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## 31 PEDOT:PSS 7 ¥ @ﬁ%}’% ¥ PbSe € + 8 7 gk kpFA it B %“gd CREFAEAC I Y s
2 X-ray reflectivity £ R ﬂ]* 4 PEDOT:PSS # i PbSe & + 8 % & "% fuf%f‘u 4o A s T
Aot e g B R AR 2 TUR-TRALY SB R R 0 EF PbSe B F B F - s Tk K e
dv oo ‘}‘“43_%“ it B R R Ak A 7 e PEDOT:PSS i¢ ¥ PbSe j& %~ i+ el 2x 3 & 3
HAvera de > ¥ < Boag ~ R0 58 1.5%3F = 1 2.4% 0 X5 7 e PEDOT:PSS 2. = i# #{ 4r 7 60% o
JF’%!/? hIRE F o F’frt“ml* Lv LY X ”“p Jc”’iffzfif@; l_mlfﬂf.%f’i'!“i”‘v 5 ’/n\aj
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A thin poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) hole transport layer
enhances the AM1.5 power conversion efficiency of a PbSe quantum dot (QD)-containing photovoltaic
device to 2.4%, from 1.5% for a standard PbSe QD device, a relative increase of 60%. Synchrotron X-ray
reflectivity measurements revealed that the roughness of the interfaces between the various layers decreased
dramatically in the presence of the PEDOT:PSS layer. In addition, the device life time under continuous
simulated AM1.5 irradiation (100 mW cm™), measured in terms of the time required to reach 80% of the
normalized efficiency, for the PbSe QD device incorporating the PEDOT:PSS hole transport layer was six
times longer than that of the standard PbSe QD device.

Part 2.

AP E ﬁ%:ﬁﬂﬁe%éz;’ﬁcﬁ;fankﬁﬁwwg’ﬁﬁﬁ(OA>’ﬁB$<BA>$r12-
ethanedithiol (EDT) » P &«pmﬁ A Y PhSe® F Bhengt n ﬂ}m‘c B 75T 5 ks
B o BT BN R G A (300x300nm)’ﬁw§z’zé%a g+ B EE ﬁ'kuPbS%*%h
BE R G f ¢ R (OA-capped) PbSe® + gheidg f 13- BiRpLenl2 e Ao e §
(EDT-capped) PhSe # + gLl % o & * fo o f5 64 XoH40 & 5t 8 Pl fodicdpdt & 0 A P e
RER E M X & A% (L5xL.5cm) e PhSe® F B e | A BAJCEDT} ehTia B K 4 T 0 ARt
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FEEENCIE L AW o R K Eufpdgr > AP R BEDT S BPhSel + g it > Bom 2.45% 0
it B R AT o

We have prepared thin films of PbSe quantum dots (QDs) featuring three different ligands, oleic acid
(OA), butylamine (BA), and 1,2-ethanedithiol (EDT), which have pronounced affects on the arrangement and
photovoltaic performance of the PbSe QDs in the thin films. Transmission electron microscopy revealed that
ligands that altered the inter-QD spacing induced significant changes in the packing of the PbSe QDs in
localized regions of small areas (300 x 300 nm) of the thin films: from a superlattice of OA-capped PbSe QDs

to a chaotic pattern of EDT-capped PbSe QDs. Using a synchrotron X-ray reflectivity probe and data fitting,
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we determined that the roughness decreased and the average densities increased for large-area (1.5 x 1.5 cm)
PbSe QD thin films capped with BA and EDT, relative to those of the OA-capped PbSe QD film. In particular,
the PbSe QDs’ vertical packing density, which is critical for charge transport, increased substantially for the
system incorporating EDT ligands. As a result, devices containing the EDT-treated PbSe QD film as the
active layer displayed much improved power conversion efficiencies (PCEs) relative to those of
corresponding devices featuring either the OA- or BA-capped PbSe QD films as active layers. Adopting a
layer-by-layer technique, we fabricated a EDT-capped PbSe QD device that exhibited a PCE of 2.45%.

Matsm: mitg g+ 8 KKRAE T F @s‘ﬁ]/ﬁa ~ PEDOT:PSS ~ X % & &%
keywords : PbSe quantum dots, photovoltaic device, hole transport layer, PEDOT:PSS, X-ray reflectivity
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Device structure Voe M Jsc [mAcm™ FE[%]  n[%][a]
ITO/PbSe/Ca/Al 0.19 18.0 44.0 1.5
ITO/PEDOT:PSS/PbSe/Ca/Al 0.24 218 45.5 2.4

[a] : PCE. Solar; AM1.5G (100 mW cm™?).
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Table 2. FFd 3 57 b & A enXod s o5 0 SUE R 5 fe kbR iy o

ITO/PbSe QDs structure [nm]  ITO/PEDOT:PSS/PbSe QDs structure [nm]

interfacial roughness interfacial roughness

Oito/pbse 2.9 OiTo/PEDOTPSS 3.1
- - OpEDOT:PSS/PbSe-1 1.0
OPpbSe.1/PbSe-2 5.0 Obbse-1/PbSe-2 2.8

Fig. 3(a) & #.PbSe& + g-=~ it r’v’ﬂ?ﬁ@}i-?@ﬁ REEL G * g+ B8] 7 &PEDOT : PSS
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PbSe QD size [nm] Voe V] Jse [MA cm™g FF[%]  n[%)
6.0 0.14 17.7 34.9 0.86
55 017 17.8 39.0 1.18
5.2 0.20 18.5 38.2 1.41
48 0.23 19.7 43.4 1.97
4.5 0.24 219 455 2.40
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Fig. 10 #5% (a) ek % 4e 38 XSS F 4 5 H4 - XRR# 2 (b) T & CTRH 4 ()OA - - (ii)BA
-+ ()EDT 2 3 e i 408 + B89 W B384 SigkHt (logs— 4L fl) -

Table 4;c % 6 el ) ff S X0 SUF 45 Bcdp & 6 2 o 6 & 48 4rie (CRT)4F 45 fe il « fPbSe
¥ F BEiE o PhSe g + ghenT 3440 1 4.6nm

OA-PbSe BA-PbSe EDT-PbSe
Thickness (nm) 140 62 45
Roughness (nm) 8 3.8 3.8
Average density of film (gem™)  1.86 3.56 4.69
Surface-normal d-space (nm) 6.83 5.92 4,72
In-plane d-space (nm) 7.22 7.39 6.48
Ordering of superlattice good poor Very poor
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Table 5 t 13 % PR 5t jp| £ PhSe £ + B~ i ik 4% fdic o & & 32 i ITO/PEDOT:PSS/PbSe
QDs/Ca/Al «

J.-;‘_-h
Vol (V) (mAcm™?)  FF (%) 79(%)

OA-capped film - — — _

BA-exchanged film 0.23 1.58 39 0.14
EDT-treated film 0.16 15.0 37 0.89
EDT-treated film (LBL)  0.22 26.4 42 2.45

Ve 0}1L11-ci1'cuit voltage. b J.: Short-circuit current density. © FF: Fill
factor. “ n: PCE. Solar: AM1.5 G (100 mW ¢m 7).
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