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Abstract 15 

In solar cells, a maximum external quantum efficiency of 100% can be attained if the photocurrent 16 

is originated from dissociation of singlet excitons. However, a higher efficiency can be attained 17 

through singlet fission (SF), where multiple charge carrier pairs are generated from a single 18 

photon, thus increasing the number of excitons and hence the photocurrent generation. The 19 

verification of SF is normally a heavy work and costly. In this study, SF is verified in pentacene by 20 

simply measuring the external quantum efficiency (EQE) of a device with a very thick pentacene 21 

(Indium tin oxide/poly (3,4-ethylenedioxythiophene):poly (4-styrenesulphonate) (PEDOT:PSS) 22 

(40 nm)/pentacene (600 nm)/fullerene (40 nm)/tris-8-hydroxy-quinolinato aluminum (8nm)/Al). A 23 

measured EQE of 6.16% at 695 nm is achieved, which is much larger than the maximum 24 

calculated EQE (3.45%). The calculation was based on the assumption that all singlet excitons (if 25 

SF were not happened) that reached the pentacene-C60 interface contribute to the photocurrent. To 26 

narrow this discrepancy, only the singlet fission to double the number of excitons can be supposed 27 

since the longer singlet diffusion length of 140 nm is not practical in pentacene. Thus, SF in 28 

pentacene and the dissociation of triplet excitons at the pentacene-C60 interface are verified.  29 

 30 
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1. Introduction 1 

 2 

Organic Photovoltaic (OPV) materials have demonstrated great potential for solar cell 3 

fabrication, due to their low-cost, light weight, flexibility, and simple roll-to-roll production.1-3 In 4 

recent years, the reported power conversion efficiency (PCE) of small-molecule solar cells has 5 

exceed 7%,4,5 which has been attained through solution-processing fabrication, and is still lower 6 

than that of polymer solar cells. One promising method for improving the PCE of organic solar 7 

cells is to increase the short circuit current (Jsc) by converting each high energy photon into 8 

multiple electron-hole pairs.6-8 In organic semiconductors, this process is known as singlet fission 9 

(SF). SF is a process in which a delocalized singlet exciton (spin 0) generated through optical 10 

excitation splits into a pair of triplet excitons (spin 1).8-10 To make SF an efficient phenomenon, 11 

the speed of fluorescent de-excitation, direct singlet exciton dissociation or intersystem crossing 12 

must be slower or at least comparable to that of singlet fission.10 By using SF together with 13 

tandem structure, the efficiency limit of organic solar cells can be boosted from the 14 

Shockley-Queisser limit of 33% to 44%.7,11,12 15 

The best understood fission material to date is pentacene. A few methods have been used to 16 

prove the existence of SF in pentacene-based devices. The first approach, which is the most direct, 17 

has been based on achieving external quantum efficiency (EQE) exceeding 100%, which is larger 18 

than the maximum attainable EQE when the photocurrent is originated from singlet excitons. 19 

Indeed a peak EQE of (109±1)% at 670 nm has been reported recently, firmly confirming the 20 

existence of SF in pentacene.10 However, this SF verification method is very difficult to realize 21 

practically and only a few studies have successfully demonstrated an EQE exceeding 100%.10,13,14 
22 

Another approach based on measuring the photocurrent difference with and without a magnetic 23 

field has been reported for SF verification by Daniel N. Congreve et al.10 This technique based on 24 

the fact that the triplet excitons would be affected by an external magnetic field, thus the 25 

photocurrent due to triplet excitons (arising from singlet fission) would be modulated by an 26 

external magnetic field.10,13 To get accurate characterization results, a variable wide-range 27 

magnetic field generator is typically needed in conjunction with a low temperature control 28 

equipment. This arrangement is quite expensive and hence unavailable in many research labs. Also, 29 

the limitation of this approach is that it cannot discriminate the origin of the generated triplet 30 
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excitons i.e. whether they originate from singlet fission or intersystem crossing. A third approach 1 

for SF verification based on measuring the lifetime difference between singlet and triplet excitons 2 

