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ABSTRACT: We demonstrate that the power conversion eﬃciency can be signiﬁcantly improved in solution-processed smallmolecule solar cells by tuning the thickness of the active layer and inserting an optical spacer (ZnO) between the active layer and
the Al electrode. The enhancement in light absorption in the cell was measured with UV−vis absorption spectroscopy and by
measurements of the photoinduced carriers generation rate. The ZnO layer used to improve the light-harvesting increases the
charge collection eﬃciency, serves as a blocking layer for holes, and reduces the recombination rate. The combined optical and
electrical improvements raise the power conversion eﬃciency of solution-processed small-molecule solar cells to 8.9%, that is,
comparable to that of polymer counterparts.
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solar cell so that more light is harvested inside the active layer
to increase the optical absorption within a ﬁlm of limited
thickness is very important.
Traditionally, surface texturing is used to increase cell
absorption by scattering of light and to reduce reﬂection in
conventional thick-silicon solar cells.8,11 However, texturing is
practically challenging for organic solar cells because of
diﬃculties in the formation of nanometer-scale-thick conformal
ﬁlms on topographical surfaces.12 Other light trapping
strategies are being explored to improve the light-harvesting
eﬃciency in optically thin OSC including periodic nanostructures, the use of microcavities, and photonic crystals.13−17
Nevertheless, there are concerns about processing bottlenecks
and drawbacks in making periodic patterns, especially in the
active layer.

ecently, organic solar cells (OSC) based on solutionprocessed small-molecule (SM) donors have attracted
attention as a competitive alternative to widely used conjugated
polymer-based donors.1−6 For commercial applications,
solution-processed SM donors oﬀer relatively simple synthesis
and puriﬁcation, monodispersity, and well-deﬁned structures
without end group contaminants, relatively high charge carrier
mobility, and better batch-to-batch reproducibility. A power
conversion eﬃciency (PCE) of more than 8% has been
reported with a conventional architecture and 7.88% with an
inverted structure using a solution-processed SM donor: 7,7′(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6diyl)bis(6-ﬂuoro-4-(5′-hexyl-[2,2′-bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole) (p-DTS(FBTTh2)2).4,5,7
Similar to other thin ﬁlm solar cells, however, the design and
optimization of the solution-processed SM solar cell is
challenged by the mismatch between optical absorption length
and charge transport scale.8−10 Increasing the thickness of the
active layer increases the probability of charge recombination
and decreases the carrier drift velocity by reducing the internal
electric ﬁeld. Therefore, structuring the solution-processed SM
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Figure 1. (a) Device structure of the solution-processed small molecule solar cell and molecular structure of p-DTS(FBTTh2)2 and PC70BM. (b)
Energy level diagram of the components of the solar cell. (c) AFM image of ZnO optical spacer.

vacuum-deposition and the need for using air-sensitive Ca as an
interfacial layer. The combined electrical and optical improvements increase the PCE to 8.94% for the solution-processed
SM solar cell using p-DTS(FBTTh2)2 and [6−6]-phenyl C70
butyric acid methyl ester (PC70BM) as the donor and the
acceptor components, respectively. We also discuss the role of
the ZnO nanoparticles (NP) in improving the optical and
electrical properties by UV−vis absorption spectroscopy, the
photoinduced carriers generation rate at saturated photocurrent, the charge collection probability, the hole blocking by
the ZnO optical spacer, and reduction in the recombination
loss.
Figure 1 shows the molecular structure of p-DTS(FBTTh2)2
and PC70BM, the device structure, the energy levels of the
components used in the devices, and an atomic force
microscopy (AFM) image of the ZnO optical spacer deposited
on the active layer. The ZnO optical spacer was prepared based
on the work of Weller et al. and Janssen et al. (see Supporting
Information for details).28,29 Prior to the insertion of ZnO
optical spacer between the active layer and Al electrode, we ﬁrst
optimized the thickness of active layer without optical spacer.
Because of the interference between the incident and backreﬂected light and refraction at the interfaces of multilayer
stack, it has been observed that the optical interference peak
does not necessarily increase with the thicker active layer in
polymer-based OSC.26,30,31 We also observed a similar trend
here. Figure 2a and Table 1 show the current density−voltage
(J−V) characteristics and electrical parameters of the cells with
various thicknesses of active layer. The short-circuit current
density (JSC) reaches the maximum value (13.4 mA/cm2) at the
active bulk heterojunction (BHJ) layer thickness of 100 nm. At
120 nm thickness, JSC drops to 12.8 mA/cm2. The values shown

