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Abstract—We present an efficient triple-tandem polymer
solar cell with identical poly(3-hexylthiophene) (P3HT) and
1-(3-methoxycarbonyl)-propyl-1-phenyl-(6, 6)C61 (PCBM) bulk
heterojunction as the active layers and highly transparent Al
(1 nm)/MoO3 (15 nm) as the intermediate layer. This intermediate
layer is structurally smooth as characterized by atomic force
microscopy. Although identical organic active layers are used to
construct such triple-tandem cell, a tripled open-circuit voltage of
1.73 V and power conversion efficiency of 2.03% are obtained un-
der simulated solar irradiation of 100 mW/cm2 (AM1.5), demon-
strating a viable technique for fabricating triple-tandem polymer
cell with the intermediate layer of Al/MoO3.

Index Terms—Intermediate layer, MoO3, polymer solar cells
(PSCs), tandem PSCs.

I. INTRODUCTION

POLYMER solar cells (PSCs) have been intensively studied
because of their advantages of low cost, light weight, flex-

ibility, and easy fabrication. The power conversion efficiency
(PCE) of the bulk heterojunction of poly(3-hexylthiophene)
(P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6, 6)C61

(PCBM) has reached 5% with an improved morphology of the
interpenetrating networks [1], [2]. For a standard P3HT:PCBM
single cell, the open-circuit voltage (Voc) is only around 0.60 V.
On the other hand, the tandem structure of PSCs [3]–[5], i.e.,
two or more cells with complementary absorptions stacked
in series by optical and electrical connections, is an effec-
tive approach to raise the Voc and further improve the ef-
ficiency. A few double-tandem polymer cells with identical
active layers have been demonstrated with increased Voc, using
identical MEH-PPV/PCBM (Voc = 1.64 V) [6] and MDMO-
PPV/PCBM (Voc = 1.34 V) [7] bulk heterojunction. However,
there are problems associated with the tandem structure such
as incompletely stacking cells [6] and large voltage drop [7].
To truly avoid these problems, an effective intermediate layer is
a must. A good intermediate layer has to meet the challenges
of stacking solution-processed polymer layers repeatedly,
which brings the complexity and difficulty by the requirements
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of preventing the existing polymer layer from being dis-
solved, as well as light loss caused by the added intermediate
layer. Thus, an intermediate layer with simple and control-
lable processes, high transparency, efficient electric connection,
and protection of prior-deposited polymer layer is desired.
The commonly used intermediate layer in solution-processed
tandem cell comprises the combination of metal Al/Au
and poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS). However, it has to be pointed out that either
the metal layer causes significant light loss [8] or the PEDOT
film needs to be formed and baked outside the glove box [5],
[9], which would degrade the performance of existing polymer
layers. For triple-tandem polymer cell, to date, only one has
been reported [3] where a solution-processed ZnO/PEDOT
intermediate layer was used to connect identical MDMO-
PPV/PCBM active layers. However, the resulting Voc of devices
without UV irradiation is much lower than expected due to
large voltage loss across the ZnO/PEDOT layer. Meanwhile, the
fill factor (FF) also suffers a remarkable decrease induced by
high series resistance. In addition, PEDOT has to be modified
neutrally before spin coating it onto the ZnO layer, which
further complicates the fabrication process.

In our previous study [10], we developed an Al (1 nm)
/MoO3 (15 nm) intermediate layer with high transparency
(98%) and low voltage loss (efficient electric connection).
More importantly, this intermediate layer can effectively protect
the prior-deposited polymer layer from dissolving in the wet
process, which is very suitable for multiple-tandem photo-
voltaic devices. In this letter, we present a triple-tandem solar
cell with this Al/MoO3 intermediate layer. The enhanced Voc

reaches 1.73 V in the triple-tandem polymer cell with identical
P3HT/PCBM active layers. The PCE (2.03%) of the triple-
tandem cell is comparable to those of single- and double-
tandem cells.

II. EXPERIMENTAL SECTION

All cells were fabricated on indium-tin-oxide (ITO)-coated
glass substrates with a sheet resistance of 20 Ω/�. PEDOT:PSS
(Baytron P 4083) was first spin coated onto a precleaned ITO
glass with a thickness of 40 nm and was baked at 120 ◦C for
20 min. The polymer active layer was fabricated by spin coating
the blend solution, made of P3HT (Rieke Metals, Inc.) and
PCBM (Nano-C) with a weight ratio of 1 : 0.8 in chloroben-
zene (18 mg/mL), onto PEDOT- or MoO3-coated substrates.
MoO3, Al, and Ag were deposited under a base pressure of
2.0 × 10−4 Pa, respectively. All cells were postannealed at
150 ◦C for 5 min with the active area of 0.1 cm2. The film
morphology was evaluated by atomic force microscopy (AFM)
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Fig. 1. Device structure of the triple-tandem PSC.

