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Effect of Mesoporous TiO, Layer Thickness on the Cell
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Abstract Perovskite solar cells attract great attention due to its rapidly increasing efficiency. Conventional structure of
perovskite solar cell contains FTO glass substrate, compact TiO, layer, mesoporous TiO,/CH3;NH;Pbl; layer, hole transport-
ing material layer and Au counter electrode. In this work, we fabricated perovskite solar cells with the above conventional
structure. The mesoporous TiO, layer thickness are 500, 350, 150 and 100 nm. Thickness of CH3;NH;Pbl; capping layer is
about 300 nm. The perovskite films and solar cells were characterized by SEM, XRD, UV-Vis absorption spectrum, photo-
current-photovoltage characteristics and electrochemical impedance spectra. XRD patterns of the perovskite films are similar,
indicating the complete transfer from Pbl, to CH;NH;Pbl;. Statistical results of short-circuit current, open-circuit voltage, fill
factor and power conversion efficiency are compared, revealing that as mesoporous TiO, layer thickness increasing, both
photovoltage and fill factor decrease whereas short-circuit current slightly increases. Solar cells with thinner mesoporous
TiO, layer can give higher efficiency. Besides, the devices with 100 and 150 nm mesoporous TiO, layers can present the
average efficiency of 15%. The decrement of efficiency is supposed to be caused by stronger carrier recombination. Electro-
chemical impedance spectra and current-voltage characteristics under dark condition were applied to characterize the carrier
recombination process. Nyquist plots demonstrated an increment of the recombination as the mesoporous TiO, layer thick-
ness increases. Charge transfer resistances were obtained by fitting Nyquist plots. The charge transfer resistances of solar
cells with 100 and 350 nm mesoporous TiO, layer decrease with bias voltage exponentially in similar slope, indicating that
this change of recombination do not influence the diode quality factor. Reverse saturated current density was obtained by
fitting dark current-voltage curves. The reverse saturated current densities have positive correction with mesoporous TiO,
layer thickness. As a conclusion, the change of the recombination is caused by reverse saturated current density rather than
diode quality factor. Further investigation revealed that the devices with thinner mesoporous TiO, layers exhibit relatively
stronger hysteresis behavior. 15.56% of certified efficiency has been obtained for the perovskite solar cell with 150
nm-thickness mesoporous TiO, layer.
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Figure 1 Cross-sectional SEM images of perovskite solar cells, thick-
ness of mesoporous TiO, layers are (a) 350 nm, (b) 150 nm and (c)100
nm. (d) Top view SEM image of CH;NH;Pbl; layer
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Figure 2 (a) X-ray diffraction patterns and (b) UV-Vis absorption spec-
tra of TiO,/CH3;NH;Pbl; layer fabricated on mesoporous TiO, layers with
different thickness
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Figure 3 Box plots of (a) short-circuit current density (Ji), open-circuit voltage (V,.), fill factor (FF) and power conversion efficiency (PCE) obtained

from solar cells with different mesoporous TiO, layer thickness
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Figure 4 J-V curves of solar cells with different mesoporous TiO, layer thickness with both forward and backward scan
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Figure 5 (a) Nyquist plots of perovskite solar cell with 350 nm mesoporous TiO, layer at various bias voltages. Inset shows the abscissa expanded in the
high frequency range. (b) Nyquist plots of perovskite solar cells with 100 and 350 nm mesoporous TiO, layers at 700 mV bias voltages. (c) Charge transfer
resistance (R.,) of solar cells with 100 and 350 nm mesoporous TiO, layers obtained by fitting Nyquist plots measured at various bias voltages. Inset shows
fitting model. (d) J-V curves of solar cells with different mesoporous TiO, layer thickness measured under dark condition

FER B A R I A 5, I H 100 nm JEEH Rer B & K2 WETARFMEEZ L TIO, JZ HIbEE S J-V 27 A i s 2|

Y5 ) PR LR o
- e B [EPTIVIEN e
VEIARR X T A S AR/, R R R H[EJIEE?‘, i Table 2 j, of solar cells with different mesoporous TiO, layer thickness
E H@i‘%ﬁ j]l]fl’%—%— Tk I'Eﬂ AR IREER Jo- obtained by fitting J-¥ curves measured under dark condition.
N T B RAIE TIO, 25 BT it 1 524 KIS, /% /nm 500 350 150 100

METRTFARRBEEZIL TiO, E45EY HLERAS R Jo(mAsem?) 3.67X10°° 1.85X10°° 5.04X107 4.75%10°7
J-V ithg:, i s(d)Frn. nTUUE R, ZRRHIER G A
QIFRUEAL Jse=0), TER TR /N FEE AR FRA 05 NIENE
A, BEE WK, AR R RO, BRI ' e

