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Figure 1 Development of organic solar cells
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Table 1 Donor and acceptor materials for some organic solar cells and their chemical structures

P3HT PC, BM
Bk 4 Bj
PBDTTT PC,,BM
PTFB IC,,BA
PNTB6-Cl IC,,BA
PTB7-Th IT-M
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Figure 2 Schematic diagram of organic films prepared by vacuum deposition**!
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Figure 3 Schematic representation of the transfer printing of the active layer, a real time photograph, and the AFM morphology of P3HT, as-
cast with an rms roughness of 2.42nm (a); a B-Spin film, with an rms roughness of 60.1 nm (b); a B-Transfer film, with an rms roughness of
16.1nm (c); and a G-Transfer bilayer, with an rms roughness of 2.1nm (d) [
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Figure 4 Micrographs of air-brushed P3HT films with thickness of 100, 200 and 300 nm (a); Surface profile of the P3HT film deposited by air-

brush and schematic diagram of interface between P3HT and PCBM (b)*”!
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Figure 5 Schematic diagram of organic solar cell prepared by orthogonal solvent method ¢!
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Figure 6 Cartoon representation of active layer morphology formation using layer-by-layer method [*!

4 “Eip

FEA UK A BE LI OB FE U, T TR R h 45 ik S
SEARFPRH A0 T 8RR TE RE R AT 2 G E 2N
oo I [l A LK BH RE I AR e DI fe . AR IR
R H GBI RESHL, AT 7B Z H & Bk
FEMI R TR ELAR > AR P L3 . 2R BERE I ALTS
YRR, SO itk AT R 25 52T e
¥ RE B MR

4T, BTN RBLITR T ZMZERSHAR, 6
TEH A ARYEE WL, R REIE DL IR VE
25 XUETTIEAER H AR5 TR T R4 9
J1, ABTEIEE A RRBP. Bl B kEm T
& TEMEL (HELHE S TEAVR SN AAER
s MRALIERER RSB R e RS, (EAER
THCARPERETT Rt — DAt WA &

S 3CH

FER IV DT I e it IEASH R M e o IEAZ V77
MRS R SR, B R R BRI R
GF TR AR > B A, DR A MUK FHAE R A RE
EFEHRER . M RHEENE R UL A 5 05555 Ty
S T RE MR ASCERRRNIZ AR T8
JE AN RE LI ATTE I ECRN HE 77, AR
KRIWTTIRAE T A RS HEE L.

JEERK, BEEMEIRIE . A5z DL 2 B )
AW P, BRI #& BORA B AEAT HLKRH BE Lt 5
KA EAE T o BHIE SORE QRS20 AR
A& PALils T2, BUHSCIUE s AR A LR
RE AL, HESDEAE R ML AL N R D . [
I, PR ORIY AT (8 T LA S 25 AR E T O BT HhRe A
AR E EEETETT 1], LA A2 ST B N P 0 i i
T ORI AT S RER AR 75 5K o

[1] Zhang G Y, Zhao J B, Chow P C Y, et al. Nonfullerene acceptor molecules for bulk heterojunction organic solar cells[J]. Chemical

Reviews, 2018, 118(7): 3447-3507.



BT, 55 AHUKRIRE s vh 2 25 B S B BOR T S R RS 287

(2]

(3]

(4]

[3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

21

[22]

[23]

Xu B W, Hou J H. Solution-processable conjugated polymers as anode interfacial layer materials for organic solar cells[J]. Advanced
Energy Materials, 2018, 8(20): 1800022.

Gurney R S, Lidzey D G, Wang T. A review of non-fullerene polymer solar cells: from device physics to morphology control[J]. Reports
on Progress in Physics, 2019, 82(3): 036601.

Yoon T P, Ischay M A, Du J A. Visible light photocatalysis as a greener approach to photochemical synthesis[J]. Nature Chemistry, 2010,
2: 527-532.

Hashemi S A, Ramakrishna S, Aberle A G. Recent progress in flexible—wearable solar cells for self-powered electronic devices[J]. Energy
& Environmental Science, 2020, 13(3): 685-743.

Liu X, Zhang Z, Wang C, et al. A pyrene-fused dimerized acceptor for ternary organic solar cells with 19% efficiency and high thermal
stability[J]. Angewandte Chemie International Edition, 2024, 63: ¢202316039.

Fu J, Fong P W K, Heng L, et al. 19.31% binary organic solar cell and low non-radiative recombination enabled by non-monotonic
intermediate state transition[J]. Nature Communications, 2023, 14,1760.

