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Low-dimensional nanomaterials, such as one-dimensional (1D)
nanomaterials and layered 2D materials, have exhibited signif-
icance for their respective unique electronic and optoelectronic
properties. Here we show that a mixed-dimensional heterostruc-
ture with building blocks from multiple dimensions will present a
synergistic effect on photodetection. A carbon nanotube (CNT)-
WSe,-graphene photodetector is representative on this issue.
Its spatial resolution can be electrically switched between high-
resolution mode (HRM) and low-resolution mode (LRM) revealed
by scanning photocurrent microscopy (SPCM). The reconfigurable
spatial resolution can be attributed to the asymmetric geome-
try and the gate-tunable Fermi levels of these low-dimensional
materials. Significantly, an interference fringe with 334 nm in
period was successfully discriminated by the device working at
HRM, confirming the efficient electrical control. Electrical con-
trol of spatial resolution in CNT-WSe,-graphene devices reveals
the potential of the mixed-dimensional architectures in future
nanoelectronics and nano-optoelectronics.
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N ew low-dimensional nanomaterials with unique properties
are constantly emerging, which greatly promotes the devel-
opment of nanoelectronics (1-5) and nano-optoelectronics (6—
12). A variety of van der Waals (vdW) heterostructures have
been developed on the basis of 2D nanomaterials by simple
stacking procedures, due to their atomically smooth surface
and the 2D geometry (13-15). It is prospective to construct
photodetectors on such vdW heterostructures, as the verti-
cally stacked architecture and atomic thickness are much more
efficient for charge separation and transport (16-19). More-
over, many new nanodevices were fabricated on the vertical
dimension by this methodology, such as field-effect transistors
(FETs) (20, 21), memories (22-24), etc. Recently, the field
of nanodevices has made important advancements beyond the
conventional devices, because of the employment of hybrid
architectures with multiple low-dimensional nanomaterials. By
using the one-dimensional (1D) nanostructure of a single-walled
carbon nanotube (SWCNT), a 1D2D-FET with a MoS; chan-
nel and a SWCNT gate accessed a 1-nm physical gate length,
which provides insight into the ultimate scaling of gate lengths
for FETs (25). In addition, a graphene-contacted carbon nan-
otube (CNT) FET with channel length of 5 nm can operate
much faster at a much lower supply voltage with a much
smaller subthreshold slope (26). Vertical point heterostruc-
tures of SWCNT-MoS2—-SWCNT greatly reduced the FET area
(27). These achievements suggest that it is an essential issue
to integrate functional nanomaterials with a different type of
dimension together, and the synergistic effect in the mixed-
dimensional heterostructures will bring more opportunities to
nanodevices.

It is known that the spatial resolution of conventional photode-
tectors is determined by device size and high spatial resolution
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can be accomplished by lithography technologies (28, 29). The
conventional solution has also been used to tailor the in-plane
geometry of the vdW photodetector for a higher spatial res-
olution (30). Note that the overlapping area of 2D materials
determines the photosensitive area of a vdW heterostructure.
This indicates that a method can be possibly developed to define
a narrow photosensitive area by introducing a 1D nanomaterial
into the stacking structure, since its 1D geometry can directly
acquire an ultranarrow overlapping area. Here we show such
a lithography-free technology route, which achieves an efficient
electrical control on the spatial resolution of heterostructured
photodetectors by introducing a 1D CNT into the vertically
stacked architecture. The as-developed mixed-dimensional vdW
heterostructure was composed of a CNT, WSe,, and graphene,
in which a WSe; flake was sandwiched between a metallic CNT
and a graphene. WSe, was selected as the photoactive mate-
rial, as it has high optical quality which has been demonstrated
by light-emitting diodes (LEDs) as well as some optoelectronic
devices (18, 31-33). Metallic CNT and graphene are the photo-
carrier collectors. It was demonstrated that the spatial resolution
can be electrically controlled by tuning gate potentials (V) and
drain-source bias voltages (V ps) with the help of a scanning pho-
tocurrent microscopy (SPCM). Such a photodetector can work
at both high-resolution mode (HRM) and low-resolution mode
(LRM) with appropriate gate and bias voltages. The photosensi-
tive area of the HRM and LRM was defined by the 1D CNT and
the 2D graphene. Significantly, the HRM of the device was suc-
cessfully applied to resolve the interference fringes with a period
of 334 nm, validating the efficient electrical control. The mecha-
nism for the electrical control properties can be ascribed to the
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asymmetric contacts from 1D CNT and 2D graphene and the
unique band structure of the low-dimensional materials. The tun-
able spatial resolution demonstrates the distinctiveness of 1D/2D
vdW heterostructures, which also reveals the combination of
nanomaterials from multiple dimensions will bring diverse func-
tions. Consequently, this progress opens up opportunities for
mixed-dimensional architectures in future nanoelectronics and
nano-optoelectronics.