ﬁ?:*&%&ﬁﬁt@,*ﬂ%/ﬁjo DL A. 1 A MRS TEXT Z LIRS B AT RS i d il Bt b, T 150

~F’ . ;@Z?, }iﬁﬂ%/’:iﬁ@i‘ﬁ% ﬂu%ﬂj, ;FIEJ%}L nm TiOz %?LH&‘QE‘J%@KW%{@%%&E%ﬁ‘:ﬁ'éﬁ(‘fiﬁ‘é, 3\4:
Tiofggﬁgﬂgmﬁg‘% o e e TR TUGE. B 6 Sk R

b \ DU R BRI RS R A LAY 0
W, DT SV I, S ARE), A8
) e s ARy e, R TP . SRR

)‘}\ﬁ 2 %Hj, }ir‘ﬂi@%u %Y;ﬁ'ﬁﬂ%@ﬁ*ﬁ?%, %fgiu ?\j 20.37 mA/sz, 989.50 mV, 0.772 *D 15.56%.
MERAHIRZE, A LTINS 24 Tio, ZE# 3
JERUE L. WS J-7 M 4 1 EIS ik — 2, -
BPRSSJESEK, jo thaxsim, HHH jo 524l Tio, |2 )& BT R T AR UK B A I 2 4L TiO, E R
A TiO,/CH;NHAPOL; VR A 2R E B LI R, X Fh JEET FL AU ) s I A B PSP G, I FL A
LR R —BUE THRR FREAG FERAEE TIO, 5 (BT % L P AE 78 R 1 B, 5] H v R e AR T %
CH;NH;Pbl; JE A #47 B Z AL TiO, Bk, Wl m, HREEH K3

Acta Chim. Sinica 2015, 73, 261—266 © 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 265



o F 5 R

it

PWQC-WTD140928C1R WITH3IT

STC

Model PSC
Ser.No: DC2014a524
Area 0.0950m?
Jsc 20.37mA/cm?
Voc: 989.50mV/

| FF: 0772
Pm: 1.478mW
] Eff: 15.56%
Ipm: 1.80mA
B : ] | Vom 819.07mV
3 y
o Temp: 20
D 100mWicm?
s
| | File A20140925154317
|
o il e | J
° 200 400 600 800 1000 1200 T EAFRAFRAERLE A%
FRA KRR TN F S
Voltage [mV]
L Li
N
el

Bo ZPEBHEB KGR B RGN B 2R e B Al v
PAE I ES BT R B RE HL il J- V7 1 25
Figure 6 Certified J-V curve of the perovskite solar cell

OB RILR . BB s R BRI K1
N AR S R AT LR AT IS 5 80 T R &, (HANR 5]
L T AR IR . IR, 193] 15.56%H
NI ES

4 SEIRERSY

41 HEithHlE

BALES(POL)E B Aldrich, — F 3 FI it i (DMF) I
H Alfar Aesar, fiifk B i&(CH;NHSDIW H i 2 5384, £
FL TiO, KL H Dysol, #if8%) 18 nm, spiro-OMeTAD
6B GRS

FvkEEDE FTO SHIEEREK, SREH OEE
A, AT, SRR VY N BB VE T B b, F e
W7 UAE FTO 38 _E el 5, 500 CHBHE 30 min 13 3
JEEE KL 30 nm fIECERZEM, BT 240 Tio,
WRNK AR [F #6338, £ Tio, K2 L3R A H EE
(500, 350, 150 1 100 nm) % L. TiO, #JE, 450 CHkE 30
min. ] 25 mmol/L TiCly #§¥AE 70 “C T~ 4bEE 30 min /5,
500 CHBtE 30 min.

CH;NH;Pbl; Z @ SCER 5514, 4 1.3 mol/L
Pbl, DMF ¥, LA 3500 r/min Jigifik g ) Tio, £
L2 L. EH) 10 mg/mL ) CH;NH;I 5 A BER . W jie
W Pbl, EIE N CH;NH,I VW &, Pbl, ¥4k K
CH;NH;Pbl;, )5 CH;NH;PbI; i 90 “C A4bFH 40 min.

