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ABSTRACT

The open circuit voltage ( V) tuning effect due to the variation of the low concentration of the

third component in ternary organic solar cells has been mainly attributed to interfacial phenomena.

Up to date, the models reported in literature to analyze such interfacial phenomena are based on

optical characterization. In this work is proposed a different approach to study such V- tunning

effect by using dark-current characteristics at different temperatures. Specifically, for PTB7-

Th:PC7BM:ICBA based solar cells, it is found that an increment of the third component

concentration, i.e. the fullerene ICBA, causes an increase of the activation energies (£}) in an

Arrhenius type curves. This in turn decreases the reverse saturation current (Jy) of the devices,

thereby incrementing their V.
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43 INTRODUCTION

46 Organic photovoltaic devices (OPVs) offer nowadays an important and potentially cheap option

for the generation of clean and renewable energy. This is due to the use of carbon-based materials,

53 such as small molecules and polymers, flexible devices, and the low-cost manufacturing processes
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in comparison with conventional silicon-based solar cells [1]. However, for a substantial

commercialization of this technology it is necessary to improve the photovoltaic characteristics of

such devices to enhance the power conversion efficiency (PCE), which recently have achieved

18.4% and 19% for binary and ternary devices respectively [2, 3].

The latest research in the field of OPVs is mainly concerned with costly novel non-fullerene solar

cells [4, 5, 6]. Whereas a strategy to increase light harvesting, while maintaining the simplicity of

the organic bulk heterojunction solar cells, i. e. one single deposition step, is focusing on organic

ternary solar cells (TSCs) [7-10]. Typically, TSCs are characterized by the introduction of a third

component with a low-concentration into a base donor:acceptor bulk heterojunction. Such a third

component can be a donor or acceptor material. Depending on its concentration, location, and

energy levels with respect to the main heterojunction, it is possible to modify the electronic

transport within the device [11]. Ideally, the third compound should be located at the interface of

the main heterojunction with the aim to avoid charge recombination and thus, to simultaneously,

increase: the short circuit current (Jgo), the open circuit voltage ( V), and the fill factor (FF).

Particularly, the origin of the Vycincrement has been a topic of intense research [12-17].
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The observed dependence of Ve on the concentration of the third component has been attributed

to either the heterojunction interface or to bulk recombination [12-17]. For low third component

concentrations, the Vycvariation has been usually attributed to an interfacial effect [18-19]. This

phenomenon has been usually studied using optical methods such as photoluminescence and

absorbance to calculate interfacial energies [20, 21, 22]. However, such interfacial energies or

charge-transfer states are difficult to detect using conventional techniques relying on transmission

and reflection measurements [22] and are applied to the main junction of the device without

contacts, which in some cases can determine its V- [23]. In the present study, it is shown for the

first time that the typically observed Vi tuning effect in TSCs with a low third-component

concentration can be understood using a simple electrical characterization, i. e., the thermal

analysis of current density-voltage (J-V) characteristics of the complete device under dark

conditions.

Specifically, in this work, we study TCSs based on a PTB7-Th:PC;;BM blend with two different

but low ICBA concentrations of 5% wt and 15% wt. First, the Vcis calculated using J-V curves

in dark and a general model to verify that Vjis determined by the inverse saturation current (Jp).
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Then, a dark J-V characterization with the temperature as parameter (J- V-7) is performed in order

to study the dependence of J, and the ideality factor on 7. With this parameter, the activation

energies £, for each device is being calculated using an Arrhenius modified curve. Finally, we

compare our calculated activation energies with other parameter values reported in literature.

MATERIALS AND METHODS

Device Fabrication.

