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exposure were investigated. The results of light intensity dependent
open circuit voltage show that the bimolecular recombination is
dominated in the fresh devices, regardless of the device structure. The
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appearance of transient peak in photocurrent after turn-on and the light 00

intensity independent turn-off traces in transient photocurrent suggest CM":::; :> %o.oz

that the rapid degradation of conventional device is due to the energy A_;W Heo

loss originated from the aggravated trap mediated recombination. In = e ot S e e
contrast, the half-lifetime of inverted device is ~25 times longer than oo ——

the conventional one. The improvement of stability is ascribed to the
decrease of the trap generation possibility and the suppression of trap mediated recombination in the case of inverted structure,

where the penetration of oxygen and water through buffer layer is avoided.
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1. INTRODUCTION

Organic solar cells (OSCs) have attracted great interest and
achieved progress due to the advantages of light weight,
flexibility, and potential low cost for large area fabrication.'
Although the power conversion efficiency (PCE) has been
improved greatly in the past decade, the short lifetime of OSCs
hinders the residential application. It is generally accepted that
the device performance degrades fast when it is exposed to
oxygen and/or humid environment. The possible reasons for
the fast degradation are the chemical and physical changes of
the active layers, the instability of interfaces and the oxidation
of electrodes.'”"" Even though many studies have been done to
improve the lifetime of OSCs by inserting an air-stable buffer
layer (e.g., TiO,,'” ZnO,'’ poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PE-
DOT:PSS),'* graphene oxide (GO),'"> and polymerized
fluorocarbon film (CF,)"®) or by using a high work function
metal electrode to avoid the degradation, the physical
mechanism during the degradation process (ie., charge
dynamics) is not yet understood well. For example, by utilizing
a different buffer layer, the interfacial properties between
active/buffer/electrode layers may change, resulting in different
properties for charge transfer at interfaces. Moreover, the
morphology of the active layer may change when it is deposited
on a different buffer layer, since the morphological properties
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are dependent on the properties of underneath layer (i.e.,
surface energy, wettability, and hydrophilicity/hydrophobicity).
In this case, the changes of interface properties and
morphological properties bring complexity to illustrate the
deep mechanism during the degradation.

The study of both conventional structure and inverted
structure OSCs with the identical constituted layers is very
beneficial to reveal the device physics during the degradation
because the effects of interface change and morphology change
will be minimized. In this work, we investigated the charge
dynamics of small molecule OSCs during the degradation by
employing the same buffer layers, namely, bathocuproine
(CyHyoN,, BCP) and MoOs, into the conventional structure
OSC and inverted structure OSC. In both devices, MoO; and
BCP act as hole transport layer (HTL) and electron transport
layer (ETL), respectively.

Transient techniques such as charge extraction by linearly
increasing voltage (CELIV),"” ultrafast transient photovoltage,
time-of-flight (TOF),"® and transient absorption spectroscopy
(TAS)" can provide direct information regarding the charge
transport and recombination dynamics to distinguish the
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energy loss mechanisms. However, these approaches require
rigid laser pulse, which is not only far away from the real
operating conditions of device, but also would induce damage
to the interface or composed materials. Transient photocurrent
(TPC) measurement is quite preferable to acquire the charge
behavior related information under the real device operating
conditions. In TPC measurement, the information on the
buildup of traps, charge transportation, and recombination
dynamics can be obtained by studying the responses of
photocurrent of OSCs to square-pulsed optical excitation. The
TPC measurement has been used to investigate the charge
trapping and recombination dynamics of bulk-hetrojunction
0SCs,”°™** but little work was carried out on the small
molecule planar OSCs, where they may have different charge
dynamic properties. In this work, the charge dynamic behaviors
during the degradation for small molecule planar OSCs based
on boron subthalocyanine chloride (SubPc) and fullerene (Cq,)
was investigated by TPC measurement. The results show that,
in the conventional device, rapid degradation was caused by the
aggravated trap mediated recombination, which originated from
the degradation of BCP and Cg layers. The device lifetime was
effectively improved by orienting the device structure in a way
that reduces the penetration of oxygen and water. The reason
for the improvement of the stability is ascribed to the decrease
of trap generation possibility and the effective suppression of
trap mediated recombination by well protecting Cq, layer and
BCP layer in the inverted structure.

