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CONTEXT & SCALE

Organic solar cells (OSCs) have

seen great progress in power

conversion efficiencies (PCEs)

recently. However, morphology

tuning of the active layer remains

challenging toward 20% mark.

Layer-by-layer (LBL) approach is a

newer way to tune morphology

and achieve phase separation

vertically. Herein, we construct a

guest polymer-tailored LBL (GPT-

LBL) strategy refining the p-i-n

configuration, where a third

polymeric guest PY-IT is utilized to

in situ manipulate the pre-

aggregation behaviors of

acceptors. The GPT-LBL-based

device exhibits enhanced charge

transport and reduced energy
SUMMARY

Vibrant research has demonstrated that the layer-by-layer (LBL)
approach can achieve a preferable vertical microstructure; however,
the lack of precise control over vertical composition and molecular
organization remains. Herein, we demonstrated a guest polymer-
tailored LBL (GPT-LBL) strategy to achieve the p-i-n microstructure
constructed by in situ monitoring pre-aggregation behaviors of
non-fullerene acceptors. This superior structure with built-in inter-
penetrating networks alleviates the trap density states and the en-
ergy loss, improves hole transfer dynamics, and balances the charge
transport, thus maximizing open-circuit voltage (VOC), short-circuit
current density (JSC), and fill factor (FF) simultaneously. Conse-
quently, a highly efficient GPT-LBL organic solar cell (OSC) with a po-
wer conversion efficiency (PCE) of 19.41% (certified 19.0%) was
achieved. Noticeably, the large-area (1.03 cm2) device for GPT-LBL
OSCs yields a satisfactory PCE of 17.52% in open-air blade coating,
which is one of the best values in green-solvent-processed OSCs.
The insights for p-i-n structure will give implications for the device
engineering and photo physics understanding, offering an effective
way to enable efficient, stable, and scalable OSCs.
loss. As a result, the optimal GPT-

LBL OSC shows a high PCE of

19.41% (certified 19.0%) with an

excellent FF of 81.3%, which is the

record-certified LBL single-

junction OSC. Impressively, the

GPT-LBL-based device exhibited

good scalability and operational

stability. This work provides a

novel approach to developing

high-efficiency, large-area, and

stable OSCs, accelerating the

industrial development of OSCs.
INTRODUCTION

Organic solar cells (OSCs) have enjoyed tremendous research attention owing to

their unique characteristics, such as low weight, transparency, mechanical flexibility,

and roll-to-roll production.1–6 It is worth mentioning that the emergence of state-of-

the-art small molecular non-fullerene acceptors (NFAs) has pushed the power con-

version efficiencies (PCEs) surpassing 19% in single-junction bulk heterojunction

(BHJ) OSCs.7–13 Despite recent progress, the performance of BHJ OSCs is still

limited by non-ideal charge transport as well as severe electronic trap state density

due to the nature of the electronic structure of organic semiconductors, which can be

relieved via suitable nanostructure. In BHJ OSCs, it is formed by self-organization of

material crystallization and phase separation in BHJ donor (D) and acceptor (A).14,15

Traditionally, the dominant BHJ structure creates numerous D-A heterojunctions

located at the bulk regions randomly for exciton dissociation,16 but in the meantime

exists the risk of undesirable vertical phase separation, which may suffer from charge

recombination. Recent studies have claimed that p-i-n configuration or graded BHJ

(G-BHJ) would afford superior vertical phase-separated domains: where As are
Joule 8, 1–18, February 21, 2024 ª 2023 Elsevier Inc. 1
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enriched at the cathode side, Ds are enriched at the anode side and D/A-mixed re-

gions are sandwiched between them, thus forming a more ideal nanomorphology

that benefits charge transport without sacrificing exciton dissociation effi-

ciencies.17–20 Such vertical component stratification can be more readily realized

via layer-by-layer (LBL) or bilayer processing, in which the D and A can be optimized

independently.21,22 More importantly, it has been demonstrated that LBL approach

can widen solvent-processing window and suppress the scaling lag of OSC module

efficiency, showing excellent compatibility with large-area coating, better thick de-

vices, and the potential to realize scaled-up manufacturing.18,23–25 Generally, these

advantages have resulted in significant interest in the LBL strategy and its potential

for large-scale and stable OSC manufacturing.

Bearing in mind that the BHJ and LBL processes build nanomorphology in a funda-

mentally different way. The one-step blend-cast BHJ is a complex process, which is a

toughly controllable process resulting from multiple effects of thermodynamics, ki-

netics, D-A intermolecular interactions (e.g., miscibility), etc. In addition, the optimal

morphology in BHJ devices is usually a metastable state and will further move to a

thermodynamic equilibrium state to form excessive phase aggregation, leading to

deduction of lifetime and performance of OSCs.26,27 On the contrary, LBL process

relies on swelling of the underlying D layer by the solvent of the A solution to drive

quasi-solid state interdiffusion of the two materials, accompanied by the crystalliza-

tion of the upper material in the meantime.28,29 Hence, the eventual p-i-n

morphology would be kinetically facilitated by these two competitive processes,22

which can be controlled via solvent engineering, like the solvent screening for the

upper layer,30 solvent selection for the bottom D,31 the crystallinity of bottom mate-

rial,29,32 etc. Therefore, finely balancing the molecular interdiffusion and crystalliza-

tion (e.g., molecular aggregation in the upper layer) in the LBL process might be the

effective pathway for achieving a p-i-n stratification of the two components for favor-

able hole and electron transport. It was well studied that the third component can act

as a crystallization regulator to manipulate film morphology, which has boosted

great success in ternary-based BHJ OSCs.33,34 Based on this view, rational selection

of the third component in the upper layer can offer the possibility of co-optimizing

the molecular self-aggregation and interdiffusion in the LBL approach, thus

achieving more preferred vertical phase separation. As we all know, small molecules

with limited molecular size are more easily diffused into the underlying layer, leading

to too much intermixed heterojunction between two layers. Polymer As with en-

tangled chains are the potential candidates for strengthening the stratification

due to their larger molecular size, which limits the movement downward into the

swelled spaces within the bottom layer. In addition, the doping of macromolecule

can act as the morphology locker to inhibit molecular diffusion by formation of

robust network fibers, which would be beneficial to improve the long-term stability

