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ABSTRACT: We investigate how an enhanced light absorption at a specific position
inside the active layer affects the performance of organic photovoltaic cells (OPVs),
namely the short-circuit current density (J.), the open-circuit voltage (V,.), the fill factor
(FF), and the power conversion efficiency (PCE). The performance is calculated using an
updated version of a previously published analytical current-voltage model for OPVs,
where the updated model allows the light absorption profile to be described by any
functions provided that analytical solutions can be produced. We find that the light
absorption profile affects the performance through the drift current. When the mobility
imbalance is not very high (when the ratio of the mobility of the faster carrier type to the
mobility of the slower carrier type is less than about 10%), the PCE is maximized when
the light absorption is concentrated at the center of the active layer. When the mobility
imbalance is very high (when the ratio of the mobility of the faster carrier type to the
mobility of the slower carrier type is more than approximately 10%*), the PCE is
maximized when the light absorption is concentrated near the electrode collecting the
slower carrier type. Therefore, it is important to ensure that the light absorption profile is
properly tuned so that the performance of OPVs is maximized. Moreover, any efforts
that we make to improve the performance should not lead to a light absorption profile
that would actually impair the overall performance.

ABSTRAK: Kajian ini menilai bagaimana penyerapan cahaya yang tinggi pada bahagian
tertentu lapisan aktif mempengaruhi prestasi sel fotovoltaik organik (OPV), iaitu
ketumpatan arus litar pintas (Jsc), voltan litar terbuka (\Voc), faktor pengisian (FF), dan
kecekapan penukaran kuasa (PCE). Prestasi dikira mengguna pakai model terkini yang
diperbaharui dari model asal analitikal OPV voltan-arus, di mana model ini
membenarkan mana-mana profil penyerapan cahaya digunakan asalkan penyelesaian
analitikal terhasil. Dapatan kajian mendapati profil penyerapan cahaya mempengaruhi
prestasi berdasarkan arus hanyut. Apabila ketidakseimbangan pergerakan caj tidak begitu
tinggi (di mana nisbah pergerakan pembawa caj laju kepada perlahan adalah kurang
daripada 103), PCE menjadi maksimum jika penyerapan cahaya bertumpu pada tengah
lapisan aktif. Apabila ketidakseimbangan pergerakan caj sangat tinggi (di mana nisbah
pergerakan pembawa caj laju kepada perlahan adalah lebih daripada 10*), PCE menjadi
maksimum jika penyerapan cahaya bertumpu pada elektrod yang mengutip pembawa caj
perlahan. Oleh itu, kedudukan talaan profil penyerapan cahaya yang tepat adalah sangat
penting bagi menentukan prestasi OPV dimaksimumkan. Tambahan, apa sahaja usaha
penambahbaikan prestasi seharusnya tidak menyebabkan pengurangan keseluruhan
prestasi profil penyerapan cahaya.
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1. INTRODUCTION

Organic photovoltaic cells (OPVs) have several unique advantages such as
lightweight, high mechanical flexibility, good transparency, and low fabrication cost [1].
Hence, OPVs are viewed as a promising alternative to conventional photovoltaic
technologies. For example, OPVs have a great potential to be used for powering various
devices such as wearable devices [1], next generation self-driven biomedical devices [2],
and off-grid devices for the Internet of Things [3]. The recorded power conversion
efficiency (PCE) of OPVs has been improving steadily from 11% [4] several years ago to
17.3% currently [5]. However, the PCE of OPVs is still quite low compared with
traditional photovoltaics, and even when compared with another emerging photovoltaic
technology, namely perovskite solar cells [4]. Therefore, improving the performance has
been a focus of OPV research.

There are many factors that influence the performance of OPVs such as the carrier
mobility [6,7], the work function of the electrodes [8,9], the permittivity of the active layer
[7,10] and the thickness of the active layer [11-13]. The light absorption profile inside the
active layer has been reported to be another factor that influences the performance [14-16].
The light absorption profile is determined by several factors such as the optical properties
of the OPV components and the thickness of the active layer [13].

