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Abstract. Substrates of the present gas-sensible sensors are fabricated from the porous sil-
icon characterized by a high specific surface. In order to increase stability of the operation
and enhance selectivity of these sensors their surface can be covered with metal-containing
films. In this work the film of tin oxide was deposited on the surface of porous silicon; this
films is characterized by certain advantages such as a wide band gap, low price, high sensibility
and in-toxicity of the material. Porous silicon was obtained by electrochemical anodizing of
single-crystalline silicon (grade KEF (100)). Porous silicon samples werethen coated with the
films of tin oxide applying thermal evaporation in vacuum. When metal-oxide film was depos-
ited on porous silicon its surface became more textured and in addition formation of the great
amount of nano-scale granules could be observed. Optical properties of the samples were stud-
ied by UV-spectroscopy. The presence of the oxidized tin was found on the surface of porous
silicon in the form of SnO. It was shown that thermal deposition of tin on the surface of porous
silicon resulted in the change of position and shape of the photoluminescence band. Results
presented in the work demonstrated that thermal evaporation in vacuum can be successfully
applied for obtaining of the tin oxide films on porous silicon. The elaborated nanocomposites
can be used for the fabrication of sensors for gas detection.
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Annoranus. [TomToXKM COBPEMEHHBIX T'a30YyBCTBUTEIBHBIX CEHCOPOB M3TrOTaBIMBAIOT M3
MOPUCTOrO KPEeMHUS, 00JIaJarollero BBICOKOW YACIbHON ITOBEPXHOCTHIO. JIJISI MOBBILLICHMUS
CTaOMWJILHOCTU pabOThl M CEJIEKTMBHOCTM TaKMX CEHCOPOB Ha MX IMOBEPXHOCTh HAHOCST
MeTajllocofepKaliiue TaeHKu. B HacTosieit pabore Ha MOBEPXHOCTb MOPUCTOrO KPEMHMSI
HAHOCUJIM IJICHKY OKCH/Ia 0JI0Ba, UMEIOIIYI0 TaK1e MPEMMYILEeCTBa, KaK IUpoKas 3anpelieHHas
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30Ha, HU3Kasi CTOMMOCTb, BbICOKAsI YYBCTBUTEIbHOCTh U HETOKCUYHOCTb MaTepuraja. [lopuctolit
KPEMHUI TTOJIyYaId 3JIEKTPOXUMUYECKUM aHOAUPOBAHUEM MOHOKPHUCTANIMYECKOT0 KPEMHUS
KB5® (100). Ha ob6pa3ibl HOpUCTOTO KPEeMHMSI ObUIM HAHECEHBI IICHKM OKCHMIa OJIOBa
METOJIOM BaKyyMHO-TePMUYECKOTO ucnapeHusi. [1pn ocaxaeHUr MeTaJZIOKCUIHON TUIEHKU Ha
TMOPUCTOM KPEMHHM €r0o TMOBEPXHOCTh CTAHOBUTCS 00Jiee TeKCTYpUPOBAHHOM, HAOIIOMAeTCs
00pazoBaHMe OOJBIIOTO KOJNYECTBA HAHOPA3MEePHBIX rpaHysl. OnTHYecKre CBOMCTBA 00Pa3II0B
U3ydaauch MeTroaoM Y®D-CIeKTpOCKONMU. YCTAHOBJIEHO IIPUCYTCTBUME Ha IIOBEPXHOCTU
MOPUCTOr0 KpeMHUsT oKuciaeHHoro ojoBa B Buue SnO. IlokazaHo, 4TO, TepMHUUYECKOE
OCaXXIEHWsI 0JIOBAa Ha ITOPUCTBIA KPEMHMI BedeT K M3MEHEHHUIO TOJIOKEHUS U (OPMBI
MOJIOCHI (DOTOJIOMUHUCLICHIIMU. Pe3yabTaThl, OMMCaHHbIE B pabOTe, MOKA3bIBAIOT, YTO METO/
BaKyyMHO-TEPMUUYECKOTO MCTIAPEHUsT MOXET YCIIEIIHO MCITOJIb30BaThCs ST (pOopMUpPOBaHUS
TUIEHOK OKCHJa 0JIOBa HAa MOPUCTOM KpeMHUU. PazpaboTaHHbIe HAHOKOMITO3UTHI MOTYT OBITh
KMCII0/Ib30BaHbI [IJIs1 U3TOTOBJICHUSI JATYMKOB OOHAPYXKEHMS ra30B.

