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Blackbody-sensitive room-temperature infrared detection is a notable development direction for future low-
dimensional infrared photodetectors. However, because of the limitations of responsivity and spectral response
range for low-dimensional narrow bandgap semiconductors, few low-dimensional infrared photodetectors ex-
hibit blackbody sensitivity. Here, highly crystalline tellurium (Te) nanowires and two-dimensional nanosheets
were synthesized by using chemical vapor deposition. The low-dimensional Te shows high hole mobility and
broadband detection. The blackbody-sensitive infrared detection of Te devices was demonstrated. A high re-
sponsivity of 6650 A W™ (at 1550-nm laser) and the blackbody responsivity of 5.19 A W' were achieved. High-
resolution imaging based on Te photodetectors was successfully obtained. All the results suggest that the
chemical vapor deposition-grown low-dimensional Te is one of the competitive candidates for sensitive focal-

plane-array infrared photodetectors at room temperature.

INTRODUCTION

Blackbody response has been widely applied as one of the standard
characterizations for infrared focal plane array detectors, which is an
important parameter reflecting the sensitivity of infrared photo-
detectors and determines the corresponding practical applications
(I). Up to now, most of the available and high-performance infrared
photodetectors with blackbody response are based on traditional
III-V and II-VI materials such as InGaAs, InSb, and HgCdTe (2-4).
However, high growth costs of molecule beam epitaxy, metal-organic
chemical vapor deposition, and other epitaxial growth methods, as
well as the strict cooling requirements, severely limit the wider ap-
plication and promotion of these traditional infrared detectors. With
the rise and gradual development of low-dimensional materials,
narrow bandgap low-dimensional materials have exhibited extraor-
dinary potential for the next-generation infrared photodetectors
operating at room temperature (5-8). The unique out-of-plane van
der Waals force of low-dimensional layered materials makes them
free from the surface dangling bonds compared to traditional
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materials, which reduces the dark current of the devices from surface
recombination (9). On the other hand, because of the quantum confine-
ment, the strong light-matter interaction of low-dimensional materials
enables them to exhibit excellent photodetection (10). Currently,
the ultrahigh responsivity and detectivity of low-dimensional infra-
red detectors have been obtained under infrared laser illumination
(11-14). However, in the practical applications of infrared photode-
tectors, blackbody source radiation is more similar to the actual irra-
diation of the detected object rather than the laser source. Blackbody
sensitivity means that the low-dimensional system detectors could
take an important step toward commercial applications. Up to now,
only a few infrared photodetectors based on quantum dots, carbon
tubes, and black phosphorus (BP) are reported to have a response to
the blackbody radiation (9, 15-18).

Black phosphorous infrared detectors have exhibited excellent
performance, but the difficult large-area growth and poor stability
impede the practical applications (16). The strong exciton effect in
the carbon tubes and the low mobility of the disordered carbon tube
films strongly limit the performance of the carbon tube infrared de-
tectors (19). The poor crystallinity of the quantum dot film and its
low mobility limit the response time and bandwidth of its infrared
detector (17).

Here, we report numerous and high-quality low-dimensional Te
synthesized by low-cost chemical vapor deposition (CVD), includ-
ing nanosheets and nanowires. The morphology evolution and
growth kinetics of low-dimensional Te during the growth process
are elaborated by density function theory (DFT). Photodetectors
based on Te nanosheets and nanowires show an excellent blackbody
and polarization response. Our work provides a previously un-
known avenue for high-performance blackbody-sensitive room-
temperature low-dimensional materials infrared photodetectors
with an efficient and large-scale fabrication.
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RESULTS AND DISCUSSION

