
This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process, which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1002/solr.202000597. 
 
 This article is protected by copyright. All rights reserved 

Enamine-based cross-linkable hole-transporting materials for perovskite solar cells 
 

Deimantė Vaitukaitytė, Amran Al-Ashouri, Marytė Daškevičienė, Egidijus Kamarauskas, Jonas 

Nekrasovas, Vygintas Jankauskas, Artiom Magomedov, Steve Albrecht, Vytautas Getautis* 

 

D. Vaitukaitytė, Dr. M. Daškevičienė, Dr. A. Magomedov, Prof. V. Getautis 

Department of Organic Chemistry, Kaunas University of Technology, Radvilenu pl. 19, Kaunas 

LT-50254, Lithuania. 

E-mail: vytautas.getautis@ktu.lt  

 

A. Al-Ashouri, Prof. S. Albrecht 

Young Investigator Group Perovskite Tandem Solar Cells, Helmholtz-Zentrum Berlin, 

Kekuléstraße 5, 12489 Berlin, Germany.  

 

Dr. E. Kamarauskas, J. Nekrasovas, Dr. V. Jankauskas 

Institute of Chemical Physics, Vilnius University, Sauletekio al. 3, Vilnius 10257, Lithuania 

 

Prof. S. Albrecht 

Faculty of Electrical Engineering and Computer Science, Technical University Berlin, Marchstraße 

23, 10587 Berlin, Germany 

 

Keywords: enamines, cross-linking, hole-transporting materials, perovskite solar cells. 

 

The development of the simple synthesis schemes of the organic semiconductors can have an 

important contribution to the advancement of the related technologies. In particular, one of the 

fields, where the high price of the hole-transporting material may become an obstacle towards 

successful commercialization, is perovskite solar cells. In this work, we have synthesized enamine-

based materials that are capable to undergo cross-linking due to the presence of the two vinyl 

groups. It was shown that new compounds can be thermally polymerized, making the films resistant 

to organic solvents. This can allow to use a wet-coating process for the deposition of the perovskite 

absorber film, without the need for orthogonal solvents. Cross-linked films were used in perovskite 

solar cells, and, upon optimization of the film thickness, the highest power conversion efficiency of 

18.1% was demonstrated. 

1. Introduction 
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Perovskite solar cells (PSCs) have recently demonstrated efficiencies comparable to that of the best 

Si-based technologies.
[1]

 Among other things, further advancement of PSCs depends on the 

development of novel materials that can serve as efficient hole transporters.
[2]

 However, the choice 

of the organic hole-transporting materials (HTMs), able to deliver competitive performance, is still 

limited. Therefore, it is important to search for the new promising organic materials. 

As an additional constrain, to keep the transition from lab to fab as fast as possible, it is 

advantageous to maintain the simplicity of the organic materials as one of the highest priorities. It is 

thus necessary to use simple and short synthesis pathways since it was recently shown that multi-

step schemes lead to extremely high materials costs.
[3]

 In addition, it is better to avoid the use of 

metal-catalyzed reactions, as metal traces are known to have detrimental effects on the performance 

of optoelectronic devices,
[4]

 and therefore additional purification processes (e.g. sublimation
[5]

) are 

required, which further increases the price of the final material. In this context, condensational 

chemistry is giving possibilities to increase the π-conjugated system of the molecules in a simple 

way, with water as the only by-product. The simplicity of the synthesis and purification can 

promote the wider application of such materials. 

One of the semiconducting material classes that fulfill the above-mentioned requirements is 

enamines. Typically, they are synthesized from aromatic amine and aromatic ketone/aldehyde. First 

studies of their charge-transporting abilities were reported back in the 1980s,
[6–8]

 and since then 

they were successfully incorporated in electrophotographic devices
[9]

 and OLEDs,
[10]

 and recently 

were reported to show good performance in PSCs.
[11,12,13]

 

Depending on the order of the layers in the final device, PSCs are commonly divided into two large 

groups. Currently, the highest certified efficiency, published in peer-reviewed journals (22.7%), 

was achieved in a so-called “regular”, or n-i-p configuration, where HTM is deposited on top of the 

perovskite absorber layer.
[14]

 As an alternative, in recent years, also p-i-n (or “inverted”) 

configuration of PSCs was established, with efficiencies getting close to that of the best PSCs 
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(highest published certified value of 22.3%),
[15]

 and in addition, having advantages in tandem 

applications.
[16,17]

 In the case of p-i-n devices, solution-processing of the perovskite absorber layer 

adds additional constraints on the choice of HTMs, as it usually should withstand a mixture of polar 

DMF:DMSO solvents. The perovskite precursor solution has significantly lower ability to dissolve 

organic HTMs (Table S1), however, it is enough to reduce the scope of the applicable materials. 