2. EXPERIMENTAL STUDIES

The devices were prepared in a molecular beam epitaxy system by
evaporating the materials in a vacuum chamber. The difference
between the conventional and inverted devices is the opposite
deposition sequence of the layers. The structures of conventional
device and inverted device are illustrated in Figure 1. The thickness of
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Figure 1. Illustrations of (a) the conventional structure OSC and (b)
the inverted structure OSC.

layers for MoO3, SubPc¢, Cgy, BCP, and Ag are 25, 15, 50, 10, and 100
nm, respectively. In the conventional device, the indium tin oxide
(ITO) and Ag acted as anode and cathode, respectively, whereas
cathode and anode in the inverted structure device. The details for
device fabrication can be seen elsewhere.” In order to characterize the
degradation properties of OSCs, the unencapsulated devices were
exposed to ambient air with a temperature of 25 °C and humidity of
50%. Except for carrying out the illuminated measurements, the
devices were kept in the dark. The current density—voltage (J—V)
characteristics were measured with a J—V source meter (Advantest
R6245) under illumination with a light intensity of 100 mW/ cm? at
AM 1.5 G spectrum. For the TPC measurements, a high brightness
525 nm light-emitting diode (Kingbright L-7104VGC-H) was driven
by a pulse generator (Agilent 33220A) to generate a square-pulse
optical excitation. The rise and fall time of light was measured to be
less than 100 ns by a Si biased photo detector (THORLABS
DET10A/M). The frequency of 1 kHz and pulse width of 500 ys were
chosen. The pulsed light intensity, calibrated by an optical power
meter (THORLABS PM100D), was varied by adjusting the bias
applied on the light-emitting diode. Signals of photocurrent were
recorded by using a digital oscilloscope (Agilent DSO-X-2024A, input

impendence of 1 MQ) to measure the voltage drop across an extra S0
Q resistance in series to the device.

3. RESULTS AND DISCUSSION

The surface morphologies of active materials play a very
important role in the device performance, because they
considerably affect the charge separation. A corrugated
nanostructure is necessary to form interdigitated donor—
acceptor interface.”® We examined the morphologies of donor
(SubPc) and acceptor (Cg,) for the conventional structure and
inverted structure. The AFM images of SubPc thin films (15
nm) deposited on ITO/MoO; and ITO/BCP/Cg, stack layers,
corresponding to the conventional structure and inverted
structure, respectively, are presented in Figure 2a,b. The root-
mean-square (RMS) roughnesses of SubPc films deposited on
ITO/MoQO; and ITO/BCP/Cg4, are 3.5 and 4.7 nm,
respectively. The SubPc films show similar surface morpholo-
gies from the viewpoint of forming corrugated structure with
little difference of the roughness. Figure 2¢,d show the AFM
images of Cg, layers deposited on ITO/MoQO;/SubPc and
ITO/BCP stack layers, corresponding to the conventional
structure and the inverted structure, respectively. We can see
that the Cg layer deposited on ITO/BCP has much smoother
morphology with RMS roughness of 1.8 nm, whereas the Cg,
layer deposited on ITO/MoQO;/SubPc stack layers shows a
rough surface with RMS roughness of 3.3 nm. Even though the
morphological properties of SubPc in the conventional and
inverted structures are similar, the morphological properties of
Ce layer in the two device structures are different. The
smoother Cg, layer deposited on BCP in the inverted structure
makes it possible to form a good interface contact between
acceptor and donor,”” resulting in effective charge separation at
Cgo/SubPc interface.