Material characterizations

Figure 1 (A and B) shows the scanning electron microscopy (SEM)
images of CVD-synthesized tellurium nanosheets and nanowires
on the Si substrate, respectively. The insets in Fig. 1 (A and B) are
high-magnification SEM images of Te nanosheets and nanowires,
respectively. It is found that Te nanosheets exhibit regular shapes
including rectangle, pentagon, and hexagon. The length and width
of Te nanosheets exceed and reach up to 50 and 20 um, respectively.
The diameter of Te nanowires is approximately 200 nm. Meanwhile,
the transmission electron microscopy (TEM) characterization of Te
nanosheets and nanowires are displayed in Fig. 1 (C and F). The
size, smooth, and neat surface topography of the samples are ob-
served, present in the insets of Fig. 1 (B and E). Figure 1 (B and E)
shows the high-resolution TEM (HRTEM) images of Te nanosheet
and nanowire, respectively. The corresponding selected-area electron
diffraction (SAED) images are exhibited in Fig. 1 (D and F), respec-
tively. The HRTEM and SAED demonstrate that both nanosheet
and nanowire have high crystallinity. The interplanar spacing dis-
tances of both Te nanosheet and nanowire in HRTEM image are
approximately 0.59 nm, which is consistent with the spacing dis-
tance of (001) lattice planes of hexagonal Te in previous work (20).
The corresponding SAED images show the distinctive and sharp
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diffraction of the Te nanosheets and nanowires, which further con-
firm the excellent single-crystalline of CVD-grown Te with the
unique hexagonal structure and corresponding crystal planar spacing
distance. The crystal phase of tellurium is confirmed by x-ray diffrac-
tion (XRD) in Fig. 1G. The characteristic and sharp peaks of as-grown
Te indicate the good crystallinity of Te nanosheets and nanowires
with the growth direction along the <100> axis. Figure 1H shows
the schematic diagram of the Te crystal structure, where the covalently
bonded atoms are arranged by uniaxial spiral connection, and these
chains are connected into a hexagonal structure by Van der Waals
force. This unique in-plane asymmetry chiral-chain structure also
means that this material should be anisotropic. The atomic force
microscopy (AFM) images and Raman spectrum without impurity
peaks of Te nanosheets are shown in fig. S1, further exhibiting a good
crystallinity of Te nanosheets. Moreover, angle-resolved polarized
Raman spectroscopy was used to further study the anisotropy prop-
erties of Te nanosheets, as shown in fig. S1C. The absorption spec-
trum of Te nanosheets in Fig. 1I indicates that the absorption cutoff
wavelength was approximately 0.35 eV (corresponding to 3.5-um
wavelength). Overall, the narrow optical bandgap, significant an-
isotropy, and excellent crystallinity ensure that infrared photode-
tector devices based on low-dimensional Te could exhibit excellent
optoelectronic performance.
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Fig. 1. Morphological and material characterizations of low-dimensional Te. (A and D) SEM images of Te nanosheets and nanowires. Insets are corresponding
high-magnification SEM images. (B and E) HRTEM of Te nanosheets and nanowires. Insets are corresponding low-magnification TEM images. (C and F) Corresponding
SAED images of Te nanosheets and nanowires. Interplanar spacings of 0.59, 022, and 0.38 nm are the (001), (101), and (100) lattice planes, respectively. (G) XRD of CVD-
grown Te, which is in agreement with the standard powder diffraction file (PDF) card (JCPDS#36-1452). The unmarked peak around 30° is the main peak of TeO; corre-
sponding to the PDF card (JCPDS#22-0911). (H) Schematic illustration of Te crystal structure. (I) Absorption spectrum of Te nanosheet. Insets are the corresponding

optical microscopy image of Te nanosheet. a.u., arbitrary units.
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Growth mechanism of low-dimensional Te

It is very important to understand the growth mechanism of Te nano-
sheets and nanowires, which have been grown in different regions
on the same silicon substrate. The schematic of low-dimensional Te
grown by the CVD method is shown in Fig. 2A. SnTe, was used as
the source to fabricate low-dimensional Te. As an intermetallic
compound synthesized by powder metallurgy (21-23), SnTe; de-
composed into the tin (Sn) and Te when it is heated up to 600°C. De-
composed Sn and Te atoms move to the growth zone assisted by the
N carrier gas. After the reaction finished, Te crystals with different
morphologies were found in different regions on the substrate. Te
nanosheets, with the length and thickness ranging from 20 to 80 um
and 20 to 200 nm, respectively, were grown at around 400°C. Te
nanowires, with the length ranging from 10 to 50 pm and the diameter
around 200 nm, are mainly distributed in the low-temperature area
of 200°C. Figure 2B shows the growth orientation of Te nanosheets
and nanowires. By the analysis of the above TEM data and previ-
ously reported results, it is found that the growth directions of hex-
agonal and pentagonal nanosheets include [001], [100], [101], and
[10T] orientation. Rectangular nanosheets are mainly in the growth
directions of [001] and [100]. While all nanowires grow laterally
along the [001] direction. To further verify the results, the surface
energies of Te with different crystal orientations calculated by DFT
are shown in Fig. 2C. It can be seen that the surface energy of {100},
{010}, {101}, and {001} planes are low as the stable surfaces. Accord-
ing to Wulff construction theory and kinetic Wulff construction
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modeling (24-26), these stable surfaces correspond to growth direc-
tions of [001], [100], [101], [101], [T01], [100], and [010] orientations.
The schematic diagram of these crystal planes is shown in fig. S2.
The {100} and {010} surfaces own the lowest surface energy among
all of them, which correspond to the [001] and [100] orientations.
In the growth energy area, [001] and [100] orientations own a higher
growth rate than others. Te nanosheets are more easily presented as
the rectangular morphology grown along these two orientations. When
the growth energy becomes higher, the growth rates of the [101],
[101], [T0T], and [010] orientations corresponding to other stable
surfaces become higher, so that trapezoid, pentagon, and hexagon
shapes would gradually appear. The morphology evolution of Te
material with the growth energy is shown in fig. S7.

