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Vertical Phase Separation in Blended Organic
Semiconducting Films and Impact on Their Electrical and

Direct X-Ray Detection Properties

Maria Elisabetta Giglio, Elisabetta Colantoni, llaria Fratelli, Carme Martinez-Domingo,
Pedro Martinez-Zaragoza, Giulia Napolitano, Enrico Campari, Paolo Branchini,
Beatrice Fraboni, Laura Basiricé,* Luca Tortora,* and Marta Mas-Torrent*

Blends of small-molecule organic semiconductors (OSCs) and insulating
polymers in Organic Field-Effect Transistors (OFETs) are mainly used to assist
the solution-processing of OSCs, but they can also reduce interfacial charge
traps due to vertical phase separation. Such charge traps are known to affect
both the electrical response and radiation-induced charge collection capability
in these devices. This study aims to optimize vertical phase separation

in blend films of 1,4,8,11-tetramethyl-6,13-triethylsilylethynyl pentacene
(TMTES) and polystyrene (PS) to minimize charge trap density at the semicon-
ductor/dielectric interface, thereby enhancing the electrical performance and
direct X-ray detection sensitivity in OFETs. A PS mass concentration of 33% is
identified as optimal for achieving high-quality phase separation and favorable
film morphology. This formulation led to films with reduced interfacial hole
trap density and improved electrical and detection capacity, demonstrating a
hole field-effect mobility of (1.3 + 0.4) cm? V-! s~' and X-ray sensitivity of (5.6
+ 0.2) x 10° pC Gy~' cm~2 at low applied voltages. Remarkably, the molecular
weight of PS does not significantly impact vertical phase separation, thin film
morphology, or electrical properties. These findings are crucial for the devel-
opment of high-performance OFETs and their application as X-ray detectors.

are gaining considerable attention in
applications where traditional inorganic
materials fall short, such as in flexible
displays, wearable sensors, and emerging
technologies requiring adaptability.('-1]
Compared to their inorganic counter-
parts, organic semiconductors (OSCs)
offer distinct advantages such as re-
duced weight and compatibility with
flexible substrates and economical
large-area production methods.['*]
In particular, the use of solution shear-
ing techniques to deposit the OSC
active layers has emerged as a lead-
ing processing strategy for fabricating
large-area devices at low cost and high
throughput.'"®2*] These approaches can
produce high-quality, crystalline organic
films with precise control over molecular
orientation and film structure.[5-%8]

To achieve high OFET performance,
OSC films with high homogeneity,

1. Introduction

Over recent years, there has been considerable progress in the
advancements of Organic Field-Effect Transistors (OFETs), which

molecular order, and crystal packing —
ensuring an efficient electronic overlap,
especially in the plane parallel to the conducting channel — are
required.[?2729-31 Additionally, the interfacial trap density plays
a key role. In the energy gap of OSCs, electronic states can
arise due to chemical impurities or defects that trap mobile
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charge carriers, causing OFETs to deviate from ideal behavior.*?]
Charge traps can result in diminished OFET mobility, increased
threshold voltage (V,), increased subthreshold swing (SS), and
hysteresis in electrical curves, among other issues. To min-
imize electronic traps, various strategies for passivating the
OSC/dielectric interface have been developed, such as prepar-
ing self-assembled monolayers on the dielectric surfacel*-*%! or
using OSC blends.[>3¢#1] The presence of traps for majority
carriers can also significantly impact OFET performance when
used as photodetectors, due to the reduction in charge collection
capability.[*2-#4]

The development of OFETs for direct X-ray detection has re-
cently garnered extensive attention.**~!l As noted earlier, OSCs
provide advantages over traditional inorganic materials, making
them well-suited for applications requiring portable and adapt-
able detection systems, such as medical imaging and security
screening.>>7l Furthermore, OSCs have a low capacity for ab-
sorbing ionizing radiation due to their low atomic number and
density, making their radiation absorption similar to that of hu-
man tissue. This unique feature makes OSCs highly promis-
ing for integration in medical dosimetry, as it eliminates the
need for complex calibration procedures and enables the cre-
ation of a low-interference sensor that can be placed between
the radiation source and the patient without perturbing the pri-
mary beam.[*>*8-61] While human tissue equivalence represents
a highly desirable property for developing personal radiation
dosimeters, it also presents a major challenge in achieving high
X-ray detection capability with these materials. Besides the low
absorption of OSCs at high radiation energy, it is worth mention-
ing that another great challenge for the development of large-area
organic electronics is the reliability and reproducibility of the de-
vices, especially for their scaling up to multipixel and large-area
devices.

