
This item is the archived peer-reviewed author-version of:

Tuning of PCDTBT :  blend nanoparticles for eco-friendly processing of polymer solar cells

Reference:
D'Olieslaeger Lien, Pfannmöller Martin, Fron Eduard, Cardinaletti Ilaria, Van der Auw eraer Mark, Van Tendeloo Gustaaf, Bals Sara, Maes Wouter, Vanderzande Dirk,
Manca Jean, ....- Tuning of PCDTBT :  blend nanoparticles for eco-friendly processing of polymer solar cells
Solar energy materials and solar cells - ISSN 0927-0248 - 159(2017), p. 179-188 
Full text (Publisher's DOI): https://doi.org/10.1016/J.SOLMAT.2016.09.008 
To cite this reference: https://hdl.handle.net/10067/1391570151162165141

Institutional repository IRUA

P BMC71

P BMC71

http://anet.uantwerpen.be/irua


1

Tuning of PCDTBT:PC71BM blend nanoparticles for eco-
friendly processing of polymer solar cells
Lien D’Olieslaeger,a �ar�in ��ann���ller,b Eduard Fr�n,c Ilaria Cardinale��i,a �ark Van Der

Auweraer,cGus�aa� Van Tendel��, b Sara Bals,b W�u�er �aes,a,d Dirk Vanderzande,a,d Jean �anca,
e

and Ani�ha E�hirajana,d*

a Ins�i�u�e ��r �a�erials Research (I�O-I�O�EC), Hassel� universi�y, We�enschapspark 1 and
Ag�ralaan 1 - Building D, B-3590 Diepenbeek, Belgiu�
b E�AT, An�werp Universi�y, Gr�enenb�rgerlaan 171, B-2020 An�werp, Belgiu�
c KU Leuven, Depar��en� �� Che�is�ry, Divisi�n �� ��lecular I�aging and �h���nics,
Celes�ijnenlaan 200F, B-3001 Heverlee, Belgiu�
d I�EC, Ass�cia�ed lab I�O�EC, We�enschapspark 1, 3590 Diepenbeek, Belgiu�

e

X-LaB, Hassel� Universi�y, Ag�ralaan 1 - Building D, B-3590 Diepenbeek, Belgiu�

ABSTRACT

We rep�r� �he c�n�r�lled prepara�i�n �� wa�er pr�cessable nan�par�icles (N�s) e�pl�ying �he push-pull
p�ly�er �CDTBT and �he �ullerene accep��r �C71B� in �rder �� enable s�lar cell pr�cessing using
ec�-�riendly s�lven� (i.e. wa�er). The presen�ed �e�h�d pr�vides �he p�ssibili�y �� separa�e �he
��r�a�i�n �� �he ac�ive layer blend and �he dep�si�i�n �� �he ac�ive layer in�� �w� di��eren� pr�cesses.
F�r �he �irs� �i�e, �he bene�i�s �� aque�us pr�cessabili�y ��r �he high-p��en�ial class �� push-pull
p�ly�ers, generally requiring high b�iling s�lven�s, are �ade accessible. Wi�h �ur �e�h�d we
de��ns�ra�e excellen� c�n�r�l �ver �he blend s��ichi��e�ry and e��icien� �ixing. Fur�her��re, we
pr�vide visualiza�i�n �� �he nan���rph�l�gy �� �he di��eren� N�s �� �b�ain s�ruc�ural in��r�a�i�n d�wn
�� ~2 n� res�lu�i�n using advanced analy�ical elec�r�n �icr�sc�py. The i�aging direc�ly reveals very
s�all c��p�si�i�nal de�ixing in �he �CDTBT:�C71B� blend N�s, in �he size range �� ab�u� <5 n�,
indica�ing �ine �ixing a� �he ��lecular level. The sui�abili�y �� �he pr�p�sed �e�h�d�l�gy and �a�erials
��wards �he aspec�s �� ec�-�riendly pr�cessing �� �rganic s�lar cells is de��ns�ra�ed �hr�ugh a
pr�cessing �� lab scale N�s s�lar cell pr����ypes reaching a p�wer c�nversi�n e��iciency �� 1.9%.
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1. INTRODUCTION

Bulk he�er�junc�i�n (BHJ) �rganic ph���v�l�aics have �b�ained a �re�end�us in�eres� �ver �he years
because �� s��e highly desirable pr�per�ies such as �echanical �lexibili�y, (se�i)�ransparency, l�w
c�s� and prin�abili�y [1,2,3,4]. As �he energy gap �� �he abs�rber is decisive ��r c�nver�ing ligh� in��
elec�rici�y, re�arkable pr�gress in �he �a�erial design has led �� �he devel�p�en� �� �a�erials capable
�� e��icien�ly harves�ing s�lar ligh�. In �his regard, d�n�r-accep��r �r push-pull �ype l�w bandgap
p�ly�ers, c�nsis�ing �� al�erna�ing elec�r�n-rich and elec�r�n-de�icien� ��ie�ies al�ng �he c�njuga�ed
p�ly�er backb�ne, enabled signi�ican� advances in �er�s �� p�wer c�nversi�n e��iciencies (�CEs) [5,6].
Because �� �he rapid devel�p�en� in �he syn�he�ic �e�h�d�l�gies, a ple�h�ra �� push-pull p�ly�ers -
�CDTBT (p�ly{[9-(1’-�c�yln�nyl)-9H-carbaz�le-2,7-diyl]-2,5-�hi�phenediyl-2,1,3-benz��hiadiaz�le-4,7-
diyl-2,5-�hi�phene-diyl}), �BDTT�D (p�ly{di(2’-e�hylhexyl�xy)benz�[1,2-b:4,5-b′]di�hi�phene-co-
�c�yl�hien�[3,4-c]pyrr�le-4,6-di�ne}) and ���BT4T-2OD (p�ly[(5,6-di�lu�r�-2,1,3-benz��hiadiaz�l-4,7-
diyl)-alt-(3,3’’’-di(2-�c�yld�decyl)-2,2’;5’,2’’;5’’,2’’’-qua�er�hi�phen-5,5’’’-diyl)]) �� na�e a �ew - excelling
�he per��r�ance �� previ�us genera�i�n �a�erials, are n�w available and s�ill e�erging
[6,7,8,9,10,11,12].

As �he BHJ ph���ac�ive layer can be pr�cessed �r�� s�lu�i�n, di��eren� dep�si�i�n �echniques rela�ed ��
prin�ing and c�a�ing are easily accessible, such as screen prin�ing, inkje� prin�ing, spray c�a�ing and
sl��-die c�a�ing [13]. H�wever, �he use �� hazard�us s�lven�s ��r �abrica�i�n is c�n�en�i�us and has
raised seri�us c�ncerns �n �his ‘green energy’ �echn�l�gy �wing �� �he ass�cia�ed i�pac� �n �he
envir�n�en�. There��re, �rans�er �� BHJ O�V �echn�l�gy �r�� �he lab-scale �� large-scale �abrica�i�n is
s�ill hindered. �any rep�r�s already exis�s �n �he green s�lven� pr�cessabili�y �� p�ly�er s�lar cells
[14,15,16]. An��her pr��ising al�erna�ive ��r ec��riendly �abrica�i�n �� �rganic s�lar cells w�uld be
wa�er-based dispersi�ns �� p�ly�er nan�par�icles (N�s) c��prising �he ac�ive layer blend �a�erials, as
�hey pr�vide �he p�ssibili�y �� separa�e �he ��r�a�i�n �� �he ac�ive layer blend and �he dep�si�i�n �� �he
ac�ive layer in�� �w� di��eren� pr�cesses. This eli�ina�es �he use �� hazard�us �rganic s�lven�s in large
a��un�s during �he large-scale �abrica�i�n �� s�lar cells, �hereby easing �he hurdles in �anu�ac�uring
wi�h respec� �� heal�h, envir�n�en� and handling sa�e�y. Als�, during �he par�icle ��r�a�i�n pr�cess, �he
s�lven� evap�ra�i�n s�ep can in principle be �ade in�� a cl�sed l��p pr�cess, �hereby all�wing �he
recycling �� �he s�lven� in a c�n�r�lled way. ��re�ver, �he a��un� �� s�lven� needed ��r preparing �he
nan�par�icle dispersi�n is rela�ively s�all as c��pared �� �he s�lven� a��un� used ��r dep�si�i�n �� �he
ac�ive layer (using di��eren� c�a�ing �echniques) depending up�n visc�si�y require�en�s[17]. As a resul�,
�he use �� aque�us dispersi�ns �� c�njuga�ed p�ly�er N�s ��r ec�-�riendly device �abrica�i�n has
genera�ed a grea� deal �� in�eres�. Several research gr�ups have rep�r�ed O�Vs pr�cessed �r��
aque�us dispersi�ns �� N�s genera�ed by reprecipi�a�i�n �r by �inie�ulsi�n �echniques
[18,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. B��h �echniques, h�wever, rely �n g��d
s�lubili�y �� �he p�ly�ers in �he ch�sen �rganic s�lven�. ��re�ver, �he used pr�cedure necessi�a�es �he
use �� l�w b�iling s�lven�s such as chl�r���r� (bp = 61 °C, vp = 160 ��Hg) and especially �nly
s�lven�s �ha� are �iscible wi�h wa�er, such as THF (bp = 66 °C, vp = 132 ��Hg), in case �� �he
reprecipi�a�i�n �e�h�d. S� �ar, �nly a li�i�ed ch�ice �� push-pull �a�erials were �es�ed and �his was
res�ric�ed ��s�ly �� �a�erials in �he ��lecular weigh� range �� 6 kDa<Mn<40 kDa (due �� s�lubili�y
di��icul�ies a� high ��lecular weigh�s) [22,24,32,33]. Recen�ly, a par�icular D��-based push-pull
p�ly�er wi�h a Mn �� 53 kDa was ��r�ed in�� par�icles. H�wever, in �he la��er case �he �a�erial was
s�luble in chl�r���r� [30]. These s�ringen� c�ndi�i�ns �ake �he aque�us pr�cessabili�y inaccessible ��r
�he highly in�eres�ing p�ly�ers �ha� are n�� s�luble in �he l�w b�iling s�lven�s curren�ly in use.
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There��re, par�icle genera�i�n �e�h�d�l�gies �ha� all�w ��r �he genera�i�n �� d�n�r-accep��r blend N�s
wi�h well-de�ined s��ichi��e�ry are highly desired ��r push-pull p�ly�ers.

