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Abstract: The presence of self-assembled nano-ridged (SANR) structures in PTB7-Th:PC7¢BM:PCgnBM
ternary organic blend film with the specific component ratio was experimentally clarified, and the
light-trapping effect of the SANR structures was demonstrated. On this basis, the light-trapping
characteristics of the PTB7-Th:PCyyBM:PCgoBM ternary blend film with the SANR structures were
investigated by using the finite-difference time-domain (FDTD) algorithm. The results showed that
the SANR structures have a light-trapping effect, which can effectively reduce the transmittance
and reflectance of the incident photons at the specific wavelengths and thus exhibit stronger photon
absorption, especially for the photons in the wavelength range of 550-650 nm. The light-trapping
effect of the SANR structures does not depend on the direction of photon incidence, and the active
layer traps the photons incident from both its top and bottom. The dimensional variation of the
SANR has a significant effect on the light-trapping characteristics of the active layer, and the effect
caused by the height variation is overwhelmingly superior compared with that of the width variation.
In addition, the higher the density of the SANR, the more significant the light-trapping effect of the
active layer. This work provides a theoretical basis for the further experimental enhancement of the
photon absorption capacity of the PTB7-Th:PCyyBM:PCgoBM active layer with SANR structures.

Keywords: ternary organic film; self-assembled nano-ridge; light-trapping characteristics; FDTD method

1. Introduction

Ternary organic solar cells (TOSCs) based on the solution method have become a
hotspot in the field of organic solar cells (OSCs) research due to their unique advan-
tages [1-4]. At present, the OSCs with a power conversion efficiency (PCE) of over 19%
reported in the literature use a ternary blended active layer [5,6], which fully demonstrates
the advanced and research value of the ternary system. The core advantage of the TOSCs
is that, firstly, they can enhance the photon utilization rate of the active layer through the
addition of the third component without increasing the process difficulty, thus significantly
improving the short-circuit current density (Jsc) of the devices [7]. Secondly, the reasonable
screening of the third component enables the active layer to form a cascade-type energy
band, which can effectively reduce the recombination loss and thus increase the open-circuit
voltage (V) of the devices [8]. Finally, the regulation of the ratio of the ternary components
can effectively improve the bulk morphology of the ternary active layer, optimize the
separation and transport of the excitons, and thus improve the filling factor (FF) of the
devices [9]. The simultaneous increased in Js¢, Vo, and FF can achieve a significant increase
in PCE.

Although the TOSCs have made good progress, further improving the PCE is still
worthy of continuous attention [10,11]. The ternary and binary OSCs face the same chal-
lenge, i.e., the contradiction between active layer thickness and photon absorption. It
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has been confirmed that the OSCs can still show high PCE when the active layer thick-
ness exceeds 200 nm [12] or even reaches 400 nm [13]. However, for most of the OSCs,
especially those with a higher PCE, the optimal thickness of the active layer is basically
maintained at ~100 nm [14,15], which is significantly smaller than that of other types of
solar cells [16,17], resulting in a relatively weak photon absorption capacity of the OSCs.
Increasing the thickness of the active layer can increase the absorption of photons in the
OSCs, but, paradoxically, the mobility of organic materials is relatively weak [18], and a
thicker active layer is not conducive to the transport and extraction of the charges. The
absorbed photons cannot be converted into effective photocurrent, and blindly increasing
the thickness of the active layer will only be detrimental to device performance.

To solve the above contradictory problems, organic materials with higher absorption
coefficients can be designed and synthesized to achieve more efficient photon absorption
with the constant thickness [19-21]. Additionally, organic materials with higher mobility
can be designed and synthesized to guarantee the efficient charge transport and extraction
while reasonably increasing the active layer thickness [22-24]. In addition, the probability
of photons being absorbed can be increased by extending the optical path length of the
photons in the active layer with a constant thickness. The introduction of light-trapping
structures can effectively increase the photons’ optical path length, and various methods
have been reported, such as employing periodic or random textured electrodes [25,26],
surface-relief grating [27], surface plasmon resonance with metallic nanostructures [28,29],
optical cavities [30], and incorporating periodic nanostructures based on nanoimprint
technology [31]. Instead, we reported a more convenient and effective strategy for the
ternary organic active layer with self-assembled nano-ridged (SANR) structures [32]. We
prepared a one-donor (PTB7-Th) and two-acceptors (PCyoBM and PCgyBM) ternary organic
blend film by the spin-coating process, and the detailed methods for solution formulation
as well as thin film deposition can be found in our published work [32]. Our results
indicated that the SANR structures are present in the PTB7-Th:PC79BM:PCg,BM blend film
when the composition ratio of PC¢yBM in the fullerenes is 50% (the component ratio of
PTB7-Th, PC7BM, and PC¢ BM is 1:7.5:7.5). More importantly, the active layer with the
SANR structures exhibits an obvious light-trapping effect, which can effectively enhance
the photon absorption in the specific wavelength range, thereby increasing the J;. of the
devices. Although many issues remain to be further investigated, such as the formation
mechanism of the SANR and size regulation factors, our work provides a convenient and
feasible solution for the preparation of the OSCs with light-trapping.

