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Abstract

Conjugated polymers are widely used as photoactive and transport layers in organic and hybrid
photovoltaics (PV), where the energetics of polymers are a key design criterion. Here, we show
that significant variations in terminal molecular ordering between top and bottom surfaces of a
wide range of conjugated polymer films, can result in sizable interfacial ionization energy (IE)
differences by as much as 0.33 eV, which has significant impact on organic and hybrid PV
devices. Such tunability is surprisingly seen even in nominally amorphous polymers. We devise
a strategy leveraging wet and dry laminations to form donor-acceptor planar heterojunction
(PHJ) devices using exposed and buried surfaces of donor polymers and demonstrate
meaningful influence over the open circuit voltage (Voc) by up to 0.32 V. We use this insight
to devise a controlled intermixing approach which yields superior Voc and Jsc to conventional
bulk heterojunction devices by leveraging the disordered interface to maximize Voc and the
greater aggregation of the donor to increase the Jsc. We go on to demonstrate how judicious
control of polymer surface IE benefits charge extraction in colloidal quantum dot PV devices
in the role of hole transport layers. Our results show that polymer interfacial and bulk properties
are both critical to the functionality of optoelectronic devices and should both be given prime

consideration when designing heterojunction devices.

1. Introduction

Conjugated polymers have been broadly applied in organic electronics as channel layers in
field-effect transistors, photoactive layers in solar cells, hole or electron transporting layers, as
well as transparent conducting layers in organic and hybrid optoelectronic devices.!™® The uses

of conjugated materials demands increasingly precise and reproducible control over their self-
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assembly and structure through molecular design and processing. The orientation of the
polymer backbone can significantly impact the electronic properties and lead to anisotropic
charge transport.® Additionally, the semi-crystallinity of polymers influences the degree/size of
aggregation, and therefore impacts photo-physical processes such as charge separation and
recombination critically in organic photovoltaics (OPV).”*

During solution processing of semi-crystalline polymers, nucleation triggers the formation of
crystalline domains, initially at the liquid-air interface.*'® By controlling the drying kinetics,
the desirable aggregation state and texture of the polymer may be achieved, but the bulk and
buried interface may aggregate differently under such circumstances.'' ¢ 17 Such aggregation
behavior may be characterized by widely used bulk measurement methods such as absorption
(vibronic features, blue/red-shift of absorption peaks), cyclic voltammetry (CV, energy levels)
and X-ray characterization methods (order and orientation). The material properties revealed
by these measurements are usually used to explain the differences observed in device
performance, but they are often bulk-related properties and assumed to be uniform across the
entire film. However, the presumed homogeneity is not realistic and may not extend to the free
surface or the buried interface.'® 1° For instance, the donor (D)/acceptor (A) interface in organic
photovoltaics (OPVs) dominates device performance by hosting charge separation and
recombination processes. Even changing one monolayer at this interface has been shown to
significantly affect device performance.?°?? In addition, polymer hole transporting layers
(HTLs) must achieve energy level alignment with the active layer in colloidal quantum dot
(CQD) and halide perovskite PV devices to promote collection of charges and suppression of
bimolecular recombination near the electrode.?® 2* We therefore take the view that bulk
properties can be misleading indicators or predictors of photo-physical processes or device
figures of merit.

In this work, we show the energetics and properties of the free and buried interfaces of the

polymer film dominate the properties of functional interfaces in optoelectronic devices. We
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leverage the tunability of local aggregation and order in top/bottom surfaces of conjugated
polymer films to create nominally sharp interfaces with tuned polymer energetics and thus
create tailored heterojunction organic photovoltaic devices with tunable Voc and Voc loss, as
well as colloidal quantum dot solar cells with enhanced charge extraction behavior. For instance,
using the top and bottom surfaces of the same conjugated polymer film with the help of
lamination methods,> 22" we demonstrate planar heterojunction (PHJ) OPV devices with Voc
as low as 0.29 V for an ordered polymer at the heterojunction to a high of 0.61 V for a disordered
polymer at the heterojunction, while the disordered and mixed heterojunction further increases
the Voc to 0.71V. We assess the properties of the free and buried interfaces of a wide range of
polymers and successfully classify those exhibiting significant differences between the free and
buried surfaces and those exhibiting small or no such differences based on the polymer’s ability
to aggregate in the solid state. We further exploit the tunability of surfaces of aggregating
polymers to create bespoke interfaces in HTLs in modern CQD PVs. In doing so, we fine-tune
the interfacial and heterojunction properties, recombination and extraction behaviors, and effect
significant change in device figures of merit by using a different surface of the same polymer
film exhibiting a different aggregation/order state. The direct linkage between Voc of PHJ
devices and the degree of order of the polymer at nominally sharp D/A interfaces as opposed to
bulk polymer properties highlights the importance of considering polymer surface and interface

states when designing and fabricating conjugated polymers and optoelectronic devices.