A��ng �he O�V-�ype push-pull p�ly�ers, �CDTBT is an es�ablished �a�erial wi�h several exis�ing
s�udies rela�ed �� device charac�eris�ics, �p��elec�r�nic pr�per�ies and ��rph�l�gy �� BHJ �il�s
[34,35,36,37,38,39,40,41,42]. Wi�h high ph���che�ical s�abili�y, �he devices have been sh�wn ��
p�ssess excellen� �pera�i�nal li�e�i�e, b��h under lab�ra��ry and real-w�rld c�ndi�i�ns [3,4,8].
�revi�usly, depending �n �he ��lecular weigh�, chl�r���r�, chl�r�benzene, o-dichl�r�benzene (o-
DCB), �richl�r�benzene, and several �ix�ures �� s�lven�s were used �� pr�cess
�CDTBT:�C71B�([6,6]-�henyl-C71-bu�yric acid �e�hyl es�er) devices [36,38,41]. I� was sh�wn �ha� wi�h
increasing ��lecular weigh�, �he l�w b�iling s�lven�s c�uld n�� be used any��re. o-DCB has been
rep�r�ed as an �p�i�al s�lven� ��r achieving high p�wer c�nversi�n e��iciencies (�CEs) in �he case ��
�CDTBT:�C71B� blend BHJ devices [39]. As wi�h high ��lecular weigh� �he s�lubili�y in l�w b�iling
p�in� s�lven�s bec��es a li�i�ing �ac��r [7], �he ��r�ula�i�n �� N�s is n�� �easible. In addi�i�n, �he need
�� use higher ��lecular weigh� p�ly�ers ��r be��er device per��r�ance [7,43,44] c�de�er�ines �he
s�ringency �� par�icle ��r�a�i�n.

T� �verc��e �he ab�ve-�en�i�ned challenges, we presen� a pi�neering par�icle ��r�ula�i�n pr�cedure
�ha� all�ws �he use �� a high b�iling s�lven�, o-DCB, �� �b�ain wa�er-based push-pull p�ly�er:�ullerene
(�CDTBT:�C71B�) blend N�s, �hereby ex�ending �he bene�i� �� aque�us pr�cessabili�y �� �he highly
in�eres�ing class �� push-pull p�ly�ers requiring high b�iling s�lven�s. Our �e�h�d brings �he previ�usly
rep�r�ed �inie�ulsi�n �echnique a signi�ican� s�ep �ur�her [29,45]. We de��ns�ra�e excellen� c�n�r�l
�ver �he s��ichi��e�ry, despi�e using �he c��bina�i�n �� a high b�iling s�lven� and high ��lecular
weigh� p�ly�er (see Figure 1). The ��r�er can i�pede �he c�ll�idal s�abili�y as well as a��ec� �he size
dis�ribu�i�n [46] during evap�ra�i�n, whereas �he la��er can in�luence �he par�icle ��r�a�i�n due ��
increased visc�si�y and c�nsequen�ly a��ec� �he h���gene�us blending wi�h �he accep��r ��lecules.
The blend ��rph�l�gy wi�h a sys�e�a�ic varia�i�n �� �he blend s��ichi��e�ries was a��ained by sl�w
evap�ra�i�n �� �he s�lven� using �e�pera�ures (60 °C) well bel�w �he glass �ransi�i�n �e�pera�ure (130
°C [47]) �� �he p�ly�er. The �p�ical pr�per�ies �� �he par�icles �� di��eren� blend c��p�si�i�ns were
s�udied using �p�ical spec�r�sc�py �echniques. T� acc��pany �he bulk �easure�en�s, �he ��rph�l�gy
�� di��eren� N�s was inves�iga�ed using advanced charac�eriza�i�n by spec�r�sc�pic i�aging in
analy�ical scanning �rans�issi�n elec�r�n �icr�sc�py (STE�). A��ng �he �any �e�h�ds �ha� have
been applied in recipr�cal and real space [48], TE� has been sh�wn �� be able �� �b�ain in��r�a�i�n a�
�he nan�scale, and crea�e che�ical c�n�ras� be�ween �w� very si�ilar �a�erials using analy�ical TE�
��dali�ies [49]. S� �ar, �� �he bes� �� �ur kn�wledge, ��rph�l�gical charac�eriza�i�n �� blend N�s was
d�ne �ainly wi�h scanning �rans�issi�n X-ray �icr�sc�py (STX�) [19,22,23]. STX� pr�vides superi�r
che�ical c�n�ras� be�ween di��eren� p�ly�ers �r p�ly�ers and �ullerenes, bu� is li�i�ed by i�s res�lu�i�n
�� ~30 n�, which was enhanced by p�s� pr�cessing �� ~10 n� by assu�ing cer�ain p�ssible ��dels ��
�he ��rph�l�gy [20].
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Figure 1. (Top) Sche�a�ic illus�ra�i�n �� �he �CDTBT:�C71B� blend N� syn�hesis. (Bottom) Che�ical
s�ruc�ures �� �CDTBT (Left) and �C71B� (Right).

I� has been previ�usly sh�wn �ha� �CDTBT:�C71B� underg�es e��icien� �ixing [34]. As indica�ed
be��re, wi�h higher ��lecular weigh�s, �he s�lubili�y �� �CDTBT decreases. O��en, �he p�ly�er
s�lu�i�ns in CHCl3 �r o-DCB are passed �hr�ugh �il�ers �� eli�ina�e undiss�lved aggrega�es and �hen
�ur�her used ��r �il� ��r�a�i�n. C�nsidering �he li�i�ed s�lubili�y �� �he p�ly�er, during �he blend
par�icle ��r�a�i�n pr�cess, increased l�cal c�ncen�ra�i�ns due �� evap�ra�i�n �� �he s�lven� �igh�
resul� in phase separa�i�n he�er�genei�ies wi�hin �he blend s�ruc�ure. There��re, in �his ar�icle,
analy�ical elec�r�n �icr�sc�py was applied �� �b�ain s�ruc�ural in��r�a�i�n d�wn �� ~2 n� res�lu�i�n by
e�pl�ying scanning �rans�issi�n elec�r�n �icr�sc�py (STE�) in c��bina�i�n wi�h elec�r�n energy-l�ss
spec�r�sc�py, which is re�erred �� as STE� spec�ral i�aging (STE�SI). Finally, as a pr��� �� c�ncep�,
an ec�-�riendly O�V device was prepared using �he wa�er-based blend N�s. The ac�ive layer
nan���rph�l�gy in �he device s�ruc�ure was s�udied and c�rrela�ed �� �he �ne �bserved wi�hin �he
nan�par�icles.

2. EXPERIMENTAL

2.1 Materials

��ly{[9-(1’-�c�yln�nyl)-9H-carbaz�le-2,7-diyl]-2,5-�hi�phene-diyl-2,1,3-benz��hiadiaz�le-4,7-diyl-2,5-
�hi�phene-diyl} (�CDTBT) was �b�ained �r�� S�larisChe� (Mn = 79 kDa, Ð = 2.4) and used wi�h�u�
�ur�her puri�ica�i�n. [6,6]-�henyl-C71-bu�yric acid �e�hyl es�er (�C71B�) (puri�y >99%) was �b�ained
�r�� S�lenne. o-Dichl�r�benzene (puri�y >99%) was �b�ained �r�� Sig�a Aldrich and s�diu� d�decyl
sul�a�e (SDS) �r�� �erck. Zinc �xide (ZnO) nan�par�icles were �b�ained �r�� nan�grade, indiu� �hin
�xide (ITO) glass slides (20 Ω sq-1) �r�� Kin�ec.

2.2 Synthesis of blend nanoparticles
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Di��eren� ra�i�s �� �he d�n�r p�ly�er and �he �ullerene accep��r were diss�lved in 2 g o-DCB a�
eleva�ed �e�pera�ure (as �he p�ly�er was n�� s�luble a� r��� �e�pera�ure). The ra�i� �� �he ac�ive
�a�erial �� �he s�lven� was �p�i�ized �� ensure c��ple�e s�lubili�y �� �he ingredien�s, where visibly n�
aggrega�es c�uld be seen. I� is w�r�h �� n��e �ha� �here were ba�ch-��-ba�ch varia�i�ns in �he p�ly�er ��
�he sa�e ��lecular weigh� range, as �he s�lubili�y in �he s�lven� varied. The c�ndi�i�ns pr�vided here
were �p�i�ized a��er several �rial-and-err�r �es�s using �he sa�e ba�ch �� p�ly�er, di��eren�
c�ncen�ra�i�n ranges and �e�pera�ure c�ndi�i�ns. The p�ly�er was diss�lved by �agne�ic s�irring (500
rev�lu�i�ns per �inu�e, rp�) a� 80 °C in a ni�r�gen envir�n�en�. As �he a��un� �� s�lven� in �he
dispersed phase is higher �han �he usual pr�cedures rep�r�ed ��r �inie�ulsi�n/s�lven� evap�ra�i�n,
�he ra�i� be�ween �he dispersed phase and �he c�n�inu�us phase was �p�i�ized �� �b�ain s�able
dispersi�ns wi�h reas�nable s�lid c�n�en�. F�r �he �inie�ulsi�n ��r�ula�i�n, a� �irs�, a �acr�-e�ulsi�n
was �b�ained by adding �he aque�us phase, c�nsis�ing �� 11 �g diss�lved sur�ac�an� (SDS) in 2.64 g
wa�er (0.4 w�%), �� �he �rganic phase. A��er �agne�ic s�irring �� �he �ix�ure ��r �ne h�ur, �he �acr�-
e�ulsi�n was subjec�ed �� ul�ras�nica�i�n under ice c��ling ��r 3 �in a� 60% a�pli�ude in a pulse
regi�e (30 s pulse, 20 s pause) using a Brans�n 450W digi�al s�ni�ier (1/8” �ip). The �b�ained
�inie�ulsi�n was �rans�erred in�� a r�und b����� �lask wi�h a wide neck and le�� ��r 8 h a� 60 °C ��
all�w c��ple�e evap�ra�i�n �� �he �rganic s�lven�. Every h�ur, addi�i�nal wa�er was added �� �he
�inie�ulsi�n �� c��pensa�e ��r �he wa�er l�s� during evap�ra�i�n and �� av�id al�ering �he SDS ��
wa�er c�ncen�ra�i�n ra�i� in �he c�n�inu�us phase. Excess sur�ac�an� was re��ved by �ul�iple washing
s�eps using �illip�re �e�brane �ubes (�WCO: 30 kDa).

2.3 Dynamic light scattering (DLS)

The size and size dis�ribu�i�n �� all N�s was charac�erized by DLS using a Br��khaven Ins�ru�en�s
Ze�apals.

2.4 Optical analysis

The UV-Vis abs�rp�i�n spec�ra �� �he N�s were �easured using an Agilen� Cary500 Scan UV-Vis-NIR
spec�r�ph����e�er and a La�bda 40, �erkin El�er UV-VIS spec�r�ph����e�er. All N� sa�ples were
�easured a� a �ixed s�lid c�n�en� �� 0.0018 w�%. The e�issi�n spec�ra �� �he �CDTBT:�C71B� blend
nan�par�icles were �b�ained using a H�riba-J�bin Yv�n Flu�r�L�g-3 spec�r��lu�r��e�er which was
c�rrec�ed ��r �he waveleng�h dependence �� �he �hr�ughpu� and sensi�ivi�y �� �he de�ec�i�n channel. A
quan�u� c�un�er was used �� c�rrec� ��r �e�p�ral �luc�ua�i�ns in �he exci�a�i�n in�ensi�y as well ��r �he
waveleng�h dependence �� �he exci�a�i�n in�ensi�y.