Luo S, Li C, Zhang J, et al. Auxiliary sequential deposition enables 19%-efficiency organic solar cells processed from halogen-free solvents
[J]. Nature Communications, 2023, 14, 6964.

Wei Y N, Chen Z H, Lu G Y, et al. Binary organic solar cells breaking 19% via manipulating the vertical component distribution[J].
Advanced Materials, 2022, 34(33): 2204718.

Zhu L, Zhang M, Xu J Q, et al. Single-junction organic solar cells with over 19% efficiency enabled by a refined double-fibril network
morphology[J]. Nature Materials, 2022, 21: 656-663.

He C L, Pan Y W, Ouyang Y N, et al. Manipulating the D: A interfacial energetics and intermolecular packing for 19.2% efficiency organic
photovoltaics[J]. Energy & Environmental Science, 2022, 15(6): 2537-2544.

Sun R, Wu Y, Yang X R, et al. Single-junction organic solar cells with 19.17% efficiency enabled by introducing one asymmetric guest
acceptor[J]. Advanced Materials, 2022, 34(26): 2110147.

Xu X P, Li Y, Peng Q. Ternary blend organic solar cells: Understanding the morphology from recent progress[J]. Advanced Materials,
2022, 34(46): 2107476.

Jiang Y, Sun S, Xu R, et al. Non-fullerene acceptor with asymmetric structure and phenyl-substituted alkyl side chain for 20.2% efficiency
organic solar cells[J]. Nature Energy, 2024, 9: 975-986.

Mohapatra A, Singh A, Ali Abbas S, et al. Bilayer polymer solar cells prepared with transfer printing of active layers from controlled
swelling/de-swelling of PDMSJ[J]. Nano Energy, 2019, 63: 103826.

Michels J J, Moons E. Simulation of surface-directed phase separation in a solution-processed polymer/PCBM blend[J]. Macromolecules,
2013, 46(21): 8693-8701.

HOVE, 25 . —FAT ALK BH H it B LR R B ORI R 1] % 77 CN112467036A[P]. 2021-03-09.

Huang H, Wei Y. Organic solar cell and environment-friendly solvent protection preparation method thereof: CN112467036A[P]. 2021-
03-09.

McDowell C, Abdelsamie M, Toney M F, et al. Solvent additives: Key morphology-directing agents for solution-processed organic solar
cells[J]. Advanced Materials, 2018, 30(33): 1707114.

Ray B, Nair P R, Alam M A. Annealing dependent performance of organic bulk-heterojunction solar cells: A theoretical perspective[J].
Solar Energy Materials and Solar Cells, 2011, 95(12): 3287-3294.

Liu L, Kan Y Y, Gao K, et al. Graphdiyne derivative as multifunctional solid additive in binary organic solar cells with 17.3% efficiency
and high reproductivity[J]. Advanced Materials, 2020, 32(11): 1907604.

Yang W Y, Luo Z H, Sun R, et al. Simultaneous enhanced efficiency and thermal stability in organic solar cells from a polymer acceptor
additive[J]. Nature Communications, 2020, 11: 1218.

Song J L, Zhu L, Li C, et al. High-efficiency organic solar cells with low voltage loss induced by solvent additive strategy[J]. Matter.,
2021, 4(7): 2542-2552.

Ayzner A L, Tassone C J, Tolbert S H, et al. Reappraising the need for bulk heterojunctions in Polymer-Fullerene photovoltaics: The role
of carrier transport in all-solution-processed P3HT/PCBM bilayer solar cells[J]. The Journal of Physical Chemistry C, 2009, 113(46): 20050-
20060.



288  LAEWHIL—— B SRR i AR, 18(3): 277-291(2026)

[24] Tang C W. Two-layer organic photovoltaic cell[J]. Applied Physics Letters, 1986, 48(2): 183-185.

[25] Yu G, Gao J, Hummelen J C, et al. Polymer photovoltaic cells: Enhanced efficiencies via a network of internal donor-acceptor
heterojunctions[J]. Science, 1995, 270(5243): 1789-1791.

[26] Li G, Shrotriya V, Huang J S, et al. High-efficiency solution processable polymer photovoltaic cells by self-organization of polymer blends
[J]. Nature Materials, 2005, 4: 864-868.

[27] Chen H Y, Hou J H, Zhang S Q, et al. Polymer solar cells with enhanced open-circuit voltage and efficiency[J]. Nature Photonics, 2009, 3:
649-653.

[28] Liang Y Y, Xu Z, Xia J B, et al. For the bright future: Bulk heterojunction polymer solar cells with power conversion efficiency of 7.4%
[J]. Advanced Materials, 2010, 22(20): E135-E138.