Results

Fig. 1A sketches the CNT-WSea—graphene mixed-dimensional
heterostructure. Fabrication procedures of the photodetector
are schematically illustrated in SI Appendix, Fig. S1. Briefly, an
individual metallic CNT, 1.19 nm in diameter (SI Appendix, Fig.
S2), was pulled from a multiwalled carbon nanotube (MWCNT)
and put onto a silicon wafer with a 300-nm SiO» layer (34).
As the CNT is the inner shell of a MWCNT, it thus has a
very clean surface and is suitable for the further vdW stack-
ing with 2D materials. Mechanically exfoliated graphene was
transferred onto a few-layer WSes by a dry-transfer technique
(35). The stacked WSez—graphene structure was then trans-
ferred onto the preset CNT. All of the transfer procedures
were performed under an optical microscope equipped with
precise manipulators. Ti/Au (10/50 nm) electrodes were electri-
cally connected on the graphene, WSez, and CNT by electron
beam lithography (EBL), electron beam evaporation, and lift-
off procedures. To improve contacts, all of the devices were
annealed at 350 °C in 400 mTorr Ar/H, ambient for 1 h. An
as-fabricated device is shown in Fig. 1C, in which the CNT cov-
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ered by the WSe, flake is indicated by a yellow dashed line. The
CNT can be further confirmed by the G peak of the Raman
spectrum as shown in Fig. 1D, Inset (36, 37), and the trans-
fer curve of the CNT indicates that it is metallic (SI Appendix,
Fig. S3). The multilayered WSes is identified by the E;, mode
(248.585 cm ™!, in-plane mode), the A;, mode (257.574 cm™!,
out-of-plane mode), and the B3, mode (307.992 cm™', inac-
tive mode), as shown in Fig. 1D (38). Its thickness is 5.21 nm,
which is determined by atomic force microscope (AFM) (SI
Appendix, Fig. S2). The G and G’ peaks in Fig. 1D, Inset
certify a multilayered graphene (39, 40) and the thickness is
~3.56 nm.

Electrical transport properties of the as-fabricated het-
erostructures were studied under ambient conditions at room
temperature. The graphene and the metallic CNT were set as
source and drain electrodes via the Ti/Au terminals. A silicon
wafer was used as the back gate to modulate the currents through
the semiconducting WSe; channel. Transfer characteristics (Ips
vs. V) are plotted in Fig. 1E. The curves show that the device
can be efficiently turned on/off by negative/positive gate voltages
(—/+V¢). And the on/off ratio is about 10*. This demonstrates
that the WSe2 channel in this vertical structure is p type, which
is consistent with some recent reports on WSe, (4, 8). More-
over, the on current at positive drain-source bias (+Vpg) is
much larger than that at negative bias (—V ps), which can be
ascribed to the asymmetric contacts on WSe; induced by the 2D
graphene and 1D CNT. This can be further confirmed by the rec-
tification effect indicated by the output curves (Ips vs. Vpg; SI
Appendix, Fig. S4). These asymmetric transport properties thus
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Fig. 1.

