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Photodetectors are fundamental components of modern optoelectronics,
enabling the conversion of light into electrical signals. The development

of high-performance phototransistors necessitates materials with both high
charge carrier mobility and robust photoresponse. However, achieving both

in a single material poses challenges due to inherent trade-offs. Herein, this
study introduces a polybenzimidazole-(1,3-diazole)-based 2D polymer (2DPBI),
synthesized as few-layer, crystalline films covering ~28 cm? on the water
surface at room temperature, with large crystalline domain sizes ranging from
110 to 140 um?. The 2DPBI incorporates a z-conjugated photoresponsive
porphyrin motif through a 1,3-diazole linkage, exhibiting enhanced x-electron
delocalization, a narrow direct band gap of ~1.18 eV, a small reduced electron—
hole effective mass (m* = 0.171 m,), and a very high resonant absorption
coefficient of up to 10 cm~". Terahertz spectroscopy reveals excellent
short-range charge carrier mobility of %240 cm? V-' s~'. Temperature-
dependent photoconductivity measurements and theoretical calculations
confirm a band-like charge transport mechanism. Leveraging these features,
2DPBI-based phototransistors demonstrate an on/off ratio exceeding 108,
photosensitivity of 1.08 x 107, response time of 1.1 ms, and detectivity of 2.0 x
10" Jones, surpassing previously reported standalone few-layer 2D materials
and are on par with silicon photodetectors. The unique characteristics

of 2DPBI make it a promising foundation for future optoelectronic devices.

1. Introduction

The rapid advancement of optoelectronic
devices has profoundly shaped 21st-century
technology.!l At the forefront of this rev-
olution are phototransistors, which inte-
grate light detection and signal ampli-
fication to power next-generation appli-
cations such as digital imaging, optical
communication, and logic gates.?l High-
performance phototransistors demand ma-
terials with high charge carrier mobility
and robust photoresponsive characteristics,
characterized by a high absorption coeffi-
cient and long free carrier lifetime.*] The
adoption of 2D materials has led to sub-
stantial progress in optoelectronic devices,
with phototransistors being a notable exam-
ple of this advancement.[l Graphene and
transition metal dichalcogenides (TMDs)
offer remarkable mobilities, up to 10°
em? V1 s7! for graphenel® and 200
cm? V! s71 for monolayer MoS,.[1 How-
ever, the photoresponsivity of graphene-
based photodetectors is mainly limited by
the relatively weak and featureless light

A. Prasoon, S. Fu, N. Ngan Nguyen, K. Liu, X. Feng

Center for Advancing Electronics Dresden (cfaed) and Faculty of
Chemistry and Food Chemistry

Technische Universitat Dresden

01062 Dresden, Germany

E-mail: xinliang.feng@tu-dresden.de

A.Prasoon, X. Feng

Max Planck Institute for Microstructure Physics

D-06120 Halle, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.2025058 10
© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202505810

Adv. Mater. 2025, 37, 2505810 2505810 (1 of 12)

P. Dacha, M. Hambsch, S. C. B. Mannsfeld
Center for Advancing Electronics Dresden
(cfaed)

Faculty of Electrical and Computer Engineering
Technische Universitat Dresden

01062 Dresden, Germany

E-mail: stefan.mannsfeld@tu-dresden.de
H.Zhang, S. Fu, L. Gao, H. 1. Wang, M. Bonn
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz, Germany
E-mail: bonn@mpip-mainz.mpg.de

E.Unsal, G. Cuniberti

Institute for Materials Science and Max Bergmann Center of Biomaterials
Technische Universitat Dresden

01062 Dresden, Germany

E-mail: gianaurelio.cuniberti@tu-dresden.de
A.Croy

Institute of Physical Chemistry

Friedrich Schiller University Jena

07737 Jena, Germany

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



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

absorption of graphene, while the photogenerated electron-hole
pairs in TMDs are difficult to separate under weak electric
fields due to their large exciton binding energy.”l Organic pho-
totransistors (OPTs) present a complementary alternative with
low dark currents (x~1071°-10712 A). Yet, conventional semi-
conducting polymers typically suffer from low carrier mobil-
ity (<1 cm?V~! s71) due to long-range structural and thermal
disorders.[>*8] Recent advancements in high-performance pho-
totransistor devices have focused on creating heterostructures
by assembling 2D materials like graphene and MoS, or sensi-
tizing 2D materials using organic molecules such as rubrene,
fullerenes, and pentacene.l’72°1 These devices have demon-
strated promising performance, with detectivity ranging from
106 to 10 Jones.!?®1%] Despite these advancements, heterojunc-
tions often lead to high surface charge traps, increased contact
resistance, unintended interfacial doping, and hindering large-
scale fabrication.!'!] Addressing such challenges necessitates the
development of novel semiconducting materials that offer solu-
tion processability, large-area thin-film synthesis, and simultane-
ously provide high optical absorbance and charge carrier mobility
within a single material. The ongoing evolution of phototransis-
tor technology continues to reflect the trajectory of Moore’s Law,
underscoring the urgent need for innovative materials and de-
signs to meet the escalating demands of modern optoelectronic
applications.['?]

