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Polymer Solar Cells—Interfacial
Processes Related to Performance
Issues

Abhay Gusain, Roberto M. Faria and Paulo B. Miranda *

Instituto de Fisica de Séo Carlos, Universidade de Sao Paul§ao Carlos, Brazil

Harnessing solar energy with solar cells based on organic nterials (in particular
polymeric solar cells) is an attractive alternative to sitin-based solar cells due to the
advantages of lower weight, exibility, lower manufacturig costs, easier integration
with other products, low environmental impact during manuwicturing and operations
and short energy payback times. However, even with the latdsef ciencies reported
up to 17%, the reproducibility of these ef ciencies is not upto par, with a signi cant
variation in the ef ciencies reported across the literatug. Since these devices are based
on ultrathin multilayer organic Ims, interfaces play a may role in their operation and
performance. This review gives a concise account of the majointerfacial issues that
are responsible for in uencing the device performance, wit emphasis on their physical
mechanisms. After an introduction to the basic principles bpolymeric solar cells, it brie y
discusses charge generation and recombination occurring tathe donor-acceptor bulk
heterojunction interface. It then discusses interfacial orphology for the active layer and
how it affects the performance and stability of these device Next, the formation of
injection and extraction barriers and their role in the des performance is discussed.
Finally, it addresses the most common approaches to changehtese barriers for improving
the solar cell ef ciency, including the use of interface diples. These issues are interrelated
to each other and give a clear and concise understanding of # problem of the
underperformance due to interfacial phenomena occurring ithin the device. This review
not only discusses some of the implemented approaches that &ave been adopted in
order to address these problems, but also highlights intedcial issues that are yet to be
fully understood in organic solar cells.
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Graphical Abstract | Factors related to interfaces that affect the overall desg performance.

INTRODUCTION properties of the existing materials, such as the solubility a
bandgap of fullerenesspanggaard and Krebs, 2004; Krebs, 2005;
Polymer-based solar cells have been the subject of moreddcu Shaheen et al., 20Q%dvances in device architecturégakley
and continuous research since last decade, which saw daragind McGehee, 2004; Janssen et al., R@@lgition of new bu er
increase of their power conversion e ciencies from 6% up tolayers in the conventional architecture and adoption of rove
17% within less than a decade, as shown inThble 1 (Dam  approaches for thermal and solvent annealiigpgkley et al.,
etal., 1999; Winder and Sariciftci, 2004; Milhlbacher et@dg2 2005; Mayer et al., 20))7among others. Indeed, the problem
Vanlaeke et al., 2006; Hou et al., 2008; Jgrgensen et al, F20R@8 of lower e ciencies of polymer solar cells with respect to other
etal., 2009; Norrman et al., 2010; Tsai etal., 2010; Chu &04dl1; organic or hybrid approaches [such as the Gratzel celh(zel,
Albrecht et al., 2012; He et al., 2012, 2015: Li et al., 2@1®R;2 2005 and organic-inorganic perovskite solar cellsu( et al.,
Lu et al., 2013; You et al., 2013; Zhang et al., 2013; Zhou, et &017] has been attributed to factors like device architecture,
2013, 2015: Chi et al., 2014: Liu et al., 2014b: Liu S. eDab; 2 materials used for fabrication of the solar cells and their
Meng et al., 201)8 Such remarkable achievement has only beefroperties (molecular weight of the donor polymer, purity of the
possible with the introduction of new materials, includinget materials, energy level alignments and band gépydgaard and
low bandgap polymers and new fullerene derivatiissnggaard Krebs, 2007; Rand et al., 2007; Tress et al.,)2tHel processing
and Krebs, 2004; Brabec et al., 2005; Bundgaard and Kreparameters and conditions during the fabrication of the sola
2007; Rand et al., 2007; Kroon et al., 20@8d other acceptor cells, such as spin-coating conditions, solvent and adshtivsed
molecules (i et al., 2018; Meng et al., 2018mproving the (Wu et al., 201), thermal and solvent annealing treatment and
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TABLE 1 | Summary of recently reported ef ciencies of different polyrar BHJ solar cells.

S. No. Donor polymer/acceptor material Architecture Bandgap (eVv) Ef ciency (%) Year References

1. PTPTB:PGs1BM Single junction 1.7-2.1 1 2004 Winder and Sariciftci, 2004
2. PEOPT:PG1 BM Single junction 1.75 0.02 2004 Winder and Sariciftci, 2004
3. PFDTBT:PG1BM Single junction 1.9 2 2004 Winder and Sariciftci, 2004
4. P3HT:PC51BM Single junction 2.1 2.8 2006 Vanlaeke et al., 2006

5. PCPDTBT:PG1BM Single junction 1.70 3.2 2006 Mihlbacher et al., 2006

6. PCPDTBT:PGoBM Single junction 1.70 5.1 2008 Hou et al., 2008

7. PCDTBT:PG,oBM Single junction 1.8 6.1 2009 Park et al., 2009

8. P3HT:PCs1BM Single junction 21 4.4 2010 Tsai et al., 2010

9. PCDTBT:PG,oBM Single junction 1.8 7.1 2011 Chu et al.,, 2011

10. P3HT:PCs1BM Single junction 21 3.37 2012 Albrecht et al., 2012

11. P3HT:PCs1BM Single junction 21 3.68 2012 Lietal., 2012

12. P3HT:PCs1BM Single junction 21 3.9 2012 Albrecht et al., 2012

13. PCPDTBT:PGoBM Single junction 1.70 6.16 2012 Albrecht et al., 2012

14. P3HT:PC51BM Single junction 2.1 4.24 2013 Zhou et al., 2013

15. PTB7:PC;oBM Single junction 1.6 7.9 2013 Zhou et al., 2013

16. PBDTP-DTBT:PG1BM Single junction 1.70 8.07 2013 Zhang et al., 2013

17. PTB7:PC;oBM Single junction 1.6 8.67 2013 Luetal., 2013

18. P3HT: ICBA/PDTP-DFBT:PG1BM Tandem junction 1.24 10.6 2013 You et al., 2013

19. P3HT:PCs1BM Single junction 2.1 4.24 2014 Chi et al., 2014

20. PCDTBT:PG,¢BM Single junction 1.8 7.20 2014 Liu et al., 2014b

21. PDVT-10/PBDTTT-EFT:PG;BM Single junction 1.84 10.08 2015 Liu S. et al., 2015

22. PTB7-Th/ZnO/CPEs:PG1BM Tandem junction 1.6 11.3 2015 Zhou et al., 2015

23. PBDB-TF:IT-4F Single junction 1.89 13.7 2018 Lietal., 2018

24. PFEN-Br/PBDB-T:FM/PTB7-Th:06T-4F:PG1 BM Tandem junction 1.25 17.3 2018 Meng et al., 2018

00 ,00_,00

PTPTB—poly-N-dodecyl-2,5,-bis(2'-thienyl)pyrrole,  2,1,3-benzothiadiazole; PEOPT—poly(3-(4'-(1,4 ,7 -trioxaoctyl)phenyl)thiophene); PFDTBT—poly{[2,7-(9-(20-ethylhexyl)-
9-hexyl uorene])-alt-[5,50-(40,70-di-2-thienyl-20,10,30-benothiadiazole)]}; P3HT—(poly(3-hexyl)thiophene); PCPDTBT—poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta
[2,1-b;3,4-bYdithiophene)-alt-4,7(2,1,3-benzothiadiazole)]; PCDTBT—poly[N-9%heptadecanyl-2,7-carbazole-alt-5,5-(4,7%di-2-thienyl-2° 1% 3% benzothiadiazole)]; PBDTP-DTBT —
poly{4,8-bis(4-(2-ethylhexyl)-phenyl)-  benzo[1,2-b:4,5%dithiophene-alt-[4,7-di(4-(2-ethylhexyl)-2-  thienyl)-2,1,3-benzothiadiaz)}5, 5%diyl]}; ICBA—indene-Cso bisadduct;
PDTP-DFBT —poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5H-dithieno[3,2-b:2,3%d]pyran)-alt-4,7-(5,6-di uoro-2,1,3-benzothiadiazole)]; PDVT-10—poly[2,5-bis(alkyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-alt-5,5"-i(thiophen-2-yl)-2,2'-(E)-2-(2-(thiophe&-yl)vinyl)thiophene]; PBDTTT-EFT —poly(2-ethylhexyl  6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
bYdithiophen-2-yl)-3- uorothieno[3,4-b]thiophene-2-carboxylate) PTB7-Th —poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5% dithiophene- co 3- uorothieno[3,4-
b]thiophene-2-carboxylate]; PCg1BM—([6,6]-phenyl Gy butyric methyl ester); PFN-Br—poly[(9,9-bis{30-[N,N-dimethyl]-N-ethylammonium]propyl}-2,7- uorene)--1,4
phenylene]dibromide; ~ PBDB-TF—poly{[4,8-bis[5-(2- ethylhexyl)-4- uoro-2-thienyllbenzo[1,2- b:4,5-§dithiophene2,6-diyl]-alt-[2,5-thiophenediyl[5, 7-bis(2-ethylhexyl)-4,8-
dioxo4H,8H-benzo[1,2-c:4,5-dithiophene-1,3-diyl]]}; IT-4F— uorinated ITIC or 4F-ITIC; ITIC—(3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetraki
hexylphenyl)-dithieno[2,3-d:2",3'-d']-s-indaceno[1,2-b:5,6-b"]dithiophend); PBDB-T —poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-h:4,5%ithiophene))-alt-(5,5-
(1°,3%di-2-thienyl-5% 7%bis(2-ethylhexyl)benzo[§ 2%c:4°5%cdithiophene-4,8-dione))]; FM—methyl substituted F-H (2,9-bis(2-methylene(3-(1,1-dicyanomethylene)indane))7,12-
dihydro-4,4,7,7,12,12-hexaoctyl-4H-cyclopenta[2°1%5,6;3%4°*5%,69diindeno[1,2-b:1° 20-bYdithiophene); O6T-4F or COIBDFIC—carbon-oxygen-bridged i8 di uoro-substituted
1,1-dicyanomethylene-3-indanone;CPEs—conjugated polyelectrolytes.

their duration (Coakley et al., 2005; Mayer et al., 2)Gvhich methods have been developed to address them during the
determine the thickness and morphology of the various organitimeline of research on polymer solar cells, more recently
layers and interface$/@atturro et al., 1986; Logdlund and Brédas, it is becoming increasingly apparent that interfaces play a
1994; de Jong et al., 2000; Norrman et al., 2006; Tress et gtucial role on the device performance and stabilityafturro
2011; Wu et al., 2011; Gusain et al., 201&part from their et al., 1986; Logdlund and Brédas, 1994; Dam et al., 1999;
e ciency, other relevant aspects of the device performanae arde Jong et al., 2000; Brabec et al., 2001b, 2005; Coakley and
the stability and the degradation of the polymer solar calisity  McGehee, 2004; Hoppe and Sariciftci, 2004; Spanggaard and
operation (Norrman et al., 2006 These have also been attributedKrebs, 2004; Winder and Sariciftci, 2004; Coakley et a0520
to material properties which make them prone to undergoJanssenetal., 2005; Krebs, 2005; Shaheen et al., 2005ainlb
structural changes after reaction with the ambient oxygaed a et al., 2006; Norrman et al., 2006, 2010; Vanlaeke et alg; 200
moisture when they are exposed to theMgturro et al., 1986; Bundgaard and Krebs, 2007; Gunes et al., 2007; Lloyd et al.,
Logdlund and Brédas, 1994; Dam et al., 1999; de Jong et d;, 200007; Mayer et al., 2007; Rand et al., 2007; Hou et al., 2008;
Norrman et al., 2006, 2010; Jgrgensen et al.,)2008 Jargensen et al., 2008; Kroon et al.,, 2008; Thompson and
Even though numerous approaches have been adopted Eovéchet, 2008; Park et al., 2009; Tsai et al., 2010; Chu, et al.
understand the factors behind this underperformance and®011; Tress et al., 2011; Wu et al., 2011; Albrecht et al2; 201
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He et al., 2012, 2015; Li et al., 2012; Gusain et al., 2013; exciton. Such exciton di uses within the donor polymer until
et al., 2013; You et al., 2013; Zhang et al., 2013; Zhou et at.reaches the donor/acceptor interface, where it is disgedi
2013, 2015; Chi et al., 2014; Liu et al., 2014b; Liu S. et ddy the energy favorable electron transfer from the LUMOf
2015. Indeed this should be expected, since these devices dhe donor polymer to the LUMQ@ of the fullerene acceptor.
based on ultrathin multilayer organic Ims, and charge haslin this process, the donor-acceptor LUMO energy di erence
to transfer across many interfaces involving both orgamd a for the electron is lost to vibrations (heat). Subsequenhe
inorganic materials of widely varying properties. Thereforeelectron is transported through the acceptor phase and across
the presentation of a review exclusively focusing on intéala the acceptor/metal electrode interface, while the hole left i
issues in polymer-based solar cells becomes important. In fathe HOMOp of the donor polymer is transported through
several of these issues will also be relevant to other argarni, collected at the HTL and transported across the HTL/ITO
or hybrid thin Im cells as well. This review starts o with a electrode interface. At each interface, the energy o sdbss
description of the basic device physics and architectured us¢o heat as the charge transfers across the interface. Theref
in polymeric solar cells, followed by an account of the mosminimizing these o sets has a direct impact in increasing the
relevant physical phenomena occurring at interfaces thatta ecpen-circuit voltage of the solar cell, and therefore its power
solar cell performance and stability, described at the mdégc conversion e ciency. A similar cascade of charge transfarws
level and grouped in four sections: (i) charge generation and light is absorbed in the acceptor molecule, except that the
recombination at donor-acceptor interfaces; (ii) the isspfe rst step (exciton dissociation) is now due to a favorabldeno
interfacial morphology and its impact on the device performanc transfer from the HOMQ, of the acceptor to the HOM@ of
and stability; (iii) formation of injection and extraction the donor.
barriers and their role in the cell electrical performanci;) ( The fundamental electrical characterization of a photasiolt
approaches used to control barriers, including the use ofliode is carried out by obtaining curves of electric current
interface dipoles. density vs. an external voltage (bias), the so-called J-Vesur
A typical J-V curve for a solar cell is shown Figure 2, in
the dark (dashed line) and under illumination (solid liné@he
BASIC DEVICE PHYSICS AND photocurrent density}y, is a subtraction between the two J-
ARCHITECTURES V curves (illuminated and dark), which are described by the
Equations (1, 2), wher& is the reverse dark currer¥, is the bias
The mechanism of direct conversion of the energy of an alEbrb voltagen is the diode quality factok is the Boltzmann constant
photon into electrical energy is only possible in a photovoltaiandT is the temperaturegze and Kwok Ng, 20).7
device whose basic principle occurs in a semiconductor elemen
exhibiting an electronic gap equal to or smaller than thergyge eVv .
of the absorbed photonh(). The immediate consequence JVID b exp nKT 1 Shockie equation (1)
of this absorption is the generation of an electron-hole pair; eV
then, under the action of an internal eld generated by the J.V/ D &b exp Kt L Cdn under illumination (2)
electrodes work function di erence, the free charge cagier

are conducted to the respective electrodes where they &f§e parameters that characterize solar cells in general are
captured. In a bulk heterojunction solar cell (BHJ), the abswy  sown in Figure 2 the short-circuit current density X,
component is an ultrathin active layer, usually comprised otpe open-circuit voltage o) and the maximum operating

a conjugated polymer mixed with an electronegative moleculepo\,\,er Pmax), Which determine the Il factor (FF). The open
forming a nanostructured blend. Atypical single junctionanic  gjycuit voltage is de ned as the maximum voltage that is
BHJ device is shown ifrigure 1A and consists of layers of gptained when no current is generated by the solar cell.
dierent materials, such as a transparent bottom electrodesimilarly, the short circuit current density is the maximum
of indium-tin oxide (ITO), a hole transport layer (HTL) current density that is obtained when there is no voltage
like PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polgs®  across the solar cell. The Il factor is de ned as the ratio
sulfonate), the donor polymer/acceptor molecule blend as thgf the maximum operating powerPnay) to the maximum
active layer and a top electrode layer (usually metallin). |extractable power from an ideal solar cell, which would be the
contrast, a tandem junction BHJ cell, as shownFigure 1G  product of the device ared, Vo, and &, Thus, the power
consists of multiple stacks of the single junction BHJ, eacBonversion e ciency is the ratio of the maximum operating
having di erent combinations of donor/acceptor active lager power Pmay to the input power of the incident light on the
with interlayers (IL) serving to match the charge transpanass  solar cell. Therefore, under an incident light intensity,

both cells. the FF and the power conversion e ciency!( are given by
The energy level diagram for a BHJ solar cell is shown "Equations (3, 4).

Figure 1B As the photon of the incident light is absorbed by

the donor polymer in the active layer, the electron of the High FED Pmax

Occupied Molecular Orbital (HOMO) of the donor polymer is AkVoc

excited to its Lowest Unoccupied Molecular Orbital (LUMO), EMoc

creating a Coulombically bound electron-hole pair known as D

®3)

FF (4)

lin
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FIGURE 1 | (A) Single junction BHJ architecture (B) Energy level diagram for a single junction BHJ cefC) Tandem junction BHJ architecture (D) Energy level
diagrams for a tandem junction BHJ cell.

