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ABSTRACT In this work, the use of poly [(9,9-bis (30- (N,N-dimethylamino) propyl) -2,7-fluorene) -
alt-2,7- (9,9-dioctylfluorene) (PFN) as electron transport layer (ETL) in inverted small molecule solar
cells (SM-iOSCs) is analyzed. The optical and electrical characteristics obtained are compared with
those obtained for similar SM-iOSCs where the ETL was zinc oxide. The p-DTS(FBTTh;), and PC7;0BM
materials are used as donor and acceptor in the bulk heterojunction active layer, respectively for all devices.
The photovoltaic devices exhibited a power conversion efficiency of 6.75% under 1 sun illumination.
Impedance measurements were used to understand the causes that dominate the performance of the
devices. We found that the loss resistance is governed by the PFN layer, which results in a lower fill
factor value. Studies of atomic force microscopy, external quantum efficiency, and absorption UV-vis on
the active layer have been performed to understand the effects of the charge transport dynamics on the
performance of the devices.

INDEX TERMS Buffer layers, dependence light intensity, electron transport layer, impedance spectroscopy,
organic solar cells, p-DTS(FBTTh,),:PC70BM solar cells, PFN ETL, Solution-processed small molecule,
ZnO ETL.

I. INTRODUCTION
During the last years, organic solar cells (OSCs) have
increased their the power conversion efficiency (PCE) rapidly
due to the development of new organic semiconductor mate-
rials, such as small molecule, which have improved charge
carrier mobility and light absorption [1]-[3]. From the point
of view of cell structures, inverted organic solar cells (1IOSCs)
have shown to be the best alternative to OSC on issues of
degradation and stability in comparison with organic solar
cells conventional [4], [5].

Several buffer layers combined with a low work func-
tion metal electrodes have been reported to improve

the performance and lifetime of organic solar cells. In
iOSCs, as hole transport layer (HTL) are used com-
monly vanadium oxide (V20s) [6], [7], molybdenum oxide
(MoO3) [8],[9] and nickel oxide (NiO) [10], [11].
As electron transport layer (ETL) are used commonly
PEN [12], [13], zinc oxide (ZnO) [14], [15] and tita-
nium oxide (TiO,) [16], [17]. In order to achieve high-
performance devices, the ETLs must possess low light
absorption to ensure a better charge generation in the
active layer, and have a good band matching to the active
layer to improve both the electron collection and hole
blocking [18].
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On the other hand, iOSCs based on small molecule
donor:fullerene active layer (SM-iOSCs) have achieved high
efficiencies, up to 11% [19], [20]. Compared to polymers,
small molecules or oligomers, as donor materials, have
advantages such as relatively simpler synthesis, well-defined
chemical structure, and reduced molecular weight variations
from batch to batch [21], [22]. Moreover, the energy levels
of the small molecule material can be relatively easily tuned
by slightly modifying their chemical structures [23]. Also,
SM-OSCs can have tuned optical band gaps, providing an
absorption spectrum that matches with emission spectra of
several indoor lights, e.g., LED, FLs (fluorescent lamp), and
halogen lights, which have different emitting spectra.

In this paper, we study the performance of an
inverted bulk-heterojunction (BHJ) SM-iOSC using
PFN as ETL. Devices were fabricated using 7,7'-(4,4-bis
(2-ethylhexyl)-4H-silolo[3, 2-b:4, 5-b’]dithiophene-2, 6-diyl)
bis(6 - fluoro - 4 - (5" - hexyl-[2,2 - bithiophen]-5 - yl)benzo[c]
[1,2,5] thiadiazole) (p-DTS(FBTTh,);) as donor material
and [6-6]-phenyl C7o butyric acid methyl ester (PC7;0BM)
as acceptor material. The fabricated device structure is
ITO/PEN/p-DTS(FBTTh;)2:PC70BM/V,0s/Ag. We com-
pare these devices with another control reference structure,
which uses ZnO as ETL. Therefore, two types of structures
have been studied with different ETL: PFN (type 1), and
as control reference structure ZnO (type II). The current
density—voltage (J-V) curves were measured for both groups
of SM-iOSCs under dark and under illumination using
AM 1.5 G spectrum to one sun to extract the performance
parameters. Impedance spectra have been also measured
under light at different bias voltages. The results are fitted
to a circuit model consisting of three RC elements in series.
Each of the RC elements is associated with one of the layers
forming the solar cell. The extracted circuital parameters
are related to the transport processes occurring in the cell.
Optical and morphological properties of the devices, such
as absorbance, incident quantum external efficiency (EQE),
and atomic force microscope (AFM) characterization, were
obtained to understand that factors limit the PCE.