of p-i-n devices.35,36

Herein, we proposed an effective and feasible guest polymer-tailored LBL (GPT-LBL)

strategy to constituent the p-i-n configuration toward high-performance LBL-OSCs

via incorporating the guest (polymeric Acceptor Poly[(2,2’((2Z,2’Z)-((12,13-bis(2-octyl-

dodecyl)-3,9-diundecyl-12,13-dihydro[1,2,5] thiadiazolo [3,4e]thieno[200,300:40,50]

thieno[20,30:4,5]pyrrolo[3,2-g]thieno[20,30:4,5] thieno[3,2-b]indole-2,10-diyl)bis(me-

thanylylidene))bis(5-methyl-3-oxo-2,3-dihydro-1H-indene-2,1diylidene)) dimalononi-

trile-co-2,5-thiophene (PY-IT)) into the host poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-

fluorothiophen-2-yl) benzo[1,2-b:4,5-b’]dithiophene))-co-(1,3-di(5-thiophene-2-yl)-5,7-bis

(2-ethylhexyl)benzo[1,2-c:4,5-c’]dithiophene-4,8-dione(PM6)/2,2’-[[12,13-Bis(2-butyloctyl)-

12,13-dihydro-3,9-dinonylbisthieno[2’’,3’’:4’,5’]thieno[2’,3’:4,5]pyrrolo[3,2-e:2’,3’-g][2,1,3]
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Figure 1. The molecular structures and optoelectrical properties of materials and vertical composition distribution in the LBL-based films

(A) Chemical structures of the donor and acceptors.

(B) Energy levels alignment of materials used in this work.

(C) Normalized UV-vis spectra of neat donor and acceptor(s)-based films.

(D) Absorption coefficients of 0% LBL, 20% LBL, and 100% LBL films.

(E and F) Selected atomic fractions of (E) 0% LBL film and (F) 20% LBL film as a function of sputtering time.

(G) D/A variations as a function of sputtering time for 0% and 20% LBL blend films.
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benzothiadiazole-2,10-diyl]bis[methylidyne(5,6-chloro-3-oxo-1H-indene-2,1(3H)-

diylidene)]]bis[propanedinitrile] (BTP-eC9) OSC system20 processed by environmentally

friendly solvent o-xylene (XY). Our in situ and ex situmorphological characterizations offer

a clearmicrostructural landscape—more pronounced p-i-n formation constructed by ratio-

nally regulating the pre-aggregation kinetics of the upper layer (BTP-eC9mixedwith guest

PY-IT). The carrier dynamics and energy loss analysis elucidate that the improved hole

transfer (HT) dynamics and the inhibited trap states contribute to the simultaneously

improved VOCnsm these advantages, a highly efficient and eco-friendly GPT-LBL-OSCs

with a PCE of 19.41% (certified 19.0%) with an excellent FF of 0.813 was achieved, More

importantly, during transferring from spin coating to blade coating, small-area

(0.036 cm2) and large-area (1.03 cm2) GPT-LBL-OSCs with outstanding PCEs of 18.45%

and 17.52% via open-air green solvent printing were successfully demonstrated, which

are among the highest PCEs reported for large-area state-of-the-art OSCs, reducing the

gap during the lab-to-fab transfer. Remarkably, robust light stability is also obtained, in

which the 20% LBL device maintains about 96% of its initial PCE after 700 h of operation

at the maximum power point (MPP) under continuous light illumination.

RESULTS AND DISCUSSION

Figures 1A and 1B show the chemical structures and the energy levels of PM6,

BTP-eC9, and PY-IT. Electrochemical cyclic voltammetry (CV) measurements were
Joule 8, 1–18, February 21, 2024 3
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performed to determine the energy levels of PM6, BTP-eC9, and PY-IT. The corre-

sponding CV curves are shown in Figure S1. Figure 1C displays the normalized

UV-vis absorption spectra of PM6, BTP-eC9, PY-IT, and mixed A films. The three ma-

terials show complementary absorption and suitable energy level alignment. 0% LBL

film denotes control PM6/BTP-eC9, the 20% LBL usingGPT-LBL strategy is the film in

which 20% of PY-IT is added in themixed As in the upper layer (see device fabrication

in the supplemental information), whereas 100% LBL film denotes PM6/PY-IT. We

measured the absorption coefficients for different LBL blends (Figure 1D). The cor-

responding measured absorbance spectra are provided in Figure S2. 20% LBL film

using XY as the solvent exhibits a higher absorption coefficient than the 0% LBL

film in both the D and A absorption regions. The reason for such different absorption

coefficients in 0% LBL and 20% LBL blends may be associated with the varied blend

morphology or molecular packing, which will be revealed in the following character-

izations.24,37 Before fabricating the devices, we first studied the vertical component

distribution of different blends. First of all, we performed the contact angle (CA) tests

on water (H2O) and ethylene glycol (EG) to distinguish composition on the film sur-

face, and the results are shown in Figure S3. Based on CA results, we can estimate

the surface energies (g) according to Wu’s model,38 which are summarized in

Table S1. The surface energies of neat PM6, BTP-eC9, and PY-IT are 26.9, 33.8,

and 31.5 mN m�1, respectively, suggesting that the enriched As on the top surface

would increase surface energy values.39 Both the 0% LBL film and 20% LBL film show

larger surface energies, indicating that the As have very high content on the top sur-

face. Then, depth profiling X-ray photoelectron spectroscopy (DP-XPS) was per-

formed to further confirm the distribution of the components in the vertical direction

including the top surface, the bulk, and the bottom (Figures 1E–1G). The samples

were prepared on the silicon substrates. In these films, since only PM6 contains fluo-

rine (F), BTP-eC9 contains the characteristic element chloride (Cl), and both BTP-eC9

and PY-IT contain nitrogen (N), three materials contain oxygen (O), we attribute the

F1s spectral line to PM6, N1s spectral line to the As, O1s spectral line to three com-

ponents, and N/F could reflect the degree of As penetration in the D domains. The

detailed atomic fractions are listed in Table S2. It was found that the contents of N

element at the top surface in these two films are 38.3% and 40.7%, respectively, F

contents are 10.1% and 6.1%, respectively. The higher N content and lower F con-

tent at the top surface in the 20% LBL film represent more As gathered at the top