has recently been reported.12,15-17 Transient absorption spectroscopy was used to detect the number 3 

of triplet/singlet excitons versus time. The reduction of singlet excitons followed by the increase 4 

of triplet excitons was attributed to the SF process in pentacene/C60 devices.12,15 Since the SF 5 

process is very fast, a femtosecond laser (or at least a picosecond laser) is typically required for 6 

accurate transient absorption spectroscopy. Though the above-mentioned three approaches for SF 7 

verification are fairly satisfactory, they are also heavy work and costly. In this study, SF in 8 

pentacene is verified by a very simple and cost effective method based on just measuring the EQE 9 

of a pentacene-based heterojunction device. The measured EQE of a typical solar cell device 10 

employing a 600 nm-thick pentacene layer is much larger than the EQE calculated with the 11 

assumption that all singlet excitons reached the pentacene-C60 interface contribute to the measured 12 

photocurrent. This assumption sets the upper EQE limit from the singlet exciton contribution. The 13 

experimental EQE is much larger than the calculated EQE when the largest reported singlet 14 

diffusion length of 80 nm18-20 is used. To narrow this discrepancy, only the singlet fission to 15 

double the number of excitons can be supposed since the longer singlet diffusion length of 140 nm 16 

is not practical in pentacene. Thus, SF in pentacene and then dissociation of triplet excitons at the 17 

pentacene-C60 interface can be verified by a very simple and cost effective method.  18 

 19 

2. Experiments 20 

 21 

A thick layer of pentacene blended with an acceptor can exacerbate exciton-charge 22 

annihilation because excitons and charges are kept closed.14,21 So, a planar heterojunction device, 23 

composed of 600 nm pentacene as a donor and 40 nm C60 as an acceptor, was fabricated, as 24 

illustrated in Fig. 1. Experiments with the thickness of pentence from 50 nm to 600 nm were also 25 

conducted. Above 350 nm, all the experiments came to the same conclusion as we presented in 26 

this manuscript with 600 nm pentacene. A very thick pentacene layer was especially chosen in this 27 

study to: (1) ensure that all light is absorbed before reaching the exciton dissociation interface of 28 

pentacene-C60; (2) distinguish the singlet excitons from triplet excitons based on the large 29 

difference of diffusion length between them; (3) ease the optical model of device. Poly (3,4- 30 
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ethylenedioxy-thiophene):poly (4-styrenesulphonate) (PEDOT:PSS) and tris-8-hydroxy- 1 

quinolinato aluminum (Alq3) were used as anode and cathode buffer layers, respectively, to 2 

improve the device performance and stability.13,22 The device was fabricated on pre-cleaned 3 

indium tin oxide (ITO) glass substrate. The thickness of PEDOT:PSS film was 40 nm. Pentacene, 4 

C60, Alq3 and Al were deposited by thermal evaporation at rates 0.5, 0.2, 0.05 and 1.5 Å/s, 5 

respectively, in high vacuum (<3.5×10-8 Torr) chamber. The active area of the device was 9 mm2, 6 

defined by the cross area of ITO and the top Al electrode bar. 7 

 8 

3. Results and discussions 9 

 10 

Fig. 2a shows the measured current-voltage (I-V) curve under 100 mW/cm2 AM1.5G 11 

simulated sunlight. It is clear from Fig. 2a that for the developed heterojunction device have the 12 

short circuit current density, Jsc, of 1.74 mA/cm2, the open circuit voltage of 0.36 V, and the fill 13 

factor of 47%. Fig. 2b shows the EQE spectrum, which displays a maximum EQE of 6.16% at 695 14 

nm. By integrating the EQE over the AM1.5G spectrum, a calculated Jsc of 1.70 mA/cm2 is 15 

obtained, which is in agreement with the measured one (1.74 mA/cm2). An antibatic EQE 16 

behavior is seen in Fig. 2b, i.e. The maximum EQE is at the wavelength corresponding to the 17 

minimum absorption of pentacene.23,24 Since the spin of photon is zero, only singlet excitons can 18 

be produced upon light absorption. If SF did not take place in pentacene, only singlet excitons 19 

reached the pentacene-C60 interface and direct ionization of excitons would have contributed to 20 

the measured photocurrent and hence the EQE. The upper limit photocurrent contribution from 21 

singlet excitons can be calculated if we assume that all singlet excitons that reached the 22 

pentacence-C60 interface contributed to the photocurrent with 100% efficiency. To determine the 23 

number of singlet excitons that can reach the pentacene-C60 interface, a transfer matrix 24 

calculation25-28 was made to figure out the distribution of singlet excitons, f1(x), as shown in Fig. 25 

