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ABSTRACT

The interfacial coupling in van der Waals (vdWs) heterostructures can effectively modulate the device performance. In this study, we
demonstrate a high performance infrared detector fabricated by direct epitaxial growth of Te nanowires onto a MoS, monolayer. Such
directly grown Te/MoS, heterostructures show much stronger interfacial coupling than artificially transferred Te/MoS, hybrids, as evidenced
from their Raman and photoluminescence spectra. The strong vdWs interfacial coupling leads to a high performance infrared detector with
both ultrahigh photoresponsivity (>10°> A/W) and rapid response time (Tyising = 15 ms) at the telecommunication wavelength of 1550 nm.
The anti-bipolar and rectification behaviors observed in the strongly coupled grown Te-MoS, heterojunction further confirm the effective
interfacial coupling. In contrast, the weakly coupled transferred Te-MoS, heterojunction that is obtained by artificial transfer exhibits
negligible anti-bipolar behavior and slight rectification behavior. These findings indicate that the coupled vdWs hybrid structures have great

potential for achieving high performance photodetectors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083685

Photodiodes based on 2D van der Waals (vdWs) heterostruc-
tures, such as BP/MoS,," BP/WSe,,” and MoTe,/MoS,,” have been
demonstrated in infrared photodetection. Such vdW's heterostructures
show a high-quality interface, benefiting from atomically smooth sur-
faces without dangling bonds. This feature provides a versatile plat-
form to explore their optoelectronic properties. However, they always
exhibit very low responsivity because of the absence of internal
gain.” ® To significantly improve the gain, hybrid structures based on
colloidal quantum dots (CQDs) and 2D materials have been devel-
oped. The pioneer work in this framework includes the combination
of PbS QDs with graphene,”” MoS,,” and WSe,."’ Although high gain
was obtained, the poor-quality interfaces, suffering from the weakly
interfacial coupling and trap states in the interfaces, lead to very slow
response speed.’’ '” In addition, the loosely contacted interface can

broaden the vdWs gap in the interface and further increase the tunnel
barrier of carriers from CQDs to 2D materials.'* So far, the realization
of high responsivity along with rapid response speed has remained an
unresolved issue for the above strategies. Fortunately, the strong vdW's
coupling can effectively contribute to the interlayer charge transfer
and improve the device performance.'” Therefore, integrating a high-
quality and strong-coupled heterointerface into a vdWs hybrid struc-
ture is a crucial subject to produce efficient infrared detectors with
both fast response speed and high responsivity.

Here, we demonstrate a high performance infrared phototransis-
tor in a coupled hybrid vdWs structure with high-quality interface. Te
nanowires, a typical narrow bandgap semiconductor (E; = 0.35eV), ™'
were directly grown on the surface of MoS, nanosheets via vdWs
epitaxy. The effective interfacial coupling between the Te layer and
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the MoS, layer, combined with the strong infrared absorption in Te
nanowires, results in ultrahigh photoresponsivity (>10° A/W) as
well as fast response time (Tyising = 15 ms) at the telecommunication
wavelength of 1550 nm. These results indicate that our coupled
vdWs hybrid structures have significant potential for the next gener-
ation high-performance infrared detectors.