2. Results and Discussion

2.1 Aggregation of Top vs. Buried Surfaces: Tunable Energetics

To investigate interfaces in semi-crystalline conjugated polymer films and devices, we first
assess the aggregation behavior of the archetypal and well-studied high molecular weight (Mw,
50-100K) regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT). Vertically inhomogeneous

aggregation has been reported in this instance and is believed to be induced by sequential
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aggregation resulting in stratification during solution processing in many types of materials,'*
1517 and derives from the formation of a thin skin layer at the liquid/air (L/A) interface where
solvent evaporates and the solute tends to accumulate, as depicted in Fig. 1a.283! Upon drying,
this skin layer is expected to remain and defines the surface termination of the polymer film
(top surface). In contrast, the aggregation state of the remaining polymer solute defines the
buried solid/liquid (S/L) interface (bottom surface), which may be tuned by the rate of
evaporation of the solution which controls the time remaining for self-assembly.3>34
Following this logic, we prepared P3HT films using three different solvents with increasing
boiling points (BP) and vapor pressures (VP) decreasing by two orders of magnitude, namely
chloroform (CF; BP = 61.2°C; VP = 197 mm Hg at 25°C), chlorobenzene (CB; BP = 131.6°C;
VP =12 mm Hg at 25°C) and dichlorobenzene (DCB; BP = 180°C; VP = 1.36 mm Hg at 25°C)
to create films with large (CF), intermediate (CB) and low (DCB) inhomogeneity.3 3¢ To assess
the ability to tune interfacial order and associated energetics and other properties, we sought to
isolate the buried (bottom) interface for characterization. Lamination is a widely used technique
to prepare layered structures, we here utilized this approach to deliberately access buried
interfaces for in-depth characterization or to flip polymer films and utilize their exposed surface
as functional interface in various (opto)electronic device geometries.'8 25-27:37-3 Tq flip the film,
the glass/polymer substrate was slowly merged into water from one corner of the substate. The
edge of the polymer film was pre-scratched to expose the interface between the polymer and
glass so as to allow water ingress at the interface, resulting in delamination of the film. The
target substrate is then gently placed either above or below the film floating on water, carefully
attaching to the film from one corner, until the whole film is attached or laminated onto the
substrate, as briefly depicted in Fig. S1 in supporting information (SI).

We then performed ultraviolet photoemission spectroscopy (UPS) to analyze the ionization
energy (IE) of top and bottom surfaces of P3HT films processed using the above three solvents.

The UPS data is taken by measuring three samples, and three different sample areas are checked
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for each sample to obtain the average IE and standard deviation. The fitting of data is done by
the cross point of baseline and onset curve. We use a low measurement intensity to avoid
degradation of polymer film. We also change the intensity for the measurement to exclude any
charging effect. The fact that the good agreement between our data and reported literature also
validate the reliability of our UPS results.*%#? As shown in Fig. 1b, the top panel confirms
negligible change of the photoelectron energy cut-off region for top surfaces of P3HT films
prepared by the different solvents, since all three systems allow the skin layer to form (data of
Fermi region is provided in Fig. S2). In contrast, the bottom panel clearly shows a dramatic
shift of the cut-off towards high energy with decreasing evaporation rate (increasing BP) of
solvents. The summary of UPS data in provided in Table 1. This demonstrates that the solvent
evaporation dynamics strongly affect the energetics of the buried interface. Additionally, all
three top surfaces exhibit cut-offs at higher energy position compared to their bottom
counterparts. This is ascribed to a surface dipole moment formation on the top surface of P3HT
films regardless of solvent used. The bottom surface, however, does not exhibit a dipole
moment with CF and the IE becomes shallower upon higher BP of the solvent due to the above-
mentioned dipole moment formation. According to previous reports, a surface dipole moment
exists when polymer backbone is aligned preferentially with an edge-on orientation.** UPS
results here suggest top surfaces may have a preferred edge-on orientation or, alternatively, a
more ordered and textured packing of polymer chains, which induces the aforementioned dipole
moment. The bottom surfaces, however, do not exhibit this, indicating they either do not tend
to be edge-on orientated or the packing of polymer chains is considerably less ordered due to
guenching, but may gradually increase in order with increasing solvent BP, as will be confirmed
below. Finally, we compare the variation of IE ranges from 4.56 to 4.65 eV (top surface) and
from 4.66 to 4.89 eV (bottom surface) in this work to values reported in the literature. Although
the reported IE is only measured for top surfaces, we did find the IE of P3HT also differs a lot

depending on the processing/post processing conditions. The large variation between reported
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IE in P3HT processed by CF (4.54 eV),*° CB (4.54 eV, 4.65eV, 4.7 eV),**2 DCB (4.67 eV)*
and post annealing (4.2 eV)* confirms the IE could be significantly affected by the aggregation
of polymer. The similarity between some of these reported values and our data validates our
above discussion that inhomogeneous aggregation exists in polymer films and also indicates
controlled processing condition could lead us towards designated IE of the film.

