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Supporting Information AvailableMole
ular orientation from NEXAFSThe relative intensities of the 6T π∗ resonan
e 
ontributions to the re
orded C1s-edge NEX-AFS spe
tra are shown in Figure 1 as a fun
tion of in
ident angle. The general result is inagreement with the bulk analysis by X-ray s
attering and 
on�rms a mixture of lying andstanding 6T at the interfa
e for RT and only standing 6T for HT samples. Yet, 6T grown at100 ◦C exhibits a weak tenden
y towards a slightly larger mole
ular angle at the free surfa
eand at the interfa
e to C60 than in the bulk. A 
ommon �t yields an angle of 84◦ to thesubstrate plane. At the 6T(HT)/DIP interfa
e a relaxation of the 6T angle to about 72◦ isobserved. The expe
ted average angle of the 
onjugated plane (not the long mole
ular axis),estimated from the 
rystal stru
ture, of standing 6T is approx. 78◦, and thus in betweenthe two extra
ted angles.1 The same trends are visible for RT samples but the experimentalerror is 
lose to the observed individual �t di�eren
es. Therefore a 
ommon �t for all three6T interfa
es was performed and yields an average mole
ular angle of about 64◦. This issigni�
antly lower than what is expe
ted for standing 6T and may thus be interpreted as asuperposition of 
ontributions from standing and lying 6T mole
ules. Note that apart fromthe experimental error of ±3◦ additional un
ertainties are introdu
ed by the de
onvolutionpro
edure and the �t itself. The latter error is expe
ted to be larger for mole
ular angles faraway from 55◦ and is estimated to ±5◦ for the neat 6T(HT) �lm but drasti
ally redu
ed forthe other �lms (
f. gray lines in Figure 1).
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Angle of incidence (°)Figure 1: Angular dependen
e of the NEXAFS C1s-π∗ transitions of the 6T mole
ules in theinvestigated �lms. The data points are 
orre
ted for angle misalignment and normalized toan angle of in
iden
e of 55◦. The solid lines 
orrespond to the respe
tive �ts 6T(HT) and6T(HT)/C60 (
ommon �t, red), 6T(HT)/DIP (orange) as well as 6T(RT) (
ommon �t of allthree samples, blue). The individual �ts of the RT 6T samples are shown as the dashed bluelines. The gray lines illustrate the 
al
ulated behavior at the angles indi
ated right of thegraph.Simulation of the Voc(T ) behavior of the 6T/DIP systemAn extention of the Sho
kley-Queisser limit to organi
 heterjun
tion solar 
ells was dis
ussedin detail in Ref. 2. This model starts from the radiative limit, where the ideal solar 
ell isregarded as a bla
k body radiator weighted by the absorption spe
trum α of the semi
on-du
tor. The dark saturation 
urrent j0,rad then relates to the number of emitted photons
N :2

j0,rad = eN(α, T ) = e
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where e is the elementary 
harge, E the photon energy and T the temperature. h, c and kBdenote Plan
k's 
onstant, the speed of light and the Boltzmann 
onstant, respe
tively.In the original 
onsiderations by Sho
kley and Queisser a step fun
tion was assumedfor the absorption spe
trum with 
omplete absorption of photons with an energy above the(opti
al) band gap Eopt and zero absorption otherwise.3 For organi
 heterojun
tions this
on
ept is typi
ally extended to a bi-step fun
tion in order to a

ount for the additionalbut weak 
harge transfer (CT) absorption at the donor-a

eptor interfa
e (αCT) for energiesabove the energy of the CT state ED/A:2,4,5
α(E) =
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. (2)
This is illustrated in Figure 2 (a).With this formulation of α(E) Eq. (1) yields:

j0,rad = eA

[

αCTχCT exp

(

−ED/A

kBT

)

+ (α0 − αCT)χopt exp

(

−Eopt

kBT

)]

, (3)where A = 2πkBT
h3c2

and χ# = E2
# + 2kBTE# + 2k2

BT
2 for ED/A and Eopt, respe
tively.Note that the two summands in Eq. (3) both take the form

j0 = j00 · exp

(

−∆E

nkBT

)

