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Abstract: In this study, we report a homo-tandem structure of small molecular organic solar 
cells (SMOSCs) using identical single-junction devices as sub-cells. The trade-off between 
the absorption and internal quantum efficiency (IQE) of single-junction devices tends to limit 
the external quantum efficiency (EQE). However, multiple-stacked thin cells with maximized 
IQE in homo-tandem structures amplify the absorption to achieve the ideal EQE. As a result, 
a high power conversion efficiency of 7.81% is achieved in tetraphenyldibenzoperiflanthene 
(DBP):C70-based homo-tandem SMOSCs, which is 21.8% higher than that in a single-
junction device. 
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1. Introduction 
Organic solar cells (OSCs) exhibit great potential to be one of the next-generation energy 
conversion devices because of their many advantages, such as low cost, light weight, and 
flexibility. Among these cells, vacuum-processed small molecular organic solar cells 
(SMOSCs) are one of the main streams toward commercialization. Small molecules have 
high material purity, and a uniform coating of a large area is possible by vacuum deposition. 
Furthermore, the precisely controlled thickness of thin films and easy access to the multilayer 
structure result in high power conversion efficiency (PCE) of tandem and triple device 
structures. Recently, vacuum-processed SMOSCs have achieved noticeable progress, with 
their PCE reportedly surpassing 8% in single-junction devices and 10% and 11% in tandem 
and triple devices, respectively [1–3]. However, there is still ample room for improving the 
PCE of SMOSCs because of their relatively low external quantum efficiency (EQE). 

The EQE of OSCs is defined as the product of their absorption and internal quantum 
efficiencies (IQEs). To maximize the EQE, therefore, both absorption and IQE of the devices 
should approach 100%. In general, the EQE of OSCs is limited because of the trade-off 
between the EQE and IQE of the devices with respect to the active layer thickness [4,5]. 
Generally, IQE rapidly decreases with the active layer thickness due to inferior charge 
mobility of the organic semiconductors. Hence, if active layers are stacked with appropriate 
thicknesses that lead to an ideal IQE, EQE can be maximized because absorption can be 
accumulated by stacking. EQE can be maximized without any loss of IQE through the use of 
well-designed tandem structures. 

In this paper, we reveal the relation between IQE and active layer thickness through 
precise optical simulations. The IQE of a single device maintains its ideal value with an active 
thickness of less than 100 nm. Using the information, we design a homo-tandem structure to 
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region, low absorption can result in erroneous IQE. To minimize simulation errors, the IQE 
information was averaged from a flat region (i.e. 400 nm ~650 nm). The EQE was still far 
from the ideal value (i.e., 100%). Since the IQE of the 50-nm device was already close to 
100%, it can be inferred that the EQE value is limited by the device’s low absorption. On the 
other hand, absorption of the 200 nm device increased broadly. The EQE decreased at 
wavelengths shorter than 600 nm and slightly increased over the 600-nm device as compared 
to the 50-nm device. The lower EQE resulted from the reduced IQE (~75%). Note that at 
wavelengths longer than 600 nm, the EQE seemed to increase because absorption was 
increased more than the reduction in the IQE. Overall, the EQE was limited by the low IQE 
of the device. 

Figure 2(d) shows the relation between the IQE estimated from the simulations and the 
total amount of active absorption. The normalized absorption of the active layers was 
obtained by integrating the active absorption from 310 to 850 nm. As expected, active 
absorption increased with the active layer thickness. The IQE incurred only a small loss of a 
few percent until an active layer thickness of 100 nm (shaded region) was reached, but 
reduced dramatically with further increase in thickness. Thus, it was found that the trade-off 
between active absorption and IQE limits the EQE of single-junction devices. Therefore, if 
appropriate active thicknesses, leading to the ideal IQE, are stacked in tandem structures, the 
EQE of SMOSCs can approach 100%. 