Previously, we reported the fabrication of OFETs for X-
ray detection based on thin films of blends of p-type small
molecule OSCs (i.e., 6,13-bis(triisopropylsilylethynyl) pentacene
(TIPS-pentacene), 1,4,8,11-tetramethyl-6,13-triethylsilylethynyl
pentacene (TMTES)) and polystyrene (PS) prepared using the
Bar-Assisted Meniscus Shearing Technique (BAMS).['7:62-64]
This work demonstrated that the addition of PS significantly
decreases the density of interfacial traps for majority carri-
ers (holes). This effect was attributed to the vertical phase
separation occurring during OSC deposition, which resulted
in the passivation of the trap states at the dielectric/OSC
interface. Consequently, this improved the electrical mobil-
ity of the device leading to an enhanced charge collection
and X-ray sensitivity. Consequently, a record sensitivity of
(1.65 + 0.05) x 10° uC Gy ! cm™ for X-ray detection was
achieved.[®?]

Control over phase separation is crucial for preparing homo-
geneous films and enhancing device performance. Ideally, the
OSC molecules should organize into a well-ordered layer at the
dielectric interface, establishing a channel with high charge car-
rier mobility.[®] Poor phase separation, however, can lead to a
mixed phase at the active interface with disordered domains, re-
sulting in reduced charge transport efficiency and lower mobility
in OFET devices.[%! Several factors can influence phase separa-
tion, such as the polymer binder’s permittivity,[“*’] the substrate
surface energy, %! or the OSC formulation.!”"!
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In this study, we aimed to systematically explore the influ-
ence of the (OSC):(Polymer) ratio and the polymer molecular
weight on the thin films’ morphological characteristics and as-
sess their impact on the interfacial charge traps and the overall
device’s electrical and detecting performance. Specifically, we se-
lected blend films of TMTES:PS as active OFET layers deposited
via BAMS (Figure 1a,b), since these have previously shown out-
standing performance and X-ray sensitivity.l®?) Our findings in-
dicate that adding a PS mass percentage of 15% sufficiently min-
imizes the density of interfacial charge traps for majority charge
carriers (i.e., holes), due to effective phase separation and dielec-
tric passivation, as confirmed by Time-of-Flight Secondary Ilon
Mass Spectrometry (ToF-SIMS) measurements. However, the op-
timal outcome in electrical mobility and X-ray sensitivity was ob-
tained with 33% PS, where films were morphologically more ho-
mogenous. These results provide insights into the role and con-
trol of phase separation and interfacial charge traps in enhancing
OFET performance and allow for optimization of detector sensi-
tivity to X-rays.

2. Results

OFETs in a bottom-gate, bottom-contact (BGBC) configuration
using interdigitated gold source-drain electrodes on Si/ SiO, sub-
strates were fabricated (Figure 1b). Thin films of TMTES, as
well as TMTES blended with PS, were prepared as active lay-
ers using the BAMS technique at a deposition speed of 10 mm
s7! under ambient conditions (see details in Experimental Sec-
tion). Building on previous studies,/®) we used PS as a low-
permittivity binder polymer and prepared 2% w/w solutions
of pristine TMTES and TMTES blended with PS (280 kDa) in
chlorobenzene. Previously, we also tested other binding poly-
mers such as poly(pentafluorostyrene) (PFS) and poly(methyl
methacrylate) (PMMA); however, the use of PS consistently led
to devices with higher performance and a lower level of interfa-
cial charge traps, probably due to its apolar nature and the fact
it does not interact strongly with the OSCs.[**271] Qur goal here
was to identify the optimal PS concentration required to achieve
effective phase separation, as shown in Figure 1c (i.e., efficient
dielectric/semiconductor trap passivation), and to preserve good
crystallization of the OSC for maximizing device performance.
For this, we tested a range of TMTES:PS volume ratios, expressed
as PS percentages with respect to the total mass: 2.5%, 5%, 10%,
15%, 20%, 33%, and 67%. Additionally, we fabricated devices by
blending the semiconductor with PS of different average molec-
ular weights (My,) of 280, 100 and 10 kDa at TMTES:PS ratios of
20%, 33%, and 67%.

The devices were electrically analyzed under ambient condi-
tions. Figure 2 displays the transfer characteristics in the satura-
tion regime, bias stress, and shelf stability measurements for two
representative devices: pristine TMTES and TMTES with 33% PS
(280 kDa) (see Supporting Information section for output char-
acteristics, Figure S1, Supporting Information, and additional
formulations, Figure S2, Supporting Information). As shown in
Figure 2a, the pristine TMTES OFETs exhibit pronounced hys-
teresis that can result from charge trapping,/>7%! and a thresh-
old voltage notably shifted toward positive values, with opera-
tion beginning at very high positive gate-source voltages (V).
Such a high positive V,;, is indicative of unintentional doping.
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Figure 1. a) Molecular structures of the materials used in fabricating OFETs’ active layer: the organic semiconductor TMTES and the polymer PS.
b) On the left, a schematic of the BAMS technique, illustrates the formation of a crystalline OSC blended film. The steel bar moves unidirectionally (arrow
direction), guiding the liquid meniscus over the substrate. On the right, the cross-sectional schematic of the OFETs fabricated in a BGBC configuration,
underlying the charge traps at the SiO, interface in dashed red c) Schematic illustration of vertical phase separation between TMTES and PS in the
deposited film, resulting in the formation of a new OSC/PS interface on top of SiO, dielectric layer.