Il. EXPERIMENTAL DETAILS

A. MATERIALS

ITO-coated glass substrates (with a nominal sheet resistance
of 10 Q/square and 220 nm of thickness) were purchased
from PsiOTec Ltd. p-DTS(FBTThy), and PFN materials
were purchased from One-material Company. The PC70BM
was purchased from Solenne BV. The V;05 (99.9%)
and zinc acetate dihydrate were purchased from Sigma-
Aldrich. High-purity silver (99.99%) wire was obtained from
Testbourne Ltd.

B. PREPARATION OF PRECURSOR SOLUTIONS ETL

The PFN material was dissolved in methanol to a con-
centration of 1.84 mg/ml, using acetic acid (1.84 pl/mL)
as additive. The solution was left under stirring for 18 h
at 40 °C. The ZnO precursor was prepared by dissolving

436

zinc acetate dihydrate 0.68 M and ethanolamine 0.46 M in
2-methoxyethanol leaving the solution under vigorous stir-
ring for 1 h at 70 °C. Subsequently, the precursor solution
of ZnO was diluted in methanol in a 1:1 ratio.

C. SOLAR CELLS FABRICATION

Inverted devices were based on the structure of ITO/ETL/p-
DTS(FBTTh;),:PC70BM/V,05/Ag. PFN or ZnO was used
as ETL and spin-coated on the pre-cleaned patterned ITO
glass substrates. PFN was deposited at 4200 rpm for 60 s,
obtaining a thickness of 10 nm. ZnO was deposited for
30 s at 3000 rpm. The resulting ZnO film was heated at
110 °C for 1 h in air, obtaining a thickness of 30 nm. The
process of preparing the p-DTS(FBTTh;),:PC790BM solution
is carried out as detailed in [24], [25]. Using spin coating,
the active layer was deposited on top of the ETL, varying
the spinning speed from 900 to 1300 rpm, for 45 s. The
obtained thicknesses were from 210 to 90 nm. The obtained
films were annealed at 75 °C, for 15 min, to evaporate
the residual solvent. Finally, the anode layer was deposited
consisting of 5 nm of V,0s5 followed by 100 nm of Ag,
were deposited by thermal evaporation at 1x10~° mbar.
The active area of the device was 0.09 cm?.

D. SOLAR CELLS CHARACTERIZATION

All the J-V characteristics of the devices under light and dark
were performed at room temperature, using a solar simula-
tor (Abet Technologies model 11 000 class type A, Xenon
arc) under AM 1.5G spectrum and a Keithley 2400 Source-
Measure Unit. The light intensity was calibrated with an
NREL certified monocrystalline silicon photodiode until it
reached 1 sun of intensity. To achieve different light inten-
sities, under one sun illumination, a series of optical density
filters were employed. The EQE spectra of the solar cells
were measured using Lasing IPCE-DC model equipment.
The system was calibrated using a photodiode in the device
under test position. The optical absorption was measured at
room temperature from 300 nm to 800 nm, using a Perkin
Elmer UV-Visible-NIR Lambda 950 spectrophotometer with
an integrating sphere. The AFM topography of the sam-
ples was obtained in tapping mode on a molecular imaging
model pico SPM II (pico+). Images were recorded under
air using silicon probes with a typical spring constant of
1-5 nN-m~! and a resonant frequency at 75 kHz. Impedance
spectroscopy (IS) was carried out in the frequency range
between 10 Hz and 2 MHz, using an Agilent E4980A LCR
meter. Several voltage perturbations (0, 0.25, 0.50, 0.79 and
1 V) were applied with an AC signal and 20 mV amplitude.
During the measurements, the devices were exposed to 1 sun
under AM1.5G spectrum illumination.

