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The fabrication of planar junctions in carbon nanomaterials is a promising way to increase the
optical sensitivity of optoelectronic nanometer-scale devices in photonic connections, sensors,

and photovoltaics. Utilized a unique lithography approach based on direct femtosecond laser
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processing, a fast and easy technique for modification of single-walled carbon nanotubes
(SWCNT) optoelectronic properties through localized two-photon oxidation is developed. It
results in a novel approach of quasi-metallic to semiconducting nanotubes conversion so that
metal/semiconductor planar junction is formed via local laser patterning. The fabricated
planar junction in the field-effect transistors based on individual SWCNT drastically increases
the photoresponse of such devices. The broadband photoresponsivity of the two-photon
oxidized structures reaches the value of 2-10” A W per single SWCNT at 1 V bias voltage.
The SWCNT-based transistors with induced metal/semiconductor planar junction can be
applied to detect extremely small light intensities with high spatial resolution in photovoltaics,

integrated circuits, and telecommunication applications.

1. Introduction

The density of integrated circuit elements increases rapidly according to Moore’s law that
approaches its limit with an element size reaching a nanometer-scale. To overcome the
limits of integration and overall performance of integrated circuits, novel approaches are
suggested based on integrated optical communication on a chip.[?! The carbon nanotube
(CNT)-based devices are very promising for an application in photonic integrated circuits
owing to their small size and efficient light conversion.F! Pristine nanotubes are up-and-
coming candidates for IR light sensing,*®! while for broadband application, the tuning of
CNT properties is necessary.[! The photosensitivity of a CNT-based device may be achieved
via different mechanisms, including photoconductive, photovoltaic, photogating, bolometric,
and photothermoelectric effects.l’] Fabrication of a p-n junction in a CNT is one of the most
efficient ways to get high photovoltaic responsivity and optical superresolution at the
nanoscale spatial range.[®! The traditional way of a p-n junction formation is based on the
multiple gating in CNT-based field-effect transistors (FET).[*1 The maximum quantum

yield of thus made p-n junction using a suspended nanotube was as high as 30 % for the
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responsivity of about 200 nA W.1*2 Despite the evident advantages of formed p-n junctions
for optoelectronics, the technological challenges related to their mass production are far from
being resolved.

Another lithographic process is based on different doping from organic molecules deposited
onto CNT and the formation of a p-i-n junction.*3 This technique provides a formation of a
planar junction by changing the main charge carrier densities. Several methods for modifying
the local optical properties in CNT are based on thermoelectrical contact formation by
physical**! or chemical modification.[** Thus, chemical modification methods based on
plasma treatment allow for the fabrication of a p-n junction in the nanotubes with defined
properties depending on the irradiation dose.[*®! Theoretical calculations predict that the
increase of defects in zigzag nanotubes could convert them from metallic to
semiconducting.[*”! Additionally, experimentally controlled defect engineering demonstrates
the local tunneling barrier generation in the area of single defects.[*81%] This barrier can very
efficiently localize excitons that can be used in different photonic devices. Nevertheless, all
these methods demand a complex device fabrication process that lacks further integration of a
CNT-based photodetector in photonic schemes. The maskless direct writing methods of
integrated photonic structures are highly desired.

The direct light-induced conversion of carbon nanotubes from metallic to semiconducting
type is a promising but still challenging approach.?®! The light-induced defect generation in
carbon lattice by oxygen chemical adsorption either in the form of epoxy or ether groups!*”:2!l
is a high-potential method for local tuning of carbon nanomaterials properties. Moreover,
several approaches for a nanotube local conversion by oxygen species grafting were
suggested based on electrochemical doping??! and plasmon-induced selective oxidation!?®!
that poses the local presence of nanoparticles near the nanotube. Recently, the direct laser
writing methods of two-photon oxidation (TPO) of graphene and carbon nanotubes were

demonstrated.*>24 Interestingly, the effect of TPO is rather similar to less controllable
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oxygen-induced radicals doping in the first stage of ozone treatment, when the destruction of
the carbon atomic lattice has not yet begun.?>261 TPO of the lattice by laser pulses with
energies below the ablation threshold provides a novel tool for maskless patterning of the
physical and chemical properties of CNT and graphene.[*>2":281 While the carbon surface is
irradiated by ultrafast laser pulses (femto- or picosecond) at certain energies, both the grafting
of oxygen-containing groupst?®! and reconstruction of the hexagonal lattice**3!1 can be
performed. This opens a new path of energy profile engineering in carbon nanostructures and
other 1D and 2D materials. The local nature of irradiation allows the reconstruction of
nanomaterials following a predefined pattern.