An improvement in the PCE by optimizing the light absorption profile can be
achieved in practice since the absorption profile can be controlled to a certain extent. For
example, optical spacers can be used to alter the absorption profile [14,15]. Another
method that could be used to control the absorption profile is by employing plasmonic
nanoparticles, which can be located outside or embedded inside the active layer [17]. Light
intensity increases near the plasmonic nanoparticles [17], and hence, the light absorption
should be higher near the nanoparticles. Therefore, one could control the absorption
profile to a certain extent by choosing the embedment positions of the nanoparticles.

Although understanding the effect of the light absorption profile is clearly important,
there is still a gap concerning our understanding on this matter. It has been shown that a
high light absorption at a specific position inside the active layer improves the
performance [14-16]. In more detail, Mescher et al. [14] and Islam et al. [16] concluded
that a higher light absorption at the center of the active layer gives a better performance
but did not conclude on the possible effect of carrier mobility imbalance. On the other
hand, Tress et al. [15] concluded that the fill factor (FF) improves if more light is absorbed
near the contact that collects the slower carrier type even when the mobility imbalance is
quite low. Hence, there are still uncertainties regarding this matter. For example, from
previous studies, we still have no clue on how the optimum light absorption profile
evolves as the carrier mobilities evolve from balanced to highly imbalanced. Furthermore,
there is a disagreement between the results of previous studies. When the mobility
imbalance is quite low (when the ratio of the mobility of the faster carrier type to the
mobility of the slower carrier type is of one order of magnitude), Islam et al. [16] found
that the best performance is produced when the light absorption is concentrated at the
center of the active layer whereas Tress et al. [15] found that the best performance is
produced when the light absorption is concentrated near the electrode collecting the slower
carrier type.
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In this paper, we will investigate the effect of the light absorption profile on the
performance of OPVs with the aim of providing insights on how an enhanced light
absorption at a specific position inside the active layer affects the OPV performance at
different levels of mobility imbalance, and enlightening the disagreement between the
results of previous studies.

2. METHODOLOGY
2.1 Analytical Model

The current-voltage model for OPVs presented in this section is employed for all
calculations in this article. The model is essentially the same as a previously published
model [18]. Therefore, finer details of the model presented here can be obtained in the
published work [18]. The only difference between the model presented here and the
previous model is that the charge-transfer (CT) state generation profile here is open to any
functions provided that the continuity equations can be solved analytically whereas the CT
state generation profile in the previous model has an exponential function. The device
structure of the model is illustrated in Fig. 1.
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Fig. 1: A schematic showing the energy levels and the device structure. LUMOd and
HOMOd denote the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) of the donor, respectively. LUMOa and
HOMOa denote the LUMO and the HOMO of the acceptor, respectively. E, denotes
the effective band gap. Eg, and Eg. denote the Fermi levels of the anode and the
cathode, respectively. L is the thickness of the active layer. ¢, and ¢, denote the
hole injection barrier at anode and the electron injection barrier at cathode,
respectively. In the operation of OPVs, anode is the electrode that collects free holes
and cathode is the electrode that collects free electrons.

Anode Cathode

Light absorption by the active layer generates excitons. When the excitons reach the
donor-acceptor interface, CT states may be produced. Free charge carriers are generated
from the dissociation of the CT states. When free electrons and free holes recombine
bimolecularly, CT states are produced back. Therefore, CT states can be generated due to
exciton relaxations at the donor-acceptor interface (through photon absorption) and due to
bimolecular recombination. Since bulk heterojunction design is used to construct the
active layer, the photogenerated CT states are produced at approximately the same
location where the excitons are photogenerated (or where the photons are absorbed).
Therefore, the profile of the light absorption can be assumed to have the same equivalent
shape as the profile of the CT state photogeneration rate.
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According to the previous model, when the non-geminate recombination is not
considered in the electron (hole) continuity equation, the resulting electron (hole) density
that arises from the solution of the equation is called the maximum electron (hole) density
Nmax (Pmax) [18]. The electron and the hole continuity equations at steady state without
the non-geminate recombination are given by

Dy Simex -y F I 4 PGy = 0 (1)
a max a max
D, ;’xz — uF ”ax + PyGer =0 (2)

where D, (D,) is the electron (hole) diffusion coefficient, u, (u,) is the electron (hole)
mobility, F is the electric field, P, is the dissociation probability of CT states, and Gy is
the CT state photogeneration rate per unit volume. The CT state dissociation probability is
defined as

kq
kgt+ky

©)

where kg is the CT state dissociation rate coefficient, and ks is the CT state decay rate

coefficient. As in the previous model [18], k, given by the work of Inche Ibrahim [19] is
used in this article, which is an improvement to the Onsager-Braun model [20].