2.5 Time-resolved fluorescence decay experiments

On a nan�- and pic�sec�nds �i�escale, �he �lu�rescence decays were �b�ained by Ti�e-C�rrela�ed
Single �h���n C�un�ing (TCS�C), described in de�ail previ�usly [50]. A �i�e-c�rrela�ed Single �h���n
Ti�ing �C ��dule (S�C 830, Becker & Hickl) was used �� �b�ain �he �lu�rescence decay his��gra� in
4,096 channels. The decays were rec�rded wi�h 10,000 c�un�s in �he peak channel, in �i�e wind�ws ��
6 ns c�rresp�nding �� 1.46 ps/channel, and analysed gl�bally by linking �he decay �i�es �� decays
�b�ained a� di��eren� waveleng�hs as a su� �� exp�nen�ials, wi�h �he �i�e-res�lved �lu�rescence
analysis (TRFA) s���ware [40]. The �i�e res�lu�i�n �� �his se�-up is ab�u� 30 �� 50 ps. All N� sa�ples
were �easured a� a �ixed s�lid c�n�en� �� 0.0002 W�%.

2.6 Scanning transmission electron microscopy

T� prepare sa�ples ��r elec�r�n �icr�sc�pic analysis, 3 µL �� �he N� dispersi�n was dr�pcas�ed �n��
plas�a cleaned grids wi�h h�ley carb�n �il�s (Quan�i��il). ��s� �� �he liquid was re��ved by �il�er paper
a��er 1 �in. A subse� �� single par�icles �r aggl��era�es can be ��und a� �he edges �� �he Quan�i��il
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h�les. This all�ws i�aging wi�h vacuu� backgr�und. Be��re STE�SI inves�iga�i�ns, �he par�icles were
als� exa�ined wi�h c�nven�i�nal brigh�-�ield TE�. TE� analysis was d�ne using an FEI Tecnai G2
�icr�sc�pe a� an accelera�i�n v�l�age �� 200 kV. Dark-�ield STE� and STE�SI was per��r�ed wi�h an
FEI Ti�an G3 �icr�sc�pe a� an accelera�i�n v�l�age �� 120 kV. Acquisi�i�n �� �he spec�r�sc�pic da�a is
enabled by a GIF En�iniu� dedica�ed spec�r��e�er (Ga�an). The energy dispersi�n was ch�sen �� be
0.05 eV/channel, ���ering a su��icien� �versa�pling regarding �he ins�ru�en�al energy res�lu�i�n
wi�h�u� ��n�chr��a�ed se��ings �� ~0.7 eV. The elec�r�n d�se �� acquire l�w energy-l�ss spec�ra up
�� ~90 eV was appr�xi�a�ely 1200 e/A² ��r �he pure sa�ples, using a STE� s�ep size �� 2 n�, and
2700 e/A² ��r �he blend sa�ple, using a s�ep size �� 1.3 n�. This d�se was sh�wn �� n�� signi�ican�ly
al�er �he bulk plas��n peak p�si�i�ns ��r �3HT and �C61B� [51].

F�r plas��n peak �i��ing, �he STE�SI da�a se�s were dec�nv�lu�ed applying F�urier-L�g dec�nv�lu�i�n
[52]. Due �� �he �hickness �� �he N�s, a dis�ribu�i�n �� single-sca��ering, d�uble �r �ul�i-sca��ering can
be �bserved. This induces varying in�ensi�ies �n �he sides �� �he plas��n peaks depending �n �he
ac�ual �hickness. Wi�h dec�nv�lu�i�n single sca��ering dis�ribu�i�ns can be �b�ained [53], which all�ws
be��er c��paris�n �� �he spec�ra be�ween di��eren� par�icles. �las��n peaks were �i��ed wi�h a
L�ren�zian pr��ile �� de�er�ine �he cen�ral p�si�i�ns, which are �apped �u� �� �b�ain ��rph�l�gical
i�ages. F�r average spec�ra �� �he di��eren� sa�ples, areas �r�� �he insides �� �he par�icles (av�iding
peri�e�ers) were selec�ed, ��ll�wed by averaging and n�r�aliza�i�n �� iden�ical in�egrals, i.e. areas
bel�w �he curves. This c��pensa�es ��r gl�bal in�ensi�y di��erences be�ween da�a se�s �� di��eren�
sa�ples. The cr�ss-sec�i�n �� �he s�lar cell device was prepared by ��cused i�n bea� �illing using a
Heli�s Nan�Lab 650 (FEI) �� a �hickness �� ca. 60 n�. The �inal �hinning �� �he cr�ss-sec�i�n was
per��r�ed wi�h an accelera�i�n v�l�age �� 2 kV �� preven� da�aging �he �rganic �a�erials by high-
energy i�ns. Dark-�ield and STE�SI was applied as ��r �he N�s. H�wever, �he resul�ing plas��n peak
�ap was s����hed by a Gaussian �il�er (size 3x3) �� illus�ra�e �ccasi�ns �� �in�r de�ixing.

2.7 Device fabrication

S�lar cells were �abrica�ed �n pre-cleaned pa��erned ITO glass slides which were cleaned wi�h
de�ergen�, wa�er, ace��ne and b�iling is�pr�pan�l. A��erwards �he subs�ra�es were �rea�ed wi�h UV-
�z�ne ��r 30 �inu�es. A ZnO nan�par�icles layer was spinc�a�ed (0.1 w�% in is�pr�pan�l, 4000 rp�)
and annealed a� 150 °C ��r 10 �inu�es in a ni�r�gen a���sphere. Then, �he �CDTBT:�C71B� (400
w�%; 1:4) nan�par�icle layers were dep�si�ed by spinc�a�ing �he dispersi�n (300 µL, 4% s�lid c�n�en�,
2000 rp�). A 1:4 �CDTBT:�C71B� ra�i� in �he par�icle was ch�sen in anal�gy �� �he c�nven�i�nal
(�p�i�ized) BHJ device ra�i� [54]. The �hickness �� �he spinc�a�ed layer was 100 n�, as �easured by a
Dek�akXT s�ylus pr��iler �r�� Bruker. A��erwards, �he subs�ra�es were hea�ed ��r 4 �in a� 180 °C (and
als� a� ��her �e�pera�ures (supp�r�ing in��r�a�i�n)) in a ni�r�gen a���sphere ��r �il� ��r�a�i�n and ��
eli�ina�e residual wa�er. The �il� was �hen �rans�erred in�� a vacuu� cha�ber ��r elec�r�de
evap�ra�i�n. ��O3/Al elec�r�des were evap�ra�ed �n ��p �� �he ac�ive layer, resul�ing in an ac�ive area
�� 0.3 c�². The �hickness �� �he ��O3 and Al elec�r�des were �easured �� be 20 and 120 n�,
respec�ively, using a quar�z crys�al ��ni��r.

2.8 Atomic Force Microscopy

The N� layer c�verage, be��re and a��er annealing, was i�aged in �apping ��de using a Bruker
�ul�i��de 8 a���ic ��rce �icr�sc�pe.

3. RESULTS & DISCUSSION

3.1 Blend nanoparticle synthesis
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�CDTBT:�C71B� blend nan�par�icles were syn�hesized c��bining �he �inie�ulsi�n and �he e�ulsi�n
s�lven� evap�ra�i�n �echniques. �CDTBT is a p�ly�er �ha� sh�ws s�lubili�y issues and is �here��re n��
s�luble in any �� �he l�w b�iling p�in� s�lven�s. As o-DCB has been rep�r�ed as an �p�i�al s�lven� ��r
achieving high �CEs in �he case �� �CDTBT:�C71B� blends, i� was used as �he s�lven� ��r �abrica�i�n
�� �he blend N�s by adap�ing �he pr�cedure previ�usly devel�ped by Land�es�er e� al. [55], where �nly
l�w b�iling p�in� s�lven�s were used s� �ar. The evap�ra�i�n �� o-DCB was per��r�ed a� 60 °C and �he
inevi�able l�ss �� wa�er during �he pr�l�nged evap�ra�i�n was c��pensa�ed by �he inc�rp�ra�i�n ��
wa�er �� �he c�n�inu�us phase a� regular in�ervals. The �b�ained c�ll�idally s�able dispersi�ns were
charac�erized ��r �heir size by DLS. A crucial �ac��r underpinning �he device per��r�ance is �he
c��plex in�erplay be�ween �he blend ��rph�l�gy in �he s�lid s�a�e and �he resul�ing �p��elec�r�nic
pr�per�ies. The �p�ical pr�per�ies �� �he par�icles were charac�erized using di��eren� varian�s �� �p�ical
spec�r�sc�pic �echniques and �he nan���rph�l�gy was s�udied a� �he single nan�par�icle level by
STE�SI. Using �he syn�hesis pr�cedure, as depic�ed in Figure 1, �CDTBT:�C71B� N�s �� vari�us
blend c��p�si�i�ns were prepared and subsequen�ly washed �� re��ve �he sur�ac�an�. As can be seen
in Table 1, �he average par�icle size ��r �he blend N�s lies be�ween 36 and 74 n�. Al�h�ugh �here is n�
charac�eris�ic varia�i�n in size as a �unc�i�n �� �C71B� inc�rp�ra�i�n, i� can be expec�ed �ha� �he
di�ensi�ns �� �he di��eren� N�s �igh� vary depending �n �he c��pac�ness �� �he par�icles as a resul�
�� �he c��p�si�i�n (large ��lecular weigh� �CDTBT chains and s�all ��lecular weigh� �C71B�) used
��r par�icle ��r�a�i�n. The p�lydispersi�y index (�DI), describing �he dis�ribu�i�n wid�h, �� all
syn�hesized par�icles is included in Table 1. The �bserved p�lydispersi�y, ranging �r�� 0.104 �� 0.216,
can be a��ribu�ed �� �he inheren� charac�eris�ics �� �he par�icle ��r�a�i�n pr�cess, as was sh�wn by
S�a�� e� al [46]. I� is expec�ed �ha� �he di�ensi�ns �� �he di��eren� N�s vary depending �n �he
c��pac�ness �� �he par�icles as a resul� �� �he c��p�si�i�n (large ��lecular weigh� �CDTBT chains
and s�all ��lecular weigh� �C71B�) used. The s�lid c�n�en� �� �he par�icle dispersi�ns is in �he
expec�ed range be�ween 0.2 and 0.4% as wa�er was added during �he syn�hesis.

Table 1. Charac�eriza�i�n �� �he blend �CDTBT:�C71B� nan�par�icles wi�h varying ra�i�s ��
�CDTBT/�C71B�.

Sa�ple �CDTBT
(�g)

�C71B�a (%) Size (n�) �DI

N�1-0% �C71B� 25 0 61 0.145
N�2-1% �C71B� 25 1 52 0.175

N�3-2.5%
�C71B�

25 2.5 74 0.104

N�4-5% �C71B� 25 5 50 0.253

N�5-25%
�C71B�

25 25 55 0.177

N�6-50%
�C71B�

25 50 52 0.187

N�7-75%
�C71B�

25 75 48 0.216

N�8-100%
�C71B�

0 100 36 0.144
a Weight percentage with respect to the amount of PCDTBT.