To verify the above hypothesis of surface orientation, we carried out near-edge X-ray
absorption fine structure (NEXAFS) measurements. As selectively shown in Fig. 1c, the & area
in the bottom surface (CB as solvent) has very little dependence on the incidence angle while
the top surface shows increased signal with larger incidence angle. As a result, the values of
dichroic ratio (DR) calculated are -0.10 and 0.27 for bottom and top surfaces, respectively. Note
that DR is related to the azimuthal mean orientation of the orientation distribution with its

incident angle, defined as follow:

_ 1(90°)-1(0°)

DR = 1(90°)+1(0°) (1)

where | is the orientation distribution, defined as:

[=Ax [g (1 + %{300526 — 1}{3cos?a — 1}) + %P)sinza] (2)

where A is constant, P is polarization factor of beamline, 6 is incident angle, a is angle of ©*
orbital relative o substrate normal. Because DR can vary from positive value for a horizontal
orbital (edge-on) to negative value for a vertical orbital (face-on), we therefore identify a more
edge-on orientated top surface compared to slightly face-on orientated or non-orientated bottom
surface. Furthermore, the inset in Fig. 1c shows the DR value for bottom surface of P3HT
samples prepared by different solvents. We clearly observe the transition of bottom surface
from face-on orientation towards slightly edge-on orientation (DR value from -0.20 to 0.07)
when prolonging the time for self-assembly (higher BP solvents). This is reasonable due to the
lower energetic state of P3HT is edge-on, meaning longer time for self-assembly gives more

edge-on orientation in the film.*® NEXAFS results here agree with UPS data, confirming our
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hypothesis that the skin layer formation during stratification locks the aggregation state
(solvents have little impact on top surface since it’s already ordered enough with a preferred
edge-on orientation) of polymer chains near top surface of polymer film while that in bottom
surface could be altered by the choice of the solvent. The above results clearly demonstrate
existence of inhomogeneous aggregation states between the surface and bulk of the polymer

films with a strong dependence on the solvent BP.
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Fig. 1. a. Hlustration of stratification process during solution process of polymer films. The skin layer
formation at air/solution interface induces different aggregation states of polymer chains in top/bottom
surface of polymer film after drying. b. Shift of secondary electron cut-off measured by UPS at top (red) and
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bottom (black) surface of P3HT samples processed by different solvents. c. NEXAFS results of top/bottom
surface of P3HT samples processed by CB. The inset shows R values of bottom surface of P3HT samples
processed by different solvents. d. charge modulation spectroscopy (CMS) results of top/bottom surface of
P3HT samples processed by CB. The inset shows OFET device results using top/bottom surface of P3HT
films processed by CB to construct interfaces.

Table 1. UPS results of top/bottom surfaces of P3HT films. Average values are obtained by measuring three
samples, and three different sample areas are checked in each measured sample so as to get average value
and standard deviation.

Page 10 of 29

Solvent | Cut-off/eV | Cut-offleV | HOMO | HOMO | Fermi Fermi Dipole IE/eV IE/eV
level/eV | level/eV | moment/eV (top) (bottom)
(top) (bottom) | onset/eV | onset/eV
to bottom
(top) (bottom) (top) ( )
CF 17.22+0.02 | 16.94+0.02 | 0.67+0.02 | 0.63+0.02 | 3.99+0.02 | 4.22+0.02 | 0.24+0.02 | 4.65+0.02 | 4.89+0.02
CB 17.23+0.01 | 17.11+0.01 | 0.68+0.01 | 0.70+0.01 | 3.97+0.01 | 4.12+0.01 | 0.14+0.01 | 4.65+0.01 | 4.79+0.01
DCB | 17.28+0.01 | 17.18+0.01 | 0.64+0.01 | 0.64+0.01 | 3.92+0.01 | 4.02+0.01 | 0.10+0.01 | 4.56+0.01 | 4.66+0.01

Apart from above discussion, molecular conformation and orientation are two among several
important characteristics differentiating the aggregation states at the top and bottom surfaces of
the polymer films we have studied. Additional factors include the degree of molecular coupling,
backbone planarity and chain entanglement, all of which can influence the interpretation of the
above results (UPS result in particular). However, these factors are difficult to differentiate or
decouple using conventional characterization techniques. For this purpose, we use surface-
sensitive charge modulation spectroscopy (CMS) to assess the overall difference in inter/intra-
chain coupling in top and bottom surfaces of P3HT films. CMS measures polaron absorption
and differentiates single chain and 2D delocalized polarons.*” In the measurement, modulated
polarons accumulate at the dielectric-P3HT interface, allowing one surface to be studied over
the other by careful placement of the P3HT layer. As shown in Fig. 1d, the top surface of P3HT

clearly shows a stronger signal (2000 cm?) than its bottom surface when processed using CF.
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The enhancement in CMS is attributed to the polaron oscillator strength, which is a function of
the inter-chain and intra-chain disorder (coupling) in the polymer. Such enhancement suggests
higher order (coupling) of P3HT in its top surface. Furthermore, the blue shift of the main peak
indicates greater single-chain character for the bottom surface as compared to the top surface,
meaning the backbone of P3HT near the bottom is less planar and less aggregated. These results
generally agree with UPS and NEXAFS data which, overall, show stronger coupling of
molecules and better packing of chains in the top surface of the polymer film as compared to
its bottom surface.

