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Introduction

Processing of a P(NDI20OD-T2) film without an
intermediate wetting layer during spin-coating to
improve charge carrier mobilityt

Sichun Wang,®® Junhang Li,>< Xinyu Liu,>¢ Qiang Zhang,? Xinhong Yu? and
Yanchun Han (2 **<

The thin film morphology of a conjugated polymer is one of the important factors in determining its elec-
trical performance, which is controlled by thermodynamic and kinetic factors. However, attaining a clear
solution processing window for film preparation remains challenging due to the intrinsic complex pro-
perties of polymers and solvents. Herein, we proposed a strategy to obtain a uniform fibrous morphology
by direct formation of conjugated polymer films on a substrate without an intermediate wetting layer via
controlling solvent evaporation. We chose a poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis
(dicarboximide)-2,6-diyl]-alt-5,5-(2,2'-bithiophene)} [P(NDI20D-T2)] solution as the model system. The
intermediate wetting layer vanishes during the spin-coating deposition when the solvent evaporation
speed is greater than 130-140 pm s~ achieved by increasing the substrate temperature. At this point, in
the time-resolved in situ photoluminescence (PL) spectra of P(NDI20D-T2), an intermediate transition
state of the 0-1 peak appears at 756 nm in addition to the 0—-0 peak at 834 nm. This indicates that the
polymer chains are rearranged to form homogeneous fibers without detrimental aggregation. Compared
to the film formed with an intermediate wetting layer, some large aggregates can be observed. Thus, the
electron mobility reaches 0.33 + 0.02 cm? V! s for the film without the intermediate wetting layer,
which is 3 times higher than that of the film formed with the wetting layer. The relationship between the
deposition regimes, microstructure and charge carrier mobility was also revealed in other solvents, which
can serve as generalized guidelines for conjugated polymer film deposition.

sing conditions for a specific polymer, thereby significantly
hindering its broader application potential."®'® Therefore,

Conjugated semiconductor polymers are considered promising
candidates in electronic devices due to their solution processa-
bility, mechanical flexibility and tunable optoelectronic
properties.’™ The electrical properties of these polymers are
dependent on the final film morphology.*® However, owing to
the effects of the molecular structure,”° solvent
properties,"" ™ processing method,'*"” etc., the film mor-
phology is highly sensitive to thermodynamic and kinetic pro-
cesses. It always takes a lot of effort to identify optimal proces-
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understanding the relationship between the thin film depo-
sition process and the electrical performances of devices is
crucial for providing a clear solution processing window for
film preparation.

The solution processing window is divided into the
Landua-Levich (LL) regime and the solvent evaporation
regime in meniscus-guided coating.”’”*! The intermediate
wetting layer is pulled out and then dried into films in the LL
regime. In contrast, the film is directly dry and does not
undergo the intermediate wetting layer stage in the solvent
evaporation regime because of the fast solvent evaporation
speed.*>** Our previous work has shown that film formation
during critical solvent evaporation is beneficial for the final
film morphology and electrical performance when using blade
coating.”* Spin-coating is one of the most widespread and
efficient solution processing protocols, which is also signifi-
cantly affected by the solvent evaporation speed during proces-
sing. Thus, the relationship between the solvent evaporation
speed and the film formation process should be further
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explored. Janneck et al.>® proposed a model for the relation-
ship between the solvent evaporation speed and substrate
temperature, expressed by the following equation:

Ve = AVMT " exp(—(ASyap)/RT/T) (1)

where V, is the equilibrium front evaporation speed, A is a fit
parameter (A = 1870 + 66 pm s~ ' mol mL™" K °7), Vy is the
solvent molar volume, AS.,, is the solvent evaporation
entropy, and R is the ideal gas constant (AS,,p/R fixed at 10.5).
Ty, is the solvent boiling point at atmospheric pressure and T is
the substrate temperature. Therefore, given the solvent and the
substrate temperature, the corresponding solvent evaporation
speed can be calculated. Chan et al.*® performed a series of
studies on the relationship between solvents, deposition temp-
erature and electrical properties, and the findings showed that
the film morphology of 2,7-dioctyl[1]benzothieno[3,2-b][1]ben-
zothiophene (Cg-BTBT) was homogeneous and the electrical
mobility was 5.88 cm® V™' s™" at a suitable solvent evaporation
speed, nearly an order of magnitude improvement compared
to the rapid evaporation of solvents. Therefore, it is important
to investigate the scope of suitable film deposition conditions
for establishing the processing-structure-property relationship
and optimizing the electrical performance of the devices.

