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a b s t r a c t

Chloroform is a common and excellent solvent for preparing high-efficient organic solar cells (OSCs),

however, it is toxic and poisonable chemical. In comparisons, deuterated chloroform (DC) is less toxic

and costly, and particularly, it is non-poisonable chemical. In this paper, we use DC to replace ultra-dry

chloroform (UC) as the processing solvent for preparation of active layers of organic solar cells. First,

we selected PM6:BTP-eC9 as the basic binary and counted 100 solar cells’ data, from which comparable

device performance were obtained with use of DC and UC. Interestingly, DC showed better reproducibility,

superior storage under a nitrogen atmosphere and a little better performance than UC. Both DC and UC

gave rise of comparable hole and electron mobilities and similar charge recombination losses. Second,

we based PM6:Y6 and D18-Cl:Y6 as the binaries and similar effects were obtained from both UC and DC

when counting 30 devices for each binary. Third, the universality of the use of DC for preparing high-

efficient OSCs were again checked with several binary and ternary systems. In all, this study demonstrate

that DC can replace UC for use in the field of OSCs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solution-processable organic solar cells (OSCs) are a research

priority due to their low cost, light weight, mechanical flexibil-

ity, semi-transparency, and roll-to-roll printability [1–9]. The effi-

ciencies of single-junction and tandem OSCs has exceeded 19% and

20%, respectively, indicating that OSCs are approaching commer-

cialization [10–17]. The performance of OSCs is significantly influ-

enced by the photoactive layer [18–20]. Therefore, it is crucial to

ensure good solubility of the donor and acceptor materials in the

processing solvents to achieve ideal nanoscaled morphology of the

donor and acceptor materials. This, in turn, determines molecu-

lar crystallinity, domain size, phase separation, and bi-continuous

network structure [21–23]. The morphology of the active layer is

influenced by six key components that directly impact the solar

cell’s performance: molecular structure, processing solvent, compo-

nent ratios, total component concentration, additives, and process-

ing conditions (including dissolution, film formation, and post-film

formation) [24]. The solubility of each component must be high

enough to produce the active layer morphology and also appro-

priate blend of film thickness for effective photon capture [25]. To

ensure optimal device performance, the processing solvent must
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dissolve both the donor and acceptor components and promote

their phase separation to form a bi-continuous network. Solvents

such as chloroform (CF), chlorobenzene (CB), toluene (Tol), and o-

dichlorobenzene (ο-DCB) are the solvents that meet these condi-

tions [26–31]. It is important to note that these solvents are mainly

halogenated and aromatic [32].

Chloroform is a versatile chemical compound that finds use in

various fields such as production, scientific research, and organic

synthesis. It serves as a raw material to produce other chemi-

cals, an anesthetic for medical procedures, and a solvent and ex-

tractant in various industries. Chloroform is a good solvent to

many chemicals and hydrocarbons and ultra-dry chloroform (UC)

is a commonly used and excellent solvent in the processing of

high-performance OSCs [13,14,33]. Especially, highly efficient Y-

series based OSCs are produced with UC the processing solvent.

However, the use of UC as a common solvent in the laboratory

has several limitations. Firstly, UC is classified as a Class II haz-

ardous chemical, and its purchase is largely restricted. Secondly,

UC deteriorates easily upon storage while it is not available in

small packages (less than 1mL), which generally result in dete-

riorated device’s performance. Thirdly, UC is toxic to the human

body, which is not conducive to human health. Therefore, it is

of significant scientific and practical importance to find a pro-

cessing solvent that is readily available, non-degradable, less toxic,
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and can achieve comparable performance to ultra-dry chloroform

devices.