We experimentally confirmed the light-trapping effect of SANR structures and their
positive effects on the J;. of devices, but it is far from enough, because the influence of
the size of the SANR structures on the light-trapping performance of the ternary active
layer is not clear. However, the process technology to precisely control the size of the
SANR structures is still immature, so it is challenging to carry out in-depth research in
experiments. In order to theoretically reveal the light-trapping characteristics of the SANR
in more detail, the optical characteristics of the PTB7-Th:PC7BM:PC¢yBM ternary blend
film with the SANR structures were investigated by the finite-difference time-domain
(FDTD) algorithm. The results showed that the SANR structures have a light-trapping
effect; the active layer with SANR structures (textured surface) has a stronger photon
absorption capacity than the active layer without SANR structures (flat surface); and the
light-trapping effect of the SANR structures does not depend on the direction of photon
incidence. Additionally, the dimensional variation (aspect ratio) of the SANR structures
has a significant effect on the light-trapping characteristics of the active layer, and the
effect caused by the height variation is overwhelmingly superior compared with that of the
width variation. In addition, the higher the density of the SANR, the more significant the
light-trapping effect of the active layer.
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2. Numerical Model
2.1. Numerical Conditions and Parameters

The simulation was performed by the FDTD algorithm [33], which is able to rigorously
solve Maxwell’s equations and makes it possible to obtain the electromagnetic field versus
time and position. In the FDTD algorithm, Maxwell’s equations are solved by a second-
order approximation, the space is divided into a discrete grid, i.e., the Yee grid, and the
fields are evolved in time using discrete time steps [33]. In this work, the simulation zone
presented periodic conditions in the X- and Y-directions and perfectly matched layers
(PML) along the Z-direction, which absorb all waves moving toward the exterior of the
simulation area without reintroducing reflection [34]. The simulation mesh size was fixed
at 1 nm in the Z-direction and 2 nm in the X- and Y-directions. A plane wave in normal
incidence with a 200-900 nm wavelength range was used as an electromagnetic source
along the Z-axis (incident from the ZnO layer). The reflectance (R) and transmittance (T)
were calculated using two infinite sensors, which received all the reflected and transmitted
energies, and the absorptance was derived from 1-R-T. The two sensors were considered
sufficiently far from the device to avoid near-field effects [35]. The dispersion curves of the
complex refractive indices of the materials are important for the accuracy of the simulation
results. The real and imaginary parts of the complex refractive index, n and k, of the ZnO
and PTB7-Th:PC,BM:PC4,BM films were, respectively, taken from Dias [36] and Shim [37].
The ZnO film was considered a flat surface without any roughness.

2.2. Numerical Model

In the present work, we simulated the light-trapping characteristics of the SANR struc-
tures, and the establishment of equivalent numerical models with high fidelity was crucial
for the credibility of the results. Therefore, we combined scanning electron microscopy
(SEM, JSM-7800F, JEOL, Tokyo, Japan) and atomic force microscopy (AFM, SPA 400, Seiko
instrumental, Tokyo, Japan) images for a detailed analysis of the morphology of the SANR
structures. The SEM images of the SANR structures at different sizes are exhibited in
Figure 1. The surface of the PTB7-Th:PC» BM:PC¢;BM blend film shows a large number
of randomly oriented ridge-like texture structures, most of which are more than 2 um in
length, and some even more than 10 pm. In addition, the distance between adjacent textures
is also random. The ridge-like texture morphology is also well-demonstrated in the AFM
image (as displayed in Figure 2a), where the texture is clearly visible in the 10 um x 10 pm
area. More importantly, as revealed in Figure 2b, the cross-sectional morphology of the
ridge-like texture is intact in the AFM image. The cross-section of the texture structures
exhibits a ridge-like feature, and the average width and height of the ridges were 780 and
22 nm, respectively. More detailed information on the SANR structures can be found in our
previously published work [32]. Based on the surface and cross-sectional morphological
features of the SANR structures, we developed an equivalent numerical model, as shown
in Figure 2c, where ZnO has a size of 60 nm in the Z-direction (height), and the active layer
consists of a rectangle at the bottom (height 88 nm) and multiple isosceles trigonal prisms
at the top (height 22 nm), with the single isosceles trigonal prism having dimensions of
780 and 1000 nm in the X- and Y-directions (width and length), respectively. The spacing
between adjacent isosceles trigonal prisms is zero. The side view of the unit cell of the
simulation model is displayed in Figure 2d. As a reference, we also constructed a numerical
model of the flat active layer without any roughness.
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Figure 1. SEM images of the PTB7-Th:PC;BM:PC4BM blend film with SANR structures under

