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Voc in OSCs is closely associated with the difference in the energy levels between the HOMO
of donor and the LUMO of acceptor in the blend layer, and also is related to the difference in
the work function of the electrodes.'? The HOMO and LUMO levels in organic
semiconducting materials are analogous to the conduction band minimum and valence band
maximum in inorganic semiconductors. Generally, the solution-processes organic
semiconductor layers used in the OSCs are amorphous. The structural disorders in the organic
semiconductors have a significant impact on the performance of OSCs.** The edges of
conduction band minimum and valence band maximum in the amorphous semiconductor
materials are not clearly defined, with the band tail states extended into the bandgap.>®
Gaussian distribution is often used to approximate the density of the band tail states. The
disorder-induced loss in Voc of OSCs is associated with the term —a?2/kT, where o is
related to the width of Gaussian distribution, k is the Boltzmann constant and T is the
temperature.”® It is important to understand the origin of Voc in OSCs, including the effect of
monomolecular and bimolecular recombination processes on Voc.”'® Shockley equation is
derived based on the classical p-n junction theory and describes the current-voltage behavior
of a p-n junction diode. The Shockley equation for a p-n junction diode can be expressed by:
11

IV = defep (L) -1, @

where Vj, is the external bias, Jo is the saturation current under a small reverse bias (V4 <0), q
Is the elementary charge. In a p-n junction type solar cell, the direction of the photocurrent Jy,
is opposite to the current caused by a forward bias. Therefore, the Shockley equation for p-n

junction type solar cells under illumination becomes:
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IV,) = Jo[exp(q 2)-1-1,, )

At the open circuit condition, the current in the external circuit is 0, i.e. J (Va=Voc) =0,

therefore, Voc can be expressed by:

v, = KT (f’“ +1), @3)
q

where m is dependent on the ideality of the p-n junction diode.

It is easy to see that Voc is a function of light intensity as Jon is directly related to light
intensity. Jo is the dark reverse saturation current and is the fundamental character of a p-n
junction diode. Under reverse bias, the dynamic equilibrium of minority carriers results in the
saturation dark current density Jo. The dynamic equilibrium of the minority carriers is
obtained via the balance between the charge injection and recombination. Therefore, the
charge recombination in a p-n junction type solar cell has a great impact on its J-V

characteristics.

Following the metal-insulator-metal model, as an approximation, considering the energy level
of the HOMO in the organic donor can be analogous to the valence band minimum in the
inorganic semiconductor, and that of the LUMO level in the organic acceptor is analogous to

the valence band maximum, the charge carrier dynamics inside an OSC can be described *

1213 ysing the following expressions:*
qV,
np = n? exp(——=), 4
p=niexp(- =) (4)
AE
n=N.exp(-——), ®)

2kT
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where n and p are the concentrations of the electrons and holes inside the device, n; is the
intrinsic carrier concentration (electrons and holes) in the organic active layer, N is the
effective density of states (for both conduction band and valence band), and AE is the
difference in the energy levels between the LUMO of acceptor and the HOMO of donor.

From Equations S4 and Equation S5, Voc can be expressed by:

v, =25 Ko (i ©)
qa q

AE may be modified if the Gaussian disorder in the organic semiconductor materials is taken

into consideration, Voc can be expressed by:

AE o&° kT
V. =———+ —| . 7

The carrier concentration in the device is determined by the dynamics of mobile charge
carrier generation and recombination, or mathematically it can be expressed by the following
equation:

o(n-Vol) _r
8t e e’

(8)

where Vol is the volume of the active region, ge is the number of photo-generated free
electrons per unit time, re is the number of free electrons lost to the recombination. Based on
the metal-insulator-metal model and the concept expressed by Equation S8, taking into

consideration of space charge effects, the continuity equation becomes:*®

19,5 x=Pc-@a-P)R, (©)
g ox
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where G is the exciton generation rate, P is the exciton dissociation probability and R is the
recombination rate. At an open circuit condition, there is no current in the device, and thereby

the correlation between | and the charge recombination (R) becomes:
R=—".1, (10)

where A is the linear coefficient linking the exciton generation rate (averaged photon
absorption ratio) and the intensity of the incident light (1). To express Voc as a function of I, a
relationship between the recombination R and the density of the free carriers (n/p) is essential.
The bimolecular recombination and monomolecular recombination are examined separately.
If the bimolecular recombination is the dominant recombination process in the system, the
limiting factor on the rate of bimolecular recombination is the possibility to find the

recombination partners. Therefore, the bimolecular recombination rate can be expressed as:*°

R=y(np-n). (11)

Under illumination, the intrinsic carrier concentration n;, excited by thermal energy and
external bias, is much lower than the photo-excited charge carriers. By neglecting the term n?,
using Equation S9, Equation S10 and Equation S11, the Voc of OSCs and the intensity of
light can be related through the following equation:

_AE o kT PA

229 L

“Tq kg e 0

Equation S12 shows a linear relationship between Voc and Inl with the bimolecular

recombination dominant in OSCs. The slope of the Voc—Inl plot is KT

q
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If the monomolecular recombination becomes the dominant recombination process in the cell,
then the limiting factor of the monomolecular recombination is the possibility finding an

effective trap site, the monomolecular recombination rate can be described by

Schockley-Read Hall equation:**®

C.C,8(pn—n?)