Recently, 2D polymers (2DPs) and their layer-stacked counter-
parts, 2D covalent organic frameworks (2D COFs), have emerged
as promising candidates for optoelectronic applications.!*3l 2DPs
are molecularly thin, possess extensive lateral dimensions, and
form covalent frameworks with long-range ordering in two
distinct directions.[** Their versatility, highlighted by tunable
bandgaps (broader energy level structures), enhanced light
emission,! and high quantum yields,[*®! positions them as a
promising foundation for advanced optoelectronic devices.!”]
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Despite the growing interest in 2DPs, these materials typically
exhibit poor z-electron delocalization in polymer backbones and
show weak or moderate in-plane dispersion in the energy band
diagram.['®) This leads to large bandgaps and suboptimal charge
transport properties, posing significant challenges to the develop-
ment of high-performance optoelectronic devices based on 2DPs
and 2D COFs.[13019]

This study introduces a polybenzimidazole (1,3-diazole)-based
2D polymer (2DPBI) that exhibits excellent charge carrier mo-
bility and a high absorption coefficient. To enhance the de-
gree of extended r-conjugation and photoresponsive proper-
ties of 2DP, a conjugated z-electron photoresponsive porphyrin
motif is integrated into the backbone of the 2DP framework
through a 1,3-diazole linkage featuring a 5-membered imida-
zole ring. This integration substantially promotes z-electron de-
localization. Consequently, the obtained 2DPBI possesses a nar-
row bandgap of ~1.18 eV, a low reduced electron-hole effec-
tive mass (m*) of 0.171 m,, and a high absorption coefficient
of up to 10° cm™!, comparable to commercial inorganic-based
semiconductors such as GaAs, Ge, and CdS.[?°! We synthesized
few-layer (thickness ~2.4 nm, ~5-6 layers), crystalline 2DPBI
films with large crystalline domain sizes ranging from 110 to
140 pm?, covering an area of ~28 cm?. This was achieved us-
ing a pH-controlled irreversible 1,3-diazole (imidazole) reaction
between 5,10,15,20-(tetra-4-carboxyphenyl) porphyrin (M1) and
1,2,4,5-benzenetetramine (M2) through the stepwise sequential
assembly of the monomers on the water surface at room temper-
ature. Terahertz (THz) spectroscopy demonstrates an excellent
charge carrier mobility of ~240 cm? V! s7! at room tempera-
ture. The combination of temperature-dependent photoconduc-
tivity measurements and theoretical calculations further shows
that band-like transport enables the outstanding charge trans-
port properties. Extending our designed 2DPBI to optoelectronic
applications, we successfully fabricated phototransistor devices,
exhibiting an on/off ratio exceeding 10%, a photosensitivity of
1.08 x 107, a photoresponsivity of 32 AW~!, a response time of
1.1 ms, and specific detectivity of 7.1 x 10'2 Jones and 2.0 x 10%
Jones (based on noise current measurements and dark current
measurements, respectively). These performance metrics sur-
pass those of previously reported standalone few-layer 2D materi-
als (107-10" Jones),?¢1%] compete with the highest-performing
solution-processed semiconductor materials, typically with detec-
tivity values in the range of 10°~10"! Jones,®+2!] and are compet-
itive with silicon photodetectors (10'2 Jones).[??] These results es-
tablish 2DPBI as a promising candidate for next-generation mul-
tifunctional optoelectronic devices.

2. Results and Discussion

2.1. Design Principle for a Conjugated and Photoresponsive 2D
Polymer

To endow 2DPs with enhanced photoresponsive properties
through extensive z-conjugation, porphyrin is selected as the
structural backbone (Figure 1a,b). Renowned for its conjugated
r-electron system, porphyrin facilitates effective charge trans-
fer and robust light absorption, achieving absorption coeffi-
cients up to 10° cm™! in the Soret band (400450 nm) and 10*
cm™! in the Q-bands (500-700 nm).[**} Combining an intuitive
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Figure 1. Structural design for a conjugated and photoresponsive 2D polymer. Schematic illustration of (a) the 2DP design and (b) porphyrin-based
2DPs connected by 1,3-diazole linkages. The calculated electronic band structures for (c) the layered bulk 2DPBI and (d) the monolayer 2DPBI. The
electronic band gaps are 1.18 and 1.07 eV for the monolayer 2DPBI and its layered-bulk counterpart, respectively. The partial density of states (PDOS) is
shown in arbitrary units and the Fermi levels (Ef) are set at zero. The Brillouin zones and the selected k-paths are depicted in the insets. ) Visualizations
of the lowest unoccupied crystal orbital (LUCO) and the highest occupied crystal orbital (HOCO) for the monolayer 2DPBI, with the positive and negative
parts of the wavefunction represented in cyan and orange, respectively. The chosen isovalue is 0.02.