The performance of the solar cells is directly related tdo the solar cell eciency is the Il factor EF), which is
fundamental material properties. For example, the generatioa ected by the shunt and the series resistances. It should be
of free electrons and holes depend on the HOM®f the emphasized here that the device's resistance does not only
donor and on the LUMQ of the acceptor, as will be explained depend on the conductivity of the layers (active and the
in detail in section Physical Processes at the Donor/Acaeptdransport layers) but especially on the interface resistarides.
Interface. This energy gap between the HOMODUMO, Il factor is directly related to the e ciency of the charge
(Eg,pa in Figure 1B) is also the main limiting factor for the extraction from the solar cell. In a microscopic point of view,
open circuit voltage o of the device. The short-circuit the higher is the loss of the charge carriers by bimolecular
current density &0 depends on the charge generation e ciency recombination, the lower ifF. In BHJ-type solar cells, the

in the donor/acceptor blend and the probability that thesebimolecular recombination occurs mainly at the donor-acoept
charges percolate through the blend to be collected by thiaterfaces in the active layer and also at the interfaces ef th
electrodes. Finally, the third relevant parameter directiated intermediate layers.
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Another important property of the materials is the bandgap.the bandgap edge. Such energy loss is usually referred to as
The absorption spectrum of the polymer solar cells dependhermalization loss. Therefore, reducing the polymer bapulg
upon the bandgap of the donor polymer {En Figure 1B), increases the light absorption, but the absorbed highergner
which is roughly the dierence between its HOMO and photons would lead to larger thermalization losses. Thus, th
LUMO. Assuming that the electron acceptor is the sameverall e ciency increase may not be as high as expected by
and has negligible light absorption (as in the case @b C the increased absorption, since the total cell voltage istdiini
derivatives), using a donor polymer with a lower band gagy the low D-A bandgap, fpa. In contrast, for a tandem cell,
increases the solar spectrum absorption and consequentilije absorption of the incident light with di erent wavelength
increases the photocurrent and the power conversion e ciencyby separate cells increases the overall device e ciency by
of the solar cell. On the other hand,gEa, the so-called reducing thermalization losses. The rst active layer wih
e ective bandgap, will also be reduced with the donorlarger bandgap polymer absorbs higher energy photons, which
Eg, as a minimum o set must exist between LUMOand leads to a higheWq for that rst cell. The second active layer
LUMO, for electron transfer. Thus, the open circuit voltagehas a low bandgap polymer that absorbs unused photons by
is also reduced, lowering the eciency of the solar cellsthe rst cell and generates an additional voltage. Sincese¢he
Therefore, for obtaining a maximum e ciency, there is a photons have lower energies, their thermalization losses ar
trade-o between lowering the polymer bandgap for increasin also kept small in the active layer of this second, low bandgap
the absorption of the solar spectrum, but still keeping gpolymer cell.
reasonable open circuit voltage that is determined RybA Although there has been a remarkable increase in cell
With these assumptions, the optimum bandgap for the donote ciency in about a decade of research and development of new
polymer should be around 1.5-1.8eV for a single junction celinaterials, fabrication procedures and architectures, dcated
(Scharber and Sariciftci, 20113 by Table 1 there is also a huge variation in the e ciencies

An additional approach to improve the device e ciency is reported across the literature for the same materials under
the use of the tandem junction BHJ solar cells, as shown in th&milar fabrication conditions. This clearly points towarbet
Figure 1D. As the two junctions are connected in series, thdack of reproducibility of the e ciencies, which may resufoim
current through both must be the same, and therefore, theale variations in material purity, solvent choice, slight di erees
power from the tandem cell increases due to the sum of thé fabrication conditions and use of additives to improve BHJ
voltages from each junctioryou et al., 201)3 A good balance of morphology. These issues will not be discussed in detail heck
the generated currents from each individual junction (if oped ~ we refer the reader to other reviews in the literatut®ékley and
separately) guarantees that both contribute signi cantiythe McGehee, 2004; Spanggaard and Krebs, 2004; Brabec et%., 200
total power generated by the device in the tandem con gumatio Coakley et al., 2005; Janssen et al., 2005; Krebs, 200&e8hah
The major advantage of a tandem cell is that its multiplest al., 2005; Bundgaard and Krebs, 2007; Mayer et al., 260d; R
active layers consist of donor polymers with di erent bandgapset al., 2007; Kroon et al., 2008
leading to light absorption at di erent portions of the solar  Another important aspect for the commercial viability of
spectrum. In the case of a single junction solar cell, photonerganic solar cells is their stability in the ambient atmogghe
with an energy much larger than the bandgap,XEesult in  In order to prevent the degradation of the solar cells, the fiescto
highly excited carriers (or excitons) that lose their esoesergy responsible for the degradation must be understood in detalil
to lattice phonons or molecular vibrations, thereby coolitag It has been reported that the materials used in the fabrication
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of polymer solar cells (especially the active layer matesiats PHYSICAL PROCESSES AT THE
metallic electrodes) undergo chemical interactions witygen DONOR/ACCEPTOR INTERFACE
and moisture present in the ambient atmospher®igensen
et al., 200p The mechanism by which the oxygen and moistureBulk heterojunction organic solar cells (BHJ-OSCs) di eratgi
react with the donor polymer is dierent for each material from other thin-Im solar cells because they have an active
(Matturro et al., 1986; Jgrgensen et al., J0G#owever, such layer comprised of a biphasic nanostructured blend of a donor
chemical degradation not only alters the material in thelboith ~ conjugated polymer and acceptor molecules, as depicted in
but can also introduce changes at the interfaces that lepddéo  Figure 1A The absorption of one photon by the polymer
device e ciency. For example, the degradation of the alunmnu generates one exciton, which di uses toward the donor-acmept
electrode may be caused by the acceptor fullerene derivatiy@-A) interface. The morphology of this layer is such that the
PCBM which has high anity for the electrons which makes D-A phase separation is in the range of 10-20nm, which is
them prone to react with metal electrodesigdiund and Brédas, shorter than the exciton di usion length. In BHJ devices the
1999. This degradation of the aluminum electrodes leads tanterfacial D-A area is then vastly increased when compaced t
ine ective charge transfer across the metal/active lay@rface, a traditional D-A bilayer device. This is a tremendous adege
whose e ects will be brie y discussed below and in more détail because the e ciency in converting each exciton into a pair of
section Injection and Extraction Barriers. free electron and hole is almost 100%. This conversion, hervev
Ine ective charge transfer across the various interfacéSimi  is not a direct process but instead is intermediated by a Gharg
the device is one of the mostimportant factors responsibléifer Transfer (CT) state formed when the exciton dissociates; i.
reduced performance of polymer solar cells. It decreaseselevithe acceptor captures the electron of the exciton leaving the
parameters like open circuit voltage, short circuit curreahdity  hole in the polymer, and this pair of charge carriers remains
and the Il factor, and thus the overall e ciency of the desdc  Coulombically bound, which is the CT statBigure 3A). From
This issue is governed by the type and quality of variousfatass  then on, the generation of free carriers, their recombioati
between the layers of the solar cell. Appearance of the sedcalland also collection by the electrodes is triggered, as is
“S-kink” in the J-V characteristics (s&gure 2B) is well-known, described below.
strongly reducing the Il factor (FF) and hence the e cienof Since positive and negative charges are Coulombically hound
the BHJ solar cell. S-kink has been observed in many organihe hole being located in the HOMO of the polymer and
BHJ devices and has been attributed to interface morphologye electron in the LUMO of the acceptor, they can either
as well as mismatched injection and extraction barrieros&r separate in free carriers (dissociation) or recombine (gextei
the interface Kumar et al., 2009; Tress et al., 2N1Apart  recombination). If they separate, there is a chance of recaptu
from poor quality of the interfaces, other factors resporssifor  in the CT state. In this sense, CT state intermediates thega®c
the appearance of S-kink include oxygen doping, presence of recombination and generation of free charge carriésa(n,
organic impurities, vertical phase segregation, reducethsar 1989. Based on the scheme outlinedfigure 3B we can infer
recombination, formation of charge dipole, eté\(sain et al., thatthe probabilityP that CT dissociates into free charge carriers
2016. Therefore, preparation of high-quality BHJ solar cellsis given by Equation (5):
requires robust characterization to ensure that key physica
parameters, such as layer thickness, interfacial quality and PD Kaiss
morphology are well-controlled. ki C Kgiss
Indeed, the other type of the degradation that solar cells
undergo is the morphological instability of the materialstire  where these rates are showrFigure 3B
various layers of the device. The thin Im materials may urgte Once the dissociation of CT occurs, electrons move in
morphological changes at room temperature during the periodhe acceptor phase and holes in the donor phase toward
of their operation (Vu et al., 201). Furthermore, these changes the respective electrodes under the action of the internal
in the active layer morphology may also depend on the procesdectric eld generated by the built-in voltage. However tliis
and the method of the fabrication of the solar celigafturro  journey, carrier loss is generally very large due to bimdkac
etal., 1986; Logdlund and Brédas, 1994; Dam et al., 1999de Joecombination, which can only take place at the D-A interface
et al., 2000; Winder and Sariciftci, 2004; Muhlbacher et@062 Several models have been proposed for molecular recombination
Norrman et al., 2006, 2010; Vanlaeke et al., 2006; Hou @04l8; in the active layer of BHJ-OSCgidll, 1951; Shockley and
Jorgensen etal., 2008; Park et al., 2009; Tsai etal., 2016t &lh Read, 1952; Koster et al., 2006; Pivrikas et al., 2007; Deibel
2011; Tress et al., 2011; Wu et al., 2011; Albrecht et al; 2 et al., 2009; Hilczer and Tachiya, 2D)1&rom the point of
et al.,, 2012, 2015; Li et al., 2012; Gusain et al., 2013; Ly et wiew of the recombination kinetics, the most plausible ones are
2013; You et al., 2013; Zhang et al., 2013; Zhou et al., 2013; 2 the rst order and the second order kinetics. The rst-order
Chietal., 2014; Liu et al., 2014b; Liu S. et al., p.(Dterences recombination kinetics for the D-A interface arises when one
in the active layer morphology induced at interfaces, andrthe of the carriers is trapped in a deep localized state near the
possible e ects on device performance will be discussed ifosect interface, forming a recombination center for the oppositely
Interfacial Morphology. charged carrier.Figure 4A shows schematically this type of
We will now present a description of a few physical processeecombination, which is similar to the Shockley-Read-HaRH)
occurring at interfaces that in uence the device performanc process fflall, 1951; Shockley and Read, 1958 which the

(®)
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recombination termR is given byR D n/ , wheren is the both charge generation/recombination near these intex$aand
concentration of the free charge carrier andis its lifetime. charge transport across them.
Second order recombination is explained when a positive and
a negative carrier arrive concomitantly to the interfacéieve |[NTERFACIAL MORPHOLOGY
they are captured by localized states and then annihilated by
recombination, as illustrated irFigure 4B In this case, the As discussed in the previous section, the blend morphology
recombination, by the symmetry of the process, is of theat the micro/nanoscopic scale is a critical factor determni
Langevin type, that iSR D np, wheren and p are the the device e ciency for BHJ polymeric solar cell€iles
respective concentrations of positive and negative carrasrd et al., 2008; Felicissimo et al., 2009; Germack et al., 2009;
is the recombination coe cient. The Langevin recombinatio et al., 2009; Wang et al., 2012; Mauger et al., 2PI8 et al.,
coecient | isdenedas | D (e/"o)( n C p), wheree 2014H. With a poor blend morphology, with phase separation
is an electron chargé, is a dielectric constant,, is a vacuum in the range of hundreds of nanometers or more, the exciton
permittivity, nand ,are the mobilities of electrons and holes, di usion to the donor-acceptor interface may not be complete,
respectively. However,vrikas et al. (2007Qbserved a reduction reducing the charge generation e ciency. Furthermore, a
in the recombination rate by orders of magnitude for BHJ-OSCsoor blend morphology may lead to reduced percolation
based on P3HT:PCBM. This reduction is often taken into actounpathways to the electrodes within each semiconducting
by multiplying Langevin's recombination rate by a prefactdr material of the active layer, aecting the charge transport
D L), where varieswithin the range from 1¢ to values close properties and thus increasing the possibility of charge
to 1. This ratio is known as reduced Langevin recombinationrecombination and reducing their collection e ciency by
and depends on the materials of the active layérster et al. the electrodes. All these factors contribute to lower devic
(2006) showed that indeed Langevin recombination does not ciency. In addition, several factors related to the blend
t accurately for photovoltaic responses of BHJ-OSCs, and thesnorphology like interfacial area, packing of the molecules
put forward another value for the recombination coe cient, in each phase and variation of the composition among the
without abandoning the essence of Langevin's concepts. Thelpmains within the blend are also important in governing the
de ne the new coe cient as D (e/"o )min( n, p), i.e., the device performance.
recombination coe cient is now controlled by the mobility of However, it has been reported that the interfacial morphology
the slowest carrier. This picture is outlinedfiigure 4C Another  can be signi cantly di erent from the bulk Im morphology
interpretation for was given byDeibel et al. (2009)who  due to the variation in the composition of the active layerdan
assumed that the bimolecular recombination depends on thelso the electrodes) along the thickness of the devicejnigad
spatial pro le of charge carrier concentrations. Their apptioac to poor charge transport across the interfac€s(mack et al.,
also explained satisfactorily the variation ofvith temperature. 2009; Wang et al., 2012; Mor et al., 20L148uch variation
Hilczer and Tachiya developed a model based on a formalisim the composition proles has been attributed to dierent
that took into account that the recombination occurs wherth factors, which will be discussed below. It has also been shown
charge carriers are a non-zero distance to each othigr{er and  that such compositional pro le near interfacial layers mayaa
Tachiya, 201)) This approach tted quite well the temperature a signi cant e ect on the device e ciency Germack et al.,
dependence of. 2009; Wang et al., 2012; Mor et al., 20)L4A few examples
We now turn our attention to phenomena occurring at will be described in section Control of Interfacial Morphology
those many at (extended) interfaces within the OSCs. Inand Its E ect on Device Performance. Furthermore, since the
the next section we will address how and why the BHdnterfacial morphology is also directly related to the “bulit&nd
morphology may change at the interfaces of the active layanorphology, it is thus important to control and improve the
with electrodes or interlayers. This may have an impact omlend morphology for a better interfacial morphology, with

Frontiers in Chemistry | www.frontiersin.org 8 February 2019 | Volume 7 | Article 61


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Gusain et al.

Interfacial Processes in Polymer Solar Cells

-
[
e

SRH/First-order
Recombination
R=n/t

B
VAVAN -
Intermediate
Deep states — ¥
interface i_
traps

Second-order
Recombination
R=ynp
7= (e/eg, )t 11,)

® . —

Koster Model
(case , < b,
R=ynp
7=(e/eg,)min(u, u1,)

FIGURE 4 | Schematic diagrams of different charge recombination mectéinisms. (A) First-order recombination by interfacial deep traps. Forxample, electrons are
trapped and holes need to diffuse to the interface (represerd by wiggly arrows).(B) Second-order interfacial recombination, where both elecbns and holes need to
diffuse to the interface.(C) Koster model of recombination, which is limited by the lowecarrier mobility (slower holes for the case represented he.

a corresponding impact both on the BHJ properties (chargéo accumulate at the free surface to reduce the overall gnerg
transport and generation e ciency) and on the interfacial (Bjorstrom et al., 2005; Heriot and Jones, 200 urthermore,
properties, which in turn a ect the charge collection e ciency charge transfer interactions at an interface may play a nole i
by the electrodes. causing the vertical composition prole. An XPS analysis has
suggested that there is a signi cant binding energy shift 5 eV)
Governing Factors for Vertical Phase to. lower binding energy for Cs after spln-coatlng an yltra—
h thin PCBM layer on the top of a GEOs interlayer, showing
Segregation . o . a charge transfer from the interlayer to the PCBMu(et al.,
The phase segregation of the dom{?uns. in the BHJ is d9pende§@og. This charge transfer results in the formation of a dipolar
upon several factors and the fabrication procedures, such #&gion between the GEO; and PCBM layer, which may favor
appropriate choice of the solvents, dr_ying rate of the spin @atesnrichment of PCBM toward the GE0; as compared to P3HT
Ims and thermal and/or vapor annealing of the blendsf{irvase  (y, et al., 200p Apart from this interaction, the formation of a
etal, 2004_? Kim et al., 2005’_ 2006; Li et al., 2005; MihailetCsirong dipole between @803 and the ITO substrate has been
et al., 2006; Zhao et al., 2007; Qunes etal, )meermorej shown to occur and may also play a role in inducing vertical
it has been recognized that various factors may also cart®ib ppase segregatiori(iang et al., 2008 Such dipole—induced-
to the formation of a non-homogeneous blend morphologyipole interaction has also been suggested to contributertwa
within active layer Im, leading to a vertical pro le of the ®hd  he enrichment of PCBM at the blend/@i80s interface Huang
composition along the device thickness. This so-callediasdrt (5| 200p Thus, the vertical phase segregation within the blend
phase segregation has been observed in di erent combinations; ihe device is shown to occur due to the contribution fronttbo
of polymers and acceptor molecules and has been reported {ge gj erences between the surface energies of the polymer and

arise from the di erences in the solubility/surface enesyie e fyllerene molecules in the blend, as well as the chargefean
the component materials within the blend, the dynamics oft.om the substrate to the fullerene molecules.

the spin coating processHériot and Jones, 2005; Bjorstrom

et al., 200), the diusion of oxygen and moisture from the . . .

ambient atmosphere, interactions between the organic riager Characterization of the Interfacial

and substrates, and the spontaneous creation of surfacengrett Morphology

layers which may lead to changes in the composition of activ&he level of vertical phase segregation of the domains witien

layers (an Zanten et al., 1996; Arias et al., 2002; Bjorstrom et ablend can be determined by an appropriate characterization of

2005; Reyes et al., 2005; Choulis et al., 2006; Go ri et alg; 20@he interfaces using di erent techniques. Various non-destive