In contrast, the TMTES:PS devices switch state within a much
lower voltage window of 5 V and demonstrate superior electri-
cal characteristics with minimal hysteresis and with a V,, close
to 0 V (Figure 2d). This is an indication that the use of PS im-
proves the stability and processability of the organic semiconduc-
tor under environmental exposure and also passivates charge car-
rier traps at the SiO, interface. The incorporation of a less polar,
low-dielectric constant polymeric layer on the dielectric should
reduce dipolar disorder and minimize carrier localization at the
interface, leading to a lowering of the charge trap density and a
narrower density of trap states.[3841:6477]

The operation stability of the TMTES OFETs with varying
PS content was assessed through bias stress measurements
conducted at a constant Vg of —10 V and drain-source volt-
age (Vpg) of —1 V under ambient conditions between succes-
sive transfer curves. Bias stress characteristics are presented in
Figure 2b,e, and Figure S2 (Supporting Information), with the
extracted threshold voltage shifts over time shown in Figure S3
(Supporting Information). Pristine TMTES OFETs (0% PS) dis-
play a large positive Vy, shift under bias stress, with an increase
exceeding 10% from the initial value at 105 min which further
rises to nearly 30% after 225 min (Figure 2b). Devices with low PS

Adv. Electron. Mater. 2025, 2400887 2400887 (3 of 11)

content (2.5% and 5%) show moderate improvement in bias sta-
bility compared to pristine devices, with Vy, shifts initially close to
zero but gradually increasing with stress time. After 225 min, de-
vices with 2.5% and 5% PS exhibit a shift of #12%, which reaches
20% at 285 min, indicating partial stabilization. At 10% PS con-
tent, a distinct shift behavior emerges, as devices begin exhibit-
ing a negative threshold voltage shift instead of the positive trend
seen in devices with lower PS content or no PS. This negative
shift intensifies over time, reaching ~—20% at 285 min. Devices
containing 15% or higher PS content exhibit markedly enhanced
bias stability, with threshold voltage shifts remaining below 10%
up to 165 min and only reaching ~12% after 285 min, indicating
a significantly stable performance over prolonged stress. As PS
content increases further to 20% and 33% (Figure 2e), stability is
enhanced even more, with Vy, shifts remaining close to zero or
slightly negative throughout the bias stress period. Notably, 15%
PS can be identified as the minimum concentration required to
achieve a notable reduction in bias stress shifts, likely due to ef-
fective trap passivation at the dielectric/semiconductor interface.

Our observations suggest that PS is influencing the charge dy-
namics at the semiconductor/dielectric interface, especially un-
der prolonged bias stress.”®”°! The positive V,, shifts observed
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Figure 2. Electrical performance of two representative OFETs: a—c) pristine TMTES film and d—f) TMTES blended film with a 2:1 ratio (33% PS 280 kDa
content). Panels a) and d) show the transfer characteristics in the saturation regime, b) and e) display the transfer curves after multiple cycles of bias
stress at Vg = =10V and Vpg = =1V, and ¢) and f) illustrate the shelf stability of the devices.

in devices with PS content <10% during the bias stress measure-
ments performed under an ambient environment can be linked
to doping effects from oxygen(3¢881] or to trapping of minority
carriers (electrons) which lead to the injection of more mobile
majority carriers (holes) to ensure charge neutrality.®1#%] In the
latter case, high gate voltages and prolonged stress time would ex-
acerbate electron injection and trapping, shifting the turn-on volt-
age for hole conduction to more positive values. In contrast, in
the films with a PS content >10% the negative V,, shift observed,
commonly reported in the literature,3284881 ig attributed to hole
trapping near the semiconductor/dielectric interface. Traps often
arise from OH groups, defects, and dipole moments on the SiO,
surface, aggravated by water infiltration under applied gate and
drain bias. Increasing the PS content further enhances the pas-
sivation of the hole traps at the SiO, interface, progressively sta-
bilizing the device’s performance under bias-stress conditions.
Hence, the PS matrix prevents the formation of charge-trapping
sites at the OSC/PS interface and inhibits the diffusion of oxygen
and moisture into the OSC/dielectric interface.[*%]

Additionally, the TMTES:PS devices demonstrated excellent
shelf stability, maintaining their operation unchanged for up
to 60 days post-fabrication (Figure 2f). Conversely, the pristine
TMTES OFETs show poor long-term stability, marked by a sub-
stantial negative shift in V,, over the same time period after fab-
rication, likely due to the progressive increase in water-induced
traps due to prolonged storage of the devices and their exposition
to air. (Figure 2¢).8-1 This shift reached 57% with respect to the
initial value measured on the preparation day.

