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ABSTRACT An organic solar cell (OSC), competitive with traditional one (Si-based), draws attention to
future renewable energy sources due to its low-cost and continually rising efficiency. The tandem or mul-
tijunction structure undoubtedly offers an efficient way to boost the performance of OSCs. This work has
explored the optical modeling of different organic photoactive materials to identify the potential materials
for efficient tandem structure. The performance of double, triple, and quadruple junction tandem OSCs
with suitable bandgaps has been analyzed with photoactive materials. The absorption efficiency enhances
considerably using the thickness optimization of each subcell in tandem structures. Current matching in all
subcells, an essential factor for efficient device operation, is taken into account while optimizing tandem
structures. The quadruple design can achieve better photovoltaic performance than double or triple junction
devices. The efficiency predicted from our proposed quadruple structure is ~15.45%, with a short-circuit
current density, Jsc of ~9 mA/cm? and an open-circuit voltage, Voc of ~2.64 V. These results are one of
the high-performance in terms of organic photovoltaic (OPV). Therefore, the above findings indicate that

OSCs are very potential for future photovoltaic applications.

INDEX TERMS
optimization, current matching.

I. INTRODUCTION

Photovoltaic (PV) industry is currently led by inorganic crys-
talline Si-based photovoltaics (PV), which are too expen-
sive and mostly reliant on government financial assistance.
This situation clarifies why PV only considers for a partial
contribution to the world’s electricity production. The possi-
bility of additional cost reduction enhances the recognition
of thin-film solar cells. Even with their lower efficiencies,
thin-film solar cells make significant market penetration
because of tradeoffs between efficiency and cost. An organic
solar cell (OSC) absorbs light and transports charge by
conductive organic materials for producing electricity from
sunlight using the photovoltaic effect. The OSCs are solution-
processed and can be printed or coated instead of using
expensive vacuum deposition. The feasibility of low-cost
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production has yielded organic photovoltaic (OPV) technolo-
gies that pay more attention [1]. The first certified OSC has
been reported with an efficiency above 10% [2], which defi-
nitely opens a new era for its commercialization. During the
last decade improvements in the performance of OSCs have
been remarkable. The power conversion efficiency (PCE) has
been enhanced from ~5% to a recent value of ~14% [3],
[4]. High-quality OSCs are now routinely developed, which
reflected in the reported internal quantum efficiency (IQE)
and fill-factor (FF) as ~90% and ~70%, respectively [5].
All these traits added to open the way to commercialize
the OPV technology. However, single-junction OSCs suffer
from a short absorption range, limiting the use of full solar
spectrum [6], and low-carrier mobility, which results in a
low-photocurrent to produce low-PCE [7]. Researchers are
doing continuous efforts to defeat the present shortcomings
of OSCs. The low-charge carrier mobilities of OPV limit an
active layer’s thickness to several hundred nanometers, which
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allows the free charge carriers to shift to their correspond-
ing electrodes before recombination. The photoactive layer
thickness is usually adjusted, in the range of ~50 to 300 nm
depending on the semiconductors’ actual nature, to find the
optimum performance. Organic materials have a relatively
high-absorption coefficient (~10° ¢cm™!), which partially
settles the low-mobility issue. Though the mobility has been
controlled to some extent, the absorption efficiency is con-
siderably improved using tandem configurations. In tandem
cell configurations, two or more subcells have their corre-
sponding absorption spectra, assembled in a single structure,
and tied in series or parallel offer enriched photon absorption
and consequently lifted the PCE [8]. The light that the high
bandgap bottom device cannot absorb can further intrude
on the low bandgap’s top cell. The wide bandgap material
has a usually higher voltage, lower photocurrent, and smaller
bandgap material has higher photocurrent and lower voltage.
The tandem structure offers maximization of the open-circuit
voltage by reducing thermalization losses as compared to
that of a single-junction having low-bandgap [2]. Different
groups are carrying out considerable research efforts both
experimentally and theoretically to improve the device per-
formance of OSC. Theoretical optimization is helpful as
it gives an important insight into a device. Arnab et al
reported an analytical model for photocurrent, which depends
on voltage, considering exponential photon absorption [9].
Later, the same research group modified their model by
solving continuity equations for charge carriers with proper
boundary conditions and Shockley-Read-Hall (SRH) recom-
bination [10]. They have considered exponential photon
absorption considering Beer-Lambert law in both models.
The assumption of exponential photon absorption is not
appropriate for OSCs as these devices’ layer thickness is
very tenuous. The optical interference-effect significantly
influences light absorption. For organic material, the effect
of interference cannot be overlooked [11] and influences the
final efficiency. To capture these features, a better method for
calculating the intensity of light distribution within the active
layer is the Transfer Matrix Method (TMM). Earlier, TMM
was developed to analyze the propagation of electromagnetic
waves in stratified media, and later, it has been employed to
analyze the optical electric field distribution inside thin-film
solar cells [12].