chemistry design with theoretical computations, we explored var-
ious chemical linkages to extend the z-conjugation and delocal-
ization in the 2DP framework (Figures S1 and S2, Supporting In-
formation). Specifically, the incorporation of a z-conjugated 1,3-
diazole linkage featuring a 5-membered imidazole ring within
the 2DPBI structure results in enhanced delocalization of z-
electrons, significantly increasing the light absorption coeffi-
cient to 10° cm™! compared to the pre-assembled M1 porphyrin
monomer film (10*-10° cm™') (Figure S3, Supporting Informa-
tion). The electronic band structure and density of states (DOS)
obtained from theoretical calculations reveal a direct band gap
at the high-symmetry M point in 2DPBI, with significant contri-
butions from carbon and nitrogen p-orbitals. The partial density
of states (PDOS) calculations suggest hybridization between the
C-pz, C-px-py, and N-pz states within the conduction and valence
bands, as depicted in Figure 1c. The calculated effective mass val-
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ues for electrons and holes are 0.42 m,, and 0.29 m,, respectively
(Figure 1c—e). The synergistic effects, including the reduced band
gap, lower effective mass, extended z-conjugation, and enhanced
resonant absorption coefficient, make 2DPBI promising for op-
toelectronic applications.

2.2. On-Water Surface Synthesis of 2DPBI

The synthesis of 2DPBI involves stepwise sequential assembly
and reaction of monomers on the water surface under ambi-
ent conditions, facilitated by a charged surfactant monolayer
(Figure 2a).1*?*] The feasibility of the irreversible 1,3-diazole
(imidazole) reaction on the water surface was first evaluated
using a model reaction between 4-(10,15,20-triphenylporphyrin-
5-yl)benzoic acid (R1) and benzene-1,2-diamine (R2) under

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. On-water surface synthesis of 2DPBI. a,b) A schematic illustration depicting the (1,3-diazole) imidazole model reaction and subsequent 2D
polymerization process leading to the formation of 2DPBI on the water surface. c) MALDI-TOF mass spectra of MC-1 synthesized on the water surface,
with an inset showing the HR-MALDI-TOF mass spectra of the MC-1 model compound. d,e) Optical microscope image and molecular structure of

2DPBI synthesized on the water surface.

controlled pH conditions, as illustrated in Figure 2b. The
model reaction on the water surface involved three steps: Step-
I, spreading of cetyltrimethylammonium bromide (CTAB),
cationic surfactant on the water surface in a beaker of 6 cm
diameter, resulting in the formation of a surfactant monolayer;
Step-II, after 10 min, an aqueous basic solution of R1 (pH
~12.8) was injected into the water subphase, leading to the
pre-organization of the R1 monolayer beneath the surfactant
monolayer, facilitated by the electrostatic interaction between

Adv. Mater. 2025, 37, 2505810 2505810 (4 of 12)

R1 and the cationic head group of CTAB; Step-III, after 1 h,
an aqueous acidic solution of R2 (pH ~2.0) was added to the
water subphase, inducing its diffusion toward the pre-organized
monolayer of R1. The reaction was maintained at room tem-
perature under ambient conditions for 12 h, culminating in
the formation of a macroscopic shiny dark brownish-colored
film on the water surface, observable upon visual inspec-
tion. The resultant film was subsequently fished out from
the water surface and analyzed using matrix-assisted laser
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desorption/ionization-time-of-flight mass spectrometry
(MALDI-TOF MS), revealing a single peak at an m/z value
of 730.48 with an isotopic distribution corresponding to the
final product 5-(4-(1H-benzo[d]imidazol-2-yl)phenyl)-10,15,20-
triphenylporphyrin (MC-1) (Figure 2c). In contrast, when the
same chemical reaction was performed in water under similar
experimental conditions (pH, temperature, time, and concen-
tration) without using a surfactant monolayer, only the reagent
molecules were identified by mass spectrometry (Figure S4,
Supporting Information). This control experiment suggests that
the on-water surface confinement of porphyrin molecules, rein-
forced by the surfactant monolayer, is imperative for enhanced
chemical reactivity. pH- and time-dependent studies further
demonstrate that 1,3-diazole (imidazole) cyclization proceeds
selectively and efficiently under acidic conditions on the water
surface (Figure S5, Supporting Information).

Following the experimental demonstration of the model reac-
tion, we further explored 2D polymerization through an (A,+B,)-
type monomer for the 1,3-diazole (imidazole) reaction between
M1 and M2 to synthesize 2DPBI, under the same reaction con-
ditions but extending the duration of step-III to up to three days
(Figure 2d,e).

