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Optimization of inverted bulk heterojunction polymer solar cells
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Abstract—We have successively fabricated inverted bulk heterojunction polymer solar cells employing ZnO and MoO,
as electron and hole selective layers, respectively. The device structure is ITO/ZnO/P3HT : PCBM/MoO,/Al. Differ-
ently from conventional polymer solar cells, ITO and Al work as electron and hole collecting electrodes in this inverted
structure, respectively. We have found the optimal thickness of ZnO and MoO; to be 100 nm and 5 nm, respectively.
The highest PCE was obtained to be 3.32% under AM 1.5 illumination at 1,000 W/m?, which is the highest PCE of

inverted solar cells reported previously in the literature.
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INTRODUCTION

Organic photovoltaic (OPV) devices have attracted considerable
interest as a promising low-cost alternative to inorganic-based pho-
tovoltaic devices [1,2]. The power conversion efficiency (PCE) of
(polymer : fullerene)-based bulk heterojunction OPV devices has
already reached higher than 5%. The high performance was achieved
through the optimization of phase segregation in the polymer : ful-
lerene blend and the development of new materials allowing better
p-n interfaces and balanced charge transport [1-4]. Most of the OPV
devices studied have been based on a conventional device architec-
ture which consists of a poly(3,4-ethylenedioxythiophene) : poly(sty-
renesulfonate) (PEDOT : PSS) hole-transporting layer and a bulk
heterojunction layer sandwiched between a hole-collecting trans-
parent indium tin oxide (ITO) electrode and an electron-collecting
metal electrode. The sequence of layers in the conventional bulk
heterojunction OPV devices is [TO, PEDOT : PSS, active polymer :
fullerene blend, and aluminum in the order from the bottom glass
substrate. In the conventional structure, however, the degradation
of ITO/PEDOT : PSS interface is inevitable because of the strong
acidic nature of PEDOT : PSS [5-7]. To resolve these problems,
many studies have been focused on searching alternative materials
to the PEDOT : PSS layer in the inverted bulk heterojunction solar
cell structure [5]. In inverted structure, the interface of [ITO/PEDOT :
PSS can be avoided, but instead new electron-selective and hole-
selective layers are required. Previously, the inverted architecture
with various electron-selective layers, Cs,O, [8], TiO, [9], and ZnO
[5,10] was demonstrated. For the hole-selective layer, metal oxides
with high work function such as MoO;, V,0;, WO, have been de-
monstrated [5,11,12].

In this study, we report an efficient inverted OPV device with
Zn0O and MoO; as electron-selective and hole-selective layers, re-
spectively. The optimal thicknesses of ZnO and MoO, layers are
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determined for maximizing PCE of the inverted OPV devices.
EXPERIMENTAL

The OPV devices were fabricated on patterned indium tin oxide
(ITO) coated glass substrate (electrical resistance: 15 ohmv/[_]), which
was cleaned ultrasonically in TCE, acetone, methanol, and DI-water.
For an electron-selective ZnO layer, a sol-gel derived zinc oxide pre-
cursor was spin coated after oxygen plasma treatment for 5 minutes.
As a zinc source, zinc acetate (Zn(O,CCH,),) was utilized. The sol-
vent and stabilizer used were 2-methoxy ethanol (CH,OC,H,OH)
and mono-ethanol amine (MEA, C,H,NO), respectively. The ZnO
precursor was spin coated on top of ITO glass at 5,000 rpm for 30's,
and subsequently annealed to fabricate ZnO thin film at the tem-
perature of 250 °C. To control the thickness of the ZnO layer, the
spin coating process was repeated up to four times. For preparing
the active layer, P3HT (poly(3-hexylthiophene), Rieke Metals. Inc.)
and PCBM ((6,6)-phenyl C, butyric acid methyl ester, Nano-C)
were separately dissolved in chlorobenzene (Sigma-Aldrich) at 40 °C
for 24 hours to give a final concentration of 20 mg/ml. The result-
ing solutions were then mixed at a 1 : 0.6 ratio (volume %) and ready
for the spin coating. The active layer for the bulk heterojunction
OPV devices was spin coated at 1,500 rpm for 30 seconds. On top
of the active layer, MoO, and 100 nm-thick Al layers were subse-
quently deposited by the vacuum evaporation. The active area of the
fabricated OPV devices was 0.09 cm’. Finally, the fabricated devices
were post-annealed at the temperature of 150 °C for 30 minutes in
a nitrogen-filled glove box. The PCE measurement of the devices
was carried out in ambient condition under white light illumination
by AM 1.5 solar simulator (ABET Sun2000 Solar Simulator). The
PCE values reported here are corrected for spectral mismatch but
have not been certified.