The main electrical OFET parameters — hole field-effect mobil-
ity in saturation regime (u,,) and V,, — together with the interfa-
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cial charge trap density estimated from the sub-threshold swing
(see Experimental Section), have been extracted for all the devices
and are illustrated in Figure 3 (data also summarized in Table S1,
Supporting Information). It can be observed that devices based
on pristine TMTES exhibit the lowest mobility and the highest
positive threshold voltage. As the PS concentration increases, the
device mobility improves (Figure 3a), and theV,, shifts toward 0 V
(Figure 3b). At 15% of PS, the V, stabilizes at a value close to 0V,
while the mobility keeps increasing until reaching its maximum
value at 33% of PS. Beyond this point, adding more PS results in
a mobility decrease. The maximum field-effect mobility achieved
in saturation regime is (1.3 + 0.4) cm? V~! 571, more than an or-
der of magnitude higher with respect to the pristine films which
is (0.09 + 0.01) cm? V- s7L.

Analyzing the density of interfacial hole traps (N,, Figure 3c),
we observed the same trend as for the threshold voltage: N, de-
creases with PS until stabilizing at 15% PS, where the trap den-
sity is almost one order of magnitude lower than the values found
for the pristine films. Thus, this data suggests that 15% PS is the
minimum required polymer amount to efficiently passivate traps
at the dielectric/semiconductor interface, resulting in a lower
density of hole traps and undoped devices. However, the charge
transport along the OSC thin film is further improved by adding
up to 33% of PS. This implies that, in addition to charge traps at
the dielectric/semiconductor interface, other morphological fac-
tors may play a role in the thin film transport properties.

As previously mentioned, the OFETs were also characterized
as X-ray detectors. In Figure 3d the OFETs sensitivity measured
under X-ray exposure is reported. The devices were irradiated
using X-ray radiation produced by a W-target X-ray tube kept
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Figure 3. Mean values and standard deviations of key OFET parameters: a) hole field-effect mobility in the saturation regime, b) threshold voltage,
c) density of hole traps at the dielectric interface, and d) sensitivity in X-ray detection. Measurements were conducted for active layers consisting of
pristine TMTES and TMTES blends at various TMTES:PS blending ratios, expressed as PS (280 kDa) mass percentages.

at 40 kVp and by varying the intensity of the beam in the dose
rate range of 1.3 — 6.6 mGy s™. During the experiment, the
radiation-induced photocurrent flowing within the OFET chan-
nel was monitored in real-time by externally biasing the device in
a saturation regime (Vg = —2.5 V and Vg = =10 V). The detec-
tor was subjected to initial conditioning (i.e., biasing in the dark
condition) for 2 min in order to reach the dynamic equilibrium of
the system and reduce bias stress effects to negligible values. The
sensitivity values have been extracted from the Photocurrent ver-
sus Dose Rate plots as the slope of the linear fitting curve (see Ex-
perimental Section and Figure S4, Supporting Information). The
X-ray sensitivity trend with PS concentration shown in Figure 3d
(see also Table S1, Supporting Information) follows the same be-
havior as the OFET mobility, reaching the highest value at a PS
mass percentage of 33%, where a sensitivity of (5.6 + 0.2) X 10°
pC Gy~! cm~? was measured, which is consistent with our pre-
vious findings.[®”) The similar trend observed for electrical mo-
bility and X-ray sensitivity demonstrates that the optimization of
the OFET transport properties (i.e., passivation of trap states for
majority carriers and fine-tuning of the OSC crystallization pro-
cess) is an effective route to boost the collection efficiency of the
detector.

To confirm that the observed variations in device performance
are exclusively attributable to changes in crystal domain size and
phase separation effectiveness and not to the formation of dif-
ferent polymorphs, we performed X-ray diffraction (XRD) anal-
ysis on all deposited films (Figure S5, Supporting Information).