different scales: (a) 2 um, (b) 1 pm, and (c) 200 nm.
e
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Figure 2. (a) Top view and (b) side view of the AFM images of the PTB7-Th:PC,BM:PCgyBM blend
film with SANR structures, (c) schematic diagram of the numerical model, and (d) side view of the
unit cell of the simulation model.

3. Results and Discussion

Our previous work provided preliminary experimental confirmation of the light-
trapping effect of SANR structures, but a more comprehensive insight into their light-
trapping characteristics was still necessary. It is challenging to experimentally carry out
this work, so we used the FDTD algorithm to carry out prior simulation research on the
light-trapping characteristics of SANR structures. The transmission and reflection spectra
of the ternary blend film with SANR structures (textured surface) are shown in Figure 3a;
compared with the ternary blend film without SANR structures (flat surface), the textured
surface can significantly reduce the photons’ transmittance in the wavelength range of
400-600 nm and the photons’ reflectivity in the wavelength range of 600-900 nm. Although
there was an increase in the photons’ transmittance and reflectance in some wavelength
ranges, the overall light-trapping effect was positive. A simultaneous decrease in the
photons’ transmittance and reflectance occurred in the wavelength ranges 298-390 nm and
588-702 nm, creating an effective trap for the photons. The absorption spectra obtained by
1-R-T extrapolation are listed in Figure 3b, where the photon absorption capacity of the
textured surface is significantly improved, especially in the above-mentioned wavelength
ranges with significant light-trapping effect. As illustrated in the inset in Figure 3b, the
presence of SANR structures leads to the formation of a rough textured surface, which can
increase the number of reflections and refractions of the photons at the surface, thereby
increasing the optical path length of the photons in the active layer and the probability of
being absorbed [38].
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Figure 3. (a) Transmission and reflection spectra of the blend films with textured and flat surface
and (b) corresponding absorption spectra. The inset shows the light-trapping mechanism of the
textured surface.

Figure 4 presents the cross-section images of the electric field intensity | E |2 distribu-
tion at incident wavelength of 500 nm for the blend films with flat and textured surfaces.
The results illustrated that the presence of SANR structures can influence the optical field
distribution of incident light within the PTB7-Th:PCoBM:PC4oBM blend active layer, espe-
cially near the interface between the active layer and ZnO, and more high-energy photons
are trapped near the interface, indicating that the absorption of the incident light energy is
enhanced in the active layer [39]. In addition, the results revealed that the light-trapping
effect of SANR structures does not depend on the direction of photon incidence. In the
results in Figure 3, the photons are incident from the ZnO layer, while in the results in
Figure 5, the photons are incident from the top of the active layer. It can be seen from the
absorption spectra that the photon absorption of the active layer is similarly significantly
enhanced, especially for the photons in the 500-700 nm wavelength range.
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Figure 4. The normalized cross-section near-field profiles of TM-polarized light for normal-incidence
monochromatic illumination at the wavelength of 500 nm in the blend films with (a) flat and (b) tex-
tured surfaces.