In this work, we describe an effective route to fabricate an ultrasensitive planar junction in
individual single-walled CNT (SWCNT). The femtosecond laser (fs-laser) was used to
process carbon nanotube transistors under standard conditions, and we demonstrate the
converting of quasi-metallic (gm) to semiconducting (sc) nanotubes by local tuning of the
morphology and structure, as well as alteration of electrical and optical properties of a part of
the SWCNT channel. Moreover, the processed structures demonstrate a non-linear behavior
of output electrical characteristics and the formation of an energy barrier near one of the
contacts. We study the photocurrent generation upon continuous wave light-emitting diodes
(LED) and fs-laser illumination in SWCNT FETSs with a planar junction. We show a high
photoresponsivity of more than 50 mA W (or 2-10” A W per single SWCNT) for blue and
UV light at ultralow intensities. Based on the experimental data, we found out that the
observed ultrahigh photosensitivity is a result of an interplay between the photovoltaic and

photogating effects.

2. Results and Discussion

2.1. Two-Photon Oxidation of Individual SWCNT
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Figure 1 illustrates the modification of the transistor characteristics of a typical SWCNT FET
(the fabrication route for FET is shown in Figure S1, Supporting Information) as it undergoes
the fs-laser processing (the scheme of the experiment is depicted in Figure S2, Supporting
Information). A ~1 um wide part of a nanotube was irradiated by the single passage of the fs-
laser beam under standard conditions (20 °C, 1 atm, and 30 % humidity) (see Figure 1a). The
dose of illumination was varied by adjusting the pulse energy and scanning speed of the laser
beam (the number of pulses per pm?). The parameters of fifteen fs-laser processed and two
pristine SWCNT FETs are summarized in Table S1, Supporting Information. Source and
drain electrodes of the devices were connected to a digital multimeter for in situ resistivity
measurements during laser illumination. We found that the SWCNT FET resistivity
drastically changes upon irradiation of the channel with the laser beam at specific pulse
energies (Figure S3, Supporting Information). This change is caused by TPO of the carbon
surface and is irreversible.*%321 The fast charge thermalization leads to the generation of hot
carrierst® upon fs-laser pulses in the presence of oxidative species.?! It plays a major role in
carbon lattice engineering during TPO.34

Raman spectroscopy was used to confirm the TPO process of SWCNT. The spectra were
measured for fs-laser processed and non-processed regions of the same nanotube (Figure 1b).
The prominent blue shift of the G band and the increase of the D band intensity show the p-
doping of SWCNT and the defect number growth after fs-laser irradiation?*%°l. Further, laser
modified FETs were characterized by a semiconductor parameter analyzer. The generated
defects also change the electrical properties of the individual SWCNT. Output I-V curves
(Figure 1c) demonstrate the resistance growth and diode-like characteristic after the laser
processing of the channel, while transfer curves (Figure 1d) show the drastic increase of the
lon/lorr ratio which can be interpreted as an energy band gap increasing in the partly oxidized
quasi-metallic nanotube. The changes in electrical characteristics for all devices after TPO are

summarized in Table S1, Supporting Information. The conductivity of the SWCNT before fs-
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laser oxidation is calculated as 1.2 uS um™, and it decreases after the functionalization to 0.6
uS um? at Ves = -10 V. Sp® defects could decrease the charge carrier mobility, hence,
reducing the conductivity. Additionally, atomic force microscopy (AFM) images of SWCNT
(Figure S4, Supporting Information) indicate that the change occurs in local inelastic
properties of the processed nanotube compared with the pristine one.