3.2 Optical properties of the blend nanoparticles
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As �he �p��elec�r�nic pr�per�ies �� �he blend N�s are ��rph�l�gy dependen�, �he s�udy �� �heir �p�ical
pr�per�ies can pr�vide insigh�s in�� �he e��iciency �� �ixing and aggrega�i�n behavi�r �� �he par�icle
c�ns�i�uen�s. The �p�ical pr�per�ies �� aque�us dispersi�ns �� �he N�s wi�h c�n�r�lled varia�i�ns in
s��ichi��e�ry were sys�e�a�ically s�udied using UV-Vis abs�rp�i�n and e�issi�n as well as �i�e-
res�lved �lu�rescence spec�r�sc�py (Figure 2). Si�ilar s�udies have been previ�usly rep�r�ed ��r
�3HT:�C61B�, �EH-��V:�C61B� N�s [26,27,28,56] and �CDTBT:�C71B� �il�s [41]. I� can be seen
in Figure 2A �ha� ��r pure �CDTBT nan�par�icles �he UV-Vis spec�ra are charac�erized by an S0S1

band ar�und 540 n�, which can be a��ribu�ed �� an in�ra��lecular charge �rans�er s�a�e �ransi�i�n, and
an S0S2 band ar�und 380 n�. The �lu�rescence e�issi�n �axi�u� is l�ca�ed a� 702 n�, which is in
agree�en� �� �he �axi�u� �bserved ��r �il�s in li�era�ure [36]. The UV-Vis abs�rp�i�n spec�ra ��
�CDTBT:�C71B� blends �� di��eren� blend ra�i�s in �he ��r� �� N�s and ��lecularly diss�lved in o-
DCB are presen�ed in Figure S1 (supp�r�ing in��r�a�i�n).

Figure 2. (A) UV-Vis abs�rp�i�n spec�ru� (black) and �lu�rescence e�issi�n spec�ru� (red) �� pure
�CDTBT N�s (N�1-0% �C71B�). (B) Flu�rescence decays �b�ained by single ph���n �i�ing (λex = 550
n�; λe� = 670 n�) �� �CDTBT:�C71B� blend N�s in wa�er.

The �lu�rescence decays �� �he �CDTBT:�C71B� blend N�s, depic�ed in Figure 2B, c�uld ��r all
sa�ples be analyzed as a su� �� �w� exp�nen�ials (equa�i�n 1) yielding �w� c��p�nen�s wi�h p�si�ive
a�pli�ude (α1 and α2).

I t = αie− t τii� Eq. 1

The decay �i�es (τ i) and c�rresp�nding a�pli�udes (αi ), where �he su� �� �he p�si�ive a�pli�udes is
n�r�alized �� 1, are presen�ed in Table 2. The �w� decay �i�es, h�wever, can be used �� calcula�e an
average decay �i�e < τ > �� �he �lu�rescence �� �CDTBT acc�rding �� equa�i�n 2.



9

< τ >= αiτi� Eq. 2

Table 2. Decay �i�es (τi) and c�rresp�nding a�pli�udes (α i) �b�ained by analyzing �he �lu�rescence
decays a� 670 n� �b�ained by TCS�C. Exci�a�i�n �ccurred a� 550 n�. The su� �� �he αi was
n�r�alized �� �ne.

Sa�ple τ1 (ps)/ α1 τ2 (ps)/ α2 < τ > (ps)

N�1-0% �C71B� 90 / 0.67 478 / 0.33 218

N�2-1% �C71B� 62 / 0.85 312 / 0.15 100

N�3-2.5% �C71B� 42 / 0.87 180 / 0.13 60

N�4-5% �C71B� 34 / 0.96 207 / 0.04 41

F1-0% �C71B� 75 / 0.73 444 / 0.27 175

In�eres�ingly, �he decay �i�es �easured ��r a nea� p�ly�er �il� (F1) were si�ilar �� �h�se �b�ained ��r
�he nea� p�ly�er par�icles (N�1-0% �C71B�), �hereby re�lec�ing �he si�ilari�y in �he aggrega�i�n
behavi�r �� �he p�ly�er in �he �il�s and in N�s. F�r �he N�s �� nea� �CDTBT (N�1-0% �C71B�), �he
decay �i�es are cl�se �� �he �w� l�nges� decay �i�es �bserved by Banerji e� al. ��r a �il� �� �CDTBT,
where �he �lu�rescence was analyzed as a su� �� ��ur exp�nen�ials [36]. As �he carrier genera�i�n
e��iciency is independen� �� �he exci�a�i�n waveleng�h, �he �easure�en�s were n�� repea�ed ��r
exci�a�i�n a� 400 n�.[38] B��h decay �i�es decrease up�n increasing �he c�ncen�ra�i�n �� �C71B�,
while �he a�pli�ude �� �he �as� decaying c��p�nen� increases up�n increasing �he c�ncen�ra�i�n ��
�C71B�. A� a c�ncen�ra�i�n �� 2.5 W�% �C71B�, �he sh�r�es� decay �i�e is already cl�se �� �r bey�nd
�he �i�e res�lu�i�n �� �he e�pl�yed se�-up and �he value �� < τ > can be �veres�i�a�ed. Regardless,
already a� a l�ading �� 1 W�% �C71B� a �aj�r decrease �� < τ > is �bserved ��r �he N�s. Fur�her
increasing �he l�ading �� �C71B� leads �� a �ur�her sys�e�a�ic decrease �� < τ >. This �rend in �he
average �lu�rescence decay �i�e is als� ��ll�wed up �� a l�ading �� 25% �C71B� when �lu�rescence
quan�u� yields are rec�rded (see Table S1, supp�r�ing in��r�a�i�n). This indica�es an e��ec�ive
quenching �� �he exci�ed �CDTBT by �C71B� in �he N�s. The decay �rend als� clearly c�n�ir�s �ha�
�he s��ichi��e�ry �� �he N�s can be c�n�r�lled in a very sys�e�a�ic way during �he syn�hesis.

3.3 Morphology of the blend nanoparticles

F�r �he nan�scale ��rph�l�gical analysis, �hree di��eren� sa�ples (N�1-0% �C71B�, N�7-75%
�C71B�, N�8-100% �C71B�; see Table 1) re�lec�ing �he charac�eris�ics �� �he �a�erials (nea� and
blend c��p�si�i�n) were �irs� s�udied using c�nven�i�nal brigh�-�ield TE�. Figure 3A and B sh�ws
�icr�graphs �� pure �CDTBT and �C71B� nan�par�icles, respec�ively. In b��h i�ages, h���gene�us
in�ensi�ies �hr�ugh�u� �he par�icles are �bserved, wi�h a gradien� ��wards �he par�icle-vacuu� in�er�ace,
where �he �hickness decreases. In Figure 3C, a c�llec�i�n �� blend par�icles wi�h 75 W�% �C71B� is
presen�ed. The h���gene�us in�ensi�y dis�ribu�i�n ��r �he blend �a�erial sh�ws n� in�ernal c�n�ras�
pa��erns �ha� c�uld indica�e a phase separa�i�n. Sizes range �r�� appr�xi�a�ely 30 �� 70 n�, which is
in agree�en� wi�h �he size dis�ribu�i�n de�er�ined using DLS. Independen� �� �he size, n� s�ruc�ure is
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seen wi�hin �he par�icles. The in�ensi�y gradien�s l��k very si�ilar �� �ha� �� �he pure par�icles (see
de��cus series in Figure S2, supp�r�ing in��r�a�i�n).

Figure 3. Brigh�-�ield TE� i�ages �� pure �CDTBT par�icles (A) (N�1-0% �C71B�), pure �C71B�
par�icles (B) (N�8-100% �C71B�) and blend N�s (C) (N�7-75% �C71B�).

As brigh�-�ield TE� has been pr�ven �� be unsui�able ��r �he visualiza�i�n �� d��ains �� s�all
c��p�si�i�nal di��erences [49], we applied STE�SI �� iden�i�y dis�inc� spec�ral pr�per�ies �ha� w�uld
reveal a p�ssible phase separa�i�n wi�hin �he par�icles. I� was sh�wn be��re �ha� l�w energy-l�ss
spec�ra wi�h in��r�a�i�n ab�u� �p�ical exci�a�i�ns can be used �� dis�inguish di��eren� phases, i.e.
p�ly�er-enriched, �ullerene-enriched as well as �ixed phases [57,58,59,60]. This is due �� �he �ac� �ha�
di��eren� carb�nace�us �a�erials sh�w di��eren� exci�a�i�ns �� valence elec�r�ns, which can ei�her be
bandgap, sur�ace plas��n �r bulk plas��n exci�a�i�ns. Since irradia�i�n wi�h elec�r�ns causes rapid
da�age �� �he �a�erials, �he elec�r�nic s�ruc�ure de�er�ining �he bandgap is di��icul� �� pr�be �n �he
l�cal scale. H�wever, bulk plas��n exci�a�i�ns be�ween ~20-25 eV are �uch ��re s�able, indica�ing
�ha� �he da�aged pr�duc�s �� p�ly�er chains and �ullerene ��lecules s�ill sh�w a di��eren� s�ruc�ure
and can hence be dis�inguished [51,61,62]. There��re, �he spec�ra �� N�s �� di��eren� c��p�si�i�ns is
an�icipa�ed �� sh�w �he expec�ed varia�i�ns. The sa�ples depic�ed in Figure 3 were �ur�her
inves�iga�ed and �he resul�s are presen�ed in Figure 4.

By �i��ing �he bulk plas��n peak energy ��r each scan p�si�i�n �� �he STE�SI da�a se�s, nan�scale
��rph�l�gical �aps �� single par�icles are �b�ained. Dark-�ield STE� i�ages �� �he �hree inves�iga�ed
sa�ples are pr�vided in Figure 4 A-C. Here, in�ensi�ies are highly dependen� �n �he �hickness �� �he
par�icles. I� is, h�wever, n�� expec�ed �ha� di��eren� d��ains �� sligh�ly di��eren� c��p�si�i�n can be
revealed, due �� �he rapid radia�i�n da�age �ha� can al�er densi�y di��erences [51]. Figure 4 D-E sh�ws
dark-�ield �verlays, wi�h �aps �� plas��n peak p�si�i�ns pr�vided in Figure 4 G-H, ��r pure �CDTBT
and pure �C71B� par�icles. I� can be seen �ha� �here is a di��erence in plas��n peak p�si�i�ns �� an
a��un� �� al��s� 2.5 eV, wi�h ~24.8 eV ��r �C71B� and ~22.4 eV ��r �CDTBT. As �en�i�ned earlier,
such a pr�per�y �� an �p�ical exci�a�i�n all�ws separa�i�n �� enriched and �ixed d��ains in blend
sys�e�s. The plas��n �ap (Figure 4I) �verlay wi�h �he dark-�ield i�age ��r �he blend par�icles is
sh�wn in Figure 4F. Values are well in be�ween �he ex�re�e values ��r �he pure �a�erials, which
indica�es �ha� b��h �a�erials are presen�, as expec�ed. The plas��n peak energy is al��s� iden�ical
�hr�ugh�u� �he inside �� �he par�icles. In Figure 4J, average spec�ra �� �he inner areas �r�� par�icles ��
�he �hree sa�ples are sh�wn. Spec�ra were dec�nv�lved by F�urier-l�g dec�nv�lu�i�n and n�r�alized
revealing �he di��erences in several �p�ical exci�a�i�ns. The plas��n peak p�si�i�ns are indica�ed by
lines. In addi�i�n, di��erences in ��her �p�ical �ea�ures like π-plas��n exci�a�i�ns ar�und 6 eV can be
�bserved, which i�plies �ha� �he applied elec�r�n d�se was s�all en�ugh �� re�ain i�p�r�an�
charac�eris�ic di��erences �� �he elec�r�nic s�ruc�ures. There��re we can als� be cer�ain �ha� su��icien�
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di��erences in bulk plas��n exci�a�i�ns were preserved �� visualize a p�ssible nan�scale phase
separa�i�n. I� was sh�wn in several w�rks �ha� d��ains wi�hin p�ly�er:�ullerene blends can be reliably
visualized using �hese signals, even a��er c�nsiderable elec�r�n irradia�i�n [57,58,61,63]. ��re�ver,
��rph�l�gy was n�� a��ec�ed when c��paring resul�s �r�� spec�r�sc�pic i�aging a��er c�rrec�ed TE�
i�aging �n �he iden�ical area [49].