Fig. 2. AFM images of (a) P3HT:PCBM, (b) P3HT:PCBM/Al (1 nm),
(c) P3HT:PCBM/Al (1 nm)/MoO3 (15 nm) films. The scale bar is 200 nm
(applicable to all images).

(NanoScope IIIa). The current–voltage (I–V ) characteristics
were measured with a Keithley 2400 SourceMeter in the dark
and under 100-mW/cm2 (AM 1.5 G) irradiation of a solar sim-
ulator (Solar Light Company, Inc.). The transmittance spectra
of the used films were characterized by an HP 8453 UV–VIS
spectrometer. The thickness was measured with a surface pro-
filer (Tencor P15). The incident photon-to-electron conversion
efficiencies (IPCEs) (spectral response) were measured using
a 200-W Xenon lamp light source with a motorized mono-
chromator (Oriel). The resulting structure of the triple-tandem
polymer cell is shown in Fig. 1.

III. RESULTS AND DISCUSSION

Fig. 2(a)–(c) shows the AFM images of P3HT:PCBM,
P3HT:PCBM/Al (1 nm), and P3HT:PCBM/Al (1 nm)/MoO3

(15 nm) films, respectively. The 1-nm-thick Al should be
in the form of nanocluster, as pointed out by other re-
searchers [11]. The root-mean-square surface roughness of the
P3HT:PCBM/Al film [Fig. 2(b)] is 0.861 nm, which is slightly
higher than that of the P3HT:PCBM film (0.662 nm) [Fig. 2(a)].
However, with the deposition of 15-nm MoO3, the roughness
of P3HT:PCBM/Al/MoO3 [Fig. 2(c)] reduces to 0.366 nm,
indicating that the Al/MoO3 intermediate layer is structurally
smooth.

The identical polymer blend (P3HT:PCBM) was used as the
three active layers to constitute the triple-tandem cell. To realize
tripled Voc and relatively high efficiency, the thickness of each
active layer was carefully adjusted so as to simultaneously
maximize light absorption and realize matched short-circuit
current in each subcell.

Fig. 3(a) compares the I–V characteristics of all cells
covered in the triple-tandem cell under 100-mW/cm2 irradi-
ation. The photographic image of the device under test is
shown as the inset of Fig. 3(a). The PCEs of the first [the
P3HT:PCBM thickness (the same hereinafter) is 70 nm], sec-

Fig. 3. (a) I–V characteristics of the first (70 nm), second (85 nm), third
(50 nm) single-, double-, and triple-tandem cells under a simulated solar
irradiation of 100 mW/cm2. The corresponding FF and PCE are shown in the
form of (FF, PCE). The inset is a photographic image of the device under test.
(b) IPCE spectra of each single-, double-, and triple-tandem cells. The inset
shows the transmittance spectra of the first single film (70 nm), double-tandem
film (70 nm/85 nm), and triple-tandem film (70 nm/85 nm/50 nm).

ond (85 nm), and third (50 nm) single cells are 1.94%, 2.64%,
and 1.76%, respectively. The double-tandem cell has a PCE
of 2.19% with Voc of 1.19 V and short-circuit current den-
sity (Jsc) of 3.71 mA/cm2. The triple-tandem cell achieves
a Voc of 1.73 V with Jsc = 2.41 mA/cm2, FF = 48.4%, and
PCE = 2.03%. The Voc almost triples that of a single cell
(0.62 V), demonstrating a relatively good ohmic contact be-
tween Al and MoO3 layer [3]. The inset of Fig. 3(b) shows
the transmittance spectra of the first (70 nm), double-tandem
(70 nm/85 nm), and triple-tandem (70 nm/85 nm/50 nm) films.
Obviously, the triple-tandem cell absorbs more solar irradiation
in the main absorption range of P3HT/PCBM blend. However,
as we are using the same polymer materials for the stacked
device, the light intensity becomes weaker when it passes
through the stacks. As the final current in serially connected
cells is determined by the smallest current, the photocurrent
generated in each subcell in the tandem device will be scaled
down in proportion to the number of stacked subcells for an
optimized tandem device.
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Consequently, compared to a Jsc = 4 − 7 mA/cm2 of a sin-
gle cell, a Jsc of 2.41 mA/cm2 for a triple-tandem cell is pretty
good [Fig. 3(a)]. Meanwhile, the Jsc is expected to be less
affected by stacking different polymer layers with complemen-
tary absorptions. It can also be seen from Fig. 3(a) that the
FF reduces slightly as the number of cells increases, which
can be largely attributed to the increase of series resistance
in the multiple-tandem cell. However, with a simultaneously
increased shunt resistance, reduction in FF is not significant.
In fact, our FF (48.4%) is higher compared to those previously
reported triple-tandem cells [3]. The overall PCE of the triple-
tandem cell (2.03%) is comparable to those of the single- and
double-tandem cells. Thus, this intermediate layer is feasible
to be applied in tandem PSCs with complementary absorption
spectra.

