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Promoting the Stability of Organic Photovoltaics by Planar
Heterojunction optimization
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Tsoi,*° and Bin Wei*?

In organic photovoltaics (OPV) with bulk heterojunction (BHJ) active layer, the donor and acceptor materials have a
metastable nanoscale phase mixture, where the uncontrollable morphology greatly reduces the stability of the device stability.
However, OPV with planar heterojunction (PHJ) structures show obvious vertical phase separation, which can provide
separately regulated donor and acceptor layers, achieving significantly higher stability when compared to BHJ based devices.
In addition, there is relatively little attention paid to understand the internal attenuation mechanism of OPV devices and how
to promote its stability for commerical application. In this work, we investigated the stability of OPV devices with both BHJ
and PHJ structures, and further discussed the internal mechanisms why PHJ structures could help enhance device stability
than BHJ structures. The results showed that after being placed in a nitrogen environment for 240 hours, the power conversion
efficiency (PCE) of PBDB-T: ITIC BHJ devices decreased by 92.52%, while the PCE of PBDB-T/ITIC PHJ devices only
decreased by 68.79%. When combined with interface reaction and carrier characteristics analyses, it was found that during
the aging process of PBDB-T: ITIC BHJ devices, the active layer formed a top surface rich in PBDB-T and a bottom surface
rich in ITIC. The adverse interface reaction between PEDOT: PSS hole transport layer and ITIC acceptor accelerated the
performance deterioration, while PBDB-T/ITIC PHJ structure can effectively suppress such reaction, resulting in improved
device stability. In addition, we also prepared BHJ and PHJ devices with PM6: Y6 system for verification, and the results also

demonstrated that PHJ devices exhibited better device stability.

Introduction

Organic photovoltaics (OPVs) offer several distinct advantages,
such as low cost, light weight, solution processible, nontoxic, which
make it a promising candidate as a renewable energy resource.*-
Different methods have been used to improve the performance of
OPV devices, such as designing innovative donor and acceptor
materials,* interface modification,® solvent additive,®” and so on.
Recently, continuous power conversion efficiency (PCE)
improvement has been achieved by utilizing novel donor and acceptor
materials.®® However, the main barrier for the commercialization of
OPV is the poor device stability. The complex factors disturbing the
device stability include oxygen, water, irradiation, heating, metastable
morphology®!, diffusion of electrodes and buffer layers materials,
and mechanical stress.!? In order to improve the stability of OPV,
improvements can be made in material design, structural engineering
and encapsulation strategy.

Recently, almost all the remarkable PCE improvements were
achieved using the bulk heterojunction (BHJ) structure. In devices
with BHJ structure, the donor and acceptor materials blended with
each other in nanoscale, and excitons were dissociated within the
active layer film via the ubiquitous nanoscale donor/acceptor (D/A)
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interface; then, the separated electron and hole were transported to the
respective electrodes via self-assembled bi-continuous charge
channels.** However, the formation of BHJ morphology is an
extremely complicated process and the formed morphology is also a
highly delicate balance involving many parameters such as domain
size, purity, miscibility, etc.** The optimal BHJ morphology is usually
metastable and controlled by thermodynamics, thus resulting in poor
device stability.

In order to further accelerate the commercialization of OPV and
improve the device stability, sequential donor and acceptor film
deposition is proposed to form planar heterojunction (PHJ), which is
attractive in the regard that the morphology of D/A components can
be controlled more independently.> The extraction of photogenerated
carriers toward the two electrodes can be facilitated with more stable
vertical phase separation,’ which is conducive to maintaining the
device stability. In addition, the interpenetration between donor and
acceptor during the solution processing ensures the clear D/A
interfaces for charge separation.'” The bilayer structure in PHJ should
be more favourable for charge transport as the separated charges can
be easily transported to the corresponding electrode through the donor
or acceptor layer with low recombination possibility.® As both donor
and acceptor layers can be processed and optimized independently,
this PHJ is less dependence on the D/A ratio, solvent and additive.
Therefore, the morphology and device design of PHJ devices can be
better controlled to achieve improved device stability. However, in
comparison with BHJ OPV, there are only a few papers reported on
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the stability investigation of the sequentially deposited PHJ structure
devices.

