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Organic semiconductors are promising candidates as active layers in flexible and biocompatible electron-
ics owing to their solution processability and molecular design flexibility. However, it remains necessary
to establish a green processing approach to acquire desirable electrical properties for scalable industrial
applications. Here, a highly efficient and environmentally friendly post-treatment method using liquid ni-
trogen as a cooling bath is developed to optimize the aggregation structure and electrical performance of
organic semiconductors. The carrier mobility has increased by nearly 60% with this treatment, achieving
a performance boost comparable to that of traditional annealing methods. This performance improve-
ment is attributable to the denser aggregation structure and enhanced molecular ordering compared with
those of as-cast semiconducting polymer films. Impressively, the entire process can be completed within
a few minutes without additional vacuum or high-temperature conditions, offering an economical and
efficient alternative to traditional methods. Furthermore, the enhancement effect and long-term stabil-
ity of this treatment are validated across a wide range of organic semiconductors, positioning this green
and versatile approach as a promising substitute for conventional post-treatment, thereby facilitating the
development of next-generation sustainable electronics.

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

Medica, Chinese Academy of Medical Sciences.

In recent decades, organic field-effect transistors (OFETs), which
leverage organic semiconductors as active materials, have demon-
strated significant potential for application in low-cost, scalable,
and flexible electronics, such as displays, biosensors, and wear-
able electronics [1-3]. The performance of these transistors is in-
tricately linked to the aggregation state of the organic semicon-
ductors [4-6]. Polymeric semiconductors achieve charge transport
through jumps within the crystalline regions formed by the or-
dered stacking of molecular chains, and the transport efficiency is
mainly related to the w-m stacking distance [7-10]. Compatible
with high-throughput and low-cost OFET solution processing and
manufacturing techniques, problems such as imperfect crystalliza-
tion and disordered molecular chain stacking can occur [11-13]. By
subjecting as-cast films to suitable post-treatments, their perfor-
mance and microstructures can be enhanced [14-16].

Thermal annealing, a crucial post-treatment technique in or-
ganic electronics manufacturing, can enhance device performance
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by providing energy to accelerate polymer chain motion and pro-
mote segment rearrangement toward more ordered states [17],
thereby tuning the aggregation and morphology [18]. In the do-
main of organic photovoltaics, annealing can enhance the efficiency
of solar cells by refining the crystallinity of the active layer, lead-
ing to more effective charge transport and collection [19,20]. For
printed electronics, annealing is often used to sinter nanoparticle
inks, yielding films with enhanced conductivity [21]. In the case of
OFETs [22,23], annealing promotes crystallinity and molecular or-
dering, thereby boosting charge carrier mobility and resulting in
superior electrical characteristics. Overall, in the absence of ther-
mal annealing, the device performance is typically suboptimal.
Solvent vapor annealing is another common treatment method
[24-26], which involves exposing a thin film to the vapor of
a suitable solvent, resulting in selective swelling and enhanced
molecular mobility. This process helps improve the microstructure,
e.g., by increasing the size of crystalline domains and enhancing
the molecular order, thereby optimizing the performance of elec-
tronic and optoelectronic devices [27,28]. For example, Wu et al.
[29] demonstrated that methyl ethyl ketone steam treatment sub-
stantially enhances pentacene OFET performance by reducing the
threshold voltage to —0.2V and achieving a steep subthreshold
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slope of 200 mV/dec. These improvements are attributable to the
decreased surface state density and reduced deep traps at the pen-
tacene/dielectric interface.