1Il. RESULTS AND DISCUSSION

We analyzed two structures, which we referred to as:
Type I - ITO/PEN/p-DTS(FBTTh;),:PC70BM/V,05/Ag
Type II - ITO/ZnO/p-DTS(FBTTh;),:PC70BM/V;,05/Ag
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FIGURE 1. The active layer thickness dependent performance parameters
for cells type I and 11: (a) PCE; (b) Js¢: (c) Vgc: (d) FF; (e) Rg and (f) Rgy.
Error bars correspond to the maximum and minimum obtained for the
respective condition. Inset (a) the device structure of the BHJ-iOSCs with
p-DTS(FBTTh,),:PC79BM as the active layer.

The performance of these SM-iOSCs, under AM
1.5G spectrum at one sun condition (100 mW/cm?),
was first studied. To optimize the thickness of the
p-DTS(FBTThy),:PC70BM layer, five different thicknesses
from 90 nm to 210 nm were deposited. Inset Fig. 1(a) shows
the schematic representation of the fabricated SM-iOSCs.
The performance parameters PCE, short-circuit current den-
sity (Jsc), open circuit voltage (Voc), fill factor (FF), series
and shunt resistances (Rs and Rgy) of the SM-iOSCs are
shown in Fig. 1 for the different p-DTS(FBTTh;),:PC70BM
layer thicknesses. The best average performance for both
types of devices was observed for an active layer thickness
of 130 nm, obtaining an average PCE of 6.39% for type I
and 6.31%. for type II. Fig. 2(a) shows the current den-
sity vs. voltage (J-V) characteristics for the best device with
130 nm. The highest PCE value obtained for type I cells was
6.75%, for an active layer thickness of 130 nm, using PFN
as ETL in an inverted structure. In type II cells, the highest
PCE was 6.61%, also for 130 nm thickness. These values
agree well with published results for inverted organic solar
cells based in similar stacks using ZnO as ETL [26], [27].

From Fig. 1 is observed that the thickness of 130 nm was
the optimum from the point of view of the parameters PCE,
Jsc, and Voc. The maximum value of Voc obtained was
0.81 V, very close to the theoretical value of 0.82 V, given
by the difference between the HOMO level of the donor
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p-DTS(FBTThy), of —5.12 eV and the LUMO level of the
PC70BM acceptor of —4.3 eV [7], [18], [28].

In Fig. 1(e) is observed that the average value Rg of
these SM-iOSCs is higher than 4 Q-cm?, comparing it with
polymer solar cells (PSC) whose value is around 1.5 ©-cm?
[17], [24]. A higher value of Rg is a possible cause of the
lower value of the Jgc, as well as the FF and PCE of the
SM-iOSCs. However, when these parameters were analyzed
based on the thickness of the active layer, no correlation was
found with the behavior of the Rg, which did not show a
defined trend. The Rgy also did not show a definite trend.

The EQE of the SM-iOSCs is shown in Fig. 2(b). The
EQE spectrum of the SM-iOSCs with higher values is for the
thickness of 130 nm of the type I structure (blue line). For
this same thickness, the EQE spectrum values were lower
for the type II devices (red line). This qualitatively justi-
fies the decrease in Jgc observed in Fig. 1(b) for type II
cells concerning type I cells. The EQE depends on the
absorption efficiency. Therefore, it depends on the absorp-
tion spectrum of the ETL because the light across this
layer to be absorbed for the active layer. If the ETL has
an increase in absorption in some regions of the electro-
magnetic spectrum, then fewer photons will pass through
it and lead to a reduction in the absorption by the active
layer. In figure 2(c) it is observed that the PFN layer has
an increase in absorption around 400 nm while ZnO does
not present this increase. For the above, it is observed that
both devices, exhibit a slightly different spectral shape from
300 nm to 450 nm in the EQE spectrum. The Jgc values
obtained by integrating the EQE with the reference spec-
trum AM 1.5G, are shown inset Fig. 2(b). These values
corroborate the trend previously observed for the Jgc con-
cerning the thickness of the type I devices. A similar situation
occurs in the type II devices (not shown). The Jgc values
obtained for the 130 nm devices were 14.40 mA/cm? and
13.27 mA/cm? for structure type I and type II, respectively,
which agree well with the Jgc value obtained from the J-V
characteristics.

