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Spatially nanoconfined N-type polymer
semiconductors for stretchable
ultrasensitive X-ray detection

YangshuangBian1,2, Kai Liu1,2, YangRan1,2, Yi Li3, YuanhongGao4, ZhiyuanZhao1,2,
MingchaoShao1,2, Yanwei Liu1,2, JunhuaKuang1,2, ZhihengZhu1,2,MingcongQin1,2,
Zhichao Pan1,2, Mingliang Zhu1,2, Chenyu Wang1,2, Hu Chen3, Jia Li5, Xifeng Li3,
Yunqi Liu 1,2 & Yunlong Guo 1,2

Polymer semiconductors are promising candidates for wearable and skin-like
X-ray detectors due to their scalable manufacturing, adjustable molecular
structures and intrinsic flexibility. Herein, we fabricated an intrinsically
stretchable n-type polymer semiconductor through spatial nanoconfinement
effect for ultrasensitive X-ray detectors. The design of high-orientation nano-
fiber structures and dense interpenetrating polymer networks enhanced the
electron-transporting efficiency and stability of the polymer semiconductors.
The resultant polymer semiconductors exhibited an ultrahigh sensitivity of
1.52 × 104 μC Gyair

−1 cm−2, an ultralow detection limit of 37.7 nGyair s
−1 (com-

parable to the record-low value of perovskite single crystals), and polymer film
X-ray imagingwas achieved at a lowdose rate of 3.65μGyair s

−1 (about 1/12 dose
rate of the commercial medical chest X-ray diagnosis). Meanwhile, the hybrid
semiconductor films could sustain 100% biaxial stretching strain with minimal
degeneracy in photoelectrical performances. These results provide insights
into future high-performance, low-cost e-skin photoelectronic detectors and
imaging.

The continuous quest for portable inspection equipment and
implantable healthcare monitors in recent years is facilitating the
development of next-generation flat-panel detectors. Actually, X-ray
detectors with ultra-flexibility, high skin conformability and superior
spatial resolution are easily integrated with curved objects, moving
entities, and internal physiological systems, and they demonstrate
tremendous potentials to shape human lives for more convenience
and safety1,2. Consequently, the current focus is mainly on increasing
X-ray detection sensitivities by exploring innovative materials
(such as perovskites3–7, metal–organic frameworks8,9, organic small
molecules10–13, and organic–inorganic hybrid materials14–17) and

designing device configurations (such as heterojunction-based X-ray
phototransistors18,19), with the aim of significantly enhancing the
conversion efficiencies of X-ray detectors and simplifying the man-
ufacturing procedures. However, none of the aforementioned
materials can be adapted into skin-like photoelectric devices due to
their stiffness and incompatibility with the complex surface of
organisms. Thus, the development of intrinsically flexible and highly
sensitivematerials for skin-like X-ray detection is of high importance.

Polymer semiconductors are characterized by designable mole-
cular structure, intrinsic flexibility, solution processability, and cost-
effective advantages, which have since been extensively employed in
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flexible and stretchable electronic devices20–22. Currently developed
hybrid polymer semiconductors consisting of elastomers and con-
jugated polymers have been certified to sustain high biaxial stretch-
ability up to 100% strain with minimal degradation of electrical
performances23–27. Nonetheless, only a few p-type conjugated poly-
mers, such as poly(3-hexylthiophene) and diketopyrrolopyrrole-based
polymers24,28,29, and almost no n-type polymers were reported for skin-
like devices. Actually, a large number of n-type conjugated polymers
have been invented for photoelectronic devices, such as organic solar
cells, organic light-emitting devices, and complementary logic
circuitry30. However, the non-existing methods for tuning tensile
properties as well as the poor stability of n-type conjugated polymers
pose a huge challenge in achieving both stretchability and efficient
electron transport for the materials. Another challenge lies in the
n-type photoactive materials that are still developing, as they are
required to display high sensitivities, fast responses, and good stabi-
lities even under strain and irradiation for intrinsically stretchable
detectors.