In this work, we focused on the internal mechanism of PHJ
structure during the device aging in nitrogen environment, and made
careful comparison with BHJ structure. Devices with both PBDB-T:
ITIC and PM6: Y6 systems are designed and evaluated. Our results
expressly announced that the stability of all PHJ devices is
significantly higher than that of BHJ devices, which shows that PHJ
structure has obvious advantages over BHJ structure in improving the
device stability, proving novel strategy for improving the device
stability of OPVs.

Results and discussion
Analysis of Thin Film Interface Reaction

Firstly, the interface reaction analysis based on PBDB-T:
ITIC BHJ film and PBDB-T/ITIC PHJ film is conducted. With
the absorption spectra show in Fig. 1.
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Fig. 1 Absorption spectra at different time periods: (a) PEDOT:
PSS/PBDB-T: ITIC thin film, (b) PEDOT: PSS/PBDB-T/ITIC thin film.

From Fig. 1, it can be seen that after being placed in a nitrogen
environment for 240 h, the absorption intensity of the BHJ film
significantly decreases, while the absorption intensity of the PHJ film
only undergoes a slightly decreases. The rapid decrease in absorption
intensity indicates a sharp decrease in exciton generation efficiency,
while maintaining stable light absorption efficiency is a prerequisite
for excellent OPV operation. The absorption results have shown that
PHJ structures are superior to BHJ structures in maintaining the
exciton generation stability.

Fig. S1 is an Atomic Force Microscope (AFM) diagram result
based on PBDB-T: ITIC BHJ and PBDB-T/ITIC PHJ films at 0 and
120 hours, where the bright and dark domains in the figure correspond
to PBDB-T and ITIC, respectively.

From Fig. S1, it can be seen that at O hours, the PHJ film has
more dark domains compared to the BHJ film, indicating that the top
of the PHJ film is enriched with more ITIC, which can effectively
suppress the adverse interface reaction between PEDOT: PSS and
ITIC, and help improve device stability. However, in BHJ films, the
interface reaction between PEDOT: PSS and ITIC cannot be avoided.
Our previous results have proved that the adverse interface reaction
between PEDOT: PSS and ITIC can accelerate the aging of the device,
resulting in poor device stability. In addition, for PHJ structures,
according to the principle of entropy increase, the donor and acceptor
materials will spontaneously diffuse with each other, which will help
increase the D/A interface in the PHJ structure and compensate for the
defect of insufficient D/A interface.’®?* From the 120 hour AFM
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graph, it can be seen that the bright region of the PHJ film increases,
and the proportion of D/A interfaces is improved.

Table S1 lists the roughness values of BHJ and PHJ films
measured by AFM. It can be seen that compared to PBDB-T: ITIC
BHJ films, the surface of PBDB-T/ITIC PHJ films is more uniform.
At 0 hours, the surface roughness of the PBDB-T: ITIC BHJ film is
2.84 nm, while it is 1.47 nm for the PBDB-T/ITIC PHJ film; At 120
hours, the surface roughness of the PBDB-T: ITIC BHJ film was
increased to 6.10 nm, while it was almost unchanged for the PHJ film.
From the RMS roughness values at different time periods, it can be
seen that the surface roughness of BHJ films changes significantly,
and an increase in roughness is not conducive to the transmission and
collection of charges. However, the surface roughness of PHJ films
remains basically unchanged, indicating that the surface composition
of PHJ films is more stable and uniform, which is conducive to the
charge extraction.

In addition, it has been reported that the vertical layering of BHJ
and PHJ films is related to the surface energy shift of D/A materials.?>
24 Frequently used acceptor materials with high surface energy tend to
spontaneously aggregate on substrates with high surface energy, such
as PEDOT: PSS substrates. Therefore, further research was conducted
on the surface energy analysis of different heterojunction films to
verify the surface composition of BHJ and PHJ film.

