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Large Active Layer Thickness Toleration of High-efficiency Small-
molecule Solar Cells

Qian Zhang, ° Bin Kan, ® Xiangjian Wan, ** Hua Zhang, ° Feng Liu, ¢ Miaomiao Li,” Xuan Yang,’
Yunchuang Wang,® Wang Ni, ? Thomas P Russell,® Yan Shen*® and Yongsheng Chen*®

High-efficiency organic solar cells with large active layer thickness toleration is highly demanded to meet the challenges in
feasible commercial production on a large scale. Generally, devices with thick active layer are preferred because it allows
both the formation of more uniform film and the effective utilization of incident light. In this work, solar cell devices with
layer thicknesses ranging from 65 to 370 nm based on a small molecule donor DR3TSBDT and electron acceptor PC;;BM
were fabricated and the thickness dependence of photovoltaic performance was systematically studied. High power
conversion efficiencies (PCEs) were well-maintained in a wide layer thickness range, and for devices with layer thickness at
280 and 370 nm, off only ~8% and 20% from its best PCE of 9.95% at 120 nm were achieved, respectively. With systematic
investigations, the well-maintained high performance are attributed to the facts that both the nearly ideal morphology (bi-
continuous interpenetrating crystalline nano-fibrillar structure) of the active layer and hole mobility remained hardly
changed in the wide thickness range. Also as expected, with increasing thickness, larger transport resistance, charge
recombination and transit time were observed, which made the fill factor lower. But these inferior factors were largely

compensated by the increased

With the rapid development in the last few years, while the
power conversion efficiencies (PCEs) of organic solar cells
(OSCs) have increased to over 10%,1'14 one of the remaining
challenges for high-throughput production is to develop
materials and devices which can tolerate large active layer
thickness variations. As accurate thickness control, if not
impossible at industry scale, would dramatically increase the
capital investment and thus processing cost. Thick active layers
are preferred because it is easy to form uniform films with
lower defect density (pinholes) and the
reproducibility of 05Cs.™>*® In addition, increasing active layer
thickness can also realize more effective utilization of incident
light. However, the majority of reported devices so far based
on both polymers and small molecules with high PCEs were
typically with thin active layers of ~100 nm, and most of the
device performances were also sensitive to the active layer
thickness. %1720 Generally, active layer thickness over 200
nm is a prerequisite in the views of the feasibility and cost
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and thus well-maintained high performance was achieved.

. . . . 16,21
issue in the future large scale printing process.

To the best of our knowledge, only a few reports studied
the active layer thickness dependence of the photovoltaic
performance, especially with thickness above 300 nm.?3% In
addition, there is no report about the issue based on the
solution processed small molecules based devices. In this
work, using one of the best reported small molecule donors,
DR3TSBDT,*® devices with a series of active layer thickness in
the range of 65-370 nm were fabricated and the thickness
dependence of photovoltaic performance was systematically
studied. High power conversion efficiencies (PCEs) were
maintained in a wide range of active layer thickness. PCEs of
9.15% and 7.93% were achieved with active layer thickness at
280 and 370 nm, off only ~8% and 20% from the best PCE of
9.95% at the active layer thickness of 120 nm, respectively.
Systematic morphological characterization studies indicate
that all active layers with various thicknesses possessed similar
morphology with optimal highly ordered nano-fibrillar
structures, which is beneficial for the efficient exciton
dissociation and charge transport. Furthermore, there were
nearly no change in the device hole mobility when the active
layer thickness increased. And with increasing active layer
thickness, the transport resistance, charge recombination and
transit time increased, which made the fill factor (FF) become
lower. But the reduction of FF was largely offset by the
increased current resulting from the increased overall light
absorption, and thus well-retained high performance for thick
devices was observed.

J. Name., 2015, 00, 1-3 | 1
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Fig. 1. a) Current density versus voltage (J-V) characteristics for
DR3TSBDT:PC;;BM devices with 120, 230, 280 and 320-nm
thick active layer. b) Variation of simulated (black line) and
measured J,. (red line) and V.. (blue line) with active layer
thickness in the range of 65-370 nm. c) Corresponding EQE
spectra for the devices. d) Average FF and PCE versus active
layer thickness for the devices.