2.3. Morphological and Structural Characterizations of 2DPBI
Film

The synthesized 2DPBI film, covering an area of ~28 cm?, was
meticulously transferred from the water surface to various sub-
strates for detailed morphological and structural analyses. As
shown in Figure 3a, plentiful large 2DPBI crystals were observed,
characterized by a uniform size distribution with domain sizes
ranging from 110 to 140 um2 (Figure S6, Supporting Informa-
tion). Significantly, the size of these crystal domains exceeds
those of previously reported 2DPs and layer-stacked 2D COFs,
synthesized through irreversible reactions.[”] Atomic force mi-
croscopy (AFM) measurements indicated that these 2DPBI sin-
gle crystals had a thickness of ~2.4 nm with a surface roughness
(Rq) of 0.43 nm, confirming their few-layer nature (Figure 3b;
Figure S6, Supporting Information). Further comparative analy-
sis using Fourier-transform infrared (FT-IR) spectroscopy on the
2DPBI and its precursor monomers M1 and M2 revealed a no-
table shift in the N-H stretching vibration, moving from a broad
peak at 3465 cm™!, which is indicative of free N-H groups, to
3325 cm™!, characteristic of hydrogen-bonded N-H within the
1,3-diazole (imidazole) ring.!?®] Simultaneously, pronounced new
bands emerged at 1628 cm™, attributable to the C=N vibrations
in the 1,3-diazole (imidazole) ring structure.[?) The diminished
intensity of the C=0 band at 1697 cm™! suggests the complete
conversion to 1,3-diazole (imidazole) linkages (Figure 3c). The
N1s spectrum obtained from X-ray photoelectron spectroscopy
(XPS) showed peaks at binding energies of 400.2 and 398.1 eV,
which were attributed to the amine and imine nitrogen atoms of
the 1,3-diazole linkage, respectively. Raman spectroscopy further
identified prominent vibrational bands in the 1400-1650 cm™!
range (y region), with the most intense peaks observed at 1480
cm™! and 1617 cm™!, attributed to benzimidazole ring stretching
vibrations, along with C=C and C=N stretching modes (Figure
S7, Supporting Information).
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The crystallinity and lattice structure of 2DPBI were investi-
gated through grazing-incidence wide-angle X-ray scattering (GI-
WAXS) and high-resolution transmission electron microscopy
(HR-TEM) analyses. The GIWAXS patterns displayed a series of
distinct Bragg spots near Q, = 0, signifying superior crystallinity
on a macroscopic scale (Figure S8, Supporting Information). In-
plane peaks at Q,, = 0.25 and 0.50 A1 correspond to the (100)
and (200) Bragg reflections from a square lattice, where the lat-
tice constants a and b are both 25.1 A (Figure 3d,e). These find-
ings closely align with the lattice structure of 2DPBI predicted by
density functional theory (DFT) calculations (Figure S9, Support-
ing Information). Additionally, the detection of an intense arc at
1.51 A~ suggests 7—r stacking along the c-axis, with an interlayer
spacing of ~#4.15 A (Figure 3e). At the microscopic level, selected-
area electron diffraction (SAED) and HR-TEM images demon-
strate that each 2DPBI flake constitutes a single crystal, devoid of
any detectable amorphous regions. However, lattice defects and
grain boundaries were observed in overlapping regions of the
crystals (Figure S10, Supporting Information). As illustrated in
Figure 3f, the presence of a square unit cell with nearest reflec-
tions at 0.40 nm~! further corroborates an AA-inclined stacking
model for 2DPBI (Figure S9, Supporting Information). HR-TEM
images reveal a highly ordered square lattice with a lattice param-
eter of 25.1 A, showing an excellent agreement between the exper-
imental and simulated structures (Figure 3g,h). As shown in opti-
cal microscopy images (Figure S11, Supporting Information), the
morphology of 2DPBI thin films was retained after immersion in
strong acidic and basic solutions, demonstrating high chemical
stability attributed to the irreversible imidazole linkages.

2.4. Charge Transport and Photodetection in 2DPBI

Next, we use optical pump-THz probe (OPTP) spectroscopy as a
contact-free all-optical approach to investigate the charge trans-
port properties of 2DPBI films. We photo-inject charge carriers
into the sample by above-bandgap excitation with 400 nm light
pulses (at an excitation fluence of 91 uJ cm~2). A single-cycle THz
pulse with &1 ps duration interacts with the photoinjected carri-
ers, giving rise to THz attenuation and phase shift. By recording
the transmitted THz electric field, we access short-range charge
transport properties for the sample of interest?’] thanks to the
transient nature of the THz electric field. The relative attenuation
of the THz electric field E{(#) is proportional to the real part (Re) of
the complex photoconductivity Ao, Ao ,, while the phase-shift is
related to the imaginary part (Im) of the photoconductivity Ac,,
(typically observed for excitons).”?”] Figure 4a shows the dynam-
ics of Aoy, and Ao, within 20 ps. The relatively large value for
Ao p, compared to Ao, illustrates that the response is dominated
by free charge carriers.