KioueBble cj10Ba: MOPUCTHINE KPeMHMI, OKCHUJI 0JIOBAa, TEPMUUECKOE MCIIApeHNEe B BaKyyMe,
G oTOoJSIIOMUHECLIEHLIUS
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Introduction

Nowadays porous silicon is widely applied in multi-sensor systems since it is characterized
by the great specific surface providing a high sensitivity to gases [1]. It can be used as a basis for
elaboration of a cheap compact sensor system. To increase stability and selectivity of the system
porous silicon substrate was covered with the film of tin oxide. The choice of SnO _ is stipulated
by the presence of such advantages as a wide ban gap, low price, high sensitivity and intoxicity of
this material [2, 3]. Gas sensitivity of SnO_is based on the change of resistivity of the film layer
under the impact of different gases. Various methods of the films deposition onto porous silicon
are known: chemical one, deposition from the vapor phase, sputtering or thermal evaporation.
Evaporation in vacuum and the following thermal oxidation are known to be simple and efficient
method of the preparation of smooth, dense and controlled thin films on rather large areas [4—5].

Materials and Methods

Porous silicon samples were obtained on the wafers of single-crystalline silicon (grade KEF,
with 100 orientation, resistivity of 0.2 Q cm) by electrochemical anodizing in the liquid electrolyte
on the basis of fluorine acid [6]. Porous silicon plates were coated with tin oxide by thermal
deposition technique in the vacuum (deposition unit VUP04). The pressure of residual gases in
the evaporation chamber was of 5-10° — 10* tor. Thickness of the metal film was of 200 nm.
Deposition rate was about 3—5 nm/s.

Morphology of the obtained heterostructures was studied with atomic-force microscope (AFM)
SOLVER P47 PRO, statistical analysis of the surface morphology was performed with the use
of the NOVA software. Using IR-spectroscopy (technique the data on the chemical bonds and
their possible deformations on the surface of por-Si samples (spectrometer Vertex 70 (Bruker) was
applied with an attachment for measuring of attenuated total reflection spectroscopy (ATR)). All
of the studies were performed after one month of the samples obtained in the work. Exposure of
the samples to the atmosphere is necessary to stabilize the surface composition and properties of
porous silicon.

Optical properties of the samples were studied in the range of 190—900 nm by UV-spectroscopy
technique with the use of LAMBDA 650 spectrometer produced by Perkin Elmer company,
supplied with a universal reflectance accessory (URA) attachment, enabling to observe reflection
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spectra within the incidence angles range from 8° to 80°. This enabled us to obtain information
from thin films deposited on the optically denser and bulk substrates. Electromagnetic radiation
penetrated through a thin film and reflecting from the substrate, once again penetrated into
the film. Thus, we obtain the so-called reflection-transmission spectra. Reflection-transmission
spectra in heterophase structure of SnO_/por-Si/Si (111) were obtained for the incidence angles
of 45° degrees.

Photoluminescence spectra of the samples were measured with automated spectral-luminescent
complex based on MDR-4 monochromator, for the wavelength of the escitation emission equal
to 405 nm.

Results and Discussion

Figure 1 represents AFM images of the surface over the inhomogeneities sizes for three
samples. For the sample of porous silicon with the deposited tin particles (Fig. 1, ¢) smoother
surface can be observed as compared porous silicon (Fig. 1, a). Mean roughness of the surface for
porous silicon sample with the deposited tin particles is considerably smaller (45 nm), than for
the crystalline silicon with the deposited tin particles (70 nm). The mean size of tin particles on
porous silicon is about 50 nm, while this one on the crystalline silicon is of about 100 nm; this
can be attributed to the particles agglomeration and their enlargement. When deposition of tin on
porous silicon was realized more homogeneous distribution of tin particles on the surface can be
observed as well as the decrease of roughness and the size of the deposited particles.

a) b) 9)

Fig. 1. AFM-images of topography and phase contrast of (a) original por-Si, single-crystalline sample
of silicon with the deposited tin c-Si:Sn (b), porous silicon sample with the deposited tin por-Si:Sn (c)

In order to find the mechanisms of optical absorption in the porous layers with the use of
the program software facilities OPUS Bruker, taking into account Lambert-Bouguer formula we

obtain:
T = exp[—D],

where T is transmission, and D is optical density we have transformed transmission-reflection
spectra into absorption ones. Dependences of (D-hv)? on the quanta energy for single-crystalline
Si as well as for the samples of porous silicon are presented in Fig. 3, which were calculated from
the spectrum of the specula reflection with the use of Kramers-Kronig relation [7].

Figure 2, a represents the dependences of (D-hv)? on the energy of quanta for single-crystalline
Si, as well as for the samples of porous silicon that were calculated from the spectra of specular
reflection with the use of Kramers-Kronig relations. Graphical analysis enabled to find separate
sections of the graphs with linear dependence of (D-hv)? on the quanta energy. This can indicate
at the presence of direct allowed transitions in this spectral range. Linear extrapolation of these
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parts of the graph to zero value of (D-hv)? allows the determining of the direct transition energy
characteristic for these samples.