C�nsequen�ly, �apping �� �he plas��n peaks by l�w energy-l�ss STE�SI revealed �ha� �he blend
par�icles sh�w n� phase separa�i�n. By �he i�plica�i�n �� using pr�jec�i�n da�a �� �he �hree-
di�ensi�nal par�icles, i� is p�ssible �ha� a �ine, �verlapping separa�i�n �ccurs. The dia�e�ers �� �he
inves�iga�ed par�icles are in �he range �� 30-70 n�. I� was sh�wn previ�usly �ha� even a phase
separa�i�n �� �nly several nan��e�ers can be iden�i�ied wi�hin BHJ layers having such a �hickness [57].
Hence, al�h�ugh wi�h brigh�-�ield TE� and dark-�ield STE� i� �igh� n�� be p�ssible �� visualize i�, �ine
spec�r�sc�pic di��erences w�uld be seen by �he spa�ial spec�r�sc�pic �apping. Fr�� �he �aps i� can
als� be in�erred �ha� �here is n� p�ly�er shell ar�und an enriched �C71B� c�re as �bserved ��r
�3HT:�C61B� [23] and �FB:F8BT p�ly�er-�nly par�icles [20]. A gradien� �� decreasing plas��n peak
energies ��wards �he par�icle-vacuu� in�er�aces is �bserved. F�r �he par�icles depic�ed in Figure 4F,
�he decrease in energy �r�� appr�xi�a�ely 23.3 �� 23.1 eV is de�ec�ed a� a dis�ance �� ~4 n� �r�� �he
in�er�ace. In case �� a �CDTBT shell, a decrease ��wards �he value �easured ��r pure p�ly�er
par�icles w�uld be expec�ed a� �his p�si�i�n. The �bserved decrease, reaching even s�aller values
direc�ly a� �he in�er�ace and bey�nd, are due �� sur�ace plas��n exci�a�i�ns, which are ��und
appr�xi�a�ely a� �he energy �� �he bulk plas��n energy divided by √2 [52]. Due �� �he del�caliza�i�n ��
�his exci�a�i�n, a cer�ain c�n�ribu�i�n is already seen wi�hin �he par�icle near �he in�er�aces. Lack ��
res�lu�i�n as a cause ��r n�� visualizing a p�ly�er shell can als� be ruled �u�. In Figure 4I, �he whi�e
arr�w p�in�s �� a s�all area where par�s �� �he �u�er areas �� �w� par�icles are j�ined. Here, a s�ruc�ure
can be seen wi�h �he res�lu�i�n �� ca. �wice �he s�ep size given by �he scanning s�ep size �� 1.3 n�.
Fr�� �hese �bserva�i�ns, i� can be in�erred �ha� �he blend N�s �� �CDTBT and �C71B� exhibi� very
s�all c��p�si�i�nal de�ixing, in �he size range �� ~2 n�, indica�ing �ine �ixing a� �he ��lecular level.
This is in agree�en� wi�h �he �p�ical pr�per�ies �� �he blend par�icles, where e��ec�ive �lu�rescence
quenching was �bserved, even ��r �he l�wes� �C71B� c�ncen�ra�i�n, as a resul� �� �ine �ixing.
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Figure 4. Spec�r�sc�pic i�aging �� di��eren� N�s. A-C: STE� dark-�ield i�ages �r�� (A) N�1-0%
�C71B�, (B) N�8-100% �C71B�, and blend par�icles (C) N�7-75% �C71B�. D-F, G-I: Overlays ��
dark-�ield i�ages wi�h plas��n peak �aps (D-F) and plas��n peak �aps (G-I) crea�ed �r��
L�ren�zian �i�s �� spa�ially res�lved plas��n peaks (2 n� s�ep size ��r pure par�icles and 1.3 n� s�ep
size ��r blend). The whi�e arr�w in (I) p�in�s �� a s�all spa�ial �ea�ure, where als� �ixed �CDTBT and
�C71B� is ��und be�ween j�ining par�icles. (J) Average l�w energy-l�ss spec�ra �r�� �he �hree sa�ples.

3.4 Device fabrication and characteristics

In �rder �� pr�vide pr���-��-principle �� �he sui�abili�y �� �he pr�p�sed N�s ��r wa�er-s�lven� prepared
s�lar cells, �CDTBT:�C71B� O�V devices were �abrica�ed �u� �� �he �CDTBT:�C71B� (400 w�%
�C71B�; 1:4) blend N�s, using a glass/ITO/ZnO/�CDTBT:�C71B� N�/��O3/Al inver�ed device
archi�ec�ure, and �he nan���rph�l�gy �� �he ac�ive layer was s�udied. The ac�ive layer was dep�si�ed
by spinc�a�ing �he N� dispersi�n. The AF� i�age �� �he spinc�a�ed N�s be��re annealing (Figure 5A)
sh�ws �ha� wi�h spinc�a�ing a c��ple�ely c�vered N� layer �ver a large area can be �b�ained. The
AF� i�age �� �he annealed device is given in Figure S3 (supp�r�ing in��r�a�i�n). A range �� annealing
c�ndi�i�ns be�ween 140 and 200 °C ��r �he nan�par�icle layer were �es�ed. I� was ��und �ha� annealing
��r 4 �inu�es a� 140 °C resul�ed in n�n-w�rking devices, whereas �rea��en� a� 200 °C yielded l�w �CE
values (average �CE<0.5%). H�wever, annealing a� 160 °C (4 �in) and 180°C (4 �in) resul�ed in a
bes� �CE �� 1.9% wi�h respec�ively an average �CE �� 1.3±0.4% (Figure S4, supp�r�ing in��r�a�i�n)
and 1.4±0.4 %. The curren� densi�y vs. v�l�age (J-V) curve is pr�vided in Figure 5B ��r �he ��s�
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e��icien� �CDTBT:�C71B� O�V device, �b�ained a��er annealing a� 180 °C ��r 4 �in, reaching a �CE
��r �he bes� device �� 1.9% (Voc = 570 �V, Jsc = 8.69 �A/c�², FF = 38%) and wi�h an average �CE ��
1.4±0.4 % (under A�1.5 illu�ina�i�n). T� all�w pr�per c��paris�n, re�erence p�ly�er s�lar cells were
�ade by spinc�a�ing �he ac�ive layer �a�erials �r�� o-DCB s�lu�i�n and e�pl�ying �he sa�e device
archi�ec�ure as �he N� based devices. All �es�ed c�ndi�i�ns and average �CEs are su��arized in �he
supp�r�ing in��r�a�i�n, Table S2. The re�erence cell wi�h�u� annealing (Sa�ple - Re� 1, Table S2,
supp�r�ing in��r�a�i�n) resul�ed in a bes� �CE �� 3.7% (average �CE 3.3±0.3%). These values �all
bel�w �he average e��iciencies rep�r�ed ��r �CDTBT:�C71B� (5 �� 6%) [64,65], which already sugges�s
a nega�ive in�luence �� �he ZnO layer �n Jsc and FF. T� �ake in�� acc�un� �he e��ec� �ha� �her�al
�rea��en� �igh� have �n �he ac�ive layer, annealed re�erence devices were als� s�udied (Sa�ples - Re�
2 and 3, Table S2, supp�r�ing in��r�a�i�n). Annealing �he ac�ive layer a� 160 °C (4 �in) resul�ed in a
decrease �� �he bes� �CE �� 2% (average 1.6±0.5%), �ainly due �� a decrease in V�c and FF. Si�ilar
e��ec�s have als� been rep�r�ed by Gusain e� al.[66] This als� p�ssibly explains �he l�w Voc and FF in
�he N� device. Annealing re�erence devices a� 180 °C (4 �in) sh�wed si�ilar resul�s, wi�h a �CE ��r
�he bes� device �� 2% (average 1.6±0.3%). Addi�i�nally, l��king a� �he J-V curves in �he dark and under
ligh� (Figure S5, supp�r�ing in��r�a�i�n), i� can be seen �ha� �he leakage curren� is qui�e high ��r �he N�
cell, which �ay be due �� �he n�n-�p�i�al c�verage �� �he annealed N� layer, and can als� explain i�s
l�w V�c and FF. These resul�s indica�e �ha� �ur�her �p�i�iza�i�n �� �he ZnO as well as �he ph���ac�ive
layers and annealing c�ndi�i�ns are needed �� achieve be��er e��iciencies ��r �he N� devices and �ha�
�here is s�ill r��� ��r i�pr�ve�en�. A dark-�ield STE� i�age (Figure 5C) �� a cr�ss-sec�i�n �b�ained by
��cused i�n bea� �illing reveals �he in�egri�y �� �he di��eren� layers �� �ha� par�icular device (in Figure
5B). The ac�ive layer �hickness varies �r�� ab�u� 60 �� 80 n�. Figure 5D and 5E sh�w dark-�ield
i�ages and �he c�rresp�nding plas��n peak �ap �� a par� �� �he ph���ac�ive layer, respec�ively.
Again, very s�all phase separa�i�n is �bserved and c�uld �nly be visualized by s����hing �he �ap
wi�h a Gaussian �il�er and by adjus�ing �he c�l�r �ap �� sh�w �nly a very s�all energy range due �� �he
large a��un� �� �C71B� in c��paris�n �� �he blend N�s s�udied in Figure 4. Several �C71B�
enrich�en�s can be iden�i�ied a��er �his da�a �rea��en�. H�wever, �he lack �� clear de�ixing, even a��er
annealing, c�n�ir�s �he �bserva�i�n �� �ine in�er�ixing as �bserved in �he N� s�a�e. A regi�n wi�h a
sligh�ly �hicker ph���ac�ive layer �� �he ��herwise h���gene�us �il� was evalua�ed as well and �he
da�a are presen�ed in Figure S6 (supp�r�ing in��r�a�i�n). Irrespec�ive �� �he s�all varia�i�ns in
�hickness, a si�ilar nan���rph�l�gy prevailed, �hereby underpinning �he �verall h���genei�y �� �he
�il� ��rph�l�gy. I� c�uld be p�ssible �ha� a h���geniza�i�n ���k place during prepara�i�n, bu� we
expec� n� in�luence �n �he nan�scale s�ruc�ure due �� �he ��cused i�n bea� �illing. I� was recen�ly
sh�wn �ha� gen�le �hinning by l�w-energy i�ns—as we applied als� ��r �his w�rk—preserves �he
elec�r�nic s�ruc�ure [59,67] and can even preserve �rganic crys�alli�es [68]. F�r �his reas�n, we expec�
a reliable i�age �� �he ��rph�l�gy in �he device cr�ss-sec�i�n. Fur�her��re, we per��r�ed STE�SI �n
�he nan�par�icles �ha� c�n�ain 400 w�% �C71B� and �ha� were used �� �abrica�e �he bes�-per��r�ing
device. A plas��n peak �ap is pr�vided in Figure S7 (supp�r�ing in��r�a�i�n). Again, �nly by applying
�he adap�ed c�l�r �ap a��er gen�le Gaussian s����hing d��ains �� s�r�ng �ullerene enrich�en� can be
�bserved. H�wever, �hese d��ains are presen� wi�h in�er�i��en� regi�ns �� l�wer enrich�en�, n� phase
separa�i�n wi�h �CDTBT. In �ac�, �he ��rph�l�gy �� �he nan�par�icles �n �he TE� grid is very si�ilar ��
�he s�ruc�ure in �he �unc�i�nal device a��er annealing, which indica�es �ha� annealing is required ��
induce �usi�n �� �he par�icles bu� d�es n�� cause �ur�her c�arsening �r phase separa�i�n. The large
si�ilari�y be�ween nan�par�icles and �he device ph���ac�ive layer �ade by �hese nan�par�icles als�
supp�r�s �he FIB �illing did n�� induce da�age �� �he nan�scale s�ruc�ure.
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Figure 5. (A) AF� i�age �� spinc�a�ed N�s, (B) J-V curve, (C) device asse�bly, (D) dark �ield
�verview �� �he ac�ive layer, and (E) plas��n peak �ap �� �he ac�ive layer �� a �CDTBT:�C71B� (400
w�% �C71B�; 1:4) N� O�V device.