Pd ==

Solving Eq. (1) and Eqg. (2) are the same as solving non-homogenous second-order
linear ordinary differential equations with constant coefficients where D,,, D, pin, piyp, F,
and P; are independent of x [18] with P;G.r being the non-homogenous term. Any
functions can be assigned to the non-homogenous term (i.e. to G, since P, is a constant)
provided that Eq. (1) and Eqg. (2) can be solved analytically. The boundary conditions as
given in the previous model [18] are used and MATLAB is employed to analytically solve
Eq. (1) and Eq. (2) to obtain n,,,, and p,,qx-

Furthermore, according to the previous model [18], when the non-geminate
recombination is considered in the electron (hole) continuity equation, the resulting
electron (hole) density that arises from the solution of the equation is called the net
electron (hole) density n,.; (pne:)- The electron and the hole continuity equations at
steady state with the non-geminate recombination considered are therefore given by

[Llaéngd'+'ﬂ F'annﬁ.+ PdGCT __(1 Pa)Rb =:0 (4)
0%Pne OPne
Dp =5 — upF == + PaGer — (1 — Pa)Rp — Ry = 0 ©)

where R, is the non-geminate bimolecular recombination rate per unit volume, and R,,,
(Rmp) Is the non-geminate monomolecular recombination rate per unit volume for

electrons (holes). R, is given by

Ry = YKk NpmaxPmax (6)

where y is the bimolecular recombination reduction coefficient, and k; is the Langevin
recombination coefficient [18]. R,,,, and R, are given by

Rin = kmnMmax (7)
Rmp = kmppmax (8)

where k., (kmp) is the monomolecular recombination coefficient for electrons (holes). It
is important to note that R,,,, = R,,,, as explained in the previous model [18]. Solving Eq.
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(4) and Eqg. (5) are also the same as solving second-order linear ordinary differential
equations with constant coefficients. Again, the boundary conditions as given in the
previous model [18] are used and MATLAB is employed to analytically solve Eq. (4) and
Eq. (5) to obtain n,.; and py,.;-

The electron current density /,, and the hole current density J, are given by

a ne

IJn = qupFnyer + qDy T;x - (9)
a ne

]p = q.uprnet - qu gx - (10)

The total current density J is the sum of J,, and J,,. The first terms on the right sides of
Eqg. (9) and Eq. (10) are the electron drift current density J, 4 and the hole drift current
density ], 4, respectively, whereas the second terms on the right sides of Eq. (9) and Eq.
(10) are the electron diffusion current density J,, 4;¢¢ and the hole diffusion current density
Jp,aifs, respectively.
2.2 Light Absorption Profiles and Parameter Values

To achieve the objective of this paper, we need to use the light absorption profile (and
hence, the G profile) that has an enhanced absorption (and hence, an enhanced CT state
photogeneration rate) at a specific position inside the active layer. To produce such a
profile, we use G, given by

GCT = GO + Gl(x - C)Z (11)
where G, and G, are the CT state photogeneration rate parameters, and C is the location of
the peak CT state photogeneration rate (or the location of the peak light absorption). The

CT state photogeneration rate per unit area of the active layer is G¢r greq = fOL Ger dx.
Hence,

1
GCT,area = GoL + 561[(1' - C)3 + C3] (12)

To ensure a fair comparison, each of the studied G, profile must have the same the value
of Gerareq- When € < L/2, we impose the condition Ggr(x = L) = 0. Therefore, when
C < L/2,we have

_ 3GcT,area
Gy = C3+(L—C)3-3L(L—C)? (13)

Go = —G, (L — C)? (14)

When C > L/2, we impose the condition G.;(x = 0) = 0. Therefore, when C >
L/2, we have

_ 3Gcr,area
Gy = C3+(L—C)3-3LC2 (15)
Go = —G,C? (16)