Devices based on the blend system of DR3TSBDT and [6,6]-
phenyl-C;; butyric acid methyl ester (PC;,BM) with different
active layer thickness were fabricated with the similar
procedures we have reported.33 The concentrations of the
mixture of DR3TSBDT and PC;;BM and spin-coating speeds
were varied to form different thickness of the active layer. The
average solar cell parameters with active layer thickness
varying 65-370 nm were summarized in Table 1. The typical
current density-voltage (J-V) characteristic curves for devices
with active layer thickness of 120, 230, 280 and 320 nm were
shown in Fig. 1a. As shown in Table 1 and Fig. 1b, the V,. of the
devices with different active layer thickness nearly remained
unchanged with values from 0.87 to 0.91 V. While, the J,. of
the devices initially increased with increasing active layer
thickness resulting from the increased absorption, then
decreased due to the optical interference, and then remained
nearly constant with further increasing the active layer
thickness. This is consistent with the optical simulation results
by transfer-matrix methods (TMM) as
demonstrated in Fig. 1b, which reveals that the first
interference minima is at thickness of 180 nm and the optical
absorption becomes nearly impervious to destructive
interference when the active layer thickness is > 200 nm. Fig.
1c shows the external quantum efficiency (EQE) spectra for the
devices with different active layer thickness. The device with
65 nm thick active layer exhibited a low EQE of 47% at 580 nm.
And high EQE of 69% at 580 nm was achieved when the active
layer thickness increased to 90 nm. With further increasing the
thickness in the range of 120 to 370 nm, the devices almost
displayed a relatively flat EQE over 70% between 350 and 700
nm. The integrated current density from the EQE spectra is
consistent with the measured J,. within 5% deviation. From
Fig. 1d, the FF decreased with the increase of active layer
thickness. The decreased FF for thick active layer was
attributed to the

calculated

2| J. Name., 2015, 00, 1-3

Table 1. The average photovoltaic parameters for
DR3TSBDT:PC;;BM devices with active layer thickness varying
65-370 nm under AM 1.5 G solar illumination. The best PCEs
are provided in parentheses.
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Thickne Voc Jsc JscseQE FF PCE

-ss (nm) (V) (mA cm™®) (mA cm™®) (%) (%)
65 0.91+0.1 8.23+0.20 7.86 74.0£0.2  5.34(5.55)
90 0.91+0.1 13.17+0.22 12.57 74.0+0.1  8.56(8.88)
120 0.91+0.1 14.45+0.18 14.10 73.1+#0.3  9.60(9.95)
150 0.90+0.1 14.00+0.23 13.35 72.1+0.3  9.02(9.13)
180 0.90+0.1 13.20+0.15 12.73 69.0£0.2  8.15(8.26)
230 0.89+0.1 15.22+0.25 14.69 67.330.2  9.07(9.20)
280 0.88+0.1 15.82+0.15 15.23 65.30.3  9.05(9.15)
320 0.87+0.1 15.21+0.23 14.68 59.4+0.5 7.86(8.15)
370 0.87+0.1 15.66+0.20 15.11 56.8+0.3 7.74(7.97)

improved transport resistance,
transit time with increasing active layer thickness, which would
be discussed below. However, the reduction of FF was largely
compensated by the increased J,., and thus high performances
were well-maintained for thick active layer devices. From Fig.
1d, high PCEs of 9.15% and 7.97% were retained with the
active layer thickness even at 280 and 370 nm, respectively.
Note this is within 8% and 20% off from the best performance
for the device with active layer thickness at 120 nm,
respectively.

The thickness dependence of FF is closely associated with the

charge accumulation and

which were
34,35

electrical property variations in the devices,
systematically investigated by impedance spectroscopy (IS)
under 20 mW/cm2 illumination intensity using a white light emitting
diode. Representative impedance data, in the form of Nyquist
curves for devices with different active layer thickness measured at
different bias close to the V,. were shown in Fig. S3. IS data were
modelled using equivalent circuit (shown in the inset Fig. S3a) to
identify physical parameters: a series resistance Rs, a transport
resistance Ry, a constant phase element (CPE,) associated with the
depletion region within the active layer, and a recombination
resistance R, in parallel with a CPEZ.36 CPE represents a non-ideal
capacitor which includes an adjustable parameter to compensate
for non-homogeneity of the blocking interface (surface states, etc.)
when put in parallel with a resistor. The capacitance for CPE is
1

. _Cc, =R /R
calculated by using the equation  # , Where Y,
and n are the two parameters of CPE obtained from equivalent
circuit fitting. The R, represents resistive losses in the ITO and
PEDOT:PSS. The R;/CPE; combination contributes to the high
frequency response in the Nyquist plot, which is related to the
information of electronic transport in bulk as well as dielectric
contributions. The R./CPE, arc contributes to the low frequency

response, which is associated with the charge carrier recombination

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. a) The transport resistance R;, b) Recombination resistance
Rrec and c) Chemical capacitance C, as a function of different bias
close to the open circuit voltage obtained from electrochemical
impedance spectroscopy. d) Comparison of normalized short-circuit
current dynamics of DR3TSBDT:PC;,BM cells with 120, 230, 280 and
320 nm-thick active layers.