2.2. Characterization of a TPO planar junction in SWCNT transistors
Local TPO of our SWCNT FETSs results in a bandgap opening in initially gm-SWCNT, and

alteration of the morphology of the irradiated region of SWCNT along with the elastic
properties change compared with a pristine part of the same nanotube. Taking a closer look at
the processed SWCNT FETSs, we found out that there is a good correlation between AFM
image and Raman mapping of SWCNT with a planar junction in the nanotube (Figure 2a-d,
Figure S5 and S6, Supporting Information). Figure 2a shows no visible changes in
morphology with the only increase of the height up to ~0.5 nm in the irradiated part. The
latter could be attributed to grafted oxygen groups and the absorbance of water molecules in
the area of laser processing. The Raman map shows the rise of the D band in the processed
regions of SWCNT (Figure 2c,d, Figure S6, Supporting Information). The blueshift and a
slight decrease of the G band intensity (Figure 2c,e) indicate the oxidation and doping of the
carbon nanotube previously observed for a local TPO.[*® However, the rise of the D band
intensity and the defect concentration (Figure 2f) were not confirmed by previous
observations that could be attributed to the different levels of oxidation. The defect density
can be locally altered up to 102 cm with a preserved integrity of a hexagonal lattice of a
nanotube. These changes coincide with our previous results for graphene functionalization via
fs-laser pulses, 2832 where we demonstrated that the majority of the defects are oxygen
groups, especially epoxy groups, which were grafted to the surface via TPO. Note that during
TPO the oxidative groups tend to organize clusters rather than scatter?® that can increase the

local defect density near the planar junction. In this study, we suggest that the oxidation of the
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SWCNT opens the energy gap by raising the charge traps near the nanotube.? Thus, a planar
junction is formed in a single SWCNT due to the opening/widening of the energy gap in its
part. Compared to continuous wave laser-induced photooxidation of SWCNT, the fs-laser
induced oxidation is non-selective to the conductivity type and the processing of the gm-
SWCNT and sc-SWCNTSs gives similar results.?®! It is due to the excited electrons that stay
hot sufficiently long to be transferred to oxygen molecules and generate reactive oxygen
species.

Next, we address the changes in the electrical properties of the fs-laser irradiated SWCNT
FETs. We have found a drastic alteration in rectification properties of individual nanotubes
after TPO, which indicates the formation of an energy barrier between pristine and
functionalized areas. A low level of the saturation current at reversed bias is visible at
different temperatures. While at room temperature the saturation current slightly increases
with negative bias voltage due to the resistive heating, at lower temperatures it is constant. At
room temperature the rectification ratio of the fs-laser processed gqm-SWCNT is close to 10°
at Vps = 2 V and slightly changes for 150 and 80 K (Figure 3a). The measurements at low
temperatures reveal the rise of the energy barrier height of the planar junction. When we cool
the samples down to 80 K, the conductivity falls, and we observe a significant shift in the
diode threshold voltage (V7) (Figure 3a). The Vr shifts to higher values (0.9 V at 80 K)
compared to 0.1 V at room temperature®>® and conductance falls due to the reduction of the
free charge carriers concentration."]

The conductivity of the TPO nanotube highly depends on the field from the gate, and the Isp-
Vs curves demonstrate typical p-type behavior (Figure 3b). The hysteresis in transfer curves
can be explained by the charge transfer to the trapped states in the substrate and water
molecules near the nanotube channel that correlates with previously reported results for FETs
with aerosol deposited SWCNT.33% |n our case, the additional trapped states are located on

functional oxygen groups. After placing devices in a vacuum, the hysteresis drastically
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decreases (Figure S7, Supporting Information). It almost disappears at 80 K (Figure 3b) due
to the decrease in the number of active charge traps in the substrate and the redistribution of
the adsorbed molecules. The lon/lorr ratio of processed SWCNT slightly increases at lower
temperatures due to the total depletion of the impurity states in the energy band and is similar
to the ratio of the pristine sc-SWCNT (Figure S8, Supporting Information). I-V curves for
other irradiated structures measured at room temperature are shown in Figure S9, Supporting
Information.

