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Graphene-based technologies have rapidly developed in the last decades, evolving from theoretical concepts to
multifunctional devices. However, controlling graphene’s electronic properties, e.g., type of conductivity or
bandgap, is still in demand and critical to designing advanced flexible electronics. In this work, we demonstrate
precise control over the semiconducting properties of reduced graphene oxide, enabling the fabrication of p- and
n-type graphene composites via laser processing of graphene oxide (GO) and mildly oxidized graphene (MOG) on
polymers. The control of graphene functionalization during the synthesis allowed the manufacturing of
conductive composites with predictable conductivity type and sheet resistance below 35 Ohm sq’'. Our results
also reveal the significant role of the substrate for laser processing, determining the conductivity type of the final
composite. We demonstrate the applicability of laser-processed p-n junctions in flexible thermocouples with
tunable sensitivity from 15 to 19 pV K''. The p- and n-type composites were successfully integrated as channel
materials for electrolyte-gated transistors (EGTs) with up to 150 pS transconductance. Notably, the EGTs
demonstrate ambipolar behavior with reversible p- to n-transition during operation due to ion doping. These
findings expand the capabilities of laser-processed graphene/polymer composites and, for the first time,
demonstrate electrochemical doping of reduced graphene-based transistors within the water window and

fabricate stable reduced graphene/polymer liquid-gated transistors with an n-type channel.

1. Introduction

Flexible electronics (FE) is a relatively young trend that emerged in
the early 2000s. It includes electrical circuits and devices that can be
deformed without irreversible degradation of electronic properties.
Thanks to Geim and Novoselov [1], the discovery of graphene revolu-
tionized material science. It launched a new era in carbon electronic
materials, and the carbon nanomaterials appeared to be perfectly
adapted to FE applications. Despite graphene’s superior mechanical,
electrical, optical, and thermal properties, it is still hard to produce and
manipulate, and it lacks a bandgap [2] that limits its application in
electronics. For instance, the zero bandgap results in poor on-off current
ratios in field-effect transistors [2] and weak light-matter interaction in
photonic devices [3]. Because of that, different forms of functionalized
graphene, such as graphene oxide (GO) [4,5], modified graphene [6],
mildly oxidized graphene [7], etc., were proposed in the literature.
Facile production, low cost, better solvent dispersibility, and the possi-
bility of tuning the bandgap and restoring electrical conductivity
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following the transformation to reduced graphene oxide (rGO) make GO
highly attractive for designing electronic circuits and devices [8]. GO
reduction methods include thermal, chemical, optical, and other ap-
proaches [9]. In our research, we found that laser processing of GO on a
polymer substrate could provide both reduction and integration of rGO
into the polymer matrix by forming a conductive composite in a single
process without additional substrate modification [10]. This method
completely fulfills the requirements of FE: electrical conductivity, flex-
ibility, and mechanical stability. Moreover, a PC-controlled laser
engraver allows the design of circuits at the micrometer scale. Using
laser processing, it is possible to fabricate robust and flexible (bio)sen-
sors, electrochemical/bio electrodes, and antennas [6,11,12].
Nevertheless, most electronic circuits require semiconducting ma-
terials whose conductivity can be modulated, as well as elements with p-
and n-type conductivity and their junctions [13]. Their fabrication is
challenging for carbon electronics, especially for laser-processed struc-
tures. The conductivity type of carbon materials depends on various
factors like water/oxygen adsorption [14,15], doping, and processing
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conditions. For instance, nitrogen doping of graphene, rGO, and carbon
nanotubes results in the rise of n-type conductivity [16-18], while
adsorbed oxygen groups lead to p-doping of graphene [19]. Thus, it is
possible to obtain p- or n-type rGO by controlling the concentration of
electron-withdrawing or electron-donating oxygen-containing groups. It
was demonstrated by Nguyen et al. [20] who converted between p- and
n-type rGO by controlling the annealing temperature, which removed
the functional groups. Also, p- and n-type rGO materials were obtained
using a femtosecond pulsed laser with different energy densities [21]. At
the same time, it was established that rGO contains both charge carriers,
holes and electrons, which is reflected in a typical ambipolar behavior of
rGO electrolyte-gated transistors [22]. However, to our knowledge,
there are no reports on controlling the conductivity type of carbon/-
polymer composites essential for FE. Moreover, the heat sensitivity of
many flexible substrates limits the processing temperature, driving us to
look for other ways to control the carbon/polymer composite conduc-
tivity type while maintaining low process temperatures.