4. Performance of homo-tandem devices 
Figure 3(a) represents a schematic of a homo-tandem device, and Fig. 3(b) shows an energy 
diagram of each layer in this device. The optimum device configuration was ITO (75 
nm)/PEIE (10 nm)/C60 (10 nm)/DBP:C70 (64 nm, 1:9)/MoO3 (10 nm)/n-C60 (5 nm)/C60 (5 
nm)/DBP:C70 (78 nm, 1:9)/MoO3 (10 nm)/Ag (150 nm). The active layer thickness of each 
sub-cell was chosen to maximize the Jsc and minimize the IQE loss from the optical 
simulations, as shown in Fig. 3(c). The maximum Jsc was 7.53 mA/cm2 when the thickness of 
the front and back sub-cells was 64 nm and 78 nm, respectively. As a recombination contact, 
C60 was doped with an acridine orange base (AOB), which is an n-type dopant [17, 18]. 
Doping have been used for various photovoltaic devices and tandem structures [19–21]. 
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Through n-type doping, the Fermi energy level moved to the lowest unoccupied molecular 
orbital energy level of the C60 layer. As a result, we could make the efficient recombination 
contact with the MoO3 layer [22, 23] (Fig. 6). 

Figure 4(a) shows the J–V characteristics of both the optimum single-junction device and 
the homo-tandem device, and Table 2 summarizes their solar cell parameters. The statistics of 
such parameters of homo-tandem devices are shown in Fig. 7. The Jsc of the homo-tandem 
device was 7.61 mA/cm2, which matched well with the Jsc of 7.53 mA/cm2 calculated from 
the simulation. The Voc of the homo-tandem device was 1.74 V, which was slightly lower than 
twice the single device voltage (1.78 V). This small loss of Voc can be explained by the 
relatively low absorption of each sub-cell compared to the single device. When the homo-
tandem device receives light, the back cell near the reflective electrode side naturally receives 
reduced light. Light absorption is also reduced in the top cell of the tandem device because 
interference by the reflective electrode is less exploited; reflected (coherent) light is 
diminished by the absorption by the back cell. Therefore, each active layer in the homo-
tandem device can be considered a single device under low light intensity. In the single 
device, the Voc was slightly decreased at low light intensity. Light dependency of the Voc in 
the single device is depicted in Fig. 8. The FF of the homo-tandem device was 0.59, which is 
the same as that of the single device. Consequently, the homo-tandem device showed a high 
PCE of 7.81%, which mainly came from approximately 19.7% of EQE enhancement, 
compared to that of 6.41% in the single device. 

Table 2. Performance of the best single and homo-tandem devices. 

Device 
configurations 

Voc [V] 
Jsc [mA/cm2] 

(EQE) 
FF PCE [%] 

Single 0.89 12.0 (12.2) 0.60 6.41 

Homo-tandem 1.74 7.61 (7.30) 0.59 7.81 

Figure 4(b) compares the absorption and EQE of the single device with those of the 
homo-tandem device. The absorption of the homo-tandem device increased in all wavelength 
regions due to the stacking of two sub-cells. Compared to the EQE of the single-junction 
device, the summed EQE of the homo-tandem device was largely enhanced in all wavelength 
regions, especially 350–450 nm and 600–700 nm, resulting from high absorption 
enhancement in the homo-tandem device. 

5. Characterization of the homo-tandem device 
The EQE measurement of a homo-tandem device requires special conditions [24]. First, bias 
lights should be selected according to the different spectral responses of each sub-cell. In case 
of homo-tandem devices, the bias light spectrum is carefully selected from optical simulations 
[25]. If the biased cell generates sufficient excess charge carriers to provide recombination for 
all charge carriers from the current-limiting sub-cell, only the EQE of the limiting cell can be 
obtained by chopped monochromatic light sources. Figure 4(c) represents the bias light 
sources that were selected to measure the EQE of the homo-tandem device. The spectrum of 
the halogen lamp was limited by specific optical filters. For measuring the front cell, a long-
pass filter, which transmits wavelengths above 600 nm, was selected. For measuring the back 
cell, a short-pass filter, which transmits wavelengths below 500 nm, was used. 