While the exploitation of surface plasmon resonance eﬀects
may seem attractive, there are signiﬁcant challenges for the
incorporation of metal nanoparticles (NP) in the devices. The
metal NP embedded in the active layer of OSC can enhance
nonradiative decay processes and increase carrier recombination.15 Although embedding the metal NP in the hole transport
layer or coating the NP with insulating shell alleviates the
aforementioned problems,18−21 the induced electric ﬁeld of the
surface plasmon near a metal NP strongly decreases with radial
distance from the NP and the light concentration factor is
correspondingly reduced.22,23
On the other hand, it has been demonstrated that light
absorption within thin layer can be enhanced by altering the
spatial distribution of the optical electric ﬁeld inside the
cell.24−27 Because of the optical interference between the
incident and back-reﬂected light, the intensity of light at the
surface of metal electrode is zero. Thus, the insertion of an
optical spacer between the active layer and the metal electrode
can place the active layer in a more favorable region of optical
electric ﬁeld. Herein, we demonstrate that this simple method is
also eﬀective for solution-processed SM solar cells and
enhances the PCE of the cell without introducing any
processing bottleneck and without any reduction in the
electrical transport of the photogenerated carriers during
sweep-out to the electrodes.
In our device design and optimization, we ﬁrst tuned the
thickness of the active layer to maximize the optical distribution
inside the active layer and then inserted a layer of ZnO
nanoparticles (cast from solution) as an optical spacer to
further enhance the light absorption. We discovered that the
ZnO optical spacer simultaneously improves the electrical
properties of the solar cell while eliminating the need for
B
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To verify that the enhancement in JSC is the result of the
optical eﬀect, we performed UV−vis absorption measurements
and external quantum eﬃciency (EQE) measurements of the
cells with and without ZnO NPs. The total absorption by the
active layer (including the doubled path length in the active
layer as a result of reﬂection from the Al electrode)32 with and
without ZnO NP were measured in reﬂection mode as shown
in Figure 3a. Comparing two devices with the same active layer
thickness (100 nm), an enhancement in absorption between
400 and 670 nm is observed in the cell with the optical spacer.

Figure 2. J−V characteristics of p-DTS(FBTTh2)2:PC70BM solar cells
(a) with various thicknesses of active layer and (b) with and without
optical spacer at the active layer thickness of 100 nm.

Table 1. Electrical Parameters of p-DTS(FBTTh2)2:PC70BM
Solar Cells with Various Thicknesses of Active Layer
thickness of active layer

JSC (mA/cm2)

VOC (V)

FF (%)

PCE (%)

70 nm
80 nm
100 nm
120 nm

12.1
12.9
13.4
12.8

0.797
0.796
0.795
0.791

60.6
58.1
56.5
55.1

5.83
5.95
6.02
5.60

in Table 1 are based on the data obtained from the best device.
The average values with their statistics from ten devices are
shown in Supporting Information Table S1 and Figure S1.
After optimizing the thickness of the active layer, we insert
the ZnO optical spacer (25 nm) between the active layer and Al
electrode. The J−V characteristics of the cells with and without
optical spacers are shown in Figure 2b. The performance
parameters are listed in Table 2. The JSC and FF increase from
Figure 3. (a) Total absorption in the photoactive BHJ layer measured
in a reﬂection geometry, (b) EQE spectra of the cells, and (c)
photocurrent density as a function of internal voltage for the cells with
and without a ZnO layer. The inset in Figure 4a shows a schematic of
the device structure used for absorption measurements.

Table 2. Performance Parameters of pDTS(FBTTh2)2:PC70BM Solar Cells with and without ZnO
Optical Spacera
without ZnO
with ZnO
a

JSC (mA/cm2)

VOC (V)

FF (%)

PCE (%)

13.4
15.5

0.795
0.799

56.5
72.4

6.02
8.94

The enhanced absorption is in good agreement with the
EQE spectra in which quantum eﬃciency increases between
450 and 700 nm (Figure 3b), to the value approaching 80%.
There is a decrease in absorption and EQE at the short
wavelength (around 400 nm) due to the insertion of ZnO.
Nevertheless, the enhancement in absorption at longer
wavelengths, especially near the absorption peak of the active
layer, increases JSC.
To further conﬁrm the eﬀect of ZnO on the optical
properties of the solar cell, we experimentally determined the
maximum photoinduced carriers generation rate (Gmax) in
devices with and without a ZnO layer. Figure 3c reveals the
eﬀect of the optical spacer on the photocurrent density (Jph)

The thickness of active layer is 100 nm.

13.4 mA/cm2 and 56.5% to 15.5 mA/cm2 and 72.4%,
respectively. Hence, the PCE increases from 6.02% to 8.94%.
Again, the values shown in Table 2 are based on the best device.
The average values with their statistics from 10 devices are
shown in Supporting Information, Table S2 and Figure S2.
Despite no long-term stability data at this point, we observed
that there is no serious degradation of device over a period of 8
days (Supporting Information, Figure S3).
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Figure 4. (a) Charge collection probability (or) normalized photocurrent with saturated photocurrent as a function of internal voltage for cells with
and without ZnO layer. (b) J−V characteristics of cells with and without ZnO layer swept from −3 V to +1 V in the dark. (c) Measured JSC of cells
with and without ZnO layer plotted against light intensity (symbols) on a logarithmic scale. Fitting a power law (solid lines) to these data yields α.
(d) Measured VOC of cells with and without ZnO layer as a function of light intensity (symbols), together with linear ﬁts to the data (solid lines).