In this work, for the first time, we demonstrate the effect of the initial
carbon precursor functionalization on the conductivity type of carbon-
based composites. We laser-processed two carbon materials, GO and
mildly oxidized graphene (MOG) [7], resulting in p- and n-type com-
posite structures and a p-n junction. We investigated the physicochem-
ical properties, including Hall measurements and Seebeck coefficient.
We verified the origin of p-/n-type conductivity with XPS and demon-
strated its application in flexible electronics. The possibility of creating
p- and n-type carbon/polymer composite structures within
low-temperature processes is essential for FE technology. To illustrate
this approach’s versatility and practical potential, we fabricated a flex-
ible electrolyte-gated transistor and thermocouple using the same laser
processing regime for GO and MOG films on PET.

2. Experimental section

2.1. Fabrication of conductive structures
2.1.1. GO/PET fabrication

4 mg/mL water dispersion of GO (Graphenea, Spain) was dropcast on
a 0.65-mm-thick PET sheet with an areal density of 100 pL/cm? and
dried in the hood at room temperature.

2.1.2. MOG/PET fabrication

MOG was synthesized using electrochemical exfoliation of graphite
in a 0.15 M aqueous solution of ammonium sulfate followed by ultra-
sonic treatment. Gold was used as a cathode, and a voltage of 15 V was
applied for 15 min. The details can be found in the previous work [23]. A
6 mg/mL water dispersion of MOG was drop cast on a 0.65-mm-thick
PET sheet with an areal density of 180 pL/cm? and dried on a heating
plate at 50 °C.

2.1.3. Laser processing

The laser processing was performed using a 3 W computer-controlled
pulsed 438 nm laser. The pulse energy was 175 mJ, the pulse frequency
was 2.8 kHz, and the pulse duration was 250 ps. Finally, the samples
were washed with water in a 120 W ultrasound bath for 2 min.

2.2. Characterization and applications

2.2.1. Conductivity type, surface charge density, charge mobility,
and sheet resistance data were collected using the Hall effect measure-
ment system HMS5000/AMP55 (Ecopia, South Korea).

2.2.2. Scanning electron microscopy images were obtained using
Coxem EM-30 scanning electron microscope (Coxem, Korea).

2.2.3. Raman spectra were collected using confocal Raman micro-
scopy (NTEGRA Spectra, NT-MDT, Zelenograd, Russia). A 532 nm laser
was used for sample characterization using a 20x objective. Exposure
time and laser power on the sample were equal to 5 min and 30 pW,
respectively.
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2.2.4. FTIR spectra were collected in transmission mode using
IRAffinity-1S (Shimadzu, Japan) FTIR spectroscope with a scan step of 2
em L.

2.2.5. Thermoelectric properties were investigated with an E502
analog-to-digital converter (LCARD, Russia). The hot end temperature
was controlled with a PC-controlled heating table, and the cold end
temperature was controlled with a K-type commercial thermocouple
and PM8248S digital multimeter (PeakMeter, China). Aluminum foil
was placed on the heating table for electromagnetic shielding, and a
polyimide sheet was used to isolate electrical contacts. The sizes of rGO/
PET and rMOG/PET structures for the Seebeck coefficient determination
were 50 x 5 mmZ% rGO/rMOG/PET thermocouple leg sizes were
decreased to 50 x 3 mm? for the device miniaturization. An anodized
aluminum radiator was used as a heat sink. Electrical contacts were
made of Ag paste and Cu tape.

Seebeck coefficient was calculated according to the formula (1) and
corrected to the initial electromotive force (EMF) at the equilibrium
state:

S=AV/AT 1)

where AV and AT - are the voltage and temperature differences between
the hot and cold ends of the thermocouple, respectively. Seebeck coef-
ficient measurements were conducted twice for the sample with a
sequential increase of the hot end temperature by 10 °C. After the first
measurement cycle, the sample was cooled to room temperature, the
registration channel of an E502 analog-to-digital converter (ADC)
(LCARD, Russia) was moved from the hot to the cold end, and after the
second measurement cycle, the calculated Seebeck coefficients were
averaged.

2.2.6. The breathing test was performed under room conditions with
normal breathing at a mouth-thermocouple distance of 2 cm using the
E502 ADC (LCARD, Russia).