process in the active layer. The fitting parameters were
demonstrated in Electronic Supplementary Information. First,
the transport resistance R; improved with the increase of layer
thickness as shown in Fig. 2a. Second, from Fig. 2b, with
increasing layer thickness, the capacitance C, obtained from
the low frequency regime increased, indicative of more carrier
accumulation inside active Iayer.37 Physically, the accumulated
photo-generated carriers that increase C, have two ways to
escape: collected through the external pathway or recombined
through the recombination resistor (R,e.). S0 decreased R
represents more probability to carrier recombination with
increasing layer thickness (Fig. 2c). The recombination lifetime,
which is a product of C, and R Fig. S4b presented the
electron lifetime as the function of the charge density for
devices with different active layer thickness. At a given charge
density, the device with 120 nm-thick film showed the longest
electron lifetime. A shorter electron lifetime was observed for
the device with thicker active layer (Fig. S4b), indicating the
accumulated charge in the active layer plays important role on
the interfacial charge recombination process. This result
agrees well with the observation on V.. and FF for various
devices, which decrease as the active layer thickness increase.

The dynamics dependent on active layer thickness for
DR3TSBDT:PC;,BM devices were also studied using transient
photocurrent (TPC)38 measurements at the short circuit
condition under 1 ms step pulse illumination. Fig. 2d presented
the normalized photocurrent transients with increasing active
layer thickness. The transit time was shown in Table S5. It
clearly shows that photocurrent dynamics systematically
becomes slower with increasing thickness, suggesting longer
extraction time and the increase in the distance carriers need
to traverse.*

In order to further understand the reduction of FF with

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. a) Effective photocurrent density (J,,) normalized by Jg,,
as a function of effective voltage (V.¢) under 100 mW cm-2
illumination for DR3TSBDT:PC,,BM cells with 120, 230, 280 and
320 nm-thick active layer (The solid black line indicates square
root). b) J,, of a 320 nm-thick DR3TSBDT:PC;;BM cell versus
V. at different intensities (10 to 100 mW cm'z). Solid lines
indicate square root and saturation regimes as a guide for the
eye where Vg, indicates the saturation voltage.

increasing active layer the relationship of
photocurrent density (J,,) versus effective voltage (V) or light
intensity (P;,) for the devices with different active layer
thickness were studied. The normalized photocurrent-effective
voltage (Jon-Ver) curves for DR3TSBDT:PC;;BM devices with
120, 230, 280 and 320 nm-thick active layers are shown in Fig.
3a. The photocurrent is defined as J,, =J,-Jp, where J and Jp
are the current density under illumination and in the dark,
respectively. For Vg = V, =V, V, is the voltage at which J,, =0
and V, is the applied voltage. The curves for all three devices
with 120, 230 and 280 nm look very similar despite the
increase in the active layer thickness. When V. > 0.20 V, the
photocurrent of the three devices saturated with increasing
voltage. In this saturation regime, the internal field was strong
enough to separate excitons and efficiently extract photo-
generated carriers. The voltage corresponding to the short
circuit conditions (about 0.89 V) fell in the saturation regime
(Jsar), indicative of efficient exciton dissociation and charge
collection. These results correlate well with the high FFs of
65% to 73% obtained for the above three devices. However,
when the active layer thickness increased to 320 nm, a square-
root effective voltage dependence on J;, was observed (as
shown by the solid line in Fig. 3a). The origin of such a square
root dependence of the photocurrent has been explained by
Goodman and Rose in 1971, which is an indication of either
recombination-limited (Equation 1) or space-charge-limited
(SCL) photocurrent (Equation 2) below:*

T on = A0 ly )Ty W V(1)

< <q0)0.75<§ 8081,8,)0'25\/; (2)

thickness,

o

Where G is the generation rate of free charge carriers.

For the former case, a low mobility or short lifetime of the free
carriers, due to recombination or trapping, lead to the mean
electron or hole (or both) drift length becoming smaller than
the active layer thickness and thus recombination of charge
carriers becomes considerable.*®* For the latter case, at high

J. Name., 2015, 00, 1-3 | 3
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light intensities the build-up of space charges (which is the
origin of the non-uniform electric field) reaches a fundamental
limit.*? Analysing the light intensity dependent of the
photocurrent and the point at which the square root regime
forms a transition into the saturation regime V,,; is an effective
method to distinguish between these two physically distinct
cases. While in the first (recombination-limited) case the

photocurrent scales linearly with light intensity, SCL
photocurrent scales with a three-fourth power Ilaw
dependence. Besides, Vg is either independent on light

intensity (recombination-limited) or scales with a one half
power on light intensity (SCL case).40