Based on these existing problems and challenges, we fabricated
the intrinsically stretchable n-type hybrid polymer semiconductor
through spatial nanoconfinement effect using a nonchlorinated
solvent-processed polymer (FIID-CF3TVT)

31 as both the photo-
sensitive and electron-transporting material. The highly aligned
interpenetrating polymer nanofiber networks and the low trap den-
sity of the FIID-CF3TVT-based hybrid polymer semiconductor sig-
nificantly improved the electron-transporting efficiency by the off-
center spin-coating (OCSC)methodology, as illustrated in Fig. 1a. The
existence of fluorine atoms was beneficial for decreasing the sus-
ceptibility of the polymer semiconductor to moisture, oxygen, and
high-energy photon irradiation32. The prepared stretchable n-type
hybrid polymer semiconductor showed ultrahigh photosensitivity
(1.52 × 104 μCGyair

−1 cm−2, which is one of the highest values reported
for X-ray detectors), an ultralow limit of detection (37.7 nGyair s

−1,
that is comparable to the existing record-low value reported for
CH3NH3PbBr3-xClx perovskite single crystals33), and excellent
mechanical stability (>1000 stretching cycles under 25% strain). The
enhanced electron transport, especially the subthreshold swing that
was significantly reduced by six times, facilitated a fast response time
of 40ms (which was nearly 1000 times quicker than the reported
organic X-ray detectors based on OFETs10) and a high on-current/off-
current (Ion/Ioff) ratio of 102 (that is 25 times higher than the reported
organic semiconductor of TIPS-pentacene12). In this work, the poly-
mer X-ray imaging was achieved at a low-dose rate of 3.65μGyair s

−1,
which will afford insights toward developing high-performance and
low-cost imaging systems.

Results
Control of spatially nanoconfined morphology and realization
of high-orientation nanofibers
In this stretchable hybrid semiconducting system, an n-type polymer
semiconductor (FIID-CF3TVT)

31 was employed as the electron-
transporting component while an elastomer, styrene-ethylene-
butylene styrene elastomer (SEBS), was used as the plasticizing com-
ponent (the chemical structures of FIID-CF3TVT and SEBS are shown in
Fig. 1b). The similar surface energies of the conjugated polymers and
elastomer polymers ensured the formation of a homogeneous
microphase separation and spatially nanoconfined morphology in the
hybrid system23 (Supplementary Fig. 1 and Supplementary Table 1),
which enabled high strain-tolerance capacity of the conjugated poly-
mers without sacrificing its intrinsic photoelectronic properties34.
However, the influencing factors on the formation of the spatially
nanoconfined morphology in a conjugated polymer/elastomer hybrid
system remain unclarified. To address this conundrum, we explored
the spatially nanoconfined morphology of the n-type hybrid polymer
semiconductor films by altering several parameters including the SEBS

contents, solvent type, annealing temperature, and spin-coating con-
ditions. From atomic force microscopy (AFM) height images, the
nanofibers of the hybrid polymer semiconductor films were thinner
and denser with increasing SEBS content and spin-coating speed,
which might result from the slow nucleation and suppressed crystal
growth of the conjugated polymer semiconductor wrapped by the
SEBS matrix (Supplementary Figs. 2 and 3). Nonetheless, the variation
of the annealing temperatures showed minimal effects on the nanofi-
ber morphologies (Supplementary Fig. 2). The solvents produced
certain effects on the polymer networks. For example, the hybrid
polymer semiconductor films with 50wt% SEBS prepared from chlor-
obenzene exhibited a denser network than that from the dimethyl-
benzene. Therefore, these results provide a basis for the rational
predictions and designs of the spatial nanoconfined morphologies of
hybrid polymer semiconducting systems.