The contact angle of water on neat PBDB-T and ITIC films are
measured to be 116.3°and 105.5°, respectively, which are almost
unchanged after 120 h. The surface energy values are calculated to be
21.54 and 27.19 mN/m for neat PBDB-T and ITIC films, respectively.
The test results of water contact angle and ethylene glycol contact
angle based on PBDB-T: ITIC BHJ film and PBDB-T/ITIC PHJ film
at different time periods are shown in Fig. S2. Table 1 summarizes the
values of contact angle.

Table 1 Contact angle test values based on PEDOT: PSS/PBDB-T: ITIC
film and PEDOT: PPS/PBDB-T/ITIC film.

Contact angle

Device Time deionized water ethylene glycol
Oh 89.96° 70.00°
PBDB-T: ITIC 24 h 91.52° 69.06°
120 h 84.86° 59.06°
Oh 91.51° 68.47°
PBDB-T/ITIC 24 h 91.76° 69.61°
120 h 87.02° 63.19°

The surface energy of the thin film was calculated using the
Owens method. According to formulas 1 and 2, the surface energy
parameters and component values of PBDB-T: ITIC BHJ thin film
and PBDB-T/ITIC PHJ thin film can be calculated respectively.

1+c050=2x(w/ydx¢+ y”x@) (1)
L L
y=r*+y? @

The known value in the equation is the contact angle value 6,
dispersion component of solvent y, ¢, polarity component y,P, what
needs to be calculated is the dispersion component, polarity
component, and surface energy of the material. The dispersion and
polarity components of deionized water and ethylene glycol used to
calculate the surface energy of the thin films are summarised in Table
S2. The surface energy values are calculated in Table 2. It can be seen
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that at 0 hours, the surface energy based on PBDB-T/ITIC film is
higher than that of PBDB-T: ITIC film, indicating that in the PBDB-
T/ITIC structure, ITIC mainly aggregates at the top of the film, which
can effectively avoid adverse interface reactions between ITIC and
PEDOT: PSS. However, for the PBDB-T: ITIC structure, it cannot
avoid interface reactions between ITIC and PEDOT: PSS. After 24
hours, the surface energy of PBDB-T/ITIC film decreased, indicating
that more D/A interfaces were formed in the PHJ film , which was
beneficial for maintaining the stability of the device.

Table 2 Surface energy based on PEDOT: PSS/PBDB-T: ITIC thin films
and PEDOT: PPS/PBDB-T/ITIC thin films.

Parameters (MN/m)

Device Time

y? Y’ 4
oh 16.56 5.63 22.19
PBDB-T:ITIC  24h 2117 3.23 24.40
120h  24.33 5.08 29.41
oh 20.63 3.70 24.33
PBDB-T/ITIC  24h 1937 3.08 23.35
120h 2171 5.03 26.74

Note: y¢ is the dispersion component, y? is the polarity component.

Analysis of Photovoltaic Performance of Devices
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Fig. 2 Based on PBDB-T: ITIC BHJ and PBDB-T/ITIC PHJ OPV: (a) (b) J-
V curves at different time periods, (c) (d) EQE curves at different time
periods.

For devices with PBDB-T: ITIC BHJ and PBDB-T/ITIC PHJ
structure, the current density-voltage (J-V) curves and external
quantum efficiency (EQE) curves at different time periods are shown
in Fig. 2. It can be seen that the J-V curve and EQE curve of the PHJ
device showed a much lower decrease compared to the BHJ device,
proving that the PHJ device has more stable photoelectric conversion
ability. In addition, after 240 hours, the PCE of PBDB-T:ITIC BHJ
devices by 92.52%, while the PCE of PBDB-T/ITIC PHJ devices only
decreased by 68.79%, indicating that the PHJ-based OPV has better
stability performance.