We note that, in contrast to most reported 2DPs and COFs,
where Ao, decays to ~zero within a few ps due to rapid charge
localization (e.g., by charge trapping or exciton formation),?*!
2DPBI exhibits a relatively long-lived, positive Ao, for well over
20 ps. This suggests that the remaining charge carriers following
the initial decay survive as free carriers for a long time. Further-
more, the frequency-resolved photoconductivity spectrum mea-
sured 10 ps after photoexcitation (Figure 4b) is characterized by
a finite, positive Ao, -dominated signal and a near-zero As,,
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Figure 3. Morphological and structural characterizations of the 2DPBI film. a) FE-SEM image of the 2DPBI film showing uniform coverage. b) AFM
image revealing the few-layer structure of the 2DPBI. c) ATR-FTIR spectroscopy of 2DPBI indicates the presence of hydrogen-bonded N—H within the
1,3-diazole (imidazole) ring, with a new band emerging at 1628 cm~', attributed to the C=N vibrations of the 1,3-diazole (imidazole) ring structure.
d) 2D GIWAXS pattern of the 2DPBI film. e) Experimental in-plane (near Q7 = 0) and out-of-plane (near Q,,, = 0) projections. f) SAED pattern of the
transferred 2DPBI film demonstrating a very high degree of crystallinity. g) HR-TEM image reveals a highly ordered square lattice with a lattice parameter
of 25.1 A. h) Theoretically calculated structures of 2DPBI along the in-plane and out-of-plane directions.

consistent with free carrier behavior. The dispersion can be well Here, ¢, is the vacuum permittivity, w,, is the plasma frequency,
fitted by the Drude-Smith (DS) model, which describes spatially  and r is the momentum scattering time. The extent of the con-
confined free carrier transport following:(2-%] finement effect limiting the long-range dc transport is evalu-
ated by the parameter ¢ (-1 < ¢ < 0). For¢ = 0, the model

eoa);‘: c reverts to the classical Drude model, where scattering events

s = T it ( 1— ian') (1) completely randomize the momentum, while for ¢ approaching
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Figure 4. Time- and frequency-resolved complex photoconductivity by optical pump-THz probe spectroscopy. a) Real and imaginary parts of the pho-
toconductivity dynamics of 2DPBI thin film, excited by a 400 nm femtosecond laser pulse. b) Room-temperature complex photoconductivity spectra of
2DPBI thin film recorded 10 ps after excitation. The red and blue dots represent the experimental data, and the dashed lines are the fits by the Drude-
Smith model. c¢) Complex photoconductivity spectra and Drude-Smith fits at different temperatures from 78 to 288 K. d) The inferred scattering rate
as a function of temperature. The black dots are the experimental data, while the solid line is a guide to the eye. e) The charge mobility as a function
of temperature. The blue dots represent the experimental data, and the solid line is the fit of a power law T? with g of —0.27. f) The schematic device
structure of the bottom-gate, top-contact (BGTC) transistor configuration employed for the measurements. g) Current versus gate voltage sweep curves
at an applied drain voltage of —60 V for the long channel (300 um) 2DPBI transistors. The measurements were performed in the dark. h) FET devices
with different channel lengths have revealed that mobility increases as the channel length decreases.

—1, the carriers undergo preferential backscattering. Combined
with the charge scattering time (zr = 62 + 8 fs), the reduced
electron-hole effective mass (m*) of 0.171m,, and the inferred
¢ = —0.62 + 0.04, 2DPBI exhibits superior charge transport at
room temperature with an outstanding charge mobility in the
de limit: py, = ezr/m* (1 + c,)= 240 + 38 cm” V™' s7!. The es-
timated mobility exceeds previously reported values for metal-
free 2DPs and COFs (e.g., 165 cm? V7! s71 for imine-linked
TPB-TFB COF).1%

To further explore the charge transport mechanism, we mea-
sured temperature-dependent frequency-resolved photoconduc-
tivity spectra (Figure 4c). By fitting the data to the DS model, we
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extracted the scattering rate (the inverse of the scattering time)
and parameter c at different temperatures, thereby obtaining the
dec mobility (u =€ - 7 - (1 + ¢)/m*) as a function of tempera-
ture. With decreasing temperature, the reduced phonon popula-
tion results in a clear reduction in the scattering rate (Figure 4d),
leading to a pronounced increase in charge mobility from x240
cm? V71 57! at room temperature to ~350 cm? V-1 57! at 77K, as
shown in Figure 4e. These observations are in line with the band-
like transport mechanism where the charge carriers are strongly
delocalized and limited by phonon scattering at finite tempera-
tures. By phenomenologically fitting the T-dependent charge mo-
bility using a power law pxT?, we infer a decay constant § of
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-0.27. Calculations using Boltzmann transport theory under the
constant relaxation time approximation (CRTA) are consistent
with experimental observations (for a detailed discussion, see
Figures S12-S21, Supporting Information).