Therefore, so far the most popular choice of organic HTMs for such devices are polymers, such as 

PTAA
[18]

 and PEDOT:PSS.
[19]

 Recently, different small-molecule HTMs for p-i-n have been 

reported, such as MPA‐BTTI,
[20]

 BTF4,
[21]

 BDPSO
[22]

 etc., however, their number is still rather 

limited due to the above mentioned restriction. Therefore, as an alternative, several strategies were 

reported, e.g. change of the perovskite precursor solvent,
[23]

 use of self-assembled monolayers,
[24]

 or 

use of soluble precursors that are subsequently transformed into insoluble films.
[25]

 In addition, 

recently cross-linkable HTMs were introduced into inverted devices, resulting in relatively high 

performances.
[26]

 However, it was achieved using palladium-catalyzed reactions. 

In this work, enamine-based cross-linkable HTMs, containing two vinyl groups, were synthesized 

and investigated. We show that new materials can undergo thermal polymerization, forming 

solvent-resistant films. The polymerization process has a negligible effect on the electrical 

properties of the materials. As a proof of concept, PSCs of p-i-n configuration were constructed, 

and devices with polymerized V1187 showed a promising PCE of 18.14%, showing a great 

potential of the presented class of dopant-free organic HTMs. 

2. Results and discussions 

For the target materials to undergo in situ cross-linking, it is required to incorporate at least two 

groups that can undergo polymerization into the structure of the final compounds. To do so, 

commercially available fluorene amines were chosen as starting compounds, and following a 

simple two-step reaction scheme (Scheme S1, Scheme S2), two final compounds V1162 and 

V1187 were obtained (Figure 1). Detailed synthesis procedures are reported in supporting 

information. In brief, during the first step, starting amines were condensed with 2,2-bis(4-
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methoxyphenyl)acetaldehyde, following a previously published procedure,
[11]

 and intermediate 

compounds 1 and 2 were isolated via crystallization in 47% and 94% yields respectively. During 

the second step, intermediate compounds were alkylated by 4-vinylbenzylchloride, to obtain final 

compounds V1162 and V1187 with good yields (74% and 59% respectively). Structures of the 

synthesized compounds were confirmed by means of NMR and elemental analysis. 

Following a previously published procedure,
[3]

 the costs of the materials used for the synthesis were 

evaluated (detailed calculations can be found in supporting information). The calculated price of the 

materials is 13.56 €/g and 16.34 €/g for V1162 and V1187, respectively, which is somewhat higher 

than that of the lowest reported costs of organic HTMs (e.g. V950 ~6 €/g,
[11]

 EDOT‐ Amide‐ TPA 

~5$/g
[27]

), however, is significantly lower than that of the most popular HTM Spiro-OMeTAD 

(93$/g
[28]

).  

In order to evaluate the optical properties of the synthesized compounds, UV/vis, and 

photoluminescence (PL) spectra were recorded from the solutions, and the results are presented in 

Figure S2. The enamine V1162 has an absorption maximum (λmax) in the UV range at 370 nm, with 

only negligible absorption in the visible range of electromagnetic radiation. The compound V1187 

with its additional enamine branch has a bathochromically shifted λmax of 406 nm due to the larger 

π-conjugated electrons system, giving a slightly stronger light absorption in the visible range. This 

might reduce the performance of the p-i-n PSC, where the light first passes through the HTM layer, 

however, if the film thickness is small, the drop in Jsc should not be significant. In addition, from 

the PL spectra, it can be seen that emission of the V1187 is slightly red-shifted by 7 nm, in 

comparison to that of V1162, which is consistent with the increased π-conjugated electron system. 

For the evaluation of the thermal stability of the materials and their ability to undergo a cross-

linking process, thermal properties were studied by means of differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). For the V1162, during the first DSC heating cycle 

(Figure 2), the glass transition process was detected at 100 ℃, followed by a melting process at 
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228 ℃, showing that the material after purification has a mixture of amorphous and crystalline 

states. Directly after melting, an exothermic process was detected at 231 ℃, suggesting that thermal 

polymerization occurs at this temperature. During the second heating cycle, no phase transitions 

were observed, confirming a formation of the cross-linked polymer. For V1187, with higher 

molecular weight, a slightly higher Tg of 136 ℃ was detected and no melting process was observed, 

suggesting that V1187 was isolated as an amorphous material. The cross-linking process started at 

~190 ℃, with a peak at around 239 ℃. Again, during the second heating cycle, no phase transitions 

were detected. In addition, both compounds showed excellent thermal stability, with a Td of 396 ℃ 

for V1162 and 393 ℃ for V1187, as can be seen from TGA analysis (Figure S1). 

