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Optimizing the thickness of the active layer is essential to improve the performance of organic solar cells. In this study, we examined
how the thickness of the active layer, made of a P3HT:BM blend, influences the key electrical parameters of inverted organic solar
cells. Four prepared photovoltaic cells were prepared using a typical device structure of ITO/ZnO/PABMAIoOs/Ag. The active

layer of P3HT:PG:BM was deposited by spin coating with different thicknesses of 80, 150, 200, and 300 nm. We used the dif&érent
characteristics to extract parameters such as the open-circuit voltage, short-circuit current density, series resistance, and shunt resistanc
Based on these measurements, the results indicat&shaemains nearly stable between 80 nm and 200 nm, before dropping sharply at
300 nm due to recombination losses. Furthermdie,increases with thickness and reaches its maximum at 300 nm, thanks to improved
light absorption. The fill factor peaks-£0%) at a thickness of 150 nm, then decreases, reflecting an imbalance between charge collection
and internal losses. To provide a deeper understanding of this behavior, we also analyzed the resistive parameters. The serid& resistance
increases from 27.10-m? to 27.52Q-m? when the thickness increases from 80 to 150 nm due to the increased defect density in the layer
structure with additional layer stacking, then rises to 28.87—32.8% for 200-300 nm, respectively, because of the longer charge transport

path and increased recombination. Finally, the shunt resist@gcacreases up to 150 nm, suggesting improved film uniformity and better
surface coverage, thus minimizing shunt defects, before decreasing at 200 and 300 nm. This suggests that increasing the material volum
statistically leads to a higher density of volumetric defects.
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1. Introduction and the LUMO level of the acceptor material minus internal
energy losses. The second parameter is the short-circuit cur-
The transition to renewable energy sources has become ggnt density, noted., which corresponds to the amount of
sential in response to growing environmental concerns angyrrent generated when the cell's terminals are directly con-
the depletion of fossil fuel resources. Among emerging technected. It depends on the absorption of light, the efficient sep-
nologies, organic photovoltaics (OPV) have gained increasaration of photogenerated electron-hole pairs, and their col-
ing attention due to their lightweight nature, mechanical flex{ection at the electrodes. Another important parameter is the
ibility, potential for low-cost production, and compatibility fjj| factor (FF), which reflects the quality of the cell’s current-
with large-scale printing processes [1-5]. Unlike traditionalvonage (—V) curve. It is defined as the ratio of the max-
silicon-based solar cells, OPVs rely on organic materialsinum power actually delivered by the cell to the theoretical
primarily ConjugatEd pOlymeI’S and small Organic mOIeCUIe%DOwer given by the produ%c X Jge. Fina”y, the power con-
to absorb light and generate electricity [6-13]. In recentyersjon efficiency, noted PCE, expresses the percentage of the
decades, important advancements have been made in undgfcident light energy that is converted into electricity. In this
standing the fundamental mechanisms of photovoltaic concontext, the current work focuses on investigating the effect
version in organic materials, as well as in optimizing devicepf the active layer thickness on key performance parameters
architectures. Nevertheless, OPVs still face challenges regramely the open-circuit voltage, short-circuit current density,
lated to power conversion efficiency and operational stabiland power conversion efficiency (PCE) of an organic pho-
ity when compared to their inorganic counterparts. Improv+gyoltaic cell based on the P3HT:PBM blend. By ana-
ing the performance of OPVs requires better control over th%/zing the current—voltageJ(—V) characteristics, the goal
optoelectronic properties of the active materials and the opis to assess how variations in the active layer thickness in-
timization of each layer within the device, particularly the flyence charge generation, transport, and recombination pro-
active layer and the charge transport layers. cesses. In addition to the conventional performance metrics,
The organic photovoltaic cell is characterized by severathe study also examines the influence of thickness on se-
key parameters that determine its efficiency in convertingies resistanceX,), shunt resistanceR(,,). These additional
lightinto electrical energy. The first of these parameters is thearameters provide deeper insight into the internal physical
open-circuit voltage, notel;,., which represents the maxi- mechanisms governing device behavior, and help identify the

mum voltage the cell can deliver when no current is flowingoptimal active layer thickness for maximizing photovoltaic
through the circuit. It is mainly determined by the energy performance.
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FIGURE 1. a) Schematic illustration of the fabricated OSC with the -6,5 ’ 1
device architecture of ITO/ZnO/P3HT: RBM/MoO3/Ag, and b) -7,0 :
photograph of the fabricated device. 75 — 1
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. . FIGURE 2. Energy levels and charge transport in the studied in-
2. Experimental details verted organic photovoltaic cell.