Glass substrates coated with indium tin oxide (ITO) (10 Q/sq, ~165 nm thickness from Delta

Technologies) are cut (~1.8 cm x 1.8 cm) and consecutively ultrasonically cleaned for about 20

min in a detergent solution, distilled water, and ethanol. Then, they are dried in an oven at 80 °C

for atleast 12 h. Afterwards, ITO substrates are treated with oxygen plasma for 15 min. A poly(3.,4-

ethylene- dioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) (Heraeus Clevios PVP Al 4083)

layer of 40-nm thickness is spin-coated at 4500 rpm on top of the ITO substrate and annealed in

an oven for 20 minutes at 120 °C. PTB7-Th (Poly [[4,8-bis[(2-ethylhexyl)oxy] benzol[1,2-b:4,5-

b'ldithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl) carbonyl]thieno [3,4-b]thiophenediyl ]], 1-

Material Inc.) is used as an electron donor semiconductor. Both [6,6]-phenyl-C7;-butyric acid

ACS Paragon Plus Environment
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methyl ester (PC7;BM) and indene-C60 bisadduct (ICBA) (1-Material Inc.) served as electron

acceptors.

The solution for the active layer is prepared by dissolving PTB7-Th and PC7,BM (1:1.5 w/w, 30

mg/ml in anhydrous chlorobenzene/1,8-diiodooctane (97:3 v/v)) under nitrogen atmosphere. The

solution is stirred for about 24 h at room temperature. The ICBA solution is prepared as 10 mg/ml

in anhydrous chlorobenzene. Either Swt% or 15wt% of ICBA with respect to the first acceptor

material PC7;BM is added to the PTB7-Th:PC;;BM solution and stirred for 15 min. Then, the

whole solution is spin-coated at normal room temperature and ambient pressure, with a spin

velocities of 2200 rpm onto the PEDOT:PSS layer to obtain an active layer thickness of ~100 nm.

Thermal annealing of 80 °C for 15 minutes is applied to the deposited films. A poly [(9,9-bis(3'-

(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN) layer (~5-10 nm)

is spin-coated at 5500 rpm on top of the active layer and exposed to thermal annealing for 15

minutes at 80 °C. Active areas (0.07 cm?) are delimited with a mask. Fields metal (FM) is an

alternative top electrode composed of Bi, Sn and In, previously reported by our group [23, 24, 25].

FM is deposited (after melting it at 95 °C in a hot plate) by drop casting on top of the PEN layer.
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Finally, OPVs cells are cooled down at room temperature. The TSC’s structure as comprising of

glass (1.1 mm)/ITO(165 nm)/PEDOT:PSS(40 nm)/PTB7-Th:PC7;BM:ICBA (~100 nm)/PFN(~5

nm)/FM is illustrated in Figure 1(b). The surface morphology and thicknesses of the films are

observed using an atomic force microscope (AFM, easyscan2 from Nanosurf). UV-Vis

spectrometer (Lambda 900, Perkin Elmer Instruments) is used to carried out the absorption

characterization.

Electrical characterization.

Current density-voltage (J-V) characteristics are measured using a Keithley 2400 digital source

meter. The J-V characteristics under illumination are obtained by using a solar simulator class

AAA (Sciencetech SS150) to provide AM1.5 conditions, being calibrated using a silicon reference

cell acquired from Abet Technologies. For the analysis at different temperatures, it is used an

experimental setup based on an iron plate heated by Nichrome resistors. The samples are heated

on the plate, which is properly isolated to reach constant temperatures. The samples were sealed

with a temperature resistant tape which protects them from oxygen and moisture. The temperature

ACS Paragon Plus Environment
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is being measured by a thermocouple fixed next to the sample. The thermocouple is connected to

a digital thermometer STEREN HER 425.

RESULTS AND DISCUSSION

PTB7-Th:PC7BM:ICBA based solar cells are chosen to carry out this study since it is a well-

studied configuration for both binary and ternary devices [26, 27, 28].

The experiment performed here basically consist in TSCs samples with a variation of the ICBA

concentration in the blend i. e. 5% wt. or 15% wt., which are within the range of values where the

photovoltaic parameters are enhanced, as reported in literature (PCEs from 7.35% to 8.24% [29].