Quiles et al., 2006, 2008; Mor et al., 2014b techniques like X-ray photoelectron spectroscopy (XPS), near
In a simple picture, this vertical phase segregation occursdge X-ray absorption ne structure spectroscopy (NEXAFS),

during the solvent evaporation process due to the di erences iX-ray re ectometry (XRR), and neutron re ectometry (NR)

the surface energies of the polymer and the fullerene moleculdave been employed for the analysis of the vertical compasitio

in the blend, and allows for the morphology of the Ims to pro les within the active layer of the deviceB4ci et al., 2005;

reach a thermodynamically more favorable state. For exaritple Germack et al., 2009, 2010; Kiel et al., 2010; Orimo et dl0;20

the case of P3HT/PCBM, it has been reported that the surfadearnell et al., 2010; Chen et al., 2011b; Lee et al., 2011;dkeche

energy of P3HT is lower than that of PCBM, which allows itet al., 2012; Gusain et al., 2016lowever, some steps of the

Frontiers in Chemistry | www.frontiersin.org 9 February 2019 | Volume 7 | Article 61


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Gusain et al. Interfacial Processes in Polymer Solar Cells

sample preparation for these techniques are either destejctivonly at interfaces, and the SFG vibrational spectroscopy could
requiring isolation of layers from the substrates, or areried  in principle identify and quantify the surface compositionuth
out on di erent interfaces from those of actual devices, sash shedding light on interfacial segregation of a componentisTh
at the air/blend interfaces or anodic covered interfacegwven issue of interfacial segregation of additives has alreabnb
require surface modi cation of the substratesSt{en et al., 2011a; extensively investigated by SFG spectroscopy for non-catgdg
Mor et al., 2014h For example, since the probing depth of thepolymers (u et al., 2017; Zhang, 201 but not really explored
XPS technique is limited to 6-8 nm due to the short mean fredor conjugated polymers and blends.

path of the photoelectrons, the pro le analysis of the inteefaat

depths below this limit not possibl&( et al., 2000 Therefore, in ) .

order to analyze buried interfaces by XPS, the Ims can bedift Control of Interfacial Morphology and its

o from di erent substrates and then transferred to a condixet ~ Effect on Device Performance

substrate with the desired surface on the top side for the XP$he e ect of the blend morphology on the device performance
analysisXu et al., 200p can be related to its in uence on the charge generation and

In order to probe the vertical composition pro le, a surface- transport properties across the blend, and to its behavior at
sensitive technique such as XPS can be combined with theterfaces with electrodes or HTLS/ETLs. It has been reported
destructive technique of ion sputtering. The XPS spectréilhjt that the charge transport in the blend depends directly on the
probe the topmost device/air interface, but these topmostrtaye e ective vertical as well as the lateral phase segregatioheof t
are gradually sputtered away, so that the exposed surfacg bejpolymer and fullerene domains within the blen@®iles et al.,
probed by XPS gradually moves toward the bulk of the original00§. The charge extraction process is improved when the
device, until reaching the substrate. However, it has bepanted  donor polymer domains segregate toward the anode interface
that the measured depth pro le with such approach may beand the acceptor fullerene domains segregate toward the @datho
di erent from the actual prole, due to unforeseen changesinterface {Heutz et al., 2004; Snaith et al., 2004; Xue et al.,
induced by the sputtering process like chemical bond bregkin@005; Quiles et al., 20Q8Such combination of vertical and
preferential sputtering, interface mixing or rougheniriggcKay lateral phase segregated morphology favors the charge transpo
etal.,1991; Songetal., 2001; Turak et al., 2002; Kwokazi@b; across the blend and across the interfaces, thus improvieg th
Xu et al., 200 device performance.

In contrast, a few other studies have been performed in anon- As an example, a non-destructive study employed XPS and
invasive manner. These techniques have revealed the mtidat atomic force microscopy (AFM) to study the interfaces between
of the aluminum electrode at its interface with the organicthe blend and electrodes for P3HT/PCBM solar cells €t al.,
material by the oxygen diused through the electrode. This2009. It was revealed that due to the vertical phase segregation,
resulted in the formation of an insulating layer of aluminum the domains of P3HT are enriched at the free surfaces, while
oxide, which thereby acted as a blocking layer, degradirg ththe fullerene derivatives accumulate at the organic/sutestra
device performanceNorrman and Krebs, 2006; Wang J. C.interfaces. Such vertical phase segregation is advantdeou
et al.,, 2011; Wagner et al., 20&hd yielding S-kinks in the J-V the inverted device structure, consisting of ITOfCOs(non-
curves for the solar celld\(agenpfahl et al., 2010; Ecker et al.,annealed)/P3HT:PCBM/AOs/Al,  since it vyields the
2012; Mor et al., 2013a0ther techniques like energy- ltered accumulation of fullerene derivatives at the organic/sudistr
transmission electron microscopy (EF-TEM) and XPS have alg@athode) interface for e cient electron extraction, andBRT
been employed to examine the cathode interface in P3HT/PCBMnrichment at the organic/anode interface, allowing good
solar cells Iflor et al., 2014h In contrast to the previous hole extraction at that electrode<( et al., 200Q Apart from
reports, they show that such formation of aluminum oxideimproved charge extraction, the inverted device structure
occurs preferentially at the cathode interface irrespeativihe  allows for the replacement of both the low work function metal
device fabrication conditions, in ambient or inert envinmental cathode and the PEDOT:PSS HTL, which are responsible for the
conditions. However, it is argued that such a thin aluminumdegradation of the device, and thus improving the devicéiife
oxide layer acts as a dielectric sheet between the elecamdie (Sahin et al., 2005; Watanabe and Kasuya, 2005
the active layer and improves the charge transport across the As discussed above, the vertical phase segregation mayplead t
interface by preventing the formation of electronic barsdor e cient charge extraction at electrode/blend interfacel®wever,
charge extractionNJor et al., 2014p such e ectis asymmetric in nature, as the P3HT and PCBM have

Finally, non-linear optical spectroscopic techniques suchli erent transport properties through the blend. For example,
as second-harmonic generation (SHG) and sum-frequency has been shown that P3HT does not block the electron
generation vibrational spectroscopy (SFG) have a good pafenticonduction but PCBM is known to signi cantly block the hole
to investigate interfaces in organic electronie®(ti et al., 2014; conduction through the blendGermack et al., 2009; Wang et al.,
Maia and Miranda, 201)5 but have not been extensively used sa2012; Mor et al., 2014bThus, the reverse process, with PCBM
far. Since they rely on broken inversion symmetry, they dpil  enrichment at the anode/blend interface and P3HT enrichinen
principle, probe the vertical phase segregation in a photowltaiat the cathode/blend interface, would be expected to also degrad
blend, since in a homogeneous blend there is inversion sytnyme the device performance due to the hole blocking property
(on the scale of optical wavelengths), while at an interfate t of PCBM at the anode. Nevertheless, this was not observed
symmetry is broken. Therefore, the detected signals arergeed  (Wang H. et al., 2001 The study employed the application of
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delamination and transfer method to ip the P3HT/PCBM aaiv 2008; Mauger et al., 20L3An contrast, it was found that the
layer of the device, thus reversing the interfacial sedgimya solvent additive can lead to a signi cant reduction in botet
of the active layers to investigate their contribution toeth vertical phase segregation and the concentration of PCBM at
device performance. With such reverse interfacial segimgaf the interface.
the active layer, it was expected that the device would exhibi Recent studies on the vertical phase segregation in devices
high series resistance due to the hole blocking by PCBM atsing di erent donor polymers like PBDTTPD, PCDTBT, and
the anode, leading to a reduced device performance. Howev&TB7 with the acceptor P@BM have examined the role of the
it was found that the dark and illuminated characteristick o interfacial layers on improvement in the device performance
both the reverse and as deposited devices were comparalidee to the vertical phase segregaticbap et al., 2076 In
suggesting that interfacial segregation of the activersaygy devices, using PEDOT:PSS as an HTL, improvement in the
not signi cantly in uence the device performance, as longlas  device e ciencies have been reported earlier due to vertical
active layer/anode interface does not comprise a continlenyes  phase segregation of the blendlgng et al., 2014 The study
of the fullerene acceptor that hinders charge extraction. employed an additional interfacial modi er between PEDOSS$
The degree of the vertical phase segregation depends and the active layer, based upon a low-band-gap polymer with an
the nature of the substrate and spin coating conditions, an@ppended carboxylic acid—based side chain, called PBDTTPD-
can also be controlled using thermal annealing or by changgSBOOH (Cao et al., 2006 The interfacial layers may in uence
in the blend-substrate interface by the modi cation of the both the energy level alignment and the vertical phase saticeg
substrate surface energ@(iles et al., 2008 This is shown within the device, which aect the device performance. The
in Figure 5, where the depth prole of PCBM in the blend study has demonstrated by employing ultraviolet photoetattr
was measured by ellipsometry, and investigated under devespectroscopy (UPS) that the observed di erence in the device
fabrication conditions. Interestingly, the segregatiodnRCBM  performance for each of these three donor polymers is not
toward the substrate is smaller for the blend spin-coated omlue to a hole extraction barrier for the PTB7 deviceefzelt
PEDOT:PSS, and is reduced by thermal annealifigute 5C. et al., 201p The surface energies of the polymer indicated
In contrast, it is larger for the blend spin-coated on fusditai that at the PBDTTPD-COOH/donor interface there is an
substrates and is enhanced by thermal annealiigure 5A). In  enrichment of the donor polymer with respect to the case of the
this latter case, the depth pro les suggest that the free sarfa  PEDOT:PSS/donor interface, with higher interfacial conitms
enriched of PCBM clusters, a fact that is con rmed bysitu  of the PBDTTPD, PCDTBT and PTB7 as 46, 20, and 47%,
optical microscopy during thermal annealing. Furthermors, arespectively, as compared to 28, 13, and 41%, respectively,
can be seen ifrigure 5D, the deposition of a molecular self- at the PEDOT:PSS interlayer. The study thus suggested that
assembled monolayer of hexamethyldisilazane on the satbstr improvement in the performance of the devices, using PBDTTPD
modi es its surface energy, leading to a change in the dioect and PCDTBT as donor polymers, with the addition of
of compositional gradient of PCBM in the blend, with the Im PBDTTPD-COOH interlayer is mainly due to the changes in
enriched of P3HT domains toward the substrate while PCBM ishe blend composition at the PBDTTPD-COOH/donor interface.
displaced toward the free surfacei(iles et al., 2008 However, for the PTB7/PCBM devices using the PBDTTPD-
One study has used NR for analyzing the compositionaCOOH interlayer, the interfacial composition remains the
pro les of the layers along the depth of the device to reveatame as that of the bulk, which does not lead to signi cant
the in uence of the di erent capping metal electrodes as wellimprovement in the performance of these devices with the added
as the addition of the solvent additive nitrobenzene on thenterfacial layer.
thermal stability of the deviceMauger et al., 20)3The same However, in another study ZnO/PFN (poly[(9,9-bis(30-
study has also further reported that changes in the compasitio (N,N-dimethylamino)propyl)-2,7- uorene)-alt-2,7-(9,9-
pro les due to the thermal annealing can be due to a speci dioctyl uorene)]) hybrid Ims have been shown to be good
charge transfer or doping process occurring between the met&TLs, and the improved electron transport properties in thiecas
electrodes and PCBM due to di erences in their Fermi Levelfiave been attributed to a formation of PCBM-rich phase within
(Mauger et al., 20)3The NEXAFS analysis revealed that thethe active layer in close contact with the ZnO—PFN layerg
PCBM undergoes chemical changes after the thermal anmpaliet al., 2015 The formation of such PCBM-rich phase occurs
depending upon the metal electrode. It has been shown thatue to the hydrophobic nature of ZnO/PFN layer and its similar
doping and charge transfer occurs more strongly with Ca tharsurface energy to that of PCBM (22.5 mJ m?), yielding a close
Al, leading to di erences in the vertical phase segregatiaththe  electronic contact between the ZnO/PFN layer and the active
compositional pro les depending upon the type of the electroddayer (ee et al., 20)6Such inverted polymer solar cell devices
(Mauger et al.,, 20)3 Apart from the thermal annealing of have shown an improvement in the e ciency from 7.2% up to
the device, the addition of the small concentrations of entv  9.2% (ee et al., 2006
additives is usually employed for controlling the typicalesaf
phase separated domains in BHJ devices, and thus leading RIECTION AND EXTRACTION BARRIERS
improved device e ciency [loulé and Meerholz, 2009; Mauger
et al., 201} It has been reported that, with nitrobenzene asPhysical Mechanism and De nitions
an additive, the device performance of the thermally annealedhe concept of barriers for injection and extraction of charg
and non-annealed devices remains simileio(ulé and Meerholz, carriers, or simply, the energy barriers, arises from the direre
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FIGURE 5 | Vertical composition pro les in P3HT:PCBM Ims.(A-D) PCBM concentration pro les obtained from analysis of P3HT:EBM blend Ims: (A) spin coated
on fused silica before (blue) and after (red) thermal annéaj (B) spin coated on fused silica for 60's at 5,000 r.p.m. (blue), 00 r.p.m. (green) and 700 r.p.m. (red) (the
blend Ims here were typically 50 nm thick) (C) spin coated on PEDOT:PSS-coated fused silica before (bluand after (red) vapor annealing(D) spin coated on fused
silica (left) and on a Si wafer (with native oxide) precoatedth a hydrophobic self-assembled hexamethyldisilazane onolayer. Typical PCBM distributions beforgE)
and after (F) vapor or thermal annealing. Reprinted by permission from Manillan Publishers Ltd Quiles et al., 2009, copyright (2008).

in chemical potential (or Fermi energy—gE between two usually known as “band bending.” It can be seen that injertin
dissimilar materials when they are joined together. Upon eotit  an electron from the metal to the semiconductor will present
electron transfer will occur at the interface until the chieal an energy barried g“' which is |arger than that for extracting
potential becomes the same throughout the materials. an electron from the semiconductor to the metdl€!. On
Figure 6 illustrates the typical case for a metal/organicthe other hand, there will be no barrier for hole extraction
semiconductor interface, where a charge transfer leadsnto §rom the semiconductor, while the barrier for hole injection
atomlcallyth_ln (_:harge den_sny on the metal S|d_e,andadheted from the metal to the semiconductor 'ﬂs'r:”. Similarly, if the
charge density in the semiconductor near the interfaceykmas . o
. ) . S . Fermi level of the metal (before contact) is higher than that
a carrier accumulation region (or depletion, if the semicantbr . .
S . . of the semiconductor, there will be electron transfer to the
Is initially doped), whose width depends on the bulk Carrlersemiconductor LUMO, as illustrated iRigure 6B. In this case
density of the semiconductor, its dielectric constant, pemature th il be a| b' er for hole i 'gt' f th bma’
and the applied external electric eld within the semicondurct ere W'_ €a argeirnj arnertor hole 'njec_ lon from the'm )
the semiconductor] °, and a smaller barrier for hole extraction

material Sze and Kwok Ng, 2007In Figure 6A is shown the

case of a metal whose Fermi level (before contact) is belavoth from the semiconductorl . On the other hand, there will
the organic semiconductor. After joining them, electroarisfer be no barrier for electron extraction from the semicondutcto
from the organic material to the metal will occur, until thefni ~ while the barrier for electron injection from the metal toeh
level is the same throughout the materials. This resultinarge  semiconductor id ¢ .
distribution will generate a potential that induces a vacuum In summary, the dierences in the HOMO, LUMO, and

level shift, together with HOMO and LUMO as well, what is Fermi levels of the materials used for devices give rise to the
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FIGURE 7 | Energy diagram for the contact iigPcZn/PcZn after interfacial
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FIGURE 6 | Energy barriers for a metal/organic semiconductor interfae (A) r?ﬂ:&i&?gpﬁféh&ayj Sgc:ze‘)g?;::ﬂ:?w' er etal. (1998with
Fermi level of metal is below that for the organic semiconduor, before P 4 v -
contact. After contact, charge transfer occurs, leading td‘band bending” in
the organic semiconductor and the formation of energy barers, labeled as . . .
inj(ex% A : o and its eect on the J-V curves have been explained in
1g for injection (or extraction) of electrons (or holes|B) Same as(A), but h di
for the Fermi level of metal below that for the organic semicwluctor. these studies.

In a study with bilayer or at heterojunction devices (FHJs),
with PcZn and kgPcZn as the donor/acceptor, along with
combinations of Au, In and ITO as the electrodésil(er et al.,
energy barriers across the various interfaces. This dieeeim 1999, it was found that for certain combinations, the di erences
the energy levels has been termed as an energy barrier ifimFermilevels of the di erent materials led to charge trasrsdt
given carrier must have its energy increased from one meiterithe junction. These FHJ solar cells consist of the separateslayer
to another, as it crosses the interface. Thus, an energyebarr of donor polymer and acceptor molecule, in contrast with BHJ
would depend on the energy levels of the materials, on whickolar cells where a layer of the blend of the donor polymer and
carrier is being considered and also on which direction liéng  acceptor molecule is deposited to form the nanostructureivact
transported. This energy di erence may either allow or preventayer of the device. The n-type materials form ohmic contacts
the movement of charge carriers across the interface depgndiwith the metals having lower work functions, while they yield
upon the magnitude of the energy di erence and the directionrectifying contacts with metals having higher work functso In
of the movement of the charge carriers. Therefore, in sorsesa case of the p-type materials, the opposite e ect is exhibited. The
there could be a barrier for carrier injection, but not forteaction  study investigated by UPS the formation of a p-n junction with

across the same interface. interfacial charge transfer for ITOfgPcZn/ZnPc/Au devices, as
o _ can be seen irFigure 7. Photovoltaic response was observed,
Implication to the Device Performance albeit with a much lowel¢ than expected from the materials

Several studies have investigated in di erent ways the inaeof  Fermi levels. The authors explained this by the several pathwa
the injection and extraction barriers on the device perfono@ for charge recombination in the junction (wiggly arrows |édm
(Pfeier et al., 2003; Maennig et al., 2004; Kemerink et aD620 as 3 inFigure 7), which suppressed free carrier concentrations
Scharber et al., 2006; Hau et al., 2008; Olthof et al., 20@8sT that were not enough to cancel the built-in eld/p; in

et al.,, 2011; Petersen et al.,, 2012; Tress and Inganas). 2013 device.