Fig. 3 summarized the PCE histograms of BHJ and PHJ OPVs
(when PCE drops to 30%). It can be seen that when PCE of PBDB-T:

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

ITIC BHJ devices and PBDB-T/ITIC PHJ devices drops to 30% of
the initial value, the number of devices conforms to the normal
distribution, indicating the reliability of the results. The PCE of
PBDB-T: ITIC BHJ devices decreases to 30% of the initial PCE after
120 hours, while the PCE of PBDB-T/ITIC PHJ devices decreases to
30% of the initial PCE after 250 hours. This result further indicates

that the PHJ OPV has good stability and repeatability.
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Fig. 3 PCE histograms of BHJ and PHJ OSCs (when PCE drops to 30%).
Analysis of Device Carrier Characteristics

To analysis the carrier characteristics of different devices. Fig. 4
shows a comparison of the charge collection efficiency (1¢¢) between
BHJ and PHJ devices at different time periods. ¢ is a function of
light intensity (1) and effective voltage (V,z¢), which can be analysed
using formulas (3):

Nec(I Verr) = ,—piphailr,eéff)f 5 ®3)
where | represents light intensity, J,, = J; — Ja. Jpn represents the
current density measured under light, J; represents the dark current
density. The effective voltage Vs = Vo — V,, where V; is the built-
in voltage, V; is the applied voltage. J,n, sq¢ is the saturated
photocurrent density, J,, decreases faster at low Vs, indicating
more severe composite losses in this stage. Fig. 4 show the n¢¢
comparison of PBDB-T: ITIC BHJ devices and PBDB-T/ITIC PHJ
devices at different time periods, It can be seen that the n.c of BHJ
devices decreases much faster than that of PHJ devices. After 240
hours, for BHJ devices operating at Maximum Power Point
(Pmax)( Vs around 0.20 V), a decrease of 47.56% was observed,
while in PHJ devices, a decrease of only 27.89% was observed,
indicating that PHJ devices exhibited more stable charge extraction
properties than BHJ devices, which is a important condition for
excellent device stability.
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Fig. 4 Normalized 7. as a function of V,¢: (a) PBDB-T: ITIC BHJ OPV,

(b) PBDB-T/ITIC PHJ OPV.
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In addition, hole mobility is closely related to charge extraction
performance.?® Hole-only devices have been fabricated with structure
of ITO/PEDOT:PSS/PBDB-T:ITIC/MoO3/Al . ITO/PEDOT: PSS
/PBDB-T/ITIC/M0oO3/Al. Fig. S3 shows the J%° — V characteristics
of different devices calculated using the Space Charge Limited
Current (SCLC) method. The specific value of hole mobility can be
obtained by using Mott Gunney's law,? which can be expressed with
formula (4):

2
J = 2&eons @
where J is the space charge limit current density; er and «o are the
vacuum dielectric constant and relative dielectric constant of the
photosensitive material; V is the applied bias voltage; L is the
thickness of the active layer; u represents the carrier mobility.

From Fig. S3, it can be seen that after 240 hours, the hole
mobility of PBDB-T: ITIC BHJ devices decreased from 1.76 X
10~* cm?V~1s7! to 0.13 X 107* cm?V~1s~1, with the migration
rate decreased by 92.61%, while the migration rate based on PBDB-
T/ITIC PHJ devices decreased from 0.97 x 10~* cm?V~1s7! to
0.32 x 10~* cm?V~1s~1, which only decreased by 67.01%. At 0
hours, the mobility of PHJ devices is lower than that of BHJ devices,
indicating that the charge extraction performance of BHJ devices is
better. However, after 240 hours, the mobility of PHJ devices is
significantly higher than that of BHJ devices. This indicates that the
adverse interface reaction between PEDOT: PSS transport layer and
ITIC acceptor in the BHJ structure can significantly reduce the charge
extraction performance of the device, The PHJ structure effectively
suppresses the interface reaction between PEDOT: PSS and ITIC,
which is conducive to maintaining good charge extraction
performance and improving the stability of the PHJ device.

Fig. 5 shows the schematic diagram of the exciton behaviour
based on different heterojunction structures at initial stage (0 hours).
From Figure 5, it can be seen that at the initial stage, the BHJ structure
exhibits stronger light absorption ability, which will generate more
excitons. At the same time, due to the nanoscale phase mixing of the
BHJ structure, it promotes better exciton dissociation and charge
transfer at the initial stage. However, the BHJ structure also suffer
severe interface reaction between PEDOT: PSS and nnfullerence
acceptor, reducing the light absorption ability of the thin film, thereby
accelerating the aging of the BHJ device. However, the significant
vertical phase separation in PHJ structure shortens the charge transfer
path and suppresses charge recombination, which is beneficial for
maintaining device stability.
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Fig. 5 Schematic diagram of exciton and charge carrier behaviour at
0 hours: (a) BHJ structure, (b) PHJ structure.