= , (13)
C,(n+n)+C (p+n)

where C, and C, are the capture coefficients of electrons and holes respectively, § is the
density of the trap sites, p/n is the hole/electron density generated by photoexcitation, n; is the
intrinsic carrier concentration. Under illumination, the concentrations of photo-generated
electrons and holes are about the same, i.e., p=n, since the electrons and holes are generated
in pair. The number of photo-generated charge carriers is greater than that of the intrinsic ones,

i.e., pn>>n;, Equation S13 can be simplified as:

n_ CiCd

= ‘n=7.6-n, 14
C,C, Ym (14)

n

C.C . : . . .
where . :ﬁ, is a constant. Combing Equation S7, Equation S9 and Equation S14,
+
n p

Voc as a function of | having monomolecular recombination process dominated in the cells

can be related by:

AE o2 KT P2A?
oc:___+_|n[ 2 o2 2012
g kT g “7,0°Q0=P)°N;

12]. (15)

Equation S15 shows that the Voc-Inl plot has a slope of 2.k_T. For a high performance
q

OSC, the densities of defects and impurities in the active layer are relatively low. The charge
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loss via bimolecular recombination is the dominant at open circuit condition*® Therefore, the

slope of Voc—Inl plot for OSCs is about kT However, in some OSCs with a high trap

q
density and a deep average trap depth, the slope of the Voc—Inl plot can be well exceed kT

q
or even larger than 2.k_T.20 It needs further study to explain that the slope is sometimes

q
larger than 2.k_T. In summary, a combination of the Voc—Inl characteristic measurements

and transient photo physics studies is a useful approach for analyzing the recombination

losses in OSCs.

15
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Figure S1. J-V characteristics measured for a set of PTB7-Th:ITIC-based reverse

configuration OSCs with different active layer thicknesses.
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Figure S2. J-V characteristics measured for a set of PTB7-Th:ITIC-based regular

configuration OSCs with different active layer thicknesses.
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Figure S3. Dark J-V characteristics measured for the optimized inverted and regular

configuration PTB7-Th:ITIC OSCs.
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Figure S4. J%°-V characteristics measured for (a) electron-only and (b) hole-only devices

under the forward and reverse biases.
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Figure S5. (@) Voc (b) Jsc (¢) FF (d) PCE as a function of the aging time measured for the

encapsulated inverted and regular configuration PTB7-Th:ITIC OSCs.
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Table S1. A summary of cell parameters measured for a set of inverted PTB7-Th:ITIC OSCs

with different active layer thickness at AM1.5G of 100 mW/cm?, the values of Jsc and PCE

are calibrated using IPCE measurements.

Thickness Vo N FF PCE
(nm) (V) (mA/cm?) (%) (%)

220 0.85 13.36 45.78 5.16
110 0.84 13.94 54.62 6.32
100 0.82 14.13 64.82 7.42
80 0.83 14.58 65.23 7.89
75 0.83 13.59 67.52 6.58

Table S2. A summary of cell

parameters measured for

a

set

of

regular

PTB7-Th:ITIC OSCs with different active layer thicknesses at AM1.5G of 100 mW/cm?, the

values of Jsc and PCE are calibrated using IPCE measurements.

Thickness Vo Jsc FF PCE

(nm) (V) (mA/cm?) (%) (%)

250 0.83 11.14 47.31 4.36
130 0.82 12.54 54.75 5.63
110 0.82 11.95 63.00 6.16
100 0.82 13.38 56.78 6.23
85 0.82 11.61 63.90 6.06
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Table S3. The area ratios of XPS spectra N1s/Cis, N1s/Sop, F1s/Cis, F1s/Sop and the relative
compositional ratio of ITIC to PTB7-Th obtained from the top surfaces of the PTB7-Th:ITIC

blend films deposited on glass, ZnO and PEDOT:PSS.

Substrate le/cls N15/S_2p FlS/C18 F15/52p ITIC/PTB7-Th ratio
Glass 0.009 0.081 0.019 0.180 0.46

Zn0O 0.009 0.075 0.018 0.153 0.50
PEDOT:PSS 0.009 0.082 0.018 0.155 0.51
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