To explore the optimal conditions for film deposition, it is
imperative to delineate the thermodynamic and kinetic pro-
cesses in film formation drying.””*° In recent years, the drying
behaviour of polymer solutions during processing has been
tracked to monitor and better understand film formation
mechanisms.?"** This was achieved by controlling and system-
atically changing processing conditions, such as the atmo-
sphere,*® solvent,**~3¢ or temperature.®” In particular, in terms
of temperature, at a higher temperature and a faster solvent
drying speed, with all other factors remaining constant, the
film formation process was accelerated.*” Furthermore, as the
temperature increases, the film-forming process transforms
from crystal nucleation dominated to crystal growth domi-
nated, and the changes in crystallization behaviour lead to
various film morphologies.*® Only thin films prepared at a
suitable temperature show the optimal morphology and device
mobility.>® Therefore, the optimal film formation conditions
require further exploration.

P(NDI2OD-T2) has been widely studied as a classical n-type
D-A conjugated polymer.***? Previous studies have reported a
proficient method to regulate the solidification speed of P
(NDI2OD-T2), enabling kinetically controlled crystallization
processes at various temperatures. A suitable solidification
speed is beneficial for the nucleation and growth of crystals
and to obtain large-sized crystal domains. The OFET device
mobility increased from 0.04 to 3.43 cm® V' s7.** However,
the optimal film-forming conditions required for different
study systems vary, mainly due to the complex properties of
polymers and solvents.**** Thus, it is necessary to investigate
in depth the relationship between the optimal range of solvent
evaporation rates and electrical performance to optimize the
film fabrication technology.
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In this study, we have revealed that thin films have a more
uniform fibrous morphology and better electrical performance
if they are directly dry without undergoing the intermediate
wetting layer during the deposition process. The intermediate
wetting layer disappears during the spin-coating process as the
increase in substrate temperature accelerates the solvent evap-
oration speed. Owing to the enhanced polymer chain motility
induced by the thermodynamic and kinetic factors, the
polymer chains are rearranged and favour the formation of
homogeneous fibres. Therefore, the electron mobility has been
improved 3-fold compared to that of the film formed with the
intermediate wetting layer. Exploring the deposition process of
conjugated polymer films provides theoretical guidance for
further optimizing the solution processing technology.

Experimental section

Materials and solvents

Poly{[N,N"-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicar-
boximide)-2,6-diyl]-alt-5,5'-(2,2"-bithiophene)} [P(NDI2OD-T2)]
was purchased from 1-Material in Canada. The weight average
molecular weight (M,,) was 171 kDa, and the molecular weight
dispersity (P) was 3.0. The solvents o-xylene (OX), m-xylene
(MX), and p-xylene (PX) were purchased from Beijing Chemical
Factory, and toluene (Tol) was purchased from Sigma Aldrich.
The chemical structures of the polymer and solvents are
shown in Scheme 1.

Sample preparation

A P(NDI2OD-T2) solution was prepared at a concentration of
5 mg mL™" in solvents Tol, OX, MX and PX, respectively, and
then heated for 4 hours to ensure complete dissolution. The
four solvents were chosen for two reasons: (1) they are all sol-
vents that selectively dissolve the side chains of P(NDI20OD-T2)
and favor orderly aggregation in solution and (2) the toxicity of
aromatic solvents is less than that of halogen solvents. For
film preparation, silicon wafers covered with 300 nm thick
silicon dioxide were employed as substrates. The wafers were
sonicated with deionized water, acetone and isopropanol for
15 min. The substrates were held in a thermal spin coater

C1oHa1 CHs Bl
Hy7Cg t/sc"'s
CHjy

PX OX
CH, CHy

%CSHW ©

10H21 CHs

P(NDI20OD-T2) MX Tol

Scheme 1 Chemical structures of P(NDI20OD-T2) and solvents.
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until they reached the specified temperature. To obtain the
films, 15 pL of the solution was spin-dropped using a transfer
liquid gun and the rotational speed was 2000 rpm. The film
thickness was about 30 nm, and the specific thickness value is
shown in Table S1.}