The e ect of the energy barriers in general is to hinder the As the barriers a ect the device performance, it is important
transfer of the charge carriers across the interfacesi sagnly  to identify the types of barriers present within the device Isatt

a ecting the electrical characteristics of the devices. pinigsical  a suitable selection of the materials can be done for impmvin
mechanisms which are related to this charge transfer procesise device performance. One report has shown the application of
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a simple approach for identifying the barrier in the devidegss non-ohmic contactd/c depends upon the metal electrode work
and Inganas, 20)3The study employed intentional introduction functions (Mihailetchi et al., 2003
of the barriers with known type and magnitude for the di erent ~ Another more recent investigation has reported the e ects
device con gurations shown ifrigures 8A,B corresponding to  of injection and extraction barriers on the e ective charge
extraction and injection barriers. In case of extractiomrias for  carrier mobilities, generation of S-kink and the in uence of
holes, the current-voltage (J—-V) characteristics were nreds these barriers on the performance of the both FHJ and BHJ
under di erent light intensities ranging from 0.0005 suns tgp  solar cells {ress et al., 20)11t was found that the energy
6 suns for the same device. A normalized photocurrent datéevels of donor and acceptor in the blend in uences formation
was plotted, allowing a comparison of the strength of the Sef the injection/extraction barriers at the HTL/donor intace,
kink, which is more pronounced for the highest intensitieieT and thus the open circuit voltage, the |l factor and the devic
di erences in forward direction (current 0) have beenreported e ciency (Tress et al., 20)11t was shown that in case of the
to be mainly an artifact from the normalization. As can bersee FHJs, the open circuit voltag®/{o) is linearly dependent upon
in Figure 8A, there are points of intersection (ne&ic) of the the gap between the HOMO of the donor and the LUMO of
normalized J-V curves, a¥qc increases with light intensity. the acceptor (Epa), but independent of the HTL. Such linear
They are characteristic of the presence of an extractionidrarr dependence of th¥,¢ on this E pa has already been reported
as con rmed by numerical simulations of the J-V curves. Theearlier Scharber et al., 20p6However, for the BHJS/oc was
reason for the generation of the S-kinks in the J-V curves ialso dependent upon the HOMO of the HTL, as displayed in
due to accumulation of charges at the donor/HTL interfackisT Figure 9B. This result conforms with a prior study where it has
study has shown that at higher intensities, more photogeteera been reported that a thin layer of doped organic material agtin
charges pile up at this interface and therefore the strenfith® as the HTL between ITO and the active layer improves the hole
electric eld within the HTL increases, while it is reducettihe  injection/extraction, leading to enhanced solar cell parfance
donor/acceptor interfaceTfess and Inganas, 201 3his leads (Maennig et al., 2004
to higher recombination at the higher light intensities atidis Furthermore, for FHJs there is the generation of an S-kink
more pronounced S-kinks. irrespective of the presence of the injection and the extoacti

Similarly, in case of injection barriers, the J-V charactiics  barriers Figures 9A-D. The reason for the generation of the S-
were measured again under di erent light intensities rargyin kink in the solar cell J-V curve is related to the direction bét
from 0.0005 suns up to 6 suns for the same device. In thislectric eld in the region of S-kink, which in turn depends upon
case no point of intersection was observed, in contrast with t the type of barrier present in the device. It has been found that
results obtained for extraction barriersiess and Inganas, 20113 in case of the FHJs, in the region closeMg: the electric eld
These results are characteristics of the presence of arianjec is reversed and the photocurrent is mainly driven by di usion.
barrier in the device. It has been explained that for an in@tt Indeed, earlier studies have also reported such importanceeof th
barrier, there is a low built-in potentiaMy;) as compared to the di usion gradients for FHIsGregg and Hanna, 200 3However,
Epa gap. As shown irFigure 8B, for the devices with planar in case of the BHJs, the di usion gradient for the movement of
heterojunction architecture, this induces a possibilitynidher  charge carriers toward the respective electrodes is not prese
Voc @as compared toVy;, with the current close td/oc being (Tress et al., 20)1As a result, the built in potential is higher
completely di usion-driven against the eld. For higher light in case of the BHJs without barriers, as compared to the device
intensities, this competition between the di usion and thaftr with the barriers and same donor HOMO levels. In any case,
is seen in the form of S-kinks. However, for intensities lowe for e cient solar cells, good injection/extraction of thenarge
than a threshold value in whickoc becomes smaller thavi,;, carriers at the interfaces between the various layers mvitfné
the S-kink disappearsl(ess and Inganas, 2013 he study also device is required.
showed that this method for identifying extraction and iofon
barriers is also valid for bulk heterojunction solar celésbd on
P3HT:PGoBM con guration (Tress and Inganas, 20)13 ADDRESSING THE CHALLENGE OF

Some earlier studies have reported that the open circENERGY BARRIERS
voltage may be dependent or independent of the choice of
the electrodesHKrabec et al., 2001a; Mihailetchi et al., 2003After the identi cation of the actual energy barriers presém
Cheyns et al., 20081t has been discussed that the presencéhe device, it is thus important to address the problem of the
of surface charges at the fullerene/metal interface lead®bhd misaligned energy levels across the interfaces to faeilitzarge
bending Brabec et al., 2001a; Cheyns et al., »(a@d the work  transfer and improve the device e ciency. As described in the
function of the metal cathode is pinned to the work function of previous section, the formation of intentional or uninteatial
the semiconductor (typically via surface states), indepehdé blocking interlayers between electrodes and active lagestst in
whether the work function of the metal is higher or lower than a decrease of Il factor, and in extreme cases in S-shapedrduire
the Fermi level of the semi-conductor. This mechanism itedal voltage characteristic§ (ess and Inganas, 201 8everal studies
Fermi level pinning Brabec et al., 2001a; Cheyns et al., 008have reported di erent approaches to improve the performance
and would explain why ¢ is independent of the electrode work of the devices through proper alignment of the energy barriers
function. However, it was further shown that such Fermi leve(Hau et al., 2008, 2010; Cheng et al., 2010; Hsieh et al., 2010;
pinning is valid only in the cases of ohmic contacts, so that foChang et al., 2011; Small et al., 2012; Yang et al., 2012, 2014;
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FIGURE 8 | Normalized J-V curves for a series of illumination intenigis. (A) Device with extraction barrier for holes: ITO/p-doped
a-NPB/a-NPB/ZnPc/Cgo/BPhen/Al. (B) Device with injection barrier for holes: ITO/p-doped MeO-TPIMeO-TPD/BPAPF/Cgo/BPhen/Al. Reproduced with permission
from Elsevier {ress and Inganas, 2013.

FIGURE 9 | Experimental J-V curves: Injection barriers#) for the xed donor BPAPF and varied HTL fofA) FHJ and (B) BHJ solar cells. Extraction barriers#e) for
FHJs with (C) varying HTL and xed donor ZnPc and(D) varying donor and xed HTL BPAPF. In(C), the data for one BHJ (dash-dotted) is also shown. Copyright
Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permigsn from (Tress et al., 2011).
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Chang and Leu, 2013; Kyaw et al., 2013; Jo et al., 2016; LeeOther studies have also reported the application of inorganic
et al.,, 2016; Liu et al., 20l7The two major strategies used bu er layers of TiG; or ZnO between the active layers and
so far are described in the sections below: (i) addition of amhe electrodes, which act as electron-transporting/hotekihg
interlayer that converts a large barrier into two smallerriEs, bu er layers Hau et al., 2008, 20).0For example, TiQ has
thus reducing their net e ect on the charge transport througiho been shown to be a good hole blocking layer and can be used
the device structure; (ii) use of (molecularly thin) dipoleday as an electron selective contact in inverted solar cells. Vk4th

at an interface to shift the energy levels and reduce the &ect conduction and valence bands at 4.4 and 7.6eV respectively,

barrier height. TiO2 can be used as a good electron collecting layer between ITO
. and the bulk-heterojunction blend for inverted solar celvitees
Addition of Interlayers (Hau et al., 2008 Application of self-assembled monolayers

Earlier attempts to address the issue of the misalignment dSAMs—to be discussed in more detail in section Interface
the energy barriers have included methods to rationallyigies Dipoles) between the Ti@layer and the active layer showed
the materials of the active layers like donor polymers and th@nprovement in the device e ciency from 2.80 to 3.78%4u
acceptor fullerene in order to facilitate an e cient chargansfer et al., 2008 This has been attributed to the better compatibility
across the interfaces and thus an improved device performanesmd removal of the surface trap states on the J&rface by
(Small et al., 2012; Kyaw et al., 2013; Liu et al., RHowever, SAMs, leading to the reduction of the series resistance ansl thu
the introduction of an interlayer between the materials ttha animproved performance-au et al., 2008 In addition to TiOy,
present an energy barrier, with an intermediate energy Jeveseveral studies have frequently reported ZnO as an excellent
converts a large barrier into two smaller ones, thus redgcin material for bu er layer between organic-inorganic intecés for
their net e ect on the charge transport throughout the deviceimproving their charge transport§mall et al., 2012; Chang and
structure. Indeed, a proper choice of the donor polymer and_eu, 2013; Kyaw et al., 2013; Trost et al., 2013; Woo et 44; 20
HTL can reduce not only the mismatch between the electrodeiu et al., 201), due to its high electron mobility and ease of
Fermilevel and the HOMO levels of the HTL and donor, but alsofabrication of nanostructures of various shapes and sizeg O
between the HOMO levels of the HTL and donapi(hof et al.,  study has reported improvement in the e ciency from 3.47% up
2009. A few examples of using such strategy are described belot®.4.4% using a combination ofggSAMs and ZnO between the
The rst ones involve the introduction of a cross-linkable active layer and ITOHau et al., 201)) Furthermore, ZnO may
n-type acceptor fullerene, incorporation of vertically akglh also play the role of an optical spacer between the active layer
cross-linked fullerene nanorods and addition of a combioat and an Al electrode, placing the active layer away from theoreg
of Indene-Go Bis-Adduct (ICBA) and cross-linked fullerene of destructive interference of the incoming and re ecteghli
interlayer Cheng et al., 2010; Hsieh et al., 2010; Chang et ahear the metal electrode and improving the light-harvestilig
2011; Jo et al., 20).6The cross linking of the fullerene acceptor will thereby increase the charge generation, improve catiect
functionalized with a dendron containing two styryl groups a e ciency, and serve as blocking layer for holes and reduce th
thermal cross-linkers (PCBSD, [6,6]-phenyl-C61-butyrigrgt  recombination rate llau et al., 201)) More recently, Al doping
dendron ester) yields a robust fullerene interlayer to bedus of ZnO has been reported to boost the device performance by
between the metal-oxide bu er layers and the active layer foe ectively lling the surface defects states of ZnO and redgcin
e cient charge extraction in an inverted solar celi¢ieh et al., its work function because of the electron transfer from Al to
2010. This prevents interfacial erosion of the fullerene layeiznO by Fermi level equilibrium Trost et al., 2013; Liu et al.,
against the organic solvent when depositing the active laye?017. The study has reported the deposition of an ultrathin Al
With the addition of such interlayer, initial improvements the  layer, thermally evaporated onto annealing-free ZnO electro
e ciency from 3.5% up to 4.4% have been reportéts{eh et al., transport layer, forming a semiconductor-metal nanojuocti
2010. Furthermore, replacing PCBM as the acceptor fullerene bgnd facilitating electron extraction and transporti@ et al.,
ICBA in the above studied con guration has shown an enhance@017. This contributes to the enhanced short-circuit current
e ciency from 4.8%, with only ICBA, to 6.2%, with both ICBA density and |l factor, and thus improves the device performanc
and interlayer Cheng et al., 20)0 This improvement in the with a reported improvement in e ciency from 7.89% up to
e ciency has been attributed to the higher LUMO of3.74eV  9.81% [iu etal., 201y,
of the ICBA as compared to 3.90 eV of PCBM. With a higher Another example of interlayer materials are conjugated
HOMO-LUMO o set between donor polymer and the acceptor polyelectrolytes (CPEs), which are composed of conjugated
fullerene, a higheVy is attainable, leading to higher power backbones and side chains with ionic functional groupang
conversion e ciency Cheng et al., 20)0Further studies have et al., 2012; Chang and Leu, 2013; Jo et al.,)20h&y can be
shown application of an interlayer of vertically aligned andsynthesized with controlled work function and exhibit eltest
interpenetrating network of cross-linked fullerene nanosodf  hole transport properties as compared to the more usual HTL
PCBSD below the active layer of the inverted devittieahg et al., based on PEDOT:PSS. A series of anionic CPEs formed by the
201). Such vertically aligned network of nanorods interlayercopolymerization of 1,4 -bis(4-sulfonatobutoxy)benzendeto
provides a larger interfacial area and better aligned enlenggls  with di erent counter monomers of thiophene, bithiophene
across the interfaces, leading to better charge transpothaip and terthiophene, have shown higher conductivity ofl0 4
improvement in the e ciency from 6.2% up to 7.3% has beenScm ! due to their self-doping propertyJo et al., 2096 In
achievedChang et al., 20)1 addition, their higher work function of 5.21eV as compared
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to 4.97eV of PEDOT:PSS facilitates better hole collectipn kextraction has also been explored in di erent studigse( et al.,
inducing a higher internal electric eld within the deviceld 2007; Choi et al., 2013; Liu et al., 2014a; Gusain et al.,; 2015
et al.,, 201B In addition, the energy levels of a polymer canWang et al., 2015 The application of the carbon-dot-supported
be changed by its chemical interactions with other matsrial silver nanoparticles (CD—Ag nanoparticles) in PTB7:PCBM
however, such interactions may be unique and limited toaiert solar cells showed an improvement in the e ciency from 7.53 to
applications in other areas, rather than in the polymer soldlsce 8.31% (Choi et al., 2013 The surface plasmon resonance e ect
(Gusain etal., 2037 of CD-Ag nanoparticles allows an additional light absorption
Introduction of hybrid organic—inorganic interlayers Bk leading to an enhanced internal quantum e ciency up to
TiO2/polyethylenimine  (PEI) and ZnO/poly[(9,9-bis(30- 99% of PTB7:P&BM solar cells as compared to the lower
(N,N-dimethylamino)propyl)-2,7- uorene)-alt-2,7-(9,9- internal quantum e ciency of the devices without CD-Ag
dioctyl uorene)] (PFN) Ims acting as ETLs have shown nanoparticles Choi et al., 2013 Similarly, the application
improved electron collection at the electrodes of the ingdrt of double-walled nanotubes both as the energy conversion
solar cell devicesYéang et al., 2014; Lee et al., 2D1A  material as well as transfer path for charge carriers has been
combination of TiGQ/PEI Ims has a reduced work function reported {Vei et al., 200)/ Further, the application of graphene
of 4.20eV as compared to 4.42 eV of the titanium oxide Ims,oxide nanoribbons in P3HT:PCBM solar cells have shown
yielding a lower energy barrier for electron transport asrttee  an improvement in the e ciency from 2.20 to 4.14%Mang
cathode/active layer interface and improving electronemilbn et al., 201p Such improvement in the e ciency was attributed
by the electrodeang et al., 2094 In addition, such TIQ/PEI  to the proper energy level alignment, good solubility and
Ims also have higher transparency, with reduced seriegxcellent Im-forming capability of graphene oxide nanoribiz
resistance and provide higher electron mobility to the devicéWang et al., 2015
(Yangetal., 200)4The improvement in the e ciency from 7.38% A very recent investigation Bfenes-Badilla et al.,
up to 8.7% has been reported with the application these maseria01§ demonstrated that the photovoltaic performance
(Yang et al., 20)4Besides TiQ, ZnO in combination with other of an ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al solar cell is
organic materials as a bu er layer has been extensively wsed deteriorated (showing the S-kink behavior) after the hole
boost the device performanc€ljang and Leu, 2013; Kyaw et al.,transport layer (PEDOT:PSS) is degraded by contact with the
2013; Trost et al., 20).3The application of ZnO—poly(vinyl environment, due to the formation of a hole barrier at the
pyrrolidone) (PVP) composite sol-gel Im as the electronPEDOT:PSS/P3HT:PCBM interface. However, the original
transport layer has been reported to improve the maximunperformance could be recovered by bombarding gold ions on the
device e ciency from 7.3% up to 8.1%S(nall et al., 2092 degraded surface of PEDOT:PSS by means of the metal plasma
Further, the application of the non-conjugated polyethylemmien  ion implantation technique. Due to the low energy of the gold
ethoxylated (PEIE) as the polyelectrolyte and a ZnO bilager don beam, the implanted gold atoms were located within a few
the electron transport layer in the PTB7:f38M solar cells with  nanometers of the surface, forming gold nanopatrticles tlaateh
an improvement in the e ciency from 7.41% up to 8.38% hasa work function close to the HOMO of P3HT, removing the hole
also been reportedJn et al., 2016 As another example, two extraction barrier and recovering the solar cell performance
CPEs, PFN and poly[3-(6-trimethylammoniumhexyl)thiophgne = Sometimes, the use of interlayers can be avoided by properly
(PTMAHT), were used along with ZnO to form dierent doping the active material to shift its Fermi level so that ttdre
interlayers (ZnO only, ZnO/PFN and ZnO/PTMAHT) to match to the electrode work function can be attained. It has
improve the charge transport across the interfacesang and been shown that with a large carrier concentration withireth
Leu, 201} Addition of CPEs to the ZnO not only provides device, of the order of 28 cm 3, the doping shifts the HOMO
an e ective electron-transporting layer but also an excéllenof the p-layer and LUMO of the n-layer close to the Fermi
surface-smoothening material for ZnO planarization. Théero energy level and creates a depletion layer at the blend/metal
of CPEs is similar to that of PEDOT:PSS smoothening ITOnterface Qlthof et al., 200R Such alignment of the energy levels
surfaces and reducing leakage currents. The study showed Bnproves the charge carrier injection due to e cient tunnedj
improved e ciency of 8.54% with the PTB7:PCBM solar cellsof electrons and holes through the narrow depletion region,
(Chang and Leu, 20)3Another material, a nanolayer of PEI in addition to the conductivity increase by several ordefs o
along with an electron-collecting ZnO bu er layer, was usad i magnitude Pfeier et al., 2003; Olthof et al., 2009As an
the PTB7:PCBM solar cells with an improvement in e ciency example, we cite the investigation of a solar cell with ITO or
from 6.99% up to 8.9%\(oo et al., 201} It should be noted gold as the electrodes and p-doped zinc—phthalocyanine (ZnPc)
that some of the e ects attributed to these hybrid interlagyer as donor material in BHI®(ochwitz et al., 200Q1lt was observed
(such as Fermi level shift) may in fact be due to the genematiothat the HOMO and the vacuum levels in ZnPc layers doped
of interfacial dipoles at the organic-inorganic interfacéhmm  with tetra uoro-tetracyano-quinodimethane (F4-TCNQ) wee
these interlayers, as will be discussed in more detail itigec shifted, with the width of the space charge layer at the iatees
Interface Dipoles. with electrodes decreasing with doping. It was demonstrated
The application of carbon based nanomaterials like carbonthat there was no accumulation of the charge dopant molecules
dot-supported nanoparticles, graphene, graphene oxidat the interface of ZnPc and ITO, and the barrier changes
nanoribbons, and carbon nanotubes for introducing changesainly result from variations of the charge transfer betwgaPc
in the energy barriers in order to improve the charge carrierand ITO.
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The same phenomenon happens with a highly doped HT2017; Yu et al., 20).7 Furthermore, the formation of such
in contact with a metal electrodeO(thof et al., 200Q Thus, surface dipoles is also important in organic heterojunctions,
doping the HTL leads to a decoupling of the organic layersvhich play important role in photovoltage formation and exgito
from the metal contacts and therefore thg; due to the doped dissociation occurring at this heterojunction interfacecimidt
hole and electron transport layers determines the performeancet al., 1995a,b; Katz, 1997; Hiller et al., )9B®wever, this role of
of the device, irrespective of the work functions di erenceinterface dipoles is more prominent for LEDs rather than for the
between the metal electrodesi{hof et al., 200p However, even solar cells. It has been suggested that the HOMO/LUMO o sets
when the in uence of the metal contacts on the performanceat these organic heterojunctions can be controlled by faisal
remains insigni cant, the width and the bending directiorf o dipoles, thus a ecting the e ciencies of organic LED devices
the depletion layer are still aected by the metal contact{Van Slyke etal., 1996