Although these treatment strategies have proven effective, they
typically require high-temperature conditions, vacuum environ-
ments, or toxic solvents, while treatment process lasts a long
period for a few hours or even days, raising serious concerns
regarding their environmental sustainability. Therefore, the pursuit
of greener and more versatile post-treatment methods with rapid
processing cycles to tune the aggregation structure of semicon-
ducting polymers and further to optimize device performance
remains paramount. Towards more environmentally friendly objec-
tive, this paper develops a novel strategy based on liquid nitrogen
cooling (LNC) treatment to effectively enhance the performance of
OFETs. Quick cooling of semiconductive thin films via immersion
in a liquid nitrogen bath, consequently yields films with a short-
ened stacking distance and enhanced ordered packing morphology
compared with those of as-cast films. This optimized aggregation
structure significantly improves carrier charge transport with over
a 50% increase in mobility, comparable to or exceeding the ratio of
thermally annealed devices. Time-stability measurements highlight
the establishment of a new equilibrium through LNC treatment
in molecular aggregation without relaxation behavior. Notably,
the proposed method is highly versatile, proving effective across
various organic materials, including n- and p-type polymers and
small molecules. In addition to advancing our understanding of
organic semiconductor post-treatment, this sustainable approach
offers a pathway for large-scale, environmentally friendly fabrica-
tion of organic electronic. Considering the effect of temperature on
molecular ordering and the requirement of energy conservation,
we establish a green post-treatment strategy for optimizing or-
ganic semiconductors through a cooling process in liquid nitrogen.
We select poly[2,5-bis(2-octyldodecyl)pyrrolo[3,4-c|pyrrole-1,4-
(2H,5H)-dione-3,6-diyl-alt-(2,2';5’,2"";5" ,2""'-quaterthiophen-5,5""-
diyl)] (DPP-4T3C) as a representative semiconducting material
owing to its excellent charge transport ability and investigate the
influence of LNC treatment on electrical properties and thin-film
morphology.

As shown in Fig. 1, DPP-4T3C is spin-coated onto bottom-
contact Au source/drain electrodes patterned on highly doped Si
substrates with a SiO, dielectric layer modified with octadecyl
trichlorosilane (OTS). The obtained OFET device is immediately im-
mersed in a liquid nitrogen bath for ten minutes and then dried
in nitrogen. Additionally, an OFET device with the same structure
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and materials is fabricated and treated with thermal annealing as
a reference to evaluate the effect of LNC treatment on the film per-
formance.

To explore the charge transport characteristics pre and post
LNC treatment, the OFETs utilizing a bottom-gate/bottom contact
(BGBC) device are fabricated. Saturation mobility of OFET devices
was determined by analyzing the square root of drain current (Ips)
against gate voltage (V). Figs. 2a-d depict the transfer and output
curves corresponding to these measurements. To accurately quan-
tify and illustrate the performance enhancement after LNC treat-
ment, the corresponding mobilities and changing rates are calcu-
lated (Fig. 2e). The transfer characteristics of OFET devices before
and after post-treatment processes are measured at room temper-
ature (298 K). The mobility of the LNC-treated BGBC OFET device
LNC increases by 60%, from 0.33 cm? V-! s~! to 0.53 cm? V-!
s~1. The LNC-treated devices exhibit significantly higher on-current
and significantly lower off-current compared with the untreated
devices, demonstrating improved charge transfer efficiency. In con-
trast, the mobility of the thermally annealed device increases only
by 45%, from 0.37 cm? V! s=! to 0.54 cm? V-! s~1. The charge
carrier mobility of over thirty OFET devices with DPP-4T3C as ac-
tive channel was assessed for each treatment method. The average
mobility increase with LNC treatment was found to be compara-
ble to that observed with thermal annealing treatment (Fig. S1 in
Supporting information). This finding suggests that LNC treatment
more notably enhances the carrier charge transport of semicon-
ducting polymers compared with thermal annealing. Under iden-
tical experimental conditions, a comparable enhancement effect of
LNC treatment is observed in the bottom-gate top-contact (BGTC)
device structure, with the charge carrier mobility increasing from
0.38 cm? V-1 51 to 0.58 cm? V-1 s—1 (Fig. S2 in Supporting in-
formation). Therefore, the effectiveness of the LNC treatment in
enhancing charge transport properties is consistent across differ-
ent device structures, indicating its universal beneficial impact on
charge transport properties. Moreover, LNC treatment is less time-
intensive and eliminates the need for challenging operating con-
ditions, highlighting its potential as an eco-friendly alternative to
the traditional post-treatment method. The current magnitude sig-
nificantly increases after LNC treatment, as observed in the output
curve, which is similar to the treatment effect of annealing.