2.2.7. The EGT performance was demonstrated using a Zurich MLFI
Lock-in Amplifier (Zurich Instruments, Germany). The EGT channel
dimensions were approximately 2 x 2 mm?. Drain and source contacts
were made with copper tape and conductive silver paste and encapsu-
lated with polydimethylsiloxane (PDMS). The applied drain-source
voltage (Vpg) was 0.5 V, and the gate-source voltage (Vg) sweep rate
was 25 mV/s. Transfer characteristics were recorded in the Vg range
from —0.6 to +0.6 V. Pt wire was used as a gate electrode. A 20 pL drop
of 0.1 M KCl was deposited on the EGT channel, and the transfer curve
was recorded immediately. The following measurements were
completed within 3 min.

2.2.8. Electrochemical treatment of the rGO/PET and rMOG/PET
was performed in 20 pL of phosphate-buffered saline PBS (pH=6.86),
and a potential of —4 V was applied for 200 s. Pt wire was used as a
counter electrode. After the treatment, the samples were washed with
deionized water and dried at 50 °C.

2.2.9. X-ray photoelectron spectroscopy was performed using a
Thermo Fisher Scientific XPS NEXSA spectrometer with a mono-
chromated Al K Alpha X-ray source at 1486.6 eV. The survey spectra
were recorded with the pass energy of 200 eV and an energy resolution
of 1 eV. For the high-resolution spectra, pass energy was 50 eV, and the
energy resolution was equal to 0.1 eV. The spot area was 400 um?2. A
flood gun was used to compensate for sample charging.

3. Results and discussions
3.1. Materials characterization

Laser processing of GO on a polymer substrate enables both reduc-
tion and composite formation processes [10]. Laser irradiation induces
photochemical and photothermal processes in GO and removes func-
tional groups from the material, partly restoring graphene’s electrical
conductivity. The local temperature under the laser spot can reach 500
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°C [24], melting the substrate’s upper layer and driving rGO-polymer
intermixing with further consolidation and formation of a conductive
rGO/polymer composite. We implement this approach to produce flex-
ible conductive structures, rGO/PET and rMOG/PET, following similar
fabrication protocols and the same laser regime.

The conductivity type, charge mobility (p), bulk charge concentra-
tion (p), and sheet resistance (R;) were measured using a Hall effect
measurement system. The majority of charge carriers for rGO/PET and
rMOG/PET are holes with py, equal to (84 + 2) em? V! s and electrons
with pe of (22 + 3) em? v1sl, respectively (Fig. 1a). p for rGO/PET is
one order of magnitude lower than rMOG/PET values: (8.6 + 0.4)-1017
vs. (5.3 + 0.4)-10'® em3, which explains the Ry difference for these
samples, shown in Fig. 1b: (30.0 £ 0.5) and (18.3 + 0.9) Ohm sq'l. The
higher charge density of rMOG compensates for lower charge mobility
and improves conductance with respect to rGO. At the same time, both
rGO and rMOG samples processed on glass show p-type conductivity
with pp (69 + 1) and (13 + 1) em? V1 s'l, respectively. R for rGO/glass
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and rMOG/glass were measured at (4.8 &+ 0.2) kOhm sq'1 and (127.3 +
0.1) Ohm sq'l, which reveals the impact of the PET substrate on the
material’s electronic properties during laser processing. Notably,
applying different processing conditions like laser regime and Ar at-
mosphere, we could not change the p-type conductivity of rGO/PET
(Fig. S1). It became possible by replacing the graphene precursor with
MOG, and only for PET substrates. To explain the unexpected result of
the conductivity type transformation, we comprehensively analyzed the
physicochemical properties of the produced materials on PET surfaces.

SEM images of processed materials (Fig. 1c, d) significantly differ
from initial substances (Fig. S2): uniform flake distribution of GO and
MOG on PET reconstructs into a complex 3D-structured rGO/PET and
rMOG/PET with smooth coating. Raman spectra of GO and MOG films
are represented by two conventional D and G peaks near 1350 and 1600
cm™ with D/G ratios of 0.96 and 1.14, respectively. After laser pro-
cessing, Raman spectra of rtGO/PET and rMOG/PET transform to fluo-
rescence signal (Fig. 1e) and reveal the coating of both samples by PET
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Fig. 1. (a) Charge carriers mobility and the bulk charge concentration for a set of samples: rGO/PET, rGO/glass, rIMOG/PET, and rMOG/glass; (b) Sheet resistance of
the samples in the logarithmic scale with the Hall measurement setup in the inset; (c, d) SEM images of rGO/PET and rMOG/PET; (e,f) Raman and FTIR spectra for