In the low-temperature region, the growth of Te nanowires is
different from that of Te nanosheets. First, a small amount of Sn
would deposit on the substrate. Second, when the growth continues
and the precursor vapor arrives at the substrate, SnTe alloy seeds
would be formed by the diffusion of Te atoms into the Sn catalyst
droplets. Te element has a higher melting point, so Te element in
the raw material is easier to deposit than Sn element. As the raw
materials feeding the alloy continuously, the Te in the SnTe alloy
would be gradually saturated, leading to the epitaxial growth of Te
nanowires. The growth energy is low in the area where the nano-
wires grow. According to the analysis of surface energy, the Te
nanowires preferentially grow along the [001] direction. Last, Te
nanowires are formed.
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Fig. 2. Growth mechanism of low-dimensional Te. (A) Growth schematic of low-dimensional Te. The light blue and yellow spheres represent the Sn and Te elements, respectively.
Te nanosheets and nanowires grow at 400° and 200°C, shown in the enlarged illustration. (B) Schematic diagrams of different morphologies and growth directions. The
illustrations in the lower right corner are the corresponding SEM figures. (C) Simulated surface energies for {100}, {010}, {101}, and {001}. The specific value corresponding to
each crystal plane. (100): 0.0166 eV/A% (010): 0.0166 eV/AZ (001):0.0258 eV/A% (101):0.0239 eV/AZ (107): 0.0237 eV/AZ. (D) Growth process schematics of Te nanowire. (I): Formation of
the Sn nanoparticle, (II): Formation of Sn-Te neck with the increasing Te concentration, (lll): Growth of Te nanowire, and (IV): Formation of Sn-catalyzed Te. TEM image and energy-
dispersive x-ray mappings of Sn-catalyzed Te nanowire are shown in the inset, respectively. STEM, scanning transmission electron microscopy; HAADF, high-angle annular
dark field. (E) Dimensional statistics of low-dimensional Te materials synthesized by different methods. Range refers to lengths for nanowires and widths for nanosheets.
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The formation of Te nanowires in the low-temperature region of
the furnace is dominated by thermodynamics. It is related to the
decomposition of Sn from our raw materials SnTe,. To confirm the
above nanowire growth process, elemental analysis of the Te nano-
wires was performed. It is found that Te is uniformly distributed in
the whole nanowire, including the axial and radial directions of the
nanowires, shown in the inset of Fig. 2D. Sn is obviously accumulated
at the top of the nanowire. Energy dispersive spectrometer results
further show that the Sn element is dominant at the top of the Te
nanowire, and the Sn element only accounts for a very small content
in the entire material element composition, as shown in fig. S4A. The
results are consistent with the elemental mapping analysis.

The metal Sn is a common catalyst metal for nanowire growth,
and the area and ratio of element Sn distributed in our Te nano-
wires is a typical phenomenon of Sn as a nanowire catalytic metal in
the vapor-liquid-solid mechanism (27-29).

Te nanosheets and nanowires are not simply mixed in the same
area. There will be obvious morphological differences in different
temperature regions. As shown in fig. S6, combined with the growth
mechanism mentioned above, only nanowires exist in the low-
temperature zone (region A). Te nanosheets in the medium tempera-
ture zone (region B) are mostly rectangular as shown in fig. S6C. The
nanosheets in the high-temperature region (region C) will more exist
with the pentagonal or hexagonal morphology. The growth morphology
of Te materials in different temperature zones could be controllable.

Compared to the previous synthesis methods of low-dimensional
Te materials, the CVD method is reported here. Figure 2E shows
the dimensions of Te materials synthesized by different methods.
The length shown in the figure is the lengths for one-dimensional
(1D) nanowires and the widths for 2D nanosheets. It can be seen
that the sizes of Te materials prepared by CVD, whether it is 1D or
quasi-2D, are large in several synthesis methods (30-32). Meanwhile,
the CVD method has exhibited the unique potential in large-area
and templated growth of the nanowires and 2D materials (33-35),
which lays the foundation for further controlled large-area growth
of low-dimensional Te materials.

Optoelectronic properties of low-dimensional Te
photodetectors

Room-temperature stable infrared detectors are of great significance
in a host of fields. Here, we show the potential application of low-
dimensional Te in room-temperature infrared detectors. Figure 3A
shows the output characteristic curve of the Te nanowire field-effect
transistor (FET) device, and the inset is a schematic diagram of the
device. Meanwhile, Te nanosheet FET devices were also fabricated.
The corresponding transfer characteristic curves, optical microscopy
images of different Te devices, are shown in fig. S9. To further con-
firm the mobility of low-dimensional Te devices, 20 Te devices were
fabricated. As shown in fig. S13, one can find that the mobilities of
most Te nanowires and nanosheets exceed 100 and 500 cm” V™! per
second, respectively. Moreover, the mobilities are much higher com-
paring with other transition metal dichalcogenides (table S1), which
is suitable for the preparation of fast devices.