Field effect transistor (FET) devices were fabricated by trans-
ferring the 2DPBI thin films onto a highly n-doped silicon (Si)
substrate with a 300 nm SiO, dielectric layer (for detailed device
fabrication procedures, see Figure S22, Supporting Information).
A bottom-gate top-contact (BGTC) architecture was employed,
wherein Si was used as the gate contact and evaporated gold (Au)
was used as the top source-drain contact (schematically shown in
Figure 4f). To evaluate charge carrier mobility, the devices were
swept across the gate voltage (V) with an applied drain-source
voltage (Vps) of —60 V, and the transfer characteristics thus ob-
tained are shown in Figure 4g,h. We measured FET devices with
varying channel lengths, from 300 to 20 pm, and observed that
the mobility increased as the channel length decreased. Specifi-
cally, the mobility reached 0.17 + 0.008 cm? V™! s7! for devices
with a channel length of 20 pm (Figure S23, Supporting In-
formation). In THz photoconductivity measurements, the tran-
sient terahertz field, with a ps duration, drives charge carriers
over distances of approximately tens of nanometers.3!] Thus,
terahertz spectroscopy provides information on local, intra-flake
charge transport in the 2DPBI film. FET electrical transport
studies measure long-range charge carrier conductance over
macroscopic distances between electrodes under a DC bias. The
2DPBI film exhibits a relatively large domain size, as shown
in Figure 3b, which promotes charge transport (Figure 4h)
even in devices with large channels (300 um), an achievement
that has not been reported to date for 2DP and COF-based
materials.

Benefitting from strong optical absorption, efficient electron-
hole charge separation, and excellent charge transport properties,
including high mobility, we further studied the optoelectronic
performance of the phototransistor devices. With the absorption
maxima of 2DPBI 450 nm (as shown in Figure 5a), the thin
film responds to illumination from a blue-light source, as demon-
strated in the previously described transistors with their transfer
and output characteristics shown in Figure 5b,c. As the intensity
of blue light increases, we observe that the turn-on voltage shifts
toward more positive values. Additionally, at Vo = 0V, from the
transfer characteristics shown in Figure 5c, a photo-current gain
of four orders of magnitude was obtained at an illumination in-
tensity of 658 uyWem™2.

For photodetection-based devices, it is crucial to evaluate
the optical characteristics alongside the electrical characteris-
tics. While transfer curves of transistors are often used to ac-
cess optical figures of merit, it is necessary to study the pho-
todetection with minimum influence of an external electric field
(from the gate contact), which can modulate the actual effect of
electrons/holes. Therefore, the optical figures of merit, photo-
sensitivity (P), photoresponsivity (R) and detectivity (D*) of the
devices, were investigated using the -V curves obtained with
0 V applied at the gate contact. The I-V graph was shown in
Figure 5d. In the dark, the measured current values were in the
range of 10712A, indicating that the device is in the off-state.
When an illumination intensity of 50 pWem=2 was applied, the
current increased by three orders of magnitude. This confirmed
that the 2DPBI film is sensitive to blue light illumination as

Adv. Mater. 2025, 37, 2505810 2505810 (8 of 12)

www.advmat.de

low as 50 yWem™. At a maximum illumination intensity of 600
uWem™2, a substantial seven-order-of-magnitude improvement
in the current measured was observed. We attribute this to the
increased charge generation upon increased illumination inten-
sity (Figures S24-S28, Supporting Information). The calculated
P, R and D* values for these measurements are presented in
Figure 5e-g. As P is linked to the current gain, Figure 5g re-
veals a similar behavior observed in Figure 5d. The response
time of the photodetector under a 455 nm light source with an
illumination intensity of 300 pWcem™= is measured with a rise
time of 1.1 ms and a fall time of 1.8 ms (Figure 5h; Figure
S29, Supporting Information). The P and R stood at 1.08 x 107
and 32 AW~!, respectively, at an illumination intensity of 600
uWem~2 which are the best-reported values for standalone few-
layer 2D material-based devices to date,?*1%! as shown in the
comparison plot in Figure 5i. In addition, the figures of merit
are plotted against the gate voltage in Figures S24-S28 (Support-
ing Information) for reference. Furthermore, the calculated spe-
cific detectivity values of 7.1 x 10'? Jones and 2.0 x 103 Jones,
based on noise current and dark current measurements respec-
tively, are higher than previously reported values in the liter-
ature, including those of conventional Si-based optoelectronic
devices (for detailed comparison, see Tables S1-S3, Supporting
Information).!310]

3. Conclusion

In summary, our study presents the successful synthesis of
2DPBI, demonstrating high charge carrier mobility and excel-
lent photoresponse performance. The unique z-conjugated por-
phyrin motif and 1,3-diazole linkage in 2DPBI result in no-
table optoelectronic properties, including a narrow band gap of
1.18 eV, a high resonant absorption coefficient, and an impressive
THz charge carrier mobility of 240 cm? V~! s~1. Our findings,
supported by terahertz spectroscopy, reveal a band-like transport
mechanism. Furthermore, the long-channel transistors based on
2DPBI exhibit outstanding performance metrics with an on/off
ratio exceeding 108, a photosensitivity of 1.08 x 107, photorespon-
sivity of 32 AW, and detectivity values of 7.1 X 10'? Jones and 2.0
x 10" Jones (based on noise current and dark current measure-
ments, respectively). These results establish 2DPBI as a promis-
ing candidate for next-generation multifunctional optoelectronic
devices, offering a unique combination of high charge carrier
mobility and robust photoresponsive characteristics. To advance
toward practical applications, future efforts will focus on enhanc-
ing large-area uniformity and long-range order through tailored
surfactant design and precise interfacial control to enable contin-
uous single-crystalline thin films.