Figure 1(a) presents the schematic illustration of the epitaxial
growth of Te nanowires-MoS, heterostructures. Monolayer MoS, was
first prepared on silicon substrates with 300 nm thick SiO, by chemical
vapor deposition (CVD). Then, the pre-grown MoS, was used for the
subsequent epitaxial growth of Te nanowires via physical vapor depo-
sition (PVD). (More details are given in the supplementary material.)
Te has a typical helical chain-like crystal structure. The atoms in the
adjacent chains are combined by weak vdWs forces,'” which enable
the high-quality vdWs heterointerface between Te and MoS,. The
scanning electron microscopy (SEM) image of the grown Te-MoS,
heterostructure is shown in Fig. 1(b). Interestingly, Te nanowires have
three specific growth orientations on MoS, with an angular interval of
60°. Figure 1(c) exhibits the histogram statistics of the oriented angle
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FIG. 1. (a) Schematic illustration of two-step epitaxial growth of Te nanowires-MoS,
heterostructures. (b) SEM image of epitaxial Te nanowires-MoS, heterostructures.
The scale bar is 5 um. (c) The histogram statistics of the orientation distribution of
Te nanowires obtained from the left inset. Left inset: the optical microscope (OM)
image of Te nanowires-MoS, heterostructure. Right inset: the corresponding AFM
image and height profiles. (d) Raman and (e) PL spectra of individual MoS,, grown
Te nanowires-MoS; and transferred Te nanowires-MoS, heterostructures. The inset
in figure (d) shows the details of the marked blue region.
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distribution of Te nanowires, in which 86% of the nanowires follow
three specific directions. Compared to the previous hybrid QDs system
with a random distribution, the oriented Te nanowires have much
stronger interaction with MoS,."* The chemical states and the compo-
sition of nanowires were confirmed by X-ray photoelectron spectros-
copy (XPS) analysis. As shown in Fig. Sl in the supplementary
material, the peaks at 584.1 and 573.7 eV correspond to Te 3d;,, and
3ds,,, while the other two peaks are attributed to tellurium oxide pro-
duced by surface oxidation.'””’ The thickness of Te nanowires and
MoS, nanosheets was characterized by atomic force microscopy
(AEM). The right inset of Fig. 1(c) shows the AFM image and the
height profile of two typical Te nanowires, in which the thickness is
identified to be 31.4 and 31.6 nm. The AFM image of monolayer MoS,
prepared by CVD is shown in Fig. S2 in the supplementary material.
To characterize the interfacial coupling between the Te layer and the
MoS, layer, Raman and photoluminescence (PL) spectroscopy were
conducted. Two types of Te-MoS, interfaces were constructed: (i) a
Te-MoS, heterostructure prepared by direct epitaxial growth and (ii) a
Te-MoS, heterostructure fabricated by artificially stacking Te nano-
wires onto MoS,. Raman spectroscopy is a sensitive tool to accurately
characterize the interlayer coupling in vdWs heterostructures.”" Figure
1(d) shows the Raman spectrum of individual MoS, and the two types
of Te-MoS, vdWs heterostructures. In the as-grown Te-MoS, vdWs
heterostructures, the A, (~119.6cm™') and E, (~139.1 cm™') modes
of Te”””" as well as the out-of-plane Ayg (~400.9 cm ') and in-plane
Epg (~384.2 cm™') modes of monolayer MoS, are observed.
Compared with the individual monolayer MoS, (A, ~ 403.4 cm !
and E,; ~ 384.9 cm™ ), the Ayg and E,; peaks in overlapped MoS,
were red-shifted, indicating the electron transfer from the Te layer to
the MoS, layer at the interface.””**’ Ay shows a distinct red shift
(~2.5cm ™), but only a slight red shift is observed in the E, peak; this
is because electrons are coupled more tightly with A, photons than
E,g photons.”” And, the decrease in A, peak intensity can be attrib-
uted to the stacking of Te nanowires on MoS,, which can restrain its
out-of-plane vibration.”* But, for artificially transferred Te-MoS, het-
erostructures, some polymer residues were left and ambient gases were
trapped at the interface during the transfer process, forming a weak
interface, and thus the changes in the Raman frequencies are negligi-
ble. The corresponding PL spectrum is depicted in Fig. 1(e). The exci-
ton peak A is prominently redshifted and PL intensity is reduced in
the grown heterostructure compared with individual MoS,, which
indicate the efficient charge transfer at the interface of Te and
MoS,.”*® The excess electrons transferred from Te can effectively
combine with excitons in MoS, and form the negative trions, thus low-
ering the charge recombination and peak intensity of exciton A. But
only a slight change is observed in the transferred Te-MoS, hetero-
structure due to weak interfacial coupling.

Figure 2(a) shows the schematic diagram of the hybrid photo-
transistor, in which Te nanowires are designed as the infrared absorber
layer and MoS, is used as the conducting channel. The electrodes were
fabricated by standard electron-beam lithography (EBL) and thermal
evaporation of Cr/Au (10/60 nm). The gate voltage was applied to the
heavily n-doped silicon substrate. The length and the width of the
channel in our device are 3.8 um and 21.2 um, respectively. The corre-
sponding power density-dependent transfer curves (Iy-Vgs) at the
1550 nm laser are given in Fig. 2(b). Under laser illumination, there is
a noticeable increase in the drain current even with an ultralow power
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FIG. 2. (a) Schematic of our Te nano-
wires-MoS, hybrid phototransistor. Te
nanowires and the MoS, nanosheet act
as the infrared absorber layer and the
transport  channel, respectively. (b)
Transfer characteristic (/s—Vgs) curves
under illumination of a 1550 nm laser with