Further, we discuss possible mechanisms of the energy barrier formation in the junction
between TPO-SWCNT and pristine gm-SWCNT as well as between TPO-SWCNT and metal
contact. First, the formation of a type | heterojunction (straddling gap) between the wider
bandgap and the smaller one with both p-type doped parts of a hanotube is possible (Figure
4a); however, the energy gap of gm-SWCNT is close to zero at room temperature. When we
oxidize SWCNT and dope it with holes, we change the charge concentration in TPO-SWCNT
and shift down the Fermi level, and, therefore, increase the work function of a nanotubet®! as
well as the Schottky barrier with a contact. Titanium typically forms the Schottky barrier with
SWCNTE84H due to the low work function in metal (4.3 eV for Ti) compared with a carbon
nanotube,“? which is equal to 4.6-4.8 eV. Second, the transition of the band profile from pure
p-p to p-p* leads to the Fermi level pinch at the boundary between TPO-SWCNT and gm-
SWCNT, and TPO-SWCNT and Ti contact, which prevents holes generation and transport to
the opposite electrode.l*”) This results in asymmetric 1-V curves of a diode-like type (Figure
3a). However, we should note that the doping effect in a planar junction is rather small and
does not cause a significant rise in the energy barrier in the contact between a nanotube and
Ti. The presence of the interfacial states associated with trapped states in the substrate also
affects the band bending in the planar junction. When there are no dangling bonds in carbon
lattice and oxygen covers the surface uniformly, the smooth type | heterojunction is

possible.[*3l Another viable electronic structure model could be the formation of potential
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valleys induced by single scattered defects.[*41 Still, the energy bandgap opening is not
followed by this model, only if a periodic structure is formed on the surface.

The obvious decrease of the hysteresis with temperature due to the less amount of trapped
states in the substrate and on functional oxygen groups, and almost the same level of the
saturation current at high negative gate voltages for all measured temperatures, have a good
agreement with the model of the Schottky barrier formation. The tunneling mechanism is
prevailing for a high gate voltage amplitude and weakly depends on temperature, while for the
low amplitude of Vgs, the thermal emission has a major impact.[*>#¢l Additionally, we observe
the increase of the current at high positive gate voltages, when the temperature falls, which is
related to a higher emission probability of the electrons from the traps.[*’! Using the equations
for the ideal Schottky barrier“®! (1) and the bias-dependent Schottky barrier height (2) we can
estimate the Schottky barrier height @y as ~60 mV at Vps = 0 V for the TPO junction in

SWCNT (see Figure 4b,c), which is quite low.]

I ~T?exp (— %) 1)
Dy = Ppg — (neszo)% 2

The conditions of the non-ideal diode should be applied for more accurate calculations. Thus,
we can conclude that the doping of CNT by grafted oxygen species drastically changes the
morphology, optical, and electrical properties of SWCNT and leads to the formation of a

diode-type planar junction.

2.3. Ultrahigh Photosensitivity of SWCNT with planar junction

The fabricated planar junctions in SWCNT via fs-laser irradiation exhibit a notable
photocurrent (lpn) in the measured optical range at low light intensities. We measured the
responsivity and the external quantum efficiency (EQE) (Figure S10, Supporting Information)
in the range from 350 nm to 1000 nm using a xenon lamp and a monochromator (Figure 5a).

9
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The samples show a noticeable increase of photoresponsivity compared with pristine
SWCNT. Three LEDs were used to carefully measure the sensitivity of the SWCNT to light
at several wavelengths, namely 470 nm, 590 nm, and 630 nm. The current was measured as a
function of bias under the illumination of the whole FET with an incident power of 400 pW
cm (Figure 5b). The Ipn is larger under forward bias (Vps = 1 V) than under reverse bias (Vps
=-1V). The electrical characteristics in the dark and upon illumination for four additional
transistors are shown in Figure S11, Supporting Information. The parameters of irradiation
highly affect the properties of a planar junction in SWCNT. The calculated responsivities for
SWCNT FETSs at three wavelengths are shown in Figure 5¢ (forward bias) and Figure S12,
Supporting Information (reverse bias). The largest photoresponsivity was found for 470 nm
light in a good correlation with the broadband responsivity graph. Moreover, the
photoresponse could be increased by applying the gate voltage (Figure 5d). Gate-dependent
photosensitivity in the fabricated FETs are explained by the bandgap renormalization with the
increase of the gate voltage.® This helps to overcome the charge traps switching and should
improve the temporal characteristics of the phototransistor.