CNT-WSe,—graphene heterostructure and its properties. (A) Schematic illustration of the CNT-WSe,-graphene heterostructure. (B) A cross-sectional

view of the CNT-WSe,-graphene heterostructure and the wiring diagram. Gate voltage is applied on the P* silicon. Drain-source bias is applied across the
metallic CNT and graphene. (C) False color SEM image of a CNT-WSe,—graphene heterostructure. The single metallic CNT is emphasized by the yellow dotted
line, and the white square region indicates the scanning region of SPCM (Figs. 2A and 3A). (Scale bar: 10 um.) (D) Raman spectroscopy of the WSe,, CNT,
and graphene in C, using a 532-nm laser. (E) Transfer characteristics of the heterostructure device at Vps = 0.2 V. C, Inset shows the relative Fermi levels of
the three nanomaterials. (F) Open-circuit voltage (Voc) as a function of gate voltage (Vg) under 24 uW, 520-nm laser illumination at CNT-WSe,—graphene

(black line), CNT-WSe; (red line), and WSe,—graphene (blue line) areas.
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show that the graphene’s Fermi level is higher than the CNT’s,
as schematically illustrated in Fig. 1F, Inset.

The photoelectric properties were first investigated by SPCM.
Fig. 24 is an SPCM image of the device in Fig. 1C, which was
taken at V¢ = Vps = 0 V. The locations of the CNT, WSez,
and graphene are also indicated by the dashed lines in the same
image, revealing that the SPCM image fits well with the device
geometry. In detail, photocurrents were generated in three dif-
ferent areas, dark blue, light blue, and red, which address the
overlapping areas of CNT-WSez;—graphene, WSez—graphene,
and CNT-WSez. Moreover, the red and blue colors in the SPCM
image correspond to the positive and negative photocurrents,
respectively. It is known that photocurrent can be generated by
charge separation induced by the built-in electric field at a metal—
semiconductor contact. Thus, the CNT-WSe> contact and the
WSez—-graphene contact generate the positive (red) and negative
(light blue) photocurrents. At the CNT-WSez Schottky junction
(red area), the photocurrents flow from the CNT to WSe,, indi-
cating that the direction of the built-in electric field is from CNT
to WSe, as well. The light blue area suggests that at the WSez—
graphene contact, the direction of the built-in electric field is
from graphene to WSez. The Fermi level of CNT and graphene
is thus higher than that of WSez. The built-in electric field at
the CNT-WSez—graphene area is dominated by the two contacts
for the ultrathin WSe; flake. Graphene’s Fermi level is higher
than CNT’s for the negative photocurrents at this area, which
agrees well with the results deduced from the electrical transport
investigations. Therefore, the band diagram can be sketched as
in Fig. 1E, Inset.

It is possible to reconfigure the photoelectric properties
by electrical control methodology. Fig. 1F presents the V-
dependent open-circuit voltage (Voc) across the CNT and the
graphene in the presence of focused laser beam illumination at
the three typical areas, which are CNT-WSe2, WSez—graphene,
and CNT-WSez—graphene areas. Fig. 2 B and C shows the

photocurrent mappings at variable V¢ and Vpg by illuminating
CNT-WSe; and WSes—graphene regions with the same focused
laser beam, respectively. For the CNT-WSe- area, the device
is more sensitive to the light illumination at both positive drain-
source bias (+V pg) and negative gate voltage (—V¢). At +Vpg,
the direction of the external electric field is the same as that
of the built-in electric field, so electron-hole pairs can be sep-
arated more efficiently. Furthermore, the device can provide
larger photocurrents at —V ¢, indicating a higher Schottky bar-
rier at the CNT-WSe; interface. Negative gate potential induces
the downshift of the Fermi levels of both the CNT and the WSe»
layer. The higher Schottky barrier at —V thus reveals that
the gate potential has a more intensive impact on the WSe2’s
Fermi level than on the CNT’s. This can be further confirmed
by the higher Voc at —V¢ as shown in Fig. 1F. The cor-
responding band alignments at the CNT-WSe, interface can
be found in Fig. 2F. In the case of the WSes—graphene area,
the built-in electric field is opposite to that at the CNT-WSez
interface, and the Fermi level of multilayered graphene is rel-
atively difficult to modulate for its higher density of state at
the Dirac cone and the electrostatic screening effect induced
by the WSe, underlayer, so the photocurrent becomes promi-
nent at —Vpg and —V¢ (Fig. 2C and SI Appendix, Fig. S5).
By comparing Fig. 2 B and C, it can be found that the pho-
toelectric properties at CNT-WSe, and WSes—graphene areas
are apparently different, validating the reconfigurable photoelec-
tric properties of such mixed-dimensional devices by electrical
control.