the set of samples.
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[25]. FTIR spectra in the fingerprint region (Fig. 1f) show PET modes for
rGO/PET and rMOG/PET. The main bands are located at 722 (C-H), 874
(C-H), 1015 (C-H and C-0-C), 1090 (C-0), 1238 (terephthalate group),
1408 and 1577 (phenyl ring vibrations), and 1712 (C=O0 in esters) em’l.
In other words, PET appears to dominate the signal of both composites in
Raman and FTIR measurements, preventing us from discovering the
origin of different conductivity types.

Being excited to find out the origin of p- and n-type conductivity, we
implemented XPS analysis. C1s regions of both rtGO/PET and rMOG/PET
are characterized by CC sp? (284.0 eV), CC sp° (284.7 eV), C-O (286.4
eV), C=0 (288.7 eV) bands with similar ratios as shown in Fig. S3. O1s
region is represented by C=0 and C-O bands near 532.0 and 532.6 eV
respectively. The deconvoluted Cls region of rGO/PET differs signifi-
cantly across the single sample. This is explained by the heterogeneity of
the morphology and composition of the composite, where two compo-
nents (rGO and PET) are unevenly distributed, as seen in Fig. lc, d.
Deconvoluted spectra of rMOG/PET are reproducible; however, the PET
part of the conductive network has to be considered. High heterogeneity
and PET presence in the samples make a detailed analysis impossible. To
facilitate the analysis of materials without PET interference, we used
electrochemical (EC) treatment to remove PET from the surface
(ECrGO/PET, and ECrMOG/PET samples), as was shown in our previous
work [26]. A constant voltage of —4 V was applied to the rGO/PET and
rMOG/PET electrodes for 200 s in the PBS solution. As a result, the
ECrGO/PET and ECrMOG/PET samples were fabricated. Their SEM and
optical images in Fig. 2a, 2b, and Fig. S4 confirm polymer coating
erosion, while XPS spectra across the sample become identical (Fig. 2c,
d, and Fig. S5). According to the Hall measurement results, the con-
ductivity type of rGO and rMOG-based samples after EC treatment re-
mains p- and n-type, respectively. Since Ols region spectra (Figs. S5c
and S5d) are not commonly used to estimate bond content [27,28], we
focused on the analysis of the C1s region. Fitted spectra of C1s region of
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ECrGO/PET and ECrMOG/PET in Fig. 2¢ and 2d demonstrate four
prominent bands related to CC s1:o2 (284.0 and 284.1 eV), CC s1:o3 (284.6
and 284.5 eV), C-O (286.2 and 286.0 eV), and C=0 (288.5 and 288.4
eV), respectively. The atomic concentrations of C-O and C=0 bands in
ECrGO/PET are 8.2 and 4.5 %, while for ECrMOG/PET they are 3.3 and
1.3 %, respectively.

Higher content of the oxygen-containing groups for ECrGO/PET is
also expected from the fact that the GO has more carbonyl and C-O
groups than MOG as can be seen from the XPS spectra of initial pre-
cursors presented in Fig. S6. Namely, the C-O and C=0 atomic con-
centrations are equal to 16.7 and 4.2 % for GO, and 6.7 and 4.3 % for
MOG, respectively. Higher content of oxygen in the rGO system con-
tributes to withdrawing electron density from the carbon network due to
electronegative oxygen and results in different conductivity types of
rGO/PET and rMOG/PET.

3.2. Applications

3.2.1. Thermocouple

The combination of p- and n-type materials could be used in ther-
mocouple (TC) applications due to the opposite sign of their Seebeck
coefficient, which enhances the device’s sensitivity. The implementation
of p-/n- junction enables electrons and holes to drift from the hot to the
cold end in opposite directions simultaneously. As a result, the induced
thermal electromotive force (EMF) is enhanced by summing the oppo-
site charges on the cold end. First, we measured the thermal EMF of
rGO/PET and rMOG/PET structures. A sketch of the experimental setup
is shown in Fig. 3a. The EMF as a function of temperature for rGO/PET
and rMOG/PET samples is shown in Fig. 3b Seebeck coefficients (S) for
rGO/PET and rMOG/PET were estimated as (6.6 + 1.4) and (—3.9 +
0.8) pV K}, respectively. Upon heating, the charge carriers diffuse to the
cold end of the structure. Holes for rGO/PET and electrons for rMOG/
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Fig. 2. (a,b) SEM images of ECrGO/PET and ECrMOG/PET; (c,d) Deconvoluted XPS spectra of Cls regions of ECrGO/PET and ECrMOG/PET.
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Fig. 3. (a) Seebeck coefficient measurement experimental setup; (b) EMF plot
couple; (d) Response of the TC to the breathing under room conditions.