4. CONCLUSIONS

Aque�us dispersi�ns �� push-pull p�ly�er �CDTBT:�C71B� blend N�s, e�pl�ying a high b�iling
s�lven� (o-DCB) and a high ��lecular weigh� p�ly�er, were success�ully syn�hesized by adap�ing �he
c��bined �inie�ulsi�n/s�lven� evap�ra�i�n �echnique[29,55]. The blend c��p�si�i�n was
sys�e�a�ically varied �� sh�w �he versa�ili�y �� �he �echnique �ha� can be easily ex�ended ��r any
d�n�r:accep��r c��bina�i�n requiring high b�iling s�lven�s. The �lu�rescence decay s�udies clearly
reveal �he e��ec� �� �ixing and ass�cia�ed quenching �� �CDTBT by �C71B�, where a l�ading �� 1
W�% �C71B� already leads �� a subs�an�ial decrease �� <τ> ��r �he N�s. C�nc��i�an�ly, �he decay
�rend c�n�ir�s �ha� �he s��ichi��e�ry �� �he N�s can be c�n�r�lled in a very sys�e�a�ic way during �he
syn�hesis. The �p�ical pr�per�ies signi�y �ha� �he �ixing �� �he c�ns�i�uen�s and �he resul�ing in�er�ace
be�ween �he �w� blend �a�erials play a piv��al r�le in de�ining �he �inal charac�eris�ics �� �he
ph���ac�ive layer. The nan���rph�l�gy �� �he blend was s�udied ��r �he �irs� �i�e a� �he single N� level
using high res�lu�i�n STE� spec�ral i�aging by �apping �he plas��n peaks �� �he c�ns�i�uen�s. The
resul�s clearly illus�ra�e �ha� blend N�s �� �CDTBT and �C71B� exhibi� very s�all c��p�si�i�nal
de�ixing, in �he size range �� ~2 n�, indica�ing �ine �ixing a� �he ��lecular level.

As a pr���-�� principle, �he aque�us dispersi�ns were used ��r �he �abrica�i�n �� an ec�-�riendly
p�ly�er s�lar cell. The device charac�eris�ics sh�w pr��ising resul�s, wi�h a �CE �� 1.9% ��r �he bes�
device and wi�h an average �CE �� 1.4±0.4 %. Wi�h �ur�her �p�i�iza�i�n �� �he ph���ac�ive layer
(annealing c�ndi�i�ns and layer �hickness), higher �CE values are expec�ed and curren�ly �p�i�iza�i�n
�� �he layer using di��eren� dep�si�i�n �echniques is in pr�gress. The nan���rph�l�gy �� �he
ph���ac�ive layer �r�� �he device s�ruc�ure �b�ained by cr�ss-sec�i�n STE� analysis re�lec�s �he
��rph�l�gy �bserved ��r �he individual N�s. This �bserva�i�n is highly in�riguing as �hese N�s can be
regarded as anal�g�us sys�e�s �� ac�ive layer �il�s in a device, ���ering �he �unc�i�nali�y �� bulk
�a�erials bu� wi�h�u� signi�ican� in�erpar�icle he�er�genei�y[26,27,28]. There��re, apar� �r�� ���ering
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ec�-�riendly large scale pr�cessing �� �rganic s�lar cells, �hese par�icles are als� in�eres�ing ��r
s�udying �he s�ruc�ure-pr�per�y-per��r�ance �� ac�ive layer �a�erials.

I� is als� i�p�r�an� �� e�phasize �ha� �he par�icle syn�hesis ad�p�ed here can be easily ex�ended ��r
�es�ing new and exis�ing push-pull p�ly�ers requiring envir�n�en�ally un�av�urable high b�iling
s�lven�s. As an addi�i�nal �u�l��k, i� will cer�ainly s�i�ula�e �he research in�eres� �� �any gr�ups
devel�ping advanced che�ical s�ruc�ures ��r i�pr�ved �CEs �� valida�e �heir �a�erials ��r aque�us
pr�cessing �� devices.
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Appendix A

Supp�r�ing In��r�a�i�n: UV-Vis spec�ra, TE� de��cus series, AF�, s�lar cell charac�eris�ics and cr�ss
sec�i�nal TE�

AUTHOR INFORMATION

Corresponding Author

*Ani�ha E�hirajan: ani�ha.e�hirajan@uhassel�.be

Author Contributions

L.D. per��r�ed �he syn�hesis and �he charac�eriza�i�n �� all nan�par�icles. L.D. als� �ade �he s�lar
cells and �he device charac�eriza�i�ns. �.�. did all �he TE� charac�eriza�i�ns. E.F. per��r�ed �he
�p�ical spec�r�sc�py �easure�en�s. I.C. �ade �he AF� charac�eriza�i�ns. �.V. helped wi�h �he da�a
in�erpre�a�i�n �� �he �p�ical spec�r�sc�py par�. G.V. and S.B. c�n�ribu�ed �� �he da�a in�erpre�a�i�n
rela�ed �� TE� �easure�en�s. W.�., D.V., and J.�. were inv�lved in �he scien�i�ic discussi�ns. A.E.
c�nceived �he research and planned �he experi�en�s. All au�h�rs c�n�ribu�ed in wri�ing �he �anuscrip�.

ACKNOWLEDGMENT

This w�rk was supp�r�ed by BOF �unding �� Hassel� Universi�y, �he In�erreg pr�jec� Organex�, and �he
IA� 7/05 pr�jec� FS2 (Func�i�nal Supra��lecular Sys�e�s), gran�ed by �he Science ��licy O��ice �� �he
Belgian Federal G�vern�en� (BELS�O). A.E. is a p�s�-d�c��ral �ell�w �� �he Flanders Research
F�unda�i�n (FWO). �.�. gra�e�ully ackn�wledges �he SI� Nan�F�rce pr�gra� ��r �inancial supp�r�.
S.B. �ur�her ackn�wledges �inancial supp�r� �r�� �he Eur�pean Research C�uncil (ERC S�ar�ing Gran�
#335078-COLOURATO�S). The au�h�rs are �hank�ul ��r �echnical supp�r� by J. S�i�s, T. Vangerven,
and J. Baccus.

REFERENCES

[1] K. A. �azzi� and C. K. Lusc��be, The �u�ure �� �rganic ph���v�l�aics. Che�. S�c. Rev. 44 (2015)
78-90.



16

[2] S. Lizin, S. Van �assel, E. De Schepper, W. �aes, L. Lu�sen, J. �anca and D. Vanderzande, Li�e
cycle analyses �� �rganic ph���v�l�aics: a review. Energy Envir�n. Sci. 6 (2013) 3136-3149.

[3] C. H. �e�ers, I. T. Sachs-Quin�ana, J. �. Kas�r�p, S. Beaupré, �. Leclerc and �. D. �cGehee, High
e��iciency p�ly�er s�lar cells wi�h l�ng �pera�ing li�e�i�es. Adv. Energy �a�er. 1 (2011) 491-494.

[4] W. R. �a�eker, I. T. Sachs-Quin�ana, G. F. Burkhard, R. Cheachar�en and �. D. �cGehee, �ini�al
l�ng-�er� in�rinsic degrada�i�n �bserved in a p�ly�er s�lar cell illu�ina�ed in an �xygen-�ree
envir�n�en�. Che�. �a�er. 27 (2015) 404-407.

[5] E. Bundgaard and F. C. Krebs, L�w band gap p�ly�ers ��r �rganic ph���v�l�aics. S�l. Energ. �a�.
S�l. C. 91 (2007) 954-985.

[6] C. Liu, K. Wang, X. G�ng and A. J. Heeger, L�w bandgap se�ic�nduc�ing p�ly�ers ��r p�ly�eric
ph���v�l�aics. Che�. S�c. Rev. (2016) DOI: 10.1039/c5cs00650c

[7] J. W. Kingsley, �. �. �archisi�, H. Yi, A. Iraqi, C. J. Kinane, S. Langridge, R. L. Th��ps�n, A. J.
Cadby, A. J. �ears�n, D. G. Lidzey, R. A. L. J�nes and A. J. �arnell, ��lecular weigh� dependen�
ver�ical c��p�si�i�n pr��iles �� �CDTBT:�C71B� blends ��r �rganic ph���v�l�aics. Sci. Rep. 4 (2014)
5286.

[8] Y. Zhang, E. B�vill, J. Kingsley, A. R. Buckley, H. Yi, A. Iraqi, T. Wang and D. G. Lidzey, �CDTBT
based s�lar cells: �ne year �� �pera�i�n under real-w�rld c�ndi�i�ns. Sci. Rep. 6 (2016) 21632.