3a. In brief, by supposing the continuity of the tangential component of the electric field at each 26 

interface, a 2×2 matrices can be used to calculate the optical electric filed distribution. By using 27 

the complex index of refraction for each layer, the number of absorbed photons, f1(x), can be obtained 28 

simultaneously. The refractive index of pentacene used in this work was measured by an 29 

ellipsometry. It has been reported that the refractive index of a pentacene layer changes with its 30 
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thickness.29 Our measured results are consistent with the reported one.29 By multiplying f1(x) with 1 

the diffusion probability of exciton, f2(x), which is shown in Fig. 3a, the upper limit photocurrent 2 

(EQE) originated from the singlet excitons can be estimated as:30 
3 

 4 

	I = � (��(�	e����		� 	��	 + � (��(�	e����		� 	��
���

���

���

�
							(1	 

 5 

f2(x) is calculated as follow:19 6 

 7 

��(�	 = e����		� 						(0≤x≤600) 8 

								��(�	 = e����		�    (600<x≤640)    (2) 9 

 10 

Where L is the diffusion length of excitons. By using the diffusion lengths of 80 nm and 40 nm for 11 

pentacene and C60, respectively,18-20,27 (which are the maximum reported for singlet excitons), then 12 

the maximum calculated EQE is found to be 3.45% at 695 nm.    13 

To estimate the contribution from the direct ionization of pentacene, we fabricated a device 14 

(ITO/PEDOT:PSS (40 nm)/pentacene (600 nm)/Alq3 (8 nm)/Al) with a single pentacene layer. The 15 

EQE at 695 nm was found to be 0.10%, which is negligible. Therefore, the device can attain a 16 

maximum EQE of 3.55%, only if the contribution of singlet exciton dissociation at the 17 

pentacene-C60 interface and the direct ionization of singlet exciton are taken into account. 18 

Compared with the measured EQE value extracted from Fig. 2b, the above-calculated maximum 19 

EQE at 695 nm is much smaller. To get an EQE of 6.16% at 695 nm, more excitons must be 20 

allowed to diffuse to the pentacene-C60 interface, i.e. the singlet exciton diffusion length in 21 

equations (1) and (2) should be as large as 140 nm or singlet fission happens to double the number 22 

of excitons. This large exciton diffusion length of 140 nm can not apply to singlet excitons in 23 

pentacene.18-20 Thus only the SF is left to explain the big difference between calculation and 24 

experiment. The energies for singlet, triplet, and higher triplet excitons of pentacene are 1.83, 0.86, 25 

and 2.3 eV, respectively.15,31 SF in pentacene is slightly exoergic, unidirectional, and very fast 26 

(~80 fs), competing with vibrational relaxation and easily outcompeting prompt 27 

fluorescence.10,12,31 Indeed, by supposing that singlet excitons are converted through SF into triplet 28 
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excitons immediately after their generation and put the L=80 nm (triplet diffusion length) into the 1 

calculation, the experimental EQE curve can be roughly reproduced, as shown in the inset of Fig. 2 