The improvement in electrical performance is closely linked to
changes in the morphology and aggregation structure. Thus, to
explore the influence of the cooling process on the morphology
of the semiconducting polymer, atomic force microscopy (AFM)
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Fig. 1. The molecular structure of the semiconductor used as the active layer, the device structure of OFET, and the schematics of LNC and thermal annealing treatment

processes.
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Fig. 2. The electrical performances of the device and surface morphology of the thin films before and after different treatment processes. (a) Typical transfer and (c) output
curves of OFETs before and after LNC-treated. (b) Typical transfer and (d) output curves of OFETs before and after thermal annealing. (e) Variation in carrier mobility after
different treatment processes. (f) AFM images of the as-cast semiconductor film and LNC-treated film.

measurements are implemented (Fig. 2f). Compared with the sur-
face morphology of the as-cast polymer film, the LNC-treated thin
film exhibits reduced grain size and the emergence of a more

Table 1
Molecular stacking distances and peak FWHM derived from GIXRD analysis of DPP-
4T3C.

distinct nanofibrillar structure. Compared with the as-cast poly- Post-treatment Stacking distance (A) FWHM (1/A)

mer film, the surface morphology of LNC-treated film exhibits re- method - dd T d-d
duced grain size alongside the emergence of a nangﬁbrlllar struc- INC 358 22.86 oi 0.07
ture. Moreover, the root mean square roughness increases from As cast 3560 2291 011 0.06
0.62nm to 0.76 nm after the treatment, consistent with the trend Annealing 3.60 22.91 0.1 0.08

observed with thermal annealing (Fig. S3 in Supporting informa-
tion). The surface morphologies of thin films of different organic
semiconductors before and after LNC treatment were also charac-
terized, with similar trends observed (Figs. S4 and S5 in Support-
ing information). The intertwined crystalline structures and inter-
connected grains contributed to the enhanced device performance
[30]. LNC-treated films exhibit a more ordered crystalline struc-
ture, which helps minimize charge carrier scattering and obstruc-
tion from structural defects [31,32]. Additionally, the X-ray photo-
electron spectroscopy (Figs. S6 and S7 in Supporting information)
and Raman spectroscopy (Fig. S8 in Supporting information) results
show no significant changes, which indicates that LNC treatment
does not disrupt the internal structure of the film.

To investigate the changes in aggregation structure and molec-
ular packing pattern induced by the post-treatment process,
grazing-incidence X-ray diffraction (GIXRD) measurement are con-
ducted for the as-cast and treated semiconductor films. The
schematic diagram of the GIXRD measurement is illustrated in Fig.
3a. As shown in Fig. 3b, both the untreated and LNC-treated films
exhibit a typical edge-on orientation. The diffraction pattern and
profile lines reveal that LNC-treated films exhibit a stronger peak
intensity, indicating the increased crystallinity of the semiconduct-
ing polymer. Moreover, Fig. 3c provides 1D-GIXRD line cuts ex-
tracted from both the in-plane (Qxy) and out-of-plane (Q;) direc-
tions, offering conclusive evidence of the molecules undergoing a
tighter packing arrangement. The detailed crystallographic param-
eters are summarized in Fig. 3d and Table 1. Notably, the LNC-
treated films exhibit a smaller 7-m stacking distance (3.63A) and

lamellar packing distance (23.14 A) compared with those of the un-
treated film (3.66 A and 23.4 A, respectively). The findings highlight
the distinct impact of LNC treatment in decreasing the m-m stack-
ing distance, while the annealing treatment shows negligible influ-
ence on the aggregation structure. Furthermore, LNC treatment is
applied to films that have undergone annealing, resulting in a re-
duction in stacking distance to varying degrees (Figs. S9, S10 and
Table S1 in Supporting information). This demonstrates the versa-
tility of LNC technology in enhancing the condensed state struc-
ture. The closer packing structure can significantly enhance the in-
terchain conjugation interaction, thereby facilitating charge trans-
port among polymer chains, resulting in device performance op-
timization [33]. The ultraviolet-visible (UV-vis) absorption spec-
tra of the thin films are shown in Fig. S11 (Supporting informa-
tion). The DPP-4T3C polymer displays distinct double absorption
bands in the 200-800 nm range [34], featuring notable 0-1 and 0-
0 peaks near 730nm and 790 nm, respectively. The 0-1 peak cor-
responds to absorption excited by the disordered aggregated struc-
ture, whereas the 0-0 peak indicates absorption excited by the or-
dered aggregated structure [35,36]. Normalizing the 0-1 peaks to
the spectral properties of the polymers reveals significant differ-
ences in the absorption characteristics of films before and after
LNC treatment. Specifically, LNC-treated films exhibit broader ab-
sorption and a slight redshift (~5nm) of the 0-0 absorption band.
This phenomenon suggests an enhanced charge transfer effect in
the aggregated state, attributable to tighter mw-m stacking in the
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Fig. 3. The experimental setup and results of grazing incidence X-ray diffraction (GIXRD) measurements on semiconductor thin films. (a) Schematic of GIXRD measurement.
(b) Diffraction patterns of as cast and LNC-treated semiconductor thin films. (c) 1D-GIXRD line cuts extracted from the in-plane (Qxy) direction and out-of-plane (Q.) direction.
(d) Comparison of stacking distances in out-of-plane and in-plane directions for untreated and treated thin films.