To obtain a hybrid polymer semiconductor with desirable nano-
confined morphology, the preparation conditions were optimized by
adjusting the blending ratio of FIID-CF3TVT and SEBS to 3:7, as well as
adopting a solution concentration of 10mgmL−1, spin-coating speedof
3000 rpm and annealing temperature of 220 °C (Fig. 1c). An in-depth
elemental analysis by X-ray photoelectron spectroscopy (XPS) showed
the formation of a microphase-separated nanoconfined structure in
the hybrid polymer semiconductor (Supplementary Fig. 4a). Com-
bined with the top and bottom surface morphologies by AFM exam-
ination (Fig. 1c), it was confirmed that the FIID-CF3TVT rich-phase
mainly occupied the top and bottom surfaces, whereas the interlayer
was dominated by the elastic SEBS phase in the optimized film with
70wt% SEBS. As observed by ultraviolet/visible (UV–Vis) spectroscopy
measurements (Supplementary Fig. 4b), the absorption peaks of the
hybrid polymer semiconductor films demonstrated a significant red-
shift compared with the neat FIID-CF3TVT films, which revealed an
increased aggregation in short range. A slight leftward shift of (h00)
diffraction peak was observed by grazing incidence X-ray diffraction
(GIXRD), indicating that the introductionof SEBSwasbeneficial for the
improvement of the lamellar stacking distance with little reduction in
crystallinity (Fig. 1d andSupplementary Fig. 5). The stretchability of the
semiconductor films was then investigated by employing sequential
thermal lamination-transfer processes and in-situ stretching approa-
ches (Supplementary Fig. 6). Unlike neat polymer semiconductor films
with obvious cracks only under 50% strain, the hybrid polymer semi-
conductor films could be stretched to 100% strain without obvious
crack formation (Fig. 1e and Supplementary Fig. 7). Consequently, the
controlled spatial nanoconfined morphology and the designed inter-
penetrating polymer nanofiber network collectively ensured a high
stretchability and high electron-transporting efficiency of the hybrid
polymer semiconductor system.

The electrical performances of the n-type hybrid polymer
semiconductor were explored based on the organic field-effect
transistors (OFETs) with a bottom-gate top-contact (BGTC) config-
uration on Si/SiO2 substrates (Supplementary Fig. 8a). The mobility
(µ), threshold voltage (Vth) and subthreshold swing (SS) are impor-
tant parameters for evaluating the electronic characteristics of
OFETs. Compared with neat FIID-CF3TVT, the electron mobilities of
the hybrid polymer semiconductors with 70wt% SEBS slightly
decreased from 0.47 to 0.31 cm2 V−1 s−1 as the threshold voltage
decreased even with a higher current (Supplementary Figs. 8 and 9).
However, the subthreshold swing and threshold voltage were sig-
nificantly reduced by about 6 times (from 6 to 1 V/dec for SS and 30
to 5 V for Vth), respectively. Therefore, the OFETs with hybrid poly-
mer semiconductors significantly improved overall field-effect
properties. This mainly accounts for the reason why the formation
of the spatially nanoconfined morphology ensured better interfacial
contact between the semiconductor layer and the source/drain
electrodes, which was beneficial for the decrease of contact resis-
tance and interface defects.
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Previous works reported that the formation of highly aligned
polymer molecular chains effectively improved carrier-transporting
efficiencies35–38. Furthermore, a well-aligned interpenetrating polymer
nanofiber network in the hybrid polymer semiconductor films based
on the OCSC method was designed (Fig. 1f), and the normalized
polarized-absorption spectra were conducted to characterize the
highly aligned semiconductor films. Compared with the hybrid poly-
mer semiconductor films obtained by the conventional spin-coating
method, the above-mentioned film prepared through the OCSC
method exhibited obvious anisotropic light absorption with stronger
absorption intensity when the polarized light was parallel to the
orientation direction than perpendicular to the direction due to the
nanofiber alignment effect (Fig. 1g). To further probe the molecular
chain alignment of the conjugated polymers in the hybrid semi-
conductor system, the grazing incidence X-ray diffraction wide-angle
X-ray scattering (GIWAXS) images with different incident X-ray direc-
tions were measured (Fig. 1h). The resultant hybrid polymer semi-
conductor films obtained based on the OCSC method displayed a
strong π−π stacking diffraction peak along the polymer molecular
orientation, whereas that in the perpendicular direction was negligible
(Fig. 1h), illustrating the edge-on orientational formation of crystalline

domains35. By contrast, the hybrid polymer semiconductor obtained
based on the spin-coating method showed no dependence on the
polarized light direction and the incident X-ray directions (Supple-
mentary Fig. 10).