Figure 3 shows the J—V characteristics for both devices as a
function of aging time. The photovoltaic parameters of
conventional and inverted devices during the aging process
were summarized in Table 1. The fresh conventional device
shows a short circuit current density (Jsc) of 3.86 mA/cm?,
open circuit voltage (Vo) of 1.02 V, fill factor (FF) of 0.49,
and PCE of 1.93%. With the increased exposure time, the
device performance becomes seriously worse. The reductions of
Jso» Voo, and FF are all responsible for the degradation of
device performance. From the variation of PCE during the
degradation, as shown in Figure 3¢, we can see that it only took
20 h for the PCE to decay to 50% of its initial value. After being
exposed for 44 h, the device degraded heavily, only with a low
PCE of 0.29%. On the other hand, the inverted device
fabricated by reversing the deposition sequence of all the
functional layers shows much better stability. Figure 3b depicts
the J—V characteristics of inverted device as a function of aging
time. The fresh inverted device shows a Jsc of 4.71 mA/cm?,
Voc of 0.99 V, EF of 041, and PCE of 1.91%. The Jg. of the
inverted device is higher than that of the conventional device,
which is consistent with the morphological properties of
donor/acceptor interface as discussed above. Note that S-kinks
involve into the J—V curves of inverted device, which were
caused by the charge accumulation at C4/BCP interface.”® The
S-shaped J—V curve lowered the FF of the inverted device. It
should be noticed that the S-shaped J—V curve is only
dependent on the structure of the device, whereas it is
independent of the aging time. This indicates that the change of
electronic properties (ie., energy level alignment) of the Cq/
BCP interface is negligible. The series resistance (Rg) was
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Figure 2. AFM images of 15 nm SubPc deposited on (a) ITO/MoO; (30 nm) and (b) ITO/BCP (10 nm)/Cg, (50 nm), taken with scan area of S X
5 um?; AFM images of 50 nm Cy, deposited on (c) ITO/MoO; (30 nm)/SubPc (15 nm), and (d) ITO/BCP (10 nm), taken with scan area of 1 X 1
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Figure 3. J—V curves of (a) the conventional device and (b) the inverted device as a function of aging time. The variations of normalized PCEs

during degradation are shown in part c.

Table 1. Photovoltaic Parameters of Conventional and

Inverted Devices with Increased Aging Time
aged time (h) Jsc (mA/cm?) Voc (V) FE  PCE (%) Rg (Q cm?)

Conventional Device

0 3.86 1.02 0.49 1.93 44

8 322 0.99 0.40 1.28 82
18 2.70 0.92 0.33 0.89 145
24 2.07 0.90 0.29 0.54 496
44 1.49 0.82 0.24 0.29 847

Inverted Device

0 4.71 0.99 0.41 191 380
96 4.35 0.98 0.40 1.71 332
192 4.01 0.97 0.40 1.52 266
296 3.58 0.95 0.41 1.42 239
480 3.14 0.91 0.40 1.14 388

calculated from the inverse of the slope of the tangential line of
the J—V curve at Vo.”” The Ry of the fresh inverted device is
380 Q cm?, which is much higher than that of the fresh
conventional device (44 Q cm?®). The larger Rg of inverted
device is caused by the low conductivity of intrinsic BCP,*
whereas the interaction between Ag and BCP, which occurred
during the Ag deposition for the conventional device, can
increase the conductivity of BCP and hence result in the
smaller Rg.*%*973?

For the conventional devices, as shown in Table 1, Rg
increases rapidly from 44 (for the fresh device) to 847 Q
cm?® (for the device aged for 44 h). The increase of Ry is the
main cause of the deterioration of Jsc. It is generally agreed that

18381

oxygen and water can penetrate into the inner layer through
metal boundary and pinholes.**** This can lead to BCP
recrystallization and then produce pinhole channels for oxygen/
water penetrating into Cg, (see Figures S1 and S2, Supporting
Information). It has been reported that Cg, is very sensitive to
oxygen and water, which would induce the decrease of carrier
mobility and the traps for electrons in the Cg, layer.>>*® In the
conventional OSCs, the C4y is adjacent to the top metal
cathode, suggesting that it is vulnerable to the air atmosphere.
Thus, the quick increase of Rg can be ascribed to the carrier
mobility decrease of Cy, layer with increasing exposing time. As
a result, the Jgc of the conventional device decreases
considerably with aging time (from 3.86 mA/cm® for the
fresh device to 1.49 mA/cm® for the aged 44 h device). The
traps in the Cg, layer can lead to the recombination at the
SubPc/Cg, interface. Here it should be commented that the
recombination may be very different from the bulk hetero-
junction (BHJ) OSCs (e.g, polymer OSCs), because both
interfacial recombination and bulk recombination can be
involved in the BHJ OSCs.”’~* After degradation, the Vi
of the conventional device also decreased rapidly from 1.02 to
0.83 V. The decrease of V¢ suggests that the recombination
may be aggravated during the degradation. On the contrary,
MoO; is regarded as a very stable material which can serve as a
protective layer to avoid undesirable physical and chemical
reactions between electrodes and other layers (ie, BCP and
Cg) induced by the penetrated oxygen and water,"* and
hence prolong the lifetime expectancy of the device. As
compared with the conventional device, the decrease of Jg¢
(~33% decrease during 480 h aging) is considerably suppressed
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Figure 4. Characteristics of conventional device as a function of aging time: (a) light intensity dependent Vi, (b) the absolute transient
photocurrent, (c) the normalized transient photocurrent, and (d) the amount of extracted charge vs light intensity. The symbols represent the
experimental data and the dotted lines are for the fitting. The connecting solid lines in part d show the complex relationship between extracted

charge and light intensity.

