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Experimental
Chemicals:

Acetone, isopropyl alcohol, TiCls, hydrochloric acid (35 %), SbCls, and Na,S,03 were
used as received without any further purification.

Synthesis of vertically oriented TiO; nanowire array films:

Vertically oriented TiO, nanowire array films were grown on FTO-glass
substrates. In a typical synthesis, the substrate was ultrasonically cleaned
sequentially in acetone, isopropyl alcohol (IPA), and deionized (DI) water and then
dried under N, flow. For nanowire fabrication, following the work of Feng'? 1 mL
of titanium tetrachloride was added drop-wise to a 1:1 mixture of DI water and
concentrated (35 %) hydrochloric acid (HCI) to obtain a clear transparent solution.
The substrate was placed in a 23 mL Teflon liner and the precursor solution added to
it. The Teflon liner was loaded in an autoclave, which was then sealed and placed in
an oven; growth was carried out at 170 °C for 1 h to achieve a nanowire array of
approximately 500 nm length.

Deposition of extremely thin Sb,S; films:

Amorphous Sb,S; was deposited onto the TiO, nanowire films from a chemical
bath comprised of 4.0 g of solid SbCl; dissolved in ~8 ml glacial acetic acid in a 250
ml beaker into which a 1.0 M aqueous solution of Na,S,03; was slowly introduced
with constant stirring until a clear solution was obtained. The solution was then
transferred into a 700 ml plastic container with 100 ml of thiosulfate to which
approximately 450 ml of 12 °C deionized water was added. Higher reactant
concentrations produced non-uniform films of poor adhesion. The pH of the bath
into which the substrates were placed was approximately 3, if necessary adjusted with
dilute acetic acid. For pH < 2.5 film adhesion is poor, while for pH > 3.5 the
solution becomes turbid due to antimony salt precipitation.

Sb,S; films are deposited by hydrolytic decomposition of antimony (III)
thiosulfate compounds in aqueous media:’

28,05 — S4;0¢7+ 2¢° (1)
Antimony-thiosulfate complexes are formed in excess of the complexing ions:
Sb>" +  $,05% — Sb(S,0:)" 2)
Sb(S:05)"  + S$,03% — [Sb(S,03)] (3)
In acidic media thiosulfate ions gradually release sulfide ions upon hydrolytic
decomposition:
$,0;,"+H" — S + HSOy 4)
S+2¢ — S§* (5)
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Sulfide ions can combine with the antimony(Ill) ions released from the
thiosulfate complexes upon hydrolysis. The precipitated of Sb,S; is amorphous,
yellow-orange in color:

2Sb*"+ 38% — Sb,S; (6)

The chemical decomposition of the antimony thiosulfate compounds in the bath
begins after =~ 20 min. Yellow orange precipitate begins to fill the bath container,
and thin films of the same color start to grow on the substrate. We found an optimal
chemical bath temperature of 10-15 °C, and optimal deposition temperature of 4 °C; at
lower temperatures hydrolytic decomposition of the antimony thiosulfate complexes
slows resulting in prolonged film formation. Bath temperatures above 20 °C lead to
immediate Sb,S; precipitation with no film deposition on the substrate. We found
optimal Sb,S; film adhesion with deposition initiated at 10 °C while a temperature of
4 °C, reduced in 2 °C steps from 10 °C, to be ideal for Sb,S; deposition. Films
deposited at less than 4 °C would immediately peel-off from the substrate.

Materials characterization:

The morphology and structure of the coaxial TiO,/Sb,S; nanowire hybrid thin films
was determined by using field emission scanning electron microscope (FE-SEM,
JEOL JSM-6300, Japan). X-ray powder diffraction (XRD, Bruker D8) was used to
study the structure of the coaxial TiO,/Sb,S; nanowire hybrids.

Device performance characterization:

Device efficiencies were measured with a 500 W Spectra Physics light source
fitted with Oriel AM 1.5G filter. The solar simulator was calibrated for AM 1.5G
illumination using an NREL calibrated silicon solar cell fitted with a KG-5 filter
(Newport M465440). The irradiance spectrum was verified using an optical
spectrometer (Newport, OSM2-400DUV-U). Electrical measurements were
performed at room temperature and ambient air.
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Table SI1: Summary of the reaction time-dependent particle size and resulting layer
thickness of identifiable Sb,S; synthesized by chemical bath deposition (CBD).

O pieter P ke amy S 9
1 69 2.6 - -
3 87 2.8 979 2.2
3 202 7.4 1019 24
4 - - 1060 2.1
5 - - 1095 2.2

Table SI2: Summary of optimized FTO|TiO, nanowire
array|Sb,S3;|P3HT|PEDOT:PSS|Au photovoltaic parameters: short-circuit current
density (Jsc) open circuit voltage (V,.), fill factor (FF), and overall photoconversion

efficiency h (%).
Deposition ;1A em?) Vee (V) FF (%) h (%)
Time (h)
1 4.11 0.39 28 0.45
2 8.66 0.43 48 2.05
3 9.01 0.46 56 2.30
4 17.01 0.50 53 4.65
5 13.38 0.47 59 3.70
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Figure SI1. Optical absorbance of rutile thin film, P3HT layer on rutile base, and
chemically deposited Sb,S; layer on rutile nanowire base; all films use FTO coated
glass as substrate.  Also shown is irradiance of AM 1.5G spectrum.
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Figure SI2. XRD pattern of Sb,Ss thin film annealed at 250°C in Ar for 0.5 h. The

standard XRD pattern for stibnite Sb,Ss is also provided.

S6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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

  /CreateJDFFile 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 <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