Fig.1(a) shows the J-V characteristics under illumination of the TSCs with both 5% wt. or 15%

wt. ICBA concentrations. A scheme of the device structure is also shown in Fig.1(b) The

corresponding photovoltaic parameters are summarized in Table 1.
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Figure 1. (a) J-V characteristics under illumination for TSC’s with both 5% wt. or 15% wt. ICBA

concentrations. The inset is showing a zoom in of the increment of the Vyc-got by increasing the

ICBA concentration in the ternary blend. (b) TSCs device structure where ICBA domains are

shown to be at the interfaces between the main donor:acceptor interface.

Table 1. Photovoltaics parameters under illumination of TSCs with both 5% wt or 15% wt ICBA

concentrations.

ICBA % wt Jsc (mA/emP) Voc (V) FF n (%)
5 10.88 0.72 0.47 3.82
15 14.77 0.75 0.52 5.89

Hero devices among 30 samples with a general PCE’s standard deviation of around + 0.4 %.
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In Fig.1(a) and Table I, note that at an ICBA concentration of 15% wt all photovoltaic parameters

increase regarding to the 5% wt achieving an efficiency of 5.89%, well according to that reported

in literature [29, 30]. A mask as often applied to avoid light pipping effects [31] is not used. If a

variation of the J-V characteristics under illumination would occur due to such effects, it is

expected to affect both devices with different ICBA concentrations equally. Thus, pipping effects

should not play a role in the present analysis. The reported efficiencies of devices with similar

active materials are slightly higher (~7%) compared with the values obtained for the devices

presented within this study. The reason of such differences can be attributed to the use of FM,

which is a non-evaporated cathode [24]. This cathode has resulted to be reliable not only to

fabricate relatively good devices, but to study charge recombination phenomena occurring in

organic solar cells [17]. For more information about this alternative cathode, interface contact,

performance, etc. see references [32, 33] The FF is the parameter that limits the efficiency of the

herein reported devices in comparison with those reported on in the literature; however, it does not

play any role in our analysis, which is focused on Ve Specifically, a Ve variation of 20 mV'to

30 mVfor the used third component concentrations is consistent with that reported in literature for

ACS Paragon Plus Environment
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the same acceptor blend [34] and also for systems with different third component (IT-M) but same

concentration [35].

To understand the origin of the improvement of the photovoltaic parameters, atomic force

microscopy (AFM) characterization and absorbance spectroscopy were performed. Figs. 2 (a) and

(b) gained by using AFM show the surface morphologies of the ternary active layers deposited on

ITO-coated glass/PEDOT:PSS substrates under the same conditions as in the solar cells. The

obtained root-mean-square (RMS) surface roughness is 2 nm and 1.9 nm for samples with 5 % wt.

and 15 % wt. ICBA concentration, respectively. The slight decrease of the roughness for the higher

ICBA concentration is in good agreement with literature [36, 37, 12, 30]. This trend can be

attributed to a denser morphologys, i. e., to a higher interpenetration of the material domains [36],

which can explain the enhancement of Jg-and FF due an improvement of generation, separation,

and collection of charges [38]. Further, in Fig.2(c), the absorption coefficient for samples with

both 5 % wt. and 15 % wt. ICBA concentrations is depicted. The absorption peaks at about 470

nm, 650 nm, and 740 nm [36] being typical for PTB7-Th are clearly observable.

ACS Paragon Plus Environment
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24 Figure 2. Left: AFM height images of PTB7-Th:PC;;BM:ICBA active layers with (a) 5 % wt. and
26 (b) 15 % wt. ICBA concentration. The RMS values are specified respectively as inset. Right: (c)

Absorption coefficient of the same active layers

The absorption of fullerenes usually increases abruptly below 350 nm (this range is not shown in

37 the figure). A slight increment of the absorption for almost the whole wavelength range from 420

40 to 750 nm can be observed as the ICBA concentration is increased from 5 to 15 % wt. This is

consistent with the hypothesis of a denser morphology giving rise to such an absorption increment,