Fig. 2(c) shows the absorption spectra of the ETL and
ETL/p-DTS(FBTTh;),:PC70BM deposited on the ITO sub-
strate for both types of devices obtained from UV-Vis
spectroscopy analysis. It is well known that the absorp-
tion spectrum of ITO shows a peak centered around
480 nm [2], [29]. The absorption spectrum for PFN (purple
line) shows a shoulder at 400 nm and the absorption peak
originating from ITO centered at 480 nm. For the ZnO layer
(orange line), the absorption spectrum shows the redshift of
the ITO absorption peak from 480 nm to 516 nm. The shift
of the ITO peak is due to the absorption of the material
deposited on the ITO layer. The absorbance region in the
350 nm to 800 nm wavelength range is nearly transparent to
the two ETLs, allowing most of the photons to be absorbed
by the active layer. The ETL/p-DTS(FBTTh;),:PC70BM
absorption spectra were observed for the different active
layer thicknesses corresponding to type I devices in Fig. 2(c).
The absorption spectrum of the donor layer corresponding to
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FIGURE 2. J-V characteristics of the p-DTS(FBTTh;);:PC79BM BHJ solar cells with PFN (type 1) and ZnO (type Il) as ETL (130 nm thickness), measured
under 100 mW/cm? AM 1.5G irradiation. Inset (a) J-V characteristics of type I and 11 cells under dark. (b) EQE spectra of type I cells with different
thicknesses and type Il cells with 130 nm. Inset (b) show the integrated Js¢ of type I and Il devices. (c) UV-vis optical absorption spectra of the films
PFN/p-DTS(FBTTh,),:PC79BM (type I at different thicknesses), ZnO/p-DTS(FBTTh;),:PC79BM (Type Il at 130 nm thickness, red line), PFN (purple) and
ZnO (orange). All deposited on glass/ITO under fabrication conditions similar to those used to fabricate the cells.

FIGURE 3. AFM (5x5 wm) topographical images were obtained using tapping mode.

the small molecule p-DTS(FBTTh;),, presents three maxi-
mum absorption peaks located around 400 nm, 625 nm, and
680 nm [30]-[32]. In both types of devices, the last two
peaks of 625 nm and 680 nm can be appreciated, which
is attributed to a vibronic structure of p-DTS(FBTTh;),,
since these peaks correspond to vibronic transitions 0-1 and
0-0, respectively [33]. The absorption peak at 680 nm could
be attributed to the m-m stacking and molecular interaction
inside the p-DTS(FBTThy), phase [27], [34]. Regarding the
peak at 400 nm referred to the p-DTS(FBTTh;)> molecule,
it can be seen that the type II device (red line) exhibits it
slightly, and also another peak is observed at 375 nm, which
belongs to the acceptor material, the fullerene PC79BM, as
well as the peak at 480 nm [35]-[37]. However, in the type I
device the first two peaks (375 nm and 400 nm) do not dif-
fer. Instead, a maximum width is observed. This is due to
the absorption of the PFN layer, which has a shoulder at
400 nm, an absorption that is not found in the ZnO layer.
With respect to the dependence of the thickness of the
active layer, Fig. 2(c) shows that thicker layers absorb
more than thinner ones. However, higher absorption did
not mean higher efficiency as seen in Fig. 1(a). It is well
known that the Jgc is determined by the product of the
density of photoinduced charge carriers and the mobility
of the charge carrier [38]. As well as the EQE considers
the absorption efficiency and the separation, transport, and
collection of charge within the cells. Then, if type I and
type II devices have a low EQE spectrum (Fig. 2(b)) and a
high absorption (Fig. 2(c)), it can be concluded that charge
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transport is the limiting factor for the performance of these
SM-iOSCs.