Generally, after the photon absorption, created excitons
diffused to the donor-acceptor (D-A) interface and dissoci-
ated. The excitons are either suffer geminate type recombi-
nation or able to be separated into free carriers. Researchers
assume that all excitons dissociated into free charge carri-
ers [13]-[16], whereas some of them [9], [10], [17] men-
tioned that the final photocurrent of OSC is controlled by
the dissociation efficiency of bound electron-hole pair (EHP).
Some models calculate OPVs’ dissociation efficiency using
the Onsager model [18] while some others use the modi-
fied Braun model in their works [9]-[11]. Onsager-Braun
approximation assumes the presence of a long-range electric
field located inside the active layer. However, this field’s
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presence is still under debate and some researchers claim a
complete diffusion-driven charge transport inside the OPV
device [19]. The dissociation efficiency is reported near to
unity for PCDTBT:PCBM material [20]. The exciton disso-
ciation rate equal to unity means the exciton generation rate
only depends on the number of photons absorbed in the active
layer [13]. Again, after dissociation, free charge carriers
may recombine while traveling towards the electrodes [21].
It is claimed that once an exciton dissociated into free car-
riers, their collection efficiency is very high (~100%) at
the opposing electrodes [22]. Many theoretical works ignore
the charge carriers’ recombination due to simplicity without
significant deviation from experimental results [14], [23].
Therefore, photons’ absorption inside the active layer gives
important prediction of the final device current in OSCs. Still,
many researchers have been looking for different mixtures of
organic material to achieve high-efficient tandem OSCs. The
first quadruple junction OSC is reported by Rasi et al. [24].
They reported that their modeled subcells showed sufficient
current mismatch, where the back cell was limiting the cur-
rent. However, in most works on tandem organic solar cells,
the current matching is largely discarded. Therefore, the opti-
mization of current generated by each cell subcell is essential
for avoiding extra charges and the local electric field, which
eventually reduces efficiency [25]. Also, optimizing individ-
ual subcells’ layer thickness is required to maximize short-
circuit current density and current matching of multijunction
cells.

The summary of the contributions of this article is pre-

sented below:

1) The critical challenge in designing the triple and
quadruple junction OSC is that the existing organic
photoactive layer having absorption greater than
1200 nm has not been reported yet. A higher pho-
tocurrent is expected from low bandgap photosensitive
polymer through the harvesting of energy further into
the infrared region. Tandem structures offer increased
spectral coverage; thus, more photons with different
ranges of energies are absorbed. When stacking mul-
tiple absorbers in tandem structures, the high bandgap
material is placed near the anode. The light enters
the device to absorb the photon with high energy,
leaving low energy photons for the next absorbers
to harvest. In our work, we have designed and opti-
mized the tandem OSCs with the quadruple junc-
tion. To choose the organic materials and thickness
of the structure, we have systematically estimated the
performance for single-junction to quadruple junction
OSCs. The tandem structures’ subcells are considered
as series-connected. In series-connected tandem cells,
the total short-circuit current density is equal to the
minimum current of the subcells, whereas the total
open-circuit voltages are the sum of each subcell’s
junction voltages [8].

2) The performance of different organic active layers in
their single-junction architectures have been studied.
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It is noted that different research groups produce many
organic materials yielding high efficiencies in minimal
amounts that considerably limit their access and repro-
ducibility. Therefore, while choosing materials for our
theoretical calculation, commercially available and the
materials used by many research groups are chosen to
overcome the aforementioned problems. Again, these
increase the achievability and reliability of our pro-
posed structures. The optical optimization has been
carried out in this work concerning various cell param-
eters that play a crucial part in the OPV’s performance
exploration. The optical spacer layer’s effect in the
electron-hole pair (EHP) generation is quantified.

3) The main focus is to propose an efficient quadruple
structure with better achievable efficiency. Limited tan-
dem cell current is mainly due to spectral overlapping
and current mismatch of subcells. As in tandem struc-
ture, the lowest current supplied by any of the subcells
will be the final device current; careful selection of
materials and fine-tuning of current density is required
to obtain efficient performance. Optimization of indi-
vidual subcells’ layer thickness is needed to maximize
current density and current matching of multijunction
cells. In this study, optimization of current density for
the tandem cell is performed with proper consideration
of different subcells’ current matching.

4) There is still no work on the interdependence of
subcells for quadruple structures to the best of our
knowledge. Therefore, changing one layer’s thick-
ness affects other subcells in tandem structures that
have been explored in the proposed quadruple OSC.
We also consider parasitic absorption and transmis-
sion losses. As different cell parameters are studied
carefully, overestimations of efficiencies are expected
to be avoided. Finally, we show that tandem OSC’s
efficiency increases in quadruple-junction than double-
and triple- junction configurations.

The remainder of the paper is organized as follows:

Section II describes the theoretical design of proposed
tandem OSCs with the properties of the organic materials and
the considered model of this work. The performance of OSCs
have been analyzed for different cell parameters in section I11.
Finally, Section IV summarizes this work.

Il. DEVICE DESIGN AND COMPUTATIONAL
METHODOLOGY

We have designed and optimized a quadruple junction OSC
to attain a high PCE. Figure 1 illustrates the proposed
OSC with a quadruple structure. The device structure is
comprised of 13 functional layers, among which four are
organic photoactive materials. Different organic materials
with various optical bandgaps are studied as the active layers
to achieve an efficient tandem structure. Firstly, the front
subcell consists of donor material, poly [N-900-hepta-
decanyl-2,7-carbazole-alt-5, 5-(40,70-di-2-thienyl-20,10,30
benzothiadiazole)] (PCDTBT), which combine with PCBM

VOLUME 9, 2021

Cathode (Al)-100nm
Back Cell
HTL (PEDOT:PSS)-15nm
ETL (ZnO) -10nm
Middle Back Cell
HTL (PEDOT:PSS)-15nm
ETL (ZnO) -10nm
Middle Front Cell
HTL (PEDOT:PSS)-15nm
ETL (Tiox) -10nm
Front Cell
X HTL (PEDOT:PSS)-15nm
Anode (ITO)-110nm
Glass Substrate

i

FIGURE 1. Schematic device architecture of quadruple-junction OSC.