Adv. Electron. Mater. 2025, 2400887 2400887 (5 of 11)

As described in our previous study,!®?! the XRD measurements
showed only peaks corresponding to crystals oriented with the ab
plane parallel to the substrate. Additionally, all films crystallize in
the Polymorph II (PII) phase, which is known for its herringbone
stacking motif.[%%]

The films’ morphology was characterized using Cross-
Polarized Optical Microscopy (POM), Atomic Force Microscopy
(AFM), and surface chemical mapping through ToF-SIMS. Addi-
tionally, chemical depth profiling analysis was performed using
ToF-SIMS to evaluate the phase separation between the OSC and
the binder polymer, following the experimental approach already
adopted in previous works.[629394]

POM images of the films with 0%, 15%, 33%, and 67% PS con-
tent are shown in Figure 4a (see Figure S6a, Supporting Informa-
tion for additional formulations). The images show the formation
of highly crystalline films with extensive coverage and morpho-
logical uniformity, exhibiting spherulitic domains. A significant
change in the density of crystal domains between the pristine
and blended films can be also observed, as confirmed by the ToF-
SIMS surface chemical maps of total ions shown in Figure 4b.
Both POM and ToF-SIMS techniques reveal that as the PS con-
tent increases, the films become increasingly homogeneous, with
this trend continuing up to 33% PS. Beyond this concentration,
however, film uniformity decreases. This finding is in accordance
with the mobility and sensitivity trend that we discussed above.

In order to gain insights into the vertical phase separation, ToF-
SIMS depth profiles of TMTES, PS, and SiO, were determined

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AR 3(cfedt dde au Aq pauenob ae sl VO ‘85N JO SNl o} Akeiq 18Ul UO AS]IA LIO (SUONIPUOD-PUE-SWLBIALID" A3 | IM Afe.d 18Ul UO//STIY) SUORIPUOD Pue S | 81 89S *[6202/£0/0T] Uo AfelqiTauluo A(1m 20a 7 ediq WIS ealy Aq 288007202 W Be/Z00T OT/I0p/L0o A | Im Afe.d 1jou U peoURARe//SANY WO papeo|umod ‘0 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

L4 e e
ES o o

Normalized Intensity (a.u.)

S
N

0
0 500 1000 1500 2000 O 500

1000 1500 2000 0 500 1000 1500 2000 O 500 1000 1500 2000
Sputter Time (s) Sputter Time (s) Sputter Time (s) Sputter Time (s)
1 1 1 1 [
| | | 1 v
0% 15% 33% 67%

PS content

Figure 4. a) POM images with a 50um scale bar (white). b) ToF-SIMS surface chemical maps of total ions with a 20 um scale bar (black). c) Normalized
(to maximum) depth profiles obtained by ToF-SIMS in the channel area of the OFETs. The PS (280 kDa) content in the film increases progressively from
left to right as a percentage of the total mass (TMTES + PS). The ToF-SIMS analysis starts at the film’s outer surface and extends to the SiO, layer.
The TMTES signal is represented by average of SiC™, SiCH™, SiC,H™, SiCsH, ™, SiC;H,™ species (red curve), the PS signal by the average C3H;™, C,H3™,
CsH;3™, CgH3™, C;H;™ ions (green curve), and substrate is represented by the SiO,~ ion (black curve).

by averaging the intensities of their characteristic secondary ions
(Figure 4c; Figure S6b,c, Supporting Information). Specifically,
for TMTES the average signal was obtained using SiC~, SiCH™,
SiC,H™, SiCsH, ", SiC,H, ™ species, and C;H,~, C,H;~, C;H;,
C¢H;~, C;H;™ ions for PS. SiO,~ ion was selected as a tracking
signal or the substrate. Detailed methodology for this analysis can
be found in the Experimental Section. These ions originate from
the active channel region of the OFETs and the dielectric surface.
In the sample without PS, the characteristic signal of TMTES (red
curve) shows a well-defined OSC layer. When the PS is added ata
low percentage (2.5%, 5%, 10%,), the semiconductor layer seems
to be well mixed with the polymer; this can be appreciated in
Figure S6 (Supporting Information) where the PS signal (green
curve) reveals a depth distribution similar to TMTES. At 15% PS
(Figure 4c), the localization of the polymer starts to change, indi-
cating a segregation of PS from the TMTES. This transition re-

Adv. Electron. Mater. 2025, 2400887 2400887 (6 of 11)

gion becomes more pronounced at 33% and 67% PS, suggesting
that when the polymer concentration becomes prevalent with re-
spect to the OSC, a vertical phase separation occurs between the
two compounds.

These results further confirm that PS acts as an effective di-
electric passivation layer. They also establish a threshold of 15%
PS content, from which point the vertical phase separation be-
tween the OSC and the polymer becomes evident. These find-
ings are in agreement with the electrical characterization, since
at this PS content the density of hole traps and the threshold volt-
age reach the optimum values. Moreover, the amount and size
of the crystal domains (Figure 4a; Figure S6a, Supporting Infor-
mation) continue to change with increasing PS concentration up
to 33%, which is the formulation where the highest field-effect
mobility and X-ray sensitivity were found. Consequently, varia-
tions in mobility and X-ray sensitivity in the range 15-33% PS

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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are more closely associated with changes in thin film morphol-
ogy (i.e., grain density in the crystal domains), rather than with
interfacial trap states passivation which is already optimized with
a 15% PS content. The observed variations in domain size are
likely attributed to the increased vertical phase separation as the
presence of PS is enhanced. We cannot rule out that the use of
another coating technique or the modification of the deposition
parameters, such as temperature or speed, could permit us to fur-
ther increase the percentage of PS above 33% without compro-
mising the thin film homogeneity and the device performance.
However, this is out of the scope of this work.