(Olthof et al., 200p The role of the interface dipoles in a ecting the charge carrie
injection/extraction across the interfaces can be undedfrom
Interface Dipoles a simple physical picture. As an example, let us consider a

Before discussing the formation of interface dipoles andrtheimetal/organic contact with a layer of dipoles at the inteefac
eects on energy barriers and therefore on optoelectronidFigure 10. For a plane of dipoles whose density per unit
characteristics of organic solar cells, we must clarify twhearea of the dipole component perpendicular to the plane is
type of dipoles we will discuss here. In the literature, som&, the change in electric potential across the dipole layer is
authors consider the spontaneously formed charge depletion &/dip D P/"o. This potential di erence shifts the energy levels
accumulation layer near an organic/metal or organic/oigan on one side of the dipole layer by E D eVyp, where e
interface as an interface dipoleHi(ler et al., 1998 Such is the elementary charge. This is commonly referred as an
cases were brie y discussed in section Physical Mechanisi ag ective change in the metal work function lyE, and therefore

De nitions, and as seen ifFigures § 7, they indeed represent @ ects the energy barriers for charge extraction/injectiarthe

a net dipolar region in the device, with charges of oppositélevice. As can be seen Figure 10G the dipole orientation
signs accumulating on each side. However, these accummlatitoward the metal results in the increase of the metal work
regions in organic semiconductors are usually quite thigthw function and lowering its Fermi level toward the HOMO of
respect to the molecular scale, typically tens of miill¢r et al.,  the organic layer. As a result, the hole injection barrir,)
1999. Furthermore, they are intrinsically formed at all intades ~ across the interface is reduced. Similarly, the change @ th
involving semiconductors due to Fermi level equilibratidihus, ~ direction of the interface dipole results in the decrease of
we prefer to treat them as an integral part of the energy basrierthe metal work function and a corresponding decrease in
themselves, as mentioned in section Physical Mechanism atide electron injection barrier I(¢), as shown inFigure 10B

De nitions. Therefore, what we will discuss in this sectiare  (Crispin et al., 200R

molecularly thin ( 1nm) dipolar layers introduced (either

intentionally or unintentionally) at various interfacesthin the ~ Physical/Chemical Processes for Interface Dipole

organic solar cells. We will rst discuss how they can be used Formation

modify the energy barriers present in polymeric solar celle] a Here we describe the general physical/chemical processes that
thus their electrical characteristics and e ciency, aftenich we lead to the formation of the interface dipoles at the inteefac
will describe di erentways of introducing such dipolar layersd ~ between a metal and the organic material of the BHRIsi¢ning

examples of their e ect on solar cell performance. et al., 1997; Blochwitz et al., 2001; Bruner et al., 2002pri
et al., 2002; Vazquez et al., 2D0Tt has been explained
Effect of Interface Dipole on Energy Barriers that this interface dipole formation occurs from two types of

The formation of the interface dipoles leaves a signi cantcontributions (Crispin et al., 200R Firstly, there is a partial

in uence on the device performance which has been explainedharge transfer across the interfaces between the metal and
through various studies carried out on wide variety of origan the organic layers which results from the chemisorption of
materials Collins et al., 1994; Kaspar et al., 1994; Schmidt et athe organic molecules on the surface of the metal layer.
1995a,b; Van Slyke et al., 1996; Katz, 1997; Hiller et alg; 19T his partial charge transfer then results in the formation of
Lee et al., 1998, 1999; Chen et al., 2013; Liu C. et al., 20themical dipoles across the metal/organic interface. Ségond
Kim et al., 2016a,b; Liu et al., 2016; Zhang et al., 2016; Yasgrface dipolar layers may also result from physisorption of
et al.,, 2017; Yu et al., 2017t has been reported in these polar organic molecules oriented at the interface, if thagral
studies that interface dipoles strongly in uence the procets themselves with a net dipole component perpendicular to the
charge carrier injection/extraction across the electrioderfaces, interface. The adsorbed organic molecules can result in the
which in certain cases can lead to the generation of the Snodi cation of the metal electron density, which further rgts

kink in the current-voltage characteristics of the solalceOn  in the change in the metal surface dipole. For example, the
the other hand, the formation of the favorable interface dgso compression of the metal electronic tail due to the presence of
may improve the charge extraction e ciency by minimization adsorbed molecules may also give rise to a potential drop at the
of the interfacial energy barriers, therefore increasing built  interface. This charge rearrangement is termed the “pillevett

in potential, and suppressing charge carrier recombination afVazquez et al., 200.7

the interfaces Chen et al., 2013; Liu C. et al.,, 2015; Kim However, apart from the understanding of the physical
et al.,, 2016a,b; Liu et al., 2016; Zhang et al., 2016; Yarlg et phenomena for the formation of the interface dipoles at the
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FIGURE 10 | The in uence of the formation of the interface dipole on the ekctronic levels at the metal/organic interface. For simplity, band bending is neglected.
Metal/organic interface(A) without a dipole layer,(B) with an interfacial dipole pointing away from the metal an@C) with an interfacial dipole pointing toward the metal.

metal/semiconductor interfaces, the fabrication coratis under  Addressing the Performance Issues With Interface
which these dipoles are formed are also important to beéipoles
considered. Dipole formation at the metal/organic intedac Several studies have shown the application of dierent
of BHJs has been reported to occur during their fabricatiormethods for the formation of favorable interface dipoles
due to the uncontrolled e ects of factors like exposure of thein order to improve the device performance. In the case
constituent materials to the atmosphergumar et al., 2000  of polymer solar cells based on a ternary blend of PTB7,
For example, it has been reported that for BHJ devices usingC;1:BM, and ICBA, a two-layer structure of zinc oxide
PEDOT (with work function of 5.3eV) along with BCP as (ZznO) and Al-doped zinc oxide (AZO) nanoparticles
the HTL, there was shifting of the Fermi level from5.3 to is used to improve electron extractionYgng et al,
3.6eV Kumar et al., 200p This shift was introduced by 2017. The study has shown that with the lower work
the exposure of BCP to the atmosphere during the solar ceflinction of AZO as compared to that of ZnO, the built
fabrication, and it was attributed to the formation of inface in potential across the organic heterojunction is higher
dipoles between the interface between metal-like PEDOT armahd thus results in more e cient photocurrent extraction
organic BCP. and larger open circuit voltages. In addition, with an
In addition, the formation of interface dipoles is not only electron transporting unit of ZnO/AZO/PFN, it has been
restricted to the uncontrolled exposure of the materialstué t reported that PFN introduces an interface dipole between
BHJs to the atmosphere, but can also occur during certaithe organic active layer and AZO, which leads to an
chemical modi cation schemes which are employed to controimprovement of the device e ciency from 8.34 to 9.17%
the e ective work function of conductors, including metatsetal ~ (Yang et al., 2097
oxides and other semiconductor surfaces. This control & th Some studies have reported the use of SAMs with,TiO
work function is done in order to change energetic barriess f or ZnO in order to improve the charge transport across
improving charge injection across the interfaces of the mial®® the organic-inorganic interfacesHau et al., 2008, 20).0
used in devices like BHJs, LEDs, metal-molecule-metalijpmet  The SAMs have been reported to alter the interfacial
metal or semiconductor surfaceSgmpbell et al., 1996, 1997; properties of dierent oxides and metallic surfaces. They
Vilan et al., 2000; Wold and Frisbie, 2001; Ashkenasy €2@02; have also been shown to improve adhesion, compatibility
Beebe et al., 2002; Chabinyc et al., 2002; Crispin et al.).200and charge transfer properties at the interface and thereby,
One widely used approach reported in these studies is the usemfducing back charge recombinationH{u et al., 2008
Self-Assembled Monolayers (SAMs) on metal or semiconductdfurther, they have also been used to control the upper
surfaces for controlling the surface composition by the défms  layer growth mode and distribution of phases, for the
of a closely packed monolayer of molecules with variableiteain  passivation of inorganic surface trap states and shifting th
group, chain length and Im thickness. It is well-known that interfacial energy o set between donor-acceptor materials
when a gold surface is exposed to alkanethiol solutions fofHau et al., 2008
long times, it leads to the formation of well-organized cormipa  As another example, the application of materials like CPEs
monolayers Qlloway et al., 2003 Such modi cation of the in the device has been shown to create favorable dipoles at the
gold surface leads to the formation of signi cant interfaceelectrode/active layer interface which are important foe th
dipoles, which can be detected by the considerable changesritinimization of the interfacial energy barrier in devicésseries
the work function with the increase of alkyl length chain andof poly [(9,9-bis(8(N,N-dimethylamino)propyl)-2,7- uorene)-
fraction of the uorinated methylene groups in a constantdgh  co-2,7-(9,9-dioctyl uorene)] derivatives (PFNs) (PEINPFNsp,
alkyl chain. PFN;o, and PFNgg) with di erent mole ratio of polar groups
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(-N(C2H5)2) have been used to study the e ect of these polalCONCLUSION AND PERSPECTIVES
groups on the e ective interfacial dipoleLiu et al., 201p
The study reported that with change in the fraction of polar The review presents a comprehensive description of the di erent
groups, an improvement in the device e ciency from 2.31%physical processes occurring at interfaces within organiarso
for PFNgg up to 3.27% for PFhbo was achievedl(u et al., cells (with emphasis on polymer bulk heterojunction devices)
2016. Another work used a cathode interlayer of uorene-basedhat signicantly aect their e ciency. The discussion was
CPEs poly[(9,9-bis@(N,N,N-trimethylammonium)hexyl)-2,7- divided in sections dealing with (i) charge photogeneration
uorene)-alt-2,7-(9,9-dioctyl uorene)] (PFNBr) and pojg,9- and recombination at the donor/acceptor interface, (i) eaf
bis(4-sulfonatobutyl) uorene-alt-2,7-(9,9-dioctyl uoreng) interfacial morphology (vertical phase segregation) on cevi
(PFSQNa) to improve the device eciency from 1.28% properties, (iii) e ect of charge injection and extraction biars
up to 2.31% and 1.74% up to 3.16%, respectivélyeq  On the device performance and (iv) methods used for addressing
et al., 2018 They have shown that the polyelectrolyte canthe performance issues brought by energy barriers within the
signi Canﬂy reduce the work function of Al by accumulation solar cells. We hope that this review has pointed out the eitens
of the polar groups at the PFSNa/Al interface, inducing amount of research aimed at understanding and controlling
a favorable interfacial dipole and thus leading to a bettefhese interfacial phenomena on a wide variety of materials.
energy alignment for electron extraction through the aetiv Among the issues discussed here, we highlight a few that we
layer/Al interface Chen et al., 2013 Applying the ionic liquid ~ believe are more relevant or should be further investigalet
tetrabuty|phosphonium tetra uoroborate (P_HF as cathode example, charge recombination is qUite detrimental to therail
interfacial layer in PBDTTT-C:PGBM and PTB7-Th:PgBM  solar cell performance by reducing the short-circuit cutren
solar cells has been shown to improve the device e ciency@nd Il factor, and it is mostly linked to bulk heterojunction
from 2.76% up to 7.29% and 8.67%, respectivaly ¢t al., morphology and carrier mobility. Thus, a more systematic and
2017. It was reported that such improvement results fromquantitative study of this problem is importanti(adjo et al.,
reduction of the energy barrier due to the formation of an2019. Although the investigation of interfacial morphology
interfacial dipole at the cathodeY(i et al., 201} Further, and vertical phase segregation is relatively dicult, redug
the application of liquid-crystal-conjugated polyelecttely —advanced characterization techniques, it has animportapeict
(LCCPEs) poly[9,9-bis[6-(4-cyanobiphenyloxy)-hexyl]-0n the understanding of device underperformance, so it néeds
uorene—alt-9,9-bis(6-(N,N-diethylamino)-hexyl)- urene] be further extended. Another important issue is the use of dipol
(PF6Ncbp) and poly[9,9-bis[6-(4-cyanobiphenyloxy)-hexyl] layers for energy level alignment. While its physical mecrani
uorene—alt-9,9-bis(6-(N-methylimidazole)-hexyl]- arene] is quite well-understood, it is very dicult to have a good
(PF6Imicbp) with ZnO interlayer has been reported tocCharacterization of the molecular alignment of these dipae
improve the device eciency from 6.4% up to 7.2% and theinterface inan operating device con guration. Therefgthis
7.6%, respectively iU C. et al., 2016 The study has reported is & major challenge that remains to be addressed. It shcaie h
that the spontaneous orientation of liquid-crystal polaralsobecome clearthatall these di erentprocesses are éiéged
groups can induce a dipole moment at the interface whici0 €ach other in the organic solar cells, and they play a signtca
leads to better energy-level alignmenii( C. et al., 2016 A  role in determining their e ciency. For example, vertical pleas
small-molecule electrolyte, fhis(4-hydroxypropyl)-[4,4  segregation may create interfacial dipoles that a ect thegne
bipyridine]-1,diium bromide (V-OH), used as an interlayer barriers, whichinturn may cause charge accumulation withe
between ZnO and active layer of PTB7:2BM has been used active layer, leading to increased carrier recombination.
as a cathode bu er |ayer for inverted po]ymer solar Cem However, a full understanding of all these interfacial éssu
et al., 2016 The molecular structure of the electrolyte hasis very challenging, both due to the complexity and variety of
been reported to be responsible for generating a favorabl@€ molecular systems, and to the diculty of experimentally
interface dipole which leads to an improvement in the devicdrobing the various types of buried interfaces in these device
eciency from 7.41 to 9.13% Kim et al., 2016p Other (metal/organic, organic/organic, inorganic/organiclspecially
types of small-molecule electrolytes have also been showfith techniques that provide a molecular understanding
to improve the device e ciency from 7.35% up to 9.20%0f the interfacial structure and energetics. In this respect
(Kim etal., 2016p it would be very useful if computer simulations at the
Finally, the application of a poly(tetra uoroethylene) (PTFE €lectronic/molecular level for these interfaces could bezo
and molybdenum trioxide (Mo@) bilayer between ITO more popularand realistic.
and the active layer of PCDTBT:RBM solar cells has  Recently there has been a lot of eort into moving
been reported as leading to the formation of an interfaciaffom lab-scale fabrication of these devices to high-thivug
dipole that increases the surface work function of the ITOProductiontechnology for their commercializatioS¢ndergaard
anode, which contributes to the extraction of holes andet al., 2011, 20)2Another appealing direction is the high-
the suppression of carrier recombination at the interfacghroughput fabrication of exible devices through roll-taH
(zhang et al, 2006 The study has shown a remarkableprinting technology Gondergaard et al., 2011, 2p1These

improvement in the device e ciency from 3.21% up to 7.31%New fabrication technologies bring in important di erences
(zhang et al., 2096 to the lab-scale fabrication conditions that use spin-cagtin
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and high vacuum thermal evaporation, which are incompatiblevith the novel changes in the architecture of the solar cells
with high throughput processes. Such translation from laband use of dierent processing techniques, the performance
scale solution processing deposition techniques to largiesc of the solar cells is bound to saturate after exploring many
roll-to-roll methods typically leads to reduced photovottai processing parameters and conditions. It is with the ingesiou
performance. This underperformance may also stem fromintroduction of new materials, together with the incorpaicat
changes in the relevant interfacial issues due to the uniquef novel techniques, that a brighter future for these soleltsc
conditions of these high-throughput technologies. Therefa  will come.
thorough investigation of interfacial issues arising frahese
new fabrication methods is crucial for their further devetoent. AUTHOR CONTRIBUTIONS