4. Experimental Section

Synthesis of 2DPBI Through the Surfactant Monolayer Assisted Interfa-
cial Synthesis (SMAIS) Method: Milli-Q water (40 mL) was injected into a
beaker (80 mL, diameter = 6 cm) to form a static air-water interface. Then,
15uL of CTAB (1 mg mL™" in chloroform) was spread onto the surface.
The solvent was allowed to evaporate for 10 min, and then M1 (0.6 mL,
1 mg mL™" in 0.05M LiOH aqueous solution) was gently added to the
water subphase using a syringe. After Th, M2 (0.8 mL, 1 mg mL™" in
0.30 M HCl aqueous solution) was gradually added to the water subphase
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Figure 5. Photodetection with 2DPBI phototransistors (a) shows the schematic device structure of the bottom-gate, top-contact (BGTC) transistor con-
figuration employed for the measurements along with the absorption spectrum of 2DPBI. b) Electrical transfer characteristics for different illumination
intensities of a long channel 2DPBI transistor. The channel length and width were 300 pm and 11000 um, respectively. c) Phototransistor output charac-
teristics observed for these long channel devices in the dark and under the influence of 455 nm blue light. d) Current-voltage characteristics of the 2DPBI
film with a 20 um channel length at Vs = 0V, indicating photodetection using a 455 nm light source, followed by the calculated (e) photoresponsivity
and (f) detectivity under varying illumination intensities of the light source. g) Measured photosensitivity at Vg =0V and Vg =-10 V. h) Response time
of the photodetector under a 455 nm light source with an illumination intensity of 300 uW cm~2. i) Comparison plot of detectivity and response time
for different materials: gray represents standalone 2D materials, cyan represents graphene-based heterostructure materials (including COF and MOF),
green represents MoS,-based heterostructure materials, blue represents other 2D materials combined with small organic molecule heterostructures,
and red represents standalone 2DPBI with detectivity measurements based on both noise current and dark current.
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with a syringe. The reaction was then kept undisturbed at room temper-
ature for three days. Upon visual inspection, the reaction results in the
formation of a film on the surface of the water. The resulting film was col-
lected from the water surface onto the substrate by the horizontal dipping
method.

General Characterization: Optical microscopy (Zeiss), AFM (Bruker
Multimode 8 HR), and TEM (Zeiss, Libra 200 KV) were used to investi-
gate the morphology and structure of the samples. Thin films were de-
posited on a Si substrate for SEM measurements and on copper grids
for TEM measurements. All the optical microscopy and AFM images
were recorded on a 300 nm SiO,/Si substrate. UV-vis absorption spectra
were recorded on a UV—vis—NIR spectrophotometer Cary 5000 device at
room temperature on a quartz glass substrate. Photoluminescence spec-
tra were measured on the PerkinElmer fluorescence spectrometer LS 55.
ATR-FTIR was performed on a Tensor |l system (Bruker) with an atten-
uated total reflection unit, and the samples were prepared by deposit-
ing the thin films onto a copper foil. Time-dependent surface-pressure
measurements were carried out by the Langmuir-Blodgett trough (KSV
NIMA, Finland). The trough was equipped with a platinum Wilhelmy
plate, a Teflon dipper, and a pair of Delrin barriers. "H NMR spectra were
recorded at room temperature with a Bruker Avance IIl HD 300 spec-
trometer operating at 300 MHz. DMSO-dg (DMSO, dimethylsulfoxide)
was used as the solvent. The high-resolution matrix-assisted laser des-
orption/ionization time-of-flight (MALDI-TOF) mass spectrometry was
performed on a Bruker Autoflex Speed MALDI-TOF MS using trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) or
dithranol as matrix.

Grazing-Incidence Wide-Angle X-Ray Scattering: GIWAXS measure-
ments were performed at beamline PO8 at the German Electron Syn-
chrotron (Deutsches Elektronen-Synchrotron) DESY, Hamburg, Germany.
The energy of the beam was 18 keV, and the dimensions of the beam were
100 um (vertically) and 400 um (horizontally). The images were recorded
using a Perkin Elmer 1620 area detector which was placed 707 mm be-
hind the sample. The sample-to-detector distance and the position of the
beam on the detector were verified using a lanthanum hexaboride calibra-
tion standard. The incidence angle of the beam was 0.1° and the samples
were exposed for 30 s. Data correction and analysis were performed using
WxDiff.