Deuteration is widely used in laboratory research in many

fields. For example, Hwang et al. applied deuteration in organic

light-emitting diodes (OLEDs) by replacing the unstable C–H bonds

in the main body with C-D bonds, which increased the de-

vice lifetime by a factor of 5 without loss of efficiency and im-

proved the stability and quantum efficiency [34]. Xiao et al. ap-

plied deuteration in photovoltaic active-layer materials by poly(3-

hexylthiophene)/[6,6]-phenyl-C61–butyl methyl ester (PCBM) and

selective deuteration of hydrogen on the main and side chains was

able to influence the crystalline behavior of the molecule, leading

to different photovoltaic properties [35]. In medical applications,

deuteration may affect the pharmacokinetic and metabolic prop-

erties of drugs and can redirect the metabolic pathway towards

reduced toxicity [36]. Rriehna et al. illustrated that CDCl3 is less

hepatotoxic than CHCl3, suggesting that chloroform hepatotoxicity

is related to the metabolic pathway [37]. Hook et al. quantitatively

investigated the effect of CDCl3 substitution on the nephrotoxicity

and hepatotoxicity of CHCl3 in male ICR mice. They quantified the

effect of CDCl3 substitution on CHCl3 nephrotoxicity and hepato-

toxicity in male ICR mice, and measured renal and hepatic injuries

24h after administration of different doses of CHCl3 or CDCl3, and

proved that the toxicity of CDCl3 to the kidneys was less than that

of CHCl3 [38,39]. Combining the above and the market information

on the commercial products of deuterium substituting reagents, we

found that the use of deuterium chloroform (DC) as a solvent of

the process has the following advantages at present: (1) Since DC

is a deuterium substitution for chloroform, it also has good solu-

bility for photovoltaic materials; (2) DC is less toxic, less acutely

toxic, and less hazardous to the human body; (3) industry of DC

is already mature and DC is a commonly used reagent for nuclear

magnetic instruments and organic synthesis of raw materials, and

also, DC is medicine commonly used as anesthetics; (4) DC is less

expensive compared to the UC; (5) small packaged DC products

can be purchased in the market, so the use of DC instead of UC

can avoid frequent access to the reagents caused by pollution and

deterioration. In this work we present the results that DC is an

alternative excellent solvent to replace UC for preparation of high-

efficient OSCs. First, we based on PM6:BTP-eC9 and used both DC

and UC to process the OSC devices. After counting 100 devices for

each DC and UC, it is interesting that DC can supply better repro-

ducibility, superior device stability upon storage under the N2 con-

dition and a little better performance. This is consistent with the

slightly increased mobilities and reduced recombination. Second,

we again based PM6:Y6 and D18-Cl:Y6 to check the availability of

DC for processing the Y6 based and D18-Cl based materials. Pos-

itive results were obtained. Third, we again used DC to fabricate

OSCs based on several binary and ternary systems. Again, positive

results were obtained.

We selected the state-of-the-art PM6:BTP-eC9 binary system

and deuterated chloroform as the processing solvent to inves-

tigate the effects of both DC and UC on the photovoltaic per-

formance of OSCs. The chemical structures of PM6 and BTP-eC9

are shown in Fig. 1a. The devices were made of indium tin ox-

ide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)

(PEDOT:PSS)/active layer/PDINO/Al. The weight ratio of the donor

to the acceptor was kept at 1.0:1.2 (w/w) and DC was used to dis-

solve the donor/acceptor materials. As shown in Table 1, when DC

was used as the processing solvent, the devices showed a maxi-

mum PCE of 16.41% with a VOC of 0.828V, a JSC of 26.04mA/cm2,

and a fill factor (FF) of 76.12%. By counting 100 devices, the average

PCE is 15.51% ± 0.57% with an average of VOC of 0.825±0.007V,

a JSC of 25.41±0.95mA/cm2, and an FF of 74.15% ± 1.75%. When

UC was used as the processing solvent, the maximum PCE was

16.38%, the VOC was 0.827V, the JSC was 25.87mA/cm2 and the

FF was 76.54%. By counting 100 devices, the average PCE is

15.43% ± 0.58% with an average of VOC of 0.824±0.007V, a JSC of

25.29±0.97mA/cm2, and an FF of 74.19% ± 1.76%. Fig. 1b shows

the current density-voltage (J-V) characteristics of the OSCs with

DC and UC at 100mW/cm2 of light. As can be seen from the op-

timal devices, the devices prepared by DC and UC are similar in

terms of PCE. Interestingly, the average PCE of the DC-processed

devices is slightly higher than that of the UC-processed ones,

mainly due to the slight enhancement of the average JSC, which

tentatively suggests that DC can be used as a processing solvent to

replace UC.