For TPO structures, we found a significant rise of the current upon 470 nm LED illumination
in a wide temperature range (Figure 6, and Figure S11a-f, Supporting Information). We
controlled the light intensity by adjusting the voltage applied to an LED and measured
illumination power with a power meter. We found that the Ipn rises with the light power
increase for forward and reverse diode directions (Figure 6a, b). Upon illumination, the
current increases up to three orders of magnitude. Additionally, we observe the broadening of
the hysteresis in transfer characteristics under LED irradiation (Figure 6d, c) that is especially
pronounced at 150 K. The ambipolar behavior is visible for transfer curves at low
temperatures, but the current generation in the n-type regime is weak since there are fewer

minority carriers (Figure 6d).

10
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The photoresponsivity of fabricated SWCNT FETs was calculated at different power densities
of 470 nm light and at different temperatures (Figure S13, Supporting Information). If we
recalculate the responsivity per single SWCNT taking the square of the active area as the
distance between electrodes per half of the diode wavelength, we obtain the values over 2-107
A W for CNT3 at the incident power density of 470 nm light equal to 5 uW cm™. In Table 1,
we compare the responsivity of our devices to those of previously reported individual
SWCNT-based photodetectors. Though, it still has low efficiency because the TPO does not
provide the precise interface in the junction of modified and non-modified regions.
Nevertheless, we demonstrate one of the highest responsivities to ultralow light intensities due
to the changes in intrinsic chemical properties of an individual nanotube detector that could be
perspective for integrated optoelectronic devices fabrication with high precision.

For comparison, we study the photoresponse of the pristine sc-SWCNT grown on the same
substrate. Non-modified sc-SWCNT demonstrates a weak photoresponse under the same
conditions (Figure S8c). This refers to low photoconductivity of the pristine sc-nanotube that

is due to resonance with energetic states in the SWCNT, which located in IR region.[4

2.4. The mechanisms of photocurrent generation in SWCNT planar junction

Two main mechanisms can give rise to the current generation in fabricated SWCNT FETSs
upon irradiation. The first one is the photothermoelectric effect, originating from different
Seebeck coefficients in pristine and modified parts of a nanotube, as was previously shown
for graphene photodetector.2! The second one is the photovoltaic effect arising from the
formation of an intramolecular planar junction between the modified and pristine part of
SWCNT, which is responsible for a non-linear behavior of the output I-V curves. The
parasitic electrostatic gating by the trapped charges in the substrate near the modified

nanotube could also affect the generated charges under the light.®? In a high vacuum and at

11



WILEY-VCH

low temperatures, we drastically decrease the number of the charge traps raised for both
nanotube interface (adsorbed molecules) and substrate surface.*’]

The oxidation of a part of a nanotube leads to a built-in electric field generation in the area of
a planar junction. The recent works demonstrate that in p-n and p-p* junctions both
mechanisms of the photothermoelectric and photovoltaic current generation are possible, and
the dominating mechanism depends on the doping profile.”! In this work, the generated
excitons are separated by a built-in electric field and raise the current with the same sign as
dark current. The measured Ipn for various wavelengths (Figure 5b) and at different power
(Figure S11, Supporting Information) show that the thermoelectric effect is not the main
mechanism of the photoresponse. We assume that the slight decrease of the responsivity
(Figure 5c) at longer wavelengths (570 nm and 630 nm) compared with 470 nm at the same
light intensity and almost constant dark current at 300 and 150 K prove that the photovoltaic
effect dominates over photothermoelectric in the SWCNT junction. Under forward bias, the
increase of the built-in electric field initiates the rise of the current. Under light irradiation, the
photocurrent originates due to the excitons generation in the junction. When the backward
voltage is applied (negative in diode), the built-in electric field vanishes, and only high-
intensity photons in resonance with excitation bands in oxidized nanotube can generate a
relatively small photocurrent in a junction. The increase of the photoresponse at long
wavelengths for several TPO processed devices (Figure 5¢) can be related to the heating
effects in the junction.®

The transconductance does not change with the gate V-t shift even at higher light intensities,
which indicates that the mobility of the main charge carries is not altered. The gating effect
from charge traps changes only the concentration of the main charge carries and does not
inject any additional charges. When the nanotube is supported on a substrate, the role of the

trapped states in photoinduced charge transfer cannot be neglected.® For a high vacuum and
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low temperatures, we can partly reduce the water impact leaving the surface trap states near

the nanotube.