The optoelectronic properties of low-dimensional Te photo-
detector determine the potential of Te as a future room-temperature
infrared detector material. Figure 3B shows that the Te nanowire
photodetector has a good response to light with a broadband wave-
length from 500 to 2500 nm, which agrees well with the absorption
spectra of Te. The spectral response of the Te nanosheet device is
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similar to that of the nanowire device, as shown in fig. S16. In addition, the
absorption spectrum and electric field distribution of Te nanosheet
and nanowire devices were simulated by the finite difference time
domain method. The simulated absorption spectrum of low-dimensional
Te photodetectors for different illumination wavelengths was exhibited
in fig. S17 (A and C). The simulated curves have significant peaks
between 1300 and 1700 nm, which matches the experimental photo-
response of the devices.

The broadband spectral photoresponses of low-dimensional Te
photodetectors exhibit the highest response at the wavelength rang-
ing from 1100 to 1500 nm. Therefore, a 1550-nm laser was mainly
applied to characterize the optoelectronic performances of the devices
in our work. Figure 3C shows that the photocurrent I, and gain G
are closely dependent on the power intensity. The relationship be-
tween the photocurrent and intensity could be fitted through a non-
linear function, Iy, = cpk, where the c is a proportionality constant,
pistheincident laser intensity, and k is an empirical value. In addition,
k =0.79 is acquired, implying that the device under the laser illumi-
nation is affected by the photogating effect, electron-hole generation,
trapping, and recombination processes (5, 36). In general, the gain G
of the devices with photogating effects can be defined as G = i‘}},‘ A;,
where I, is the photocurrent, e is the electronic charge, P is the average
power density of the incident light, A is the illuminated area of the
device, and hv is the energy of an incident photon. The responsivity
R is one of the most important indicators of a photodetector, which
can be obtained by R = P%:. R of Te photodetector under 1550 nm
laser illumination is up to 6650 A W', shown in Fig. 3D. For both the
Te nanowires and nanosheets devices, the gain is dependent on the
wavelength of the laser, and the value of gain is relatively low com-
pared to that of other low-dimensional materials, but the responsivity
at the wavelength of 1550 nm is one of the best in state-of-the-art
low-dimensional materials devices (see table S2), which can be attributed
to the good crystal quality of Te materials as well as surface defects.
As two other important performance parameters of the photodetec-
tor, noise equivalent power (NEP) and detectivity (D*) are affected by
the three main types of noise, Johnson noise, I/f noise, and shot
noise from dark current (37). The NEP and D* can be calculated by
Wil px _ YANB

R NEP®
sponsivity, {i,)” is the noise current power, A is the effective area of
a photodetector, B is the bandwidth. As shown in Fig. 3D, the spe-
cific detectivity of Te nanowires photodetector is up to 1.23 x 10'*
Jones at the bias voltage of 0.1 V. Relevant noise power density spectra
for Te nanosheets and nanowires are shown in fig. S18. Figure 3D
exhibits the obtained R and D* as a function of incident light intensity.
As infrared light intensity decreases, both R and D* increase markedly.
In addition, the photoresponse speed is a vital parameter for infrared
photodetectors. In Fig. 3E, the rise and fall times of the Te nanowire
device are 31.7 and 25.5 ps, respectively. Compared with the previously
reported devices in table S2, the response time of about 20 s rep-
resents one of the fastest speeds among all the photoconductive infra-
red detectors reported in the literature. In summary, the responsivity,
response time, and detectivity of low-dimensional Te photodetec-
tors are impressive. In addition to the optoelectronic characteristic
1550 nm, the Te nanosheet and nanowire photodetectors under
other light illuminations such as 830 nm, 1310 nm, and 2 um were
also characterized. Compared with the performance at 1550 nm, the
R and specific D* of Te photodetectors are slightly smaller but still
on the same order of magnitude. The statistics of the response time

the equations, NEP = where R presents the re-
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at the different wavelengths (830, 1310, and 1550 nm) are present in
Fig. 3F. The response time of Te nanosheet and nanowire photo-
detectors is relatively stable, most of which are tens of microseconds.