In this paper, four different values of u,,/u, (ratio of the electron mobility to the hole
mobility) are considered. Table 1 shows the values of u,/u, together with the
corresponding values of u, and u, used in this study. The values of the other parameters

are shown in Table 2. The parameter values in Table 2 are typical for OPVs [11,18],
particularly OPVs based on P3HT:PCBM blend [21]. Figure 2 illustrates several G.r
profiles used in this study.
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Table 1: Values of the electron mobility u,, and the hole mobility x,,, and the
resulting p,, /i, used in the calculations

Mo (MAV1is7h) By (M?V7is™) Mo/ 1y
1x 107 1x 107 1
9 x 107 9 x 10°° 102
9 x 10 9 x 1010 104
3x 107 3x 10710 108

Table 2: Parameter values used in the calculations unless otherwise specified. The
symbols in this table are the same as in the previous works [11,18]

Symbols Parameter Description Value
E, Effective band gap 1lleVv
N, N, Density of states 2x10%m3
Una Actual electron mobility 200,
Hpa Actual hole mobility 200p,,
£ Effective permittivity of the active layer 3x 1071 F-m™
Pnar Pnc Injection barriers 0.05eV
ks CT state decay rate coefficient 1x108s?
a Electron-hole separation of the CT state 1.8x10°m
T Temperature 300 K
A Donor-acceptor morphology parameter 0.15
L Active layer thickness 100 nm
Gcrarea  CT state photogeneration rate per unit area 1x 102 m3st
Y Bimolecular recombination reduction coefficient 0.002
kpn Monomolecular recombination coefficient for electrons 20057
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Fig. 2: Several profiles of the CT state photogeneration rate per unit volume G that
are used in this study. The expression for G is given by Eq. (11). Gy profile with
light absorption peaks C at 0 nm, 40 nm, 60 nm and 100 nm are also used but are not

shown in the figure.

3. RESULTS AND DISCUSSION

In this section, we present and discuss the results of our calculations. Different values
of the carrier mobilities affect the OPV performance as shown by previous studies
[6,7,18]. Therefore, it is imperative that we do not compare between performances of an
OPV with a given p, /u, and an OPV with a different u, /u,. What we should analyze
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here is how OPVs with different values of u,/u, respond to different G¢r profiles.
Furthermore, for clarity and brevity of this study, we only confine our analysis from the
theoretical perspective. We cannot fully control all device parameters when conducting
experiments. For example, every time we use a different active layer material in order to
change the carrier mobilities, we would also inevitably change a few other device
parameters (e.g. the light absorption properties, and thus the value of G¢r g.eq)- Therefore,
the inclusion of experimental data into our analysis would complicate our explanation and
understanding on this matter.

3.1 Effect on Short-Circuit Current Density

Figure 3 shows the magnitude of the short-circuit current density (|/s.|) as a function
of C for each of the studied u,,/11,.
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Fig. 3: Magnitude of the short-circuit current density |/,.| as a function of the
position of the light absorption peak € when (a) u, /1, = 1, (b) /1, = 102,
(€) pn/ 1y = 10%, and (d) p,/pp = 105 If u, /1y, is increased to a value
significantly above 10°, |J,.| produced by the light absorption profile with C < L/2
(e.g. € = 20 nm) would even surpass |/,.| produced by the light absorption profile
with C = L/2.

To explain the trend shown in Fig. 3, let us explore the role of the drift and the
diffusion currents. We define the average electron drift current density (/,, 4,-) and the
average electron diffusion current density (/,, 4iff) as

L ne
Unar) = qQunF fo “Ie gy = qUinF (Npet) (17)

L
L (0npe OMNne
Unair) = aDn fy (522) dx/L = gDy, (524) (18)
where (n,,.;) is the average n,,.; and (dn,,../dx) is the average dn,,,.;/0x.

Table 3 shows (/,, 4r)’s and (J;, 4if¢)’s at short-circuit for the balanced mobility case
(1n/u, = 1). As seen in Table 3, as the light absorption is concentrated farther from the
cathode (i.e. as C is lowered), (Jqirf) remains unchanged because (9my../0x) is
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unchanged, but the magnitude of (/,, 4,-) increases because (n,,) increases. Even when we
assume there is no non-geminate recombination in our calculations (by using y = 0 and
k., =0 s, we find that (n,,,) still increases if the light absorption is concentrated
farther from the cathode. Therefore, the non-geminate recombination is not the deciding
factor why (n,,..) increases as C is lowered.