(close to the cathode). With the increase in detection depth from top to bottom,

the ratio of N/F decreases gradually from 3.8 to 2.8 for 0% LBL film, whereas 20%

LBL film displays obviously sharper reduction from 6.7 to 2.7. This result suggests

that the addition of PY-IT would restrain the penetration of As into the D layer, leav-

ing a purer A domain at the top surface and a more compact D matrix at the bottom

(close to the anode of the device). To support the DP-XPS results, we also conducted

the time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurements (Fig-

ure S4). The F� and CN� signals represent the D and the A, respectively. For 20% LBL

film, it was obvious that the signal intensity of CN� declined continuously from the

top to the bottom. Meanwhile, the signal intensity of F� was much stronger in the

bottom part than those in the top part. This result demonstrated that the more pro-

nounced p-i-n structure with A-enrichment at the top and D-enrichment at the bot-

tom was formed, which is well consistent with the DP-XPS results. Both DP-XPS and

TOF-SIMS measurements show that the GPT-LBL strategy can effectively promote

active layer stratification vertically.

Photovoltaic performances

To investigate the photovoltaic performances, we fabricated OSCs via a conventional

device structure of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene
4 Joule 8, 1–18, February 21, 2024
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Figure 2. Device performances and charge dynamics

(A) J-V curves of 0% LBL, 20% LBL, and 100% LBL devices.

(B) EQE curves of the corresponding devices with different weight ratios of PY-IT.

(C) Light intensity-dependent VOC for optimized 0%, 20%, and 100% LBL devices.

(D) Light intensity-dependent JSC for optimized 0%, 20%, and 100% LBL devices.

(E) Photocurrent density (Jph) plotted versus effective bias for optimized 0%, 20%, and 100% LBL devices.

(F) Histogram of hole and electron mobilities for optimized 0%, 20%, and 100% LBL devices determined by SCLC measurements (error bar is defined as

the standard deviation).
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sulfonate (PEDOT:PSS)/active layer (BHJ/LBL)/PFN-Br/Ag. More fabrication details can

be found in the supplemental information. As presented in the current density-voltage

(J-V) curves (Figure 2A) and thedetailedphotovoltaic parameters summarized in Table 1,

the optimal device based on 0% LBL delivered a PCE of 17.53%, with a VOC of 0.840 V, a

JSC of 26.65 mA cm�2, and an FF of 0.783. The best-performing 20% LBL device (GPT-

LBL device) gave a maximum PCE of 19.41% with simultaneously improved VOC (0.859

V), JSC (27.79mA cm�2), and FF (0.813). To the best of our knowledge, 19.41% is among

the best efficiencies for single-junction LBL-OSCs processed via both halogenated and

non-halogenated solvents, as summarized in Table S3. It is noted that the best cell was

sent to the Enli Tech Optoelectronic Calibration Lab, Taiwan, for measurement, and a

certified PCE of 19.0% was achieved (Figure S5), which is among the highest certified

efficiencies for LBL-based devices. The certificate of accreditation is provided in Fig-

ure S6. The spin-coated 100% LBL film processed from XY solution was grainy after
Table 1. Device performances of LBL OSCs processed by XY with different PY-IT contents in mixed acceptors under the illumination of an AM 1.5G

solar simulator, 100 mW cm�2

Devices VOC (V) JSC (mA cm�2) FF PCEmax (PCEavg)
a (%) Jcalc.

b

0% LBL 0.840 (0.839 G 0.002) 26.65 (26.54 G 0.13) 0.783 (0.778 G 0.010) 17.53 (17.41 G 0.10) 26.08

20% LBL (GPT-LBL) 0.859 (0.857 G 0.003) 27.79 (27.54 G 0.23) 0.813 (0.809 G 0.003) 19.41 (19.15 G 0.20) 27.05

20% LBLc (GPT-LBL) 0.858 27.82 0.796 19.0 –

100% LBLd 0.939 (0.938 G 0.003) 23.62 (23.51 G 0.13) 0.731 (0.719 G 0.009) 16.21 (15.87 G 0.20) 22.96
aAverage PCE values calculated from independent 10 devices.
bJsc values obtained from the EQE curves.
cCertified result from the Enli Tech Optoelectronic Calibration Lab, Accreditation Criteria: ISO/IEC 17025:2017.
d100% LBL devices are fabricated via CF solvents.
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depositing the upper XY solvent, which is primarily due to the limited solubility and thus

strong pre-aggregation of PY-IT in XY solvent, consequently leading to a poor device.

The reason may be that the XY is a weak solvent for PY-IT, and it would be self-aggre-

gated first and enriched at the top, thus hardly diffusing into the bottom.28 The 100%

LBL device gave a poor PCE of 12.83% (Figure S7; Table S4); thus, we changed the pro-

cessing solvent to chloroform (CF). The resulting 100% LBL cell processed by CF ex-

hibited a PCE of 16.21% with a VOC of 0.939 V, a JSC of 23.62 mA cm�2, and an FF of

0.731. We also fabricated their corresponding BHJ counterparts for comparison, whose

J-V curves and relevant device parameters are displayed in Figure S8 and Table S5. It

was found that all three parameters, especiallyVOC (0.858V) and FF (0.792)were similarly

enhanced for the ternary BHJ devices (20%), surpassing those (0.839 V and 0.778) of 0%

BHJ counterpart, confirming that PY-IT is a valid third component. Specifically, the 20%

BHJ device exhibited a bit lower PCE of 18.19% with a lower JSC (26.78 mA cm�2) and

lower FF (0.792) than those (27.79 mA cm�2, 0.813) of 20% LBL solar cell. Likewise, a

100% BHJ device whose PCE is 15.62% with a VOC of 0.938 V, a JSC of 23.16 mA

cm�2, and an FF of 0.719 shows inferior performance to a 100% LBL device. The photo-

voltaic parameters of PM6:BTP-eC9:PY-IT-based BHJ-type and LBL-typeOSCs with var-

ied weight ratios of PY-IT in the A mixture are provided in Table S6. We found that LBL-