polymer, favoring carrier transport [37-39]. These findings empha-
size the role of LNC in the m -7 interactions of the polymer chains,
consistent with the GIXRD and AFM findings, strongly support-
ing our claim that the LNC strategy can facilitate the generation
of high-crystallinity polymer channel semiconductors for achieving
high-performance OFETs at room temperature.

Based on the investigation of the morphology and performance
variation of the semiconducting polymer, we identify the mecha-
nism underlying the performance improvement from the perspec-
tive of polymer chain motion during LNC treatment [40,41], as
depicted in Fig. 4a. In the schematic, L represents the average in-
termolecular packing distance; w is the molecular vibration fre-
quency; and V is the free volume of polymer segment, which pro-
vides space for molecule motion and is strongly associated with
van der Waals’ interactions and thermal expansion. Three crucial
states appear during LNC treatment, determined by the tempera-
ture: (i) At 298K, pre-treatment. In this state, the molecular chain
has an initial free volume of V;, an average intermolecular pack-
ing distance of Ly, and a molecular vibration frequency of w;. This
state represents the pristine state of the organic semiconductor
films prepared at room temperature. (ii) At 77K, during the cryo-
genic process. When immersed into liquid nitrogen, the tempera-
ture of the semiconductor film instantaneously drops to approach
the liquid nitrogen temperature and then stabilizes. (iii) At 298 K,
after the treatment. The semiconductor film is extracted from lig-
uid nitrogen, and its temperature gradually recovers to ambient
temperature.

In these three states, the semiconductor exhibits distinct ther-
mal motion behaviors and microstructures. In the first state, the
aggregation structure is predominantly influenced by the solution
preparation process, and it provides the space for molecular mo-
tion at room temperature. In the second state, with the instan-
taneous drop in temperature, the thermal motion of the polymer
chains is rapidly weakened as the molecular vibration frequency
is significantly reduced to w, (w, < wi). This phenomenon re-
sults in the contraction of the free volume (V, < V;) and short-

ened distance between conjugated molecular chains (L, < Lq). Ad-
ditionally, the reduced vibration amplitude and shrunk segments
contribute to diminished steric resistance, especially among side
chains, which promotes the formation of a closer lamellar packing
pattern. In the third state, as the temperature rises by 221K for
a brief period, the thermal motion of molecular chains is reacti-
vated as the vibration frequency increases from w, to w3 (w; <
ws3). However, the free volume does not immediately recover to
the initial state. The limited space and thermal energy facilitate
the elongation and rotation of polymer segments, allowing them
to cross the defect barrier and rearrange into a more ordered pack-
ing structure. The molecular motion during this process ultimately
leads to a smaller free volume (V3) than that in the initial state,
attaining a new equilibrium [42]. Owing to the rearrangement of
molecular chains and compression of free volume, the semicon-
ductor films possess more ordered structures and stronger inter-
molecular interactions between conjugated segments, which en-
hance both interchain and intrachain charge transport, consistent
with the morphology analysis and electrical performance results.
The rapid return to room temperature contributes to the mainte-
nance of the aggregated state at low temperatures, which is the
key to enhanced charge transport and electrical performance in
semiconducting polymer films. Conversely, the slow increase from
low temperatures to room temperature does not effectively opti-
mize the aggregation state [4].