We then fabricated bottom-gate bottom-contact OFETs using both top and bottom surfaces of
P3HT films to construct the semiconductor-dielectric (S-D) interface since only ~1-2 nm
interface region is responsible for carrier transport in the channel. We thus utilize OFETSs as a
device-based, sensitive, but indirect diagnostic tool of differences in local and long range in-
plane order at the top and bottom surfaces of the polymer film. As shown in the inset of Fig. 1d,
devices (processed by CB) using the top surface as S-D interface show a ~30x increase in hole
mobility compared to devices using the bottom surface as channel material. This result provides
further confirmation of improved polymer ordering at surface termination leading to
considerably faster carrier transport than at the buried interface, in agreement with previous
observations.?®

Next step, we carry out grazing incidence wide angle X-ray scattering (GIWAXS) measurement
to probe crystalline order more directly, albeit with less depth resolution. As shown in Fig. S3
and Fig. S4 we have conducted GIWAXS on top/bottom surface of P3HT films with incident
angle of 0.25° and 0.05°, respectively. The former angle will allow the X-rays to penetrate the
whole film (40-50 nm) while the latter can induce total reflection of X-ray where an evanescent
wave allows us to probe approximately 5-10 nm region near the polymer surface. As known
from the laws of classical electrodynamics, this shallow angle of incidence below the critical

angle of P3HT for X-ray energy used in these measurements (0.10°) will result in an
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exponentially decaying electromagnetic field below a few nanometers from the top surface,
making this incidence angle highly surface sensitive. It is clear that no difference is observed
at 0.25° incident angle due to the identical bulk properties of the same film. However, there is
a clear orientational transition from face-on towards edge-on in top surface region under 0.05°
incident angle when switching processing solvent from CF to CB. Similarly, such transition
also takes place in bottom surface region when switching the solvent from CB to DCB. These
results suggest the time for self-assembly strongly impacts the bottom surface region since it
needs more time to transit from face-on to edge-on (due to lower ordering) compared to top
surface region because of aforementioned drying kinetics. Additionally, we selectively show
here the in-plane and out-of-plane sector cut of P3HT processed by CB in Fig. S5. Top surface
region (incident angle 0.05°) clearly exhibits strong higher-order lamellar features (100, 200,
300) than its bottom counterpart. Furthermore, a pronounced -t stacking (010) also confirms
top surface is highly ordered/textured. These results extend our above conclusion of highly
ordered top surface (~1 nm) towards a slightly deeper region (~5-10 nm) near the top surface.
Lastly, above results also reveal the difference between general bulk properties and
surface/interface region properties, cautioning us to focus on the difference in local ordering in
near-surface regions of the film when forming functional interfaces in (opto)electronics.

2.2. Classifying Modern Conjugated Polymers by Tunability of Surface lonization Energy

To generalize the above phenomenon from reference poly(3-hexylthiophene-2,5-diyl) (P3HT),
we have expanded our analysis to several other donor polymers , including poly(2,5-bis(3-
hexadecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT), poly[4,8-bis-(2-ethyl-hexyl-
thiophene-5-yl)-benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]-alt-[2-(2-ethyl-hexanoyl)-thieno[3,4-
b]thiophen-4,6-diyl] (PBDTTT-C-T), Poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-
(3,37’-di(2-octyldodecyl)-2,2°;5°,2°;5°,2°>’-quaterthiophen-5,5"""-diyl)] ~ (PffBT4T-20D),
Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"]dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PCE10) and Poly
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[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-bdithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) (chemical structures shown in Fig. 2),
selecting ones which are known to crystallize, such as pBTTT, as well as others like PTB?7,
which do not crystallize at all. For the purpose of this comparison, all films were processed
using CB as solvent, achieving nominally similar drying dynamics, to evaluate the comparative
ability to achieve distinctive free and buried bottom surface properties. By applying our
lamination approach, we then evaluate the IE of all polymer films’ top and bottom surfaces,
including P3HT processed in all three solvents. The results are obtained using a similar surface-
sensitive method, namely photoelectron spectroscopy in air (PESA). PESA spectra are shown
in Fig. S6. The resolution of PESA is in general higher than UPS. We also performed the
measurement on 3 different samples using 3 different probing areas on each sample to obtain
average values of IE for each material. The IE was obtained by the cross-point of the baseline
and onset of curves for each measurement. Fig. 2 summarizes the IE for all polymers. It is
clearly shown that P3HT and pBTTT are part of a class of highly energy-tunable polymers with
AIE (difference between IEnottom and IEtop) as high as 0.33 eV, while a second group of polymers
(PCE10, PffBT4AT-20D and PBDTTT-C-T) shows differences that are small (AIE ~0.1 eV) but
consistent, measurable and non-negligible, with one polymer (PTB7) showing no measurable

difference between energetics of the top and bottom surfaces (AIE ~0).
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Fig. 2. Average IE (eV) with standard deviation from PESA for top/bottom surfaces in different polymers
processed by CB. The polymers are simply categorized into three kinds: large (P3HT, pBTTT), medium

(PCE10, PffBT4T-20D and PBDTTT-C-T), and negligible (PTB7) AIE of top and bottom surfaces. P3HT
possesses the largest difference ranging from 4.56 to 4.89 eV among surfaces processed by different solvents.