2.5. The analysis of the operation speed of SWCNT FETs
Upon light illumination, the photogenerated holes in a nanotube are trapped, acting like a

positive gate bias leading to the increase of the electron concentration and to a negative shift
of the transfer curves, as shown in Figure 6d. In order to study the underlying photodetection
mechanism and effect of traps on the photovoltaic response, we measure the response times of
the device (Figure 7). The measurements were performed under standard conditions upon fs-
laser irradiation at the energies below the TPO process and upon 470 nm LED illumination to
compare both the activation and relaxation mechanisms. The response to fs-laser and LED
irradiation are shown in Figure 7a and 7b, respectively. The trapped charges increase the time
constants of photoresponse in a nanotube. For fs pulse illumination, we observe the reversible
decrease in current that was also observed for non-processed SWCNT at the laser energies
below TPO that can be explained by induced electrostatic doping>%! by activated localized
charge traps in the substrate. The device exhibits a negative and fast photoresponse in Figure
7a while it shows a positive but slower photoresponse in Figure 7b. The fast photoresponse to
the fs pulse demonstrates the rise faster than the resolution of our measuring setup (limited to
3 ms) and a decay time of 0.318 s. As far as fs pulses generate high-energy electrons (hot
electrons), some of them can be trapped, attracting the holes in the channel and thus
decreasing the current. This effect is low due to the limited number of electrons that can be
thermalized during the fs pulse, and the restoration of characteristics goes rapidly. When the
higher energy pulses are applied, we increase the current through the energy barrier in the
junction. The rise time is swift and corresponds to the electron-hole generation and transfer
from the barrier by the built-in electric field. The trapped holes attract electrons, increasing

the number of holes in the channel. Two decay timescales are clearly distinguished: fast in the
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range of few seconds and slow in the range of hundred seconds. During decay, electron-hole
recombination results in the rapid component and is followed by the slow one due to the
discharging of trap states.581 The longer releasing is due to the oxidized nanotubes that can
attract more states from surroundings under normal conditions, also explaining the transfer
characteristic hysteresis increasing in a vacuum at low temperatures upon illumination. Thus,
we have two mechanisms affecting the photoresponse of our devices, the photovoltaic effect
in the barrier of a nanotube junction (fast) and photogating from trapped charges (slow). We
measured fifteen devices with TPO processed nanotubes at different energies resulting in
various levels of SWCNT oxidation. All of them show similar output and transfer
characteristics upon light illumination. Moreover, few transfer characteristics demonstrate a
competitive effect in photogating and photovoltaic depending on the increase of the LED
power that can be attributed both to the intrinsic difference of pristine nanotubes and the level
of oxidation (Figure S11o,r, Supporting Information). Therefore, the further improvement of
the direct laser writing methods of a nanotube bandgap engineering and systematic study of a
correlation of laser processing with functional properties of nanotube-based devices should be
made for a better understanding of charge transfer in such type of devices with an
intramolecular junction. The possible injection of the charge carriers to the deep traps in the
substrate formed during the fs-laser processing of a nanotube should also affect the transport
properties. But they are not changing the photoresponse according to small-time constants in
developed devices.

The suggested technology of maskless local patterning of electronic and optical properties can
be further designed by laser processing beyond the diffraction limit (like STED), providing
high-density integration of CMOS-compatible devices for developed logic circuits,®’]

photonic interconnectionst! as well as optical synapsis.8!

3. Conclusion

14
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In summary, we demonstrate, for the first time, the facile method of a planar junction
formation in SWCNT by the local two-photon oxidation using fs-laser irradiation and study of
its electrical and optoelectronic properties. Varying the power and number of pulses per pm?,
we can control the level of oxidation and photoresponse of fabricated devices. The bandgap
opening for a processed part of CNT is caused by an attachment of functionalized groups and
the formation of sp® defects. The rectification properties of a junction were studied at different
temperatures demonstrating the presence of a tunable barrier. These features were utilized to
gain a high photoresponse in a broadband range for SWCNT planar junctions, which
originates from the interplay between the photovoltaic and photogating effects.