in the inverted device, whereas the Js. decreased by 61% only
during 44 h aging time for the conventional device. The V¢ of
the inverted device only slightly decreased during the aging
from fresh to 480 h. It may be related to the suppression of
recombination.

The trap-assisted recombination is a two-step process: (1) a
new energy level is created inside the energy band gap by a trap
state; and (2) this new energy level captures a charge carrier
that subsequently recombines with an opposite charged carrier
due to their Coulomb interaction.”” The impacts of trap-
assisted recombination could be revealed by the light intensity
dependence of Ve The Ve and light intensity (I) are
correlated by the following expression:

Voc = l(ELcténglo - Eélgfffo - A) - kT ln( nenzh)

e e N; (1)
Here ¢ is the elementary charge, E{jyo is the lowest
unoccupied molecular orbital (LUMO) level of Cg, Etonio is
the highest occupied molecular orbital (HOMO) of SubPc, A
represents the relative small band tailing to energy below the
LUMO of acceptor, k is the Boltzmann constant, T is the
temperature in Kelvin, N is the effective density of states, and
n. and n,, are the electron and hole densities, respectively. In the
case of bimolecular recombination, nny, = G/7,"* in which y is
the bimolecular recombination constant and G is the
generation rate of polaron pairs. Considering that G is the
only term which is pr(iportional to the light intensity (I), the
Voc could be given by 0

kT
Voc & (T)In(l) + const. 2)

This formula implies that the slope of V¢ versus In(I) is equal
to kT/e for bimolecular recombination. For the trap-assisted
recombination, due to the n, and ny, at open circuit, would each
be proportional to light intensity, a stronger dependence of V¢
on light intensity is expected, namely, with a slope of 2kT/e for
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Voc versus In(I).* Figure 4a depicts the Vo versus In(I)
relationship for fresh, aged for 8, 18, and 44 h of conventional
device. With the increase of aging time, a gradual increase in the
slope (denoted as s in the figure) was witnessed, from 1.17kT/e
for the fresh device to 1.91kT/e for the heavily degraded one
(44 h). This suggests that the trap-assisted recombination was
aggravated during the air-exposure process. This is also
consistent with the decrease of Vi with increasing the aging
time.

The aggravation of recombination during the degradation
process can be further verified by the TPC measurement.
Figure 4b,c present the turn-on and turn-off dynamics of TPC
as a function of aging time, with pulse light intensity of 14.3
mW/cm® Generally, the transient photocurrent signal of the
fresh device is composed of the following: a fast rise followed
by a slow increase until reaching the equilibrium after turn-on
and a fast decay with a gradual decreased positive tail after turn-
off. However, the TPC signals obviously changed with the
increased aging time. As shown in Figure 4b, for the turn-on
behavior, the intensity of the TPC decreases along with the
aging time, which is due to the trap-induced reduction in charge
generation efficiency.” In addition, a transient peak in the
photocurrent after turn-on in the TPC emerged with the
increased exposing time. This feature can be clearly discerned
when the curves are normalized in Figure 4c. The transient
peak corresponds to the trap-assisted recombination.*® As for
the turn-off dynamics, a fast decay followed by a long-lived
positive tail suggests the slow detrapping process of the trapped
charges in the aged device. The aggravated recombination may
affect the charge extraction in the device. The amount of
extracted charge in the conventional device was calculated by
integrating the current after turn-off in the TPC transients. The
amount of extracted charge (Q,) versus light intensity (I) as a
function of aging time for conventional device was displayed in
Figure 4d. The extracted charge in device aged for less than 24
h can be fitted by Q. & I yielding a value. Compared to the

power law exponents in Jgc versus I (see Figure S3, Supporting
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Information), the lower slope values for plot of Q, versus I
suggests that the charge extraction is more sensitive to
recombination than photocurrent. After aging for 24 h, with
increased aging time, the plot of Q. versus I exhibits a more
complex relationship, which cannot be fitted by the power law
anymore. The possible reasons for this complex dependence of
Q. versus I for heavily aged conventional device could be
ascribed to the slow detrapping of trapped charges or the
recombination loss after turn-off.