HTM JZ22% 0ok 7 A6 4% e 68 mmol/L ¥
(1) spiro-OMeTAD S ARIEW, FFIIAN 4-5T JEnk g (tBP,
55 mmol/L) Al = ( = % A K& i Bt ) . i £ (LiTFSL, 9

266  http://sioc-journal.cn

© 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

mmol/L), 78 Hi A G IE. L2000 r/min gl 30 s,
7E CH3NH;PbL; bl %522 250 nm 2 XL fi 2. 7255
AL s A 2805 7 NPT 80 nm JELFE 4 FEK.
4.2 EiN

e85 508 FEI XL30 S-FEG. J-V Hh£Z AR
H Keithley 2602 £ 5-J§#, JGUA Oriel Solar Simulator
91192 F=4E (1) AM 1.5 100 mW/em?® BBl K BHG. IR
B DA 0.1 em® (IIEYE B Tz I, Hi
W TAEmEAL. EIS MK Zahner IM6e HAL2: T AR 3,
TERG A2 R IR, i [EVEH 400~900 mV, Wl 45 R
H Zview TS

References

[1] (a) Kazim, S.; Nazeeruddin, M. K.; Gritzel, M.; Ahmad, S. Angew.
Chem., Int. Ed. 2014, 53, 2812; (b) Snaith, H. J. J. Phys. Chem. Lett.
2013, 3623.

[2] Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. J. Am. Chem. Soc.
2009, /31, 6050.

[3] Kim, H.-S.; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro,
A.; Moon, S.-J.; Humphry-Baker, R.; Yum, J.-H.; Moser, J. E.;
Graetzel, M.; Park, N.-G. Sci. Rep. 2012, 2, 591.

[4] (a) http://www.nrel.gov/ncpv/images/efficiency chart.jpg; (b) Park,
N.-G. J. Phy. Chem. Lett. 2013, 4, 2423; (c) Guo, X.; Niu, G.;
Wang, L. Acta Chim. Sinica 2015, 73, 211. (BRI, 4+ ik, Eor
B, ALF IR, 2015, 73, 211.); (d) Zhang, D.; Zheng, L.; Ma, Y.;
Wang, S.; Bian, Z.; Huang, C.; Gong, Q.; Xiao, L. Acta Phys. Sin.
2014, 64, 038803. (FKSI3E, MR R, HyoH:, ERE, FHE, 3
TG, FEREIE, WOLHT, 4hILSIR, 2014, 64, 038803.)

[5] (a) Liu, M.; Johnston, M. B.; Snaith, H. J. Nature 2013, 501, 395;
(b) Eperon, G. E.; Burlakov, V. M.; Docampo, P.; Goriely, A.;
Snaith, H. J. Adv. Funct. Mater. 2014, 24, 151.

[6] (a) Abu Laban, W.; Etgar, L. Energy Environ. Sci. 2013, 6, 3249; (b)
Yang, Y.; Xiao, J.; Wei, H.; Zhu, L.; Li, D.; Luo, Y.; Wu, H.; Meng,
Q. RSC Adv. 2014, 4, 52825.

[7] Seo, J.; Park, S.; Kim, Y. C.; Jeon, N. J.; Noh, J. H.; Yoon, S. C.;
Seok, S. 1. Energy Environ. Sci. 2014, 7, 2642.

[8] Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H.
J. Science 2012, 338, 643.

[9] Xue, Q.; Sun, C.; Hu, Z.; Huang, F.; Yip, H.-L.; Cao, Y. Acta Chim.
Sinica 2015, 73, 179. (F¢JaML, MR, SAER, 3K, 0HFHL, 8
W, feF IR, 2015, 73, 179.)

[10] Fabregat-Santiago, F.; Garcia-Belmonte, G.; Mora-Sero, 1.; Bisquert,
J. Phys. Chem. Chem. Phys. 2011, 13, 9083.

[11] (a) Dualeh, A.; Moehl, T.; Tetreault, N.; Teuscher, J.; Gao, P.;
Nazeeruddin, M. K.; Graetzel, M. ACS Nano 2014, 8, 362; (b) Kim,
H.-S.; Mora-Sero, I.; Gonzalez-Pedro, V.; Fabregat-Santiago, F.;
Juarez-Perez, E. J.; Park, N.-G.; Bisquert, J. Nat. Commun. 2013, 4,
2242,

[12] Christians, J. A.; Fung, R. C. M.; Kamat, P. V. J. Am. Chem. Soc.
2014, 136, 758.

[13] Shi, J.; Dong, J.; Lv, S.; Xu, Y.; Zhu, L.; Xiao, J.; Xu, X.; Wu, H.;
Li, D.; Luo, Y.; Meng, Q. Appl. Phys. Lett. 2014, 104, 063901.

[14] Xu, Y.; Shi, J.; Lv, S.; Zhu, L.; Dong, J.; Wu, H.; Xiao, Y.; Luo, Y.;
Wang, S.; Li, D. Meng, Q. ACS Appl. Mater. Interfaces 2014, 6,
5651.

[15] Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.;
Nazeeruddin, M. K.; Gratzel, M. Nature 2013, 499, 316.

(Lu, Y.)

Acta Chim. Sinica 2015, 73, 261—266




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