[29] Zhao G J, He Y J, Li Y F. 6.5% efficiency of polymer solar cells based on poly(3-hexylthiophene) and indene-C, bisadduct by device
optimization[J]. Advanced Materials, 2010, 22(39): 4355-4358.

[30] Liu Y H, Zhao J B, Li Z K, et al. Aggregation and morphology control enables multiple cases of high-efficiency polymer solar cells[J].
Nature Communications, 2014, 5: 5293,

[31] Zhao J B, Li Y K, Yang G F, et al. Efficient organic solar cells processed from hydrocarbon solvents[J]. Nature Energy, 2016, 1(2): 15027.

[32] Lin Y Z, Wang J Y, Zhang Z G, et al. An electron acceptor challenging fullerenes for efficient polymer solar cells[J]. Advanced Materials,
2015, 27(7): 1170-1174.

[33] Yuan J, Zhang Y Q, Zhou L Y, et al. Single-junction organic solar cell with over 15% efficiency using fused-ring acceptor with electron-
deficient core[J]. Joule, 2019, 3(4): 1140-1151.

[34] CuiY, XuY, Yao H F, et al. Single-junction organic photovoltaic cell with 19% efficiency[J]. Advanced Materials, 2021, 33(41): 2102420.

[35] Zheng Z, Wang J Q, Bi P Q, et al. Tandem organic solar cell with 20.2% efficiency[J]. Joule, 2022, 6(1): 171-184.

[36] Qi BY, Wang J Z. Fill factor in organic solar cells[J]. Physical Chemistry Chemical Physics: PCCP, 2013, 15(23): 8972-8982.

[37] Nilsson S, Bernasik A, Budkowski A, et al. Morphology and phase segregation of spin-casted films of polyfluorene/PCBM blends[J].
Macromolecules, 2007, 40(23): 8291-8301.

[38] Naveed H B, Zhou K, Ma W. Interfacial and bulk nanostructures control loss of charges in organic solar cells[J]. Accounts of Chemical
Research, 2019, 52(10): 2904-2915.

[39] Liu X Z, Wei Y N, Zhang X, et al. An A-D-A'-D-A type unfused nonfullerene acceptor for organic solar cells with approaching 14%
efficiency[J]. Science China Chemistry, 2021, 64(2): 228-231.

[40] Zhou K, Xin J M, Ma W. Hierarchical morphology stability under multiple stresses in organic solar cells[J]. ACS Energy Letters, 2019, 4
(2): 447-455.

[41] Jiang M Y, Bai H R, Zhi H F, et al. Two-pronged effect of warm solution and solvent-vapor annealing for efficient and stable all-small-
molecule organic solar cells[J]. ACS Energy Letters, 2021, 6(8): 2898-2906.

[42] Meng L X, Wu S M, Wan X J, et al. Tuning the phase separation by thermal annealing enables high-performance all-small-molecule
organic solar cells[J]. Chemistry of Materials, 2022, 34(7): 3168-3177.

[43] Granstrom M, Petritsch K, Arias A C, et al. Laminated fabrication of polymeric photovoltaic diodes[J]. Nature, 1998, 395: 257-260.

[44] Kovacik P, Sforazzini G, Cook A G, et al. Vacuum-deposited planar heterojunction polymer solar cells[J]. ACS Applied Materials &
Interfaces, 2011, 3(1): 11-15.

[45] Wang D H, Choi D G, Lee K J, et al. Unexpected solid-solid intermixing in a bilayer of poly(3-hexylthiophene) and [6, 6]-phenyl C61-
butyric acidmethyl ester via stamping transfer[J]. Organic Electronics, 2010, 11(8): 1376-1380.

[46] Abdellah A, Falco A, Schwarzenberger U, et al. Transfer printed P3HT/PCBM photoactive layers: from material intermixing to device
characteristics[J]. ACS Applied Materials & Interfaces, 2016, 8(4): 2644-2651.

[47] Chen Z, Deng Z B, Zhou M Y, et al. A poly- (3-hexylthiophene) (P3HT)/[6, 6]-phenyl-C61-butyric acid methyl ester (PCBM) bilayer
organic solar cell fabricated by airbrush spray deposition[J]. Chinese Physics Letters, 2012, 29(7): 078801.

[48] Wohrle D, Meissner D. Organic solar cells[J]. Advanced Materials, 1991, 3(3): 129-138.