Table 3: The average electron drift current density (/,, 4,-) and the average electron
diffusion current density (/. 4;f5) at short-circuit for the balanced mobility case
(un/ 1y = 1) calculated using G¢r with different light absorption peak positions C’s.

C (hm) Unar) (A-m™) Unaifs) (A-m2)
20 —1.19848 x 10° 1.19762 x 10°
50 —1.19836 x 10° 1.19762 x 10°
80 —-1.19821 x 10° 1.19762 x 10°

To rationalize why (n,.;) increases as the light absorption is concentrated farther
from the cathode (the electrode collecting free electrons), we consider the following two
basic facts. First, the profile of the free electrons per unit volume at steady state (which is
nye: Profile) is attained after some of the generated electrons are redistributed within the
active layer (where some electrons may be (accidentally) extracted from the active layer
during the redistribution process) and some of the electrons are involved in the non-
geminate recombination. However, we can ignore the effect of recombination since we
have shown that it is not the deciding factor. Second, the cathode has a higher Fermi level
than the anode, and thus the resulting boundary conditions [18] mean that the free
electrons (holes) must have a significantly higher concentration near the cathode (anode)
than near the anode (cathode).

Now consider the € = 20 nm and C = 80 nm cases as shown in Table 3. In both
cases, the electric field magnitudes are the same since both cases are at the same applied
voltage V, (i.e. at short-circuit). For the C =20 nm case, there should be less free
electrons extracted from the active layer in attaining n,,; than for the ¢ = 80 nm case
since majority of the electrons are generated farther from the cathode, and thus are less
likely to be extracted during the redistribution process. This means more of the generated
electrons are retained inside the active layer, thus causing a higher n,,,, for the C = 20 nm
case than for the C = 80 nm case. Therefore, the C = 20 nm case would give a higher
magnitude of (/,, 4,-) than the C = 80 nm case due to a higher magnitude of n,., (see Eq.

7).

From our analysis above, we can conclude that the farther the light absorption is
concentrated from the cathode (anode), the more the free electrons (holes) are retained
inside the active layer, and this gives a higher |/, ar| ([Jp.ar|)s Ut Unairr| (Upairs]) is
effectively unchanged because the gradient of n,.. (pn.:) is effectively unchanged.
Therefore, the farther the light absorption is concentrated from the cathode (anode), the

higher the ]| (|J,])-

Based on the conclusion above, the results in Fig. 3(a) can be rationalized as follows.
When € = 0 nm (i.e. when C is the closest to the anode or the farthest from the cathode),
|J,,| is at its highest whereas |]p| is at its lowest. As we start increasing C from C = 0 nm,
/| increases whereas |J,,| decreases, where the increase in |J,| is stronger than the
decrease in |J,|, and hence |/s.| (i.e. |J| at open-circuit) increases. Then, at one point, the
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decrease in |J,| equals to the increase in |]p|, and at this optimum C, we have the peak
|/sc|. Then, as we further increase C beyond the optimum C, |Js.| decreases since the
decrease in |/, | is stronger than the increase in |]p|. For p,/u, = 1 case, the contribution
from electrons (therefore |J,|) and holes (therefore |]p|) towards |/,.| are equal (since

electrons and holes have the same mobilities), and therefore |J,.| as a function of C is
symmetric about C = L/2 (i.e. the optimum C).

When p,, /1, = 102, the contribution of |],,| on |J4| is stronger than the contribution
of |]p| on |Js.| due to the fact that the electron mobility is higher now, and since |/,| is
higher if C is closer to the anode, therefore |Js.| produced by the profile with C < L/2 (i.e.
C closer to the anode) is higher than |Js.| produced by the profile with ¢ > L/2. This
explains the results shown in Fig. 3(b).

As u,/uyp, is increased and becomes more imbalanced, the contribution of |J,| on [Js|
becomes even more significant, and this widens the difference between |J,.| produced by
the profile with C < L/2 and |Js.| produced by the profile with € > L/2. This explains
the trends as we increase p,/u, from 1 to 10° as shown in Fig. 3. Due to these trends, we
can expect that when p,/u, reaches a threshold value (when p,/u, > 10°), |Js|
produced by the profile with C < L/2 would even surpass |Js.| produced by the profile
with C = L/2. It is worth noting that the explanation presented in section 3.1 is applicable
at any given applied voltage V, in general, and not just at the short-circuit.