as acceptor material. This material combination is very
suitable for attending enhanced open-circuit voltage as
~0.9 V because of the highest occupied molecular orbital
(HOMO) is located at 5.5 eV [26]. Secondly, there are
three different materials are considered to optimize the
middle front subcell. These donor materials are poly[[4,8-
bis[(2-ethylhexyl)-oxy]benzol 1,2-b:4,5-b0]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b] thio
ph-enediyl]] (PTB7) [27], poly[(ethylhexyl-thiophenyl)-
benzo-dithiophene- (ethylhexyl)-thienothiophene] (PBDTT
T-EFT, usually defined as PTB7-Th or PCE10) [28],
and poly[3,6-bis-(40-dodecyl-[2,20] bithiophenyl-5-yl)-2,
5-bis-(2-ethyl-hexyl) -2,5 dihydropyrrolo [3], [4] pyrrole-1,
4-dione] (pBBTDPP2) [29] which are combined with the
acceptor PCBM. The PTB7-Th has red shifted absorption
spectra having a bandgap of 1.58 eV which is smaller
than PTB7 material (1.64 eV) and allows more photons
to absorb for enhancing charge generation [30]. The low
bandgap pBBTDPP2 (1.4 eV) covers the absorption spec-
trum up to 900 nm. Thirdly, the middle back subcell
consists of poly[[2,5-bis(2-hexyldecyl-2,3,5,6-tetrahydro-
3,6 dioxopyrrolo[3,4-c] pyrrole-1,4-diyl]-alt-[3’,3”-dimethyl
2,2 . 5, 2"-terthiophene] -5,5”-diyl] (PMDPP3T) (1.3 eV),
which exhibits solar spectra coverage of ~1000 nm [31].
Finally, the poly[[4-(2-ethylhexyl)-4Hdithieno [3,2-b:2’,3’-d]
pyrrole-2,6-diyl]-alt-2,5-selenophenediyl[2,5-bis (2 ethylhe-
xyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]-pyrr-ole-1,

4-diyl]-2,5-selenophenediyl] (PDPPSDTPS) (1.13 eV) is
considered as the back subcell [32]. This donor material
has the longest absorption range than other materials having
spectral fill up to 1200 nm when mixed with acceptor PCBM.
Figure 2 (a) and (b) show the refractive indices of the
concerned organic materials considered directly from the
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FIGURE 2. Refractive index, 5 (a) and Extinction coefficient, « (b) values of different organic materials employed in the active layers (c) energy level

diagram of considered organic materials.

reported data [24], [30], [33]-[35]. The bandgap of these
materials varies from 1.9eV ~ 1.13eV. We have consid-
ered the materials’ bandgap and HOMO level from the
reported data [26], [29]-[32], [36]. The LUMO level is deter-
mined from the HOMO and optical bandgap as LUMO =
HOMO + E,. Figure 2(c) represents the bandgap of con-
sidered donor material along with HOMO-LUMO levels.
Here, TiOx and ZnO are considered as the electron transport
layer (ETL) while the hole transport layer (HTL) is poly
(ethylenedioxythiophene):poly (styrenesul-fonate) (PEDOT:
PSS). The transparent ITO acts as anode whereas the cathode
is made of Aluminum (Al).

Usually, Beer-Lambert (BL) law is considered to estimate
the light intensity inside the device. The light intensity decay
exponentially with distance as I(x) = Iy exp (—ax) where
I(x) is the intensity of light at position x, Iy is the incident light
intensity, « is the absorption coefficient. In OPV, the active
layers’ typical thickness is confined in the range of 20 to
300 nm [37]. The BL exponential decay of light intensity is
not straightforward behavior inside the OSC. To evaluate the
optical process, it is essential to include both transmission

40668

of electromagnetic waves inside the device and reflectance
from layers as well as electrodes. Successive transmissions
and reflections generate optical interference in the material
stack. In thin OSCs, the effect of interference due to for-
ward and backward directed light cannot be neglected to
evaluate the performance. This phenomenon inside the OSCs
is considered by optical Transfer matrix method (TMM).
Optical TMM assumes light as a plane wave. The constituent
materials are considered to be homogeneous and isotropic so
that their optical response can be described by complex index
of refraction, 1y = n; + ik;, where n; is the refractive index
and k; is the extinction coefficient [12]. Both »; and k; are
the function of wavelength of incident light. The interfaces
are assumed to be optically flat. With these assumptions, the
propagation of light can be described by a 2 x 2 matrix.
This method takes into accounts the layers’ thicknesses;
refractive index and extinction coefficient of all the mate-
rials that constitute a device is implemented by McGehee
group [38]. Therefore, the effect of any change in any layer
thickness or change of optical properties can be determined
by this method.
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To evaluate the optical field induces from an incident plane
wave on the photovoltaic active region, the multilayer struc-
ture of an OSC is considered to embed between two semi-
infinite layers (j = 0, j = m + 1). The light is assumed to
incident from the left on a multilayer device having m layers
surrounded by ambient (air) and a substrate at two sides. Each
layer j j = 1, 2, ..., m) of the multilayer structure has a
corresponding thickness d;. The primary process to produce
the photocurrent in an OSC is the generation of bound EHP
called excitons due to absorbing photon energy from optical
electric field. For interference, the optical electric field at any
point x has two components: one component propagating in
the positive x direction Ej‘"(x) and another in the negative x
direction E;” (x). This interference affects the optical electric
field density across the device and, consequently, absorbs
light in the active layer. The optical electric field at a distance
x within layer j can be expressed as [11]:

Ej(x) =E' () +E (). M

When sunlight passes from one layer to adjacent layer in
a multilayer structure, light is reflected and refracted. The
behavior of incident light between two adjacent layers (e.g.,
layer j and layer k) is described by the interface matrix .
The interface matrix can be expressed as [11]:

iy + 1)/ (g = 17k)/ 27
o= @)

(g —m)/2n5 (g + 1m)/ 205
where 17y and 7 are the complex refractive indexes of layer j
and layer k. Again, when light propagates through a layer,

light is absorbed, which represents as layer matrix L; and
expresses by [11]:

i exp (—z@dj) 0
L =
0 (-27'”77 )
exp (=5 .d;
[ exp(—i&d;) 0

= 3)
0 expligd))

where, & = @ and d; is the thickness of layer j. By using
interface matrix Ij; and layer matrix L; the total system trans-
fer matrix or scattering matrix S. The transfer matrix S is the

product of all interface and layer matrices as [12]:

St Si2 m
S = |:S21 S22] = (1_[71:1 (I(n—l)nLn)) -Im(m+1) (4)

The total transfer matrix S relates the optical electric field of
the two outermost layers ambient and substrate (j = 0 and
j=m+1).

+ +
E()_ _ St Sz ErE 11 )
Ey S S | LE,
In order to calculate the internal electric field in layer j,
the total layer system may be split into two subsystems S]f
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and S; separated by layer j. The total transfer matrix (S) can
be redefined as [12]:

S = S|L;S; (©6)

where the subsystems transfer matrices Sj’ and S; may be
expressed as [12]:

/ Sj/ll S]{12 =1
=g oo |=IL.. Go-nul) ) gy D

21 P22
T m
S; = [ Sj{,ﬂ ij’zz = (Hn:,+1 <1<n_1>nLn)) Lnm+1) (8)

The optical electric field at a distance x within layer j can be
expressed as [12]:

"

Sllle—igj(dj—x) + S};leifj(dj—x)

Ej(x) = T—— T Ey ©)
! Sfusjueﬂs"'d"+S/{125j21615j4/ 0

From the distributions of optical and electromagnetic fields,
the excitons generation rate is evaluated. The energy dissi-
pation Q as a function of position and wavelength is given
by [12]:

1
0 () = Sceooy; |E; | (10)

where c is the speed of light, €, is the permittivity of free
space, o and n; are the absorption coefficient and refractive
index of layer j, respectively. The exciton generation rate can
be expressed as [13]:

A
Gx,\) = Q(x,)»)E an

Finally, the exciton generation rate as a function of posi-
tion can be obtained by integrating G (x, 1) over the visible
spectrum [13]:

A2
G(x):/ G (x, M)dAr (12)
Al
For active layer thickness = ¢, the current density Jg
(mA/cm?) under AM 1.5G illumination is represented by:

t
Jse = fJ/ G (x) dx 13)
0

where g = electron charge.

This method considers all the layers in order during
the construction of any OSC architecture and the effect of
adding or removing any layer.

The TMM method assumes that one absorbed photon pro-
duces one exciton, divided into free charges and collected
at the respective electrodes that represent 100% IQE. It has
been supported by experimental work that the IQE of organic
material can reach 100% [26]. The IQE is considered as 100%
to solely exploring the effect of photoactive layer thickness on
light harvesting. The optical simulation has been carried out
in the MATLAB environment. All the calculations have been
done at room temperature. The simulation is done considering
standard AM 1.5G (100 mW/cmZ) illumination. The flow
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FIGURE 3. Flow diagram of the optical modeling through the transfer
matrix method.

TABLE 1. Model validation by comparing with the experimental result.

Jsc (mA/cm?) Voc (V)
Exp. [20] -11 0.89
Using our model -11.62 0.90

diagram of the model is given in Fig. 3. In OSCs, the Voc
generally depends on the difference between the HOMO level
of donor material and the LUMO level of acceptor material
and a deviation of ~0.3 V is usually observed [39]-[41]. This
deviation of 0.3 V is empirical, and it could be greater or
lesser [41].

For validation test purposes, we have reproduced reported
experimental results using our proposed simulation model.

The PCDTBT:PCBM based single-junction OSC with an
active layer thickness of 150 nm is taken [20]. By considering
the same device architecture and materials, a good match
is found between the reported experimental data [20] and
our simulated results using the proposed model, as shown in
Table 1.

IIl. RESULTS AND DISCUSSION

A. SINGLE-JUNCTION OSC

The photovoltaic performance of six individual photoactive
organic materials in their single junction structure has been
investigated. The device architecture for single-junction is
shown in Fig 4 (a). The photoactive material is sandwiched
between ITO, which acts as the anode, covered with PEDOT:
PSS hole transport layer (HTL), and Al, which acts as the
cathode. The thickness of all layers constituting the device
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architecture is kept fixed except the concerned active layers
whose thickness varies from O to 300 nm. Figure 4 (b)
shows the short-circuit current density as a function of the
active layer thickness of the concerned materials. With the
increase of thickness, a notable oscillation behavior is notice-
ably caused by optical interference between the incident light
and the reflected light from the metal electrode. The com-
monly used active layer thickness in literature for the single-
junction solar cells’ performance study lies approximately
70 to 160 nm [42]-[46]. Therefore, we have chosen thickness
within this range for the performance analysis of concerning
organic materials in their single-junction structures where
current density will have considerable value. Figure 4(b)
shows that the effect of interference causes two position-
dependent current density peaks for PCDTBT:PCBM mate-
rial. Current density reaches its first peak for a layer thickness
of around 70-90 nm. It is reported that the maximum effi-
ciency for PCDTBT:PCBM material was obtained with the
photoactive layer thickness in the range of 70-90 nm [47].
Again, the decrease in current density for larger thickness
is observed following the second peak of current density for
higher thickness. Similar experimental results were observed
by Monestier et al. [13]. Figure 4 (c) and (d) show the short-
circuit current density and the photon absorption profile at
an optimized active layer thickness for the organic materials.
In OSCs, maximum carrier generation may arise in inside of
the active layer instead of at the edge due to various optical
phenomena such as reflection and interference [12], [48].
These optical phenomena also provide numerous peaks in the
distribution of the carrier generation rate [13]. Figure 5 shows
the exciton generation rate as a function of different active
layer thickness for PCDTBT:PCBM material.