It is well known that there is a trade-off between gain (G) and
response time for low-dimensional photoconductive photodetectors
(38). Because of the limitation of the Tjgime Of the excited photocar-
rier in the materials, the gain and bandwidth are in a competitive
relationship. Without the decay of gain, the maximum bandwidth
can be roughly estimated by 1/1, where 7 is the response time. Thus,
the gain-bandwidth product (GBP) of each device is constant. The
result shows that photodetectors with a larger responsivity often ex-
hibit a slower response speed. The GBP value of the photodetectors
is larger, meaning that the performance of the device is closer to the
theoretical limit. Figure 3G shows a summary of GBP values for
photoconductive detectors. The GBP values of Te nanosheet and
nanowire photodetectors are notably higher than that of other photo-
conductive photodetectors. Moreover, the GBP of low-dimensional

Te photodetectors is even comparable to that of the traditional thin-film
photodetectors, which is marked by the yellow diagonal line (1 x 10%).

Alr stability is also very important for low-dimensional photo-
detectors. All optoelectronic properties of the Te devices were measured
under atmospheric conditions at room temperature. Compared to
other infrared photodetectors, such as BP, b-AsP, and III-V semi-
conductor nanowires, the stability of low-dimensional Te devices is
very excellent, as displayed in Fig. 3H and figs. S27 and S28. The
photoelectric polarization performance of the Te nanosheet device
under the 830-nm illumination is shown in Fig. 31. The extinction
ratio of the device at 830 nm can reach ~5.8, while the extinction
ratios at 1310 and 1550 nm are 1.3 and 1.6, respectively (see fig. S29).
Moreover, the polarization-resolved photocurrent mappings of Te
nanosheet photodetector were achieved, shown in fig. $29. It is clear
that the photocurrent of Te nanosheet device in the mapping diagram
gradually decreases with increasing the polarization angle from 0°
to 90°. All the results reveal that low-dimensional Te has great
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Fig. 3. Electrical and optoelectrical properties of low-dimensional Te devices. (A) Output characteristic (Vgs-l4s) curve of Te nanowire device, exhibiting a good ohmic
contact. The inset shows the schematic diagram of the device. (B) Photoresponse spectrum of Te nanowire device under the laser illumination with the wavelength from
500 to 2500 nm and a power intensity of 0.01 mW mm™2. The device operated at a bias of 0.1 V. (C) Photocurrent and photoconductive gain versus power intensity under
1550-nm laser illumination. (D) Responsivity and detectivity versus power intensity under 1550-nm laser illumination. (E) Time-resolved photoresponse of Te nanowire
photodetector under 1550-nm laser illumination. (F) Photoresponse time statistics of low-dimensional Te photodetectors at different wavelengths. Ten nanowire and
nanosheet devices were tested each. (G) Gain-bandwidth product (GBP) of low-dimensional photodetectors, exhibiting that the high GBP of low-dimensional Te photo-
detectors. The yellow line represents a typical magnitude order of GBP for traditional thin-film photodetectors, in low-dimensional material systems, except for those hybrid
light guides, the values of devices in our work are one of the few ones that are close to this limit. NW, nanowire; NB, nanobelt; NS, nanosheet; HS, hybrid structure.
(H) Stability of Te nanowires device. The device was measured at the V4 =0.1 V. (I) Polarization properties of Te nanosheet photodetectors under 830-nm laser illumination.
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potential for high-sensitive, ultrafast, stable, and broadband infra-
red photodetectors.

Blackbody detection and imaging of low-dimensional
Te photodetectors
Blackbody detection, as a detection standard for practical applications,
is used to demonstrate the infrared detection performance of photo-
detectors. Figure 4A presents the schematic diagram of the blackbody
detection system. See Materials and Methods for details. Figure 4B
shows the responsivity (R) and detectivity (D*) of low-dimensional
Te photodetectors under 1200 K blackbody source illumination.
No matter how the frequency of the chopper changes during the
measurements, the blackbody responses of the devices are basically
maintained at the same level. These results further confirm the sta-
bility and large bandwidth of the Te detectors. The R and D* of Te
nanowire devices can reach up to 2.53 A W' and 4.68 x 10® Jones,
respectively. The D¥ of the Te device under this blackbody tempera-
ture condition is slightly higher than that of the carbon tube. Although
D* of the Te device is not as good as that of the BP or BP/MoS, de-
vices, the photodetection of the Te devices can be further improved
by preparing a p-n junction or hybrid structure. Combined with the
performances under the previous laser measurement conditions, the
infrared detection performances of detectors based on Te materials
are one of the best among low-dimensional photodetectors. Mean-
while, the detection range can also be widened by material doping.
Photoconductive gain is usually observed in photoconductive
devices under laser irradiation. The high Rjysey and Diyse,* values of
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photodetectors under laser illumination include the contribution
from the gain effect. Thus, the calculated Rjyser and Diyser* are much
larger, compared to the measured values of the commercial photo-
detectors. To show the smaller gain in blackbody detection of the Te
photodetectors, pure responsivity R, and pure detectivity D,* elim-
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When we calculated the pure responsivity of the Te photodetectors,
the quantum efficiency has defaulted to 1. The pure responsivity R,
is the theoretical maximum responsivity without gain. In addition,
the pure detectivity D,* is calculated under the condition of theo-
retical maximum responsivity without gain. The pure responsivity
R, and pure detectivity D,* under the 1550-nm laser can be calcu-
lated as 1.25 A W' and 2.3 x 10® Jones, respectively, shown in
Fig. 4C. Meanwhile, the blackbody peak responsivity of 5.19 A W'
and detectivity of 9.6 x 10® Jones at the 1550 nm are obtained, re-
spectively. The responsivity Rylackbody and detectivity Dplackbody un-
der blackbody condition are very close to the pure responsivity R,
and pure detectivity D,*. It means that our device also has a gain in
detecting blackbody sources, but it is much smaller than the gain of
the laser condition.