Electrical performance of stretchable n-type transistors
The intrinsically stretchable organic field-effect transistors (STOFETs)
with BGTC configuration were fabricated using the optimized hybrid
polymer semiconductor (Fig. 2a and Supplementary Fig. 11). These
STOFETs consisted of CNTs as the gate, source, and drain electrodes,
the SEBS elastomer as the dielectric and substrate, and the hybrid
polymer semiconductor as the active layer. Notably, the bottom sur-
face of the hybrid polymer semiconductor films showedmore obvious
nanoconfined morphologies than the top surface, which favored the
fabrication of STOFETs through soft contact lamination and transfer
methods (Fig. 1c, f). The STOFETs displayed high transparency and
strong adhesion for smart wearable electronic epidermis (Fig. 2b). As
shown from the transfer and output characteristics of the STOFETs, a
maximum carrier mobility of 0.49 cm2 V−1 s−1, a high on-current/off-
current (Ion/Ioff) ratio of about 8 × 105 and a low threshold voltage of
~5 Vwere realized (Fig. 2c, d).Moreover, the average carriermobility of
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the STOFETs was 0.38 cm2 V−1 s−1, which is approximately two-fold
higher than their spin-coating counterparts (Fig. 2e and Supplemen-
tary Fig. 12). It is universally acknowledged that n-type conjugated
polymers are very susceptible to air and moisture, thus showing
inferior environmental stability compared with p-type conjugated
polymers. To evaluate the real ‘working lifetime’, the prepared STO-
FETs were measured after storage in a nitrogen-filled glove box for a
long time. Fortunately, there is no noticeable degradation in their
electricalproperties after 6months.This is attributed to theprotection
of the nanoconfinedpolymerfibers by thewrapped SEBS (Fig. 2f). Even
after storage in air for one week, the hybrid polymer semiconductors
still exhibited desirable field-effect characteristics unlike the com-
parative neat semiconductors with the severely degraded on-current
by ~2 orders of magnitude after three days in the same environment
(Supplementary Fig. 13). The improved environmental stability of the
hybrid polymer semiconductor was primarily due to the metastable
effect induced by the long-term chain relaxation in the spatially
nanoconfined structure. Meanwhile, the good stability of the nano-
confined films was supported by the unchanged film morphology of
the hybrid polymer semiconductor during storage for 6 months
(Supplementary Fig. 14).

The strain-tolerance capacity of stretchable electronic devices is
of great significance in practical applications. It is observed from the
mechanical-electrical relationship that the prepared STOFETs
achieved relatively stable field-effect characteristics (including mobi-
lity, Ion/Ioff and Vth) even when subjected to 100% biaxial stretching
strains (Fig. 2g and Supplementary Fig. 15). To investigate the cycling
stability, the STOFETs were subjected to 0–1000 stretching-releasing
cycles at 25% strain along the electron-transporting direction. The 25%
stretching strain could satisfy most of the practical applications for
wearable electronic devices23. During the stretching-releasing cycles,
there was aminimal degradation in the on current and carrier mobility
from 0.49 to 0.32 cm2 V−1 s−1 (Fig. 2h and Supplementary Fig. 15d). In
comparison, the electrical performance of the neat semiconductor

film decreased rapidly before being eventually exterminated under
20% strain on account of the formation of severe cracks (Supple-
mentary Figs. 7 and 16). The improved stretching stability of the
STOFETs with the hybrid polymer semiconductor is accounted for the
change in film morphology as depicted in Supplementary Fig. 17. The
nanoconfined hybrid polymer semiconductor film showed no obvious
crack formation after repeated stretching-releasing cycles at 25%
strain, except for the slightly increased roughness. However, when
subjected to similar stretching strains and cycles, there were visible
and numerous large cracks with an average width of ~200 nm (Sup-
plementary Fig. 17) on the neat polymer semiconductor films. Conse-
quently, the formation of the spatially nanoconfined structure
significantly improved the mechanical stretchability and electron-
transporting efficiency of the n-type hybrid polymer semiconductor.