The long-term stability of the enhancement effect must be
ensured for reliable post-treatment. To exclude the possibil-
ity of incomplete thermal relaxation behavior and confirm the
establishment of new equilibrium state after low-temperature
cooling, we obtain time-dependent measurements of electrical per-
formance characteristics of LNC-treated semiconductor films. Mea-
surements of thermally annealed and untreated thin films are also
obtained for comparison. The transfer and output curves are char-
acterized on days 2, 7, 14, 21, and 30 after the treatment process
(Fig. 4b). To minimize the interference of environmental factors, all
devices are stored in an inert atmosphere.
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Fig. 4. Mechanism during LNC treatment and the stability measurement. (a) The schematic of the mechanism during LNC treatment, in which L represents the average
intermolecular packing distance; w is the molecular vibration frequency; and V is the free volume of the polymer segment. (b) Shift in transfer curves of LNC-treated and
thermally annealed devices over one month. (c) Comparison of changes in mobility, lons ratio, and threshold voltage of LNC-treated and thermally annealed devices over

30 days.

The transfer and output characteristics exhibit negligible degra-
dation over one month. As shown in Fig. 4c, all the characteristic
parameters exhibit only minor changes over the long-term mon-
itoring period, consistent with the variation trend in the thermal
annealing process. It is also observed that the devices treated with
LNC consistently demonstrated higher mobility than the untreated
ones over a long period (Fig. S12 in Supporting information). This
outcome indicates that the treatment-induced variations originate
from relative equilibrium formation rather than the relaxation con-
dition. These results demonstrate the reliability and stability of the
proposed LNC treatment method in efficiently improving the OFET
performance. To investigate the versatility of the proposed LNC
treatment method in organic semiconductor systems, it is applied
to a diverse array of organic materials, including DPP-based semi-
conducting polymers (DPPTT and DPPTVT), poly3-hexylthiophene
(P3HT), P(NDI20D-T2) (N2200), and small molecules such as pen-
tacene and C8-BTBT. The molecular structures of these organic
semiconductors are depicted in Fig. 5a.

The enhanced ratios of carrier mobilities of the as-cast and
LNC-treated semiconductors are summarized in Fig. 5b. LNC treat-
ment considerably enhances the performance ratios, demonstrat-
ing its effectiveness in device performance optimization. The per-
formance enhancement is quantified by comparing the carrier mo-
bilities before and after treatment. Fig. 5¢ and Fig. S13 (Supporting
information) present the transfer and output curves of the devices,
illustrating the notable improvements in the transfer characteris-
tics of the OFETs post-treatment.

For all tested materials, the mobilities increase after treatment,
with the enhancement ratio ranging from 1.3 for pentacene to 2 for
DPPTT. The detailed mobilities for each material, both before and

after LNC treatment, are outlined in Table S2 (Supporting infor-
mation). Interestingly, we also discovered that combining thermal
treatment with the proposed liquid nitrogen-based treatment can
further enhance electrical performance (Fig. S14 and Table S3 in
Supporting information). These findings demonstrate that the elec-
trical property enhancement benefits of the post-treatment process
are applicable to diverse organic semiconductors, and thus, the
proposed approach is well-suited for scalable and environment-
friendly applications.

We introduce a novel cost-effective, environment-friendly, and
reliable post-treatment technique that can enhance the electrical
performance of organic transistors. This method, free from the con-
straints of strict conditions such as high temperatures and vacuum
environments, significantly enhances the carrier mobility of DPP-
4T3C from 0.33 cm? V-1 s71 to 053 cm? V-! s-1, comparable
to the effect of traditional thermal annealing. Morphological anal-
ysis reveals a denser aggregation structure and superior molecu-
lar ordering in the LNC-treated films, with decreased stacking dis-
tances in both in-plane and out-of-plane orientations. This config-
uration promotes interchain charge transport, contributing to en-
hanced performance. Additionally, the treatment effects of the pro-
posed approach remain stable over a month, suggesting the induc-
tion of a new equilibrium state by the cooling process. Further-
more, the broad applicability of this post-treatment strategy, which
can be extended to various organic semiconductor materials in-
cluding small molecules and polymers, highlights its potential as
a universal optimization strategy in the field of organic electronics.
These results not only illustrate its potential as a universal opti-
mization strategy but also set the stage for the implementation of
sustainable organic electronics in the future.
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