2.3. Organic Photovoltaics with Tunable Heterjunctions
2.3.1 Planar heterojunction (PHJ) photovoltaics with tunable interfacial energetics

Given the tunability of IE by up to 0.33 eV (in the case of P3HT), we possess a means of tuning
the interfacial energetics and polymer order, albeit the latter only in the case of highly
aggregating polymers. We can now turn to constructing model D/A interfaces in the context of
planar heterojunction (PHJ, also known as bilayer) OPV devices, focusing first on
P3HT/PCBM bilayers, to reveal the relationship between interfacial energetics, order and open
circuit voltage (Voc) of OPV devices in the context of nominally sharp interfaces (formed
through lamination without annealing), then generalizing to other donor and acceptor systems.
The exact aggregation state of the polymer near the D/A interface is in general unclear due to
the various mixing/demixing scenarios of D and A molecules in a BHJ and is nearly impossible
to disentangle within BHJ devices.*®*° Fig. 3a illustrates interfaces that may exist within BHJs,

namely ordered-ordered DJ/A interfaces, disordered-disordered D/A interfaces and
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intermediates thereof, such as ordered-disordered and disordered-ordered D-A interfaces, and
the mixed phase itself.2%! The overall Voc of the device therefore is a weighted combination of
local or individual energy of charge transfer state (Ect) and thus Voc contributions by these
different charge generation pathways. The conventional bulk characterization of BHJ OPVs to
date using absorption, global energy levels and even the lowest Ect do not reflect the complete
operational behavior of the ensemble of D/A interfaces which together determine the Voc.5® %2
These observations are in agreement with previous reports showing the coexistence of ordered
and disordered phases in the film which together impact molecular energy level shifts and thus
reflected in interfacial charge transfer (CT) states.>® The corresponding Ect and Voc are
therefore weighted contributions from different morphologies, such as ordered/disordered
interfaces.® In this sense, model PHJ interfaces prepared by lamination can be very powerful

instruments to disentangle the contributions of different interfaces in a BHJ by reducing these

various types of interfaces to accessible systems that may be isolated and investigated.

d b )

= [ Polymer S .
s V=" < Voo X Vocy s X Voes? olsss e i
S| water
D A ¢ g > water
Q
Electrode T %%‘&?%‘2 St?!?s\gfa%e / Sl?ﬁsvtllsaete /

Fig. 3. a. Conceptual illustration of interfaces in bulk-heterojunction with their corresponding Voc. The Vs
therefore is a weighted combination of these Vocs. Schematic volumetric fractions of these Vocs are listed as
ni, Nz, and nz. b. Lamination methods (top left: wet method; top right: dry method) making planar
heterojunction using top/bottom surface of polymer films. Bottom cartoon shows different aggregation state
at top/bottom surface of polymer films can induce different interfacial energetics, thus Voc.

Similar to how we flip the pristine polymer film, the preparation of bilayer also involves de-
laminating of the film in water. The target substrate consists of glass/ITO/ZnO/acceptor, shown
as substrate/device in Fig. 3b, is then slowly attaching from one side (top/bottom) of the

polymer until full lamination of polymer atop the target substrate/device.?% 21 50 52546 gy ch
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wet method involves merging the whole substrate/device in water, which might in some cases
degrade the device such as water sensitive quantum dots. We therefore also use another dry
lamination method shown in upper right of Fig. 3b. Such processes similarly delaminate the
polymer film in water, but use a PDMS stamp to transfer and release the film onto target water
sensitive device. The PDMS stamp is placed to attach the polymer film from one corner until
full lamination of film on PDMS. The PDMS/polymer is then placed upside down onto target
device and softly stress to de-laminate the film onto the device. After fabrication of bilayer,
additional thermal annealing of PHJs can subsequently be used to induce acceptor diffusion
into the donor layer in order to transform the bilayer into a BHJ-like film or to one where the

interface is no longer abrupted and therefore evaluate the influence of intermixing.?” %’
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Fig. 4. a. J-V curves of bilayer OPV consist of top surface of P3HT processed with different solvents as
interface, top surface of rra-P3HT processed by CB is also used as interface for comparison. b. J-V curves of
bilayer OPV consist of bottom surface of P3HT processed with different solvents as interface, bottom surface
of rra-P3HT processed by CB is also used as interface for comparison. The thickness for both polymer and
fullerene layer are around 40 nm.

We have here used lamination to recreate different model D/A interfaces and assess the Voc in
PHJ devices with nominally sharp interfaces. J-V curves of PHJ P3HT/PCBM devices using
the top/bottom surfaces of P3HT films processed by different solvents as planar D/A interface
are shown in Fig. 4a and 4b (see device figures of merit in Table S1). We observe that Voc is

very sensitive to the state of the P3HT surface and that it is significantly and directly impacted
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by IE (Table 1) of the P3HT surface used. Voc in devices using the top surface of P3HT as the
interface is consistently lower (Voc~0.3 V) and nearly equal across all three solvents, in
agreement with UPS measurements revealing a shallow IE at top surfaces due to the presence
of a surface dipole which we link to improved ordering, and is consistent with other
measurements highlighting the similarity of the top surfaces of P3HT films irrespective of the
solvent used. In contrast, the impact of the solvent choice and polymer order is clearly observed
when PHJ devices are fabricated using the bottom surface of P3HT films as their D/A interface.
Voc of these devices gradually decrease from 0.61 V (CF) to 0.56 V (CB) to 0.44 V (DCB) with
decreasing evaporation rate of solvent and increasing order at the interface, which also leads to
dipole moment formation, as evidenced by our UPS data. We note that the most disordered
interface yields the highest Voc (0.61 eV). It is common that different values of Voc could be
found in P3HT:PCBM blends. Voc of P3HT:PCBM ranges from 0.5 to 0.65 V depending on
processing condition/annealing/molecular weight and thus morphology in these blends.*%3 The
Voc obtained in device with disordered interface here is in good agreement with that generally
observed in reported literatures, validating such interface is similar compared to those reported
in BHJ to date. We also note such disordered interface yields high Voc appears to be somewhat
counter-intuitive. On one hand, disordered interfaces give deeper IE of a polymer thus larger
difference between HOMO of the donor and the LUMO of the acceptor, enlarging Voc; on the
other hand, it should also decrease the delocalization of charges causing energy loss through
recombination. These factors should drive Voc of the device oppositely. The results we present
above clearly show that the interfacial energetics play the dominant role in determining Voc.
Furthermore, it is important to note that our method produces disorder at the buried interface
rather than in the bulk of the film, which is an important distinction to avoid recombination.
The presence of order in the bulk allows both exciton diffusion and charge transport to and
away from the disordered interfacial region. Such a benefit cannot be expected when using an