The blackbody response of the Te nanosheet device at different
polarization angles is shown in Fig. 4D. The extinction ratio of the
Te nanosheet device is approximately 2.4. It can be concluded that,
because of the excellent anisotropy of the Te crystal, the Te photo-
detectors exhibit a good photoelectric polarization response under
both laser and blackbody illumination.

inating the gain effect are proposed, where R, = R‘T and Dy, =
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Fig. 4. Blackbody detection of low-dimensional Te photodetectors. (A) Polarization blackbody measurement schematic of low-dimensional Te photodetectors under
blackbody source illumination. After adding the polarizer and half-wave plate, the blackbody polarization measurement can be performed. (B) Blackbody responsivity
and detectivity of Te nanowire and nanosheet detectors versus the frequency. (C) Pure responsivity R, and pure detectivity D,* versus power intensity under 1550-nm
laser illumination. Pure responsivity R, and pure detectivity Dy* are calculated under laser measurement conditions, corresponding to the triangle and pentagram in the
figure, and the blackbody calculation results correspond to the dotted lines, which are unrelated to power intensity. (D) Polarization properties of Te nanosheet photo-
detector under blackbody source illumination. The polarization angle of the blackbody source is changed by rotating the half-wave plate when the frequency of the

chopper is stabilized at 1000 Hz.
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Table 1. Comparison of low-dimensional blackbody-sensitive photodetectors. b-AsP, black phosphorus-arsenic; CQDs, colloidal quantum dots.

Blackbody Detectivity

Material Stability Synthesis Controlled Operating chopped (Jones) at P?Iar!zatlon. References
(atmosphere) method growth temperature extinction ratio
frequency morphology
a 10 o
BP <3days Mechanical No 300K 150 Hz 610" at film ~10(3.5-um (16)
exfoliation (32 nm) laser)
L KK
b-AsP <3 days Mechanical No 300K 150 Hz pE il . (16)
exfoliation (66 nm)
Mechanical 7x10%at p-n
P/M N K - e o
BP/MoS, <3days exfoliation ° 300 junction (20 nm) e e )
1.9x 107 at
Carbon >3 months LPCVD Yes 300K ~2Hz carbon nanotube - (15)
nanotube forest film
(100 um)
Chemical 3x10'%1x 107 at
HgTe CQDs ~1 month solution Yes 85/295K 10 kHz npn structures ® (18)
growth film (1 um)
2.06x 107 at
Te nanosheet >3 months CVD Yes 300K 1000 Hz single nanosheet 2.4 (blackbody)
(85 nm)
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Fig. 5. Response mechanism of Te nanowire photodetectors under laser and blackbody illumination. (A) Schematic diagram of the surface state effect of nanowires
under different light sources. Under the irradiation of 1310-, 1550-nm, and 2-um laser and blackbody light source, the ability of surface states to capture photogenerated
electrons is different, so the gain caused by the surface states are different, respectively, about 1500, 4000, 500, and 5. (B) Schematic illustration of the defect energy
level in the surface state. E; stands for defect energy level. The blackbody source contains photons of various energies, the defect energy level is preferentially occupied
by electrons excited by high-energy photons, resulting in a small gain of the blackbody. CB, conduction band; VB, valence band.
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Among the low-dimensional materials, only a few materials and de-
vices with blackbody response have been reported, as shown in Table 1.
Compared with other materials, the stability of low-dimensional Te
is better. The synthesis method of CVD is more controllable and
has the potential to realize the growth of large-area materials. Mean-
while, low-dimensional Te devices exhibit excellent blackbody re-
sponse and have the sensitivity of a polarized blackbody source,
which provides a novel platform for blackbody detection in the
low-dimensional system.

