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Abstract�The possibility of the synthesis of In0.22SnS0.33(OH)4 nanolayers on the silica surface by the
layer-by-layer technique was demonstrated. The synthesized layers were studied by ellipsometry, X-ray spec-
tral microanalysis, and electronic and IR Fourier spectroscopy.
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Much attention is given today to the problem of
the synthesis of nanolayers of various compounds on
substrate surfaces by the layer-by-layer technique. To
obtain nanolayers of metal sulfides, the techniques of
molecular layering (ML) [1], atomic layering (AL) [2],
and ionic layer deposition (ILD) [3�7] are used. Each
of these techniques has its own area of the most ef-
ficient application as regards the synthesis conditions
and the range of synthesized compounds. For example,
ML and AL techniques are used to prepare layers of
those sulfides for which volatile metal compounds
used as reagents exist in the field of the thermal sta-
bility of surface functional groups. The ILD technique
is applicable to the synthesis of nanolayers of metal
sulfides that are difficultly soluble in aqueous solu-
tions; in this case, solutions of a salt of the correspond-
ing metal and Na2S [4�5] or H2S [6�7] are used as
reagents.

The preparation of nanolayers of double sulfides
and hydroxosulfides of metals on a surface is also of
considerable interest. It was found previously [8] that
a layer of Ag7SbS6 can be prepared by the ILD tech-
nique with solutions of Ag+ and Sb(V) (Na3SbS4)
salts used as reagents.

The aim of this work was the synthesis of InxSn �

Sy(OH)z nanolayers. These layers find application as
semiconducting and optical materials.

To synthesize indium- and tin-containing layers,
we used 0.01 M solutions of Na4SnS4 and In(NO3)3
or InCl3 with an equilibrium pH. However, the first
experiments showed that a layer is formed on the
silica surface only when In(NO3)3 solutions are used
in the synthesis. To account for this result, we cal-
culated the equilibria in solutions of indium salts at

various pH values using the Visual Minteq 2.40b
program [9]. The results obtained show that, at the
equilibrium pH 2.5, fairly stable complexes InCl2+

and InCl2
+ (log K 2.75�4.37) are formed in the InCl3

solution. These complexes are probably inert with
respect to the reaction with tin-containing compounds
on the substrate surface. At the same time, the
In(NO3)3 solution contains In(OH)2+ and In3+

aq com-
plexes which enter into such reaction and are adsorbed
on the surface.

The layer synthesized using In(NO3)3 and Na4SnS4
is characterized by the UV spectrum (Fig. 1) with a
broad absorption band in the range 200�450 nm and
the IR spectrum (Fig. 2) with an absorption band at
1640 cm�1 belonging to bending vibrations of the
O�H groups of water molecules, bands of bending
vibrations of O�H groups of metal hydroxides (1400
and 1200 cm�1), and a broad absorption band in the
range 600�300 cm�1, which should be assigned to
stretching vibrations of Sn�O and In�O bonds [10].

The spectra essentially change on heating. After
heating at 400�C, the bands at 1400�1200 cm�1 dis-
appear from the IR Fourier spectrum and a more
structured absorption band in the range 600�300 cm�1

appears, which suggests the decomposition of the
hydroxides with the formation of the corresponding
oxides. The absorption in the range 400�850 nm
decreases, which is probably due to partial removal of
sulfur atoms from the layer on heating.

It follows from the ellipsometry data that a layer
of thickness 0.4 nm is formed on the surface in one
ILD cycle. According to the data of the X-ray spectral
microanalysis, the layer synthesized by 25 ILD cycles
contains In, Sn, and S atoms in the ratio of 2 : 9 : 3.
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Fig. 1. UV�visible absorption spectra of In0.22SnS0.33 �

(OH)4 layers on the quartz surface, synthesized by
(1) 10 and (2) 15 ILD cycles from In(NO3)3 and
Na4SnS4 solutions; (3) the same as 2, after heat
treatment in air at 300�C for 30 min.

Thus, the formula of the synthesized compound can
be written as In0.22SnS0.33(OH)4, and after heating in
air, as In0.22SnO2.33.

We believe that the reactions occurring on the
surface can be presented by Eqs. (1) and (2).

�>SiO� + Inaq
3+

�� �>SiOInaq
2+[In(NO3)3]ads,x, (1)

�>SiOInaq
2+[In(NO3)3]ads,x + H2O (washing)
�� �>SiOIn(OH)2,aq. (2)

As a result of reaction (1), a layer of chemically
and physically adsorbed In(NO3)3 is formed on the
surface in the first operation cycle. After removing
the substrate from the In(NO3)3 solution and washing
with water [reaction (2)], the layer of physically ad-
sorbed ions is washed off, whereas the more strongly
adsorbed layer of In3+

aq aqua complexes forms a layer
of indium hydroxide �>SiOIn(OH)2,aq on the surface.
Then, in the stage of the treatment with a SnS4

4� solu-
tion and washing to remove its excess, a complicated
negatively charged hydroxosulfide complex of indium
and tin is formed on the surface. It is a center of the
adsorption of indium cations in the following ILD
cycle. However, the treatment of this complex with
an In(NO3)3 solution does not result in complete
hydrolysis of the Sn�S bonds, and a part of sulfur
atoms is incorporated in the growing layer.