[49] Li Y X, Sheriff H K M Jr, Liu X, et al. Vacuum-deposited biternary organic photovoltaics[J]. Journal of the American Chemical Society,
2019, 141(45): 18204-18210.

[50] Yang F, Shtein M, Forrest S R. Morphology control and material mixing by high-temperature organic vapor-phase deposition and its



BT, 55 AHUKRARE s itm V2 2 B S B BOR T S R RS 289

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(721

application to thin-film solar cells[J]. Journal of Applied Physics, 2005, 98(1): 014906.

Gommans H H P, Cheyns D, Aernouts T, et al. Electro-optical study of subphthalocyanine in a bilayer organic solar cell[J]. Advanced
Functional Materials, 2007, 17(15): 2653-2658.

Steinberger S, Mishra A, Reinold E, et al. A-D-A-D-A-type oligothiophenes for vacuum-deposited organic solar cells[J]. Organic Letters,
2011, 13(1): 90-93.

Tada A, Geng Y F, Wei Q S, et al. Tailoring organic heterojunction interfaces in bilayer polymer photovoltaic devices[J]. Nature Materials,
2011, 10: 450-455.

Park J Y, Hendricks N R, Carter K R. Solvent-assisted soft nanoimprint lithography for structured bilayer heterojunction organic solar cells
[J]. Langmuir: the ACS Journal of Surfaces and Colloids, 2011, 27(17): 11251-11258.

Kim S, Koh J H, Yang X, et al. Enhanced device efficiency of bilayered inverted organic solar cells based on photocurable P3HTs with a
light-harvesting ZnO nanorod array[J]. Advanced Energy Materials, 2014, 4(6): 1301338.

Huang J, Wang H Y, Yan K R, et al. Highly efficient organic solar cells consisting of double bulk heterojunction layers[J]. Advanced
Materials, 2017, 29(19): 1606729.

Li H, Wang J Z. Layer-by-layer processed high-performance polymer solar cells[J]. Applied Physics Letters, 2012, 101(26): 263901.

Cui Y, Zhang S Q, Liang N N, et al. Toward efficient polymer solar cells processed by a solution-processed layer-by-layer approach[J].
Advanced Materials, 2018, 30(34): 1802499.

Huang L Q, Jiang P, Zhang Y D, et al. Unraveling the morphology in solution-processed pseudo-bilayer planar heterojunction organic solar
cells[J]. ACS Applied Materials & Interfaces, 2019, 11(29): 26213-26221.

Dong S, Zhang K, Xie B M, et al. High-performance large-area organic solar cells enabled by sequential bilayer processing via
nonhalogenated solvents[J]. Advanced Energy Materials, 2019, 9(1): 1802832.

Ye L, Xiong Y, Chen Z, et al. Sequential deposition of organic films with eco-compatible solvents improves performance and enables over
12%-efficiency nonfullerene solar cells[J]. Advanced Materials, 2019, 31(17): 1808153.

Tseng S R, Lin S C, Meng H F, et al. General method to solution-process multilayer polymer light-emitting diodes[J]. Applied Physics
Letters, 2006, 88(16): 163501.

Arunagiri L, Zhang G Y, Hu H W, et al. Temperature-dependent aggregation donor polymers enable highly efficient sequentially processed
organic photovoltaics without the need of orthogonal solvents[J]. Advanced Functional Materials, 2019, 29(33): 1902478.

Colberts F J M, Wienk M M, Heuvel R, et al. Bilayer - ternary polymer solar cells fabricated using spontaneous spreading on water[J].
Advanced Energy Materials, 2018, 8(32): 1802197.

Weng K K, Ye L L, Zhu L, et al. Optimized active layer morphology toward efficient and polymer batch insensitive organic solar cells[J].
Nature Communications, 2020, 11: 2855.

Sun R, Wu Q, Guo J, et al. A layer-by-layer architecture for printable organic solar cells overcoming the scaling lag of module efficiency
[J]. Joule, 2020, 4(2): 407-419.

Ning H J, Jiang Q J, Han P W, et al. Manipulating the solubility properties of polymer donors for high-performance layer-by-layer
processed organic solar cells[J]. Energy & Environmental Science, 2021, 14(11): 5919-5928.

Zhan L L, Li S X, Xia X X, et al. Layer-by-layer processed ternary organic photovoltaics with efficiency over 18%[J]. Advanced Materials,
2021, 33(12): 2007231.

Qin J Q, Yang Q G, Oh J, et al. Volatile solid additive-assisted sequential deposition enables 18.42% efficiency in organic solar cells[J].
Advanced Science, 2022, 9(9): 2105347.