Response of stretchable X-ray detectors to X-ray irradiation
We investigated the X-ray detection capacity of the stretchable X-ray
detector with BGTC configuration using n-type polymer semi-
conductors as the photoactive layer (Fig. 2a). Figure 3a indicates that
the well-matched energy levels of the CNT electrodes and FIID-CF3TVT
polymers were beneficial for the injection and transmission of elec-
trons in the conductive channel. The mass attenuations and absorp-
tion coefficients of the neat FIID-CF3TVT and hybrid polymer
semiconductors were calculated to evaluate the X-ray conversion
efficiency through the XCOM database39 (Fig. 3b and Supplementary
Fig. 19). Moreover, the photoresponse of the neat n-type polymer
semiconductor was demonstrated under repeated X-ray switching
pulses (Fig. 3c). To decrease the dark current and exclude the influence
of mobile charges, the X-ray detection performances of the device
were collected at VG =0V. To the best of our knowledge, photoelec-
tronic effect allows efficient photogeneration of electron-hole pairs,
and is subsequently separated by the electric field. The high efficiency
of photogenerated carriers and the enhanced dissociation of excitons
may collectively contribute to the high photosensitivity of our n-type
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polymer semiconductor films. Furthermore, the effects of film mor-
phology and carrier mobility on the photoelectronic performances of
organic photoelectronic devices have been previously verified12,40. The
highly aligned hybrid polymer semiconductor films with spatially
nanoconfined structures were advantageous towards achieving
enhanced stretchability and improved electron-transporting effi-
ciency, and ultimately realized the stretchable high-sensitivity X-ray
detector. The drain current (I) of the stretchable X-ray detector was
linearly dependent on the applied voltage (V), demonstrating the ideal
Ohmic contact between the hybrid semiconductor film and CNTs
electrodes (Fig. 3d). It is observed that the dose rate-dependent pho-
tocurrent of the stretchable X-ray detector gradually increased from
3.5μGyair s

−1 to 11.97mGyair s
−1, which was related to the enhanced

concentration of photogenerated charge carriers (Fig. 3d, e). The
stretchable hybrid polymer semiconductor exhibited a lower dark
current (Idark ~1 × 10−12A, Jdark ~0.125 nA cm−2), a higher Ion/Ioff ratio (~102)

and a faster response time (~40ms) compared with those of the neat
polymer (Idark ~10−9A, Jdark ~125 nA cm−2, Ion/Ioff ~3.4, t~10 s) (Fig. 3c and
Supplementary Fig. 20). Compared with the neat polymer films, the
significantly decreased response time of the hybrid polymer films is
mainly attributed to the enhanced electronmobility, reduced interface
defects and better interfacial contact between the spatially nano-
confined semiconductor layer and the source/drain electrodes. How-
ever, both the neat and hybrid semiconductor films showed a long
decay time due to the slow detrapping or recombination of photo-
generated electron-hole pairs after turning off the X-ray irradiation12.
Notably, when X-ray radiation was applied, the fast photon absorption
of the hybrid polymer semiconductor produced a transient photo-
current that subsequently declined to an equilibrium under electric
field redistribution. This overshoot phenomenon was also observed in
a previous study on perovskite photodetectors and polymeric solar
cells41. The lowest detection limit is a significant parameter for
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33, (NH4)3Bi2I9
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4, MAPbBr3

50, and
MAPbI3

51 are perovskite detectors, GOS:Tb/P3HT:PCBM14, CsPbBr3/P3HT:PCBM
45

are indirect detectors—with our prepared stretchable X-ray detectors in this work
(the single redpentagram, atVDS = 10 V).hChange inX-ray anddark current density
under variable strains as a function of the strain of the measured device at VDS =
60 V (VG = 0V). iX-ray anddark current density of the devicemeasured after 1, 100,
400, and 1000 stretching-release cycles, respectively, at 25% strain parallel to the
charge-transporting direction atVDS = 60 V (VG = 0V). The error bars were obtained
from six individual devices.
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evaluating the performance of X-ray detectors. Supplementary Fig. 21
shows that the stretchable X-ray detector could detect the X-ray irra-
diation as low as 37.7 nGyair s

−1, which is comparable to the existing
record-low value reported for CH3NH3PbBr3-xClx perovskite single
crystals (7.6 nGyair s

−1)33. Furthermore, we calculated the sensitivity
from the slope of the dose-response curve according to six points
adjacent to the target dose rate (Fig. 3f and Supplementary Fig. 22).
Due to the remarkable non-linear response over a wide range of dose
rates, the sensitivities of six different regions could be obtained by
fitting the photocurrent densities and dose rates. Surprisingly, a sen-
sitivity value of up to 1.52 × 104 μCGyair

−1 cm−2 (corresponding to the
sensitivity value per unit volume of 1.52 × 109 μCGyair

−1 cm−3) was
observed for the dose rate of 37.7–141 nGyair s

−1. However, with
increasing irradiation intensity, the sensitivity decreased continuously
because of the gradual saturation of current density with smaller gain
(Supplementary Fig. 23). The similar phenomenon was also observed
in the reported photoconductive and phototransistor-based X-ray
detectors5,10,12,42,43. Therefore, the ultrahigh sensitivity and photo-
conductive gain (2.2 × 108) are ascribed to lowdark current of the X-ray
detectors with stretchable hybrid semiconductor films. To further
assess the performance of the stretchable X-ray detectors at low vol-
tage, the devices were also measured at 10 V bias voltage, which could
still showgood response toX-ray irradiation even at 37.7 nGyair s