Characterization

The fluorescence (PL) spectra were recorded using a miniature
optical fibre spectrometer with a LIFS-405 series laser-induced
fluorescence system (a 405 nm solid-state laser was selected as
the excitation source). The fibre probe was an FPB-405-1.5-SS
from China. The data were collected using Ocean Optics soft-
ware. Peak intensities as a function of film formation time
were recorded using in situ PL spectra at a time interval of 0.01
s. The in situ PL spectra were recorded at a time interval of
0.05 s for the specified wavelength. The low-magnification film
morphology images were captured using a JEM-1400 (JEOL,
Japan) operated at 120 kV. Cryogenic transmission electron
microscopy (cryo-TEM) images were obtained using a
JEM-3200FSC (JEOL, Japan) operated at 300 kv and —180 °C.
The sample preparation involved exposure to hydrofluoric acid
vapor for 10 s. Subsequently, the film was immersed in de-
ionized water to make it fall off and then carefully collected
onto copper grids for further characterization. The copper
grids (AZH300) for TEM tests were purchased from Beijing
Zhongjingkeyi Technology Co., Ltd. The copper grids covered
with holey carbon films (R 2/2) for cryo-TEM were purchased
from Quantifoil. The small angle X-ray scattering (SAXS) and
grazing incidence wide-angle X-ray scattering (GIWAXS) data of
solid-state films were collected at the 1W1A X-ray scattering
station, Beijing Synchrotron Radiation Facility. The incidence
angle was 0.2°, the wavelength of the beamline was 1.54 A, and
the exposure time was 30 s. SasView software facilitated the
analysis of the SAXS data, wherein one-dimensional (1D) pro-
files were derived by interrailing the signal along the g, direc-
tion of scattering images. Regarding GIWAXS, a two-dimen-
sional image plate detector, an EIGERX 1M from DECTRIS in
Switzerland, was employed to capture the diffraction images.

Device fabrication and measurements

The electrical performances were determined using organic
field-effect transistors (OFETs) with a bottom-gate top-contact
(BGTC) architecture. Highly doped n-type silicon with a
300 nm silicon dioxide layer was used as substrates. These sub-
strates were ultrasonically cleaned with deionized water,
acetone, and isopropanol, each for 5 min, followed by ultra-
violet ozone treatment for 25 min. Substrate surface modifi-
cation was achieved through octadecyltrichlorosilane (OTCS,
Sigma-Aldrich). This involved mixing 1.3 pL OTCS with 1.0 pL
trichloroethylene (Beijing Chemical Factory) and then per-
forming a spin-coating process at 3000 rpm for 30 s.
Thereafter, the treated substrates were placed within a desicca-
tor with an ammonia atmosphere for 8 hours. Then, the modi-
fied wafers were washed with toluene for 3 min and dried
under a N, flow. After the film deposition, the source and
drain electrodes were fabricated by evaporating gold in a

This journal is © The Royal Society of Chemistry 2024
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vacuum environment, maintaining a channel width (W) to
length (L) ratio of 5, width = 1000 pm, and L = 200 pm.
Ultimately, the electrical performance of P(NDI2OD-T2)-based
OFETs, including output (Ips-Vps) and transfer (Ips—Vgs)
curves, was measured through a Keysight B1500A semi-
conductor device analyzer.

Results and discussion
Thin film deposition process during spin coating

The conjugated polymer film morphology is the result of an
interplay of processes, especially the thermodynamics and
kinetics of solidification. To explore the film deposition
process, the P(NDI2OD-T2) from the solution state to the film
state was monitored using in situ PL spectroscopy. First, the
in situ monitoring signal peaks at different substrate tempera-
tures were calibrated by photoluminescence (PL) spectroscopy,
as shown in Fig. 1(a). The film exhibited a single peak at
834 nm, and the intensity of the characteristic peak was moni-
tored as a function of the film formation time. Consequently,
the film drying process as a function of drying time at
different substrate temperatures is shown in Fig. 1(b). With
solvent evaporation, the characteristic peak intensity gradually
decreases. Interestingly, the intensity of the characteristic
peaks decreases to a certain extent and then a plateau period
appears with constant intensity at room temperature. Among
them, the plateau indicates that the solution forms a wetting
layer upon spin-coating, which lasts approximately 3.5 s. In the
presence of the wetting layer, we considered that the viscous
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Fig.1 (a) The PL spectra of P(NDI20OD-T2) films in PX solvent. The