OSCs all showhigher FFs and PCEs than BHJ counterparts. These results emphasize that

LBL processing could induce better vertical morphology because this approach itself is

the natural main origin of vertical stratification.23 To further demonstrate the general

applicability of theGPT-LBL approach, we further employed two representativematerial

systems, PM6/BO-4Cl and D18/L8-BO, for comparison. Detailed fabrication processes

can be found in the supplemental information. The J-V curves for solar cells prepared

with and without PY-IT are illustrated in Figure S9, and their corresponding device pa-

rameters are listed in Table S7. Ternary LBL-based devices, PM6/BO-4Cl:PY-IT and

D18/L8-BO:PY-IT, exhibited PCEs of 18.34% and 18.77%, respectively, surpassing the

PCEs of their binary counterparts (16.86% and 17.47%), and both with clearly higher

VOC. These results clearly highlight the general applicability of the GPT-LBL strategy

in enhancing the photovoltaic performance of OSCs. Notably, the optimized 20% LBL

cell demonstrates high photon utilization efficiency, with external quantum efficiency

(EQE) values exceeding 90% in the range of D region (500–600 nm) and 85% over a

range of A region 700–800 nm), as shown in Figure 2B. Given that LBL-type OSCs are

more promising to realize highly efficient OSCs, we focus on the underlying working

mechanisms behind the VOC, JSC, and FF improvements in LBL-based solar cells.

Charge carrier dynamics

To gain more insights into the significant differences in the photovoltaic perfor-

mance among these devices, we also probed their charge dynamic process

including the dissociation, transport, and recombination. The dependence of JSC
and VOC on light power (Plight) was tested to study the charge recombination in

both control LBL and ternary LBL devices. The slope of nkT=q in the function of

VOCfnkT=qlnP (k is the Boltzmann constant, q is the elementary charge, and T is

the temperature) is related to monomolecular recombination (trap-assisted recom-

bination). Extracted from Figure 2C, the fitted n values of 0% LBL, 20% LBL, and

100% LBL devices are 1.22, 1.12, and 1.12, respectively. Moreover, the exponential

factor S in the power law relationship of JSCfPs can be used to estimate the bimo-

lecular recombination loss. As shown in Figure 2D, the calculated S value for the

optimal 20% LBL device is approaching unity (0.998), larger than that of 0% LBL de-

vice (0.981), indicative of the weaker bimolecular recombination loss under short-cir-

cuit conditions. These results suggest that the charge recombination losses (mono-

molecular and bimolecular recombination) can be effectively alleviated after

introducing PY-IT into PM6/BTP-eC9 blend.
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To further investigate the exciton dissociation and charge collection mechanism in

the active layers, the photocurrent density (Jph) as a function of effective voltage

(Veff) was measured, as plotted in Figure 2E. The ratio of Jph/Jsat (the saturation Jph)

under the short-circuit condition relates to exciton dissociation efficiency (hdiss),

and the charge collection efficiency (hcoll) is evaluated by the ratio of Jph/Jsat at the

maximal power output point. The hdiss/hcoll values are estimated to be 99.4%/

91.9%, 99.8%/92.8%, and 97.0%/85.3% for the optimal 0% LBL, 20% LBL, and

100% LBL devices, respectively, as listed in Table S8. The improved hdiss and hcoll

for the optimized 20% LBL device agree with the enhanced JSC and FF.

To examine the improvement of FF in 20% LBL-based devices, we evaluated the

charge transport properties by using space-charge-limited current region (SCLC)

measurements, as shown in Figure S10 and Table S9. The hole mobility (mh) and elec-

tron mobility (me) extracted from the SCLC method (Figure 2F) both exhibited the

enhanced trend with the incorporation of PY-IT: the mh increased from 4.01 3

10�4 to 9.00 3 10�4 cm2 V�1 s�1, and the me improved from 3.33 3 10�4 to

8.87 3 10�4 cm2 V�1 s�1, respectively. In addition, the highest and more balanced

charge transport (mh/me of 1.01) was observed in the optimal 20% LBL devices, which

is consistent with the improvement of FF. Photoinduced charger-carrier extraction

by linearly increasing voltage (photo-CELIV) measurements was also conducted to

obtain the mobilities of the faster carrier components.40 As Figure S11 shows, we

tested the photovoltaic transient current of the three devices at the same

delay time. The calculated mobilities were 2.51 3 10�4, 4.63 3 10�4, and 3.59 3

10�4 cm2 V�1 s�1 for 0% LBL, 20% LBL, and 100% LBL devices, respectively, which

are consistent with the results obtained from the SCLC method. We can conclude

that the doping of PY-IT leads to higher mobility and balanced charge transport,

which could reduce the bimolecular and trap-assisted recombination.

The exciton dissociation behavior is further detected via photoluminescence (PL)

measurements of the PM6 neat film and relevant LBL films with different PY-IT con-

tents (Figure S12). The main emission peak of PM6 at 670 nm is quenched in both 0%

and 100% binary LBL films. Of particular note, the loading of PY-IT does not suppress

the D/A interfaces for exciton dissociation and even further quenches the emission

intensity, meaning more efficient charge transfer (CT) between D and A for the

20% LBL blend, thus leading to an enhanced JSC. This might be correlated with

the suitable nanostructure that is formed by p-i-n phase separation, which will be dis-

cussed in the morphology part.

Exciton diffusion and photophysical analysis

Transient absorption (TA) spectroscopy measurements were performed to investi-

gate the exciton generation and CT kinetics in the LBL blends (Figure 3). Here, we

focus on the HT dynamics, since ultrafast energy transfer efficiently funnels excitons

from Ds to As in the active layer (Figure 1B), such that these blends achieve close-to-

unity charge generation efficiency.41 As such, an excitation wavelength of 750 nm

was used to selectively excite the As without exciting the D in both LBL and BHJ

blends. Neat PM6 (excited at 580 nm) had a photobleach (PB) signal at �580 nm

and a very pronounced photoinduced absorption (PIA) signal around 1035 nm (Fig-

ure S13), whereas neat PY-IT, neat BTP-eC9, and the A binary blend exhibited PB sig-

nals at �840–860 nm and PIA signals at �920–930 nm. In the LBL and BHJ blends,

the A PB and PIA signals were observed instantaneously after photoexcitation,

whereas the PB and PIA for PM6 grew in intensity with increasing pump-probe delay

times (Figures 3 and S14). The rising PIA signal of the PM6 at 1,035 nmwas chosen to

monitor the HT dynamics (Figure 3E), as it was spectrally distinct from the signals of
Joule 8, 1–18, February 21, 2024 7
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Figure 3. TA images and the corresponding decay dynamics

(A–D) Contour plots of transient absorption spectra of (A) 0% LBL, (B) 20% LBL, (C) 20% BHJ, and (D) 100% LBL blend films under 750 nm excitation.