It should also be observed that the di erent studies on these
interfacial phenomena have ultimately led to the developmenAll authors listed have made a substantial, direct and iet&lal
of new materials in order to address the performance issuesontribution to the work, and approved it for publication.
Perspectives in this direction include the design of new-self

assembling materials for interface engineering, altéveatto
(random) bulk heterojunction using self-assembling cagted
block copolymer structuresdé Cuendias et al., 20),0and

FUNDING

The research has been supported by FAPESP—Postdoctoral

the development of new active materials, such as solutiofellowship grant (2017/07635-2). The authors acknowledge

processable small moleculgsao et al., 2015 including non-
fullerene acceptorsZzpao et al., 2017; Hou et al., 201&ven

REFERENCES

Albrecht, S., Janietz, S., Schindler, W., Frisch, J., Kurpietsnigpert, J., et al.
(2012). Fluorinated copolymer PCPDTBT with enhanced open-dinliage
and reduced recombination for highly e cient polymer solar cells. Am.
Chem. Sod.34, 14932-14944. doi: 10.1021/ja305039j

Alloway, M., Hofmann, M., Smith, D. L., Gruhn, N. E., Graham, A. L., Catio,
R., et al. (2003). Interface dipoles arising from self-assembled laysTs
on gold: UV—photoemission studies of alkanethiols and partially uatied
alkanethiolsJ. Phys. Chem, B07, 11690-11699. doi: 10.1021/jp03@565

Aradjo, L., Amorim, D. R. B., M., Torres, B. B., Coutinho, D. J., aadd& R.
M. (2019). E ects of additive-solvents on the mobility and recanation
of a solar cell based on PTB7-Th:ABM. Solar Energyl77, 284-292.
doi: 10.1016/j.solener.2018.11.027

Arias, C., Corcoran, N., Banach, M., Friend, R. H., and MacKenzieD.
(2002). Vertically segregated polymer-blend photovoltaic thin- Imustures
through surface-mediated solution processiAgpl. Phys. LetB0, 1694-1697.
doi: 10.1063/1.1456550

Ashkenasy, G., Cahen, D., Cohen, R., Shanzer, A., and Vil§2082). Molecular
engineering of semiconductor surfaces and devidesx. Chem. Res5,
121-128. doi: 10.1021/ar990047t

Beebe, J. M., Engelkes, V. B., Miller, L. L., and Frishie, C. M2j2@ontact
resistance in metal-molecule—metal junctions based on aliphaticsSAMcts

of surface linker and metal work functiod. Am. Chem. Sct24, 11268-11269.

doi: 10.1021/ja0268332

Bjorstrom, C. M., Nilsson, S., Bernasik, A., Budkowski, A., Assten, M.,
Magnusson, K. O., et al. (2007). Vertical phase separation in cgated
Ims of a low bandgappoly uorene/PCBM blend—e ects of speci ¢ substra

FAPESP grant (2018/02819-0) and CNPq grant (302546/2p16-2

for nancial support.

Brabec, J., Hauch, J. A., Schilinsky, P., and Waldauf, C. (2B@&)uction aspects
of organic photovoltaics and their impact on the commercializatddevices.
MRS Bull30, 50-52. doi: 10.1557/mrs2005.10

Braun, L. (1984). Electric Field assisted dissociation of ehamansfer states
as a mechanism of photocarrier productiof. Chem. Phy80, 4157-4161.
doi: 10.1063/1.447243

Brenes-Badilla, D. J., Coutinho, D. J., Amorim, D. R. B., Faria, Raid.Salvadori,
M. C. (2018). Reversing an S-kink e ect caused by interfamgrablation in
organic solar cells through gold ion implantation in the PEDOT:PS8rlay
Appl. Phys123:155502. doi: 10.1063/1.5017672

Bruening, M., Cohen, R., Guillemoles, J. F., Moav, T., Libmanhdnzér, A.,
et al. (1997). Simultaneous control of surface potential andimgettf solids
with chemisorbed multifunctional ligands. Am. Chem. Sot19, 5720-5728.
doi: 10.1021/ja964434z

Bruner, L., Koch, N., Span, A. R., Bernasek, S. L., Kahn, A.,cwd®tz, J. (2002).
Controlling the work function of indium tin oxide: di erentiatilg dipolar from
local surface e ectsl. Am. Chem. Sot24, 3192—-3193. doi: 10.1021/ja012316s

Bundgaard, E., and Krebs, F. C. (2007). Low band gap polymers for
organic photovoltaics. Sol. Energy Mater. Sol. Cell81, 954-985.
doi: 10.1016/j.s0lmat.2007.01.015

Campbell, H., Kress, J. D., Martin, R. L., Smith, D. L., Barashkov, N. N.
and Ferraris, J. P. (1997). Controlling charge injection in orgaiéctronic
devices using self-assembled monolay&spl. Phys. Lett71, 3528-3530.
doi: 10.1063/1.120381

Campbell, H., Rubin, S., Zawodzinski, T. A., Kress, J. D., Martirl,. RSmith,
D. L., et al. (1996). Controlling Schottky energy barriers in orgahectronic
devices using self-assembled monolay@iys. Rev. B4, 14321-14324.
doi: 10.1103/PhysRevB.54.R14321

interaction.Appl. Surf. Sck53, 3906—-3912. doi: 10.1016/j.apsusc.2006.08.024ao, B., He, X., Fetterly, C. R., Olsen, B. C., Luber, E. J., andkBuria

Bjorstrom, M., Bernasik, A., Rysz, J., Budkowski, A., Nilsson,S8nsson,
M., et al. (2005). Multilayer formation in spin-coated thin Ims of lew
bandgap poly uorene: PCBM blends. Phys. Condens. Mattéi7, L529-L534.
doi: 10.1088/0953-8984/17/50/L01

Blochwitz, J., Pfei er, M., Fritz, T., Leo, K., Alloway, D. M.gl.@. A., et al. (2001).
Interface electronic structure of organic semiconductors wittmteolled
doping levelsOrg. Electron2:97. doi: 10.1016/S1566-1199(01)00016-7

Brabec, C. J., Cravino, A., Meissner, D., Sariciftci, N., FromferRispens, M.,
etal. (2001a). Origin of the open circuit voltage of plastic solis.d&dv. Funct.
Mater. 11:374. doi: 10.1002/1616-3028(200110%1374::AID-ADFM374 3.
0.CO;2-W

Brabec, C. J., Sariciftci, N. S., and Hummelen, J. C. (2001b).cPda&ir cells.
Adv. Funct. Mater.11, 15-26. doi: 10.1002/1616-3028(20010X11B1AID-
ADFM15>3.0.CO;2-A

M. (2016). Role of interfacial layers in organic solar cells: gndevel
pinning versus phase segregatid@S Appl. Mater. Interfac8s 18238-18248.
doi: 10.1021/acsami.6b02712

Chabinyc, L., Chen, X. X., Holmlin, R. E., Jacobs, H., Skulason, Hhidris.
D., et al. (2002). Molecular recti cation in a metal-insulator—nigtanction
based on self-assembled monolaydrsAm. Chem. Sod24, 11730-11736.
doi: 10.1021/ja020506¢

Chang, Y., Wu, C. E., Chen, S. Y., Cui, C., Cheng, Y. J., Hss., €t al. (2011).
Enhanced performance and stability of a polymer solar cell by incorpmraii
vertically aligned. CrossLinked fullerene nanorodsgew. Chem. Int. E&O,
9386-9390. doi: 10.1002/anie.201103782

Chang, Y. M., and Leu, C. Y. (2013). Conjugated polyelectroly@ zAnc
oxide stacked structure as an interlayer in highly e cient anddéaorganic
photovoltaic cells). Mater. Chem. A, 6446-6451. doi: 10.1039/c3ta10537g

Frontiers in Chemistry | www.frontiersin.org 21

February 2019 | Volume 7 | Article 61



Gusain et al.

Interfacial Processes in Polymer Solar Cells

Chen, D., Liu, F., Wang, C., and Nakahara, A., Russell, T. P1&0Bulk
heterojunction photovoltaic active layers via bilayer interdiian. Nano Lett.
11, 2071-2078. doi: 10.1021/n1200552r

Chen, D., Nakahara, A., Wei, D., Nordlund, D., and Russell, T. B11B).
P3HT/PCBM bulk heterojunction organic photovoltaics: correlatengiency
and morphologyNano Lett.11:561. doi: 10.1021/n1103482n

Chen, L., Xie, C., and Chen, Y. (2013). In uences of chargewjugated polymer
electrolytes cathode interlayer for bulk-heterojunction polymerisoddls.Org.
Electron 14, 1551-1561. doi: 10.1016/j.0rgel.2013.03.019

Cheng, Y. J., Hsieh, C. H., He, Y., Hsu, C. S., and Li, Y. (20b@b@ation of

Gao, K., Li, L., Lai, T., Xiao, L., Huang, Y., Huang, F., et al. fe@eep absorbing
porphyrin small molecule for high-performance organic solar cells with very

low energy lossed. Am. Chem. Sot37, 7282—-7285. doi: 10.1021/jacs.5b03740

Germack, S., Chan, C. K., Hamadani, B. H., Richter, L. J., Fjdah&r, Gundlach,
D. J., et al. (2009). Substrate-dependent interface compositimh charge
transport in Ims for organic photovoltaicsAppl. Phys. Lett.94:233303.
doi: 10.1063/1.3149706

Germack, S., Chan, C. K., Kline, R. J., Fischer, D. A., Gundlach, Doney, M.
F., et al. (2010). Interfacial segregation in polymer/fullerene blémd for
photovoltaic devicesvlacromolecule$3:3828. doi: 10.1021/mal100027b

Indene-Gyo bis-adduct and cross-linked fullerene interlayer leading to highlyGori, S., Miller, C., Stutzmann, N. S., Breiby, D. W., Radano, CARdreasen,

e cient inverted polymer solar cellsJ. Am. Chem. So&32, 17381-17383.
doi: 10.1021/ja108259n

Cheyns, D., Poortmans, J., Heremans, P., Deibel, C., Verlaak, $l, RaR.,
et al. (2008). Analytical model for the open-circuit voltage atsdaissociated
resistance in organic planar heterojunction solar céllsys. Rev. B7:165332.
doi: 10.1103/PhysRevB.77.165332

Chi, D., Qu, S., Wang, Z., and Wang, J. (2014). High e ciencHP®CBM
solar cells with an inserted PCBM layek. Mater. Chem. @, 4383-4387.
doi: 10.1039/c4tc00003;]

Chirvase, D., Parisi, J., Hummelen, J. C., and Dyakonov, V. (2004gnce of
nanomorphology on thephotovoltaic action of polymer—fullerene compssite
Nanotechnology5, 1317-1323. doi: 10.1088/0957-4484/15/9/035

Choi, H., Ko, S., Choi, Y., Joo, P., Kim, T,
Versatile surface plasmon
nanoparticles in polymer optoelectronic devicé&t. Photonics, 732-738.
doi: 10.1038/nphoton.2013.181

Choulis, S. A., Waldauf, C., and Morana, M. (2006). Highly e cianverted
organic photovoltaics using solution based titanium oxidelasteon selective
contact.Appl. Phys. Lett89:233517. doi: 10.1063/1.2402890

Chu, T. Y., Alem, S., Tsang, S. W., Tse, S. C., Wakim, S., Lu, al, et
(2011). Morphology control in polycarbazole based bulk heterojamcti
solar cells and its impact on device performanégpl. Phys. Lett25:98.
doi: 10.1063/1.3601474

Coakley, K. M., Liu, Y., Goh, C., and McGehee, M. D. (2005). fedie
organic—inorganic bulk heterojunction photovoltaic ceMRS Bull.30, 37-40.
doi: 10.1557/mrs2005.7

Coakley, K. M., and McGehee, M. D. (2004). Conjugated polymergsudiaic
cells.Chem. Materl6, 4533—-4542. doi: 10.1021/cm049654n

Collins, R. A., Abass, A. K., and Pfeiver, M. (1994). Electrizadaxcteristics of Au-
PbPc-Au thin Im sandwich devices on exposure tg &nd Cb. Int. J. Electron
76:787.

Crispin, X., Geskin, V., Crispin, A., Cornil, J., Lazzaroni, R., SalerW. R., et al.
(2002). Characterization of the Interface Dipole at Organictllinterfaces].
Am. Chem. S0d.24:8131. doi: 10.1021/ja025673r

Dam, N., Scurlock, R. D., Wang, B., Ma, L., Sundahl, M., and OgihyR.
(1999). Singlet oxygen as a reactive intermediate in the photadetion
of phenylenevinylene oligomers.Chem. Mater 11, 1302-1305.
doi: 10.1021/cm9807687

de Cuendias, A., Hiorns, R. C., Cloutet, E., Vignau, L., and CraHai(2010).
Conjugated rod—coil block copolymers and optoelectronic applicatiBo/m.
Int. 59, 1452—-1476. doi: 10.1002/pi.2915

de Jong, M. P., van ljzendoorn, L. J., and de Voigt, M. J. A. Qr0O0
Stability of the interface between indium-tin-oxide and pol#3
ethylenedioxythiophene)/poly(styrenesulfonate) in polymer lightitting
diodes Appl. Phys. Letf7:2255. doi: 10.1063/1.1315344

Deibel, C., Wagenpfahl, A., and Dyakonov, V. (2009). Origin oficed polaron
recombination in organic semiconductor devicdzhys. Rev. B0:075203.
doi: 10.1103/PhysRevB.80.075203

Ecker, B., Egelhaaf, H. J., Steim, R., Parisi, J., and von Hau(R@®.z2).
Understanding S-shaped current-voltage characteristics in argaar cells
containing a tiox inter layer with impedance spectroscopy and \ejant
circuit analysisJ. Phys. Chem. 16, 16333-16337. doi: 10.1021/jp305206d

Felicissimo, M. P., Jarzab, D., Gorgoi, M., Forster, M., ScherfScharber, M.
C., et al. (2009). Determination of vertical phase separation in aymmigne

Lee, B., et al. (2013)
resonance of carbon-dot-supported silveGusain, A., Joshi, N. J., Varde, P. V., and Aswal, D. K. (201&xibfe NO

J. W., et al. (2006). Multicomponent semiconducting polymer systeitts w
low crystallization-induced percolation threshol8lat. Mater. 5, 950-956.
doi: 10.1038/nmat1779

Gratzel, M. (2005). Solar energy conversion by dye-sensifiketbvoltaic cells.
Inorg. Chem44, 6841-6851. doi: 10.1021/ic0508371

Gregg, A., and Hanna, M. C. (2003). Comparing organic to inorgani
photovoltaic cells: theory, experiment, and simulatidnAppl. Phy93:3605.
doi: 10.1063/1.1544413

Gilnes, S., Neugebauer, H., and Sariciftci, N. S. (2007). Gateid polymer-based
organic solar cellChem. Rev07, 1324-1338. doi: 10.1021/cr050149z

Gusain, A., Chauhan, A. K., Jha, P., Koiry, S. P., Veerende3akena, V., et al.

(2015). E ciency enhancement in PCDTBT:PCBM solar cells usirapbene

nanosheetsAlP Conf. Proc1665:050122. doi: 10.1063/1.4917763

gas sensor based on conducting polymer polyfhh@ptadecanyl-2,7-
carbazole-alt-5,5-@&7-di-2-thienyl-2, 123> benzothiadiazole)]  (PCDTBT).
Sens. Actuator B Che239, 734-745. doi: 10.1016/j.snb.2016.07.176

Gusain, A., Saxena, V., Veerender, P., Jha, P., Koiry, S. Buh&i A. K.,
et al. (2013). Investigation on the e ects of thermal annealingRCDTBT:
PCBM bulk-heterojunction polymer solar cell&lP Conf. Proc1512:776.
doi: 10.1063/1.4791268

Gusain, A., Singh, S., Chauhan, A. K., Saxena, V., Jha, &ender, P., et al.
(2016). Electron density pro le at the interfaces of bulk heterajion solar
cells and its implication on the S-kink characteristi€hem. Phys. Let646,
6-11. doi: 10.1016/j.cplett.2015.12.055

Hall, R. N. (1951). Germanium recti er characteristieys. Re\83:228.