It can be seen from the above-obtained data that the detectivity
of the same device under laser irradiation is much higher than the
blackbody peak detectivity at the corresponding wavelength. Ac-
cording to the data analysis of Fig. 4C, it can be inferred that this is
related to the gain in low-dimensional Te material. More analysis of
the optoelectronic performance data reveals that the gain is depen-
dent on the wavelength, shown in Fig. 5A. As shown in Fig. 3C, gain
G decreases as the laser intensity increases. At 1310 nm, 1550 nm,
and 2 um with the same intensity of 0.1 mW mm ™, the specific gain
of the same nanowire device is about 1500, 4000, and 500. However,
the gain under the blackbody radiation source is approximately 5,
which is much smaller than that of the laser.

For nanowires photodetectors, the gain is not only derived
from the intrinsic materials but also affected by the surface state.
After illumination, these states will trap one type of photo-generated
carriers and continuously form the gate electric field to modulate
the channel conductance, resulting in more electron-hole pairs
collected by the electrode, which means higher gain devices.
These have been extensively and well studied, and especially un-
der laser irradiation, this phenomenon is more obvious (5, 38-41).
Combined with the previous TEM characterization, it is obvious
that there are plentiful surface states in the Te nanowires and
nanosheets, which leads to the high gain of the Te photodetectors.
In addition, the schematic diagram of the effect of the surface
states in the nanowires is shown in Fig. 5A. The surface states with
the defect energy level existing above the conduction band are
hindered by a barrier from the channel, as shown in Fig. 5B. Hot
electrons excited by high-energy photons have enough energy to
overcome the barrier and then be trapped by the defects (42). The
process of electrons releasing from the defects to the conduction
band is called the detrapping process, which requires thermal as-
sistance to fulfill. The ability of surface states to capture electrons
under different lasers is different, depending on the two processes
of trapping and detrapping. The photoresponse properties of the
device are obtained under 520-, 637-, 830-, 1310-, 1550-nm, and
2-pm laser illumination, as shown in fig. $32. The photocurrent
I and gain G are closely dependent on power intensity. Figure
S31B shows the gain of the same device illuminated by lasers with
different wavelengths. The gain of the Te device under 520- and
637-nm lasers is relatively small. For high-energy photons, al-
though the corresponding excited electrons can be easily captured
by surface states, they can be efficiently detrapped as well. Thus, a
smaller gain is observed for visible light and near-infrared wave-
length light.

The simulated 1200 K blackbody spectrum in the Supplementary
Materials shows that the energy of most photons is lower than that
of the 2-um laser. However, the higher-energy photons also exist in
blackbody sources.

Under the blackbody source illumination, the Te device is si-
multaneously illuminated by photons of different energies. The

Peng et al., Sci. Adv. 2021; 7 : eabf7358 16 April 2021

defect energy level is preferentially occupied by electrons excited
by higher-energy photons (42). Thus, the available surface states
for lower-energy photon-induced electrons are reduced, lead-
ing to a reduced gain under blackbody illumination compared with
laser illumination.

Imaging is a significant application field of photodetectors (43, 44).
To check the imaging capability of Te photodetector, a reflection
imaging system has been set up, as shown in Fig. 6A. Two sets of
objective samples were prepared. The imaging results of the Te
nanosheet detectors are shown in Fig. 6 (B and C). The images under
both visible and infrared illuminations are very legible. Even some
defects of metal objects generated during the fabrication process
could be distinguished, such as small gold nuggets in the letter D
and the irregular parts in the lower right corner of the institute icon.
A series of imagings illustrate the excellent imaging ability of the
low-dimensional Te photodetectors.

Conclusions

In summary, large-scale, high-quality tellurium nanosheets and
nanowires have been successfully prepared by CVD. Meanwhile,
the growth mechanism of low-dimensional Te is illustrated. Both
the ultrahigh hole mobility and good crystallinity ensure the excellent
photoresponse performance of the devices based on low-dimensional
Te. Low-dimensional Te detectors exhibit excellent performance with
alarge responsivity (6650 A wha high detectivity (1.23 x 10'% Jones),
and an ultrafast photoresponse (25.5 pus) under the laser illumina-
tion. Noticeably, CVD-grown Te detectors have an obvious room-
temperature blackbody response. Furthermore, high-resolution
imaging by the Te photodetectors has confirmed the great potential

A Te detector Va=01V

Focus lens

Half mirror

Chopper

Objective lens

637 nm 2 um

Fig. 6. Imaging of Te nanosheet photodetectors. (A) Schematic of the reflection
imaging system for Te nanosheet photodetector. (B and C) Imagings by Te nanosheet
photodetectors under the wavelength of 637 nm and 2 um, respectively. The inset
shows optical microscopy images of the imaging objective sample. Shanghai Insti-
tute of Technical Physics, SITP. (C) “Te,” “INFRARED,” and "HUST.”
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of Te in practical application fields. In the future, p-n junction or
other hybrid structure devices based on pure Te material can be
designed to further improve the photodetection performance of the
devices. Meanwhile, flexible substrates or array template substrates
can be applied to grow high-quality materials and then make full
use of the excellent electrical and photoelectric properties of Te ma-
terials in not only photodetectors but also functional and integrated
devices.