2 L 0 ! 2 different power densities (Vys =2 V), the
d e f Vas V) inset shows the energy band diagrams at
10° 10" 10° a the junction formed by Te and MoS, under
T _ o080V _Vg_s=0 V and 80V. (c) Output charac_ter—
% 10" §1011 102 —o-80V |stI|c (Ilds—Vds) curves under dg(k and illu-
> 10° S 5 mmatpr) states. (d) Responsivity and (e)
2 40" 0,209 mWicm ,;10'0 O 10 detectivity of t_he heterostructures are plot-
§ 102 Ie.sﬁ e’ 3 ) ~0-6.55 e’ ” ted as a funct|_0n of Vgs. (f) Plots of phot_o-
2 10° _v_::ﬁ::m"“mz 3 10 :sgg mﬂ* congiuctlve gain (G) versus power density

i L OteTemr ol 08876 W 10" . at different Ves.

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0.01 , 0.1
v, ) Vos (V) P (Wiem)

density of 0.07 mW/cm? at 80 K. CVD-grown Mo$, indeed has much
various structural defects due to growth process imperfections.
However, the photoresponse of the individual MoS, device under a
1550 nm laser was also measured in Fig. S3(a) in the supplementary
material, which is negligible compared with the Te/MoS, hybrid
device due to the intrinsic band gap limitation, and no obvious dam-
age to MoS, is observed after growth of Te nanowires [Figs. S3(b) and
S3(c) in the supplementary material]. Moreover, an individual Te
nanowire shows obvious photoresponse at 1550 nm (Fig. S$4 in the
supplementary material). Thus, the photo-generated carriers mainly
originate from Te nanowires in our hybrid device. Driven by the verti-
cal built-in field between Te and MoS,, photo-generated electrons in
Te nanowires are transferred to the MoS, channel, while the holes are
confined in the Te nanowires due to the potential barrier at the inter-
face.”” This directly leads to the increase in the MoS, channel current.
The obvious photoresponse is also reflected in the output curves, as
displayed in Fig. 2(c). The relationship of photocurrent (Iyy = ligh
— Igan) and power densities at different gate voltages is plotted in
Fig. S5 in the supplementary material, in which Iy, increases mono-
tonically with the power densities.

To accurately evaluate the device performance, responsivity (R),
which is defined as

I
- PS’
where P is the power density and S is the effective illumination area,
was extracted to further quantify the photoresponse performance. As
displayed in Fig. 2(d), responsivity increases with the gate voltage, and
the maximum responsivity of 10° A/W is obtained under V=80V
and P=0.299 mW/cm®>. Owing to the electric field screening effect
from the underneath MoS,, the applied Vi mainly regulates the Fermi
level of MoS, and leaves the upper Te unaffected.”** Since MoS, is
already in the depletion region at V=0V, the Fermi level is located
at the same position at negative and zero gate voltages. As shown in
the inset of Fig. 2(b), at lower Vg, the relatively weak built-in electric

gs
field formed between Te and MoS, enables photogenerated electron

R (1)

transfer from Te to MoS, and generate smaller photocurrent. When
Vs increases, the Fermi level of MoS, is lifted up, and the enhanced
vertical built-in field effectively facilitates the transfer of electrons from
Te to MoS,, resulting in the enhancement of photocurrent and
responsivity. As Vg, increases to 80 V, R gradually approaches a satu-
rated state, which can be attributed to the fast recombination between
photogenerated holes and excess electrons in MoS,, and the saturation
of carrier mobility in MoS,.”" The relationship between responsivity
and power density is presented in Fig. S6 in the supplementary mate-
rial. As can be seen, the responsivity decreases as the power density
increases. Under higher illumination intensity, the increase in the
number of separated photo-generated carriers produces an electric
field against the direction of the built-in electric field. The diminished
built-in electric field then accelerates the carriers’ recombination,
which in turn leads to the decrement of responsivity. The specific
detectivity (D") is another essential parameter for photodetectors. It
can be calculated as