, (4)with an ideality fa
tor of n = 1. This identi�es re
ombination via the CT state at thedonor-a

eptor interfa
e and re
ombination a
ross the opti
al gap of the absorber as two
ompeting pro
esses 
ontributing to the dark saturation 
urrent.6 The relative strength ofthe individual 
ontributions depends on temperature. At low temperatures the CT term isdominant; with in
reasing temperature the se
ond term be
omes more and more important5



and, after a small transition regime, outweighs the 
ontribution of the �rst term. The exa
ttransition temperature depends on the intermole
ular ele
troni
 
oupling as expressed bythe absorption 
oe�
ient of the CT state αCT as well as on the absolute values of ED/A and
Eopt.For real world devi
es additional, non-radiative re
ombination needs to be taken intoa

ount. In Ref. 2 a fa
tor γ = j0,non/j0,rad was introdu
ed that relates non-radiative andradiative 
ontributions to the dark saturation 
urrent thus that the total dark saturation
urrent is given by j0 = j0,rad · (1 + γ). For the simulations of the 6T/DIP solar 
ellsinvestigated here, the ideality fa
tor n as in Eq. (4) was additionally introdu
ed. Note thatboth γ and n further a�e
t the dark saturation 
urrent 
ompared to the radiative limit.Sin
e the individual 
ontributions 
an usually not be separated in the measurement, thisdire
tly in�uen
es the e�e
tive overall value of j00 of a devi
e.As expressed by the relation eVoc = nkBT · ln (jsc/j0 + 1) ≈ ∆E − nkBT · ln (j00/jsc) theopen 
ir
uit voltage depends 
riti
ally on the dark saturation 
urrent. A linear extrapolationof the measured temperature dependen
e of Voc will dis
riminate the two energy gaps ED/Aand Eopt and thus identify the dominant pro
ess in the temperature range where the devi
ewas operated.The temperature dependent behavior of Voc of both 6T/DIP solar 
ells presented in themain arti
le 
an be simulated with identi
al values of ED/A = 1.8 eV and Eopt = 2.1 eV butextremely di�erent intermole
ular ele
troni
 
oupling for both 
ells, if the above model isapplied. As shown in Figure 2 (b), the simulation mat
hes the measurement in the lineartemperature dependen
e regime but yields a severe deviation from linearity at low tempera-tures. It is important to note that this �attening of the simulated 
urves does not originatefrom transport limitations or inje
tion barriers. The 
ause is rather the afore mentionedtemperature dependent 
ompetition between re
ombination pro
esses via the intermole
ulargap and the opti
al gap of the absorber. In agreement with Ref. 2, a linear extrapolation ina temperature regime su�
iently far away from the transition regime (i.e. the �kink�) in the6



simulated 
urve yields the energy gap of the dominating pro
ess. For the high temperatureprepared 6T/DIP devi
e this energy mat
hes well with the opti
al gap of DIP (2.1 eV).7The anisotropi
 intermole
ular 
oupling between 6T and DIP manifests itself in stronglydi�erent e�e
tive overall j00 values extra
ted for the two di�erent devi
es from the simulationat a 
ell temperature of 300K. These are j00,RT = 4.8 × 106mA/
m2 and j00,HT = 9.7 ×

103mA/
m2, respe
tively. Note, however, that the quantities αCT and γ as spe
i�ed inthe �gure 
aption, whi
h a�e
t the 
oupling, are experimentally unknown and have to beestimated.
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Figure 2: (a) S
hemati
 illustration of the idealized absorption spe
trum of an organi
heterojun
tion. (b) Simulation of Voc(T ) of both 6T/DIP devi
es a

ording to a modi�edSho
kley-Queisser model (Ref. 2) with identi
al intermole
ular gaps of 1.8 eV but di�erent
oupling. Ideality fa
tors of nRT = 1.55 and nHT = 2.0 have been 
hosen, the opti
al gapof the absorber was set to 2.1 eV. The relative absorption strengths of the CT state wereset to αCT(RT) = 1 × 10−3 and αCT(HT) = 6.5 × 10−4. S
aling fa
tors to 
ompensate foradditional non-radiative re
ombination were γRT = 2× 103 and γHT = 0.5.This material is available free of 
harge via the Internet at http://pubs.a
s.org/.
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