To evaluate the cross-linking ability of the thin films of the new HTMs, they were analyzed by 

evaluating the amount of washed material from the spin-coated film, by means of UV/vis 

spectroscopy (detailed cross-linking procedure can be found in the supporting information). The 

results are presented in Figure 3. After heating the HTM films at 231 °C, already after 15 minutes, 

the majority of the monomer was cross-linked into an insoluble polymer. Very similar behavior was 

observed for both V1162 and V1187 materials, and the process of the cross-linking was complete 

roughly after 45 minutes of heating. The cross-linked films have shown to be resistant to the 

DMF:DMSO (4:1) solvents, as after exposure to them the UV/vis absorption spectra of the films 

remained almost the same (Figure S4, Figure S5). As an additional indication of the conversion of 

the vinyl groups, FT-IR spectra were recorded (Figure S6). After annealing, the characteristic 

peaks of the vinyl groups at the 988-991 cm
-1

 and 904-908 cm
-1

 has disappeared, which was 

previously reported to show a complete cross-linking.
[29,30]

 Next, to study the electrical properties of 

the synthesized HTMs, hole drift mobility was measured with the xerographic time-of-flight 

(XTOF) technique (Figure 4). V1187 showed very good charge transporting properties, reaching 

10
-2

 cm
2
/Vs at strong electrical fields. The simpler compound V1162 showed slightly lower hole 

drift mobilities, yet still comparable to that of popular HTMs for PSCs. As the cross-linking process 
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is not affecting the chromophoric system of the HTMs, it had only a minor influence on the hole 

drift mobility. For V1187 the value stayed virtually the same, while for V1162 after cross-linking 

mobility became roughly two times lower (Figure 4). In addition to charge transporting properties, 

ionization potentials were measured through photoelectron spectroscopy in air (PESA). The values 

were 5.11 eV and 5.26 eV for V1187 and V1162 respectively. Such values are consistent with the 

values reported for other HTMs used in PSCs. 

To evaluate the performance of the materials acting as hole-selective layers in PSCs, devices with 

the p-i-n architecture were fabricated and characterized. As an absorber material, triple-cation 

perovskite was used,
[31]

 with a nominal precursor solution composition of 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 (see Figure S8 for the top-view and cross-section SEM 

images of the best device). The films of the organic HTMs were prepared by spin-coating from 

toluene, and afterward, they were annealed in a nitrogen atmosphere at 230 °C for 45 minutes for 

the cross-linking, as was determined previously. The J/V curves are reported in reverse (from open 

to short circuit) direction, as the devices have shown only a minor hysteresis (Figure S11). A 

detailed description of the fabrication and characterization of the devices can be found in SI.  

First, to check the influence of the cross-linking on the performance of the devices, we have 

compared thermally cross-linked HTM films with that of the neat films. Via profilometry we 

measured no significant surface morphology differences after the cross-linking process (Figure S3). 

As can be seen from Figure 5 and Table 1, for both V1162 and V1187 devices with the monomer 

films showed low open-circuit voltages (Voc) (0.85 V for V1162, and 0.89 V for V1187 on average). 

It can be attributed to the formation of direct contact between perovskite and ITO, due to the 

damage of the HTM film during solution-processing of the perovskite film. This in turn is lead to 

increased interfacial recombination, which reduces Voc.
[32,33]

 In contrast, for both materials after 

thermal polymerization, Voc was significantly improved up to 1.04 V on average. Quite a different 

trend can be observed for the FF, where higher values were obtained for neat films (75.8 % for 
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V1162, and 79.3 % for V1187 on average), which can be attributed to the high conductivity of the 

ITO, and as a consequence fast transport of charges. This result is supporting the previous statement 

that after cross-linking the HTM films have improved resistance against solvents. 

V1187 allowed for higher fill factors (FF) than V1162 (Figure 5), and as a consequence, the 

highest PCE of 16.8%. As the films are used without oxidizing dopants, such improvement can be 

attributed to the higher values of the hole drift mobilities,
[34]

 and as a result better transport of the 

charges through the film. 

To further optimize the HTM film, the concentration of the V1187 starting solution was varied from 

2mg/ml down to 0.5mg/ml in toluene. As expected, the lower concentration led to the improved FF, 

however at the cost of reduced Voc (Figure 6, Table 2). Steady-state PL measurements of the 

perovskite films on this concentration series revealed a reduced intensity of the emission with lower 

concentration (Figure S9). As the extraction abilities of the material should be independent of the 

concentration, such behavior can be attributed to insufficient coverage of the ITO substrate and 

increased direct contact between perovskite and ITO.
[35]

 As a result of increased interface 

recombination, the reduction in Voc is observed. Overall, and optimized PCE of 18.1% for the cross-

linked films prepared from the 1.5 mg/ml solutions were achieved. 