. S _ Lpn 1 @)
qudark vV Liark P\/ zqs7

in which R, S, g, and Iy, are the responsivity, the effective illumina-
tion area, the electron charge, and the dark current, respectively. As
shown in Fig. 2(e), the maximal detectivity of 10'* Jones is obtained at
V=80V and P=0.299 mW/cm? In addition, our hybrid device
exhibits a calculated high photoconductive gain (G)*' of over 107,
which is defined as

R
e

where h is the Planck constant, c is the light velocity, and /4 is the light
wavelength, as shown in Fig. 2(f), which is suggestive of the fact that
more than 10° electrons can be achieved per photon at 1550 nm.
Figure 3(a) presents the dynamic photocurrent response for a
Te-MoS, hybrid phototransistor at a 1550 nm laser pulse with power
densities of 6.55 and 24.95 mW/cm®. An amplified photoresponse

G (3)
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FIG. 3. (a) Dynamic photoresponse of Te nanowires-MoS, heterostructures was
measured at 1550 nm with different power densities of 24.95 and 6.55 mW/cm?
(Vgs=2V, Vgs=80V). (b) Temporal response shows tsng=15ms and
Tdecay = 32 Ms at 1550 nm. (c) Dynamic photoresponse at 808 nm with power den-
sity P=19.75 mWicm? (Vg =2V, Vgs=20V). (d) Temporal response shows
Trising = 11 M8 and Tgecay = 22 Ms at 808 nm.

cycle is given in Fig. 3(b); it exhibits a fast photoresponse speed
(Trising = 15 ms and Tgecay = 32 ms), which is superior to the previously
reported CQDs-based hybrid photodetectors.” '’ Similarly, photores-
ponse of the Te-MoS, hybrid device to 808 nm was also measured. A
stable photo-switching behavior can also be monitored at an incident
power density of 19.75 mW/cm?, as shown in Fig. 3(c). Figure 3(d)
exhibits a faster response speed (Tyiging = 11 ms and Tgecay =22 ms). As
shown in Fig. S7(a) in the supplementary material, the rising and
decay times can reach 4.59 ms and 9.16 ms, respectively, with the assis-
tance of an oscilloscope. In addition, we also studied the effect of sur-
face coverage of Te nanowires on photoresponse performance. The
density of Te nanowires exhibited the tendency to increase with the
reaction time (Fig. S8 in the supplementary material). As shown in
Fig. S9(a) in the supplementary material, when the surface coverage is
30%, the rising and decay times of the Te/MoS, hybrid device are 23
and 39ms, respectively. Faster response times (Trigng=23ms,
Tdecay = 32 M8 and Tiging = 15 MS, Tgecay = 32 ms) are obtained for the
device with surface coverages of 50% and 60%, as observed in Figs.
S9(b) and S9(c) in the supplementary material. The results indicate
that the surface coverage dependence of response time is negligible.
The responsivity of the device with different surface coverages was
also calculated. As shown in Fig. S9(d) in the supplementary material,
the responsivity shows obvious enhancement with the increase of the
density of Te nanowires.

The comparison of individual Te and Te/MoS, heterostructure
devices is given in Fig. S10 in the supplementary material. As shown
in Figs. S10(a) and S10(b), the individual Te and Te/MoS, devices pos-
sess similar magnitudes of photocurrent and L, increases monotoni-
cally with power density P. For response time, as shown in Figs. S10(c)
and $10(d), compared with Te/MoS, devices (Tyising=15ms and
Tdecay = 32 ms), individual Te shows a much slower response speed