The novel technology provides an effective route for ultralow light intensity detection in a
wide temperature range with unique single-SWCNT planar junctions. The method of local
ultrafast photooxidation presents a versatile approach compatible with standard CMOS
technology for a planar junction formation with engineered electrical and optical properties,

which can be further applied for novel type of functional electronic and photonic devices.

4. Experimental Section

Fabrication of Individual SWCNT FETs: SWCNT were grown by gas-phase formation based
on the thermal decomposition of ferrocene in the presence of carbon monoxide and directly
deposited onto a cold highly doped (p*™) 100 mm Si wafer with 300 nm thermal SiO; at the
same time. The density of carbon nanotubes on the surface was ~1 nanotube per 10 um=.
Source and drain 100/15 nm Au/Ti electrodes were fabricated by a photolithographic lift-off
process, the gate electrode was p** Si substrate. The distance between source and drain
contacts was 1.5 pm, the oxide layer was 300 nm thick. The fabrication route and scanning
electron microscopy (SEM) images of SWCNT FETs are shown in Figure S1, Supporting
Information. Moreover, to visualize the morphology and structural changes after fs-laser

processing, SWCNT FETSs with a source-to-drain distance of 12 um were made. The substrate
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was scribed to isolate devices with a 2 mm? area. Further, chips were washed in boiled
acetone to remove the photoresist and heated at 250 °C in a high vacuum to eliminate the
organic residuals. In this work, we study 17 different FETs which channels are individual
quasi-metallic and semiconducting nanotubes (Table S1, Supporting Information).

Device Characterization: SWCNT samples were characterized via AFM (Solver Pro (NT-
MDT, Russia)) and SEM (HITACHI S-4800 Il (HITACHI, Japan)). The additional nanotubes
in the channel, if present, were ablated by fs-laser. The output and transfer 1-V curves were
measured by a semiconductor parameter analyzer (MNIPI, Belarus) and a home-made
measurement board. Temperature measurements were performed using the cryostat and liquid
nitrogen to cool devices to 77 K. Raman spectra were carried out on micro-Raman
spectrometer Centaur HR (Nanoscan Technology, Russia) with a X100 objective at 532 nm
(Cobolt, Sweden) with a beam spot of ~1pm? and laser power of 0.5 mW.

Femtosecond Laser Processing: SWCNT FETs were placed on the motorized XY stage, the
galvoscanner (Newson, Belgium) was fixed on a vertical precision stage (Aerotech, USA) for
adjustment of the focal position. The fs-laser (Satsuma HP2, Amplitude Systems, France)
emitting at 515 nm was used to process the SWCNT (Figure S2, Supporting Information)
with the following parameters: 280 fs pulse duration, varied pulse energy in the range of 0.5-6
nJ, 500 kHz repetition rate. The pulse energy was far below the ablation threshold for
SWCNT, which was estimated as 13 nJ. The accumulated dose for a nanotube at certain pulse
energy varied via the scanning speed, i.e., the number of pulses per pm?.

Photoresponse measurements: Continuous-wave 470 nm, 590 nm, and 630 nm LEDs
(ThorLabs, USA) with a maximum power density of 5 mW cm2 were used to conduct
photocurrent experiments. The measurements of time response were performed via the
previously mentioned fs-laser at the energies below SWCNT photooxidation and 470 nm

LED. To measure external quantum efficiency and responsivity in the range of 350-1000 nm,
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we used IL75E xenon lamp (Bentham, UK) with a chopper at 1 kHz and SID-101

monochromator with a 600 lines/mm grating (Photon Technologies International, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Fs-laser processing of the SWCNT FET channel. (a) The schematic image of laser
modification of a single SWCNT channel through fs-laser irradiation. (b) Raman spectra for
the pristine and laser processed CNT2 (the dotted line shows initial G band position). (c) Ips-
Vps curves for the CNT2 before and after laser processing. (d) Ips-Ves curves for the CNT2
before and after laser processing.
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Figure 2. Characterization of a planar junction in a carbon nanotube channel formed by fs-

laser. (a, b) AFM image of the CNT15 FET: height (a) and cantilever oscillation phase shift
(b). (c, d) Raman map for the same area of CNT15 for G (c) and D band (d) intensities. (e, f)
The shift of the G band position (e) and defect concentration (f) across the dashed line in ()

and (d), respectively.
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Figure 3. Temperature dependence of 1-V characteristics for SWCNT FET. a) Output I-V
curves at 300, 150, and 80 K at Ves = 0 V. b) Transfer 1-V curves at 300, 150, and 80 K at Vps