Here, we describe the fabrication steps of organic solar cell$he energy level diagram of the component materials of the
(OSCs). Flexible PEN/ITO substrat@s{2 cm?, < 15Q/sq.)  studied inverted P3HT:REBM organic solar cells (OSCs) is
were cleaned in an ultrasonic bath using detergent, acetonshown in Fig. 2 [16-20].
isopropyl alcohol, and deionized water, followed by 30 min-  Light absorbed in the P3HT component of the
utes of UV ozone treatment. ZnO films were deposited byP3HT:PG;BM active layer generates excitons through a
RF magnetron sputtering using a high-purity (99.999%) ZnOHOMO-LUMO electronic transition. Due to the strong
target, under an argon atmosphere at a pressu&dfmbar,  Coulomb binding in organic semiconductors, these excitons
with 100 W power and a substrate temperature of abdU€40 diffuse toward the PSHT/P&BM interface, where their dis-
resulting in a thickness of-54 nm. Then, PEN/ITO/ZnO sociation is driven by the energy offset between the LUMO
samples were annealed in oxygen at temperaturéd & levels of the donor and acceptor (Fig. 2). This process results
1 hour. The active layer was spin-coated using a 1:1 (win electron transfer to PCBM while holes remain in P3HT.
%) P3HT:PG:BM solution in dichlorobenzene, with spin The free charge carriers are subsequently injected into the
speeds of 3000, 2000, 1800, and 800 rpm to obtain thickeharge transport layers, with electrons transported through
nesses of 80, 150, 200, and 300 nm, respectively. The P3HZnO and holes through Mo and finally collected at the
(98.5% regioregular) and R@BM were used without further aluminum cathode and ITO anode to generate the photo-
purification [14,15]. After deposition, the samples were an-voltaic current [14,21-23].
nealed at 140C for 15 minutes in a nitrogen-filled glove box. The J—V curves representing current density as a func-
MoOs (5 nm) and Ag (120 nm) were then thermally evapo-tion of voltage of the OSCs were measured using an HP Ag-
rated under high vacuun2 (x 10~° Torr) through a shadow ilent source measurement unit under simulated illumination.
mask. The complete device structure (as illustrated in Fig. 1A solar simulator operating under AM 1.5G conditions (Oriel
had an active area of about 9 rinfror comparison, the same Xenn 150W) was employed. The light intensity was cali-
procedure was applied to rigid ITO-coated PEN substratebrated using a standard silicon solar cell to achieve an illumi-
(20 x 20 mn?, < 20 /sq.). nation of 100 mWy/crh. Device performance measurements
In brief, the cell layers studied consist of the following were conducted under a nitrogen atmosphere.
constituents:

o Substrate PEN (used as the supporting base for the3- Results and discussions

device structure . .
) In this case, we execute the standard diode model as ex-

e Transparent electrode (Anode) ITO pressed in the following analytical EdL)([24,25]:
. V—JR, V —JR;
e Electron transport layer (ETL) : ZnO J=Jy {exp (6( 7 ()) _1] 2R o @)

e Photoactive layer P3HT:PG;BM blend (poly(3- ) ) )
hexylthiophene) and [6,6]-phenylsGbutyric acid ~ WhereJp and.J,, are the diode saturation current density and

methyl ester) photocurrent density?, andR,;, are the series and shunt re-
sistancesy an ideality factor close to 1 indicates bimolecular
e Hole transport layer (HTL) : MoOg3 recombination, while a value near 2 suggests trap-assisted or
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' T ' ' T ' sistance R,), and efficiency 4) as a function of thickness.
The performance parameters of the devices corresponding to
the J—V curves are listed in Table I, in which it clearly ap-
pears that the active layer thickness has a significant impact
on device efficiency.

As presented in Fig. 4a), the open-circuit voltadg, |
remains almost constant at around 0.60 V for active layer
thicknesses ranging from 80 nm to 200 nm. However, a sig-
nificant decrease is observed when the thickness reaches 300
nm. This reduction i/, at greater thickness leads to an in-
crease in energy loss, definedBgss = E, — eV,., where
E, is the optical band gap of PSHT:RBM (£, = 1.9 eV)

(5]
T

== Thk, =80 nm
L Thk, =150 nm
—— Thk; =200 nm
-4 f=—=Thk, =300 nm

'
(38}

J (mA/cm?)