amorphous polymer such as regiorandom (rra-) P3HT which exhibits both low exciton diffusion
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as well as low carrier mobility.®4%® In other words, the impact of disorder-induced shift of IE
of a polymer outcompetes that of disorder-induced energy loss when these effects are confined
to the interface, leading to the higher Voc in the device with the most-disordered bottom layer
(see more discussion of energy loss below). We found no difference in the IE of the top and
buried surfaces of rra-P3HT films as these films are uniformly disordered. Fig. 4a and 4b show
PHJ devices of rra-P3HT/PCBM using both top and buried surfaces using CB solvent and
revealing identical Voc (0.71V) for both surfaces, a value slightly larger but similar to the P3HT
buried interface processed with CF, indicating further reduction in interfacial order. Finally, we
generalize the above conclusions by combining P3HT, first, with other acceptors, such as Bis-
PCBM and a non-fullerene acceptor (5Z,5'2)-5,5'-((7,7'-(4,4,9,9-tetraoctyl-4,9-dihydro-s-
indaceno[1,2-b:5,6-b]dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-

diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) (O-IDTBR), and ZnO
inorganic layer. Similar Voc differences are observed, confirming the dominant role of
energetics induced by interfacial ordering and interfacial energetics (see data and detail
discussion in Fig. S7 and figure of merit in Table S2). As expected, we note that the efficiency
of PHJ devices is considerably lower than that of BHJ films (less than 1%) and consistent with
previous reports of PHJ devices.? 2 However, the main purpose of PHJ devices is to investigate
the influence of interfacial structure and energy on the Voc? 2" and to reveal which interfaces

dominate the Voc of BHJ devices.
2.3.2 From model PHJs to BHJs with enhanced Voc and Jsc via Interdiffusion

The above results shows that Voc of heterojunction devices is a very sensitive indicator of
interfacial aggregation state of the donor polymer (and thus interfacial energetics), and can
therefore reveal more about interfaces within the BHJ itself and how to improve these to
maximize the Voc. As shown in Fig. 5a, the as-cast P3HT:PCBM BHJ has a high Voc of 0.72

V which decreases to 0.6 V upon annealing, caused by aggregation and phase separation, as
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depicted on the upper right (figures of merit shown in Table S3). The device Voc prior to
annealing is closest to that of rra-P3HT based PHJ device (0.71 V) and considerably higher
than the P3HT (CF)-PCBM interface created with the buried interface (0.61 V), which is in fact
closer to the Voc of the annealed BHJ film. The considerably lower Voc (0.3 V) of the ordered-
ordered PHJ P3HT/PCBM devices indicates that such interfaces are not the main channels for
charge generation in BHJ devices. Instead, there appears to be a significant contribution of
disordered P3HT at interfaces, perhaps due to an intermixed phase where intermolecular

coupling is reduced, as previously proposed by several groups.”: 68
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Fig. 5. a. J-V curves of P3HT:PCBM bilayer (P3HT bottom surface as interface) and BHJ devices before and
after annealing. Cartoon on the upper right shows annealing induced phase separation in BHJ and cartoon on
bottom left shows annealing induced phase mixing in bilayer by PCBM diffusion, creating a BHJ like
interfacial area. b. EQE response of bilayer and BHJ before and after annealing. The gray zone indicates the
enhanced 0-0 transition in device with different interfaces.

We recall that in a BHJ layer the P3HT is vitrified by the presence of the acceptor and its
disorder both in the bulk and interfacial regions explains the considerably higher Voc achieved
in such devices as compared to PHJ devices of ordered interfaces, as well as limited order
achieved in the bulk.®® We therefore annealed the PHJ device based on the disordered interface
(bottom left in Fig. 5) to induce diffusion of PCBM and intermixing with P3HT. However, the
bulk order of P3HT is pre-formed prior to lamination and annealing and is not lost through