ARTICLE scitation.org/journal/apl

(Trising= 110 MS, Tgecay =170 ms). This can be attributed to the fast
recombination between photogenerated electrons and holes in Te.
However, for Te/MoS, devices, the introduction of a vertical built-in
field facilitates the rapid separation between photogenerated electrons
and holes in Te. Besides, the strong vdWs coupling between the Te
layer and the MoS, layer can effectively contribute to the interlayer
charge transfer from Te to MoS,, resulting in rapid response speed."”
Due to the intrinsic small light absorption area of the Te nanowire, the
responsivity of the individual Te device is slightly larger than the Te/
MoS, hybrid device [Figs. S10(e) and S10(f)]. However, it is worth not-
ing that the individual Te photodetector suffers from very high dark
current [107°-107°A, Fig. S10(h)], leading to low detectivity [~10"°
Jones, Fig. S10(f)] and a light switching ratio [~1.5, Fig. S10(h)]. In
contrast, the Te/MoS, device shows higher detectivity [~10'* Jones,
Fig. S10(e)] and a light switching ratio [~100, Fig. S10(g)] benefiting
from MoS, as a conducting channel. Overall, the performance of the
Te/MoS, device is superior to the individual Te device for infrared
photodetection. Moreover, a comparison with previously reported
infrared photodetectors is presented in Table I in the supplementary
material. The overall performance of our device is found to be out-
standing among the 2D infrared photodetectors. Compared with pre-
vious work, our work has made the following improvements: firstly,
for the previous QDs-based hybrid photodetector, the traps at the
interface can prolong the lifetime of the photocarriers and further
severely slow the response speed. And, the interlayer charge transfer
can be partially blocked due to the weak interfacial coupling.’*
Benefiting from the high-quality vdWs interface and effective interfa-
cial coupling in our device, the response speed has been greatly
improved. Then, for previous photodiodes, the potential barrier gener-
ated at the junction prevents the carrier recirculation and further
restricts the gain,(’ in contrast to these photodiodes, MoS, operates in
the conductor mode instead of the diode mode in our device, which
promotes the responsivity.}4

To further explore the origin of the outstanding photodetection
ability in our hybrid device, the interfacial interaction modulated by
the vdWs coupling was studied in the grown and the transferred
Te-MoS, heterojunction. The means of deposition of the Te layer is
crucial to the operation of the device. In the grown Te-MoS, hetero-
junction diode, significant anti-bipolar behavior’”** is observed when
applying a reverse bias, as displayed in Fig. 4(a). As a result, with the
moderate carrier density of both Te and MoS,, the maximum value of
drain current is obtained when Vg, ~ 20V. And, the grown hetero-
junction also shows obvious rectification characteristic, and the highest
rectification ratio of 10° is obtained under Vgs =80V, as shown in Fig.
4(b). But for the transferred Te-MoS, heterojunction, no obvious anti-
bipolar behavior is observed [Fig. 4(c)], and these two semiconductors
fail to produce an efficient rectifying heterojunction [Fig. 4(d)],"*
which also indicates that the rectification phenomenon comes mainly
from the heterojunction region rather than the contact region. Based
on the above discussion, the effective interfacial coupling in Te-MoS,
heterostructures directly grown by CVD contributes to the rapid
charge transfer at the interface, accompanied by the high infrared
absorption in Te, leading to the outstanding photodetection ability of
our device.

In conclusion, we demonstrated an infrared phototransistor
based on a coupled Te-MoS, hybrid structure, in which Te nanowires
are directly grown on MoS, via vdWs epitaxy. Benefiting from the
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FIG. 4. (a) Transfer characteristic (/3~Vgs) measurements of the grown Te-MoS,
heterojunction diode. The inset shows the OM image of the grown Te-MoS, hetero-
junction, the scale bar is 5 um. (b) Output characteristic (ljs—Vys) measurements of
the grown Te-MoS, heterojunction diode under different back-gated voltages Vgs. (c)
Transfer characteristics (lys—Vgs) of the artificially transferred Te-MoS, heterojunction
diode. The inset shows the OM image of the artificially transferred Te-MoS, hetero-
junction, the scale bar is 5 um. (d) Output characteristic (lys—Vys) measurements of
the transferred Te-MoS, heterojunction diode.

strong vdWs coupling between the Te layer and the MoS, layer, the
device exhibits not only ultrahigh photoresponsivity (>10° A/W) but
also a rapid response time (7,ing = 15 ms) at the telecommunication
wavelength of 1550 nm. Raman and PL studies indicate the effective
interfacial coupling in the grown Te-MoS, heterojunction. And, the
anti-bipolar and rectification behaviors observed in the strongly cou-
pled grown Te-MoS, heterojunction further confirmed the existence
of interfacial coupling. By comparison, the weakly coupled transferred
Te-MoS, heterojunction exhibits negligible anti-bipolar behavior and
slight rectification behavior. These results indicate that the coupled
vdWs hybrid structures have significant potential for the next genera-
tion high-performance infrared detectors.

See supplementary material for more experimental details and
device characterization.
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