Photocurrent of a 320 nm-thick DR3TSBDT:PC,;BM solar
cell versus Vs at different intensities was shown in Fig. 3b.
Neutral density filters were used to control the incident light
intensity, which was varied from 10 to 100 mW em™. It is clear
that Vg, does not change with decreasing light intensity, as
expected for a recombination-limited photocurrent.
Furthermore, for the solar cell with a 320 nm-thick active
layer, J,n showed a sub-linear dependence on light intensity
with the

Fig. 4. TEM images of DR3TSBDT:PC,;BM with different active
layer thickness. The scale bar is 200 nm.
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Fig. 5. The GIXD diffraction profiles of DR3TSBDT:PC,;BM films
with different thickness.
slope of the linear fit to 0.902 at the maximum power-output
point (Fig. S5), which could also be a sign of significant
bimolecular recombination.*! Therefore, the photocurrent
observed for DR3TSBDT:PC,;BM devices clearly showed the
fingerprints of a recombination-limited photocurrent.40 This
may be due to the relatively low mobility of 6.13 x 10 em? V!
st compared with reported polymers.zz'29 So higher rate of
forming photo-generated charge carriers in thick devices
resulted
recombination, which was consistent with its relatively larger
transport resistance and chemical capacitance discussed
above. Thus, the photovoltaic performance for 320 nm-thick
devices was sharply reduced.

The morphology of the active layers can be a determining

in more charge accumulation and bimolecular

factor for the well-maintained high photovoltaic performance.
The nanoscale morphology of DR3TSBDT:PC;;BM blends with
different thickness were measured by atomic force microscopy
(AFM) and high-resolution transmission electron microscopy
(HR-TEM). From AFM images (Fig. S6), all films with different
thickness exhibited a bi-continuous interpenetrating network
and small root-mean-square (RMS) roughness of about 1 nm,
which indicated these films were smooth and uniform. From
TEM images (Fig. 4), no particular different morphology such
as large size aggregation of nanoparticles was found for thick
active layers. And well-distributed nano-fibrillar structures
where a bi-continuous interpenetrating network could be
observed, which are favourable for the exciton dissociation
and charge transport, and thus high J;. and FF.

To further understand the microstructures of the active
layers with different thickness, grazing incidence X-ray
diffraction (GIXD) were measured (Fig. 5). The line-cuts of all
diffractions are shown in Fig. S7. All films show multiple higher
order (h0O0) reflections, indicative of a long-range order and
lateral packing of the backbones. In addition, the strong
reflection of (010) peaks characteristic of the m-m stacking
distance (3.61 A), show a large azimuthally distribution for all
films, which suggests the mixture of face-on and edge-on
packing. Similar patterns behaviour in the GIXDs indicates that
DR3TSBDT possesses the same ordered structure in the blend
composition for a wide range of thicknesses. Thus, all films
with various thicknesses exhibited similar morphology with
highly ordered nano-fibrillar structures, which is beneficial for
efficient exciton diffusion and dissociation and charge
transport. Besides, hole mobility for different thickness-
devices were measured using space-charged-limited-current
(SCLC) method. Notably, the magnitude of the hole mobility of
DR3TSBDT remained the same for all active layer thickness
from 120 nm to 370 nm and showed negligible changes with a
value of 3.20x 107" cm® V' s at 370 nm-thick film (Fig. S8).
These morphology and SCLC results are consistent with the
maintained high performance of thick devices.

This journal is © The Royal Society of Chemistry 20xx
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Conclusion

To conclude, devices with a series of active layer thickness
in the range of 65-370 nm based on the small molecule donor,
DR3TSBDT, were fabricated and the thickness dependence of
photovoltaic performance, mechanisms and morphology were
systematically investigated. All active layers with various
thicknesses possessed similar morphology with highly ordered
nano-fibrillar structures, which are beneficial for efficient
exciton dissociation and charge transport. And the hole
mobility hardly changed with increasing active layer thickness.
Thick active layer enabled more light absorption, yielding a
high J,. of ~15.92 mA cm?™. Nevertheless, with the increase of
active layer thickness, the transport resistance, charge
accumulation and the distance carriers needed to traverse
increased, thus leading to more bimolecular recombination
and decreased FF. However, the inferior factor of FF reduction
was largely compensated by the increased absorption, and
thus high PCEs of 9.15% was achieved with the active layer
thickness at 280 nm. And devices with active layer thickness at
370 nm retained 80% of its best PCE at 120 nm. The high
efficiency for thick active layers and its high toleration of active
layer thickness variations make DR3TSBDT:PC,;BM films a
promising candidate for low-cost, high-throughput industry
photovoltaic applications.
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Current Density (mA ¢m )

The thickness dependence of photovoltaic performance for the small-molecule
DR3TSBDT:PC;;BM based devices was systematically investigated and the power conversion
efficiencies are relatively insensitive to the thickness.