To explore the reason for the current enhancement, our exter-

nal quantum efficiency (EQE) curves based on PM6:BTP-eC9 pro-

cessed with DC and UC, respectively, are shown in Fig. 1c. The

maximum EQE is in the wavelength region of 460–820nm, with

a value of 80% for both DC- and UC-treated devices. Compared to

the UC-processed device, the DC-processed has a slightly enhanced

photon response between 680nm and 820nm, contributing to the

Fig. 1. (a) Chemical structures of PM6 and BTP-eC9. (b) J-V characteristics and (c) EQE curves of the best device. (d) Normalized UV–vis absorption spectra of PM6:BTP-eC9

blend films prepared with DC and UC, respectively. (e) PL spectra of PM6:BTP-eC9 blend films prepared with DC and UC, excited at 620 or 810nm, respectively. Normalized

UV–vis absorption and PL spectra of PM6:BTP-eC9 blend films in (f) DC and (g) UC to determine optical bandgap Eg,opt from the intersection point of the absorption and PL

curves.
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Table 1

Summary of device data for PM6:BTP-eC9 fabricated with deuterated chloroform and ultra-dry chloroform, respectively. All data are obtained under the illumination of an

AM 1.5G (100mW/cm2) light source.

Solvent VOC
a (V) JSC

a (mA/cm2) Jcal
b (mA/cm2) FF a (%) PCE a (%)

DC 0.828 (0.825±0.007) 26.04 (25.41± 0.95) 24.85 76.12 (74.15± 1.75) 16.41 (15.51± 0.57)

UC 0.827 (0.824±0.007) 25.87 (25.29± 0.97) 24.76 76.54 (74.19± 1.76) 16.38 (15.43± 0.58)

a Average values from 100 devices are shown in parentheses.
b Calculated from the EQE spectrum.

Fig. 2. (a) VOC box plot, (b) JSC box plot, (c) FF box plot, and (d) PCE box plot of PM6:BTP-eC9 based devices prepared with DC and UC, respectively. The data were counted

from 100 devices. (e) Aging test chart of the DC- and UC-processed PM6:BTP-eC9 based devices.

enhancement of JSC. The integration currents of the EQE curves are

24.85 and 24.76mA/cm2, respectively, which are in agreement with

the JSC obtained from J-V measurements within 3% error.

As shown in Fig. 1d, we tested the UV–vis absorption spectra of

PM6:BTP-eC9 blend films prepared with DC and UC, respectively.