The electrical control effect on localized areas suggests that
it is necessary to further explore the photosensitive area of the
device at different Vpg and V¢ by SPCM. The representative
3 x 3 SPCM images are presented in Fig. 34, in which Vpg is
varied from —0.2 V to 0.2 V with a step of 0.2 V and V¢ is set as
—20V,0V, and +30 V, respectively. From these SPCM images,
it can be found that the CNT looks clear in Fig. 34, Top Left and
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Fig. 2. Spatial-resolved and electrical-bias—-dependent photocurrent generation and the corresponding band diagrams. (A) A representative SPCM image
of the heterostructure device taken at Vg = Vps = 0 V (laser wavelength, 520 nm; power, 24 uW; spot size, ~1 um). Black and green dashed lines indicate
the edges (or cracks) of the graphene and WSe,, respectively, and the gray dashed line indicates the position of the CNT. Scanning area: 30 um x 30 um.
(B and C) Vg- and Vps-dependent photocurrent mappings of CNT-WSe; (B) and WSe,-graphene (C) regions with laser spot illuminating at the pink star and
yellow star shown in A. Contour lines of 20 nA (B) and —20 nA (C) are marked by white dashed lines, where the CNT-WSe,/WSe,-graphene area becomes
illumination insensitive. (D and E) Band diagrams of CNT-WSe,-graphene (D) and CNT-WSe, (E) at different electrical biases.
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Fig. 3. Electrical control on the photosensitive area of the device via modulating Vg and Vps. (A) SPCM images with Vps varied from —0.2 V to 0.2 V

with a step of 0.2 V and Vg set as —20 V, 0 V, and +30 V, respectively. Scanning area: 30 um x 30 um. (B) Photocurrent distributions along the direction
perpendicular to the CNT at Vps = —0.2 V. (B, Inset) Relationship between maximum photocurrents and gate voltages. (C) Gaussian fitting of photocurrent at
Vg =30V and Vps = —0.2 V. FWHM derived from the fitting curve is 738 nm. (C, Inset) FWHM at various V. (D) Simulated electric-field intensity distribution
along the white dashed line in Inset at Vps = —0.2 V and Vg =25V, 30V, and 35 V.

the graphene becomes clear in Fig. 34, Bottom Left. Moreover,
varying V ps and V¢ can gradually modulate the SPCM images.
These phenomena agree well with the position of the “hot spots”

(the red areas in Fig. 2 B and C) and the variation tendency
of photocurrents in Fig. 2 B and C. The SPCM images further
indicate that the device has two working modes. The first one
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is LRM (Fig. 34, Bottom Left). The whole overlapping region
of WSe, and graphene has a prominent response to illumina-
tion and the photocurrents flow along the same direction in the
whole photosensitive area. As the photosensitive area of LRM
is much larger than the spot size of the focused laser beam, the
spatial resolution in this case could be determined by the over-
lapped WSe; and graphene, typically several tens of micrometers
in size. The second one is HRM (Fig. 34, Bottom Right). Only
overlapping the area of the three materials has a photoresponse.
The CNT-WSe, area is invisible in both modes for that nega-
tive bias potential strongly decreases the band bending in WSe,
and the positive gate potential could drastically decrease the
Fermi-level difference between CNT and WSe,. The two fac-
tors reduce the band bending at the CNT-WSe, interface and
thus reduce electron-hole separation and photocurrent genera-
tion at this area. The absence of the WSe,—graphene area in the
HRM SPCM image can be ascribed to the reduced band bend-
ing induced by positive V . High positive gate voltage increases
the Fermi level of WSez and reduced the built-in electric field
dramatically. Weak photocurrents at the WSez—graphene area
can be ensured at relatively weak —V pg. Furthermore, experi-
ments revealed that the HRM is more sensitive to the electric
bias, and it is time consuming to define the proper parame-
ters for HRMs. Fig. 2 B and C provides an efficient method.
Typically, the area in an SPCM image becomes very light and
even invisible when the photocurrents of this area are below
20 nA, since the photocurrents at the hot spots are over sev-
eral hundred nanoamps. Contour lines of 20 nA and —20 nA
were thus plotted in Fig. 2 B and C to mark the critical electri-
cal parameters, at which the CNT-WSe2 and WSea—graphene
areas become illumination insensitive. By overlapping Fig. 2 B
and C, the two contour lines will cross and divide the (V¢, Vps)
coordinate system into four parts (SI Appendix, Fig. S6). In SI
Appendix, Fig. S6 the bottom right part shows the appropriate
parameters for HRM, since such a biased device has a weak
photocurrent output at CNT-WSez and WSez—graphene areas
and thus the two areas will be absent in the SPCM image. The
LRMs and HRMs revealed by SPCM studies further confirm
the electrical control on photoelectric properties, and the tun-
able spatial resolution should be due to the asymmetric contacts
on the semiconducting WSez from the 1D CNT and the 2D
graphene.