Analysis of the graphical dependences showed that for the samples of c-Si:Sn (Fig. 3, a) one
can observe the presence of silicon (1.1 eV), however, the presence of tin oxide is not observed
since oxide film is rather thin and it has island morphology.

For the samples of porous silicon (por-Si) and porous silicon with the deposited tin (por-Si:Sn)
rather expressed direct transitions from the valence to the conduction band are observed just
as for the original substrate with the energy of 3.5 eV, corresponding to the transition A,-A,.
Moreover, in the spectra of the investigated samples certain transitions with the energy of ~
5.3 €V are observed, corresponding to the direct transitions I' ;-T' ., and they are much more
expressed as compared with the substrate [8] (Table). Next, for the samples with tin additional
transition characterized by the value of 2.7 eV is seen, which according to [8], corresponded to
SnO. The transition with the value of 3.7 eV, attributed to SnO , is also present but it coincides
with the transition of 3.5 eV for porous silicon. The presence of pure metallic tin can not be
detected using UV-spectroscopy.

a) b) 9
70 4 70 4[POr-Si 1 70 4 ! !

T T T
3 6 7 0 1 5 6 7 0 1 2

b, o by, ot .
Fig. 2. Dependences of (D-hv)? on the quanta energy: single-crystalline silicon with the deposited tin
(c-Si:Sn) (a), porous silicon sample (por-Si) (b) and porous silicon with the deposited tin

(por-Si:Sn) (¢)

Table
Energy of the direct transition from the valence band to the conduction band [8]
Energy of
Sample charge carriers Interpretation
activation , eV
¢-Si:Sn 1.1 width of the band gap in silicon
1.9 photoluminescence band of silicon
: nanocrystals in porous silicon
por-Si 3.5 A3 Al
53 2s’-ri1s
21 photoluminescence band of silicon
: nanocrystals in porous silicon
27 width of the band gap
por-Si:Sn ’ in tin oxide (SnO)
3.5 A3 - Al
53 2s5’-r115
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Photoluminescence (PL) spectra of por-Si samples are presented in Fig. 3. The samples of por-
Si are characterized by a high-intensive PL peak arranged from 600 to 750 nm (2.2—1.6 e¢V). For
the samples of porous silicon with tin particles PL peak is shifted to the range from 550 to 650 nm
(2.6—1.7 eV). Peak of photoluminescence for the samples of original porous silicon is observed
at 1.9 eV, while for porous silicon with the deposited tin this peak is shifted to the higher energy
range up to 2.1 eV. The obtained results correlate well with the data on UV-spectroscopy (Table).
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Fig. 3. PL spectra of the samples for original por-Si and composite por-Si:Sn (at room temperature)

Since the sample of original por-Si was also located in the working chamber during formation
of the composite it seems possible to assert that the change of PL peak is not connected with
the impact of technological parameters employed in the procedure of magnetron deposition.
Therefore, taking into account that the depth of PL excitation for the samples at _ . = 405 nm is
of ~ 10—30 nm [9,10], considerable changes in PL properties of the sample can be attributed to:
(a) partial reflection of exciting irradiation by the film, (b) by the local redistribution of the charge
under incorporation of the metal into the pores and screening of the excitons similar to the case
of electrochemical deposition, (c¢) by reducing of the amount of silicon nanocrystals (clusters)
as compared with the original por-Si, and also by a decrease of their mean size. Moreover, for
silicon nanostructures showing rather low PL intensity the enhancement of the role for the centers
of emission recombination is possible to be realized due to the defective silicon oxides SiO .
One should imply that PL peak in this case is arranged in the wavelength region of 500—550 nm
(2.4—2.2 eV) [11].

Conclusion

Nanostructured composites of porous silicon with the deposited layer of tin obtained by thermal
evaporation in vacuum were studied in the work. The obtained results demonstrated that under
thermal evaporation of tin in vacuum it is deposited much better on porous silicon than on the
single-crystalline one. A noticeable change of the surface is observed (thin film of tin is distributed
in homogeneous manner and roughness of the surface is reduced). All this considerably affects
position and the shape of PL in porous silicon layer. It is shown that on the surface of the samples
oxidized tin is present I the form of SnO. The obtained nanocomposites can be employed for
elaboration of the sensors intended for the detection of combustible and toxic gases. Therefore,
the presented technique employed in our study, can be successfully employed for a design of
composite materials with the advanced properties.
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