MATERIALS AND METHODS

Materials synthesis and characterization

The large-area tellurium nanosheets and nanowires were grown via
a CVD method. A ceramic boat with SnTe, powder (Sigma-Aldrich,
99.99%) in it was placed in the middle of a quartz tube. The silicon
substrate was placed on another ceramic boat downstream of the
carrier gas Ny. The flow rate of gas is 50 standard-state cubic centi-
meters per minute. The SnTe; in the quartz tube was heated to 650°C.
The growth was maintained at atmospheric pressure for 30 min and
then naturally cooled down.

The morphologies of tellurium nanosheets and nanowires were
investigated by SEM (JEOL Model JSM-6490). HRTEM, SEAD
(JEOL JEM-2100F), and XRD patterns ((Bruker D8) were used to
characterize the crystal structure. A Bruker Fourier transform infra-
red spectrometer (Vertex 70v) integrated with a Hyperion 2000
microscope was used to analyze the absorption spectrum of Te. The
topography of materials and devices was characterized by AFM
(Bruker MultiMode 8).

Polarized Raman studies

Polarization-resolved Raman scattering measurements were recorded
every 10° by a micro-Raman spectrometer with backscattering geo-
metry (Jobin-Yvon LabRAM HR Evolution spectrometer). The res-
olution of spectral is smaller than 1 cm™, and the wavelength of the
excitation source is 532-nm laser. The laser source was focused via
a x100 magnification microscope, and the working distance is 18 mm.
The scattered signals are dispersed on 1800 grooves/mm grating,
and they are collected through a charge-coupled device, which the
front-illuminated chip is 1024 x 256 pixels.

Device fabrication and analysis

All devices were prepared by using the electron-beam lithography
technique. Before depositing the contact metal, Te nanowires and
nanosheets were immersed in a 3% hydrofluoric acid solution for
about 10 s to remove the natural oxide layer. Then, the substrate
was immediately put into the thermal evaporation system. The metal
contacts with the Te material directly, achieving a good ohmic con-
tact between the metal and Te semiconductor. Pt/Au (50/100 nm)
was used as contacted metal for source/drain electrodes; most of the
electronic and optoelectronic properties were measured under am-
bient conditions at room temperature. All I-V (current/voltage)
characteristics were measured by the Agilent B2902A source. The
laser source for spectral response is provided by the combination of
continuous laser light source and gratings. Other laser light sources
are emitted from a monochrome laser, which could be any laser
wavelength in the 520 nm to 2 um. High time-resolution response
current signal was converted to a voltage signal using a preamp
(Stanford Research Systems SR570) and recorded by Tektronix
MDQO3014 mixed domain oscilloscope.
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Blackbody system and analysis

The blackbody source is HFY-206A without a focusing lens. The
device was placed 15 cm away from the aperture with a fixed mod-
ulation frequency of 1000 Hz chopped by an optical chopper wheel.
An 800-nm to 2.7-um bandpass polarizer and a 1-um high-pass half-
wave plate are placed in front of the device for blackbody polariza-
tion measurements. The total incident power on the device surface
aeo(Ts - Tg)AR®

LZ

where o is the modulation factor, € is the average emissivity of
the blackbody source, € is 0.9 for our blackbody source, o is the
Stefan-Boltzmann constant. T and T are the temperature of the
blackbody radiation source and the room temperature (300 K), re-
spectively. A is the device area in units of square centimeters. R is
the aperture radius of the blackbody radiation source, and L is the
distance between the aperture and sample in units of centimeters.

can be calculated by the approximation formula P =

>

Imaging system and analysis

The light beam emitted by the laser light source is converted into a
pulsed beam by a chopper and then reflected by a half mirror and
focused on the surface of the imaged object through the objective
lens. After being reflected by the object, the laser beam is irradiated
onto the detector through the objective lens, a half mirror, and a
condensing lens. The electrical signals of the detector are extracted
by a lock-in amplifier to obtain the corresponding image. This re-
flection imaging system is active imaging. The imaging principle is
that the light source is irradiated to the surface of the detected object,
and the object will reflect the illumination light. For a laser beam of
a specific wavelength, different objects have different reflectivity or
the same object with different morphologies has different reflectiv-
ity, resulting in different reflected light intensities. The system ap-
plies the detection device for detecting the change of the reflected
beam light intensity, which can reflect the object’s spatial position
and shape. Last, the measured object could be reconstructed by
plane scanning.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabf7358/DC1
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