PET are majority carriers that accumulate on the cold end and create a
potential difference reflected in the Seebeck coefficient, positive for the
p-type and negative for the n-type material, confirming the Hall
measurements.

We exploited these materials’ properties to fabricate a flexible
thermocouple on PET with an rGO-rMOG junction. It operates in the
temperature range of PET stability (up to 70 °C), confirmed by the TC
resistance consistency at these temperatures (Fig. S7). The sensitivity of
the device was (15.7 + 0.2) pV K! (Fig. 3c), which is on par with the
state of the art of all-carbon flexible TCs [29,30]. Notably, the sensitivity
could be increased by reducing the TC resistance, for example, by scaling
the width of the rGO and rMOG legs (Fig. S8). Using our device, we
could track human breathing with 50 pV changes due to periodic tem-
perature oscillations (Fig. 3d).

Despite the successful design of TC, it was impossible to fabricate a p-
n diode. To understand the possible reason, we investigated the
morphology of TC interfaces. The scheme describing the thermocouple
structure and the region of interest is presented in Fig. S9. Materials
interconnections were analyzed by SEM at three locations: rGO/PET —
rGO/rMOG/PET overlap (1), rGO/rMOG/PET overlap (2), and rGO/
rMOG/PET overlap — rMOG/PET (3). The results demonstrated a blurred
interface with blended components that do not properly separate p- and
n-type zones and limit depletion region formation.

3.2.2. Electrolyte-gated transistor

Since the structures are mechanically robust and flexible [10], the
confirmed conductivity type difference of the rGO- and rMOG/PET
composites under the same processing conditions inspired us to explore
the applicability of these materials in advanced electronics. One of the
most attractive applications is flexible electrolyte-gated transistors
(EGTs). The EGT working principle is based on the modulation of charge

for the rGO/PET and rMOG/PET; (c) The performance of rGO-rMOG/PET thermo-

carriers in the channel by the potential of a gate electrode (Vg)
immersed in electrolyte [31]. EGTs are commonly used in bioelectronics
because of their high sensitivity, signal amplification ability [32], and
low operating voltage, not exceeding 1 V [33].

We compared the electron-hole modulation in rGO/PET and rMOG/
PET. The transfer characteristics of rGO/PET and rMOG/PET with
negligible current (Ip) modulation were recorded, as shown in Fig. S10.
We explain these results as due to polymer shielding suppressing the
EGT working mechanism. EC-treated rGO/PET and rMOG/PET samples
demonstrate h'- and e-modulation within the V¢ bias range from —0.6
to +0.6 V (green lines in Fig. 4a, b), revealing the presence of both
charge carrier types. Transconductance (gy,) was calculated as the slope
of a linear region of the IV transfer curve. The hole transconductances
(g},}l) were 29 and 27 pS for ECrGO/PET and ECrMOG/PET, respectively.
In comparison, the electron transconductances (gp,) were 68 and 81 pS,
with the Dirac point at 0.21 and 0.15 V, respectively.

Nevertheless, we discovered a p- to n-type transition for the ECrGO/
PET and ECrMOG/PET samples during the EGT testing, presented in
Fig. 4a and 4b Transfer characteristics were recorded for 3 min between
scans. We observe consistent gl decrease and rise of g%, for both ECrGO/
PET and ECrMOG/PET. For ECrGO/PET and ECtMOG/PET, gl drops to
20 and 19 pS, respectively. In comparison, g, increases to 73 S for
ECrGO/PET and to 140 pS for ECPTMOG/PET (Fig. 4c). Moreover, the
Dirac point shifts to —0.06 V and —0.11 V for ECrGO/PET and ECrMOG/
PET, respectively (Fig. 4d). To understand the origin of these changes
and check their reversibility, we rinsed the samples with distilled water
to wash out potassium, dried them on a heating plate at 50 °C, and
reproduced the experiment. We observed the same behavior with gp,
changes and the Dirac point downshift (Fig. S11).