Xu X P, Yu L Y, Meng H F, et al. Polymer solar cells with 18.74% efficiency: From bulk heterojunction to interdigitated bulk
heterojunction[J]. Advanced Functional Materials, 2022, 32(4): 2108797.

He C L, Pan Y W, Lu G H, et al. Versatile sequential casting processing for highly efficient and stable binary organic photovoltaics[J].
Advanced Materials, 2022, 34(33): 2270238.

Zhang F, Dai T, Li X, et al. Dual additive-assisted layer-by-layer processing for 19.59% efficiency quasi-bulk heterojunction organic solar
cells[J]. Advanced Functional Materials, 2024, 2414260. DOI:10.1002/adfm.202414260.



290 LAEWHSL—— B SRR K AR, 18(3): 277-291(2026)

Evolution and Development Trend of Vertical Phase Separation of
Active Layer Construction Technology for Organic Solar Cells

WEI Yanan, HUANG Hui"

School of Materials Science and Optoelectronic Technology, University of Chinese Academy of Sciences, Beijing 100048, China

Highlights Graphical Abstract

This article reviews the = Y
development,  principle,  and ~ Evolution and Development Trend of Vertical Phase Sep
performance  parameters  of

Layer Construction Technology for Organic Solar Cells
organic  solar  cells, and :

elaborates on the advantages and

applicable to low-My,

challenges of the layer-by-layer

materials

preparation  technology  for high energy cost difficult solvent

vertical phase separation eparation of ac?i ) BReRl) selection

structure, along with precise thickness (| layers in organic

characteristics of  various control solar cells

methods. ) o mlayey-by-layer spin
Despite challenges, the technology simple coating

shows potential. Future research small contact area between spontaneous

’ donor and acceptor, large diffusion

will center on new materials and
process optimization to drive
commercial development.

contact resistance

Development History of Organic Solar Cells

Abstract: At present, as the global energy and environmental situation is becoming increasingly severe, organic solar cells have
become the focus of the scientific research field by virtue of their remarkable advantages such as being lightweight, low-cost,
highly flexible and foldable. Thanks to the unremitting efforts of researchers, their energy conversion efficiency has been
continuously rising. However, there are still many challenges on the road to commercialization. This article systematically
reviews the development track and core performance parameters of organic solar cells, focuses on elaborating various methods,
advantages and challenges of constructing vertical phase separation structures by means of layer-by-layer preparation techniques,
and also looks forward to the future research trends.

The development of organic solar cells has a long history. Since Dr. Deng Qingyun fabricated a device with a D/A layered
structure in 1986, it has gone through many key milestones. For example, the birth of the bulk heterojunction structure in 1995
greatly promoted its development process. Nowadays, remarkable breakthroughs have been achieved in energy conversion
efficiency, and some research results have exceeded the 20% mark.

In the exploration of constructing vertical phase separation structures by layer-by-layer preparation techniques, a variety of
methods have emerged. The vacuum evaporation method evaporates or sublimates materials into films in a vacuum chamber.
Although it can precisely control the film morphology, it is limited to low-molecular-weight materials and is ineffective in
dealing with high-molecular-weight organic polymers. Moreover, the high-vacuum environment brings high energy consumption
and material limitations. The film transfer method has great advantages in the layer-by-layer operation of films by means of film
preparation and transfer on a substrate, but the photovoltaic performance improvement is hindered due to the donor-acceptor
contact problem. The spray deposition method atomizes liquids into condensates, but the uniformity of film thickness and the
control precision are poor, which affects the battery performance. The orthogonal solvent method uses the difference in solvent
solubility for spin coating. Although it can ensure interface stability, it is very difficult to screen orthogonal solvents. In addition,
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innovative layer-by-layer preparation methods such as utilizing the temperature characteristics of polymers, water surface
diffusion, material solubility adjustment, the development of new polymers and the application of additives are constantly
emerging, which continuously promote the improvement of battery efficiency and also keep this research direction popular.

Although the current layer-by-layer preparation techniques have achieved remarkable achievements in constructing vertical
phase separation structures and have made significant achievements in aspects such as efficiency improvement, material
expansion and process optimization, bottlenecks still exist in each method. Looking ahead, with the continuous evolution of
materials science, chemistry and preparation techniques, research on organic solar cells will continue to focus on the exploration
of new materials and process optimization. Meanwhile, great importance will be attached to environmentally friendly solvents
and device stability to fully accelerate its commercialization process, inject new vitality into the energy field and meet the urgent
global demand for clean energy.

.Keywords: organic solar cells; vertical phase separation; layer-by-layer preparation