The two absorption peaks at 624nm and 819nm corresponded

to the maximum absorption peaks of PM6 and BTP-eC9, respec-

tively. Compared with the UC-processed samples, the DC-processed

samples showed enhanced absorption at 680–820nm, which coin-

cides with the enhancement of EQE response in this wavelength

region. This explains the slightly higher current of the DC-prepared

device than the UC-prepared device. Fig. 1e shows the photo-

luminescence (PL) profiles of PM6:BTP-eC9 blend films spin-coated

from DC and UC solutions, respectively. It can be seen that both

samples showed nearly identical PL profiles. Compared with the PL

obtained from the UC film, the PL of the DC film is slightly blue-

shifted. This plus the absorption enhancement observed in 680–

820nm suggests that the use of DC as the processing solvent may

slightly tune the aggregation of BTP-eC9 molecules in difference

with the use of UC. The optical band gaps of PM6:BTP-eC9 blend

films processed with DC and UC were calculated from Figs. 1f

and g. They are similar for each other with Eg,opt,DC =1.408 eV and

Eg,opt,UC =1.411 eV. The similar optical band gaps and again the

similar VOC values obtained with the DC and UC as the process-

ing solvents suggest that the Vlosss of the DC- and UC-prepared

devices are also similar, and that DC can be used as an alterna-

tive solvent to replace UC. Next, we produced boxplots of each

parameter of the PM6:BTP-eC9 devices by counting from 100 de-

vices, as shown in Figs. 2a-d. Compared with the UC-processed

devices, the JSC distribution range of the DC-processed devices is

found to be more concentrated, which indicates that the JSC repro-

ducibility of the DC-processed devices is better. The mean values of

JSC, VOC, and PCE for the DC-processed devices are slightly higher

than those for the UC-processed ones. The FF values are however

slightly lower than those from the UC-prepared devices. Overall,

the boxplot trend of DC devices is more stable, which means that

DC might be a more suitable solvent than UC for application in

production of OSCs. As shown in Fig. 2e and Table S1 (Support-

ing information), the un-encapsulated DC devices showed better

storage stability under the N2 atmosphere at 25±5 °C than the UC

devices. The DC devices maintained 93.5% of the initial PCE after

200h, while the UC devices retained 89.9% of the initial PCE after

1500h.

The charge transport characteristics of the devices were stud-

ied using the space charge limiting current (SCLC) method. The

electron (μe) and hole (μh) mobilities were measured separately

using the electron-only ITO/TIPD/active layer/PDINO/Al (800nm)

and hole-only (ITO/PEDOT:PSS/active layer/Ag) devices. The data

were shown in Figs. S1a and b and Table S2 (Supporting infor-

mation), the μh and μe values for the DC-prepared devices were

4.17/3.62×10−4 cm2 V−1 s−1, and those for the UC-prepared de-

vices were 4.12/3.58×10−4 cm2 V−1 s−1. The slightly elevated mo-

bilities of the DC device consistent with a slightly higher JSC. The

dependence of JSC and VOC on light intensity (Plight) was measured

to study the charge recombination of the DC- and UC-prepared de-

vices. JSC∝Pα was used to describe the relationship between JSC
and light intensity (Fig. S1c in Supporting information). For devices

prepared with DC and UC as processing solvents, the α values were
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Fig. 3. J-V characteristics (a), VOC box plots (b, c), JSC box plots (d, e), FF box plots (f, g), and PCE box plots (h, i) of the PM6:Y6 and D18-Cl:Y6 based binary devices with DC

and UC as the processing solvent, respectively.

0.967 and 0.968 (Fig. S1c). The similar α values show that the de-

gree of inhibition of bimolecular complexation is similar for the

two devices. The study of trap-assisted recombination can be esti-

mated based on the relationship between VOC∝n(kT/q)ln(Plight), as

shown in Fig. S1d (Supporting information). In this equation, K, T,

and q represent the Boltzmann constant, temperature, and elemen-

tary charge, respectively. The values of n for the devices prepared

with DC and UC as processing solvents are 1.277 and 1.282, respec-

tively. The similar n values indicate that the trap-assisted recombi-

nation in the DC devices is similar to that in the UC devices.

To study the charge dissociation and collection in the devices,

the relationship curves between the photocurrent density (JPh) and

the effective voltage (Veff) were plotted as a way to calculate the

exciton dissociation (ƞdiss) and charge collection efficiency (ƞcoll).
Here, Jph is calculated by the equation Jph = JL – JD, where JL and

JD are calculated from the current densities under light and dark

conditions, respectively. Veff =VBi – Vbias, where VBi is the voltage

when JPh =0 and Vbias is the applied bias voltage. As shown in

Fig. S1e (Supporting information), Jsat is the saturated photocurrent

density value. ƞdiss and ƞcoll can be estimated based on Jph,sc/Jph,sat
(Jph,sc is the photocurrent densities under short-circuited condi-

tions) and Jph,mmp/Jph,sat (Jph,mmp is the photocurrent densities at

the maximum power output conditions), respectively. The ƞdiss
value (95.7% vs. 95.9%) and ƞcoll value (83.6% vs. 83.7%) of the DC

devices are close to the UC-prepared devices.