3.2 Effect on Open-Circuit Voltage

Figure 4 shows the open-circuit voltage V. as a function of C for each of the studied
Un/typ. Note that at any given u, /u,, the trend of V. as a function of C is determined by
the trend of [J| (the magnitude of the total current density) as a function of C at applied
voltage V, near but lower than V,.. This is because, at a given V, that is near but lower than
V., a higher |J| means a higher V. is expected since a higher extra 1, is required in order
to push and make |/| = 0. For example, for the u, /u, = 1 case at V, = 0.7 V as shown in
Fig. 5(a), the profile with € = 50 nm has a higher |J| than the |J| for the profile with C =
20 nm, and hence the profile with C = 50 nm has a higher V,. than the V,. for the profile
with € = 20 nm. Therefore, the trend of V,. shown in Fig. 4(a) can be explained by the
trend of |J| shown in Fig. 5(a), where the results shown in Fig. 5(a) can be rationalized in
the same way as we rationalize the results shown in Fig. 3(a).

At high V, (near but below V},.), the electric field magnitude is significantly lower and
has significantly less influence in transporting and extracting the carriers than at short-
circuit. Hence, at high 1, the light absorption profile (and thus C) becomes significantly
more important in determining n,,; and p,.:, and thus in determining |/,|, |]p| and |J|,
than at short-circuit. Consequently, || at high V, is more sensitive to C compared with |]|
at short-circuit (i.e. |/,.|), and therefore the trend of |J| at high V/, as a function of C for a
given p, /u, (Where u,/p, > 1) is equivalent to the trend of |/.| as a function of C but at
a significantly higher p,, /u,. That is why at a high V,, the || produced by the profile with
C < L/2 already surpasses the |J| produced by the profile with C = L/2 when u,/u, =
10* (see Fig. 5(c)) whereas at V, = 0 V (i.e. short-circuit), |/s.| produced by the profile
with € < L/2 still does not surpass |Js.| produced by the profile with C = L/2 when
tn/ 1, = 10* (see Fig. 3(c)). Figure 5 shows the trends of |/] at high V, as a function of C
for each of the studied p,, /1, and the results shown in Fig. 5 give rise to the trends of V.
as a function of C for each of the studied u,, /1, which is shown in Fig. 4. As mentioned at
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the end of section 3.1, the argument that we use to rationalize the results shown in Fig. 3 is

applicable at any V,, and therefore, the same argument can be used to rationalize the
results shown in Fig. 5.
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Fig. 4: Open-circuit voltage V,. as a function of the position of the light absorption peak
C when () tn /iy = 1, (0) i/t = 102, () tn /it = 10*, and (d) ptn/pt = 10°.
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Fig. 5: Magnitude of the current density |/| as a function of the position of the light
absorption peak C for (a) u,,/p, = 1atV, = 0.7V, (b) un/p, = 10% at v, = 0.68
V, (C) pn/ 1y = 10* atV, = 0.58 V, and (d) p,, /1, = 10° atV, = 0.48 V. The
applied voltage V, used for each u, /u, are chosen randomly but is close to the
corresponding V, (e.g. for u,/p, = 1 case, V, is around 0.73V as shown in Fig.
4(a), so we consider V, = 0.7 V here).
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3.3 Effect on Fill Factor

Figure 6 shows the fill factor (FF) as a function of C for each of the studied u,/p,.
To rationalize the trend of the FF as a function of C, it is important to note that the FF
occurs somewhere between the short-circuit and the open-circuit. Hence, the trend of the
FF as a function of C at a given u,/u, is simply somewhere between the trend of |/;.| and
the trend of ;. as functions of C for the same u,/u,. For the device considered in this
study, the FF occurs at V, that is significantly closer to V,. than to the short-circuit, and
hence the trends of the FF as a function of C as shown in Fig. 6 is very similar to the
trends of V. as a function of C as shown in Fig. 4.
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Fig. 6: Fill factor (FF) as a function of the position of the light absorption peak C
when () pn/pp = 1, (0) pn/ptp = 102, (C) pn/pp = 10%, and (d) up /1, = 10°.