47 and in turn to a Jgcenhancement. The relation between morphology and V- will be discussed

50 later. It should be pointed out that the Jg- variation is not the origin of the observed V- tuning

effect, as will be proved later.
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Fig.3 shows the dark J-V characteristics at room temperature for both concentrations of ICBA in

a semilogarithmic representation. The circles correspond to the experimental values, the model

curves are given as continuous lines. The model used consists of a general diode equation including

resistance effects [39]

q(V —JARy) V —JARs
]=]o[€xp W]_ ] R4 (1)

where &g is Boltzmann’s constant, 7 the temperature, A the active area of the device, Rp the
parallel resistance describing the leakage of the junction at low voltage values and Ry is the series
resistance attributed to the bulk and interfacial ohmic effects at relative high voltage region.
Parameters n

and Jy are the ideality factor and the saturation current density of the diode at medium voltage
values, respectively. The values of 7 and J, depend on the current recombination mechanisms in
the device [40]. It can be noted that the model fits very good to the experimental values at medium-
high voltages, whereas for the low voltage region the model and the experimental curves deviates.

That is attributed to hysteresis effects that will be discuss later in the text.
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20 Figure 3. Experimental (circles) and modeled curves (continuous lines) at room temperature for

23 the two different ICBA concentrations (see text). The dashed lines represent the contribution of

the diode in both cases.

33 The dashed lines in Fig. 3 indicate the contribution of the modeled diode only. This diode

contribution fits to the experimental quite well over the experimental linear region showing a good

40 agreement between the modeled and the experimental dark current characteristics along the

43 medium voltage region (0.3 V'to 0.5 V) where the conduction mechanism described by the diode

dominates (a further analysis about the fitting accuracy is available in the supplementary

50 information). The values of the extracted parameters that model the experimental characteristic

53 using Eq. 1 are reported in Table 2.
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Table 2. Extracted parameters from dark J- V-7 'characteristics of both devices with different ICBA

concentrations.
ICBA 5% wt ICBA 15% wt

T Jo n Rs Rp T Jo n Rs Rp
T aos @em) s ® 0 aoe @) e
mA/cm?) Qecm?) mA/cm?) Qecm?)

294 266 jgp 1140 147 994 066 176 56l 8.95

303 364 g9 1140 236 303 133 175 439 6.51

313 6% 189 89 37313 299 173 3.66 1.38

323 1260 g6 733 334 303 714 172 2.68 2.85

333 2660 qgq 370 3500 333 1410 170 227 1.71

The extracted values for K¢ modeling the saturation region at high voltages are similar to those

reported for binary PTB7-Th:PC7BM systems (2-15 Qecm?) [41] and decreases for increasing

ACS Paragon Plus Environment
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ICBA concentration which also explain the highest FF for 15% wt ICBA sample. Further, as
expected, Jy decreases as the concentration of ICBA increases, also according well to literature

[16].

The Jpand n values estimated from the solar cells under dark conditions (Fig.4) are used to predict

the generated V- by devices under illumination using the following general relation:

Voc = nkBTln(]]i; + 1) @)

This expression is derived from Eq. (1) at open circuit conditions. The calculated values for V¢
are: 0.73 Vand 0.76 Vfor 5% and 15% ICBA concentration, respectively. The deviations between
these values and the experimental ones (see Table 1) are not larger than 10 mV, which is well in
the range of previous results [19]. Hence, this confirms that V- is practically determined by J,
and 7 which are diode parameters related to recombination mechanisms occurring in both cases,
in the dark and under illumination. This also confirms that the Jg- variation is not the origin of the

observed Vjyctuning effect.
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Aiming at the identification of the recombination mechanisms determining Jy, the J-V-T7 curves

are modeled in order to analyze the temperature dependence of Jyand of the ideality factor n [42,

43].

Fig.4 shows the experimental (circles) and modeled (continuous lines) characteristics J- V-7 of the

cells with the two different concentrations of ICBA. Operation temperatures above room

temperature, i. e., for which charge collection is relatively constant [44, 45] are analyzed. The

measurements are carried out at temperatures below 60 ‘C only due to the low melting point of the

FM electrode (62 °C). As expected, the current increases as the temperature increases.