The spectral response (IPCE) of each of the single-, double-,
and triple-tandem cells are shown in Fig. 3(b). It can be seen
that, with the increase of stacked cells, the capability of convert-
ing harvested photons into extracted charges becomes weaker
at all wavelengths across the absorption spectrum of the active
layers, which is in agreement with the I–V characteristics
shown in Fig. 3(a).

Last, with nearly tripled Voc, our triple-tandem cell with a
0.1-cm2 active area was able to turn on a red light-emitting
diode under a simulated 100-mW/cm2 irradiation (not shown
here), demonstrating that our tandem cell is advantageous com-
pared to three individual cells connected in series by external
wiring in that it has a three times smaller footprint that is
beneficial for area-limited applications.

IV. CONCLUSION

In conclusion, we have implemented the triple-tandem poly-
mer cell with an enhanced Voc of 1.73 V and a comparable PCE
of 2.03%. With the highly transparent, efficiently protecting,
and structurally smooth intermediate layer (Al/MoO3), such

stacked identical active layers can fully absorb in their main
corresponding range. Such high Voc by the multiple-cell tandem
structure will provide the potential application of PSCs in area-
limited low-power electronics. Furthermore, this intermediate
layer would be the most potentially applied one in multiple-
tandem polymer cells with ideal complementary absorptions.

REFERENCES

[1] K. Kim, J. Liu, M. A. G. Namboothiry, and D. L. Carroll, “Roles of donor
and acceptor nanodomains in 6% efficient thermally annealed polymer
photovoltaics,” Appl. Phys. Lett., vol. 90, no. 16, p. 163 511, Apr. 2007.

[2] W. L. Ma, C. Y. Yang, X. Gong, K. Lee, and A. J. Heeger, “Thermally
stable, efficient polymer solar cells with nanoscale control of the inter-
penetrating network morphology,” Adv. Funct. Mater., vol. 15, no. 10,
pp. 1617–1622, Oct. 2005.

[3] J. Gilot, M. M. Wienk, and R. A. J. Janssen, “Double and triple junction
polymer solar cells processed from solution,” Appl. Phys. Lett., vol. 90,
no. 14, p. 143 512, Apr. 2007.

[4] A. Hadipour, B. de Boer, and P. W. M. Blom, “Solution-processed or-
ganic tandem solar cells with embedded optical spacers,” J. Appl. Phys.,
vol. 102, no. 7, p. 074 506, Oct. 2007.

[5] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T. Q. Nguyen, M. Dante, and
A. J. Heeger, “Efficient tandem polymer solar cells fabricated by all-
solution processing,” Science, vol. 317, no. 5835, pp. 222–225, Jul. 2007.

[6] V. Shrotriya, E. H. E. Wu, G. Li, Y. Yao, and Y. Yang, “Efficient light
harvesting in multiple-device stacked structure for polymer solar cells,”
Appl. Phys. Lett., vol. 88, no. 6, p. 064 104, Feb. 2006.

[7] K. Kawano, N. Ito, T. Nishimori, and J. Sakai, “Open circuit voltage of
stacked bulk heterojunction organic solar cells,” Appl. Phys. Lett., vol. 88,
no. 7, p. 073 514, Feb. 2006.

[8] A. G. F. Janssen, T. Riedl, S. Hamwi, H. H. Johannes, and W. Kowalsky,
“Highly efficient organic tandem solar cells using an improved connecting
architecture,” Appl. Phys. Lett., vol. 91, no. 7, p. 073 519, Aug. 2007.

[9] A. Hadipour, B. de Boer, J. Wildeman, F. B. Kooistra, J. C. Hummelen,
M. G. R. Turbiez, M. M. Wienk, R. A. J. Janssen, and P. W. M. Blom,
“Solution-processed organic tandem solar cells,” Adv. Funct. Mater.,
vol. 16, no. 14, pp. 1897–1903, Sep. 2006.

[10] D. W. Zhao, X. W. Sun, C. Y. Jiang, A. K. K. Kyaw, G. Q. Lo, and
D. L. Kwong, “Efficient tandem organic solar cells with an Al/MoO3
intermediate layer,” Appl. Phys. Lett., vol. 93, no. 8, p. 083 305,
Aug. 2008.

[11] A. Yakimov and S. R. Forrest, “High photovoltage multiple-
heterojunction organic solar cells incorporating interfacial metallic
nanoclusters,” Appl. Phys. Lett., vol. 80, no. 9, pp. 1667–1669,
Mar. 2002.

Authorized licensed use limited to: Nanyang Technological University. Downloaded on May 17, 2009 at 03:16 from IEEE Xplore.  Restrictions apply.



<<
  /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 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 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 <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 (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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