More experiments were further carried out to study the V-
dependent photocurrent distribution at HRM. The focused laser
beam was used to scan the photosensitive area at HRM with a
much smaller step, and Fig. 3B plots the photocurrent distribu-
tions along the direction vertical to the CNT. The curves reveal
that photocurrent distribution of the device can be modulated by

gate potential, and narrower distribution can be accomplished by
increasing positive gate potential (Fig. 3C, Inset). Numerically,
Gaussian fitting shows the full width at half maximum (FWHM)
is 738 nm for V¢ = 30 V and Vps = —0.2 V (Fig. 3C). The
spot size of the focused laser beam is ~700 nm, which is cal-
culated by 1.22 A/N.A., where A =520 nm and the numerical
aperture is 0.9. The FWHM and the spot size are very close,
revealing that the HRM has such a high spatial resolution that
it can be used to profile the focused laser spot. This feature ben-
efits from the 1D CNT with less than 2 nm diameter. The small
CNT makes the overlapping area ultranarrow and the electric
field introduced by biasing CNT is also localized in the nanoscale
range (25). However, the accurate measurement of the spa-
tial resolution of HRM is a challenge, which could be possibly
addressed by developing specific near-field optics methodology
for the device (41). Gaussian fitting also revealed that the main
peak fits well except the edge of the peak. The deviation can pos-
sibly be ascribed to the screening effect of the CNT at HRM.
Electric-field simulation was thus performed and the results are
presented in Fig. 3D. The shadow above the CNT in Fig. 3D,
Inset indicates lower electric-field strength, validating the CNT-
induced localized screening effect on the WSe2. The screening
effect reduces the modulation efficiency of the gate electrode,
inducing a broadening photosensitive area. Furthermore, the
tunable spatial resolution at HRM can also be attributed to
the screening effect. Fig. 3D plots the distribution of electric-
field intensity above the CNT, which reveals that a higher gate
voltage could induce a narrower screening area and a higher
spatial resolution (Fig. 3B and Fig. 3C, Inset). In addition, it is
able to modulate the photocurrent at the CNT-WSea—graphene
area by gate voltage (Fig. 3B, Inset), since the photocurrent
generation is dominated by the Fermi-level difference between
CNT and graphene, which can be tuned by the gate potential.
As sketched in Fig. 1E, Inset, the Fermi level of the CNT is
slightly lower than that of graphene, so the photocurrent output
at —V ¢ is larger than at +V . This can also be confirmed by the
V-dependent V¢ as plotted in Fig. 1F. All these results fur-
ther reveal the electrical control properties of the as-developed
mixed-dimensional heterostructures, which will be promising
photodetectors.

The photoelectric output properties were further investigated.
A defocused laser spot, 10 um in diameter, was used to illuminate
the CNT-WSex—graphene overlapping area with different out-
put powers. Output curves at varying incident laser power were
plotted at V¢ = 30 V (Fig. 44) and V¢ = —20 V (Fig. 4B),
respectively. From Fig. 4 A and B, it can be found that the device
has a photovoltaic output, since the output curves deviate from
the point of origin under light illumination, which is determined
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Fig. 4. Photoelectric output properties of the heterostructure device. (A and B) Output characteristics (Ips vs. Vps) at HRM (Vg =30 V and Vps = —0.2 V, A)