(a) (b)

10" 10'4
e § 1
%10" éﬂo*-
2 > 1
2 10 ICBAS%wt | £ 40¢] ICBA 15% wt
S o 298K 3 o 204K
5 o 303K § o §?§E
5 10° o 313K 5 10° "
© o 323K O o 323K

o 333K 1 ° 333K
107 T T T T 107 T T T T T T T T g
0.0 0.2 0.4 0.6 08 1.0 0.0 02 0.4 0.6 0.8 1.0
Voltage (V) Voltage (V)

Figure 4. Dark J- V-T'characteristics for TSCs with 5% wt (a) and 15% wt (b) ICBA concentrations.

Experimental (circles) and modeled behavior (continuous line).
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Note the almost perfect agreement of experimental data and the model above 0.3 V. For voltages

below 0.3 V, a hysteresis phenomenon is observed. This low-voltage region usually is modeled by

considering Rp[46, 22]. The hysteresis effect does not affect the linear diode region which is the

region determining the V. It should be noted that this hysteresis effect does not correspond to

the one related with voltage scans but with a shift of the curve in the low-voltage region which is

present even in measurements in one direction. This effect can be attributed to non-intentional ions

at the device interfaces [47, 48].

First, by using the extracted parameters from dark J-V-7 model curves and analyzing the

dependance of an Arrhenius plot (Jyand //kzT), the activation energies E, are calculated as 0.55

eVand 0.66 eV for devices with 5% as 15% ICBA concentration, respectively. These calculated

E,values do not correspond to the gap energies of any of the materials (1.6 ,2.06, and 1.89 eV for

PTB7-Th, ICBA and PC7BM respectively) [49,26,50] for band-to-band recombination. Also,

these £, values do not correspond to the half of the energy gab of the materials which would

indicate recombination at the space charge region. Thus, classical recombination models are

discarded [51]. Therefore, a modified Arrhenius plot including the ideality factor n is used

ACS Paragon Plus Environment
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following the model proposed of Rau ef a/initially for inorganic heterojunctions [52] and validated
for organic semiconductor heterojunctions [53] where the recombination mechanism is tunneling
enhanced recombination. Thus, the activation energies £, showed in Fig.5 are calculated using the

following Eq. 3.

Joxemplog] 3

-30 4
-32
=
= -344
= E=1.36eV. — . |E;=1.40¢eV]
-36 -
ICBA 5% wt
381 O ICBA 15% wt

T ¥ T
34 35 36 37 38 39 40 41
1/k,T

Figure 5. Modified Arrhenius plot for the temperature dependence of the reverse saturation current

density and the ideality factor. The extracted E, values are given for both ICBA concentrations.

Inset: scheme of the main heterojunction indicating the calculated interface activation energies.
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The activation energies are calculated as: 1.36 + 0.004 eV and 1.40 = 0.001 eV for devices with

5% as 15% ICBA concentration, respectively. Interestingly, the two activation energies deviate

from each other by 0.04 eV which nearly corresponds to the Vycdifference of 0.03 Vobtained for

the two different ICBA concentrations. This result indicates that the variations of V- with the

ICBA concentrations is caused by a variation in the activation energy of the charge carriers in the

device. To get an accurate fitting, we emphasize it being necessary to address the following points:

(i) to verify a good overlap between the diode contribution and the data as it is shown in Figs .S1a

and c in the supplementary information; (ii) to fit the resistance regions. The error for the activation

energies was calculated by considering the fitted error of such a diode region (see supplementary

information).