 

Conclusion 

In conclusion, in this work, two new enamine-based hole-transporting materials were synthesized 

and investigated. Due to the presence of two vinyl groups, materials V1162 and V1187 are able to 

undergo thermal cross-linking during the heating at 230 °C. After ~45 min the deposited films 

became resistant towards organic solvents. It was further shown that polymerization leads only to 

minor changes in hole drift mobilities, therefore the materials are suitable for the application in p-i-

n perovskite solar cells. As a result, devices with the thermally cross-linked films have shown 

advantageous performance, mainly due to the higher open-circuit voltage. After further 
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optimization of the concentration of the V1187 solution, perovskite solar cells have shown over 

18% power conversion efficiency, demonstrating a great promise of the presented strategy. 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Molecular structures of the synthesized cross-linkable HTMs V1162 and V1187. 
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Figure 2. First and second scan heating curves of V1162 and V1187 (heating rate 10 °  min

−1
, the 

y-axis is showing a heat flux). 

 

 
Figure 3. Cross-linking experiment of the V1162 and V1187 films. The absorption (at 370 nm for 

V1162, and at 406 nm for V1187) of the solutions, prepared by dipping spin-coated HTM films into 

THF after heating at 231 °C for the respective times, relative to the absorption of the solution, 

prepared by dipping of the non-cross-linked film. 

 

A
cc

ep
te

d 
A

rt
ic

le



  

 This article is protected by copyright. All rights reserved 

 
Figure 4. Electric-field dependencies of the hole drift mobilities in films of V1162 and V1187 

before and after thermal cross-linking. 

 

 
Figure 5. J/V measurements of the PSCs prepared with the new HTMs (reverse scan, from open to 

short circuit). a) comparison of the devices, prepared with the neat HTM vs cross-linked HTM; b) 

comparison of the performances of the two cross-linked HTMs. 
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Figure 6. PSC analysis of cross-linked V1187 films. a) Dependence of the FF, Voc, and b) PCE on 

the concentration of the V1187 solution. c) comparison of representative J/V characteristics (reverse 

scan, from open to short circuit) of V1187-based devices prepared from solutions with different 

concentrations and d) respective maximum power point tracking. 

 

Table 1. Average performance parameters of the PSCs with new HTMs (prepared from 2 mg/ml in 

toluene). Data extracted from J/V scans, including the standard errors and the best performance 

parameters (in brackets). The statistics are based on 6–10 cells on different substrates. 

Compound Jsc (mA 

cm
−2

) 

Voc (V) FF (%) PCE (%) 

V1162 21.19±0.12 

(21.60) 

0.846±0.013 

(0.878) 

75.8±0.2 

(76.4) 

13.60±0.25 

(14.49) 

V1162 

cross-

linked 

21.55±0.14 

(21.51) 

1.036±0.014 

(1.077) 

61.7±0.8 

(63.5) 

13.78±0.35 

(14.71) 

V1187 21.34±0.16 

(20.73) 

0.891±0.020 

(0.932) 

79.3±0.4 

(80.3) 

15.08±0.35 

(15.51) 

V1187 

cross-

linked 

21.95±0.15 

(21.40) 

1.040±0.012 

(1.069) 

71.1±1.8 

(73.3) 

16.21±0.35 

(16.77) 

Table 2. Average performance parameters of the PSCs with the V1187 films, prepared from the 

solutions with the different concentrations. Data extracted from J/V scans, including the standard 

errors and the best performance parameters (in brackets). The statistics are based on 6–10 cells on 

different substrates. 

Compound Concentration Jsc (mA Voc (V) FF (%) PCE (%) 
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(mg/ml) cm
−2

) 

V1187 

cross-

linked 

0.5 20.98±0.09 

(21.18) 

1.039±0.013 

(1.066) 

73.3±2.1 

(79.4) 

15.95±0.47 

(17.51) 

1.0 21.42±0.12 

(21.64) 

1.057±0.014 

(1.070) 

72.7±3.4 

(79.2) 

16.48±0.88 

(17.74) 

1.5 21.39±0.09 

(21.61) 

1.075±0.009 

(1.092) 

71.4±2.5 

(77.7) 

16.44±0.68 

(18.14) 

2.0 21.31±0.10 

(21.67) 

1.077±0.007 

(1.095) 

69.2±1.2 

(73.2) 

15.88±0.33 

(17.12) 

 

Thermal cross-linking of the new enamine-based hole-transporting materials was shown to give an 

advantage in the p-i-n perovskite solar cells. Due to the improved resistance to the organic solvents, 

cross-linked films managed to withstand solution processing of the perovskite absorber layer. This 

led to an improved open-circuit voltage and over 18% efficiency for the devices with the V1187 

material. 
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