In order to evaluate the evolution of the morphology of
the surface of the active layer concerning the variation of its
thickness and to understand the relationship between the
morphology and the performance of the SM-iOSCs, the
morphology of the active layer was investigated through
AFM. All the films were deposited in identical conditions as
were fabricated the solar cells. Fig. 3 shows the topography
of the active layer with thicknesses from 90 nm to 210 nm.
Layers 130 nm to 210 nm thickness, (Fig. 3(b)-(e)), show
domains like fibers or grains of rice with widths ranging from
30-90 nm and lengths from 200-700 nm. In the micrographs,
it is evident that the size of the domains tends to increase as
the thickness increases. These domains should be attributed
to regions of p-DTS(FBTTh;), within the active layer rather
than PC70BM [39]. It has been shown by Zhang et al. that
the presence of these domains in the film is attributed to the
p-DTS(FBTTh;), and the heat treatment causes the aggre-
gates to become larger [40]. Together, the fact that the active
layer solution contains a small amount of diodoctane as an
additive promotes the formation of these fibers, which are
interconnected networks of domains of p-DTS(FBTTh;),, as
has been seen in other studies [41]-[43]. Furthermore, the
observed domains of p-DTS(FBTTh;); in the film of the
mixture are consistent with the observed absorption peaks
corresponding to the vibronic structure of p-DTS(FBTTh;),
in the UV-Vis absorption spectra indicating the presence of
these domains [31], [34].
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cells. The curves were fitted (lines) using (2). (b) Jg¢ as a function of light
intensity of type |1 and type Il cells. The curves were fitted (lines) in the
form of (3).

The root-mean-square (RMS) surface roughness obtained
from the AFM height profiles in a measurement area of
25 wm? ranged from 7.7 nm to 24.7 nm, showing a linear
dependence with the active layer thickness. This increase
in the RMS values of the films is related to the increase
in the size of the domains. The surface roughness and the
size of the domain increase slightly as the thickness of the
sample increases. We can say that the fact that the rough-
ness will increase may suggest that it directly influenced
the performance of type I and type II cells. It was observed
that the higher the roughness, the lower the average PCE
(Fig. 1(a)). It is suggested that the high value of the rough-
ness obtained, and the large domain size is likely to be
one of the causes of the low Jsc observed for both groups
of SM-iOSCs, since the large domain sizes lead to exci-
tons in the active layer, they may not be able to reach the
donor/acceptor interface, and subsequently dissociate into
free carriers. This is reflected in the Jgc, in addition to that it
depends directly on the mobility of the carrier, which in turn
is sensitive to the morphology of the thin film of organic
semiconductors [38]. Therefore, the observed variation of
the Jgc, the increase in the roughness and size of domains
concerning the active layer thickness shows that both the
mobility and the exciton dissociation ratio are decreasing
with increasing active layer thickness. That is, the charge
transport process is the main factor that is being affected by
the thickness. Xu et al. observed that the increase in rough-
ness in the p-DTS(FBTTh;),:PC7oBM layer implies effects
on charge transport and degrades the mobility of holes and
electrons [31]. Therefore, this leads us to conclude that the
Jsc decreases more due to the effect of charge transport than
due to resistance.

To obtain information about how the ETL and active layer
morphology affect transport mechanisms within the active
layer of devices is to calculate their ideality factor (n;g).
The J-V characteristics of the best devices with thicknesses
of 130 nm were obtained for type I and type II devices
and illuminated at different light intensities (LI) under the
AM 1.5G spectrum. Fig. 4(a) shows the dependence of Voc
on the logarithm of the LI. This dependency describes the
order of the recombination processes in the BHJ film [44].
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Equation (1) predicts the behavior of the slope k7/g of the
Voc versus the natural logarithm of the LI, which has been
experimentally observed in several works [45]-[47] and is
commonly expressed as:

kT
Voe = nid<—) In (LI) + cte (D
q

Therefore, the value of n;; will also indicate the domi-
nant recombination mechanism in the cell. The slope of Voc
versus In (LI) is known to approach k7/q when Langevin
recombination is dominant. On the other hand, a slope greater
than k7/q is expected for trap-assisted recombination, i.e.,
a stronger dependence on light intensity [48]. The value of
nig was obtained from the Voc vs. In (LI) graph using (2).
The n;; value for both type I and type II devices lie within
the range of expected values (1 < njz < 2) for OSC. These
values were 1.26 and 1.25 for type I and type II devices,
respectively. For this reason, the transport mechanism seems
to be a combination of diffusion and recombination. It is
observed that the n;j; value for SM-iOSC is greater than
1.2, which indicates, in accordance with the aforementioned,
that Langevin-type recombination is not the one that is
dominating in these devices. There is another type of recom-
bination called Shockley-Read-Hall (SRH), which involves
trap-assisted recombination. Therefore, it is suggested that
in SM-iOSC there is also this type of recombination.

Figure 4(b) shows the plot of Jsc vs. LI on a log-log scale.
A power-law dependence of Jsc under illumination intensity
is generally observed in OSC and can be expressed as:

Jsc o« (LD? (2)

where LI is the intensity of the light and b is the expo-
nential factor [40]. The graph of Fig. 4(b) was fitted by a
power-law using (3). The b value was 1.00 and 0.99 for the
devices with structure type I and type II, respectively. The
obtained indicates that the majority of free charge carriers
are collected on the electrodes before recombination, i.e.,
non-geminated recombination is not significant in this type
of i0OSCs [49].

To further analyze the charge transport properties of
the layers that make up the solar cell, impedance spec-
troscopy (IS) measurements were performed on both devices.
Figures 5(a) and (b) show the impedance spectra measured
under the AM 1.5G spectrum at different voltages for both
device types (130 nm). The Nyquist plots of both devices
resemble a depressed semicircle for all applied voltages,
which is classic behavior of BHJ solar cells, attributed to
the generation and recombination of charge carriers and
charge transport [43]. The experimental impedance spectra
were fitted using an electrical model with three resis-
tor/capacitor (RC) circuits in series and each element of
the equivalent circuit is associated with the resistance and
capacitance one layer of the iOSCs [44], [50] (see Fig. 5(h)).
In our case, we related capacitance C; to the ETL (PFN or
Zn0), C, to the bulk (active layer), and C3 to the V,Os.
Since Cj, C;, and C3 are the components of the RC circuits,
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FIGURE 5. (Open symbols) Experimental impedance spectra response for (a) type | and (b) type Il structure, measured under 1 sun conditions at several
applied voltages: 0, 0.25, 0.5, 0.79 and 1 V. Resistance Ry, Ry and R3, extracted from fits for the type | and type Il structure are shown in (c) and (d),
respectively. Capacitance Cy, C3, and C3, extracted from fits for the type I and type Il structure are shown in (e) and (f), respectively. (g) shows 1/C2 vs V
resembling typical Mott-Schottky behavior. Solid lines in (a) and (b) show the modeled impedance, using the three RC circuit model shown in (h).

TABLE 1. Relative dielectric permittivity, thickness and capacitance for
each layer.

Laver Permittivity ~ Thickness Capacitance
Y [F/m] [nm] [nF]
PFN 3.5 10 26.4
ZnO 4.0 30 10.6
p-DTS(FBTTh,),:PC7BM 53 130 33
V,0s 5.0 5 75.4

the three associated resistances were related to each layer.
An additional series resistor (Rg) is needed to model ohmic
contact resistance and wire effects, which is largely related
to substrate resistance. We found that the fitted value for Rg
varies from 82 to 122, which falls in the range of the ITO
sheet resistance value (approximately 10 €2/sq).