Further characterization of the TMTES and TMTES:PS thin
films was performed using AFM, as shown in Figures S7 and S8
(Supporting Information). The films demonstrated notably low
surface roughness, with mean values of 25.1 + 0.9 nm for pris-
tine TMTES and down to 5.3 + 0.4 nm for TMTES at 33% PS
content. Roughness values for all PS percentages and molecu-
lar weights are detailed in Figure S8a (Supporting Information).
Additionally, the average thickness of the pristine and blended
films was measured to be 34 + 1 and 42 + 2 nm, respectively,
as shown in Figure S8b (Supporting Information). As expected,
increasing the PS content results in progressively smoother and
more homogeneous film surfaces. The presence of PS in solution
enhances surface wettability, promoting better spreading and lev-
eling of the OSC layer while also supporting the crystallization
process of the OSC.[223895-105] Fyrthermore, optimized PS con-
tent and effective phase separation mitigate the roughness typi-
cally associated with large grains and grain boundaries, yielding
well-defined domains, improved molecular alignment, and fewer
defects,[40.66,67,106-109]

We further investigated the effect of blending PS with lower
My, (i.e., 10 and 100 kDa), maintaining a constant PS content
of 33%. Surprisingly, our analysis showed minimal impact of PS
molecular weight on phase separation, crystallization, electrical
performance, or X-ray sensitivity (Figure 5). The key electrical pa-
rameters for different My, are presented in Figure 5a,b, and Table
S1 (Supporting Information). Electrical characteristics and AFM
topological images are reported in Figures S9 and S10 (Support-
ing Information), respectively.

Previous studies have demonstrated that varying the My, of
binder polymers like PS significantly influences viscosity, solu-
bility, miscibility, and phase separation, which in turn affect film
morphology and charge transport.[27:38100105.110-112] [y addition,
factors such as solvent choice, surface energy, coating technique,
and coating parameters play essential roles in regulating phase
segregation and the compositional structure of blend films. A
previous work on TIPS-pentacene blends with PS highlighted the
dependence of the polymer My, on the device performance.l'! It
was found that there was an interplay between the coating speed
and My, that determined the device mobility. Interestingly, it was
found that at the highest tested shearing speed (4 mm s~!), mo-
bility was largely unaffected by My,. Similarly, a study on the
OSC DiF-TES-ADT blended with PS showed that increasing so-
lution shearing speed from 0.1 to 1.7 mm s~! reduced mobility
differences across a broad range of PS My, (from 10* to 10°).1]
The authors also reported that the use of high-My, led to films
with larger crystalline domains and more efficient phase sepa-
ration, which was attributed to the higher solution viscosities of
high-My, solutions that promoted more homogeneous films. In
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all these examples, the deposition rate is very low, so it is ex-
pected that in the coating process, a wet film is first formed and
then the OSC crystallizes. In our work, the TMTES:PS films are
deposited at a much higher solution shearing speed of 10 mm
s71. In this regime, the crystallization occurs in the evaporation
regime and the OSC crystallizes in the meniscus line during the
coating. Thus, evaporation dynamics appears to be the dominant
factor affecting the thin film morphology and phase separation,
and ultimately the electrical properties of the devices. In our par-
ticular case, we observed no significant impact on phase sepa-
ration, trap passivation, and film homogeneity with varying PS
My, leading to similar transport properties across all My, tested.
Although a few studies have explored systematically the effect
of PS My, on phase separation and charge transport in OFETS,
our results align with previous findings, suggesting that at high
shearing speeds when the OSC crystallization is faster, both mor-
phology and phase separation are less affected by My,. Thus, our
results indicate that in our system and with the tested My, range,
adjusting the concentration of PS is more critical for achieving
enhanced performance than varying its molecular weight.

3. Conclusion

This work shows that adding PS, an insulating polymer with
low permittivity, significantly improves the processability, crys-
tallinity, electrical response, and stability of TMTES-based
OFETs. The devices also exhibited enhanced sensitivity under X-
ray exposure, emphasizing their potential for applications in X-
ray detection.