−1 dose
rate and exhibited a high sensitivity of 3590μCGyair

−1 cm−2 (Supple-
mentary Fig. 24). Herein, we also investigated the effects of air ioni-
zation and SEBS background current to confirm their contribution to
the devices. Indeed, the photocurrent of the neat SEBS is rather lower
than the air and hybrid semiconductor (Supplementary Fig. 25),
thereby excluding its contribution to the photosensing performances
of the prepared STOFET-based X-ray detectors. In addition, the
transfer characteristics of STOFETs revealed an ascending current
under X-ray irradiation at VDS = 60 V (VG =0V), suggesting that the
hybrid semiconductor can efficiently generate charge carriers under
X-ray irradiation (Supplementary Fig. 26). We further explored the
effects of various SEBS/FIID-CF3TVT weight ratios on the photo-
electrical characteristics of the STOFETs, and observed that the addi-
tion of SEBS components resulted in a drop of dark current without
sacrificing the photocurrent (Supplementary Fig. 27). The photo-
sensitivity and detectable X-ray dose rate of the stretchable X-ray
detectors in the current study was compared with those reported in
literature, as presented in Fig. 3g and Supplementary Fig. 28. The
results indicated that the photosensitivity and detection limit of our
designed n-type hybrid polymer semiconductor were comparable to
that of the conventional rigid perovskite single crystals33 (Supple-
mentary Tables 3 and 4).

For wearable electronic devices, their stabilities (including long-
term stability, environmental stability, mechanical stability, etc.) are of
crucial significance for practical applications. The stretchable X-ray
detector exhibited relatively stable photoelectronic responses when
subjected to 30 continuous X-ray switching pulses as shown in Sup-
plementary Fig. 29. In addition, the photocurrent still remained con-
stant even after storage in ambient air for one week, demonstrating its
goodenvironmental stability (Supplementary Fig. 30). Figure 3h shows
the photoelectronic stability of the stretchable X-ray detector under
different strains.When the 0~100% stretching strain was applied along
or perpendicular to the electron-transporting direction, the device
exhibited a gradually increased photocurrent which is because the
increased channel areas under stretching strains contributed to the
charge collection efficiency (Fig. 3h and Supplementary Fig. 31). To
confirm this, we analyzed the photocurrent changes under different
channel film thicknesses which exhibited no apparent change due to
the nanoscale thinning of the active films (Supplementary Fig. 32). In
addition, the strain-induced crystallization44 and alignedmechanisms45

can be also the major contribution to the improved photocurrent. To
further describe the cycling stability of the stretchable X-ray detector,

the device was subjected to 1000 continuous stretching-releasing
cycles at 25% strain along the electron-transporting direction, and it
still sustained a relatively stable photocurrent and Ion/Ioff (Fig. 3i and
Supplementary Fig. 33). The slightly increased photocurrent can be
attributed to the improved crystallinity, enabled by the chain re-
arrangement under strain and partial ‘permanent deformation’ in
hybrid polymer films after multiple stretching-releasing cycles44

(Supplementary Fig. 34). On the basis of all the analyses above, it could
be concluded that the prepared stretchable X-ray detector has an
excellent photoelectrical performance, superior strain tolerance, and
long-term stability, which makes it suitable for skin-like photoelec-
tronic devices.

The X-ray imaging of polymer films
To demonstrate the imaging capacity of the hybrid semiconductor
films (Fig. 4a), it is of great significance to investigate the device per-
formance uniformity. No obvious discrepancy was observed in the
dark current and photocurrent of 16 devices, as shown in Fig. 4b, c.
Considering the lack of scalable fabrication technology and platform
for stretchable X-ray detectors, we here performed the single-pixel X-
ray imaging characterization of the hybrid polymer semiconductor
films. Figure 4d shows the single-pixel imaging devices with a
computer-controlled translation system (X–Ydirection) of the objects.
Even at a low-dose rate (3.65μGyair s

−1, which is a record-low value
among the reported organic X-ray detector10), the prepared hybrid
polymer semiconductor successfully achieved goodX-ray imaging of a
hexagonal nut (Fig. 4e, f). In addition, the X-ray imaging based on
stretchable polymer semiconductors was achieved at approximately
one-twelfth dose rate of commercial medical chest X-ray diagnosis19.
Consequently, the development of stretchable X-ray detectors pre-
pared using n-type hybrid polymer semiconductors with good
mechanical ductility, skin conformability, and photoelectronic per-
formances offers great prospects for low-dose imaging of organisms.