The geometric capacitance of each layer can be theoret-
ically calculated as Cg = eggA/L, where &g is the vacuum
dielectric permittivity, ¢ is the relative dielectric permittiv-
ity for the layer, A is the device area and L is the layer
thickness. Table 1 shows the calculated capacitance val-
ues for each layer in the structure [51]-[54]. These values
were used to begin the fitting, which was performed in
IviumSoft software. The fitting by optimization obtained
using the model of the three RC circuits, at different volt-
ages and for over the whole frequency range is shown
in Fig. 5(a) and (b).

Fig. 5(c) and (d) show the resistance and Fig. 5(e)
and (f) capacitance values extracted from the three RC cir-
cuital model. The resistance of ETL (PFN or ZnO), the active
layer and the V,0s layer decreases as the applied voltage
increases, in both devices. For type I devices, the highest
resistance value is for the PFN layer, which decreases from
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~ 1802 at 0 V to ~ 602 at 1 V. These high resistance val-
ues at low voltages (0 V to 0.25 V ) suggest that for devices
I, the shunt resistance (Rsy) is mainly determined by the
PFN layer. On the other hand, for type II devices, the active
layer is the one that shows the highest resistance values,
decreasing from ~ 1802 at 0 V to ~ 502 at 1 V, suggest-
ing that, in type II devices, the active layer is dominating
the observed value of the shunt resistance. In other words, it
can be said that the layer responsible for achieving greater
PCE in the type I devices is that of PFN. However, for the
type II structure, the active layer dominates its performance.

From Fig. 5(e) and (f) we noticed three regions for
capacitance values separated. The capacitance values of
ETL (PFN or ZnO) and V,0s remain practically constant,
however, the capacitance for the bulk layer rises as the
applied voltage increases for both devices. The capacitance
of the active layer extracted from the fit is attributed to
the depletion region due to the band bending at the con-
tact [55]. In Fig. 5(g) we observe that the capacitance of the
bulk layer exhibits a voltage dependence according to the
Mott-Schottky relation [56]:

1

= T (Vy—V
c? AzqeenNA( bi )

3
where Vj; is the built-in voltage, V is the applied voltage, Nj
is the concentration of acceptor impurities, and g accounts
for the elementary charge. Fig. 5(g) shows the fit of the
capacitance using (4), which exhibits a straight line over a
voltage range from 0 V to 0.5 V, leading Vy; = 0.86 V. Our
fits are made in measurements under AM 1.5G illumination,
obtaining a concentration of carriers under these conditions
of 2.76x10'7cm™3. Other authors report the acceptor density
of 4.1x10'%c¢cm™3 using IS under darkness [53].
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IV. CONCLUSION

In summary, is reported an inverted structure SM BHIJ
solar cell using PFN as electron transport layer with a
maximum power conversion efficiency (PCE) under AM
1.5 G spectrum (1 sun) of 6.75%, which is among one
of the higher values for inverted structure small-molecule
solar cells based in p-DTS(FBTThy), reported to date. The
highest PCE was obtained for a thickness of 130 nm of
p-DTS(FBTTh,)2:PC70BM. Theses structure is compared to
similar cells with ZnO as ETL. The analysis of the UV-Vis
absorption and EQE spectra was possible to determine that
charge transport is the limiting factor in the performance
of SM-iOSCs. The value extracted from the ideality factor
showed that the transport mechanism is a combination of
diffusion and recombination. Furthermore, from the depen-
dence of Jgc with the light intensity, it was obtained that the
non-geminated recombination is not significant, that is to say,
most free charge carriers are efficiently collected at the elec-
trodes. The images of the morphology and measurements of
the roughness made through AFM gave a guideline to indi-
cate that the high value of roughness (7.7 nm to 24.7 nm)
and the large domain size (widths of 30-90 nm) of the active
layer of the SM-iOSCs are one of the causes of the low value
of Jgc observed for these devices, since the large domain
sizes mean that the excitons in the active layer may not be
able to reach the donor/acceptor interface, to dissociate into
free charge carriers. Finally, using impedance spectroscopy,
we show that the PFN layer (ETL) has a greater influence
on the value that the shunt resistance takes in SM-iOSCs.
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