Second, when applying bias light sources, the biased cell introduces electric fields inside 
the limiting cell due to the series connection, which can lead to overestimation of the EQE 
value [26]. Therefore, these electric fields should be compensated. We fabricated dummy 
cells that had a structure identical to that of each sub-cell, to imitate the situation of the homo-
tandem device under the bias light condition. From those dummy cells, we could obtain IQE 
information of each sub-cell. Using this information, the EQEs of both sub-cells could be 
obtained (refer to the Supporting Information for more details and methods (Figs. 9 and 10). 
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Figure 4(d) shows the calculated and measured EQEs of both sub-cells in the homo-
tandem device. The EQEs measured using bias lights matched well with those calculated 
from the dummy cell information. Therefore, an overestimation of the EQE would be small in 
this case. Using EQEs of each sub-cell, the mismatch factor (M) and current balance ratio 
were calculated [27]. Parameters for the characterization of the homo-tandem device are 
summarized in Table 3. Our homo-tandem device had mismatch factors and current balance 
ratio of close to the unity because of the identical absorption spectrum. A current balance 
ratio of unity implies that the current balance of the tandem device under the solar simulator 
was equal to that under the reference spectrum. 

Table 3. Characterization of the homo-tandem device. 

Sub-cell 
Simulation 
[mA/cm2] 

Measured EQE 
[mA/cm2] 

Mismatch 
factor (M) 

Current balance 

Front cell 7.82 7.56 1.001 
0.985 

Back cell 7.53 7.30 0.986 

6. Conclusion 
In summary, we demonstrated a homo-tandem structure of SMOSCs using DBP:C70 as active 
materials for each sub-cell. The single DBP:C70 device had limited EQE because of the trade-
off between the active absorption and the IQE. The IQE of the DBP:C70 layer was found to be 
almost 100% under 100-nm thickness. Appropriate thicknesses were stacked in the homo-
tandem structure, and the EQE in SMOSCs approached the ideal value without any IQE loss. 
As a result, a high PCE of 7.81% was achieved in the homo-tandem device. 

7. Experimental sections 

7.1 Material preparation 

Tetraphenyldibenzoperiflanthene (DBP) (EM index Co., Korea) was sublimated two times for 
purification. Fullerenes (C60 and C70, 99.9%, EM index Co., Korea) were sublimed two times. 
Acridine orange base (AOB) (Aldrich) was used as an n-type dopant. A polyethylenimine, 
80% ethoxylated, 35–40 wt% solution in water (Aldrich) was diluted with 2-methoxyethanol 
(Aldrich) to prepare 0.4 wt% PEIE solution. Indium tin oxide (ITO) (30 Ω/sq, JM 
International Co., Korea) substrates were cleaned in DI water with detergent for 25 min, and 
sequentially sonicated in acetone and isopropanol for 25 min. 

7.2 OSC device fabrication 

After treating the pre-cleaned ITO substrates with air plasma for 5 min, a PEIE layer was 
spun on ITO substrates at 4000 rpm for 30 s. The substrates were loaded into a vacuum 
chamber (pressure < 2.0 x 10−6 Torr). C60 (10 nm) was evaporated at 0.2 Å/s on the PEIE 
layer. DBP and C70 (1:9 volume ratio, xx nm) were co-evaporated on the C60 layer at 0.1 Å/s 
and 0.9 Å/s, respectively. MoO3 (10 nm) was evaporated at 0.1 Å/s. Finally, silver (150 nm) 
was evaporated on the MoO3 layer at 1.0 Å/s. In case of the tandem device, an n-doped C60 
layer (5 nm) was additionally deposited between two sub-cells. AOB and C60 were co-
evaporated at 0.1 Å/s and 1.0 Å/s, respectively, for n-type doping. 

7.3 Solar cell characteristic measurements 

The J–V curves were measured under 100 mW/cm2 by using a solar simulator with an AM 
1.5G filter (K201 LAB55, McScience Inc., Korea) and in an ambient air condition without 
encapsulation; the device area was ~0.15 cm2. The EQE of the OSCs was measured using a 
spectral measurement system (K3100 IQX, McScience Inc., Korea). The absorption of the 
devices was estimated from the reflectance data measured with an integrating sphere. 
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