RESULTS AND DISCUSSION

We have shown the device structure of inverted bulk heterojunc-
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Fig. 1. (a) Structure of inverted organic solar cells fabricated in this
study; (b) Energy level diagram for the inverted solar cells.
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Fig. 2. Cross-sectional SEM image of sol-gel derived ZnO thin film
on glass substrate.

tion polymer solar cell and the energy-level diagram of the device
in Fig. 1. In the device, ZnO and MoO, layers were used as the elec-
tron and hole selective layers, respectively. For the invert structure
solar cells, Cs,O; [8], TiO, [9] or ZnO [5,10] is usually used as the
electron selective layer. In this study, we used ZnO as the electron
selective material and the film was formed by spin coating with a
sol-gel derived precursor. The surface morphology of grown ZnO
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Fig. 3. (a) Effect of the thickness of electron-selective ZnO layer
on V,. and PCE; (b) I-V characteristics of devices with dif-
ferent ZnO thickness.

thin film is shown in Fig. 2. Since a spin coating step yielded 25
nm thick ZnO layer, the thickness was controlled by the repetition
of the spin coating step. Even though we have not shown here, ZnO
layer has been confirmed by EDX analysis.

As shown in Fig. 3(a), the open-circuit voltage and power con-
version efficiency (PCE) increased as the thickness of ZnO layer
increased. Four cells with the same ZnO thickness were fabricated
and the measured performance was denoted as the error bars in Fig.
3(a). Even though the device with 100 nm thick ZnO layer showed
the best average PCE, we did not fabricate a device with thicker
Zn0 layer since the device performance varied cell by cell. It can be
noticed from the figure that the open-circuit voltages of the inverted
solar cells were found lower than those of the conventional solar
cells. Even though they increase as the thickness of ZnO layer in-
creases, the values are always below 0.6 V. We think that the low
open-circuit voltage and poor fill factor are a typical characteristic
of the inverted solar cells. Since we have utilized ZnO and MoO,
layers in the devices, the mismatches in HOMO and LUMO levels
of different layers could have caused the decrease in the open-cir-
cuit voltage. In Fig. 3(b), we show the I-V curves of the devices
with ZnO layer of different thicknesses. In a series of experiment,
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the thickness of the hole selective MoO; layer was fixed at 6.3 nm.
Similar researches have been reported in the literature [5,13]. Kyaw
et al. [5] reported the inverted solar cells with 120 nm thick ZnO and
15 nm thick MoO, layers, of which the highest PCE was 3.09%.
They have utilized the bottom electrode of fluorine-doped tin oxide
(FTO) and top metal electrode of silver (Ag) instead of ITO and Al
used in this study, respectively. Tao et al. [13] reported the optimal
condition for MoO; and top metal layers. They found that the highest
PCE of 2.57% was obtained with 1 nm thick MoO, layer and Ag
top contact. When Al was used as the top metal, the optimal thick-
ness of MoO, layer was found 5 nm to give the PCE of 2.02%. In
their study, nanocrystalline TiO, was utilized as the electron selec-
tive layer instead of ZnO. Even though it is difficult to compare di-
rectly the device performance of the aforementioned two studies
due to the different electron selective materials used, it is useful to
determine the optimal thickness for the hole selective MoO,; layer.
MoO; layer has dual functions, which are hole transporting and
electron blocking. MoO; has been utilized as a hole injection layer
for organic light emitting diodes (OLEDs) [14,15] and a replace-
ment of PEDOT: PSS (poly(3,4-cthylene-dioxythiophene)-poly-
(styrenesulfonate)) in conventional organic solar cell [16]. There-
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Fig. 4. (a) Effect of the thickness of hole-selective MoQ; layer on
V,. and PCE; (b) I-V characteristics of devices with differ-
ent MoQ, thickness.

fore, not only does MoO, have good hole transporting property but
it also serves as an electron blocking layer because the conduction
band of MoO; (2.4 eV) is much higher than the lowest unoccupied
molecular orbital (LUMO) of the acceptor (3.7 V) and donor (3 eV)
as shown in Fig. 1(b) [5]. For these reasons, the inverted solar cells
without MoO, layer do not exhibit an appreciable PCE [5,13].

In this study, we fabricated inverted solar cells with three differ-
ent thicknesses of MoO; layer of 3.8, 5.0, and 6.3 nm, while the
thickness of ZnO was fixed at 100 nm. We have shown the depen-
dence of the open circuit voltage and PCE on the MoO, thickness
in Fig. 4(a). As can be seen in the figure, the device with 5 nm thick
MoO, layer showed the highest average open circuit voltage and
PCE. We have also shown the I-V characteristics of the devices in
Fig. 4(b). It should be mentioned here that the device with 5 nm
MoO,; layer showed an unusually high short-circuit current density
over 15 mA/cmy’. From Figs. 3 and 4, it can be seen that the thick-
ness of MoO; affected the short-circuit current density more severely
than the thickness of ZnO did. We think that the MoO; layer works
for collecting holes from the active layer effectively at the opti-
mized thickness. Even though the high short-circuit current density
is approaching a theoretical limit value, a similar value has been
reported in the literature [18].