Mescher et al. [14] concluded that enhanced light absorption at the two edges of the
active layer (i.e. near the anode and the cathode) lead to a high unfavorable diffusion
current which reduces the FF, whereas an enhanced absorption at the center of the active
layer leads to a high FF. These conclusions partially agree with our results here. First, we
find the drift current is the one that affects the dependence of |/|, and thus the dependences
of |Jscl, Vo and FF on the light absorption profile, whereas the diffusion current basically
has no effect (see section 3.1). Second, we find that an enhanced light absorption at the
center of the active layer leads to the best FF only if the mobility imbalance (i.e. u, /) is
not very high (see Fig. 6).

Tress et al. [15] concluded that an enhanced absorption near the electrode collecting
the slower carrier type would give a higher FF even when the mobility imbalance is very
low, whereas Islam et al. [16] concluded that when the mobility imbalance is low, an
enhanced absorption at the center of the active layer gives the best FF. We find that an
enhanced absorption near the electrode collecting the slower carrier type (hole is the
slower carrier type in our study here) would give the best FF only when the mobility
imbalance is very high (see Fig. 6). When the mobility imbalance is not very high, the best
FF is produced when the light absorption is concentrated at the center of the active layer.
Therefore, our results here agree with the results from Islam et al. [16], but it is worth
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noting that they did not investigate the role of mobility imbalance on the optimum light
absorption profile.

3.4 Effect on Power Conversion Efficiency

Figure 7 shows the power conversion efficiency (PCE) as a function of C for each of
the studied u,, /u,. The PCE is given by

PCE:FFXUSClXVoc/Pin (19)

where P;, is the input power per unit area of the incident light (taken to be under the 1 sun
condition which is 1000 W/m?). Hence, the trend of the PCE as a function of C at a given
tn/ 1, is simply the combination of the trends of |/ |, V,. and FF as functions of C for the
same py,/u,. Therefore, the trends of the PCE shown in Fig. 7 can be understood by
combining the trends shown in Fig. 3, Fig. 4, and Fig. 6.
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Fig. 7: Power conversion efficiency (PCE) as a function of the position of the light
absorption peak C when (a) p,, /1, = 1, (0) un/pp = 102, (C) un /1, = 10*, and (d)
.un/.up = 10°,

According to Mescher et al. [14] and Islam et al. [16], the highest PCE is produced
when the light absorption is concentrated at the center of the active layer. However, the
conclusion is incomplete according to our results. We find that the highest PCE is
produced by the light absorption that concentrates at the center of the active layer only
when the mobility imbalance is not very high (see Fig. 7). However, when the mobility
imbalance is very high (see Fig. 7), the best PCE is produced when the light absorption is
concentrated near the electrode collecting the slower carrier type.

4. CONCLUSION

By using our updated current-voltage model for OPVs, we have investigated how the
light absorption profile with an enhanced absorption at a certain position inside the active
layer affects the performance of OPVs. It is found that the light absorption profile affects
the OPV performance through the drift current. The further the light absorption is
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concentrated from the electrode collecting a given charge carrier type, the higher the drift
current and the total current for that carrier type, whereas the diffusion current for that
carrier type is unaffected. When the carrier mobilities are balanced, the best |Js.|, V,., FF
and PCE are produced by the light absorption that concentrates at the center of the active
layer. When the mobilities become imbalanced, the |J.|, V,., FF and PCE produced by the
light absorption that concentrates nearer to the electrode collecting the slower carrier type
improve relative to the ones produced by the light absorption that concentrates at other
positions inside the active layer. When the mobility imbalance is high enough (i.e. reach a
threshold value), the best |/s.|, V,., FF and PCE are produced by the light absorption that
concentrates near the electrode collecting the slower carrier type. The mobility imbalance
threshold values for |J¢.|, V,., FF, and PCE are different, where the threshold value for V.
is the lowest, whereas the threshold value for |/,.| is the highest. Therefore, if the mobility
imbalance is not very high (when the ratio of the mobility of the faster carrier to the
mobility of the slower carrier is less than about 10%), it is important to ensure that the light
absorption is concentrated at the center of the active layer in order to maximize the PCE.
However, if the mobility imbalance is very high (when the ratio of the mobility of the
faster carrier to the mobility of the slower carrier is about 10* or more), the light
absorption should be concentrated near the electrode collecting the slower carrier type in
order to maximize the PCE.
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