2b. The reported triplet diffusion length is Lfilm≈(40−80) nm in evaporated films and even larger 3 

in single crystals.32 As shown in Fig. 4 for our 600 nm-thick pentacene film, the XRD of 600 nm 4 

thick pentacene film indicates the coexistence of the thin-film (001΄, 002΄) and bulk (001, 002) 5 

phases.19,33 So assuming a diffusion length as large as 80 nm for triplet excitons in our device is 6 

practical. Another thick device with 500 nm thick pentacene showed the similar results. The 7 

measured (9.95%) EQE at wavelength of 690 nm was also much larger than the calculated (6.13%) 8 

by using the largest singlet diffusion length of 80 nm in the calculation. 9 

 10 

4. Conclusions 11 

 12 

To sum up, we have developed a solar cell device employing a pentacene-C60 interface and 13 

calculated a maximum EQE at 695 nm of 3.55% based on the assumption that all singlet excitons 14 

reaching the pentacene-C60 interface contribute to the measured photocurrent. We have found that 15 

the calculated EQE value is much smaller than the experimental value (6.16%). To get an EQE of 16 

6.16% at 695 nm, more excitons must be allowed to diffuse to the pentacene-C60 interface, i.e. 17 

either singlet exciton diffusion length as large as 140 nm or the existence of singlet fission should 18 

be assumed. This large diffusion length of 140 nm can not apply to singlet excitons in pentacene. 19 

Thus, our experiments have provided a simple and cost effective method to verify the SF in 20 

pentacene and the dissociation of triplet exciton in pentacene-C60 solar cells. 21 

 22 

Acknowledgements 23 

 24 

This work was supported by the National Natural Science Foundation of China (Grant No. 25 

11274256), Doctoral Fund of Ministry of Education of China (20120182110008), and the 26 

Fundamental Research Funds for the Central Universities (XDJK2014A006).  27 

The work was also partially sponsored by SRF for ROCS, SEM. 28 

 29 

References 30 

Page 6 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

 1 

1 Y. Y. Sun, Y. J. Zhang, Q. Liang, Y. Zhang, H. J. Chi, Y. Shi and D. N. Fang, Solvent inkjet printing process for 2 

the fabrication of polymer solar cells, RSC Adv., RSC Adv., 2013, 3, 11925–11934. 3 

2 F. C. Krebs, Fabrication and processing of polymer solar cells: A review of printing and coating techniques, Sol. 4 

Energy Mater. Sol. Cells, 2009, 93, 394-412. 5 

3 Z. Hu, X.-D. Li, W. J Zhang, A. H. Liang, D. D. Ye, Z. T. Liu, J. Liu, Y. J. Liu and J. F. Fang, Synthesis and 6 

photovoltaic properties of solution-processable star-shaped small molecules with triphenylamine as the core 7 

and alkyl cyanoacetate or 3-ethylrhodanine as the end-group, RSC Adv., 2014, 4, 5591–5597. 8 

4 J. Y. Zhou, X. J. Wan, Y. S. Liu, Y. Zuo, Z. Li, G. R. He, G. K. Long, W. Ni, C. X. Li, X. C. Su and Y. S. Chen, 9 

Small molecules based on benzo[1,2-b:4,5-b’]dithiophene unit for high-performance solution-processed 10 

organic solar cells, J. Am. Chem. Soc., 2012, 134, 16345-16351. 11 

5 M. Nazim, S. Ameen, M. S. Akhtar, H.-K. Seo, H.-S. Shin, Furan-bridged thiazolo [5,4-d]thiazole based D–π–12 

A–π–D type linear chromophore for solution-processed bulk-heterojunction organic solar cells, RSC Adv., 13 

2014, 5, 6286-6293. 14 

6 P. M. Zimmerman, F. Bell, D. Casanova and M. Head-Gordon, Mechanism for singlet fission in pentacene and 15 

tetracene: From single exciton to two triplets, J. Am. Chem. Soc., 2011, 133, 19944-19952. 16 