Discussion
To conclude, we demonstrated a controlling method for intrinsically
stretchable n-type hybrid polymer semiconductors and achieved a
skin-like X-ray detector. The designed spatially nanoconfined mor-
phology and highly aligned polymer nanofiber networks collectively
ensure high electron-transporting efficiency, stability, and strain-
tolerance capacity. As a result, the optimized stretchable hybrid
polymer semiconductor exhibited an ultrahigh photosensitivity of
1.52 × 104 μCGyair

−1 cm−2, an ultralow detection limit of 37.7 nGyair s
−1,

and excellent mechanical stability of 1000 stretching cycles at 25%
strain. Compared with the control experiment, the fabricated
stretchable n-type hybrid polymer semiconductor film simultaneously
showed a fast response time of 40ms and a high Ion/Ioff of 102, which
benefited from the enhanced electron transport, especially the sig-
nificantly reduced subthreshold swing. Significantly, the polymer film
X-ray imaging was documented at a record-low-dose rate of
3.65μGyair s

−1, signifying its enormous potential for use in skin-like X-
ray detection and imaging in wearable and implantable monitors.

Methods
Materials
The styrene-ethylene butylene styrene (SEBS-H1221 and SEBS-H1052
with volume fractions of 88% and 80% poly(ethylene-co-butylene),
respectively) was purchased from Asahi Kasei (Japan). SEBS-H1221 was
employed as the substrate and elastic component in the stretchable
hybrid polymer semiconductors, and SEBS-H1052 was only used to
fabricate the dielectric layer. Single-walled carbon nanotubes (P3-
SWNTs) were purchased from Carbon Solutions for the electrode
(including gate, drain, and source electrodes) fabrication. The con-
jugated polymers (FIID-CF3TVT) with the number-averaged molecular
weight of 25.5 kDa and polydispersity of 1.9 Ð were synthesized from
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our laboratory. Poly(dimethylsiloxane) (PDMS, Sylgard 184) was pur-
chased from Dow Corning. PDMS substrates were fabricated at the
weight ratio of 10:1 and 20:1 (base:cross-linker, w-w), and cured at
100 °C for 1 h (Supplementary Fig. 5). All solvents, including xylene,
toluene, chlorobenzene, and cyclohexane were purchased from J&K
Seal and were used as received.

Film and device fabrication
The OTS-modified Si wafers were prepared to deposit each functional
layer. Firsty, Si wafers were soaked in the piranha solution (H2SO4:
H2O2 = 7:3) for 20min, and then ultrasonicated in deionized water,
acetone, and ethanol for 7min. After that, the Si/SiO2 wafers were
dried with N2 and treated in O2 plasma for 5min, and then modified
using OTS molecules in vacuum oven at 120 °C for 3 h.

Preparation of semiconducting films. The polymer semiconductor
films were prepared by depositing the 10mgmL−1 FIID-CF3TVT: SEBS-
H1221 solution in xylene on the OTS-modified Si/SiO2 wafers based on
the OCSC method (Fig. 1a), where the substrate (7 × 12mm2) was
placed with its center away from the rotation axis of the spin-coater at
a distance of 20–40mm.During theOCSCprocess, the spinning speed
gradually increased to 2000 rpm, followed by annealing at 220 °C
for 10min.

Preparation of electrodes. The CNT electrodes including gate, source
anddrain electrodes are preparedby spray-coating the0.25mgmL−1 of
P3-SWNTs/isopropanol solution on the OTS-modified Si/ SiO2 wafers
attached with a patterned mask tightly. During the spray-coating, the
wafer was placed on a hot stage at 120 °C with a distance between the
spray gun and the wafer of 8–15 cm.