Fig. 6 shows the schematic diagram of exciton and carrier
behaviour based on PBDB-T: ITIC BHJ structure and PBDB-T/ITIC
PHJ structure at 120 hours. From Figure 6, it can be seen that after
120 hours of storage, due to the adverse interface reaction between
PEDOT: PSS and ITIC, the light absorption capacity of the BHJ film
was significantly reduced, resulting in a sharp decrease of excitons
generation. However, the PHJ structure maintained a more stable
exciton production efficiency. The film quality of the BHJ structure
was deteriorated, which was less conducive to charge transfer, causing
a sharp decrease in carrier mobility and device efficiency. The PHJ
structure, on the other hand, still has good film quality, enabling the
device to obtain stable charge extraction ability and good device
stability. At the same time, the PHJ structure increases the D/A
interface due to mutual diffusion between donor and acceptor
materials. Thus, when compared to the BHJ structure, the PHJ
structure could help to improve device stability.
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Fig. 6 Schematic diagram of exciton and charge carrier behaviour at
120 hours: (a) BHJ structure, (b) PHJ structure.

Moreover, the initial nanoscale phase separation of the donor and
acceptor in the BHJ structure provide the ideal interpenetrating
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network morphology. However, it could also increase partial optical
loss of the devices by light scattering and the parasite absorption
caused by a large number of D/A interfaces in the BHJ active layer.?’
On the contrary, the PHJ structure has relatively less D/A interface,
facilitating the reduction of light scattering and parasite absorption.
The more obvious vertical phase separation in the PHJ structure is
beneficial for better charge transfer.?®

Device stability results

The unpackaged devices were stored in a glove box filled with
nitrogen gas during the aging test. Fig. 7 shows the relationship
between normalized PCE, Jsc, FF and Voc and aging time for PBDB-
T: ITIC BHJ devices and PBDB-T/ITIC PHJ devices. It can be seen
that the device based on PBDB-T/ITIC PHJ has better nitrogen
stability. After 240 hours, the Jsc of devices based on PBDB-T: ITIC
BHJ decreased by 70.46%, Voc decreased by 52.87%, FF decreased
by 47.60%, and PCE decreased by 92.52%. In contrast, the Jsc of
devices based on PBDB-T/ITIC PHJ only decreased by 47.70%, Voc
decreased by 24.69%, FF decreased by 20.97%, and PCE decreased
by 68.79%. The device performance data for different time periods
are summarized in Table S3.
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Fig. 7 Normalized (a) PCE, (b) Jsc, (c) Voc, and (d) FF as a function of
the aging time for devices based on PBDB-T: ITIC BHJ and PBDB-T/ITIC
PHJ.
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The changes in Rg values in Table S3 can also reflect the changes
in device stability. Compared to BHJ devices, PHJ devices exhibit
smaller Rg changes after 240 hours, indicating that the degree of
internal current loss in the device is smaller, which helps to improve
device stability.

Aging time dependent J -V characteristics of PM6:Y6-based
OPVs are also explored with different heterojunction structures. The
corresponding aging time dependent performance is summarized in
fig. S4. The results indicate that PHJ devices based on PM6/Y6
structure have better stability. After placing the BHJ device based on
PM6: Y6 for 24 hours, it was observed that the Jsc was 71.00% of the
initial value, Voc is 59.52% of the initial value, FF is 71.07% of the
initial value and PCE is 30.03% of the initial value. In contrast, under
the same conditions, the stability of PHJ devices based on PM6/Y6
structure is better, with Jsc being 82.23% of the initial value, Voc is

This journal is © The Royal Society of Chemistry 20xx

75.90% of the initial value, FF is 78.09% of the initial value and PCE
is 48.72% of the initial value. The device performance data for
different time periods are summarized in Table S4.