(E) Picosecond-nanosecond kinetics of the four blended films at a probe wavelength of 1,035 nm, showing the hole transfer process.

(F) Comparisons of t1 and t2 of different blends (the error bar is from the standard error of curve fitting).
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the As and had a greater signal-to-noise ratio than PM6’s PB signal. The rising signal

from PM6 was fit with a biexponential function, where the fast component was attrib-

uted to an ultrafast HT process at the D/A interface (t1), and the slow component was

attributed to a diffusion-mediated process prior to charge dissociation, controlled

by D/A domain size and aggregation (t2).
10 The HT process in the four blends

(0% LBL, 20% LBL, 20% BHJ, and 100% LBL) showed t1 of �0.95, �0.73, �0.80,

and �0.34 ps and t2 of 15.62, 14.44, 11.62, and 6.50 ps, respectively (Figure 3F),

and their relative contributions are summarized in Table S10. The weight-averaged

HT rates for each of the blends were 9.42, 8.10, 6.09, and 3.28 ps, respectively

(Table S10), which shows that greater incorporation of PY-IT reduced the exciton

diffusion time to the D/A interface and subsequently reduced the HT rate. This indi-

cates that the mixed D-A interfaces and pure domains are synergistically optimized

and thus give rise to improved FF and JSC.

Energy loss and deep trap states analysis

In addition, the higher VOC is also an important factor that contributes to the high-ef-

ficiency devices. To verify the underlying mechanism of the VOC improvement in the

optimal devices, Fourier-transform photocurrent spectroscopy (FTPS) and electrolumi-

nescence (EL) measurements were performed to quantitatively analyze the photon en-

ergy losses (Eloss), as shown in Figures 4A–4C. According to the detailed balance the-

ory, the Eloss of a photovoltaic device can be split into three contributions (DEloss =

DE1 +DE2 +DE3). The first term DE1 is defined as the difference between the optical

band gap and the highest possible free energy of photo-generated carriers under

the Shockley-Queisser (SQ) model. The values of DE1 mainly depend on the band

gap of semiconductors and were determined to be 0.259, 0.263, and 0.268 eV for

0% LBL, 20% LBL, and 100% LBL devices, respectively. The second term DE2 is addi-

tional radiative recombination loss, which originates from absorption of sub-gap states

induced by energetic disorder. The 20% LBL and 100% LBL devices exhibit reduced
8 Joule 8, 1–18, February 21, 2024
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Figure 4. Energy loss analysis in three devices

(A–C) The measured EL spectrum (red solid line) and experimental EQE spectrum (blue dots) used to determine VOC,Rad for the (A) 0% LBL, (B) 20% LBL,

and (C) 100% LBL devices. The dashed black line represents the deduced EQE spectrum determined from the EL spectrum via FEL(E)/4BB(E), where

4BB(E) is the blackbody spectrum. The black solid line represents the best exponential fit to the Urbach rule.

(D–F) The EL spectra of devices at varied injected current densities for (D) 0% LBL, (E) 20% LBL, and (F) 100% LBL devices.
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DE2 of 0.059 and 0.042 eV, respectively, due to their relatively abrupt absorption

edges. The last term DE3 is non-radiative recombination loss and is scaled with the

external radiative efficiency of EL (EQEEL) of a photovoltaic device, following DE3 =

� kBTlnðEQEELÞ. Here, kB is the Boltzmann constant and T is the absolute temperature.

The 0% LBL-based cell exhibited the EQEEL value of 1.15 3 10�4, corresponding to a

DE3 value of 0.236 eV. In comparison, the EQEEL of the 20% LBL device was enhanced

to 1.763 10�4 and theDE3 was accordingly reduced to 0.225 eV.Noticeably, the 100%

LBL-based cell exhibited the highest EQEEL of 3.873 10�4 and the lowestDE3 of 0.203

eV. Therefore, PY-IT is a low energy loss material with high EL quantum efficiency and

suitable miscibility with the host A BTP-eC9 (Figure S3; Table S1), which contributes to

the VOC enhancement in ternary LBL-based devices.42 The detailed three losses of LBL

devices are summarized in Table S11.

On the one hand, the reduced DE2 and DE3 in 20% LBL device are attributed to the

decreased energetic disorder in doped film, as evidenced by smaller values of Ur-

bach energy EU.
43,44 On the other hand, the wavefunction overlaps between the

relaxed CT states and high-order vibrational modes of ground state decrease with

the increment in CT energy, as illustrated in Figures 4D–4F. The rate constant of

non-radiative recombination is significantly decreased, leading to enhanced values

of EQEEL, as predicted by the energy gap law.45 Following the Urbach rule, a(E) =

a0e
E�Eg
EU , where a0 is the optical absorption coefficient at the band edge, E is the

photon energy, and EU is the Urbach energy,46,47 the 20% device delivers exception-

ally lower energetic disorder with a determined EU of 24.66 meV relative to that of

0% LBL film (EU = 26.49 meV).

To get more insights into the relationship of electron transition and energetic disor-

der in amorphous films, the injected current-dependent EL measurement was
Joule 8, 1–18, February 21, 2024 9
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performed.44 As shown in Figures 4D–4F, the CT emission peak in 0% LBL device is

shifted toward higher energy for increased injected current densities. In contrast, the

EL spectra of 20% LBL and 100% LBL devices are nearly independent of injected cur-

rent densities. These different behaviors are associated with the degree of energetic

disorder and can be interpreted by the spontaneous emission model.48,49 The

photon emission in a semiconductor is described by the convolution between occu-

pied states in the conduction band and unoccupied states in the valence band.