Our results show that PS concentration plays a crucial role in
determining device operation. We explored various TMTES:PS
ratios (as PS mass content %) to identify the ideal concentration
for achieving effective phase separation and maximum perfor-
mance. A PS content of 15% and above consistently promoted
appropriate phase segregation to achieve efficient interface pas-
sivation. This leads to devices with a minimized density of in-
terfacial traps exhibiting a higher environmental and operational
stability. However, thin film uniformity can be further optimized,
which can be caused by an enhanced vertical phase separation,
by increasing the PS content up to 33%, where the maximum
field-effect mobility and X-ray sensitivity are observed. However,
beyond this concentration, crystallization quality begins to deteri-
orate, leading to reduced mobility and X-ray sensitivity. Addition-
ally, the average molecular weight of PS was found to have no
significant impact on crystallization, electrical properties, or sen-
sitivity to X-rays, suggesting that optimizing PS concentration is
more critical than its molecular weight in the coating conditions
used in this study. Remarkably, the optimized devices found with
a 33% PS exhibited a high hole field-effect mobility of (1.3 + 0.4)
cm? V-1 s7! and X-ray sensitivity of (5.6 + 0.2) X10* pC Gy~ cm 2
at low operating voltages (Vs = —2.5 Vand Vg = —10V).

This study demonstrates that the use of binding polymers rep-
resents a highly promising route to realize reliable OFETs, which
can be fabricated using a scalable low-cost printing technique.
Further, this work sheds light on the key factors that influence
their performance, reliability, and also their X-ray detection capa-
bilities, laying the groundwork for practical applications in direct
high-energy radiation sensing with organic materials, such as for
medical dosimetry and diagnostic purposes.
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Figure 5. a) Hole field-effect mobility and X-ray detection sensitivity. b) Threshold voltage and charge trap density for majority carriers (holes) at the
dielectric interface. These values were obtained from OFETs with TMTES films blended with 33% PS content, using different PS My, . ) ToF-SIMS surface
chemical maps of total ions with a 20 um scale bar (black). d) Normalized (to maximum) depth profiles obtained by ToF-SIMS in the OFET channel area.
Here, the molecular weight of PS (33% content) increases from left to right. The ToF-SIMS analysis spans from the film’s outer surface to the SiO, layer.
The TMTES signal is represented by the average of SiC™, SiCH™, SiC,H™, SiCsH,™, SiC;H,™ species (red curve); the PS signal by the average C3H;3™,
C4H3™, CsH3™, CgH3™, C;H3™ ions (green curve); the substrate is represented by the SiO,™ ion (black curve).
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4. Experimental Section

Materials and Solutions Preparation: TMTES and PS with molecular
weights of 10, 100, and 280 kDa were sourced from Ossila and Merck, re-
spectively, and used as received. 2,3,4,5,6-pentafluorothiophenol (PFBT)
was purchased from Merck. Solutions of TMTES and PS were separately
prepared in anhydrous chlorobenzene with a concentration of 2.0% w/w.
For the preparation of blends, these solutions were mixed in TMTES:PS
volume ratios of 39:1, 19:1, 9:1, 17:3, 4:1, 2:1, and 1:2, yielding final PS
concentrations of 2.5%, 5%, 10%, 15%, 20%, 33%, and 6 7% by mass The
solutions were fully dissolved at 60 °C and heated to 105 °C, the deposition
temperature, immediately before use.

Device Fabrication: Interdigitated gold electrodes were patterned on
heavily p-doped silicon wafers (Si-Mat) with a 200 nm SiO, layer using
positive photolithography. A 5 nm chromium adhesion layer followed by
a 40 nm gold layer was thermally evaporated onto the wafers. The de-
vice geometry was designed with a channel length (L) of 25 um and
a width/length (W/L) ratio of 100, resulting in a pixel area of 3.825 x
1073 cm?. Substrates underwent a cleaning procedure involving three
15-minute sonication cycles in acetone, followed by isopropanol (HPLC
grade), and were dried using a nitrogen flow.

The gold surfaces of the electrodes were exposed to ultraviolet ozone
treatment for 25 min and then immersed in a 15 mm solution of 2,3,4,5,6-
pentafluorothiophenol (PFBT) in isopropanol for 15 min to form a self-
assembled monolayer. The substrates were subsequently rinsed with pure
isopropanol to remove excess PFBT and dried under nitrogen.

The deposition of the active semiconductor layer was performed us-
ing the Bar-Assisted Meniscus Shearing (BAMS) technique, a method se-
lected for its precision in controlling film thickness and morphology. The
TMTES solutions, prepared as described, were utilized as inks for this pro-
cess. To initiate the thin-film coating, substrates were placed on a heated
platform maintained at 105 °C. A volume of ~40 uL of the blend solution
was dispensed between the substrate and a cylindrical steel bar designed
for the BAMS method. The meniscus was then sheared across the sub-
strate at a controlled speed of 10 mm s~'. This shearing action facilitated
uniform film formation, while the elevated temperature promoted rapid
solvent evaporation, resulting in immediate film drying.

All deposition and coating steps were carried out under ambient con-
ditions, which ensured consistent film quality without necessitating addi-
tional post-deposition thermal treatments.