1) EFFECT OF INTERLAYERS

Kim et al. [48] introduced an optical spacer layer between
the active and metal electrodes to change the light intensity
distribution inside the device spatially. The spatial rearrange-
ment of optical electric field energy degeneracy (measured
by |E|?, where E is the optical electric field) causes the
maximum light intensity to fall within the active layer for
increasing the photon absorption [12], [48], [49]. Figure 6
shows the optical electric field distribution of PCDTBT:
PCBM material for a single wavelength of 545 nm. For
thicker TiOy, the electric field intensity inside the active
layer is decreasing. Based on the active layer thickness, there
lies optimum thickness for the optical spacer that enables
to shift off the generation peaks [50]. The free carrier gen-
eration rate is related to the photogeneration of excitons,
proportional to the optical electric field energy dissipation
(IE|?) [50]. Depending on the optical spacer layer’s thick-
ness, the effects on the generation of charge carriers and
the maximum achievable current can be described. To ana-
lyze the device performances with optical spacer layers, two
distinct single-junction structures are considered. The TiOx
is employed between PCDTBT: PCBM and Al electrode.
The ZnO is considered for PDPPSDTPS: PCBM structure.
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Figure 7 shows the short-circuit current density as a function
of two optical spacer layer thicknesses, while the thicknesses
of the active layers are remained fixed. For the blend thick-
ness of 70 nm for PCDTBT: PCBM, the current density is
found 11.83 mA/cm? while adding a thin layer of 10 nm TiOy
increases the current to 12.07 mA/cm? without increasing the
active layer thickness. These results indicate that the device
current increased for a 10 nm layer of TiOx, whereas the
current is decreased with the increase of TiOx more than
10 nm. Therefore, the optimum thickness of optical spacer
layer TiOx is efficient at 10 nm for our concerned PCDTBT:
PCBM material, which is in good agreement with previous
reports [26]. The low bandgap material PDPPSDTPS: PCBM
shows a very high current density of 24.31 mA/cm? at a
layer thickness of 125 nm. Adding a ZnO layer between
PDPPSDTPS:PCBM and Al, the device’s performance might
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be enhanced. In Fig. 7, it is found that the optimum thickness
for the optical spacer ZnO layer for this configuration is
20 nm. After reaching this optimum thickness, the overall cur-
rent density decreased and degraded the device performance.
Therefore, these results indicate that the device performance
can be improved considerably using an optimum thickness
of the interfacial layer without increasing the active layer
thickness.

B. DOUBLE-JUNCTION 0OSC

The PCDTBT: PCBM and PMDPP3T: PCBM having com-
plementary absorption spectra can construct an efficient
tandem structure from spectral coverage analysis. A double-
junction tandem structure is considered PCDTBT: PCBM
as front subcell and PMDPP3T: PCBM as back subcell,
which are shown in Fig. 8 (a). In a single-junction structure,
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the PCDTBT: PCBM material shows good absorption for the
layer thickness of 70 nm while this material shows inferior
absorption at that thickness in double-junction. This result
indicates that photons’ absorption by different materials per-
forms differently from their single-junction structure to tan-
dem structure. Optimization of layer thickness is essential
for the performance analysis of multijunction cells. The effi-
ciency of 8.90% in the tandem structure achieved by Li et al.
for same materials where the layers thickness of 155 (front
cell) and 150 nm (back cell) [31]. Using these thicknesses for
the subcells in the proposed tandem cell shows a considerable
enhancement in photon absorption, especially for PCDTBT:
PCBM material, as shown in Fig. 8 (b). It is found that while
there is an increase in absorption in the front cell, the back-
cell absorption is ceasing in the range of the front cell. The
front cell shows a current density of 10.87 mA/cm?, and the
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back subcell shows 16.9 mA/cm? at this thickness, assuming
100% IQE. But there is a noticeable current mismatching
between the two cells.