7 J. C. Johnson, A. J. Nozik and J. Michl, The role of chromophore coupling in singlet fission, Acc. Chem. Res., 17 

2013, 46, 1290-1299. 18 

8 M. B. Smith and J. Michl, Singlet fission, Chem. Rev., 2010, 110, 6891–6936. 19 

9 Y. Tamai, H. Ohkita, H. Benten and S. Ito, Singlet fission in poly(9,9’-di-n‑octylfluorene) films, J. Phys. Chem. 20 

C, 2013, 117, 10277-10284. 21 

10 D. N. Congreve, J. Lee, N. J. Thompson, E. Hontz, S. R. Yost, P. D. Reusswig, M. E. Bahlke, S. Reineke, T. 22 

Van Voorhis and M. A. Baldo, External quantum efficiency above 100% in a singlet-exciton-fission-based 23 

organic photovoltaic cell, Sci., 2013, 340, 334-337. 24 

11 M. W. B. Wilson, A. Rao, B. Ehrler and R. H. Friend, Singlet exciton fission in polycrystalline pentacene: from 25 

photophysics toward devices, Acc. Chem. Res., 2013, 46, 1330-1338. 26 

12 A. J. Musser, M. Al-Hashimi, M. Maiuri, D. Brida, M. Heeney, G. Cerullo, R. H. Friend and J. Clark, Activated 27 

singlet exciton fission in a semiconducting polymer, J. Am. Chem. Soc., 2013, 135, 12747-12754. 28 

13 J. Lee, P. Jadhav and M. A. Baldo, High efficiency organic multilayer photodetectors based on singlet exciton 29 

fission, Appl. Phys. Lett., 2009, 95, 033301. 30 

Page 7 of 14 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

14 N. J. Thompson, D. N. Congreve, D. Goldberg, V. M. Menon and M. A. Baldo, Slow light enhanced singlet 1 

exciton fission solar cells with a 126% yield of electrons per photon, Appl. Phys. Lett., 2013, 103, 263302. 2 

15 A. Rao, M. W. B. Wilson, J. M. Hodgkiss, S. Albert-Seifried, H. Bassler and R. H. Friend, Exciton fission and 3 

charge generation via triplet excitons in pentacene/C60 bilayers, J. Am. Chem. Soc., 2010, 132, 12698-12703. 4 

16 Z. Birech, M. Schwoerer, T. Schmeiler, J. Pflaum and H. Schwoerer, Ultrafast dynamics of excitons in 5 

tetracene single crystals, J. Chem. Phys., 2014, 140, 114501. 6 

17 Y. S. Wu, K. Liu, H. Y. Liu, Y. Zhang, H. L. Zhang, J. N. Yao and H. B. Fu, Impact of intermolecular distance 7 

on singlet fission in a series of TIPS pentacene compounds, J. Phys. Chem. Lett., 2014, 5, 3451-3455.   8 

18 M. Tabachnyk, B. Ehrler, S. Bayliss, R. H. Friend and N. C. Greenham, Triplet diffusion in singlet exciton 9 

fission sensitized pentacene solar cells, Appl. Phys. Lett., 2013, 103, 153302. 10 

19 S. Gorgolis, A. Giannopoulou, D. Anastassopoulos and P. Kounavis, Impact of pentacene film thickness on the 11 

photoresponse spectra: Determination of the photocarrier generation mechanism, J. Appl. Phys., 2012, 112,  12 

013101. 13 

20 S. Yoo, B. Domercq and B. Kippelen, Efficient thin-film organic solar cells based on pentacene/C60 14 

heterojunctions, Appl. Phys. Lett., 2004, 85, 5427-5429. 15 

21 N. J. Thompson, E. Hontz, D. N. Congreve, M. E. Bahlke, S. Reineke, T. V. Voorhis and M. A. Baldo, 16 

Nanostructured singlet fission photovoltaics subject to triplet-charge annihilation, Adv. Mater., 2014, 26, 17 

1366-1371.  
18 

22 H. B. Yang, Q. L. Song, C. Gong and C. M. Li, The degradation of indium tin oxide/pentacene/fullerene/tris-8- 19 

hydroxy-quinolinato aluminum/aluminum heterojunction organic solar cells: By oxygen or moisture? Sol. 20 

Energy Mater. Sol. Cells, 2010, 94, 846–849. 21 

23 T. Y. Zhang and Y. J. Su, The critical thickness of an epilayer deposited on a semiconductor-on-insulator 22 

compliant substrate, Appl. Phys. Lett., 1999, 74, 1689-1691. 23 

24 B. A. C. Arango, L. R. Johnson, V. N. Bliznyuk, Z. Schlesinger, S. A. Carter and H.-H. Horhold, Efficient 24 

titanium oxide/conjugated polymer photovoltaics for solar energy conversion, Adv. Mater., 2000, 12, 25 