[9] S. H. �ark, A. R�y, S. Beaupré, S. Ch�, N. C�a�es, J. S. ���n, D. ��ses, �. Leclerc, K. Lee and A.
J. Heeger, Bulk he�er�junc�i�n �rganic s�lar cells wi�h in�ernal quan�u� e��iciency appr�aching 100%.
Na�. �h���nics 3 (2009) 297-302.

[10] Y. Liu, J. Zha�, Z. Li, C. �u, W. �a, H. Hu, K. Jiang, H. Lin, H. Ade and H. Yan, Aggrega�i�n and
��rph�l�gy c�n�r�l enables �ul�iple cases �� high-e��iciency p�ly�er s�lar cells. Na� C���un. 5 (2014)
5293.

[11] �. C. Scharber, On �he e��iciency li�i� �� c�njuga�ed p�ly�er:�ullerene-based bulk he�er�junc�i�n
�rganic s�lar cells. Adv. �a�er. 28 (2016) 1994–2001.

[12] G. �ir���e, J. Kes�ers, �. Vers�appen, S. G�vaer�s, J. �anca, L. Lu�sen, D. Vanderzande and W.
�aes, C�n�inu�us �l�w p�ly�er syn�hesis ��ward repr�ducible large-scale pr�duc�i�n ��r e��icien� bulk
he�er�junc�i�n �rganic s�lar cells. Che�SusChe� 8 (2015) 3228-3233.

[13] F. C. Krebs, Fabrica�i�n and pr�cessing �� p�ly�er s�lar cells: A review �� prin�ing and c�a�ing
�echniques. S�l. Energ. �a�. S�l. C. 93 (2009) 394-412.

[14] C. Sprau, F. Buss, �. Wagner, D. Landerer, �. K�ppi�z, A. Schulz, D. Bahr�, W. Schabel, �.
Schar�er and A. C�ls�ann, Highly e��icien� p�ly�er s�lar cells cas� �r�� n�n-hal�gena�ed
xylene/anisaldehyde s�lu�i�n. Energy Envir�n. Sci. 8 (2015) 2744-2752.

[15] S. Zhang, L. Ye, H. Zhang and J. H�u, Green-s�lven�-pr�cessable �rganic s�lar cells. �a�er.
T�day (2016) h��p://dx.d�i.�rg/10.1016/j.�a���d.2016.02.019.

[16] S. Li, H. Zang, W. Zha�, L. Ye, H. Ya�, B. Yang, S. Zhang, J. H�u, Green-S�lven�-�r�cessed All-
��ly�er S�lar Cells C�n�aining a �erylene Dii�ide-Based Accep��r wi�h an E��iciency �ver 6.5%. Adv.
Energy �a�er. 6 (2016) 1501991.

[17] Yulia Galagan and R�nn Andriessen (2012). Organic �h���v�l�aics: Techn�l�gies and
�anu�ac�uring, Third Genera�i�n �h���v�l�aics, Dr. Vasilis F�henakis (Ed.), ISBN: 978-953-51-0304-2,

http://dx.doi.org/10.1016/j.mattod.2016.02.019


17

InTech, Available �r��: h��p://www.in�ech�pen.c��/b��ks/�hird-genera�i�n-ph���v�l�aics/�rganic-
ph���v�l�aics-�echn�l�gies-and�anu�ac�uring.

[18] D. Darwis, N. H�l�es, D. Elking��n, A. L. David Kilc�yne, G. Bryan�, X. Zh�u, �. Das���r and W.
Belcher, Sur�ac�an�-�ree nan�par�icula�e �rganic ph���v�l�aics. S�l. Energ. �a�. S�l. C. 121 (2014) 99-
107.

[19] N. �. H�l�es, K. B. Burke, �. Sis�a, �. Barr, H. D. �agurudeniya, �. C. S�e�an, A. L. D. Kilc�yne,
X. Zh�u, �. Das���r and W. J. Belcher, Nan�-d��ain behavi�ur in �3HT:�CB� nan�par�icles, rela�ing
�a�erial pr�per�ies �� ��rph�l�gical changes. S�l. Energ. �a�. S�l. C., 117 (2013) 437-445.

[20] K. B. Burke, A. J. S�aple��n, B. Vaughan, X. Zh�u, A. L. D. Kilc�yne, W. Belcher and �. Das���r,
Scanning �rans�issi�n x-ray �icr�sc�py �� p�ly�er nan�par�icles: pr�bing ��rph�l�gy �n sub-10n�
leng�h scales. Nan��echn�l�gy 22 (2011) 265710.

[21] A. S�aple��n, B. Vaughan, B. Xue, E. Sesa, K. Burke, X. Zh�u, G. Bryan�, O. Werzer, A. Nels�n, A.
L. David Kilc�yne, L. Th��sen, E. Wanless, W. Belcher and �. Das���r, A �ul�ilayer appr�ach ��
p�ly�lu�rene wa�er-based �rganic ph���v�l�aics. S�l. Energ. �a�. S�l. C. 102 (2012) 114-124.

[22] S. Ulu�, N. H�l�es, �. Barr, A. L. D. Kilc�yne, B. B. G�ng, X. Zh�u, W. Belcher and �. Das���r,
The r�le �� �iscibili�y in p�ly�er:�ullerene nan�par�icula�e �rganic ph���v�l�aic devices. Nan� Energy 2
(2013) 897-905.

[23] S. Ulu�, N. H�l�es, D. Darwis, K. Burke, A. L. David Kilc�yne, X. Zh�u, W. Belcher and �.
Das���r, De�er�ining �he s�ruc�ural ���i� �� �3HT:�CB� nan�par�icula�e �rganic ph���v�l�aic devices.
S�l. Energ. �a�. S�l. C. 110 (2013) 43-48.

[24] B. Vaughan, E. Willia�s, N. H�l�es, S. �rashan�, A. D�dabalapur, �. Das���r and W. Belcher,
Wa�er-based nan�par�icula�e s�lar cells using a dike��pyrr�l�pyrr�le d�n�r p�ly�er. �hys. Che�.
Che�. �hys. 16 (2014) 2647-2653.

[25] S. Gär�ner, �. Chris��ann, S. Sankaran, H. Röh�, E.-�. �rinz, F. �en�h, A. �ü�z, A. E. Türeli, B.
�en�h, B. Bau�s�ü��ler and A. C�ls�ann, Ec�-�riendly �abrica�i�n �� 4% e��icien� �rganic s�lar cells
�r�� sur�ac�an�-�ree �3HT:ICBA nan�par�icle dispersi�ns. Adv. �a�er. 26 (2014) 6653-6657.

[26] Z. Hu and A. J. Gesquiere, �CB� c�ncen�ra�i�n dependen� ��rph�l�gy �� �3HT in c��p�si�e
�3HT/�CB� nan�par�icles. Che�. �hys. Le��. 476 (2009) 51-55.

[27] Z. Hu, D. Tenery, �. S. B�nner and A. J. Gesquiere, C�rrela�i�n be�ween spec�r�sc�pic and
��rph�l�gical pr�per�ies �� c��p�si�e �3HT/�CB� nan�par�icles s�udied by single par�icle
spec�r�sc�py. J. Lu�in. 130 (2010) 771-780.

[28] D. Tenery, J. G. W�rden, Z. Hu and A. J. Gesquiere, Single par�icle spec�r�sc�py �n c��p�si�e
�EH-��V/�CB� nan�par�icles. J. Lu�in. 129 (2009) 423-429.

[29] T. Kie�zke, D. Neher, K. Land�es�er, R. ��n�enegr�, R. Gun�ner and U. Scher�, N�vel appr�aches
�� p�ly�er blends based �n p�ly�er nan�par�icles. Na�. �a�er. 2 (2003) 408-412.

[30] S. Sankaran, K. Glaser, S. Gär�ner, T. Rödl�eier, K. Sudau, G. Hernandez-S�sa and A. C�ls�ann,
Fabrica�i�n �� p�ly�er s�lar cells �r�� �rganic nan�par�icle dispersi�ns by d�c��r blading �r ink-je�
prin�ing. Org. Elec�r�n. 28 (2016) 118-122.

[31] N. �. H�l�es, �. �arks, �. Ku�ar, R. Kr��n, �. G. Barr, N. Nic�laidis, K. Fer�n, A. �ivrikas, A.
Fahy, A. D. d. Z. �endaza, A. L. D. Kilc�yne, C. �üller, X. Zh�u, �. R. Anderss�n, �. Das���r and W.



18

J. Belcher, Nan�-pa�hways: Bridging �he divide be�ween wa�er-pr�cessable nan�par�icula�e and bulk
he�er�junc�i�n �rganic ph���v�l�aics. Nan� Energy 19 (2016) 495-510.

[32] T. R. Andersen, T. T. Larsen-Olsen, B. Andreasen, A. �. L. Bö��iger, J. E. Carlé, �. Helgesen, E.
Bundgaard, K. N�rr�an, J. W. Andreasen, �. Jørgensen and F. C. Krebs, Aque�us pr�cessing �� l�w-
band-gap p�ly�er s�lar cells using r�ll-��-r�ll �e�h�ds. ACS Nan� 5 (2011) 4188-4196.

[33] N. A. D. Ya�a����, �. E. �ayne, �. K�ehler, A. Facche��i, L. S. R��an and A. C. Arias, Charge
�ransp�r� ��del ��r ph���v�l�aic devices based �n prin�ed p�ly�er:�ullerene nan�par�icles. S�l. Energ.
�a�. S�l. C 141 (2015) 171-177.

[34] J. S. ���n, J. J� and A. J. Heeger, Nan���rph�l�gy �� �CDTBT:�C70B� bulk he�er�junc�i�n
s�lar cells. Adv. Energy �a�er. 2 (2012) 304-308.

[35] Z. �. Beiley, E. T. H�ke, R. N�riega, J. Dacuña, G. F. Burkhard, J. A. Bar�el�, A. Salle�, �. F.
T�ney and �. D. �cGehee, ��rph�l�gy-dependen� �rap ��r�a�i�n in high per��r�ance p�ly�er bulk
he�er�junc�i�n s�lar cells. Adv. Energy �a�er. 1 (2011) 954-962.

[36] N. Banerji, S. C�wan, �. Leclerc, E. Vau�hey and A. J. Heeger, Exci��n ��r�a�i�n, relaxa�i�n and
decay in �CDTBT. J. A�. Che�. S�c. 132 (2010) 17459-17470.

[37] F. E�z�ld, I. A. H�ward, R. �auer, �. �eis�er, T.-D. Ki�, K.-S. Lee, N. S. Baek and F. Laquai,
Ul�ra�as� exci��n diss�cia�i�n ��ll�wed by n�nge�ina�e charge rec��bina�i�n in �CDTBT:�CB�
ph���v�l�aic blends. J. A�. Che�. S�c. 133 (2011) 9469-9479.

[38] �. T�ng, N. E. C�a�es, D. ��ses, A. J. Heeger, S. Beaupré and �. Leclerc, Charge carrier
ph���genera�i�n and decay dyna�ics in �he p�ly(2,7-carbaz�le) c�p�ly�er �CDTBT and in bulk
he�er�junc�i�n c��p�si�es wi�h �C70B�. �hys. Rev. B 81 (2010) 125210.