and LRM (Vg = —20 V and Vps = —0.2 V, B) with a laser beam (wavelength,

520 nm; spot size, 10 um) illuminating the CNT-WSe,-graphene area. A, Inset

plots the dark currents. (C) Photocurrents at HRM (Vg = 30 V and Vps = —0.2 V) and LRM (Vg = —20 V and Vps = —0.2 V, Inset) and short-circuit currents at
Vs =30V and Vg = —20 V (Inset) as a function of laser power. Black and red lines are the linear fitting of the experimental data.
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by the asymmetric contacts on WSe2. The output curves fur-
ther reveal that the open-circuit voltage was nearly independent
of the laser power, whereas the short-circuit current (Isc) was
found to increase linearly with incident power intensity (Fig. 4C
for HRM and Fig. 4C, Inset for LRM), as more photoinduced
electron-hole pairs will be separated and contribute to a higher
Isc. The photocurrent at HRM (Vg =30V, Vps = —0.2 V) and
LRM (Ve = —20V, Vps = —0.2 V) can also be obtained from
the output curves (Fig. 4C and Fig. 4C, Inset), and it is linear
to the laser power. The responsivity can thus be calculated from
slopes of linear fitting. The as-calculated responsivities of HRM
and LRM are 2.47 mA/W and 10.9 mA/W, respectively. Note
that it is a conservative estimate on the HRM. The photosensi-
tive area is defined by the CNT, which is nanoscaled and much
smaller than the light spot. It is still a challenge to determine the
exact photosensitive area at HRM, although it can be possibly
measured by scanning probe microscopy (SPM) methodology.
Hence, the light power illuminated on the actual photosensi-
tive area is overestimated, leading to a conservative estimate on
the responsivity. Even so, it is still superior to some previous
works (42). It is known that vacancies and impurities in WSes
could introduce traps and recombination centers for photocarri-
ers, which have significant impact on the lifetime of photocarriers
as well as the photocurrent output. Thus, the responsivity could
be further modulated by the improvements of materials and
structures (43, 44).

The high spatial resolution achieved by electrical control is
prospective in practical applications. It is known that spatial reso-
lution of photodetectors is very important for spectral detection.
Further experiments were performed to explore the potential
of the HRM in spectral measurements. A green laser beam
(A =520 nm) was split by a transmission grating and then focused
by a cylindrical lens, as sketched in Fig. 5A. Fig. 5A, Bottom is
an image on a viewing screen at the focal plane, in which bright

A

Laser
(520nm)

TG Cylindrical Lenses Screen

stripes from 0, 1, £2 orders can be identified. To plot the inten-
sity distribution of the stripes, an as-fabricated device setting at
HRM was used to linearly sweep the stripes on the focal plane.
The photocurrents were plotted as a function of the location,
which is shown in Fig. 5B and Fig. 5B, Inset. All of the peaks from
the brightest (1 order) to the weakest (0 order) can be resolved
clearly in the curves. The signal-to-noise ratio (SNR) exceeds
~5,000, which is defined as I,4/I,,, where I, is the maximum
photocurrent captured by the device and I, is the noise level of
the working mode. These results preliminarily show its poten-
tial in spatial-resolved light detection. Moreover, the device will
be unique and more powerful in fine spectral structure, since it
has a nanoscaled spatial resolution, which is determined by the
mixed-dimensional architecture and has been validated in the
SPCM studies. The device was thus used to evaluate the spa-
tial distribution of a double-beam interference system (A =343
nm, Fig. 5C). Here a lock-in amplifier was used to measure the
photocurrents, and more details can be found in Materials and
Methods. The device linearly scanned at the interference region
as sketched in Fig. 5C, and the spatial-resolved distribution is
successfully plotted in Fig. SD. The period is calculated to be
340.5 nm by cosine function fitting. Based on the classical opti-
cal theory, distribution of light intensity for the double-beam
interference system is I =2Iy(1 + cos(2kz sin6)) , in which A =
343 nm and # = 30°. The interference fringes distribution thus
follows cosine function with a period of 343 nm. The experimen-
tal distribution fits well with this principle. The optical system
is widely used to fabricate 1D grating structure. Fig. 5C, Inset
shows such a grating structure on a quartz substrate with 334 nm
in period. The period derived from the spatial-resolved distribu-
tion coincides with the period obtained from SEM images with
no more than 1.95% error. All of the above investigations show
that the as-developed devices have great potential in spectrum
detection.