Experimental

Fig. S5 is a schematic diagram of the device structure
designed in this work.
The specific device structure is:

Device 1: ITO/PEDOT:PSS/PBDB-T:ITIC/BCP/AI
Device 2: ITO/PEDOT:PSS/PBDB-T/ITIC/BCP/AI
Device 3: ITO/PEDOT:PSS/PM6:Y6/BCP/AI
Device 4: ITO/PEDOT:PSS/PM6/Y6/BCP/AI

Fig. S6 is the active layer material used in this work, fig. S6
(a) is the donor material PBDB-T, fig. S6 (b) is the acceptor
material ITIC, fig. S6 (c) is the donor material PM6, and fig. S6
(d) is the receptor material Y6.

Fig. S7 is a flowchart of the different active layer structures
prepared in this work, where fig. S7 (a) is the flowchart of
preparing PHJ structures and fig. S7 (b) is the flowchart of
preparing BHJ structures.

The specific preparation process of the device is:

Patterned ITO electrode was cleaned by sequential sonication in
acetone, soap, deionized water, and isopropanol. In the BHJ devices,
the polymer PBDB-T: ITIC mixture (D: A =1:1, Solarmer Materials
Inc) was dissolved in chlorobenzene (CB) for 20 mg/ml and stirred at
room temperature overnight. The PM6:Y6 (D: A = 1:1.2, Solarmer
Materials Inc) mixture was dissolved in chloroform (CF) for 15.8
mg/ml. In the PHJ devices, PBDB-T were dissolved in CB for 10
mg/ml. ITIC was dissolved in OX for 8 mg/ml. PM6 were dissolved
in CF for 8 mg/ml. ITIC was dissolved in CF for 8 mg/ml. The specific
process of device preparation is as follows, PEDOT: PSS (CLEVIOS
P VP Al 4083) was subsequently prepared on ITO (3000 rpm, 1 min),
the PBDB-T:ITIC layer was spin-coated at 2000 or 2250 rpm for BHJ
devices. In the PHJ devices, the PBDB-T layer was spin-coated with
different revolutions (from 1000 to 3000rpm), and an upper ITIC layer
was spin-coated with different revolutions (from 1000 to 3000 rpm)
after a 20 min delay for PHJ devices. Finally, 8 nm BCP electron
extraction layer and 120 nm thick Al upper contact were deposited on
the BHJ and PHJ by the thermal evaporation. The effective area of the
devices is 0.04 cm2. The J-V characteristics of the OSCs were
measured using a calibrated AM 1.5G solar simulator (ABET
Sun2000). EQE spectra of the OSCs were measured using a 7-SCSpec
solar cell measurement system (7-STAR Co.).

Contact angle measurements of the films were performed at a
Kriiss DSA100s Drop Shape Analyzer. Water (72.8 mN m—1, 25°C)
and glycol were used as probe liquids.

The surface morphology of the films was analyzed using AFM
(Nanonavi SPA-400SPM) measurements.

The absorption spectra of the films were measured using a UV—
vis spectrophotometer (HITACHI Ue3900H).

Conclusions

In summary, we have developed high stability OPV based on
PBDB-T/ITIC PHJ using a sequentially deposited bilayer structure. A
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PBDB-T-rich top surface and an ITIC-rich bottom surface in PBDB-
T: ITIC BHJ were observed during the aging period. The poor stability
of BHJ, caused by the unavoidable interfacial reaction between
PEDOT: PSS and ITIC, is responsible for the deterioration in the long-
term operational stability of the PBDB-T: ITIC OPV. The use of PHJ
structure benefits the efficient operation of OPV through suppression
of interfacial reaction between the PEDOT: PSS and the ITIC. The
excellent performance of the bilayer structure device can be ascribed
to the graded donor and acceptor distribution during the solution
processing, which is believed to be an ideal structure for OPV.
Moreover, as the acceptor is hidden behind the polymer donor, the
possibility of PEDOT: PSS reacting with ITIC is reduced. Thus,
improved stability was observed in the PHJ structure device when
compared with the BHJ device. Besides, in PM6:Y6 system, the
stability of PHJ structure is also better than that of BHJ structure, it
shows that PHJ structure is universal in improving the stability of
devices. So far, there are few reports on the stability of PHJ structure.
The findings of this work will help us to improve the understanding
with novel device design knowledge for developing high-efficiency
and stable OPV.
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