It is clear from the SEM and AFM images that the distribution of SANR structures has a
certain randomness, and the sizes of adjacent SANR are not uniform or even very different.
Therefore, it was necessary to clarify the influence of the size of the SANR structures
on the light-trapping effect. Based on the established equivalent numerical model, the
cross-sectional width and height were identified as the critical feature dimensions of
the SANR structures. The initial feature size was 780 nm wide and 22 nm high with a
cross-sectional area of 8.58 x 10° nm?. We first kept the cross-sectional area constant and
investigated the effect of changing the aspect ratio (H/W) of the numerical model on the
light-trapping effect; the specific dimensional parameters are listed in Table 1. Figure 6a
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presents the transmission and reflection spectra of the textured surface with different aspect
ratios of the SANR structures. The change in aspect ratio has a significant effect on the
transmission and reflection spectra of the active layer. As the height of the SANR structures
increases and the width decreases, the transmittance of the active layer to the photons in
the wavelength range of 400-600 nm significantly decreases, while the transmittance to
the long-wavelength (>700 nm) photons continuously increases. The reflection spectra
more significantly vary with decreasing reflectance for the photons in the wavelength
ranges of 320-450 nm and 700-900 nm, while with increasing reflectance for the photons
in the wavelength range of 400-600 nm. The photon absorption capacity of the active
layer is effectively improved by the reductions in transmittance and reflectance. With the
gradual increase in the aspect ratio, the photon absorption capacity in the broad spectral
wavelength range of 300-700 nm improves, as shown in Figure 6b. Reducing the width of
the SANR structures corresponds to increasing the number of SANR structures per unit
area (surface density), which helps to enhance the surface roughness of the active layer,
and a rough surface is more conducive to light trapping [40], which is consistent with the
effect of increasing the height of the SANR structures. Based on the simulation results, we
inferred that in the PTB7-Th:PC7BM:PC¢,BM blend film with SANR structures, the size
regulation of the SANR is the key to further enhancing the photon absorption capacity.
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Figure 5. Absorption spectra of the blend films with textured and flat surfaces. The photons are
incident from the top of the active layer as demonstrated in the inset.
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Figure 6. (a) Transmission and reflection spectra of the textured surface with different aspect ratios of
the SANR structures and (b) corresponding absorption spectra. The inset demonstrates the structural
parameters of the numerical model; the specific values are listed in Table 1.

The above results clarify the dependence of the photon absorption capacity on the
aspect ratio of the SANR structures, but it is obviously not enough, and we needed to further
understand the effects of the independent control of the height and width of the SANR
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structures on the photon absorption capacity. The first focus was on the effects of height on
the photon absorption capacity. We fixed the width to 780 nm and increased the height to
increase the aspect ratio; the corresponding transmission and reflection spectra of the active
layer are displayed in Figure 7a. With the continuous increase in the height of the SANR
structures, the reflectivity to the photons with wavelengths less than 700 nm significantly
decreased, especially for the photons with wavelengths in the range of 500-660 nm. When
the height reached 121 nm (aspect ratio of 0.1551), compared with the height of 22 nm
(aspect ratio of 0.0282), the transmittance to the photons with the wavelength of 550 nm
decreased by 28.4%. Additionally, the reflectivity to the photons significantly changed,
with a significant decrease for the short-wavelength photons (320-470 nm), a significant
increase for the medium-wavelength photons (470-700 nm), and a significant decrease for
the long-wavelength photons (>700 nm). When the height reached 121 nm, compared with
the height of 22 nm, the reflectivity decreased by 36.4% and 69.0% for the photons with the
wavelengths of 400 nm and 750 nm, respectively, and increased by 29.8% for the photons
with the wavelength of 550 nm. The corresponding absorption spectra of the active layer are
shown in Figure 7b, where the photon absorption capacity of the active layer continuously
increases with the increase in the height of the SANR structures. When the height reaches
121 nm, compared with the height of 22 nm, the absorption increased by 25.0% and 20.0%
for the photons with the wavelengths of 400 nm and 550 nm, respectively. Notably, the
increase in height of the SANR structures is equivalent to increasing the average thickness
of the active layer, which is also beneficial for improving the photon absorption capacity,
and the positive effect of the increased average thickness is also shown in the results in
Figure 6. Based on the simulation results, we inferred that in the PTB7-Th:PC7oBM:PC¢BM
blend film with the SANR structures, increasing the height of the SANR structures as much
as possible by regulating the process parameters will be necessary and effective to enhance
the photon absorption capacity.

Table 1. Specific parameters for the equivalent SANR structures with different aspect ratios.

Height (nm) Width (nm) Aspect Ratio (H/W)

22 780 0.0282

26 660 0.0394
31.8 540 0.0588
40.9 420 0.0973
57.2 300 0.1907
95.3 180 0.5296
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Figure 7. (a) Transmission and reflection spectra of the textured surface with different aspect ratios of
the SANR structures and (b) corresponding absorption spectra. The inset demonstrates the structural
parameters of the numerical model: the width was fixed at 780 nm and the height was changed, thus
changing the aspect ratio.