Laser (343 nm E
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Examples of photodetection and integration. (A) Detection of the light distribution from a grating splitter irradiated by a green laser beam (A =520

nm). Top sketches the optical path diagram. Bottom is an optical image taken on a viewing screen, in which the fringe spacing is ~5.82 mm. (B) Photocurrent
intensity distribution plotted by the photodetector setting at HRM (Vg = 30V, Vps = —0.2 V) on the focal plane. (C) Schematic of a double-beam interference
system (A = 343 nm). Laser power and spot size were 4.8 mW and 1.5 cm, respectively. C, Inset presents SEM images of a grating, 334 nm in period, fabricated
by the interference system. (Scale bar: 250 nm.) (D) Spatial-resolved light distribution of the interference fringes plotted by the device setting at HRM
(Vg =30V, Vps = —0.2 V). Sine fitting shows the period is 340.5 nm. (E) Schematic illustration of an integration solution with two parallel metallic CNTs. (F) A
representative SPCM image of an as-sketched device biasing at HRM (Vg = 30V, Vps = —0.2 V), in which the two CNTs can be clearly distinguished from each

other.
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Integration of the mixed-dimensional heterostructures is
also an important issue for practical applications. Horizontally
aligned carbon nanotube arrays can be grown on large-scale
wafers by chemical vapor deposition (CVD) techniques (45, 46).
It is thus possible to make a linear integration by using parallel
metallic CNTs as the bottom electrodes. To show this probabil-
ity, two metallic CNTs were used to build a 1 x 2 architecture
(Fig. 5E). Two parallel CNTs were put onto a Si/SiO2 wafer with
a spacing of ~3.3 um. The thicknesses of WSe, and graphene
covered on CNTs are 31.29 nm and 2.72 nm, respectively (S/
Appendix, Fig. S7). The SPCM investigations verified that the
two CNTs can be clearly distinguished from each other, when
the devices were set at HRM (Vg = 30 V, Vps = —0.2 V),
as shown in Fig. 5F. The tunable spatial resolution makes the
integrated device workable, since the electric bias can restrict
the photosensitive area around the CNT electrode and the two
neighboring devices can thus be discriminated even if they are
not physically separated. The difference of photocurrent inten-
sity between the two sensitive areas originated from the different
diameters of the two CNTs (SI Appendix, Fig. S7). A linear
array thus can be possibly achieved by scaling up the strat-
egy with the development on the controllable growth of CNTs
on diameter and chirality as well as the controllable growth of
2D materials.

More heterostructures can be derived from the CNT-WSez—
graphene structure, in which a semiconducting 2D flake is
asymmetrically sandwiched between a 1D electrode and a 2D
graphene. A Ti/Au nanowire-WSez—graphene device was thus
fabricated to demonstrate this issue. The details can be found in
SI Appendix, Fig. S8. The Ti/Au nanowire, which is 370 nm in
width and 30 nm in thickness, was fabricated by EBL, electron
beam evaporation, and lift-off procedures. Other fabrication
procedures were the same as for the CNT-WSes—graphene
devices. Thicknesses of WSe2 and graphene are 8.85 nm and
7.02 nm, respectively. The SPCM observations (SI Appendix,
Fig. S8D) revealed that the device behaves in a similar way. It
also has an HRM (V¢ >0 and Vps <0) and an LRM (V¢ <0
and Vpgs < 0). Moreover, the LRM is apparently different from
that for the CNT-WSes—graphene devices, since the WSea—
graphene region in the LRM SPCM image is much weaker.
This can be ascribed to the Ti/Au nanowire, as its Fermi level
can hardly be tuned by the gate potential. The difference can
further validate the uniqueness of the CNT electrode in such
a heterostructure. In addition, the sandwiched 2D semicon-
ductor also has many options, such as black phosphorus (BP).
Compared with the indirect bandgap of multilayered transition
metal dichalcogenides, BP is a direct-bandgap semiconductor,
suggesting that BP has a good photoelectric conversion effi-
ciency. Furthermore, BP has a proper bandgap for near-infrared
photodetection (47).