A band diagram has been simulated to explore the relation between the activation energy and the

main heterojunction (PTB7-Th:PC;;BM) interface. The diagram was calculated in thermal

equilibrium using AFORS-HET ([54] and is shown in Fig. 6. The parameters used for the

simulation are included in Table S1 in the supplementary information. Note that the activation

energies correspond to the difference between the Fermi level and the HOMO level of the PTB7-
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Th (1.3 eV). This result is consistent with five binary bulk heterojunction solar cells for which

different organic materials were used [40]. It should be mentioned that, although the simulation

corresponds to a planar structure, it has been proven valid to explain interfacial phenomena and

capacitance-voltage characteristics of bulk heterojunction solar cells [40].

%‘-4.0 4
g PTB7-Th
2-45- E=1.3eV
c 4
L
5.0
- EF
5.5 g
| PC..BM Ec
e Ev
-6.0- :
0 3 6 9 12 15

Thickness (1x10° cm)

Figure 6. Simulated band diagram of the main device junction PTB7-Th:PC;;BM. Red line

indicates the magnitude of the interfacial activation energy E, = Ep(Fermi level) — £, (HOMOp).
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In the following, the origin of the variation of E, with ICBA concentration will be discussed.

Basically, as reported in literature, the Vo tunning effect has been explained using two different

approximations: i) molecular modifications such as mixed acceptor phase formations (known as

an organic alloy approximation) and interfacial molecular substitutions [55, 56, 27,19]; and ii)

modifications in the blend morphology [19]. In principle, the decrease of roughness for the high

ICBA concentration and the measured absorbance indicate a modification in the blend morphology

as the origin of the V tuning in our samples. However, further compositional characterization

should be performed since it has been reported that ICBA and PC;;BM can form an alloy [55].

Eventually, both approximations suggest a variation of the HOMO level due to either

compositional or morphological changes [19, 55]. This variation gives rise to a modification of the

interface band gap or the lowest charge transfer energy (£¢7). This phenomenon is consistent with

the relation £, = Er— HOMOp obtained from the band diagram, where E, can be considered as

equivalent to Ec7 The equivalence between E, and Ecr has been previously probed for binary

organic solar cells [57]. Considering the present results and the linear relation between E-rand

Voc reported for changes of E-r when varying the ICBA concentration in a similar system [37,

19], we can infer that such an equivalence holds for ternary systems.
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In summary, the simple method proposed here can be used not only to calculate the E7state for

ternary solar cells indirectly, but also to determine the recombination mechanisms occurring in the

solar cells under both dark and illumination conditions. This can be done since the measuring J-

V-T conditions are similar to the operation ones of the solar cell, i.e., the flow of charge through

the device in the diode region. Conversely, optical methods to determine £c7rely on measurements

at particular conditions, i. e., the low-intensity emission of some photons only.

CONCLUSION

Ternary bulk heterojunction organic solar cells based on PTB7-Th:PC;,BM:ICBA with two

different low concentrations of the ICBA were fabricated and studied using J- V-7 characteristics.

The Vocof the devices was consistent with the general Vc-equation depending on J, with an error

of 1.38% and 1.33% for devices with an ICBA concentration of 5% wt and 15% wt, respectively.

From J- V-T characteristics, the calculated interface activation energies using a modified Arrhenius

type curve were E,=1.36 eVand 1.40 eVfor devices with 5% wt and 15% wt ICBA concentration,

respectively. A similar variation of these values was found with respect to the Ve ones (0.72 V
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and 0.75 V) for the two third component concentration. This confirms that the V- tuning effect

observed in TSC’s can be related to a variation of the activation energy of the charge carriers in

oNOYTULT D WN =

the device. The recombination mechanism limiting the solar cells’ J, and giving rise to such

14 activation energies is tunneling-enhanced recombination. The activation energy values correspond

17 to the difference between the Fermi level and the HOMO of the donor in a simulated band diagram.

Finally, it is inferred that £, and E-rcan be considered as being equivalent in the herein studied

24 solar cells as it occurs in binary solar cells. Hence, the above results indicate that (i) tuning Ve

27 with a third component variation is an interfacial effect, (ii) our applied simple method can be used

to study the Vjctuning phenomena in ternary solar cells.
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