Coatings 2022, 12, 1340

8of 11

The effects of the width on the photon absorption capacity was our next area of interest.
The above results showed that the higher the SANR, the stronger the photon absorption.
However, the low stiffness of organic thin-film materials makes it more difficult to experi-
mentally realize SANR structures with a height of 121 nm; additionally, as mentioned above,
the optimal thickness of the active layer in most OSCs is around 100 nm. For this reason, it
is not very reasonable to set an excessively large height of the SANR structures. Therefore,
combining the characteristics of the PTB7-Th:PCyyBM:PC¢BM blend film with those of the
SANR structures, we fixed the height at 55 nm and investigated the effects of the width
on the photon absorption capacity of the active layer. The transmission, reflection, and
absorption spectra of the corresponding active layer are exhibited in Figure 8. The variation
in the width of the SANR has an effect on the photon transmission and reflection properties
of the active layer, but the effect is much smaller than that caused by the variation in the
height of the SANR structures. As revealed in Figure 8b, the reduction in the width from
780 to 180 nm does not result in a significant change in the absorption capacity of the active
layer for the photons. Although the absorption spectrum of the active layer with a SANR
structure width of 380 nm shows a clear absorption peak at ~530 nm, the positive effect is
very limited. When the width is further reduced to 55 nm (aspect ratio of 1.0), a significant
decrease in the photon absorption capacity of the active layer occurs. Combined with
the results in Figure 7, the light-trapping characteristics of the PTB7-Th:PC7BM:PCgyBM
SANR structures are more dependent on the height of the SANR structures rather than on
the width of the SANR.
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Figure 8. (a) Transmission and reflection spectra of the textured surface with different aspect ratios of
the SANR structures and (b) corresponding absorption spectra. The inset demonstrates the structural
parameters of the numerical model; the height was fixed at 55 nm and the width was changed, thus
changing the aspect ratio.

Finally, attention was paid to the effects of the distance between adjacent SANR
structures on the photon absorption capacity. The numerical model is illustrated in the
inset in Figure 9, where the width, height, and length of the SANR structures are 780, 22,
and 1000 nm, respectively. The distance between adjacent SANR structures is D, which
takes the values of 0, 200, 400, and 600 nm, separately. The corresponding transmission and
reflection spectra are displayed in Figure 9. Compared with the height and width of the
SANR structures, the variation in the distance between adjacent SANR structures has less
effect on the transmission and reflection spectra of the active layer. In general, the smaller
the spacing between adjacent SANR structures, the more favorable it is to reduce the
transmittance and reflectivity of the active layer for the photons in the specific wavelength
ranges. When the spacing is zero, the photon absorption capacity of the active layer is
optimal. Based on the simulation results, we inferred that in the PTB7-Th:PCy,BM:PCgBM
blend film with SANR structures, increasing the number of the SANR structures per unit
area (surface density) helps to improve the photon absorption of the active layer, which is
consistent with the results in Figure 6.
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Figure 9. Transmission and reflection spectra of the textured surface with different spacings between
adjacent SANR structures. The inset demonstrates the structural parameters of the numerical model:
the width, height, and length of each ridge were fixed at 780, 22, and 1000 nm, respectively.

4. Conclusions
In this work, the light-trapping characteristics of the PTB7-Th:PC7BM:PCgyBM ternary

blend film with the SANR structures were investigated by using the FDTD algorithm. The

results showed that the SANR structures have a light-trapping effect, which can effectively

reduce the transmittance and reflectance of the incident photons at specific wavelengths and

thus exhibit stronger photon absorption, especially for the photons in the wavelength range

of 550-650 nm. The light-trapping effect of the SANR structures does not depend on the

direction of photon incidence, and the active layer traps the photons incident from both its top
and bottom. Additionally, the dimensional variation (ratio of height to width) of the SANR
structures has a significant effect on the light-trapping characteristics of the active layer, and
the effect caused by height variation is overwhelmingly superior compared with that of width
variation. In addition, the light-trapping characteristics of the active layer is also influenced by
the density of the SANR structures; the more SANR structures per unit area (i.e., the higher
the surface density), the more significant the light-trapping effect of the active layer. Our work
provides a basis for further experimental enhancement of the photon absorption capacity of
the PTB7-Th:PC7BM:PC¢BM active layer with SANR structures.
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