Compared with ordered systems, the central energies of the respective density of

states (DOS) in disordered semiconductors increase in larger magnitude for a certain

increment of quasi-Fermi level splitting. Therefore, a more apparent blue shift of the

EL spectrum is observed in the 0% LBL device, whose degree of energetic disorder is

the highest. To get deeper insights into the working mechanism, ultra-sensitive EQE

(s-EQE) allows us to probe sub-gap features far below the CT state energy,50–52 as

shown in Figure S15. We note that the 100% LBL-type device shows negligible

sub-gap absorption in the range of 0.8–1.0 eV, indicating almost absence of CT

deep states in this OSC system.53 For 20% LBL-type device, an obvious decrease

in EQE response between 0.8 and 1.0 eV was observed relative to 0% LBL device,

suggesting that trap-mediated loss pathways can be dramatically mitigated by

p-i-n structure with reduced D-A heterojunctions. The CT deep traps can act as

recombination centers presenting a trap-assisted recombination channel, thereby

inhibiting CT deep trap states would reduce either radiative or non-radiative recom-

bination losses and thus VOC increase.54

Their corresponding BHJ counterparts are also studied, whose CT emission-depen-

dent spectra can be found in Figure S16. Noticeably, the 20% BHJ-type device

shows smaller EU and lower DE2 and DE3 relative to the 0% BHJ device (summarized

in Table S12), indicating that PY-IT can potentially inhibit trap states as a valid addi-

tional component. Furthermore, we notice that all three LBL-type devices exhibit

lower EU values than their BHJ counterparts, emphasizing the critical role of the

GPT-LBL approach in lowering energetic disorder, thereby maximizing the three

photovoltaic parameters of devices.

Morphology analysis

Atomic force microscopy (AFM) was employed to explore the surface aggregation

properties at the top. As shown in Figure S17, the 20% and 100% LBL films show a

smooth surface with small root-mean-square (RMS) values of 1.09 and 0.88 nm,

respectively, whereas the 0% LBL film exhibited a rougher (RMS = 2.2 nm) surface.

This may be due to the good film-processing properties of polymer material. In

the phase images, 20% film shows clear fiber-like domains with appropriate size,

which is closer to the top fibril feature in 100% LBL film, which could be assigned

to the aggregation of polymeric PY-IT on the top. This observation coincides with

the DP-XPS results. Two-dimensional (2D) grazing-incidence wide-angle X-ray scat-

tering (GIWAXS) was employed to quantitatively investigate this molecular crystal-

linity of p-i-n structure induced by PY-IT, which is shown in Figures 5A–5D. To figure

out PY-IT’s role in tuning the molecular packing of BTP-eC9, we first evaluated the

neat film GIWAXS results for neat BTP-eC9, PY-IT, and the mixed As (BTP-eC9:PY-

IT), as shown in Figure S18. We can find that the neat BTP-eC9 and neat PY-IT films

preferentially adopt the face-on orientation, supported by strong out-of-plane

(OOP) p–p stacking diffractions (010) at 1.57 Å�1 (d= 4.00 Å), the in-plane (IP)

lamellar (100) peak at 0.4 Å�1, and OOP (010) at 1.72 Å�1 (d = 3.65 Å) and IP (100)

at 0.4 Å�1, respectively. For mixed As BTP-eC9:PY-IT, the IP lamellar peak and the

OOP p-p stacking peak are observed at�0.4 and 1.71Å�1 (d = 3.67Å), respectively,

indicating that the addition of PY-IT does not change their face-on orientations and
10 Joule 8, 1–18, February 21, 2024
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Figure 5. Morphological characterizations of relevant blends

(A–C) The 2D GIWAXS images of (A) 0% LBL, (B) 20% LBL, and (C) 100% LBL blends.

(D) The 1D X-ray profiles of the corresponding neat and LBL-based films.

(E) The CCL variations in OOP p-p stacking direction with an increase in PY-IT content in different films.

(F) The CCL variations in IP lamella direction for respective PM6 and BTP-eC9 with an increase in PY-IT content in different films.

(G) GISAXS intensity profiles and best fittings along the in-plane direction.

(H and I) The peak position evolution extracted from time-resolved UV-vis absorption spectra as a function of annealing time of (H) BTP-eC9 and (I) PM6

and in optimized 0% LBL and 20% LBL-type films.

(J) Aggregation rate of PM6 and BTP-eC9 in optimized 0% LBL and 20% LBL-type films.
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can induce p–p molecular arrangement of As more compact. For the blended films

(0%–100% LBL), they all showed a strong (010) p-p stacking peak along the OOP di-

rection, originating from the overlapped PM6 and NFAs diffraction (Figures 5A–5D).

The calculated parameters are summarized in Tables S13 and S14. In accordance

with the Scherrer equation, 20% LBL and 20% BHJ blends both showed elongated

coherence lengths (CCLs) along OOP (010) p-p stacking with 25.2 and 26.2 Å than

0% LBL (24.9 Å), which implies that the addition of PY-IT could enhance the intermo-

lecular packings relative to the substrate. The fitting results can be found in Fig-

ure S19. The enlarged long-range ordering is favorable to the vertical charge trans-

port in ternary devices, which agrees well with the enhanced FFs after adding PY-IT.

In the IP direction, there are two distinct signals along the IP direction in the low-q

regions one is at qxy z 0.3 Å�1, which should come from PM6, whereas the other

is at qxy z 0.4 Å�1, which should be assigned to the NFAs with the contributions

of both BTP-eC9 and PY-IT involved. This phenomenon allows for quantitively distin-

guishing the molecular packing and crystallization of individual PM6 and As by peak-

fitting analysis (see Figure S20 for the details of the peak-fitting analysis). The
Joule 8, 1–18, February 21, 2024 11



ll

Please cite this article in press as: Zhang et al., Achieving 19.4% organic solar cell via an in situ formation of p-i-n structure with built-in inter-
penetrating network, Joule (2023), https://doi.org/10.1016/j.joule.2023.12.009