The reason for the p- to n-type conductivity change in ECrGO/PET is
still debated. Some works reported that oxidation or a lower degree of
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PET and ECrMOG/PET. The scan number is labeled with a subscript index; (d) Dirac point for the ECrGO/PET and ECrMOG/PET at every cycle.

reduction promotes the p-type conductivity of rGO [19,34]. However,
Bark et al. [2] observed the opposite effect in rGO thermally reduced in
an Ar atmosphere, Dirac point downshift, and electron mobility increase
as the degree of reduction decreased. Other studies [20] reported
different results for temperature-dependent p-n conversion of rGO.
However, these studies did not investigate rGO properties in an EGT
configuration, and annealing was performed in an N3 atmosphere. Based
on these conflicting results, we conclude that the conductivity type
strongly depends on the reduction method, whether electrochemical or
thermal annealing and the environmental conditions under Ar or Ny
atmospheres.

However, these previous works cannot explain the rGO evolution we
observe. The applied gate potential is insufficient for water electrolysis.
Thus, we do not expect the formation of OH™ ions, which could affect the
EGT performance as oxygen-containing groups. Therefore, we propose a
different p- to n-transition mechanism. Devices operating on this prin-
ciple are known as electrochemical transistors (ECTs). ECTs are a type of
EGTs that operate by modulating the drain current by ions in the elec-
trolyte, which can migrate into the channel [35,36]. ECTs are typically
made of organic polymers like PEDOT or polypyrrole [37], while rGO
channels commonly work in the EGT regime [22,38].

To investigate the ECT mechanism and the impact of electrochemical
reactions, we applied 0.1 M KCl solution to the rGO channel and left it
for 20 min without applying Vps and V¢ (both equal zero). After that, we
measured the transfer characteristics within a 3-minute interval
(Fig. S12). The first scan reveals the stability of our EGTs in KCl water
solution with a positive Dirac point near 0.2 V, while further sweeps
demonstrate an n-type transition. Moreover, we found that positive bias
promotes p- to n- transition more effectively than negative Vg. We

applied Vg= —0.6 and +0.6 V for 1 min with measurements after each
cycle. After polarization with a negative bias, the Dirac point was not
shifted. Still, the cycle with positive Vg resulted in a Dirac point
downshift from —0.05 to —0.11 V. This phenomenon could be explained
by either EC reactions in rGO/PET changing redox state or the channel
doping by K. Considering the absence of reduction and oxidation peaks
within the operating Vps and Vg range in both transfer and output
characteristics (Fig. S13), we conclude that K" doping is the most likely
dominating mechanism. Potassium ions penetrate the channel and
redistribute the electron density around oxygen (C-O and C=0O groups),
reducing its electronegativity relative to carbon. K ions make C-O/C=0
groups less electron-withdrawing, leading to n-type conductivity. The
higher ionic radius of Cl" prevents channel penetration and blocks the
opposite mechanism of increasing the electronegativity of C=0/C-O
groups. Notably, the device could be restored to its original state by
washing and drying at 50 °C, while the EC method was ineffective. This
again confirms that no EC reactions occurred. These findings show that
rGO can serve as an ECT active material, where its conductivity type can
be tuned via ion doping, opening up new possibilities for (bio)sensing
and the easy fabrication of ion-selective graphene-based transistors.

4. Conclusion

In this work, we demonstrated the fabrication of p- and n-type
flexible carbon-based conductive composites using laser processing of
GO and MOG on PET substrates, respectively. We investigated their
physicochemical properties and established the significant role of gra-
phene functionalization and polymer substrate for laser-processed pre-
cursor transformation. The higher concentration of GO’s C=0 and C-O
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groups allows fabricating p-type composites. Meanwhile, using gra-
phene with a lower oxidation degree promotes the formation of an n-
type material at the same laser power. This approach enabled the
fabrication of p-n conjugated structures for flexible electronics appli-
cations such as thermocouples with a sensitivity of 18 pV K%, compa-
rable to laser-processed copper/constantan thermocouples [39].
Additional electrochemical processing of the composites activated the
surface for use as a transistor channel. The electrolyte-gated transistors
showed ambipolar behavior with an unconventional p- to n-type tran-
sition attributed to ion doping. This transition occurred within the water
window, allowing stable n-type graphene/polymer liquid-gated tran-
sistors to be fabricated, promising for (bio)sensing applications.
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