Film Characterization: Optical microscopy was performed using an
Olympus BX51 microscope equipped with a polarizer and analyzer to cap-
ture detailed images of the thin films. The images were taken under bright
field and cross-polarization conditions using two polarizer filters at 5x,
20x and 50x magpnification.

XRD was conducted using a Siemens D5000 diffractometer, employing
Cu K-alpha radiation with a wavelength of 0.1540560 nm in a theta/2theta
geometry to analyze the crystalline structure of the films.

AFM imaging was carried out with a Park System NX10. AFM measure-
ments were conducted in non-contact mode. The resulting topographical
data were analyzed using Gwyddion software, where a specific tool within
the software was employed to calculate the roughness and thickness of
the films.

ToF-SIMS measurements were performed using a ToF-SIMS V instru-
ment (ION-TOF GmbH, Muenster, Germany). A low-energy electron flood
gun (20 V) was used for charge compensation. The base pressure of the
analysis chamber during the ToF-SIMS data acquisition was equal to 10—
9 mbar. Surface analysis data were acquired in high lateral resolution mode
using Bi3++ primary ions at 30 keV with a pulse width of 18.4 ns and a
current emission of 0.4 pA. For depth profiling in dual-beam mode, the
analysis beam was combined with a sputter ion gun producing Cs+ ions
at 500 eV (current 10 nA). The analysis area of the surface chemical maps
was 100 um X 100 um. Sputtering was carried out over 300 um x 300 um ar-
eas inside the OFET active layer. Depth profiles were acquired over 100 um
X 100 pum areas within the center of the sputter crater. Secondary ions were
extracted at 2 kV and detected with a time-of-flight mass analyzer. A cycle
time of 100 ps allowed to obtain a mass range from 1 to 900 m/z. Neg-
ative mass spectra were calibrated using CH™, Si~, C;~, and Cy,Hs(Si, ™
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signal peaks. The mass resolution achieved was more than 5000 m/Am
for all the analyzed masses. Mass spectra and depth profile signals were
exported for further analysis by SurfaceLab v6.5 software. A list of char-
acteristic secondary ions was obtained for TMTES and PS mass spectra
through a multivariate analysis approach.

Device Characterization: The OFETs were analyzed by measuring their
transfer and output characteristics using an Agilent B1500A semiconduc-
tor device analyzer connected to a Karl SUSS probe station, all conducted
under ambient conditions without encapsulation of the devices. The hole
field-effect mobility and the threshold voltage were determined in the sat-
uration regime. Mobility was calculated following Shockley’s classic FET
model and is described by the following equation:

2
ot |9V Ilos]

v | 5v— M
WC,, Ves

Hsar =

where C,, is the insulator capacitance per unit area (17.26 nF cm~2), and
W and L are the channel width and length, respectively. A linear fit of the
square root of the measured drain-source current (Ips) versus Vgs was
applied to derive yg,, and Vy;,. The subthreshold swing was calculated and
used to estimate the density of interfacial traps for majority carriers (holes)
per unit area:[113]

_ (9 (Loglps) B
>3 = ( Vgs > @
N~ Cox gss ] 3
Yy [kBTInUO) - ] @)

where q is the electronic charge, kg is the Boltzmann constant, and Tis the
absolute temperature. Device parameters were extracted from 135 devices
to ensure consistency and reproducibility.

Bias stress measurements of the OFETs were conducted atconstant Vg
of =10 V and Vg of =1V, under ambient conditions, between succes-
sive transfer characteristic measurements. Shelf stability was assessed by
storing the samples in an inert atmosphere and measuring their transfer
characteristics in saturation regime under ambient conditions.

For X-ray irradiation tests, the X-ray broad spectrum provided by a
tungsten-target tube with an accelerating voltage of 40 kVp and dose rates
in the range 1.3 —6.6 mGy s~ ', measured with an error below 5% by means
of the BARRACUDA X-Ray Analyser from RTI was employed. The mean
photon energy in this irradiation condition was 15.2 keV. During these
measurements, the samples were kept in a metal Faraday cage to keep
the sample in the dark and to screen the external electromagnetic noise.
The devices were irradiated by four subsequent 60 s irradiation cycles fol-
lowed by 60 s of X-ray off. During the experiment the OFETs were biased
(Vgs = —2.5 V and Vg = =10 V) and the current flowing in the OFET’s
channel Ipg was continuously monitored in real-time. The detector was
subjected to an initial conditioning (i.e., biasing in the dark condition) for
2 min. The photocurrent induced for each X-ray beam intensity was cal-
culated as the difference between the Ig when the sample was irradiated
and the Ipg flowing in the dark condition. The sensitivity was calculated as
the linear fitting curve slope of the Photocurrent versus Dose Rate plot.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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