C. TRIPLE-JUNCTION 0OSC

From the absorption curve of Fig. 8 (b), it can be seen that
from 550 to 750 nm, there is inferior absorption of photons,
which further opens the door for a middle layer. We have cho-
sen some high-performance organic materials for the middle
layer that show considerable absorption in this range to design
an efficient triple-junction structure. The device architecture
for triple junction is shown in Fig. 9 (a). We have studied the
performance of three different triple-junction structures. In
all three structures, the front cell and back cell constituents
are PCDTBT: PCBM and PMDPP3T: PCBM, respectively,
and the middle layer has three different organic materials for
each structure. These OSCs are defined as Triple 1, Triple 2,
and Triple 3 where the middle cell consists of PTB7:PCBM,
PTB7-Th:PCBM, and pBBTDPP2:PCBM, respectively. One
of the biggest challenges for multijunction OSC is obtaining a
high balanced current density for all the concerned subcells.
We have tried different combinations of thicknesses for the
active layers to achieve a maximum and matched current
from triple-junction structures. After careful optimization of
thickness, the maximum and matched current is noted for all
the subcells. The absorption profile of the concerned subcells
in their respective triple-junction structures with these opti-
mized thicknesses is shown in Fig. 9 (b) which shows all three
subcells of the triple junction structures display considerable
absorption in their respective position. The current density
of the individual subcells at the optimized thickness and the
percentage of current mismatch are summarized in TABLE 2.
From the table, it is found that the back-cell thickness is lower
for structures 1 and 2, but a larger thickness is required for
structure 3. The middle cell in structure 3 has an absorp-
tion range up to 900 nm that reduces the amount of photon
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TABLE 2. Performances of triple junction structures of proposed 0SCs.

Name of Optimized Jsc Current
0OSC Device Structure thickness mismatch
(nm) (mA/cm?) (%)
Front Cell (PCDTBT:PCBM) 132 9.0254 0
Triple 1 Middle Cell (PTB7:PCBM) 225 9.0802 0.6
Back Cell (PMDPP3T:PCBM) 100 9.0293 0.04
Front Cell (PCDTBT:PCBM) 155 9.9627 0.2
Triple 2 Middle Cell (PTB7-Th:PCBM) 195 9.9470 0.11
Back Cell (PMDPP3T:PCBM) 124 9.9351 0
Front Cell (PCDTBT:PCBM) 155 10.2085 0
Triple 3 Middle Cell (pBBTDPP2:PCBM) 145 10.2274 0.185
Back Cell (PMDPP3T:PCBM) 170 10.3556 1.44

harvested by the back cell. So, a higher thickness is needed extended absorption than PTB7:PCBM. Therefore, among
for the back cell for considerable absorption in this struc- the middle cells, PTB7:PCBM required higher thickness due
ture. Again PTB7-Th:PCBM and pBBTDPP2:PCBM have to its narrow absorption range. It is found that Triple 3

VOLUME 9, 2021 40673



IEEE Access

F. 1. Mime et al.: Design and Performance Analysis of Tandem OSCs: Effect of Cell Parameter

o
o

—_—

| [ ]PCDTBT:PCBM (a) ]
[_]PTB7-Th:PCBM

[ IPMDPP3T:PCBM -

| [_|PDPPSDTPS:PCBM

£
o

o
o

=Y - N
o (3] o
S

Exciton generation (10%' cm s™)
o
13

1 1

2
=

800 1000

400 600
Wavelength (nm)

1200

7 R S R R s R T B s R e B i B S
I [ |PCDTBT:PCBM (b) ]
-~ [ |PTB7-Th:PCBM
w6 [ | PMDPP3T:PCBM B
'.’E | [___|PDPPSDTPS:PCBM
,_"’ 5+ o
“‘2 i
S4r i
o |
[1+]
S3l :
c
g, I
c2r -
L
‘0
s1r 7
0 i i i 1 al L PR | g M L " 1.
0 200 400 600 800

Distance along the x-axis (nm)

FIGURE 10. Exciton generation of individual subcells as a function of wavelength (a) and along the x-axis of quadruple 2 0SC (b).

provides the best current to be achieved than the other two
OSCs. The current mismatch is calculated, and the optimized
triple-junction cells provide good current matching in all
structures.

D. QUADRUPLE-JUNCTION 0OSC

The detailed materials and thicknesses of each layer have
been shown in Fig. 1. The limited performance of organic
tandem cells is primarily due to their limited absorption range
due to the lack of optimal low-bandgap materials for the
back subcell. Thus, a large part of the entire solar spectrum
remains unabsorbed. In our proposed triple junction struc-
tures, we have seen the maximum absorption is limited to
1000 nm. A low-bandgap material with extended absorption
more than this range would open the gate for a next junction
to be added. The low bandgap material PDPPSDTPS: PCBM
material shows a photo response extending to 1200 nm. The
proposed quadruple junction structure absorbs photons from
350 to 1200 nm. The final efficiency of quadruple junction
solar cell devices strongly depends on the individual sub-
cells’ current matching. We have assured current matching
for our proposed quadruple structures while increasing the
absorption efficiency by thickness optimization. There are
three different quadruple-junction structures are considered
where front cell, middle back cell, and back cell consist
of fixed PCDTBT: PCBM, PMDPP3T:PCBM, and PDPPS-
DTPS:PCBM, respectively. While only the middle front cell
is altered to construct the OSCs, which define as quadruple 1,
quadruple 2, and quadruple 3 with PTB7:PCBM, PTB7-Th:
PCBM, and pPBBTDPP2:PCBM, respectively. The thickness
of all the active layers constituting the quadruple structure
is varied simultaneously to find the optimum combination
where the current is maximum, and the current mismatch
will be minimum. Based on our simulation results, the best
short-circuit current density would be achieved from the
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quadruple 2. Figure 10 shows the individual contribution to
the subcells’ exciton generation in quadruple 2 at optimized
thickness. It is found from Fig. 10 (a) that photons are
absorbed by the previous layer of a structure for all subcells
except the front subcell. Spectral overlapping by the succes-
sive layers causes lowered absorption of individual active
layers. If photon absorption is reduced, the current density
is found low.