dashed line represents the solution state and the solid line represents
the solid state of film formation at different substrate temperatures. (b)
Results of in situ PL optical spectra intensity measurements as a function
of drying time of P(NDI20D-T2). (c) Equilibrium front evaporation speed
(Ve) during the spin coating experiment measured at different substrate
temperatures. (d) Schematic diagram of the P(NDI20D-T2) film for-
mation process.
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force imparted by the substrate is dominant in the film-
forming process. Subsequently, the intensity continued to
decrease gradually at approximately 5.4 s. Eventually, the
intensity of the characteristic peaks reaches a stable state, and
the whole film formation time is about 6.5 s. However, as the
substrate temperature increases, the time of film formation
and the plateau period also decrease. When the substrate
temperature is 80 °C, the whole film-forming process takes
about 1 s and a plateau of the characteristic peak intensity also
appears for a short period of time, and then the wetting layer
dries into a thin film. In contrast, when the substrate tempera-
ture increases to 100 °C and 110 °C, it can be found that the
plateau period of the peak intensity disappears. The intensity
of the characteristic peaks decreases rapidly to an unchanging
state. This indicates that the film is formed directly without
the intermediate wetting layer during the spin coating process.
Therefore, we proposed that the film formation with or
without an intermediate wetting layer was mainly determined
by solvent evaporation. The solvent evaporation speed can be
controlled through the substrate temperature. For P
(NDI20OD-T2) in PX solvent, the critical substrate temperature
for the disappearance of the intermediate wetting layer was
100 °C (Fig. 1(b)). Moreover, the solvent evaporation speed was
calculated using the model proposed by Janneck et al.,”® as
shown in Fig. 1(c) and Table S2.} As the substrate temperature
increases, the solvent evaporation speed also becomes pro-
gressively faster. The critical solvent evaporation speed of the
intermediate wetting layer disappearance was 137 pm s '
Below the critical evaporation rate, an intermediate wetting
layer stage was generated during the film deposition. In con-
trast, the wetting layer disappeared above the critical evapor-
ation speed. The schematic diagram is shown in Fig. 1(d).
Their major difference is whether there is an intermediate
wetting layer during the film deposition process.

To obtain kinetic information on the film-forming process,
we recorded the time-resolved in situ PL spectra of P
(NDI20OD-T2) at different deposition temperatures. The device
schematic diagram of in situ PL absorption spectroscopy is
shown in Fig. 2(a). The temporal evolution process from the
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Fig. 2 (a) Schematic diagram of the in situ PL absorption spectroscopy
device. (b—f) Time-dependent PL spectra of P(NDI20OD-T2) films at
various substrate temperatures, respectively.
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solution state to the solid state film is shown in Fig. 2(b-f).
The film formation time gradually shortened as the substrate
temperature increased. Throughout the film formation
process, regardless of the substrate temperature, the intensity
of the PL peak exhibits a time-dependent increase reaching a
maximum midway, a sweet spot in aggregate concentration
that maximizes the number of emissive aggregates.’” Then, as
the solvent further evaporates, the intensity gradually
decreases before levelling off. However, at low deposition
temperatures, the evolution process from the solution state to
the solid state film exhibits only a single peak of 0-0 at
834 nm. With the accelerated evaporation speed, an intermedi-
ate state of the 0-1 peak appears at 756 nm in addition to the
0-0 peak, followed by the disappearance of the 0-1 peak, and
the final film also shows a 0-0 single peak at 100 °C and
110 °C. It is attributed to the enhanced polymer chain motility
induced by the elevated temperature. The appearance of the
0-1 peak intermediate state indicates polymer chain rearrange-
ment during the film formation, which favours the ordering of
the final state film and promotes charge transport.