10 . L L ! L . - [26]. For devices with active layers between 80 and 200 nm,
06 04 02 00 02 04 06 08 V., was maintained at 0.6 V, corresponding to an energy loss
Voltage (V) of about 1.3 eV. When the thickness increases to 300 nm,

Eossrises to 1.4 eV. This increase in energy loss is attributed
to enhanced non-radiative recombination , which reduces the
open-circuit voltage and leads to higher energy dissipation,

. L factors that directly influenc#®,., as described by Eqg2
interface recombinatiorg, k, andT represent the elemen- y y Eq2X

21,27,28]:
tary charge, the Boltzmann constant, and the absolute ten[n— ]
perature, respectively; arid the applied voltage. Thé—V E, kT In ((1 — P)(Br + BSRH)N%V> @

FIGURE 3. Current density-voltage response of P3HT:sFEM
devices as a function of the active layer thickness.

curves of the organic solar cells (OSCs) with different ac- " ¢ ¢

tive layer thicknesses were displayed in Fig. 3. The current— here . d he effective band fth ve |
voltage (/—V') characteristics of organic solar cells (OSCS)W ere £, denotes the efiective bandgap of the active layer,

were measured as a function of active layer thickness. Thg represents the exciton dissociation probability (exciton

results show that thickness strongly affects device efficiency. (electron—hole) pairs)Nov is the effective density of

An OSC with an 80 nm active layer exhibits a short-circuit jsgtates, Wh"ﬁG is the grl]ene][zal_tlon rat_e of gxglr:onﬁL agd q
current density.(,.) of 6.8 mA/cn?, an open-circuit voltage SR are the strengths of Langevin an ockiey-read -

(V,.) of 0.57 V, and an efficiencyi] of 1.7%. Increasing Hall (SRH) recombination, respectively [29]. As described

the thickness to 150 nm slightly reducés to 6.3 mA/cn? in Eqg. 2), the increase in energy loss in thicker active layer
while V. improves to 0.60 V, leading to the highest PC,E Ofdevices is mainly due to higher charge recombination. When

1.9%. Further increasing the thickness to 300 nm degradetge thickne_ss ipcreases, charge car_r!ers di;place longer dis-
v, and overall efficiency, despite a slight increaséin tances, which increases the probability of bimolecular (BL)

The infl fth tive | thick the phot and Shockley-Read-Hall (SRH) recombination before reach-
€ influénce ot Ine active fayer thickness on the pho 0'ing the electrodes. This reduces the number of collected free

?/ot!talc ?frzformancg Wa.f |n\|{[est|gated Ey ?nglyz]tng the (tevoéharges and increases energy losses. In contrast, the short-
du |on_to € ?ﬁ?n'f'rch'FVO ageV(,c), _stor -grcwhcurtren circuit current density [s.) observed in Fig. 4b) increases
ensity (/..), fill factor (FF), series resistancé(), shunt re- steadily with increasing active layer thickness, reaching its

maximum value at 300 nm. This trend is expected since

- PG

060 m— [ (] m 85 thicker layers absorb more incident light, generating more
/ charge carriers [27]. However, beyond a certain thickness,
058 | (@) | P the recombination losses may offset the gain in light absorp-

. tion. The fill factor (FF), shown in Fig. 5a), reaches its maxi-
) NS mum (~50%) at around 150 nm, then decreases with further
' E increases in thickness. This behavior suggests that an optimal

Voc(V)

thickness exists where the internal resistance is minimized
and charge collection is most efficient. Thinner layers may
os2k ™ “ b suffer from insufficient absorption, while thicker layers may
\ 165 introduce transport limitations [21,27,30,31]. Studies have
_::: X‘:‘ u m shown that the distribution of excitons affects charge trans-
. L L - - 6.0 port and collection due to the mobility and transport distance
50 100 190 200 250 300 of the carriers [32-34].
Thigness (nm) Generally, an active layer thickness around 150-200 nm
FIGURE 4. a) Open-circuit voltagel(oc) and b) short-circuit cur- ~ appears to provide a good balance between light absorption
rent density {s¢) of PBHT:PG1BM solar cells versus active layer and charge collection, leading to optimal device performance.
thickness. At 300 nm, althoughy,. is maximized, the simultaneous drop

0,50
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TABLE |. Photovoltaic parameters of P3HT: R@M BHJ OSCs with different active layer thickness under AM 1.5 G solar illumination.
Active layer thickness V.. (V) Jse (MAlcm?) FF (%) Efficiency ¢ %) R (-cm?) Ran (Q-cn?)