All the constituent layers employ in the structure directly
influence the performance of the device. We have studied
how changing the thickness of one subcell affects other sub-
cells in our proposed quadruple structures. We have consid-
ered the quadruple 2 which shows the highest achievable
current among the other quadruple structures. The thick-
ness of individual subcells has been varied while keeping
the thicknesses constant at optimized layer thickness for
all other layers as shown in Fig. 11. It is observed that
increasing the thickness of one layer will surely increase
that concerned layer’s current as higher thickness ensures
higher absorption. Changing a layer thickness has succeed-
ing effects on other layers, and current matching is difficult
for quadruple junction solar cells. In all cases, when we
increase the thickness of one layer, it decreases the subse-
quent next subcell’s current. This phenomenon is realized as
the increasing thickness of one layer may leave less pho-
ton to harvest in the consequent layer. For the other two
subcells, the decrease in current is small and shows almost
linear behavior. It can conclude that layers are very much
correlated in their multijunction structure from thickness
optimization analysis. Changing the thickness of one layer
has subsequent effects in their former and next layers. It is
also be found that at one point, the entire curve intersects,
and the current of all subcells have nearly the same value.
This is the match current for the thickness of the respective
subcell.
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Parasitic absorption refers to an optical absorption that
does not generate an EHP pair. Parasitic absorptions in non-
active layers influence the photogenerated carrier profile in
OSCs. For the proposed quadruple structures, thirteen lay-
ers are employed; four layers are the photoactive layers.
Figure 12 shows that most of the absorption is by the OPV
materials in our proposed quadruple 2. As the material chosen
for recombination layers and interlayer shows high optical
transparency, i.e., low optical absorption in the region of
interest, parasitic absorption is not limiting in the proposed
quadruple-junction OSC.

The maximum current density has been estimated by thick-
ness optimization for proposed quadruple structures. The
thicknesses of the active layers varied from 70 to 220 nm.
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Increasing the thickness of the active layer can improve
short-circuit current density. Simultaneously, a thicker device
requires higher mobility of charge carriers to ensure efficient
charge collection at their respective electrodes. The current
density of the individual subcells at the optimized thickness
and the percentage of current mismatch of quadruple struc-
tures are summarized in TABLE 3 and shown in Fig. 13.
A considerable increase in thickness for middle back cells in
all the proposed model structures can be observed (195 nm,
218 nm, and 220 nm). The material used for the middle back
cell, i.e., PMDPP3T: PCBM, has electron and hole mobili-
ties in the range of 1072— 1073 cm?V—!s~! [31]. There-
fore, this material’s mobility is strong enough for efficient
charge collection at these thicknesses can be realized. When-
ever we have used pBBTDPP2:PCBM as the middle layer
in our triple-junction structure, it shows a high maximum
achievable current than the other two structures. It works
well for its quadruple structure position however reduces
the photon absorption of the middle back layer PMDPP3T:
PCBM, which is the current limiting subcell. As the middle
back layer is sandwiched between pBBTDPP2:PCBM and
PDPPSDTPS: PCBM, they leave a narrow absorption range
and less photon to harvest for the middle back subcell. From
the observation of achievable current density, the proposed
quadruple 2 gives the best current density to be achieved than
the other two structures.

E. COMPARATIVE STUDY OF OSCS

In a single-junction, we have found better performance for
small thicknesses of active layers. However, when these
materials are employed as a subcell in tandem, a consider-
able thickness is required to achieve better current density.
An important reason behind the limited tandem cell current
is owing to the absorption overlapping. The back electrode
will reflect the photons that are not absorbed in the first pass,
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TABLE 3. Performances of quadruple junction structures of proposed 0SCs.

Name of Optimized Jsc Current
0SC Device Structure thickness mismatch
(nm) (mA/cm?) (%)
Front Cell (PCDTBT:PCBM) 130 8.7816 0
Middle Front Cell (PTB7:PCBM) 220 8.7896 0.09
Quadruple I 77441 Back Cell (PMDPP3T:PCBM) 195 8.8378 0.64
Back Cell (PDPPSDTPS:PCBM) 135 8.7947 0.15
Front Cell (PCDTBT:PCBM) 135 9.0329 0.315
Quadruple 2 Middle Front Cell (PTB7-Th:PCBM) 150 9.0045 0
P Middle Back Cell (PMDPP3T:PCBM) 218 9.0184 0.154
Back Cell (PDPPSDTPS:PCBM) 159 9.0062 0.0189
Front Cell (PCDTBT:PCBM) 126 8.8691 0.047
Quadruple 3 Middle Front Cell (pBBTDPP2:PCBM) 134 8.9023 0.422
P Middle Back Cell (PMDPP3T:PCBM) 220 8.8649 0
Back Cell (PDPPSDTPS:PCBM) 180 8.9991 1.51
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FIGURE 14. Normalized transparency loss for different junctions.

and there is a possibility that these photons can be absorbed in
the second pass [24]. For multijunction cells, these photons
are usually absorbed by the subsequent layer. Furthermore,
complete absorption is impossible with the thickness we have
used for our simulation (100 - 225 nm). The reflection loss in
OSCs is considered as shown in Fig. 14. Incident radiation
reflected off from the interfaces of ITO, PEDOT: PSS, etc.
In the single-junction where the active material is PCDTBT:
PCBM, the reflection losses are rising when the absorption of
the active layer is ceasing. In double-junction, the back sub-
cell PMDPP3T: PCBM shows good absorption up to 900 nm.
The reflection loss is increased after this range. Figure 8(b)
shows an absorption window where both subcells of double
junction structure cannot show good absorption. This range
increase of normalized transparency loss is observed, further
minimized by adding middle layer PTB7-Th: PCBM in triple
junction. By adding low bandgap material PDPPSDTPS:
PCBM in quadruple structure, transparency loss reduced to
1000 nm.
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FIGURE 15. J-V characteristics curve of concerned subcells in quadruple
2 0SC.