intermixing In doing so, we observe a sharp increase in Jsc (J-V curves in Fig. 5a) due to
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enlarged D/A interfacial area collecting and separating more excitons. We also find a higher
Voc of 0.68 V, larger by 0.08 V compared to the annealed BHJ (0.6 V), leading to an overall
efficiency over 4%. This efficiency is much higher than previously reported annealed bilayers
thanks to the choice of the disordered surface of P3HT as the BHJ interface which leads to the
high Voc and Jsc.” We note the efficiency of 4% obtained with P3HT:PCBM here is far below
that in modern OPV devices, date due to the limited light absorption of P3HT and PCBM."* We
however believe that our methodology which tunes the dominant interfaces responsible for Voc
of device should be universally applicable across many modern D/A systems. The high Voc
obtained here confirms the aggregation state of P3HT at D/A interfaces in annealed bilayers is
predominantly based on disordered polymer-acceptor interfaces compared to BHJ films, while
still exhibiting sufficiently ordered and connected polymer domains as required for charge
extraction. The fact that the Voc of such annealed PHJ devices approaches that of as-cast BHJs
(0.72 V) and surpasses the Jsc also validates the above conclusion. These results may have
similar implications of morphology control as recently reported stepwise BHJ processing,
which also emphasizes the usage of layer-by-layer solution-deposition to achieve a BHJ like
interface with a clear vertical phase segregation.”> ”® Furthermore, we observed significant
differences in the shape of external quantum efficiency (EQE) response. As shown in Fig. 5b,
normalized EQE spectra show higher response near 610 nm with increasing ordering of P3HT
at D/A interface which indicates stronger vibronic feature (0-0 transition) of P3HT. The fact
that a bilayer with ordered interface having higher EQE response near 610 nm than that in
annealed BHJ also confirms such ordered interface does not dominate charge generation in the
BHJ.

2.3.3 Generalizing Voc vs. IE-EA relationship for PHJ devices with sharp D/A interfaces

We now expand PHJ device investigations to the five other polymers studied and classified in
the previous section by fabricating polymer-PCBM PHJ devices. The D/PCBM interfacial

energetics are summarized in Fig. S8a. The electron affinity (EA) of PCBM here is taken from
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our previous report measured by low energy inverse photoemission spectroscopy (LEIPS).”
We plot Voc of PHJ devices with respect to the IE of the corresponding polymer surfaces in
Fig. S8b. Clearly, Voc scales linearly with increased IE of the polymer donor, indicating that
this is the primary parameter dictating the Voc for sharp interfaces across different donor
polymers. As expected, we find no effect of the surface choices of rra-P3HT (right triangle) and
PTB7 (diamond) on Voc in agreement with the absence of IE change. Meanwhile, other
polymers exhibiting small differences in IE also exhibit a commensurately small change in Voc
(see J-V curves and figure of merit in Fig. S9 and Table S4). Additionally, we plot IEp-EAA
against Voc in Fig. 6. We find similar trend that Voc scales almost linearly with IE-EA. Such
results also validate energetics are the main reason for change of Voc. Again, we here only
discuss the impact of energetics on Voc. Other factors not included such as local delocalization
of charges and D/A coupling might also influence the results in Fig. 6, as evidenced by the

deviation from the linear relationship between Voc and IEp-EAA.
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to indicate a trend. P3HT processed by CF, CB and DCB are shown, while all other polymer and acceptor
layers are processed by CB. The LUMOs of Bis-PCBM and IDTBR, and HOMO of rra-P3HT are taken from
reported literatures.”"’

Note that due to limited D/A interfacial areas in bilayer device, we are not able to detect or
measure Ect by using sensitive EQE since the EQE response in sub-bandgap region is too low.
We therefore evaluate the influence of interfacial order on Vocloss, by defining it as IEp-EAA-
gVoc. The Vocloss of analyzed systems is displayed in Fig. S10. Since the main focus of this
work is to show the impact of tunable interfacial property induced by aggregation of polymer
on corresponding device figure of merit, we here only briefly explain the observed lower
Vocloss in devices with disordered bottom surface used as interface by the following two
reasons: 1) energy cascade in polymer donor layer induced by a wider bandgap of disordered
surface then a lower bandgap of ordered region away from bottom surface/interface;’® 2) energy
gap law which describes a larger interfacial bandgap (thus larger Ect) gives lower (non-
radiative) Vocloss.” A more detailed discussion is provided in Fig. S10 in SI. Finally, we made
a comparison between Voc in our above PHJ and corresponding reported Voc of BHJ in Table
S5, in which the latter usually lies in between of top/bottom surface based device of the former.
Such results suggest our methodology proposed herein can be generally applied to reveal the

nature of distributed interfaces within these modern BHJs.
2.4. Colloidal Quantum Dot Photovoltaics with Tunable HTL-QD Heterojunction

From above results, we clearly identify the significant impact of interfacial aggregation state
on charge generation in OPV devices. With that being said, the aggregation state and associated
energetic differences between the top/bottom surfaces of polymer films can cause large
differences in PV devices when the polymer is used as hole transporting layer (HTL), such as
in colloidal quantum dot (CQD) PVs. Selecting polymer HTLs based on energy levels to
achieve efficient interfacial charge extraction is a well-known strategy in optoelectronic device

optimization. Although traditionally successful in improving p-type charge transport in CQDs
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for efficient n-i-p devices, EDT ligands used on p-layer (TBAI) QDs are known to be labile and
have been reported to easily detach from the PbS CQD surface, making them susceptible of
interacting with metal contacts.?%2 Due to these inherent issues with EDT ligands, organic
semiconductor films have recently attracted interest as potential HTLs, making them
83-86

particularly attractive to enhance the performance and stability of CQD-PV devices.
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Fig. 7. a. CQD PV using different polymer surfaces as charge (hole) extraction interfaces. The charge
injection barrier (bottom right) is defined as the difference of work function (4.9 eV) of CQD and IE of
polymers. b. J-V curves of CQD PV using different surface of different polymer as charge extraction
interfaces.