Hau, S. K., Cheng, Y. J., Yip, H. L., Zhang, Y., Ma, H., and Jen, X. R010).
E ect of chemical modi cation of fullerene-based self-assembled atayers
on the performance of inverted polymer solar cel€S Appl. Mater. Interfaces
2,1892-1902. doi: 10.1021/am100238e

Hau, S. K., Yip, H. L., Acton, O., Baek, N. S., Ma, H., and Jen, A. K2008).
Interfacial modi cation to improve inverted polymer solar celld. Mater.
Chem18, 5113-5119. doi: 10.1039/b808004f

He, Z., Xiao, B., Liu, F., Wu, H., Yang, Y., Xiao, S., et al. (20ifgleSunction
polymer solar cells with high e ciency and photovoltag§at. Photonic®,
174-179. doi: 10.1038/nphoton.2015.6

He, Z., Zhong, C., Su, S., Xu, M., Wu, H., and Cao, Y. (2012). Ethpower-
conversion e ciency in polymer solar cells using an inverted dedtecture.
Nat. Photonic$, 591-595. doi: 10.1038/nphoton.2012.190

Heriot, S. Y., and Jones, R. A. L. (2005). An interfacial inktyln a transient
wetting layer leads to lateral phase separation in thin spin-cast patead
Ims. Nat. Mater.4, 782—-786. doi: 10.1038/nmat1476

Heutz, S., Sullivan, P., Sanderson, B. M., Schultes, S. M., aes, Jo S. (2004).
In uence of molecular architecture and intermixing on the photoatt.
morphological and spectroscopic properties of CuPg@&terojunctionsSol.
Energy Mater. Sol. Ce88, 229-245. doi: 10.1016/j.solmat.2004.02.027

Hilczer, M., and Tachiya, M. (2010). Uni ed theory of geminate dndk electron-
hole recombination in organic solar cells. Phys. Chem. €14, 6808—6813.
doi: 10.1021/jp912262h

Hiller, S., Schlettwein, D., Armstrong, N. R., and Wérhle, D. (1988)ence of
surface reactions and ionization gradients on junction propertieqePcZn.J.
Mater. Chem8:945. doi: 10.1039/a707485i

Hoppe, H., and Sariciftci, N. S. (2004). Organic solar cells: an m@verd. Mater.
Res19, 1924-1945. doi: 10.1557/JMR.2004.0252

copolymer/fullerene derivative solar cell blend by x-ray photoelectronHou, J., Chen, H. Y., Zhang, S., Li, G., and Yang, Y. (2008).h&sist

spectroscopyd. Mater. Cheni9, 4899-4901. doi: 10.1039/b906297a

characterization, and photovoltaic properties of a low band gap polyraset

Frontiers in Chemistry | www.frontiersin.org 22

February 2019 | Volume 7 | Article 61



Gusain et al.

Interfacial Processes in Polymer Solar Cells

on silole-containing polythiophenes and 2,1,3-benzothiad@ado Am. Chem.
Socl130, 16144-16145. doi: 10.1021/ja806687u

Hou, J., Inganés, O., Friend, R. H., and Gao, F. (2018). Orgalaiccells based on
non-fullerene acceptordlat. Mater.17, 119-128. doi: 10.1038/nmat5063

Hsieh, H., Cheng, Y. J., Li, P. J., Chen, C. H., Dubosc, M., L Rrid., et al. (2010).
Highly e cient and stable inverted polymer solar cells integrated witbrass-
linked fullerene material as an interlayer. Am. Chem. Soit32, 4887-4893.
doi: 10.1021/ja100236b

Hu, J., Cheng, Q., Fan, R., and Zhou, H. (2017). Recent developofent
organic—inorganic perovskite based tandem solar c8itd. RRL1:1700045.
doi: 10.1002/s0lr.201700045

Huang, J., Li, G., and Yang, Y. (2008).
solar cell fabricated by a lamination procesédv. Mater. 20:415.
doi: 10.1002/adma.200701101

Janssen, R. A. J., Hummelen, J. C., and Sariciftci, N. S. (200hdpefullerene
bulk heterojunction solar cell#1RS Bull.30, 33—-36. doi: 10.1557/mrs2005.6

Jin, W., Ginting, R. T., Jin, S., and Kang, J. (2016). Highlplestand e cient
inverted organic solar cells based on low-temperature solution-predéR&IE
and ZnO bilayers]. Mater. Chem. A, 3784—-3791. doi: 10.1039/C6TA00957C

an optical spacer (ZnO) in solution-processed small-molecule solar Nelf&
Lett.13, 3796—3801. doi: 10.1021/nl401758g

Lee, J., Heo, S. W,, Han, Y. W., and Moon, D. K. (2016). An oogenarganic

hybrid interlayer for improved electron extraction in inverted polymetaso
cellsJ. Mater. Chem. @, 2463—-2469. doi: 10.1039/C5TC03754A

Lee, K. H., Schwenn, P. E., Smith, A. R. G., Cavaye, H., ShawJ&mEs, M., et al.
(2011). Morphology of all-solution-processed “bilayer” organicisoédls.Adv.
Mater.23, 766—770. doi: 10.1002/adma.201003545

Lee,S.T.,Hou, X. Y., Mason, M. G., and Tang, C. W. (1998). Eiergl alignment
at Alg/metal interfacesAppl. Phys. Let?72:1593. doi: 10.1063/1.121125

Lee, S. T., Wang, Y. M., and Hou, X. Y. (1999). Interfacial eleictrstructures in

A semi-transparent plastic an organic light-emitting diodeAppl. Phys. Let74:670. doi: 10.1063/1.122982

Li, G., Shrotriya, V., Huang, J., Yao, Y., Moriarty, T., Emery, Kal.¢2005). High-
e ciency solution processable polymer photovoltaic cells by self-oizggtion
of polymer blendsNat. Mater.4, 864-868. doi: 10.1038/nmat1500
Li, W., Ye, L., Li, S., Yao, H., Ade, H., and Hou, J. (2018). A leigiency organic
solar cell enabled by the strong intramolecular electron push—pull e etli®
nonfullerene acceptoAdv. Mater.30:1707170. doi: 10.1002/adma.201707170
Li, X. H., Wei Sha, E. I., Wallace Choy, C. H., Dixon Fung, D. S., ara Xi

Jo, J. W,, Jung, J. W,, Bae, S., Ko, M. J,, Kim, H., Jo, W. H., et al. F. X. (2012). E cient inverted polymer solar cells with directly pattedne

(2016). Development of self-doped conjugated polyelectrolytes wittraled
work functions and application to hole transport layer materials for
high-performance organic solar cell®dv. Mater. Interfaces3:1500703.
doi: 10.1002/admi.201500703

Jorgensen, M., Norrman, K., and Krebs, F. C. (2008). Stabilgyddiation
of polymer solar cells.Sol. Energy Mater. Sol. CelB2, 686-714.
doi: 10.1016/j.solmat.2008.01.005

Kaspar, J., Emmer, I., and Collins, R. A. (1994). The in uence gfer on lead
phthalocyanine thin Ims.nt. J. Electron76:793.

Katz, E. (1997). Organic molecular solids as thin Im transistons®nductors.J.
Mater. Chem?7:369. doi: 10.1039/a605274f

Kemerink, M., Kramer, J. M., Gommans, H. H. P., and Janssen, R. A.QB)(20
Temperature-dependent built-in potential in organic semiconduatevices.
Appl. Phys. LetB88:192108. doi: 10.1063/1.2205007

Kiel, J. W., Kirby, B. J., Majkrzak, C. F., Maranville, B. B., andkdg, M. E. (2010).
Nanoparticle concentration pro le in polymer-based solar ce8eft Matter
6:641. doi: 10.1039/B920979D

Kim, K., Liu, J., and Carroll, D. L. (2006). Thermal diusion processes

in  bulk heterojunction formation
single heterojunction  photovoltaics. Appl.
doi: 10.1063/1.2199970
Kim, Y., Choulis, S. A., Nelson, J., and Bradley, D. D. C. (2005jcBannealing
e ect in organic solar cells with blends of regioregular poly(3-héxgiphene)
and soluble fullerenédppl. Phys. LetB6:063502. doi: 10.1063/1.1861123
Kim, Y. H., Sylvianti, N., Marsya, M. A., Moon, D. K., and Kim, J. H.

frompoly-3-hexylthiopheneée
Phys. Lett. 88:181911.

active layer and silver back grating. Phys. Chem. @16, 7200-7206.
doi: 10.1021/jp211237¢c

Liu, C., Tan, Y., Li, C., Wu, F., Chen, L., and Chen, Y. (20BEBhanced power-
conversion e ciency in inverted bulk heterojunction solar cellsing liquid-
crystal-conjugated polyelectrolyte interlay@&CS Appl. Mater. Interfaces
19024-19033. doi: 10.1021/acsami.5b03340

Liu, C., Zhang, D., Li, Z., Zhang, X., Guo, W., Zhang, L., et a017).
Decreased charge transport barrier and recombination of organic selis by
constructing interfacial nanojunction with annealing-free@ and Al layers.
ACS Appl. Mater. Interfac8s 22068—22075. doi: 10.1021/acsami.7b,06235

Liu, H., Hu, L., Wu, F., Chen, L., and Chen, Y. (2016). Poly uorefectrolytes
interfacial layer for e cient polymer solar cells: controllably intadial dipoles
by regulation of polar groupsACS Appl. Mater. Interface®, 9821-9828.
doi: 10.1021/acsami.6b00637

Liu, J., Kim, G. H., Xue, Y., Kim, J. Y., Baek, J., Durstock, M., let a
(2014a). Graphene oxide nanoribbon as hole extraction layer tarmereéh
e ciency and stability of polymer solar cellsAdv. Mater. 26, 786-790.
doi: 10.1002/adma.201302987

Liu, J., Liang, Q., Wang, H., Li, M., Han, Y., Xie, Z., et al. (B)1#mproving
the morphology of PCDTBT:PC70BM bulk heterojunction by mixed-sotve
vapor-assisted imprinting: inhibiting intercalation. Optimizjnvertical phase
separation, and enhancing photon absorptidnPhys. Chem. @ 4585-4595.
doi: 10.1021/jp409517q

Liu, S., You, P., Li, J., Li, J., Lee, C. S., Ong, B. S., etE) (Ehhanced e ciency
of polymer solar cells by adding a high-mobility conjugated polynigrergy

(2016a). Properties of inverted polymer solar cells based on novel small Environ. Sci8, 1463-1470. doi: 10.1039/C5EE00090D

molecular electrolytes as the cathode bu er layerg. Electron39, 163—-167.
doi: 10.1016/j.0rgel.2016.09.035

Kim, Y. H., Sylvianti, N., Marsya, M. A., Park, J., Kang, Y. C., Ma2 K., et al.
(2016b). A simple approach to fabricate an e cient inverted polymer sokdt
with a novel small molecular electrolyte as the cathode bu er |a&4€S Appl.
Mater. Interface8, 32992-32997. doi: 10.1021/acsami.6b08628

Koster, L. J. A., Mihailetchi, V. D., and Blom, P. W. M. (2006)m@lecular
recombination in polymer/fullerene bulk heterojunction solar cefippl. Phys.
Lett.88:052104. doi: 10.1063/1.2170424

Krebs, F. C. (2005). Alternative PV: large scale organic photdeslRefocus,
38-39. doi: 10.1016/S1471-0846(05)70399-1

Kroon, R., Lenes, M., Hummelen, J. C., Blom, P. W. M., and de Boer0B8)2

Lloyd, M. T., Anthony, J. E., and Malliaras, G. G. (2007). Phdtaigs from soluble
small moleculesMater. Tdy10, 34—41. doi: 10.1016/S1369-7021(07)70277-8

Logdlund, M., and Brédas, J. L. (1994). Theoretical studiehefirtteraction
between aluminum and poly(p-phenylenevinylene) and derivative€hem.
Phys101:4357.

Lu, L., Luo, Z., Xu, T., and Yu, L. (2013). Cooperative plasmonicteo€ Ag and
Au nanoparticles on enhancing performance of polymer solar dédiao Lett.
13, 59-64. doi: 10.1021/n13034398

Lu, X., Zhang, C., Ulrich, N., Xiao, M., Ma, Y., and Chen, Z. (208t)dying
polymer surfaces and interfaces with sum frequency generatiorational
spectroscopyAnal. Chem89, 466—489. doi: 10.1021/acs.analchem.6b04320

MacKay, S. G., Bakir, M., Musselman, I. H., Meyer, T. J., andhjiR. W. (1991).

Small band gap polymers for organic solar cells (polymer material development X-ray photoelectron spectroscopy sputter depth pro le analysis of spatially
in the last 5 yearsRolym. Rew8, 531-582. doi: 10.1080/15583720802231833 controlled microstructures in conductive polymer Im#&nal. Chem.63:60.

Kumar, A., Sista, S., and Yang, Y. (2009). Dipole induced anors&eshape I-V

curves in polymer solar celld. Appl. Phy€.05:094512. doi: 10.1063/1.3117513Maennig, B.,

Kwoka, M., Ottaviano, L., Passacantando, M., Santuc@an8.Szuber, J. (2006).
XPS depth pro ling studies of L-CVD Snghin Ims. Appl. Surf. ScR52:7730.
doi: 10.1016/j.apsusc.2006.03.065

Kyaw, K. K., Wang, D. H., Wynands, D., Zhang, J., Nguyen, TB&@zan, G. C.,
etal. (2013). Improved light harvesting and improved e ciency byertgon of

doi: 10.1021/ac00001a600

Drechsel, J., Gebeyehu, D., Simon, P., Kozlowski,
Werner, A., et al. (2004). Organic pin solar celfsppl. Phys. A79:1.
doi: 10.1007/s00339-003-2494-9

Maia, C. B., and Miranda, P. B. (2015). Molecular ordering of cgajed polymers
at metallic interfaces probed by SFG vibrational spectroschfhys. Chem. C
119, 7386-7399. doi: 10.1021/acs.jpcc.5b01527

F

Frontiers in Chemistry | www.frontiersin.org 23

February 2019 | Volume 7 | Article 61



Gusain et al.

Interfacial Processes in Polymer Solar Cells

Matturro, M. G., Reynolds, R. P., Kastrup, R. V., and Pictroski, C(1886).
Thioozonide decomposition. Sulfur and oxygen atom transferd&we for the
formation of a carbonyl O-sul deintermediatd. Am. Chem. Sot08:2775.

Mauger, A., S., Chang, L., Friedrich, S., Rochester, W. C., ¢gJUuanM., et al.
(2013). Self-assembly of selective interfaces in organic pbita@ms. Adv.
Funct. Mater23, 1935-1946. doi: 10.1002/adfm.201201874

e ciency approaching 100%dNat. Photon.3, 297-302. doi: 10.1038/nphoton.
2009.69

Parnell, J., Dunbar, A. D. F., Pearson, A. J., Staniec, P. Anigxem A. J. C.,
Hamamatsu, H., et al. (2010). Depletion of PCBM at the cathodefaterin
P3HT/PCBM thin Ims as quanti ed via neutron re ectivity measuremesn
Adv. Mater.22:2444. doi: 10.1002/adma.200903971

Mayer, C., Scully, S. R., Hardin, B. E., Rowell, M. W., and McGehed®etersen, A., Kirchartz, T., and Wagner, T. A. (2012). Chaxfeaction and

M. D. (2007). Polymer- based solar cellMater.
doi: 10.1016/S1369-7021(07)70276-6
Meng, B., Fu, Y., Xie, Z., Liu, J., and Wang, L. (2014). Phosgikefanctionalized

Tdy 10, 28-33.

photocurrent in organic bulk heterojunction solar cePys. Rev. B5:045208.
doi: 10.1103/PhysRevB.85.045208
Pfei er, M., Leo, K., Zhou, X., Huang, J. S., Hofmann, M., Wernergfal. (2003).

donor polymer as an underlying interlayer to improve active layer morphology Doped organic semiconductors: physics and application in light &mgit
in polymer solar celldMacromolecule$7, 6246—6251. doi: 10.1021/ma5008754 diodesOrg. Electrord:89. doi: 10.1016/j.orgel.2003.08.004

Meng, L., Zhang, Y., Wan, X., Li, C., Zhang, X., Wang, Y., et @lL§ Organic
and solution-processed tandem solar cells with 17.3% e cieSnjenc&61,
1094-1098. doi: 10.1126/science.aat2612

Mihailetchi, V. D., Blom, P. W. M., Hummelen, J. C., and Rispens, M2T08).
Cathode dependence of the open-circuit voltage of polymer:fulletmrik
heterojunction solar celld. Appl. Phy€4:6849. doi: 10.1063/1.1620683

Pivrikas, A., Sariciftci, N. S., and Osterbacka, G. J. R. J2B0/2view of charge
transport and recombination in polymer/fullerene organic solar céfsg.
Photovolt. Res. Apdl5, 677-696. doi: 10.1002/pip.791

Quiles, C., Sims, M., Etchegoin, P. G., and Bradley, D. D. C. 20b&kness-
dependent thermal transition temperatures in thin conjugated polyniers.
Macromolecule39, 7673—7680. doi: 10.1021/ma0605752

Mihailetchi, V. D., Xie, H., de Boer, B., Popescu, L. M., Hummelen, JQuiles, M. C. T., Ferenczi, T., Agostinelli, T., Etchegoin, P. IGm, Y.,

C., and Blom, P. W. M. (2006). Origin of the enhanced performance

in poly(3-hexylthiophene):[6,6]-phenylC61-butyric acid methydtex solar
cells upon slow drying of the active layefppl. Phys. Lett89:012107.
doi: 10.1063/1.2212058

Mor, G. K., Jones, D., Le, T. P,, Shang, Z., Weathers, P. Jter'vWann,
M. K. B., et al. (2014a). Contact doping with sub-monolayers obnsf
polyelectrolytes for organic photovoltaichdv. Energy Mater4:1400439.
doi: 10.1002/aenm.201400439

Mor, G. K., Le, T. P., Vakhshouri, K., Kozub, D. R., and Gomed).§2014b).
Elemental mapping of interfacial layers at the cathode of orgaoiiar <ells.
ACS Appl. Mater. Interfac€s 19638—-19643. doi: 10.1021/am504256s

Motti, S. G., Maia, F. C. B., and Miranda, P. B. (2014). “Nordimepectroscopy of
interfaces and its application to organic electronics,Ultrafast Dynamics in
Molecules, Nanostructures and Interfadésl. 8, eds G. G. Gurzadyan, G.
Lanzani, C. Soci, and T. C. Sum (Singapore: World Scienti ¢ Piblig,
183-218. doi: 10.1142/9789814556927_0011

Moulé, J., and Meerholz, K. (2008). Controlling morphology in polymeltefene
mixtures.Adv. Mater 20:240. doi: 10.1002/adma.200701519