The recombination effect in the degraded device could be
further clarified by observing the photocurrent transients as a
function of incident light intensity. Figure S presents the short
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Figure S. Light intensity dependence of photocurrent transients for
the conventional device after aged 56 h: (a) for the absolute traces and
(b) for the normalized traces.

circuit photocurrent response to the pulsed light for the heavily
aged device. From Figure 5a, we can see that the TPC signal
displays fast turn-on and turn-off dynamics with a quasir-
ectangular shape at low intensities. With the increase of pulse
intensity, a transient peak in the photocurrent after turn-on
emerges and becomes prominent. The turn-on and turn-off
features can be more clearly discerned in the normalized traces
in Figure Sb. For the turn-on behavior, the population of the
photogenerated charges is limited under low pulse intensity, so
the effect of recombination is minimal. In this case, the TPC
only reflects the trapping/detrapping process. However, with
increasing pulse intensity, the photogenerated charge density
becomes higher, and the population of the trapped charges

increases until reaching the equilibrium. The free carriers were
swept out, and some of them were then recombined. Therefore,
the transient peak in the photocurrent after turn-on appeared
under high light intensities is also an evidence of trap-assisted
recombination.

On the other hand, the long tail following the sharp decrease
in the turn-off behavior suggests that the charges are still
extracted for ~300 s due to detrapping. For device with traps
that were not yet involved in obvious trap mediated
recombination, owing to the slow detrapping process, the
transient photocurrent after turn-off is expected to be light
intensity dependent. However, except for the presence of
transient peak in the photocurrent after turn-on, the traces in
the turn-off behaviors in normalized TPC in Figure Sb are
overlapped under various light intensities. With the presence of
trap, the charge trapping will increase the total charge density in
the degraded device. The increased charge density will then
result in an increased possibility of bimolecular recombination
between free electrons and holes at the donor/acceptor
interface. Thus, the charge trapping not only results in trap-
assisted recombination, but also induces much more severe
bimolecular recombination. Therefore, we concluded that the
light intensity independent turn-off behavior is a reflection of a
combination of charge detrapping and trap mediated
recombination.

In comparison, the charge dynamic properties for inverted
device are also shown. Figure 6a shows the V. dependence
upon light intensity. With the increased aging time, the slope of
Voc versus In(I) for inverted device also increased gradually
while at a much slower rate as compared with the conventional
one. For the device of a fresh one and the one aged for 96 h,
the predominant recombination is the bimolecular recombina-
tion with s = 1.08kT/e and 1.10kT/e, respectively. Further
extending the aging time, the s value gradually increased. For
the inverted device aged for 480 h, the s equals to 1.42 kT/e,
suggesting that the recombination at open circuit is a
combination of bimolecular recombination and trap-assisted
recombination. On the contrary, the heavily aged conventional
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Figure 6. Characteristics of inverted device as a function of aging time: (a) light intensity dependent Vi, (b) the absolute transient photocurrent,
(c) the normalized photocurrent, and (d) the amount of extracted charge vs light intensity. The symbols represent the experimental data, and the

dotted lines are for the fitting.
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device (44 h) possesses a much larger s value (1.91kT/e),
indicating the dominant trap-assisted recombination. The
weaker dependence of V¢ on the light intensity during the
degradation for the inverted device clearly suggests a successful
suppression of trap-assisted recombination in the inverted
device. Then the TPC measurement was employed to the
inverted device to verify this suppression effect.