As shown in Figure 4a, we see that PC of the device with ZnO
layer is higher than that of device without ZnO layer across the
full range from short-circuit to open-circuit condition. The PC
increases from 90.5% to 96.2% at the short-circuit condition by
inserting the ZnO layer. The increase in PC is more signiﬁcant
at low Vint (high applied voltage). Thus, the ZnO optical spacer
increases both the light absorption and charge collection,
thereby enhancing JSC by more than 15%. We observed that
ZnO layer also eﬀectively reduces the leakage current of diode
at reverse bias. The J−V characteristics of the cells with and
without ZnO layer in the dark are shown in Figure 4b. There is
serious leakage current at the negative bias in the device
without ZnO, whereas a signiﬁcant leakage current is not
observed even at negative voltages as high as −3 V in the device
with ZnO. The diode leakage current is reduced about 10-fold
at −3 V by inserting the ZnO optical spacer. A high rectiﬁcation
factor of approximately 1000 (between −1 V and +1 V) is
achieved in the device with ZnO.
To gain deeper insight into the inﬂuence of ZnO layer on the
electrical properties of the cell, we studied the recombination
mechanism with and without ZnO layer by measuring JSC and
open-circuit voltage (VOC) at various light intensities from 100
to 0.9 mW/cm2. A power law dependence of JSC upon
illumination intensity is generally observed in organic solar cells
and can be expressed as

versus the internal voltage (Vint) of the device with and without
ZnO layer, under illumination at 100 mW/cm2. Jph is calculated
as Jph = JL − JD, where JL and JD are the current density under
illumination and in the dark, respectively.33 Vint is determined
as Vint = VBI − Vapp, where VBI is the built-in voltage, which
refers to the voltage at which Jph is zero, and Vapp is the applied
voltage.34
Figure 3c shows that Jph increases in proportion to the
voltage at low Vint, but Jph saturates at high Vint (2 V and above)
where the internal ﬁeld is large enough to sweep out all carriers
to the electrodes. Therefore, the saturated photocurrent (Jph,sat)
is limited only by the number of absorbed photons. Thus,
Jph,sat = qLGmax

(1)

where q is the elementary charge, L is the thickness of the active
layer, and Gmax is the maximum photoinduced carrier
generation rate per unit volume.35,36 The value of Gmax for
the cell without ZnO layer is 8.81 × 1027 m−3 s−1 (Jph,sat = 141.1
A/m2), whereas that of Gmax for the cell with ZnO layer
increases to 1.00 × 1028 m−3 s−1 (Jph,sat =160.8 A/m2). The data
show a signiﬁcant enhancement in Gmax after inserting the ZnO
optical spacer. As Gmax corresponds to the maximum number of
absorbed photons,35,36 such enhancement implies that the
absorption of light increases in the cell with the ZnO optical
spacer.
As noted in the introduction, any technique employed for the
enhancement in light absorption should not aﬀect the carrier
transport of the solar cell. To characterize the eﬀect of ZnO
layer on the electrical properties of the device, we examined the
charge collection and blocking behavior in the cells with and
without ZnO layer. Figure 4a shows the charge collection
probability (PC) with respect to Vint under illumination at 100
mW/cm2. The Jph of a solar cell can be written as,33,37

Jph = qLGmax PC

JSC ∝ I α

(3)

where I is the light intensity and α is the exponential
factor.33,35,38 The value α is close to unity, which is the result
of weak bimolecular recombination during sweep-out.38−40 In
Figure 4c, the data are plotted on a log−log scale and ﬁtted to a
power law using eq 3: α = 0.947 and α = 0.919 for the cell with
and without the ZnO layer, respectively, indicating that
bimolecular recombination is reduced at short-circuit in the
cell with the ZnO layer. This result agrees well with an increase
in PC from 90.5% to 96.2% at short-circuit and in FF from
56.5% to 72.4% by inserting the ZnO layer.

(2)

From the eqs 1 and 2, we can calculate PC by normalizing Jph
with Jph,sat (Jph/Jph,sat).
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The VOC as a function of light intensity is shown in Figure
4d. The slope of VOC versus the natural logarithm of the light
intensity gives kT/q implying that bimolecular recombination is
a dominant mechanism, where k, T, and q are the Boltzmann
constant, temperature in Kelvin, and the elementary charge,
respectively.33,41 When the additional mechanism of Shockley−
Read−Hall (SRH) or trap-assisted recombination is involved, a
stronger dependence of VOC on light intensity with a slope
greater than kT/q is observed.33,42 The slope of the cell with
ZnO is 1.02kT/q, whereas that of cell without ZnO is 1.82kT/
q, implying that ZnO reduces the density of interfacial traps
between the BHJ and Al contact, and hence SRH
recombination is suppressed.
In conclusion, we improved the absorption of light in
solution-processed SM solar cells by optimizing the thickness of
active layer followed by inserting a ZnO optical spacer between
the active BHJ layer and the metal contact. The enhancement
in light absorption in the cell was measured with UV−vis
absorption spectroscopy and by measurements of the photoinduced carriers generation rate. The optical spacer improves
the charge collection, improves the hole-blocking at the
cathode, and simultaneously reduces the charge recombination.
The combined electrical and optical improvements cause the
PCE of solution-processed small-molecule solar cell to increase
to 8.94%, that is, comparable to that of polymer counterparts.
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