1689-1692. 26 

25 Q. L. Song and C. M. Li, Comment on “Enhanced optical field intensity distribution in organic photovoltaic 27 

devices using external coatings”, Appl. Phys. Lett., 2007, 91, 266103. 28 

26 L. A. A. Pettersson, L. S. Roman and O. Inganas, Modeling photocurrent action spectra of photovoltaic devices 29 

based on organic thin films, J. Appl. Phys., 1999, 86, 487-496. 30 

Page 8 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

27 P. Peumans, A. Yakimov and S. R. Forrest, Small molecular weight organic thin-film photodetectors and solar 1 

cells, J. Appl. Phys., 2003, 93, 3693-3723.  
2 

28 S. M. B. Ghorashi, A. Behjat and R. Ajeian, The effect of a buffer layer on the performance and optimal 3 

encapsulation time of ITO/CuPc/C60/buffer/Cu bilayer cells, Sol. Energy Mater. Sol. Cells, 2012, 96, 50–57. 4 

29 I. S. Yahia, Y. S. Rammah, S. AlFaify and F. Yakuphanoglu, Optical characterization of nano-pentacene thin 5 

films, Superlattices Microstruct., 2013, 64, 58-69. 6 

30 D. Duche, F. Bencheikh, S. B. Dkhil, M. Gaceur, N. Berton, O. Margeat, J. Ackermann, J. J. Simon and L. 7 

Escoubas, Optical performance and color investigations of hybrid solar cells based on P3HT:ZnO, 8 

PCPDTBT:ZnO, PTB7:ZnO and DTS(PTTh2)2:ZnO, Sol. Energy Mater. Sol. Cells, 2014, 126, 197–204.  9 

31 M. W. B. Wilson, A. Rao, J. Clark, R. S. S. Kumar, D. Brida, G. Cerullo and R. H. Friend, Ultrafast dynamics 10 

of exciton fission in polycrystalline pentacene, J. Am. Chem. Soc., 2011, 133, 11830-11833. 11 

32 A. D. Poletayev, J. Clark, M. W. B. Wilson, A. Rao, Y. Makino, S. Hotta and R. H. Friend, Triplet dynamics in 12 

pentacene crystals: Applications to fission-sensitized photovoltaics, Adv. Mater., 2014, 26, 919-924. 13 

33 M. Oehzelt, R. Resel, C. Suess, R. Friedlein and W. R. Salaneck, Crystallographic and morphological 14 

characterization of thin pentacene films on polycrystalline copper surfaces, J. Chem. Phys., 2006, 124, 054711. 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

Page 9 of 14 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

Figure captions: 1 

Fig. 1. Schematic energy level and structure diagram of the pentacene/C60 device studied in this work. 2 

 3 

Fig. 2. (a) I-V curve of the fabricated device under one sun illumination. (b) The measured EQE of the 4 

heterojunction device and the measured extinction coefficient of 600 nm pentacene. The EQE at 695 nm can be 5 

read out as 6.16%. Inset shows the measured and calculated EQE spectra supposing the existence of singlet fission 6 

(L=80 nm for triplets and the number of excitons is doubled). 7 

 8 

Fig. 3. (a) The distribution (f1(x)), full line) and the diffusion probability (f2(x), dotted line) of singlet excitons. 9 

(b)Probability distribution of singlet excitons that can reach the pentacene-C60 interface (f1(x)f2(x)). X is the 10 

distance away from the PEDOT:PSS-pentacene interface. (c) The refractive index of device. 11 

 12 

Fig. 4. XRD of the pentacene film, indicating the coexistence of the thin film (00L΄) and bulk phases (00L). The 13 

bulk phase includes the single-crystal and vapor-deposition phases. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

Page 10 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

Figure 1. 1 
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Figure 2. 1 
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Figure 3. 1 
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Figure 4. 1 
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