80 nm 0.57 6.8 42.3 1.7 27.11 307.76
150 nm 0.60 6.3 50.4 1.9 27.52 621.38
200 nm 0.59 7.5 44.1 2.0 28.87 306.82
300 nm 0.50 8.5 37.1 1.6 34.55 206.23
52 40 800
- 0 ) 420 | . 1700
(a) =, | (a)/
48 | — 4 600
u ®) 41,9 S0 n
46 1 s <« [ ] u 4500 &~
—_ = S 25 1 S
S ul n J18 8 G q400 &
w S o 20r @
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38} —m—FF {16 10 _m—gRs - 100
—m— Efficiency u ' s —u— RSlll 1 1 l 1
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Thickness (nm) Thickness (nm)

FIGURE5. a) Fill factor, b) Efficiency (%) of P3HT: P& BM solar
cells as a function of the active layer thickness.

FIGURE 6. Variation of a) series resistance {Rand b) shunt re-
sistance (Rx) with active layer thickness in P3HT:R(BM solar
cells.

in V,. and FF likely results in a reduced overall power con-

version efficiency. The parasitic resistances are derived frorr115
the J(V) curve: the series resistan&g is the inverse of the
slope near th&,. point, while the shunt resistanég, is the f . s
; o¢ ' ) sh ects (pores, agglomerates, and impurities) [30].
inverse of the slope near thi, point [35]. These values are (P 99 P ) [30]

. . I . The optimal active layer thickness for the cell under study
crucial for assessing performance losses, using linear fits the . .

. . : was found to be 150 nm. This choice represents the best com-
obtained values were displayed in Table I.

Th . istande. val ilustrated in Fia. 6 promise, as it allows the maximization of shunt resistance
e series resistande, values are illustrated in Fig. 6a) R (Which minimizes leakage current losses) while keeping

(The obtained values are of the same order of m_agnitudﬁ1e series resistand@, at a low value, thus ensuring an op-
as those reported by other researchers for organic Photomized overall performance of the cell. For the efficiency
voltaic cells [7,30]. We observed that the series resistance presented in Fig. 5b), we observe that when the thickness
Increases \.N.'th thickness [see Fig. 6a)].. Howeyer, thg ma|rgf the active layer in a photovoltaic cell increases, the abil-
factors limiting the_ performa_nc_e of devices with a th|c|_<er ity to absorb light improves, which enhances the generation
.PCMBM'P‘?’HT active layer lie in the low e_lectron mobil- of electrical charges and thus the efficiency [36]. However,
ity W'.”"T‘ the acnve_layer, causeq by th(.a.mcreased defec eyond a certain thickness (here 300 nm), negative effects
Qensny in the material structure with add!tlonal_lgyer staCk'start to dominate: the generated charges have more difficulty
ing, as well as the reduced charge collection efficiency at th?eaching the electrodes, which increases recombination be-

electrodes, since holes and electrons recombine before reac&ﬁuse the charges neutralize before producing current. This
ing the electrodes, rather than in the increaserofitself reduces the overall efficiency of the cell '

[21,27,30]. The values aR;, were shown in Fig. 6b). The

shunt resistance value was found to be 30T#@n? for the

80 nm thickness and 621.38cn? for the 150 nm thickness. 4. Conclusions

The shunt resistance increases significantly. In this range, the

initial increase in active layer thickness may lead to improvedn summary, we have explored how varying the active layer
film uniformity and better surface coverage, thereby reducthickness affects the photovoltaic response of P3H{; BEI

ing the density of short-circuited regions and leakage pathpolymer solar cells. The results show tHat. remains al-
(shunt defects) created during deposition. Then, the shumhost constant between 80 nm and 200 nm, then drops signif-
resistance value decreases to 606BXn? at 200 nm and icantly at 300 nm, indicating increased recombination losses.
206.23Q-cm? at 300 nm. Jse increases steadily with thickness, reaching a maximum

When the active layer becomes excessively thick (beyond
0 nm), the number of bulk defects increases, the larger vol-
ume of material statistically increases the total number of de-

Rev. Mex. Fis72051003
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at 300 nm due to improved light absorption. The fill factor transport, leading to better photovoltaic performance. These
reaches its peak«(50%) at 150 nm and then decreases, re+esults demonstrate that the thickness of the active layer has a
flecting a balance shift between charge collection and internaiomplex yet critical influence on the overall performance of
losses. organic solar cells, and that an optimal compromise must be
Our results show that the active layer thickness stronghfound between light absorption, charge transport, and recom-

affects R, and R,;,: an optimal value around 150 nm min- bination.
imizes defects, improves film quality, and enhances charge
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