Morphology of P(NDI20OD-T2) films at different substrate
temperatures

To further explore the effects of various film deposition pro-
cesses on the microstructure at different substrate tempera-
tures, we characterized the film morphology using a trans-
mission electron microscope (TEM), as shown in Fig. 3(a-e).
Island aggregates and small-sized fibres were formed with a
fibrous length of about 90 nm and a fibrous width of about
4.2 nm at 25 °C substrate temperature. As the substrate temp-
erature increases, the island aggregates gradually decrease.
When the substrate temperature reaches 100 °C, the aggregates
disappear. The film morphology was uniform and the fibrous
size increased to an average length of about 185 nm and a
width of about 9.8 nm. The specific values of the fibrous
length and width are shown in Table S3.1 The optimization of
the film morphology facilitates charge transport. The mor-
phology on the molecular chain scale was further characterized
using cryo-TEM at 100k magnification, as shown in Fig. 3(f-j).
The observed striped patterns represented orderly arranged
molecular chain crystal lattices, and an increase in the size of
the crystalline region was also attained.However, upon elevat-

Fig. 3 TEM images of the P(NDI20D-T2) films at various substrate
temperatures. (a—e) Low-magnification images (30k) and (f-j) high-
magnification images (100k).

This journal is © The Royal Society of Chemistry 2024
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ing the substrate temperature to 110 °C, a gray pattern with
different shades appeared at the nanoscale due to fast solvent
evaporation, indicating significant inhomogeneity.

Moreover, the films within a small range of structural fea-
tures were further investigated by SAXS. The scattering pat-
terns and profiles are depicted in Fig. S1T and Fig. 4(a-e), and
the domain size was obtained from model fitting, as shown in
Fig. 4(f). With the increase in substrate temperature, the
domain size of P(NDI20D-T2) films gradually increased from
24.9 nm to 34.0 nm. Notably, the domain sizes obtained by
SAXS represent a nanoscale crystalline phase, while the fibrous
length and width measured by TEM reflect the microstructural
morphology of the film, comprising an ensemble of crystalline
and amorphous regions. Due to differences in the test scale
and observation methods, the size increase in SAXS is smaller
than the enlargement of the fibrous length as measured by
TEM. Nevertheless, regardless of the characterization tech-
nique, the size gradually increases with the increasing sub-
strate temperature. It is well known that matching the crystalli-
zation rate with the solvent evaporation speed can facilitate the
formation of large-sized domains. Herein, the relatively high
substrate temperature provides sufficient thermal energy for
crystal growth to accommodate the film formation process.
Therefore, a large crystallization domain was attained, which
may promote interchain charge transport.

To reveal the molecular orientation arrangement of the
films, detailed molecular packing was carried out using
GIWAXS characterization. The schematic diagram of the 2D
GIWAXS device is shown in Fig. 5(a). 2D GIWAXS images are
shown in Fig. 5(b-f). Two diffraction peaks (010) and (100) are
shown in the out-of-plane direction and (100) diffraction peaks
in the in-plane direction, indicating the coexistence of face-on
and edge-on orientations. For quantifying molecular orien-
tation details, we determined the proportions of face-on and
edge-on orientations by examining changes in the (100) peak
intensity with respect to the azimuthal angle (y). Specifically,
angles ranging from 0° to 45° were classified as indicative of
edge-on orientation, whereas those from 45° to 90° were attrib-
uted to face-on orientation™ (Fig. 5(g)). Through the inte-
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Fig. 4 (a—e) Representative SANS data fitted for P(NDI20OD-T2) films at

various substrate temperatures with the cylinder model. (f) Fitted
domain size as a function of substrate temperatures.
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gration of the respective peak areas, the contents of edge-on
and face-on oriented crystallites are quantized, as depicted in
Fig. 5(h). Notably, at a substrate temperature of 25 °C, the
content of edge-on oriented crystallites surpassed that of the
face-on oriented crystallites. With the substrate temperature
increasing, the face-on oriented crystallite content gradually
increased and dominated. This is due to the edge-on orien-
tation being a stable orientation of P(NDI20OD-T2),*® however,
the rapid film formation failed to reach a steady state, and
thus the film tended to adopt a face-on crystallite
arrangement.