Optical Pump-THz Probe (OPTP) Spectroscopy: The time- and
frequency-resolved photoconductivity of 2D-PBI was performed by the
OPTP spectroscopy. A commercial regeneratively amplified and mode-
locked Ti:sapphire femtosecond laser system was employed to deliver
ultrashort laser pulses with a duration of ~ 50fs, a central wavelength
of 800 nm, and a repetition rate of 1kHz. A pair of (110)-oriented zinc
telluride (ZnTe) crystals were used to generate and detect THz radiation
covering the frequency range of ~0.4-2.0 THz via optical rectification
and electro-optical sampling methods, respectively. In the terahertz
(THz) spectroscopy measurements, the optical pumping pulse duration
was 100 femtoseconds. The 2DPBI film supported on the fused silica
substrate was photoexcited using 400 nm laser pulses obtained by
frequency-doubling the fundamental 800 nm laser pulses in a g-barium
borate crystal. The real and imaginary parts of the time-resolved pho-
toconductivity were measured by recording the pump-induced changes
at the peak of the THz waveform and at the zero crossing after the
peak, respectively, while adjusting the time delay between the pump and
the THz probe. The frequency-resolved photoconductivity at a certain
pump-probe delay was obtained by recording entire THz waveforms with
and without photoexcitation and applying fast Fourier Transform and
the thin-film approximation. The room-temperature measurements were
performed in a dry N,-purged environment and the low-temperature
measurements were conducted in a cryostat under vacuum conditions.

Phototransistor Device Measurements: Measurements were done uti-
lizing a Keithley 4200A-SCS Parameter Analyzer controlled by the
SweepMel software in a dark room at ambient conditions. Prior to the mea-
surements, thermally evaporated, 50 nm thick Au (source-drain) contacts
were deposited on the 2DPBI films transferred onto a Si/SiO, (300 nm)
substrate. The contact deposition was performed under high vacuum con-
ditions of 1077 mbar with a deposition velocity of 1.5 A s™1 using a shadow
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mask. The effective field-effect mobility, u of devices in saturation was cal-
culated using the equation:

2
2L 9/Ibs
u=—— (2)
wC \ oV

from the fitted linear slopes between the threshold voltage, V1, and max-
imum gate voltage, Vss. Here, C; is the capacitance per unit area of the
dielectric, W is the channel width, and L is the channel length. The V1
was obtained from the intercept of the linear fit of the \/E versus Vg
curve and the x-axis. Blue (455 nm) light exposure was achieved using
LED M455L4 from Thorlabs. The light intensity was measured using a ref-
erence Si photodiode (S120VC) and a power meter (PM100D) from Thor-
labs. During the phototransistor characterization experiments, the illumi-
nation intensity was controlled by varying the source power.

Theoretical Calculations: For DFTB calculations, DFTB+ code was
used.[32] Calculations were performed with 3ob parametrization setl?]
without using self-consistent charges. In geometry optimizations, a 5 X
5 X 1 k-mesh was used for Brillouin zone integration and maximum force
tolerance was set to 1078 a.u. Charge density calculations were performed
by using the Vienna ab-initio Simulation Package (VASP).[3*] The Perdew—
Burke—Ernzerhof (PBE)[*®] functional was used to describe electron ex-
change and correlation. The DFT-D2 method of Grimmel3®! was used
to describe van der Waals forces in layered structures. The kinetic en-
ergy cut-off for plane-wave expansion was set to 500 eV and the energy
was minimized until its variation in the following steps became 107> eV.
The Gaussian smearing method was employed for the total energy cal-
culations and the width of the smearing was chosen as 0.05 eV. Total
Hellmann-Feynman forces in the until were reduced to 1073 eV/A. A 3 x
3 x 1TI'-centered mesh was used for the Brillouin zone integration. For
the monolayer, a vacuum space of 15 A was incorporated for the con-
fined z-direction. 2000 grid points were used for Im-decomposed den-
sity of states evaluation. To investigate the non-parabolicity in electronic
bands, effmass Python packagel®’] and in-house python scripts were used.
Phonopy codel*®] was used to calculate the phonon band structure. A 3 x
3 % 1 supercell was used. The chosen displacement amplitude was 0.005
A. The geometric symmetry tolerance was set to 107>, The transport prop-
erties of monolayer 2DPBI were calculated by solving the Boltzmann equa-
tion within the constant relaxation time approximation (CRTA) as imple-
mented in DFTBephy package.3°l A 3 x 3 x 1 supercell and a 50 x 50
% 1 k-mesh were used for conductivity calculations. The transport prop-
erties were also evaluated within the rigid-band model as implemented
in the BoltzTraP2 code.[*] The ground state Kohn—Sham eigenvalues, ob-
tained from VASP calculations, were interpolated onto a 250 X 250 x 1-grid
in the irreducible Brillouin zone. The experimental relaxation time values
were used.

Supporting Information

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