Article
detailed parameters are summarized in Table S14 and Figures 5E and 5F. The binary

blend showed that CCLs of the D and A along the IP (100) direction are 80.0 and

55.7 Å, respectively. Interestingly, the addition of PY-IT in the upper layer increased

the A’s crystal size (CCL= 66.3 Å) and the D’s crystallites (CCL= 87.6 Å) and eventu-

ally achieved more balanced crystalline properties of D and A, which are in good

match with their increased and balanced hole and electron mobilities as well as

the improved photon utilizations. We also investigate the molecular packing of

the ternary BHJ case for comparison. The different crystalline trend was found in

20% BHJ blends that PY-IT could enhance the crystallinity of BTP-eC9 (CCL =

72.7 Å) while decreasing the PM6’s crystal size (62.8 Å); on the other hand, the

20% LBL blend could exhibit longer-range lamella ordering of PM6 (87.6 Å for

20% LB L and 62.8 Å for 20% BHJ;), which suggests that LBL approach tend to

well maintain the microstructure of the underlying layer. Therefore, we can conclude

that the PY-IT molecule assists the ordered arrangement of BTP-eC9 by synergisti-

cally promoting its OOP p-p stacking and IP lamella stacking and well-maintained

crystalline PM6 domains for blends processed via two-step LBL method, promoting

the ordered p-i-n microstructure formation and leading to higher FF.

Furthermore, we employed grazing-incidence small-angle X-ray scattering (GISAXS)

to figure out the length scale of the phase separation in the blend films. Primitive pat-

terns of the GISAXS results are provided in Figure S21, and the extracted line cuts of

the fitted curves are shown in Figure 5G. For the 0% LBL blend, we can see that the

calculated domain size for the pure A phase (2Rg) is 23 nm, and the intermixing phase

(XDAB) is 65 nm, suggesting efficient charge dissociation but potentially stronger

charge recombination due to a more intermixed D/A phase. Then, the optimal

20% LBL film exhibited an increased A domain size with a length scale of 26 nm

and an inhibited intermixed domain size with a length scale of 35 nm, contributing

to a well-distributed film phase separation and thus more balanced charge transport

and exciton dissociation. Compared with 20% LBL film, the effect of PY-IT on the

morphology pattern of 20% BHJ blend film is primarily to manipulate the mixed

D/A domains without altering the length scale of the crystalline A phase. These re-

sults indicate that the purer continuous A domains with better connectivity are

more readily realized via sequential deposition engineering. Additionally, the

smaller XDAB for 100% LBL film is consistent with the poor miscibility between PY-

IT and PM6.55 Combined GISAXS and GIWAXS results, we can propose that the crit-

ical role of PY-IT in LBL-type film is to synergistically tune the mixed D/A phases and

pure A phases. To be specific, the crystallization tendency of the material is

enhanced, and in the meantime, the phase separation length scale is lessened.

Benefiting from such reasonably optimal phase separation, exciton dissociation

and charge transport are potentially balanced.

With the understanding of the GPT-LBL strategy-induced crystallinity enhancement

of BTP-eC9 at the molecular level in mind, we further investigate the aggregation

kinetics during LBL deposition processes, which can be probed by in situ time-

resolved absorption spectroscopy (sketched in Figure S22). The evolution of absorp-

tion peak location represents the aggregation evolution of the D and the A. Gener-

ally, the whole film formation process can be divided into three stages. The first

stage is the solvent vaporization stage, the second stage is the nucleation and crystal

growth stage, and the third one is the final dried film stage. As shown in Figures 5H

and 5I, during the first stage, the solvent evaporates, and the peak location of BTP-

eC9 remains constant over time for both the 0% LBL film and 20% LBL film. As time

goes on, the solvent evaporates slowly, and the solution reaches its solubility limit

and then gets to nucleate. Under such extreme supersaturation, the BTP-eC9
12 Joule 8, 1–18, February 21, 2024
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absorption peak starts to redshift, indicating the onset of the BTP-eC9 crystallization

process. The peak location onset of BTP-eC9 in 20% LBL film (t1 = �5.24 s) redshifts

much earlier than that in 0% LBL blend (t1 = �7.10 s), suggesting that PY-IT could

promote earlier BTP-eC9 aggregation. As the solvent further evaporates, BTP-eC9

and PM6 absorption peaks continuously redshift and then remain unchanged

when all the solvents are completely evaporated at the third stage. The slope of

the peak can be used to indicate the aggregation rate, which is extracted in Fig-

ure 5J. Films fabricated at various PY-IT contents display different film-drying kinetic

processes. In comparison with the 0% LBL film, the aggregation rate of PM6

increased from 0.12 to 0.15 s�1 for the 20% LBL film, whereas the aggregation

rate of BTP-eC9 decreased from 0.21 to 0.14 s�1, achieving more balanced crystal-

lization kinetics between the D and the A. The aggregation rates for D and A of

different LBL-OSCs are listed in Table S15. It is noted that the faster crystallization

of PM6 can give the information that the swelling of the already-formed PM6 layer

mainly in the amorphous regions without destroying the crystalline regions, making

the crystalline PM6 regions convert to a solid state quickly from a semi-solution

state.17,20 Furthermore, the early liquid-liquid phase separation and slower aggre-

gation of BTP-eC9 in the 20% LBL film allow sufficient time for small molecular nucle-

ation and crystal formation, leading to more compact molecular packing and longer-

range ordering of BTP-eC9 molecules,56,57 which is in good accordance with

GIWAXS and GISAXS results. Based on the aforementioned results, balanced crys-

tallization kinetics between the D and the A and sufficient film formation time benefit

an optimal morphology. To further figure out the underlying mechanism that PY-IT

could regulate the film formation kinetics, the solution state is characterized to sup-

port the accurate kinetic process. Dynamic light scattering (DLS) measurements are

employed to study the particle size distribution of two As in XY, indicative of the pre-

aggregation size of small molecules in solution. As shown in Figure S24, the BTP-eC9

solution displays one Gaussian distribution of �0.5 nm, and the DLS of the PY-IT so-

lution shows a much larger sized distribution (�7 nm), which indicates that XY is a

weaker solvent for PY-IT. Additionally, DLS shows a relatively increased size of

�2 nm in the Amixture compared with that of neat BTP-eC9, implying that the incor-