Thus, we have demonstrated for the first time the
possibility of preparing In0.22SnS0.33(OH)4 nanolayers
by the ILD technique.

EXPERIMENTAL

The IR Fourier transmission spectra of the syn-
thesized layers were obtained on a Perkin-Elmer
1760X spectrophotometer at a resolution of 4 cm�1
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Fig. 2. IR Fourier transmission spectra of an In0.22Sn �

S0.33(OH)4 layer synthesized by 20 ILD cycles on the
silicon surface from In(NO3)3 and Na4SnS4 solutions:
(1) initial sample; (2, 3) samples heat-treated in air for
30 min at 200 and 400�C, respectively.

from 20 scans. The UV�visible absorption spectra
were recorded on a Perkin�Elmer Lambda-9 spectro-
photometer at a scanning rate of 50 nm min�1 and the
2 nm slit program. Ellipsometric measurements were
carried out on an ellipsometer with a light wavelength
of 632.8 nm and the light incidence angle of 45�. The
X-ray spectral microanalysis was carried out at the
accelerating voltage of 20 kV on a CAMSCAN-4
scanning electron microscope combined with an AN-
10 000 semiconducting spectrometer of characteristic
X-ray radiation. The data were processed by the ZAF
4-FLS program.

As substrates for the synthesis of nanolayers we
used KDB-40-grade single-crystalline silicon of the
<100> orientation and KB-grade quartz polished to
surface finishing class �14�. The technique of the prep-
aration of substrates prior to the synthesis has been
described in [11].

To synthesize the layers by dissolving the corre-
sponding salts in water, we prepared 0.01 M solutions
of Na4SnS4 �18H2O and In(NO3)3 or InCl3 with the
equilibrium pH values. Na4SnS4 �18H2O was prepared
according to [12] from Na2Sn(OH)6 and Na2S �9H2O
as reagents.

The time of the treatment of substrates in the re-
agents and in water was 0.5 min. In the first stage of
the synthesis, the substrate was kept in an indium salt



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No. 6 2007

In0.22SnS0.33(OH)4 NANOLAYERS 989

solution, washed with water to remove the excess
solution, and placed in a Na4SnS4 solution. After
keeping the substrate in it, the excess salt was washed
off with water. These operations constituted one ILD
cycle. This sequence of treatments was multiply
repeated.

ACKNOWLEDGMENTS

The study was financially supported by the Russian
Foundation for Basic Research (project no. 05-03-
33 207).

REFERENCES

1. Aleskovskii, V.B., Khimiya nadmolekulyarnykh soe-
dinenii (Chemistry of Supramolecular Compounds),
St. Petersburg: Sankt-Peterb. Gos. Univ., 1996, p. 253.

2. Ahonen, M., Pessa, M., and Suntola, T., Thin Solid
Films, 1980, vol. 65, no. 3, p. 301.

3. Tolstoi, V.P., Usp. Khim., 2006, vol. 75, no. 2, p. 161.

4. Nicolau, Y.F. and Dupuy, M., J. Electrochem. Soc.,
1990, vol. 137, p. 2315.

5. Klechkovskaya, V.V., Muradov, V.N., and Mas-
lov, M.V., Protsessy rosta poluprovodnikovykh kris-
tallov i plenok (Processes of Growth of Semiconductor
Crystals and Films), Kuznetsov, F.A., Ed., Novo-
sibirsk: Nauka, 1989, p. 89.

6. Gulina, L.B. and Tolstoi, V.P., Zh. Obshch. Khim.,
1999, vol. 69, no. 10, p. 1593.

7. Gulina, L.B. and Tolstoi, V.P., Vestn. Sankt-Peterb.
Gos. Univ., Ser. 4, 1999, no. 2, p. 88.

8. Gulina, L.B. and Tolstoi, V.P., Zh. Obshch. Khim.,
2002, vol. 72, no. 6, p. 899.

9. Bernier, L.R., Environ. Geol., 2005, vol. 47, p. 670.

10. Tolstoy, V.P., Chernyshova, I.V., and Skryshev-
sky, V.A., Handbook of Infrared Spectroscopy of
Ultrathin Films, New York: Wiley, 2003, p. 710.

11. Tolstoi, V.P. and Stepanenko, I.V., Zh. Obshch. Khim.,
2005, vol. 75, no. 1, p. 53.

12. Handbuch der pr�aparativen anorganischen Chemie,
Brauer, G., Ed., Stuttgart: Enke, 1954. Translated
under the title Rukovodstvo po preparativnoi neorga-
nicheskoi khimii, Moscow: Inostrannaya Literatura,
1956, p. 355.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