Ignoring bimolecular recombination at high intensity, for
trap-free charge transport and fast electron—hole pair
separation, the turn-on behavior is primarily determined by
the charge mobility and independent of pulse intensity. Figure
6b presents the TPC of inverted device as a function of aging
time, with pulse light intensity of 14.3 mW/cm?® The
photocurrent transient increases rapidly to the plateau region,
and decreases fast after turn-off. As compared to the
conventional device, the turn-on and turn-oft dynamics of the
inverted device are much faster, indicating fast transport of the
free carriers in the inverted device. With the increased aging
time, the intensity of the TPC decreases, which coincides with
the decreased Jsc. This TPC intensity reduction in the aged
devices may due to the trap-induced reduction in charge
generation efficiency. Additionally, there is little change in the
TPC shape under various exposing time in the inverted device,
whereas drastic change of TPC signal in the conventional
device as aforementioned. From the normalized TPC traces in
Figure 6c, we can see that the inverted device shows no
dependence on aging time in 500 h. This suggests that the
charge behaviors are not significantly affected by the air
exposure for an inverted device. To get a full comparison with a
conventional device, Q. plotted against light intensity as a
function of aging time for inverted device is also shown in
Figure 6d. The light intensity dependent photocurrent for the
inverted device is shown in Figure S4 (Supporting
Information), the slope of Jsc & I” plot shows a slight decrease
with the increased aging time, suggesting that the charge
separation was not obviously affected by the air exposure. As for
the charge extraction, even if the device was aged for 500 h, the
plot of Q. versus I could be well-fit by the power law.
Therefore, for the inverted device, the charge separation was
not obviously affected in 500 h air exposure. Also, the slightly
degraded PCE after 500 h of aging time could be ascribed to
the decreased efficiency of charge extraction.

To get further insight into the charge behaviors after aging,
the TPC results for the inverted device aged for 500 h as a
function of light intensity are shown in Figure 7a,b. We can see
that, at low pulse intensities, the TPC shows slower dynamics,
which are related to the time taken for the trapping/detrapping
processes to reach steady state after turn-on, or the time taken
for charge detrapping after turn-off. In addition, not like the
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Figure 7. Light intensity dependence of photocurrent transients for
the inverted device after aged SO0 h: (a) for the absolute traces and
(b) for the normalized traces.
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degraded conventional device, the photocurrent transients of
inverted device aged for 500 h are dependent on the pulse
intensity, which can be clearly observed in Figure 7b. Such
pulse intensity dependent behavior suggests the trapping and
detrapping effects but no evident trap mediated recombination.
Importantly, although the magnitude of TPC decreases in the
aged device, there is no transient peak in the photocurrent after
turn-on, even at high light intensities. This suggests that the
trap-assisted recombination is greatly suppressed, which is
consistent with the small change of V¢ during 480 h aging:
from 0.99 to 0.91 V. Therefore, the stability is significantly
improved for the inverted device.

4. CONCLUSION

We investigated the charge dynamics of Cyy-based planar OSCs
with conventional and inverted structures during the
degradation in air ambient. For the conventional device, it
only takes 20 h for the PCE to decay to 50% of its initial value.
The rapid degradation is caused by the deterioration of BCP
and the formation of traps in the Cg; layer. The TPC results
show that a transient peak in the photocurrent after turn-on
comes out with increasing the exposing time. In addition, the
turn-off dynamics in the TPC is independent of the pulse
intensity during the degradation. These features are ascribed to
the aggravation of trap mediated recombination with increasing
the aging time in the conventional device. In contrast, the
stability of the inverted device was improved greatly with the
half-lifetime of ~25 times longer than the conventional device.
The absence of transient peak in the photocurrent after turn-on
and pulse intensity dependent turn-off traces in the TPC imply
that the trap mediated recombination was significantly
suppressed in the case of inverted structure, where Cg, layer
and BCP layer are well-protected by air-stable MoO; layer to
avoid the penetration of oxygen and water. This study
demonstrates the recombination mechanism of small molecular
OSC during the degradation, and provides insight into further
understand the degradation mechanism and further improve
the long-term stability of OSCs.
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OSC, organic solar cell

PCE, power conversion efficiency
PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonic acid)

GO, graphene oxide

CF,, polymerized fluorocarbon film
BCP, bathocuproine

HTL, hole transport layer

ETL, electron transport layer

CELIV, charge extraction by linearly increasing voltage
TOF, time-of-flight

TAS, transient absorption spectroscopy
TPC, transient photocurrent

SubPc, boron subthalocyanine chloride
Cgp fullerene

ITO, indium tin oxide

J—V, current density—voltage

RMS, root-mean-square

Jsc, short circuit current

Voc, open circuit voltage

FF, fill factor

R, series resistance
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