=1V.
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Figure 4. The energy barrier formation in a nanotube channel. (a) The scheme of SWCNT
doping with oxidative species and the energy band diagram illustrating the planar junction
formation between TPO-SWCNT and gm-SWCNT in the presence of interface states (traps).
(b) Plots of In (1/T2) versus 1/T for T from 150 to 300 K for different bias voltages (Vos= 0.1—
2 V) for CNT1. (c) The biased dependent @ is extracted from (b) and plotted as a function of
bias voltage (Vbs'/?) to yield the Schottky barrier height at zero bias voltage ®r.
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Figure 5. The photoresponse of the SWCNT junction at different wavelengths. (a) The
responsivity and EQE for pristine and processed SWCNT upon xenon lamp illumination. (b)
Ips-Vps curves at three different wavelengths of the LED light. (c) Photoresponsivity at three
different wavelengths at Ves = 0 V and Vps = 1 V. (d) Photocurrent for CNT1 upon 5 mW
470 nm illumination at 0, -2 and -4 V gate voltage at 80 K.
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Figure 6. Electrical measurements of SWCNT FET upon 470 nm LED illumination. (a)
Output I-V characteristics of the CNT1 under standard conditions (300 K, 1 atm). (b) Output
I-V curves of the CNT1 at 150K and 5-1072 Pa. (c) Transfer 1-V characteristics of the CNT1 at
standard conditions. (d) Transfer I-V characteristics of the CNT1 at 150K and 5-10 Pa. The
power of 470 nm LED varied from 20 pW cm to 1.5 mW cm™. Vps in (c, d) was setto 1 V.
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Figure 7. Time response of fabricated SWCNT FETS. a) Photoresponse of the CNT2 upon fs-
laser pulse with an average power of 0.2 mW cm at 515 nm. The inset in () is a switching
of laser pulses between 0.2 mW cm and 0.5 mW cm. b) Photoresponse of the CNT2 upon
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LED illumination with 3.5 mW cm at 470 nm. The red dashed curves depict exponent (a)
and double exponent (b) decay of the Iph.

Table 1. Comparison of the main parameters of photodetectors based on individual SWCNT.
SWCNT modification Vps [V] Vs [V] Light intensity [W cm?] Wavelength [nm] Responsivity [A W1

p-n junction in

suspended SWCNTO2 0.025 +2 <10® 300-800 0.2x10°®
p-n junction in
suspended sc-SWCNT 0 +8 1.45x10° 532 ~7x10°
in vacuum®

SWCNT covered by . a
MoS,5 0.1 0 0.2x107° 532 300®

SWCNT/Si junction! 0 0 <13x10° 825-1400 0.5x10

sc-SWCNT with

_ - _ -9
asymmetric contact(>4 0 3 830 2x10
Sc-SWCNT covered by g, 0 102 400-600 ~02
chromophore
SWCNT covered by
photosensitive 0.2 -5 6.25x107 633 7.7x10%9
molecules!®
SC-SWCNT covered by g 6 -2 400-700 ax10°
copolymer
p-n junction in s-SWCNT 0 7.1 1550 180x10°
doped by oligomer
TPO-SWCNT/gm- 51x10°3
SWCNT junction (this 1 0 5x10 470-630 g
2x1073
work)

dRecalculated responsivity for the active area of the device
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A low-cost, facile, and versatile direct patterning technique based on femtosecond laser
processing is reported. This method is applied to individual single-walled carbon nanotube
transistors to convert quasi-metallic to semiconducting nanotubes by grafting oxygen species
and form a planar junction between pristine and modified parts of a nanotube to detect
ultralow light intensities in a broadband light range.
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