Discussion

A vertically staked CNT-WSez—graphene architecture was pro-
posed and fabricated to explore the potential of such a mixed-
dimensional heterostructure as high-performance photodetec-
tors. In addition to the 2D photosensitive WSes, the two contacts
were also carefully selected, which were the 1D CNT and the
2D graphene. The asymmetrical configuration endows the device
with a distinctive electrical control property on spatial reso-
Iution. SPCM observations revealed that photosensitive areas
are sensitive to both gate and drain-source bias potentials and

1. Geim AK, Grigorieva IV (2013) Van der Waals heterostructures. Nature 499:
419-425.

2. Britnell L, et al. (2012) Field-effect tunneling transistor based on vertical graphene
heterostructures. Science 335:947-950.

3. Jong Yu W, et al. (2012) Vertically stacked multi-heterostructures of layered materials
for logic transistors and complementary inverters. Nat Mater 12:246-252.
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two working modes (LRM and HRM) can be achieved via
appropriate electrical bias. The reconfigurable spatial resolu-
tion can be attributed to the gate-tunable Fermi levels of the
low-dimensional materials, following the tunable built-in electric
field of the interfacial Schottky barriers. The overlapping areas
of CNT-WSex—graphene, WSez—graphene, and CNT-WSe; can
thus serve as photosensitive areas by electrical control, respec-
tively. The device works at HRM by biasing the device at +V¢
and —Vpgs, and the overlapping area of CNT-WSe,—graphene
is the photosensitive area in this case. The LRM can be real-
ized by —V and —Vpg. Moreover, interference fringes with
334 nm period were successfully discriminated by the device
working at HRM, revealing the spatial-resolving power. These
results not only validate the efficiency of electrical control on the
as-developed mixed-dimensional heterostructures, making the
device function reconfigurable, but also derive a lithography-free
technology to achieve high spatial resolution with vdW het-
erostructures. The 1D/2D mixed-dimensional architectures are
promising for future nanoelectronics and nano-optoelectronics,
since more reconfigurable functions can possibly be realized via
the electrical control methodology on the basis of the diverse
low-dimensional nanomaterials.

Materials and Methods

Fabrication of the Metallic CNT-WSe,-Graphene Heterostructure. To fabri-
cate the vertical metallic CNT-WSe,—graphene devices, MWCNTs (usually
double or triple walled) were grown on silicon substrate with trenches
of several hundred micrometers by the chemical vapor transport method.
Some TiO, nanoparticles were deposited onto the suspended parts of the
CNTs for visualization (34). With an optical microscope (Olympus BX51M)
and two homemade tips, we cut and take off the outer shell of the sus-
pended part of a single CNT, maintaining the inner part, which is ultraclean.
A WSe, single crystal was grown via the chemical vapor transport method.
Few-layered sheets of WSe, (graphene) were mechanically exfoliated from
a bulk and then identified by optical contrast and Raman spectroscopy. Het-
erostructures were assembled using the dry transfer method with a transfer
slide composed of a stack of glass, a polymer [polydimethylsiloxane (PDMS)],
and a carrier layer [polyvinyl alcohol (PVA)]. Electrical contacts to the three
typical materials’ electrodes are patterned using electron-beam lithography
followed by evaporation of 10 nm Ti/50 nm Au.

Microscopy and Electrical Measurements. SEM images were obtained on FEI
Nova NanoSEM 450 with operating voltage at 1 kV. Atomic force microscopy
(AFM) images were carried out in tapping mode. Raman spectroscopies
were acquired with 1 pm spot size and 532 nm wavelength. Electrical
measurements were carried out on a Lakeshore CRX-4K in vacuum.

Scanning Photocurrent Microscopy. A focused 520-nm laser beam was used
to illuminate the surface of the device through a 100 x objective lens with
numerical aperture of 0.9. The spot size was ~1 um. A 2D piezoelectric stage
was used to drive the device to move around the focused laser beam. Gate
and bias voltages were applied from an Agilent B2902A, which can also
measure the corresponding current. With the device scanning around the
laser spot, photocurrent is recorded as a function of the device location, and
all of the processes are controlled by a homemade program. To improve the
signal-to-noise ratio, a lock-in amplifier (SR810) and a current preamplifier
(SR570) were used to collect photocurrent and an Agilent B2902A was used
to apply voltages.
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