poration of PY-IT can strengthen the small molecular pre-aggregation behavior,

which would induce the earlier crystallization of BTP-eC9.57,58

Combined with all the results discussed above, we have gained a whole morpho-

logical picture (Figure 6A) of how PY-IT induces the conceptual p-i-n structure and

enables high crystallinity of BTP-eC9. PY-IT has a slightly poorer solubility than that

of BTP-eC9 and turns to precipitate out earlier in the film-growth process, acting as

a seed site to promote BTP-eC9 crystallization earlier.13 This earlier molecular ag-

gregation results in the dominant crystallization of BTP-eC9 on the top before it

diffuses downward into the PM6 matrix, consequently leading to a rich A assembly

at the top. In such a way, less swelling of the PM6 layer could almost reserve the

compact packing of PM6 without disturbing the crystalline regions, thus promoting

the classical p-i-n configuration. In addition, the extended film formation time

would allow the A molecules to be assembled more sufficiently, thus facilitating

the formation of good-quality crystallites with more compact molecular packing

and ordered structure. As a result, a desired p-i-n vertical morphology with

long-range ordered BTP-eC9 arrangement coupled with a purer domain was

achieved.

Scalability and stability

Encouraged by the fact that the GPT-LBL strategy is effective in processing high-per-

formance OSCs using non-halogenated solvent compatible with printing
Joule 8, 1–18, February 21, 2024 13
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Figure 6. Schematic morphological illustration, scalability, and stability of optimal devices

(A) Schematic diagram of the crystallization process for 0% LBL and 20% LBL processed by XY.

(B) J-V curves of the blade-coated devices processed with a device area of 0.036 cm2.

(C) EQE curves of the blade-coated devices processed with a device area of 0.036 cm2.

(D) J-V curves of the blade-coated optimal 20% LBL device with an inset of a photograph of the 1.03 cm2 blade-coated device.

(E) MPP tracking traces of encapsulated OSCs based on 0% and 20% LBL spin-coated devices in open atmosphere under the illumination of

100 mW cm�2.
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techniques, we transferred the spin-coating fabrication to doctor-blade coating. The

fabrication details of the devices can be found in the supplemental information. As

shown in Table S16 and Figure 6B, the open-air blade-coated device based on 20%

LBL demonstrates an excellent PCE of 18.45%, outperforming that of 0% LBL-type

device whose PCE is 17.03%. It is noted that we only blade-coated the active layer,

and the interfacial layers are spin coated. These results show that the LBL bilayer

structure optimization strategy is a truly potential candidate for gap minimization

during lab-to-fab transferring. The EQE spectra of relevant devices are shown in Fig-

ure 6C. The 20% LBL device shows a high EQE, thus agreeing with the high JSC. More

importantly, non-halogenated high-boiling-point solvents also make it possible to
14 Joule 8, 1–18, February 21, 2024
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develop large-area devices; thus, we fabricated large-area OSC with the 20% LBL

active layer by using XY as the processing solvent in ambient. Of note that upscaling

device area may suffer from the increased sheet resistance of the conductive elec-

trode (ITO), leading to unavoidable JSC and FF losses.15 As shown in Figure 6D

and Table S16, the resulting 20% LBL large-area (1.03 cm2) device provides an

encouraging PCE of 17.52%, with a JSC of 27.01 mA cm�2 and a well-maintained

FF of 0.757. The inhibited trap states in the active layer with a superior p-i-n structure

can promote the excellent up-scalable device performances of LBL cells.

In addition to the efficiency, device stability is also an indispensable factor for the

practical application of OSCs. We further investigate the operational stability of

the 0%, 20% LBL, and 100% LBL devices by exposing the corresponding encapsu-

lated devices to continuous simulated 1-sun illumination under 100 mW cm�2 white

LED with MPP tracking in ambient. Figure 6E displays the normalized PCEs as a func-

tion of aging time. It was found that the 0% LBL OSC suffered from a severe drop in

PCE to 57% of its initial value after continuous illumination for 700 h, whereas the

100% LBL device retained 88% of its initial PCE after the same time aging. Impres-

sively, the 20% LBL device maintained 96% of its initial PCE. We also observed a

similarly enhanced stability trend in 20% BHJ devices under the same operational

conditions (as shown in Figure S24). The results suggest that PY-IT has a positive in-

fluence on improving the long-term photostability of OSCs for both LBL- and BHJ-

type OSCs. We corroborate such stability enhancements with the improved crystal-

linity of the active layer.59

To verify the role of the processing method (BHJ versus LBL) on the device stability,

we extracted the photostability degradation curves of BHJ-type and LBL-type de-

vices with varied contents of PY-IT for better comparison (Figure S25). It was

observed that the LBL-processed devices exhibit better long-term light stability

than BHJ-type devices. Here, we correlate the superior stability in LBL-type devices

to (1) thermodynamically stable D-A network morphology formed by the sponta-

neous nanoscale phase separation60 and (2) the preferable vertical phase separation

with purer domains.22 Therefore, the improved A domain connectivity with less iso-

lated islands and more compact molecular packing after the addition of PY-IT could

lock the film nanomorphology and prevent the small molecules from aggregation

tendency upon exposure to the illumination.

Conclusions

In conclusion, a novel GPT-LBL strategy was used to constituent an optimal p-i-n

microstructure with better vertical phase separation to achieve an outstanding

PCE of 19.41% (certified 19.0%) with a very high FF of 0.813 processed by green sol-

vents. The in situ and ex situ morphology analysis reveals that the delicate tuning of

pre-aggregation kinetics of the upper layer is key to achieving graded morphology

during LBL processing. Such favorable morphology was beneficial to the exciton

dissociation, balanced charge transport, enhanced HT dynamics, mitigated energy

loss, trap state densities, and thus PCE increment of OSCs. More importantly, the

GPT-LBL strategy-enabled p-i-n microstructure with superior carrier behaviors

shows great potential in fabricating highly efficient blade-coating OSCs in open

air, facilitating small area (0.036 cm2) and large area (1.03 cm2) to deliver satisfactory

PCEs of 18.45% and 17.52%, respectively. Therefore, our work provides new insights

into the optimization method in the LBL-processing technique and establishes the

close correlation among processing-microstructure-photophysical properties per-

formances, enabling efficient, stable, and scalable OSCs and promoting the future

commercialization for the OSC field.
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