ticles 30 nm thick and the oxide thickness 10 nm. IR absorption
of oxidized macroporous silicon structures with a layer of CdS
nanoparticles increases in comparison with that of oxidized mac-
roporous silicon structures without a layer of CdS nanoparticles.
The obtained dependencies of oscillation amplitudes AA on
absorption A (Fig. #) correspond to scattering of electrons by

ionized impurities with 7;~E3/2, That scattering increases.the flow ...
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Fig. 6. Dependencies of oscillation amplitudes (AA) on absorption (A) for macropo-
rous silicon samples with CdS nanocrystals and with the silicon oxide thicknesses
5nm (M), 10nm (O) and 20nm (a) for surface Si—0 bonds.

Table 1
The electric field strength for oxidized macroporous silicon structures with CdS
nanoparticles.

degs (nm) dsio, (nm) Fs x 1074 (Vfem)
20 4.9

20 10 5.8
20 5.7

30 10 6.8
20 6.4

- of electrons from the silicon ‘matrix towards the CdS nanocrys-
tal layer in comparison with the resonance scattering with 7,~E.
Thus, the deposition of a nanclayer of CdS increases IR absorp-
tion in comparison with IR absorption of oxidized macroporous
silicon structures without a layer of CdS nanoparticles and saves
mechanism of the electron scattering on ionized surface states.
The dependences of the spectral position of oscillation maxima
(Fig. ) in macroporous silicon with CdS nanoparticles are linear.
The corresponding electric field strength (F AE/a) varies from
4.5x10%V/cm t0.6.8 x.104 V/em (Table 1), - e e
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Fig. 8. The photoluminescence quantum yield (1) and electric field strength (2) vs.
the SiO; thickness in macroporous silicon structures with CdS nanocrystal layer
30 nm thick.

Fig. 7a shows the spectral dependence of photoluminescence
intensity in macroporous silicon structures with CdS nanocrystals
(thickness of 30 nm), the oxide thickness of 5, 10 and 20 nm. For
structures of macroporous silicon with oxide thickness of 5 and
10nm and CdS nanocrystals, the maximum of photoluminescence
spectra (Fig. 7a, curves 1, 2) coincides with the corresponding data
for aqueous colloidal solution of CdS-PEI (2.6-2.7 eV). For struc-
tures of macroporous silicon with oxide thickness of 20 nm and CdS
nanocrystals, the maximum of photoluminescence spectra (Fig. 7a,
curve 3) is shifted to higher energies. This indicates a decrease in
the distance between the pairs of opp051te charges localized in the

“deep” traps [23]. : o e

Fig. 7b shows the CIE x-y diagram with chromat1c1ty coordmates

of the samples 1-3 from Fig. 7a. The color purity is 49.8% for sample
1,59.1% (sample 2) and 60.4% (sample 3). The maximal color purity
for sample 3 is due to the maximum photoluminescence spectra
shift to higher energies.

The maximum intensity of the CdS nanoparticle photolumine-
scence was measured for structures with the highest strength of
the local electric field at the Si—SiO; interface (Fig. 8). This indicates
a significant decrease of non-radiative recombination of electrons
generated on CdS nanocrystals due to the counter flow of electrons
from the silicon matrix towards the CdS nanocrystal layer. The max-
imum of the photoluminescence intensity was measured for the
structure of macroporous silicon with CdS nanocrystal layer 30 nm

30,
2

254 m*__._______—a——-—-‘
ES
o 201
.“_; 3 .
E15" -
2
£ 10}
&
g0 N__—‘
o ry

0 i i i 1 i

10 15 20 25 30
CdS nanocrystal thickness, nm

Fig. 9. The photoluminescence quantum yield vs the CdS nanocrystal thickness in
macroporous silicon structures without silicon oxide (1), with oxide thickness of
. 10nm(2)and20nm(3).

thick and oxide thickness of 10 nm. This structure has the highest
electric field strength Fs=6.8 x 105 V/cm (Table 1) at the Si—SiO,
interface.

Fig. 9 shows the dependence of the photoluminescence quan-
tum yield on the CdS nanocrystal thickness for macroporous silicon
structures without silicon oxide (1), with oxide thickness of 10 nm
(2) and 20nm (3). The photolumiriescénce quantum yield does
not change for macroporous silicon structures with optimal oxide
thickness of 10 and 20 nm and decreases for macroporous silicon
structures without silicon oxide layer.

Photoluminescence spectra and photoluminescence quantum
yield were measured over 7 and 14 days after the sample prepa-
ration. The photoluminescence spectral maximum increases by
4-6 times through 7 days after the sample preparation. That indi-
cates a decrease in the rate of non-radiative recombination at the

----nanecoating as-a-result-of-decrease-in the concentration of recom-

bination centers in this area of structures. In addition, the spectral
maximum shifts due to redistribution with time the density of
nanoparticles in the CdS-PEI nanocoating.

The photoluminescence quantum yield of CdS nanoparticles
on the surface of oxidized macroporous silicon with optimum
thickness of SiO, layer increases by 1.5-2.3 times (Fig. 10) and
reaches 28%. With further storage of samples, the photolumi-
nescence quantum yield almost does not change. The quantum
yield of photoluminescence for such structures increases with
time due to evaporation of water molecules from the CdS-PEI
layer [241.

The obtained value of the photoluminescence quantum yield
for investigated nanostructures is comparable with those for CdS
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Fig.10. Time dependénce of the photoluminescence quantum yield in macroporous
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quantum dots (29%) after annealing process {25] and for 2-3 nm
CdS quantum dots (26-27%) [51].

4. Conclusions

Macroporous silicon structures with SiO, nanolayers and CdS
nanocrystals are proposed to enhance the photoluminescence of
CdS nanoparticles due to reducing the electron recombination out-
side the nanoparticle layer.

It was found that the resonance electron scattering at the
Si—Si0, interface for samples with low concentration of Si—0—Si
states in oxide layer transforms into scattering on ionized surface
states for samples with high concentration of Si—0—Si states in the
structured oxide.

The deposition of a nanolayer of CdS onto oxidized macroporous

silicon structures (i) increases IR absorption_ in comparison with__ .

that in structures without a layer of CdS nanoparticles and (ii) saves
the mechanism of electron scattering on ionized surface states. This
increases the flow of electrons from the silicon matrix towards the
CdS nanocrystal layer.

The maximum intensity of the CdS nanoparticle photolumi-
nescence was measured for structures with the highest strength
of local electric field at the Si—SiO, interface. This indicates a
significant decrease in non-radiative recombination of electrons
generated on CdS nanocrystals due to the counter flow of electrons
from the silicon matrix towards the CdS nanocrystal layer.

The photoluminescence quantum yield of CdS nanoparticles on
the surface of oxidized macroporous silicon with optimum thick-
ness of SiO, layer increases by 1.5-2.3 times during the first two
weeks owing to evaporation of water molecules from nanopar-
ticles in the polymer layer. With further storage of samples, the
photoluminescence quantum yield almost does not change.
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