Moulé, J., and Meerholz, K. (2009). Morphology control in solutfmecessed
bulk-heterojunction solar cell mixturesAdv. Funct. Mater. 19:3028.
doi: 10.1002/adfm.200900775

Miuhlbacher, D., Scharber, M., Morana, M., Zhu, Z., Waller, Du@ana, R., et al.
(2006). High photovoltaic performance of a low-bandgap polyrAek. Mater.
18, 2884-2889. doi: 10.1002/adma.200600160

Norrman, K., and Krebs, F. C. (2006). Lifetimes of organic photevcdt
using TOF-SIMS and 180 isotopic labelling to characterise chemical
degradation mechanismsSol. Energy Mater. Sol. CelB0, 213-227.
doi: 10.1016/j.solmat.2005.03.004

Norrman, K., Larsen, N. B., and Krebs, F. C. (2006). Lifetimes gamc
photovoltaics: Combining chemical and physical characterisatahniques
to study degradation mechanismSol. Energy Mater. Sol. Ce8#8:2793.
doi: 10.1016/j.solmat.2006.04.009

Norrman, K., Madsen, M. V., Gevorgyan, S. A., and Krebs, F. C.0j201
Degradation patterns in water and oxygen of an inverted polymer smér
J. Am. Chem. Sot32, 16883-16892. doi: 10.1021/ja106299g

Oehzelt, M., Akaike, K., Koch, N., and Heimel, G. (2015). Enéeggt alignment
at organic heterointerfaces. Energy-level alignment at orfagiierointerfaces
Sci. Adv1:e1501127. doi: 10.1126/sciadv.1501127

Olthof, S., Meerheim, R., Schober, M., and Leo, K. (2009) gyrievel alignment at
the interfaces in a multilayer organic light-emitting diode stiwre. Phys. Rev.
B 79:245308. doi: 10.1103/PhysRevB.79.245308

Orimo, A., Masuda, K., Honda, S., Benten, H., Ito, S., Ohkita, H.ale
(2010). Surface segregation at the aluminum
hexylthiophene)/fullerene solar cellsAppl. Phys.
doi: 10.1063/1.3294290

Paci, B., Generosi, A., Albertini, V. R., Perfetti, P., de Beittis, R., Firon, M., et al.
(2005). In situ energy dispersive x-ray re ectometry measurememtsrganic
solar cells upon workingAppl. Phys. Let87:194110. doi: 10.1063/1.2128069

Park, S. H., Roy, A., Beaupré, S., Cho, S., Coates, N., Moon, J.
et al. (2009). Bulk heterojunction solar cells with internal quantu

Lett. 96:043305.

interface of poly(3-

Anthopoulos, T. D., et al. (2008). Morphology evolution via selfamigation
and lateral and vertical di usion in polymer/fullerene solar cell blenNsit.
Mater.7, 158-164. doi: 10.1038/nmat2102

Rand, P., Genoe, J., Heremans, P., and Poortmans, J. (2007).edlslatilizing
small molecular weight organic semiconductd®sog. Photovolt. Res. Apps,
659-676. doi: 10.1002/pip.788

Reyes, R., Kim, K., Dewald, J., Sandoval, R. L., Avadhanulau#anCs., et al.
(2005). Meso-structure formation for enhanced organic photaioltellsOrg.
Lett.7, 5749-5752. doi: 10.1021/0l051950y

Rochester, W., Mauger, S. A., and Moulé, A. J. (2012). Imasty the
morphology of polymer/fullerene layers coated using orthogonal solvdnts.
Phys. Chem. €16, 7287-7292. doi: 10.1021/jp212341a

Sahin, Y., Alem, S., de Bettingnies, R., and Nunzi, J. M. (2D@ykelopment of air
stable polymer solar cells using an inverted gold on top anode structhie.
Solid Films476, 340—-343. doi: 10.1016/j.tsf.2004.10.018

Scharber, M. C., and Sariciftci, N. S. (2013). Eciency of bulk
heterojunction organic solar cells.Pfbg. Polym. Sci38, 1929-1940.
doi: 10.1016/j.progpolymsci.2013.05.001

Scharber, M. C., Wuhlbacher, D., Koppe, M., Denk, P., WaldaufHgeger,
A. J.,, et al. (2006). Design rules for donors in bulk-heterojwrcti
solar cells—towards 10% energy-conversion e ciendgv. Mater. 18:789.
doi: 10.1002/adma.200501717

Schmidt, A., Anderson, M. L., and Armstrong, N. R. (1995a). Eledtretates of
vapor deposited electron and hole transport agents and luminescentiaiate
for light-emitting diodesJ. Appl. Phys/8:5619. doi: 10.1063/1.359685

Schmidt, A., Dunphy, M. L., Dunphy, D., Wehrmeister, T., and Mll§n(1995b).
Photoelectron and optical spectroscopic investigations of thetreleic
structure of oligo(p-phenylenevinylene)s in the solid stétdv. Mater.7:722.
doi: 10.1002/adma.19950070808

Shaheen, S. E., Ginley, D. S., and Jabbour, G. E. (2005). i©bgesed
photovoltaics: toward low-cost power generatioMlRS Bull. 30, 10-19.
doi: 10.1557/mrs2005.2

Shockley, W., and Read, W. T. (1952). Statistics of the Recaitms of Holes
and ElectronsPhys. Re\87, 835-842. doi: 10.1103/PhysRev.87.835

Small, E., Chen, S., Subbiah, J., Amb, C. M., Tsang, S. W., Laj,ét.dH.(2012).
High-e ciency inverted dithienogermole-thienopyrrolodione-basgolymer
solar cellsNat. Photonic$§, 115-120. doi: 10.1038/nphoton.2011.317

Snaith, H. J., Greenham, N. C., and Friend, R. H. (2004). The origioltected
charge and open-circuit voltage in blended poly uorene photovali@gvices.
Adv. Mater.16, 1640-1645. doi: 10.1002/adma.200305766

Sgndergaard, R., Helgesen, M., Jgrgensen, M., and Krebs, B1C). 2abrication

of polymer solar cells using aqueous processing for all layers incltiigngetal

back electrodeAdv. Eng. Materl, 68—71. doi: 10.1002/aenm.201000007

Sgndergaard, R., Hosel, M., Angmo, D., Larsen-Olsen, T. T., andsKFe C.
(2012). Roll-to-roll fabrication of polymer solar celidater. Todayl5, 36—49.
doi: 10.1016/S1369-7021(12)70019-6

Song, W., So, S. K., Moulder, J., Qiu, Y., Zhu, Y., and Cao,001§2 Study on
the interaction between Ag and tris (8-hydroxyquinoline) alummusing

S.,x-ray photoelectron spectroscop$urf. Interface Anal32, 70. doi: 10.1002/
sia.1008

Frontiers in Chemistry | www.frontiersin.org

24

February 2019 | Volume 7 | Article 61



Gusain et al.

Interfacial Processes in Polymer Solar Cells

Spanggaard, H., and Krebs, F. C. (2004). A brief history of the dawelot of
organic and polymeric photovoltaicSol. Energy Mater. Sol. C&& 125-146.
doi: 10.1016/j.solmat.2004.02.021

Wold, J., and Frisbie, C. D. (2001). Fabrication and characteizaf metal—
molecule—metal junctions by conducting probe atomic force microscdpy
Am. Chem. S0d.23, 5549-5556. doi: 10.1021/ja0101532

Sze, S. M., and Kwok Ng, K. (200Physics of Semiconductor Devices, 3rd EdriwWoo, S., Kim, W., Kim, H., Yi, Y., Lyu, H. K., and Kim, Y. (2014). 89#fle-stack

Hoboken, NJ: John Wiley and Sons, Inc.

Thompson, B. C., and Fréchet, J. M. J. (2008). Polymer—fullerene cimpokar
cells Angew. Chem. Intl. EJ47, 58-77. doi: 10.1002/anie.200702506

Tress, W., and Inganas, O. (2013). Simple experimental test tonglissh
extraction and injection barriers at the electrodes of (orgasipr cells with
S-shaped current-voltage characteristisl. Energy Mater. Sol. Cel$7,
599-603. doi: 10.1016/j.so0lmat.2013.07.014

Tress, W., Leo, K., and Riede, M. (2011). In uence of hole-fpanslayers and
donor materials on open-circuit voltage and shape of 1-V curvesrgéic
solar cellsAdv. Funct. Mater21, 2140-2149. doi: 10.1002/adfm.201002669

Trost, S., Zilberberg, K., Behrendt, A., Polywka, A., Gorrn, Pck&s, P., et al.
(2013). Overcoming the “light-soaking” issue in inverted arigasolar cells by
the use of Al: ZnO electron extraction layefglv. Energy MateB3, 1437-1444.
doi: 10.1002/aenm.201300402

Tsai, J. H., Lai, Y. C., Higashihara, T., Lin, C. J., Ueda, M., ahdnC
W. C. (2010). Enhancement of P3HT/PCBM photovoltaic e ciencyings
the surfactant of triblock copolymer containing Poly(3-hexylibiene)
and Poly(4-vinyltriphenylamine) segmentslacromoleculeg3, 6085-6091.
doi: 10.1021/ma1011182

Turak, A., Grozea, D., Feng, X. D., Lu, Z. H., Aziz, H.,, and Hor, A.

M. (2002). Metal/AlQ interface structures.Appl.
doi: 10.1063/1.1494470

Van Slyke, S. A., Chen, C. H., and Tang, C. W. (1996). Organic@leminescent
devices with improved stabilithppl. Phys. Let69:2160. doi: 10.1063/1.117151

van Zanten, J. H., Wallace, W. E., and Wu, W. (1996). E ect of gitpfavourable
substrate interaction on the thermal properties of ultrathin polymer IrR$lys.
Rev. £53, R2053-R2056.

Vanlaeke, P., Vanhoyland, G., Aernouts, T., Cheyns, D., Deibgl,Manc,
J., et al. (2006). Polythiophene based bulk heterojunction soédis:c
Morphology and its implications.Thin Solid Films511-512, 358-361.
doi: 10.1016/j.tsf.2005.12.031

Vazquez, H., Dappe, Y. J., Ortega, J., and Flores, F. (2007). Enelglignment
at metal/organic semiconductor interfaced. Chem. Phys126:144703.
doi: 10.1063/1.2717165

Vilan, A., Shanzer, A., and Cahen, D. (2000). Molecular contualr Au/GaAs
diodesNature404, 166-168. doi: 10.1038/35004539

Wagenpfahl, A., Rauh, D., Binder, M., Deibel, C., and Dyakokoy2010). S-
shaped current-voltage characteristics of organic solar devitss. Rev. B
82:115306. doi: 10.1103/PhysRevB.82.115306

Wagner, J., Gruber, M., Wilke, A., Tanaka, Y., Topczak, K.n&ewm, A.,
et al. (2012). Identi cation of di erent origins for S-shaped rcent voltage
characteristics in planar heterojunction organic solar cellsAppl. Phys.
111:054509. doi: 10.1063/1.3692050

Wang, F., Kozawa, D., Miyauchi, Y., Hiraoka, K., Mouri, S. Y.n@hand

Phys. Lett.81:766.

inverted polymer solar cells with electron-rich polymer nanolayer-modi ed
inorganic electron-collecting bu er layersAdv. Energy Mater4:1301692.
doi: 10.1002/aenm.201301692

Wu, W. R., Jeng, U. S,, Su, C. J., Wei, K. H., Su, M. S,, Chiu, Mt &l.,(2011).
Competition between Fullerene aggregation and poly(3-hexylthiophen
crystallization upon annealing of bulk heterojunction solar cediSS Nandb,
6233-6243. doi: 10.1021/nn2010816

Xu, Z., Chen, L. M., Yang, G., Huang, C. H., Hou, J., Wu, Y., et dDqRWertical
phase separation in poly(3-hexylthiophene)/fullerene derivativeddemd its
advantage for inverted structure solar cefislv. Funct. Materl9, 1227-1234.
doi: 10.1002/adfm.200801286

Xue, J., Rand, B. P., Uchida, S., and Forrest, S. R. (2005). Mixeo—
acceptor molecular heterojunctions for photovoltaic applicatiohsDevices
performanceJ. Appl. Phy€8:124903. doi: 10.1063/1.2142073

Yang, D., Fu, P., Zhang, F., Wang, N., Zhang, J., and Li, Cl4§2MHigh
eciency inverted polymer solar cells with room-temperature titanium
oxide/polyethylenimine Ims as electron transport layeds.Mater. Chem. A
2,17281-17285. doi: 10.1039/C4TA03838J

Yang, T., Wang, M., Duan, C., Hu, X., Huang, L., Peng, J., et @2j2thverted
polymer solar cells with 8.4% e ciency by conjugated polyelectroligergy
Environ. Sci5, 8208—-8214. doi: 10.1039/c2ee22296e

Yang, Z., Zhang, T., Li, J., Xue, W., Han, C., Cheng, Y., et @L.7(2 Multiple
electron transporting layers and their excellent properties based oanarg
solar cellSci. Rep7:9571. doi: 10.1038/s41598-017-08613-7

You, J., Dou, L., Yoshimura, K., Kato, T., Ohya, K., Moriarty,€ef.al. (2013).
A polymer tandem solar cell with 10.6% power conversion e cienbiat.
Commun 4:1446. doi: 10.1038/ncomms2411

Yu, W., Zhou, L., Yu, S., Fu, P., Guo, X., and Li, C. (2017).cltiquids with
variable cations as cathode interlayer for conventional polymier sells Org.
Electron42, 387—392. doi: 10.1016/j.0orgel.2016.12.011

Zhang, C. (2017). Sum frequency generation vibrational spestipys for
characterization of buried polymer interfacésppl. Spectros@l, 1717-1749.
doi: 10.1177/0003702817708321

Zhang, M., Gu, Y., Guo, X., Liu, F., Zhang, S., Huo, L., et al.32® cient
polymer solar cells based on benzothiadiazole and alkylphenyl sutbstit
benzodithiophene with a power conversion e ciency over 8v. Mater.25,
4944-4949. doi: 10.1002/adma.201301494

Zhang, P., Xu, X., Dang, Y., Huang, S., Chen, X., Kang, B., et dl6)(20
PTFE/MoQ; anode bilayer buer layers for improved performance in
PCDTBT:PG1BM blend organic solar cellsSACS Sustain. Chem. Eng,
6473-6479. doi: 10.1021/acssuschemeng.6b01252

Zhao, W., Li, S., Yao, H., Zhang, S., Zhang, Y., Yang, B., &0dl7). Molecular
optimization enables over 13% e ciency in organic solar cellsAm. Chem.
Socl139, 7148-7151. doi: 10.1021/jacs.7b02677

Matsuda, K. (2015). Considerably improved photovoltaic performante ozZhao, Y., Xiea, Z., Qu, Y., Geng, Y. and Wang, L. (2007). Selven

carbon nanotube-based solar cells using metal oxide laj&is.Commun.
6:6305. doi: 10.1038/ncomms7305

Wang, H., Gomez, E. D., Kim, J., Guan, Z., Jaye, C., Fischer, ,Det/Aal.
(2011). Device characteristics of bulk-heterojunction polymdarsoells are
independent of interfacial segregation of active lay€reem. Mater23:2023.
doi: 10.1021/cm200320u

Wang, H., Shah, M., Ganesan, V., Chabinyc, M. L., and Loo,(20.2). Tail state-
assisted charge injection and recombination at the electrdlecting interface
of P3HT:PCBM bulk-heterojunction polymer solar cehglv. Energy MateR,
1447-1455. doi: 10.1002/aenm.201200361

Wang, J. C., Ren, X. C., Shi, S. Q., Leung, C. W., and Paddy &han(2011).
Charge accumulation induced S-shape J-V curves in bilayer hetetmn

vapor treatment induced performance enhancement of poly(3-
hexylthiophene):methanofullerene bulk-heterojunction photovioltecells.
Appl. Phys. Let80:043504. doi: 10.1063/1.2434173

Zhou, H., Zhang, Y., Mai, C. K., Collins, S. D., Bazan, G. C., Biguy. Q., et al.
(2015). Polymer homo-tandem solar cells with best e ciency of %d..Adv.
Mater.27, 1767-1773. doi: 10.1002/adma.201404220

Zhou, H., Zhang, Y., Seifter, J., Collins, S. D., Luo, C., B&a@,, et al. (2013).
High-e ciency polymer solar cells enhanced by solvent treatméwlv. Mater.
25, 1646-1652. doi: 10.1002/adma.201204306

Conict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatigps that could

organic solar cell©rg. Electron12, 880-885. doi: 10.1016/j.orgel.2011.02.016be construed as a potential con ict of interest.

Watanabe, A., and Kasuya, A. (2005). E ect of atmospheres owpke-circuit
photovoltage of nanoporous TiO2/poly(3-hexylthiophene) heterofion
solar cellThin Solid Films183:358. doi: 10.1016/j.tsf.2004.12.056

Wei, J., Jia, Y., Shu, Q., Gu, Z., Wang, K., Zhuang, D., ettl7§2Double-walled
carbon nanotube solar celldano Lett.7, 2317-2321. doi: 10.1021/nl070961c

Winder, C., and Sariciftci, N. S. (2004). Low bandgap polymerspfmton
harvesting in bulk heterojunction solar cells. Mater. Cheml4, 1077-1086.
doi: 10.1039/b306630d

Copyright © 2019 Gusain, Faria and Miranda. This is an opensaautisle
distributed under the terms of the Creative Commons AttohiLicense (CC BY).
The use, distribution or reproduction in other forums is jtéedh provided the
original author(s) and the copyright owner(s) are creditedl that the original
publication in this journal is cited, in accordance withegoted academic practice.
No use, distribution or reproduction is permitted whichsdue comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org 25

February 2019 | Volume 7 | Article 61