To showcase the versatility of DC in other systems, we vali-

dated its use in two additional classical systems: PM6:Y6 and D18-

Cl:Y6. Fig. 3a shows the J-V characteristics of the two binaries-

based devices. Table S3 (Supporting information) lists the photo-

voltaic performance and Figs. 3b-i demonstrate the distributions

of parameters obtained from the two processing solvents. We can

see from Table S3 and Figs. 3b-i that the binary devices’ perfor-

mance based on PM6:Y6 and D18-Cl:Y6 exhibit a similar trend

to the PM6:BTP-eC9 system, i.e. the DC processed device had a

more concentrated distribution of JSCs, better reproducibility, and

slightly higher VOCs and PCEs compared to the devices prepared

with UC as the solvent. For the PM6:Y6 system, the JSC value has

a higher value and a narrower distribution (24.87±0.79mA/cm2

vs. 24.79±0.91mA/cm2), showing better reproducibility. Addition-

ally, the PCE value (15.21% vs. 15.19%) is slightly higher than those

prepared using UC. These results are averaged over 30 cell sam-

ples. The JSC values of the D18-Cl:Y6 system were higher and more

reproducible (25.61±1.06mA/cm2 vs. 25.21±1.08mA/cm2). Addi-

tionally, the VOC values (0.856±0.05V vs. 0.854±0.009V) and PCE

values (16.18% ± 0.76% vs. 15.94% ± 0.75%) were slightly higher

than those of the UC-processed devices.

To further prove the general applicability of DC used to prepare

highly efficient OSC devices, we selected PM6:L8-BO, PM6:BTP-BO-

4F and J71:IDIC as well as PM6:L8-BO:IDIC to fabricate the OSC

devices with DC as the processing solvent. The photovoltaic data

was shown in Table S4 (Supporting information) and the J-V and

EQE data were given in Figs. S2a-d (Supporting information). All of

them showed expected photovoltaic performance. The integrated

short-circuit current-density values from the EQE spectra are coin-

cided with the values from the J-V measurements within 3% of the

errors. The PCE of the PM6:L8-BO blend is 16.73%, the PCE of the

PM6:BTP-BO-4F blend is 14.64%, the PCE of the J71:IDIC blend is

10.70%, and the PCE of PM6: IDIC:L8-BO blend is 17.14%. These val-

ues coincided with the values reported in the literature [40–45].

In all, our results clearly indicate that DC is a viable alterna-

tive to UC for the use in the field of OSCs and enable to stably re-

produce high-efficient OSC devices with more reproducibility and

slightly more efficiencies.

In summary, we have presented a strategy for the preparations

of the active layers of OSCs using DC as the processing solvent,

which has the following advantages over the UC: (1) DC has a good

solubility for photovoltaic materials, and the devices prepared by

DC as a solvent are comparable to those prepared by UC as the

solvent in terms of performance, and can maintain the solar cell

efficiency with slighter improvement. (2) The DC used in this strat-

egy is weaker toxic and less acutely toxic compared to UC, which is

less potentially threatening to the human body and enhances mar-

ket competitiveness. (3) The DC used in this strategy is mature in

its industrial preparation, and there are small packaged products

in the market, that can avoid reagent contamination and deterio-

ration caused by frequent access to reagents, and the cost of DC is

lower compared to UC. (4) The performance of OSCs prepared by

DC is highly reproducible in term of JSC, and the average values of

VOC and PCE are slightly higher than those of the devices prepared

by UC. (5) The stability of the devices fabricated with DC is better.

(6) Using DC as a processing solvent is suitable for a variety of OSC

material systems.

In conclusion, this work proves that DC can replace UC as a pro-

cessing solvent for the preparation of organic solar cells, which en-

hances the market competitiveness in organic solar cells for labo-

ratory preparation and future commercialization.
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