Preparation of dielectric. The dielectric layers were prepared by
depositing the 65mgmL−1 SEBS/cyclohexane solution on the OTS-
modified Si/ SiO2 wafers with a spinning speed of 1000 rpm and an
annealing temperature of 80 °C for 1 h. The resultant dielectric layer
has a thickness of about 2000 nm and an approximate capacitance of
0.94 nF cm−2 (Supplementary Table. 3).

Preparation of substrates. The substrate and encapsulation layer
were prepared by dropping SEBS/toluene solution of 200mgmL−1 and
120mgmL−1 onto the OTS-modified glass sheets, respectively, fol-
lowed by annealing at 40 °C for 5 h. The thickness of substrate and
encapsulation layer were ~800μm and 200μm, respectively.

Preparation of devices. The rigid field-effect transistors with a BGTC
stack were fabricated by preparing the polymer semiconductor films
on OTS-modified Si/ SiO2 wafer. Then, the source and drain electrodes
(channel width/length = 4000/200 µm) were evaporated with an Au
film thickness of 30 nm on the top of polymer semiconductors. The
STOFETs for both electrical characteristics and X-ray detection with
BGTC configuration were fabricated based on the sequential thermal
lamination-transfer process, which was beneficial for reducing the
interlayer bubbles and defects. The patterned gate electrode, SEBS
dielectric, polymer semiconductor, and patterned source/drain elec-
trodes (channel width/length = 4000/200 µm) were sequentially
transferred by the SEBS substrate from OTS-modified Si/SiO2 wafers
(Supplementary Fig. 10). The lamination processes were in a vacuum
oven at 50 °C for 30min. All the lamination-transfer processes were
conducted in ambient atmosphere.

Characterization
UV–vis absorptionmeasurements were conducted using a SHIMADZU
2600 UV–vis spectrophotometer. The polarized-absorption spectrum
was measured by the spectrophotometer combined with a polarizer.
GIXRD was performed at shanghai synchrotron radiation facility
(SSRF) on beamline NO. 14 B/15 U. GIWAXS images were collected by a
Xenocs Xeuss 2.0 with Cu Kα radiation. AFM measurement was con-
ducted by a Bruker atomic force microscopy. Optical microscope
images were obtained from a BX53 cross-polarized optical micro-
scope. The water and diiodomethane contact angle were measured by
Drop Shape Analyzer (DSA100, KRÜSS) in static mode at room tem-
perature. The obtained contact angle calculated by averaging the left
and right angles of a sessile drop using the KRÜSS software based on
the tangential method. All the films were characterized by an ambient
atmosphere.
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Optoelectrical measurements
The electrical characteristics were characterized by the Keithley 4200
in vacuum. X-ray detection experiments were performed by the PDA
FS380 in ambient conditions using Moxtek MADPRO (60 kV 12W) as
the X-ray source. The X-ray beam generated the focal spot with a
height of 1.26mm and a width of 0.30mm. The height between the
detector and the X-ray source was 10 cm, and the aluminum foil with a
thickness of 4.8mm that worked as the attenuator was inserted
between theX-ray source and thedevice. The attenuateddose rates for
different current and voltage of X-Ray tube were calibrated by the
X-ray dosimeter (Model: MagicMax, IBA, German).

Capacitance measurement
The capacitance measurements were performed with parallel plate
capacitor structures on a SEBS substrate. CNTs and SEBS-H1052 was
used as the electrodes and dielectric layer (~2000 nm), respectively.
The facing area of the capacitors between the upper electrode and
bottom electrode was determined to be 0.008 cm2 (length/width =
4000/200 µm) that is consistent with the channel area of STOFETs.
The capacitance data as a function of frequency were acquired by a
Keysight B2900 Precision LCR Meter. The capacitances under dif-
ferent strains are all averaged values under 1000Hz from at least five
devices.

Single-pixel scanning imaging system
The single-pixel imaging experiments were carried out on the optical
platform connecting with a stepping-motor controlled translation
(X–Y) stage in air. A stainless steel sheet of the hexagonal nut with an
edge length, inner radius, and thickness of 5mmas the imaging object
was fixed on the x–y translation system. The distance between the
imaging object and the device was 0.5mm, and the channel length/
width was 5/1400 µm. The response current of the device
(W = 1400μm and L = 5μm) was recorded using the Keysight B2900A
according to the coordinates that were determined by moving the
object every 300 µm along the x axis and 300 µm along the y-axis,
respectively.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and its Supplementary Informa-
tion. Source data are provided with this paper.
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