Namkoong er al. reported the experimental work that
though the variation of photoactive layer thickness has a
mentionable impact on the short circuit current density,
the open-circuit voltage remains almost constant with varying
thickness [20]. The total open-circuit voltage of the series-
connected tandem solar cell is equal to the sum of the
single-junction cells’ voltage. Many experimental works also
support this phenomenon. You et al. experimentally showed
that the open-circuit voltage is ~0.01V less than that of the
front and rear cell voltage combination [2], which may arise
from interconnecting layers’ small resistances. The value of
Voc is calculated for the materials concerning experimental
data [26], [29]-[32], [51]. The reported value of fill-factor
(FF) of different subcells of the proposed quadruple OSC is
usually in the range of 0.65 except for PDPPSDTPS:PCBM
(FF = 0.57) [32]. We have considered the losses, so that
over-estimation of PCE is avoided. The J-V characteristics of
different subcells of the proposed quadruple 2 are shown in
Fig. 15. Considering all optimized structure and losses, we
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TABLE 4. Comparison between different Tandem 0SCs with our simulated one.

0OSC Device Architecture Jsc Voc FF PCE
(mA/em?) | (V) (%) (%)
PCDTBT:PCBM (155 nm) /PMDPP3T:PCBM (150 958 1.49 62 8.90
g | nm)[31]
=
S | PCDTBT:PCBM (70 nm)/
E PMDPP3T:PCBM (150 nm) [52] 10.38 1.48 65 10.0
D
< | P3HT:PCBM (350 nm)/ PTB7:PCBM (90 nm) [6] 22.60 0.85 | 68.21 13.96
[~
a . .
PCDTBT.PCBM (155 nm) /PMDPP3T:PCBM (150 10.87 1.50 65 10.59
nm) [This work]
PCDTBT:PCBM (125 nm)/ PMDPP3T:PCBM (95 nm)
£ | /PMDPP3T:PCBM (215 nm) [31] 7341 209 65 9.64
9
£ | P3HT:ICBA(160 nm)/PTB:PCBM (110 nm)
£ | /LBG:PCBM(8S nm) [53] 7.63 2.28 | 66 11.55
2
= PCDTBT:PCBM (155 nm)/PTB7-Th:PCBM (195 nm)
B /PMDPP3T:PCBM (124 nm) [This work] 9.935 23 65 14.85
PDCBT:PCBM (110 nm) /PTB7-Th:PCBM (100 nm)
% = | /PMDPP3T:PCBM (170 nm) /PDPPSDTPS:PCBM 5.26 2.46 63 8.2
£ -2 | (160 nm) [24]
1'; £ | PCDTBT:PCBM (135 nm) /PTB7-Th:PCBM (150 nm)
& = | /PMDPP3T:PCBM (218 nm) / PDPPSDTPS:PCBM 9.00 2.64 65 15.45
(159 nm) [This work]
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FIGURE 16. Variation of short-circuit current density, Jsc, open-circuit
voltage, Vo, and power conversion efficiency, PCE for different tandem
0SCs.

have calculated the PCE of the proposed double, Triple 2,
and Quadruple 2 OSCs. The FF is assumed as 0.65, which
is the state-of-the-art value. The overall device performances
are shown in Fig. 16. The Jgc is found to be reduced by
adding more junctions. The lowest current is observed for the
quadruple 2. Though the Jgc is low in quadruple 2, the PCE
is expected to be improved because of series-connected junc-
tions. Adding junctions in tandem structure means summing
up their individual Voc. The comparison of our simulated
devices’ performance with other reported device architec-
tures is shown in TABLE 4. The proposed quadruple OSC
(quadruple 2) has a potential to achieve the high PCE of
15.45%. Above studies also suggest that organic materials
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employed in tandem solar cells are highly promising for high-
performance photovoltaic applications.

IV. CONCLUSION

This paper represents the systematic study of tandem OSCs
using optical modeling, and the simulation results give the
prediction about their performances. In multijunction OSC,
the entire cell’s current is determined by the lowest current
supplied by any of the subcells. A careful selection of material
is essential as the short-circuit current is the efficiency lim-
iting factor. For a fixed thickness, concerned subcells show
less current in their tandem structure than single-junction due
to the absorption overlapping. In tandem OSC, the individual
subcells’ structure thicknesses must be optimized, and current
density needs to be matched to achieve better photovoltaic
characteristics. As organic materials’ thickness is limited
between a few hundred nanometers, the maximization of
current density and matched current of individual subcells
is a tough task as more junctions are added. We have pro-
posed double, triple, and quadruple junction OSC with proper
consideration of thickness and current matching of different
subcells. The maximum current mismatch found in the opti-
mized structures is 1.5% that means the current matching
of all subcells in their tandem configuration is ensured. The
impact of changing one layer’s thickness on other subcells’
currents is also discussed. The maximum achievable current
density is 9.00 mA/cm?, along with the open-circuit voltage
of 2.64 V, found in the proposed optimized quadruple OSC.
This OSC also offers a PCE of about 15.45% with FF = 0.65.
The PCE increases by ~40% and ~46% compared to triple-
junction and double-junction structures, respectively. The
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quadruple junction’s reduced current is over-compensated
by the quadruple structure’s back layer’s open-circuit volt-
age. These results indicate that quadruple-junction solar
cells are very encouraging for next-generation photovoltaic
applications.
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