[39] G. Fang, J. Liu, Y. Fu, B. �eng, B. Zhang, Z. Xie and L. Wang, I�pr�ving �he nan�scale
��rh�l�gy and pr�cessibili�y ��r �CDTBT-based p�ly�er s�lar cells via s�lven� �ix�ures. Org. Elec�r�n.
13 (2012) 2733-2740.

[40] N. B�ens, W. Qin, N. Basarić, J. H��kens, �. Ae�l���, J. ��uge�, J.�. Le�èvre, B. Valeur, E.
Gra���n, �. Vandeven, N.D. Silva, Y. Engelb�rghs, K. Willaers, A. Sillen, G. Ru�bles, D. �hilips,
A.J.W.G. Visser, A. van H�ek, J.R. Lak�wicz, H. �alak, I. Gryczynski, A.G. Szab�, D.T. Krajcarski, N.
Ta�ai, A. �iura, Flu�rescence li�e�i�e s�andards ��r �i�e and �requency d��ain �lu�rescence
spec�r�sc�py. Anal. Che�. 79 (2007) 2137-2149.

[41] T. Wang, A. J. �ears�n, A. D. F. Dunbar, �. A. S�aniec, D. C. Wa��ers, H. Yi, A. J. Ryan, R. A. L.
J�nes, A. Iraqi and D. G. Lidzey, C�rrela�ing s�ruc�ure wi�h �unc�i�n in �her�ally annealed
�CDTBT:�C70B� ph���v�l�aic blends. Adv. Func�. �a�er. 22 (2012) 1399-1408.

[42] S. Ale�, T.-Y. Chu, S. C. Tse, S. Waki�, J. Lu, R. ��vileanu, Y. Ta�, F. Bélanger, D. Désile�s, S.
Beaupré, �. Leclerc, S. R�d�an, D. Waller and R. Gaudiana, E��ec� �� �ixed s�lven�s �n
�CDTBT:�C70B� based s�lar cells. Org. Elec�r�n. 12 (2011) 1788-1793.

[43] H. Kang, �. A. Uddin, C. Lee, K.-H. Ki�, T. L. Nguyen, W. Lee, Y. Li, C. Wang, H. Y. W�� and B.
J. Ki�, De�er�ining �he r�le �� p�ly�er ��lecular weigh� ��r high-per��r�ance all-p�ly�er s�lar cells:
i�s e��ec� �n p�ly�er aggrega�i�n and phase separa�i�n. J. A�. Che�. S�c. 137 (2015) 2359-2365.

[44] T. Vangerven, �. Vers�appen, J. Drijk�ningen, W. Dierckx, S. Hi��elberger, A. Salle�, D.
Vanderzande, W. �aes and J. V. �anca, ��lar �ass versus p�ly�er s�lar cell per��r�ance:
highligh�ing �he r�le �� h���c�uplings. Che�. �a�er. 27 (2015) 3726-3732.



19

[45] T. Kie�zke, D. Neher, �. Ku�ke, O. Ghazy, U. Ziener and K. Land�es�er, �hase separa�i�n ��
binary blends in p�ly�er nan�par�icles. S�all 3 (2007) 1041-1048.

[46] R. H. S�a��, D. Schae��el, A. Tursha��v, D. D�nadi�, H.-J. Bu��, K. Land�es�er, K. K�yn�v and D.
Crespy, �ar�icle ��r�a�i�n in �he e�ulsi�n-s�lven� evap�ra�i�n pr�cess. S�all 9 (2013) 3514-3522.

[47] N. Bl�uin, A. �ichaud and �. Leclerc, A l�w-bandgap p�ly(2,7-carbaz�le) deriva�ive ��r use in
high-per��r�ance s�lar cells. Adv. �a�er. 19 (2007) 2295-2300.

[48] Y. Huang, E. J. Kra�er, A. J. Heeger and G. C. Bazan, Bulk he�er�junc�i�n s�lar cells: ��rph�l�gy
and per��r�ance rela�i�nships. Che�. Rev. 114 (2014) 7006–7043.

[49] �. ��ann�öller, W. K�walsky and R. R. Schröder, Visualizing physical, elec�r�nic, and �p�ical
pr�per�ies �� �rganic ph���v�l�aic cells. Energy Envir�n. Sci. 6 (2013) 2871-2891.

[50] �. �aus, E. R�usseau, �. C��le�, G. Schwei�zer, J. H��kens, �. Van der Auweraer, F. C. De
Schryver and A. Krueger, New pic�sec�nd laser sys�e� ��r easy �unabili�y �ver �he wh�le
ul�ravi�le�/visible/near in�rared waveleng�h range based �n �lexible har��nic genera�i�n and �p�ical
para�e�ric �scilla�i�n. Rev. Sci. Ins�ru�. 72 (2001) 36-40.

[51] R. F. Eger��n and �. Takeuchi, Radia�i�n da�age �� �ulleri�e (C60) in �he �rans�issi�n elec�r�n
�icr�sc�pe. Appl. �hys. Le��. 75 (1999) 1884-1886.

[52] R. F. Eger��n, Elec�r�n energy-l�ss spec�r�sc�py in �he elec�r�n �icr�sc�pe, Springer, 1996.

[53] D. W. J�hns�n and J. C. H. Spence, De�er�ina�i�n �� �he single-sca��ering pr�babili�y dis�ribu�i�n
�r�� plural-sca��ering da�a. J. �hys. D: Appl. �hys 7 (1974) 771.

[54] J. Kes�ers, T. Gh��s, H. �enx�en, J. Drijk�ningen, T. Vangerven, D. �. Ly�ns, B. Verree�, T.
Aern�u�s, L. Lu�sen, D. Vanderzande, J. �anca and W. �aes, I�idaz�liu�-subs�i�u�ed p�ly�hi�phenes
as e��icien� elec�r�n �ransp�r� �a�erials i�pr�ving ph���v�l�aic per��r�ance. Adv. Energy �a�er. 3
(2013) 1180-1185.

[55] K. Land�es�er, �inie�ulsi�n p�ly�eriza�i�n and �he s�ruc�ure �� p�ly�er and hybrid nan�par�icles.
Angew. Che�. In�. Ed. 48 (2009) 4488-4507.

[56] S. N. Cla���n, D. �. Huang, W. R. �assey and T. W. Kee, Fe���sec�nd dyna�ics �� exci��ns and
h�le-p�lar�ns in c��p�si�e �3HT/�CB� nan�par�icles. J. �hys. Che�. B 117 (2013) 4626-4633.

[57] �. ��ann���ller, H. Flu�gge, G. Benner, I. Wacker, C. S���er, �. Hansel�ann, S. Sch�ale, H.
Sch�id�, F. A. Ha�prech�, T. Rabe, W. K�walsky and R. R. Schr��der, Visualizing a h���gene�us
blend in bulk he�er�junc�i�n p�ly�er s�lar cells by analy�ical elec�r�n �icr�sc�py. Nan� Le��. 11 (2011)
3099-3107.

[58] S. Albrech�, S. Janie�z, W. Schindler, J. Frisch, J. Kurpiers, J. Knieper�, S. Inal, �. �ingel, K.
F�s�ir�p�ul�s, N. K�ch and D. Neher, Flu�rina�ed c�p�ly�er �CDTBT wi�h enhanced �pen-circui�
v�l�age and reduced rec��bina�i�n ��r highly e��icien� p�ly�er s�lar cells. J. A�. Che�. S�c. 134
(2012) 14932-14944.

[59] �. ��ann�öller, H. Heidari, L. Nans�n, O. R. L�z�an, �. Chrapa, T. O��er�ans, G. Nisa�� and S.
Bals, Quan�i�a�ive ����graphy �� �rganic ph���v�l�aic blends a� �he nan�scale. Nan� Le��. 15 (2015)
6634-6642.

[60] D. �. DeL�ngcha�p, R. J. Kline and A. Herzing, Nan�scale s�ruc�ure �easure�en�s ��r p�ly�er-
�ullerene ph���v�l�aics. Energy Envir�n. Sci. 5 (2012) 5980-5993.



20

[61] �. ��ann�öller, H. Flügge, G. Benner, I. Wacker, W. K�walsky and R. R. Schröder, Visualizing
ph���v�l�aic nan�s�ruc�ures wi�h high-res�lu�i�n analy�ical elec�r�n �icr�sc�py reveals �a�erial phases
in bulk he�er�junc�i�ns. Syn�. �e�. 161 (2012) 2526-2533.

[62] W. Schindler, �. W�llgar�en and K F�s�ir�p�ul�s, Revealing nan�scale phase separa�i�n in s�all-
��lecule ph���v�l�aic blends by plas��nic c�n�ras� in �he TE�. Org. Elec�r�n. 13 (2012) 1100-1104.

[63] S. B. Dkhil, �. ��ann�öller, S. Bals, T. K�ganezawa, N. Y�shi����, D. Hannani, �. Gaceur, C.
Videl��-Acker�ann, O. �argea�, J. Acker�ann, Square-Cen�i�e�er-Sized High-E��iciency ��ly�er
S�lar cells: H�w �he �r�cessing A���sphere and Fil� Quali�y In�luence �er��r�ance a� Large Scale.
Adv. Energy. �a�er. 6 (2016) d�i: 10.1002/aen�.201600290.

[64] Y. Sun, J. Se�, C.J. Takacs, J. S�ei��er, A.J. Heeger, Inver�ed p�ly�er s�lar cells in�egra�ed wi�h a
l�w-�e�pera�ure-annealed s�l-gel-derived ZnO �il� as an elec�r�n �ransp�r� layer. Adv. �a�er. 23 (2011)
1679-1683.

[65] E. V�r�shazi, I. Cardinale��i, T. C�nard, B.�. Rand, Ligh�-induced degrada�i�n �� p�ly�er:�ullerene
ph���v�l�aic devices: an in�rinsic �r �a�erial-dependen� �ailure �echanis�? Adv. Energy �a�er. 4
(2014) 1614-6840.

[66] A. Gusain, V. Saxena, �. Veerender, �. Jha, S. �. K�iry, A.K. Chauhan, D.K. Aswal, S.K. Gup�a,
Inves�iga�i�n �n �he E��ec�s �� Ther�al Annealing �n �CDTBT:�CB� Bulk-He�er�junc�i�n ��ly�er
S�lar Cells. AI� C�n�. �r�c. 1512 (2013) 776-777.

[67] A. Guerrer�, �. ��ann�öller, A. K�valenk�, T. S. Rip�lles, H. Heidari, S. Bals, L. Kau��ann, J.
Bisquer�, G. Garcia-Bel��n�e, Nan�scale �apping by elec�r�n energy-l�ss spec�r�sc�py reveals
ev�lu�i�n �� �rganic s�lar cell c�n�ac� selec�ivi�y. Org. elec�r�n. 16 (2015) 227-233.

[68] J. B. Gilchris�, T. H. Basey-Fisher, S. Chang, F. Schel�ens, D. W. �cC��b, S. Heu�z, Unc�vering
Buried S�ruc�ure and In�er�aces in ��lecular �h���v�l�aics. Adv. Func�i�n. �a�er. 24 (2014) 6473-6483.