The electrical performances of P(NDI20D-T2) films

Electrical performances are closely associated with the depo-
sition kinetics and film microstructure. To characterize the
electrical performances of P(NDI20OD-T2) thin films, we fabri-
cated OFETs with a bottom-gate top-contact structure as
shown in Fig. 6(a) and measured the corresponding electron
mobility. Fig. 6(b and c) show the transfer and output charac-
teristic curves for devices fabricated under varying film depo-
sition conditions. Consequently, the electron mobility values
are derived from the saturation regions as presented in
Fig. 6(d). As the substrate temperature increased, the electron
mobility of the films showed a trend of first increasing and
then decreasing. The optimal electrical performance was
obtained at a substrate temperature of 100 °C, and the corres-
ponding average charge carrier mobility is 0.33 + 0.02 cm® V*
s™!, coinciding with the disappearance of the intermediate
wetting layer. In this case, the polymer chains are rearranged
to form homogeneous fibres without detrimental aggregation.

Polym. Chem., 2024, 15, 4107-4114 | 4111
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Moreover, the domain and fibrous size increase, as character-
ized by SANS and TEM. All these contribute to the improved
electrical performance. However, further increasing the sub-
strate temperature resulted in heterogeneous films, which was
detrimental to the electrical performance.

To gain a deeper understanding of the solution processing
window, the correlation of the deposition processes should be
examined in other solvents, for example, OX, MX and Tol.
Similarly, the PL spectra of the solution and the film are
shown in Fig. 7(a-c), and all film spectra showed signal peaks
between 830 and 835 nm. These characteristic signal peak
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Fig. 7 (a—c) The PL spectra of P(NDI20OD-T2) films in different solvents.
The dashed line represents the solution state and the solid line rep-
resents the solid-state film during film formation at different substrate
temperatures. (d—f) The peak intensities of P(NDI20D-T2) from in situ
PL spectra as a function of drying time in different solvents. (g—i)
Electron mobilities of P(NDI20OD-T2) films as a function of substrate
temperatures in various solvents, respectively.
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coating experiment measured at different substrate temperatures. (b)
The V. of P(NDI20OD-T2) in different solvents at the critical temperature
of the intermediate wetting layer disappearance.

positions were used to monitor the film formation process at
various substrate temperatures, as shown in Fig. 7(d-f). The
characteristic peak intensity gradually decreased as the solvent
evaporated. An intermediate wetting layer was formed during
spin-coating at low substrate temperature. As the substrate
temperature increases, the wetting layer gradually disappears.
The critical substrate temperatures for the disappearance of
the intermediate wetting layer are 103 °C, 100 °C and 80 °C,
respectively. The electrical performances at different substrate
temperatures were also investigated, and the representative
output and transfer curves are shown in Fig. S2.7 In Fig. 7(g-i),
the optimal electron mobility was attained at the critical evap-
oration temperature, where the wetting layer disappeared
regardless of the solvents. The corresponding optimal average
electron mobility values were 0.32 + 0.03 cm” V™' s7% 0.31 +
0.04 cm® V' s7' and 0.21 = 0.03 cm® V™' s, respectively.
Therefore, based on the relationship between film deposition
conditions and electrical performance, we found that the
optimum charge carrier mobility was obtained in the inter-
mediate wetting layer disappearance process. Furthermore, we
also evaluated the solvent evaporation speed for different sol-
vents at various substrate temperatures as shown in Tables S4-
S6+ and Fig. 8(a). Interestingly, the evaporation speeds at the
temperature of the intermediate wetting layer disappearance
were all in the range of 130-140 ym s~ regardless of solvents,
as shown in Fig. 8(b). Therefore, we speculate that evaporation
speeds in this range could lead to the disappearance of the
intermediate wetting layer and provide optimal electrical
performance.

Conclusions

In summary, we revealed the relationship between the film
spin coating deposition process, morphology and electrical
performances. Thin films have a more uniform fibre mor-
phology and optimal electrical performance if they are directly
dry without undergoing the intermediate wetting layer during
the deposition process. The critical evaporation speeds of the
intermediate wetting layer disappearance were all in the range
of 130-140 pm s* regardless of the solvents. Furthermore,

This journal is © The Royal Society of Chemistry 2024
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through in situ PL spectral characterization, we confirmed that
the films are subjected to a polymer chain rearrangement
process during film formation without the intermediate
wetting layer. The improved film uniformity is beneficial for
enhanced charge carrier mobility. The relationship between
the film deposition process, microstructure and electrical per-
formance was also revealed in other solvents, which can serve
as generalized guidelines for conjugated polymer film
deposition.
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