We herein show that, even with the same polymer film used as HTL, device performance largely
depends on the fine-tuned, local interfacial energy of the polymer rather than its bulk or opposite

surface energetics. We go on to show that the stability of the CQD-PV devices can be enhanced
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by use of polymer HTLs in combination with the EDT-capped CQD layer. To that end, we use
different polymers as HTL with their top/bottom surfaces atop the EDT-capped CQD layer. The
device architecture is depicted in the left part of Fig. 7a and charge injection barrier at
polymer/CQD interface is listed on the bottom right. We clearly see that the device performance
is largely determined by the polymer surface used to construct interfaces, as shown in Fig. 7b
(see figure of merit in Table S6). Similar to our observation in OPVs, the performance of CQD
PV doesn’t change much when using PTB7 as HTL due to similar aggregation state in
top/bottom surface of PTB7. When PCE10 is used as HTL, the top and bottom surfaces exhibit
different injection barriers. However, the FF of devices drop significantly when the barrier
increases from -0.05 (top surface) to -0.15 eV (bottom surface). Such results suggest there is a
sensitive threshold for injection barrier which jeopardizes charge collection. It also draws the
attention of careful characterization of (top/bottom) surface energy levels of HTL when
constructing a device’s interfaces. The last polymer used here is P3HT, which shows the best
efficiency among these HTLs due to good carrier injection at interfaces. Note that similar as in
OPV’s case, interfacial energetics are not the only factor affecting device performance here. It
is possible that other factors such as interfacial trap density can also affect above results. We
have done solar cell capacitance simulator (SCAPS) to investigate the impact of interfacial
energetics on J-V curves of above devices (see Fig. S11). We clearly see the overall trend
predicted by such simulation agrees with our device data. The mismatch of IE to achieve best
device performance between simulation and experiment however indicate some other factor
could be involved in explaining the experimental data, such as aforementioned trap density
induced by lower ordering in bottom surface of polymer films. Nevertheless, it is evident that
device performance is largely depending on the aggregation state of polymers near the interface.
We here use different interfaces, thus energetics, to demonstrate even with the same HTL the
interfacial energetics could be much more complicated than simple bulk characterizations, as

the bulk property doesn’t reflect the property of (top/bottom) surface/interface. We need to
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clarify that although large impact of interfacial order on device performance is observed in both
CQD PV and aforementioned OPV, the exact working mechanism is however different here.
The boost of Voc in OPVs is largely due to a shift of energy levels induced by interfacial local
ordering (lower ordering gives higher performance). In CQD PV, on the other hand, the same
shift of energy levels didn’t affect devices in the same way. As long as the injection barrier is
absent, the effect of interfacial energetic is not as large as interfacial traps, thus higher
performance of CQD PV is achieved with higher interfacial ordering (lower trap density) in
P3HT’s case. Finnaly, we also investigated thermal stability of above devices. We found the
device with polymer layer capping atop shows stable performance untill 110°C and still
functional even at 150°C, whereas the device without polymer layer degrades since 70°C. We
explain this phenomenon by the polymer HTL induced prevention of degradation from halide
ligands of CQD under high temperature. The data of thermal stability and dependence of device

figure of merit upn temperature are provided in Fig. S12 and Fig. S13.

3. Conclusions

In this work, we offer conclusive evidence that conjugated polymer films exhibit different
ordering in their top/bottom surfaces, driven by the stratification phenomenon during solution
processing. This difference largely depends on the polymer’s ability to aggregate in solid state.
We generalized this conclusion by testing six commonly used conjugated polymers. The
difference of local order of polymer film uncovered here has primary importance in
heterojunction based devices since it affects multiple processes such as charge transport,
generation and extraction. We utilize these differences effectively in devices ranging from
OFETSs, to PHJ and BHJ OPVs and CQD PVs, where the polymer is used as channel, photo-
active layer and HTL, respectively. Using the knowledge unearthed here, we demonstrated a
simple but effective methodology to fabricate PHJ devices with model interfaces allowing us

to disentangle the contribution of different types of sharp D/A interfaces in BHJ OPV in terms
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of its Voc, which is conventionally not accessible to other characterizations, highlighting the
importance of control of interfacial property to reduce energy loss in OPV. We observe a clear
relationship between the Voc and energy gap of the D/A materials using these model interfaces
and go on to show that different interfacial aggregation states show different Voc in PHJ OPV
and therefore the coexistence of different ordered/disordered phase contribute comprehensively
in BHJ OPV’s Voc. We close our discussion by emphasizing that these unexpected findings
could be generally applied beyond the device platforms tested in this work. Interestingly, some
of the polymers explored in this work including P3HT have been used as HTLs in some of the
high-efficiency and high-stability perovskite solar cells. Lessons from our findings can
therefore be helpful to this burgeoning field. In addition, organic/hybrid devices such as LED,
thermal electronics, photo detector and sensors can also take advantage of this universal
methodology proposed here to further push the limits on their efficiencies by refining their
interfaces with these conjugated polymers. Finally, the above knowledge also should provoke
a further re-consideration of energetics at organic/organic and organic/inorganic interfaces
investigated to date, which roughly considers a homogeneous existence of properties
throughout the polymer film.

4. Experimental Details

See Supporting Information (SI).
Supporting Information

See (SI).
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