Finally, we have shown the performance of the optimized inverted
solar cell in Fig. 5, along with that of the conventional organic solar
cell. The conventional solar cell has the structure of ITO/PEDOT :
PSS/P3HT : PCBM/Al and was fabricated by using chlorobenzene
solvent [17]. The optimal thickness of ZnO and MoO, was found
100 nm and 5 nm, respectively. The highest PCE was measured
3.32% under AM 1.5 illumination at 1,000 W/, which is the high-
est PCE of inverted solar cells reported previously in the literature.

CONCLUSIONS

Invert structure polymer solar cells were fabricated with an MoO,
hole selective layer and a sol-gel derived ZnO electron selective
layer. The inverted structure was ITO/ZnO/P3HT : PCBM/MoO,/
Al. We have found the optimal thickness of ZnO and MoO; layers
to be 100 nm and 5 nm, respectively. The highest power conver-
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Fig. 5. I-V characteristics and device performance of an optimized
inverted solar cell and conventional solar cell.
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sion efficiency of 3.32% under AM 1.5 illumination at 1,000 W/m’
was achieved with the optimized layer thickness.

ACKNOWLEDGMENTS

This work was supported by a grant from Gyeonggi Province
through the GRRC (Gyeonggi Regional Research Center) program
in Sungkyunkwan University.

REFERENCES

1. G Li, V. Shrotriya, J. Huang, Y. Yao, T. Moriarty, K. Emery and Y.
Yang, Nat. Mater., 4, 864 (2005).

2.M.L.Ma,C.Y. Yang, X. Gong, K. Lee and A. J. Heeger, Adv. Funct.
Mater:, 15, 1617 (2005).

3.J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses, A.J. Heeger
and G C. Bazan, Nat. Mater:, 6, 497(2007).

4. W.Y. Wong, X. Z. Wang, Z. He, A. B. Djurisic, C. T. Yip, K. Y. Che-
ung, H. Wang, C. S. K. Mak and W. K. Chan, Nat. Mater:, 6, 521
(2007).

5. A. K. K. Kyaw, X. W. Sun, C. Y. Jiang, G Q. Lo, D. W. Zhao and
D. L. Kwong, Appl. Phys. Lett., 93,221107 (2008).

6. M. P. de Jong, L. J. van Jjzendoorn and M. J. A. de Voigt, Appl. Phys.
Lett., 77,2255 (2000).

May, 2010

7. K. W. Wong, H. L. Yip, Y. Luo, K. Y. Wong, W. M. Lau, K. H. Low,
H. F. Chow, Z. Q. Gao, W. L. Yeung and C. C. Chang, Appl. Phys.
Lett., 80,2788 (2002).

8. G Li, C.-W. Chu, V. Shrotriya, J. Huang and Y. Yang, Appl. Phys.
Lett., 88, 253503 (2006).

9. C. Waldauf, M. Morana, P. Denk, P. Schilinsky, K. Coakley, S. A.
Choulis and C. J. Brabec, Appl. Phys. Lett., 89, 233517 (2006).

10. M. S. White, D. C. Olson, S. E. Shaheen, N. Kopidakis and D. S.
Ginley, Appl. Phys. Lett., 89, 143517 (2006).

11. V. Shrotriya, G Li, Y. Yao, C. W. Chuand Y. Yang, Appl. Phys. Lett.,
88, 073508 (2006).

12. M. D. Irwin, B. Buchholz, A. W. Hains, R. P. H. Chang and T. J.
Marks, Proc. Natl. Acad. Sci., U.S.A., 105, 2783 (2008).

13. C. Tao, S. Ruan, X. Zhang, G Xie, L. Shen, X. Kong, W. Dong, C.
Liuand W. Chen, Appl. Phys. Lett., 93, 193307 (2008).

14. S. Tokito, K. Noda and Y. Taga, J. Phys. D., 29,2750 (1996).

15. H. You, Y. F. Dai, Z. Q. Zhang and D. G Ma, J. Appl. Phys., 101,
026105 (2007).

16. V. Shrotriya, G Li, Y. Yao, C. W. Chu and Y. Yang, Appl. Phys. Lett.,
88, 073508 (2006).

17. B. Zhang, H. Chae and S. M. Cho, Jpn. J. Appl. Phys., 48, 020208
(2009).

18. C. Waldauf; P. Schilinsky, J. Hauch and C. J. Brabec, Thin Solid Films,
451-452, 503 (2004).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


