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ABSTRACT: In this work, high-performance ultraviolet to long-wave infrared (UV—
LIR) devices based on an N-type three-dimensional (3D) Dirac semimetal Cd;As, and
P-type organic (small molecules and polymers) heterojunction are prepared. Primarily,
the photodetector shows a broadband photoresponse from 365 to 10600 nm. The
optimized device responsivity is 729 mA/W, along with a fast response time of 282 us
and a high on—off ratio of 6268, which are 2 orders of magnitude higher than those
previously reported for a 3D Dirac semimetal-based device. In the LIR region (10600
nm), the responsivity and on—off ratio can reach 81.3 mA/W and 100, respectively. In
addition, the time-resolved femtosecond pump detection technology is used to reveal the
relaxation time of Cd,As,/organic thin films (4.30 ps), indicating that Cd,As,/organic
thin films have great potential for the manufacture of fast IR devices. These results
demonstrate that the 3D Dirac semimetal/organic thin film heterojunction photo-
detectors will be a feasible solution for high-speed and broadband photodetectors in
large-array imaging.
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he photodetector is the core of a photoelectric system,
which is always research hot spot."~* To overcome the
detection waveband limitations of traditional photodetectors,
novel infrared (IR) photodetectors based on Dirac materials
have gradually emerged due to their zero bandgap and wide
spectral absorption.”~” As the most outstanding representative
of two-dimensional (2D) Dirac materials, graphene has been
widely studied due to its excellent carrier transport perform-
ance, unique 2D energy dispersion, and stable electrical and
optical properties.””'’ However, the application of graphene is
hindered by its monatomic layer as well as the limited
absorption (2.3%) and fragile surface boundaries. Hence,
three-dimensional (3D) Dirac semimetal materials solve this
conundrum."' ™" Interestingly, this type of material not only
possesses the characteristics of zero bandgap and wide spectral
absorption like 2D Dirac materials but also has a higher
electron mobility and absorbs more light. In addition, it
exhibits stable physical and chemical properties and interface
characteristics. These characteristics open up various prospects
of application for 3D Dirac materials."*~"”
As a typical 3D Dirac semimetal material, Cd;As, possess an
ultrahigh carrier mobility (~10°), a high level of full spectral
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absorption (30—50%), a 3D quantum Hall effect, a fast
electron transmission speed, and a high photocurrent response,
which enable wide applications in IR photoelectric detec-
tion.'"™*° Wang et al. prepared devices by using pure Cd;As,
nanoplates and nanowires, which had a maximum responsivity
(R) of 5.9 mA/W and broadband detection capability (from
532 nm to 10.6 ym).”' In addition, Yavarishad et al. revealed
that a room-temperature Cd;As, platelet photodetector
exhibited optical spectral response characteristics but the
maximum R; of this device was 0.27 mA/W at 635 nm.>” In
addition, Zhu et al. demonstrated the saturated absorption
characteristics of a Cd;As, thin film at wavelengths of 1-2
um.”> These studies suggest that Cd;As, possesses excellent
optical absorption and photoelectric conversion characteristics
and thus is the appropriate material for preparing photoelectric
devices. However, pure Cd;As,, especially pure thin films, due
to their semimetal properties as well as the low surface
resistance, results in a large overall dark current of devices and
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Figure 1. Molecular structure of different organic materials, schematic diagram of the equipment used to prepare thin films, and AFM diagram of
different organic thin films on Cd,As, thin films. (a and c) Schematic diagrams of the chemical molecular structure and fabrication equipment
(thermal evaporation and spraying) of bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) and poly(3,4-ethylenedioxy thiophene):poly-
(styrenesulfonate) (PEDOT:PSS), respectively. (b and d) AFM surface diagrams of DPEPO and PEDOT:PSS thin films on a Cd;As, thin film,
respectively. The area is S gm X S um. Hence, the root-mean-square roughness values of DPEPO and PEDOT:PSS are 7.207 and 3.583 nm,

respectively.

has an adverse effect on device sensitivity. To overcome this
problem, Yang et al. fabricated a photodetector made of a
Cd;As, thin film with pentacene, whose detection range was
from 450 nm to 10.6 ym with a maximum R; of 36.15 mA/
W.>* Nevertheless, the response time of the device is only 60—
90 ms, and the switching ratio is 107, which still needs to be
improved.

In this paper, Cd;As,/organic (small molecules and
polymers) heterojunction photodetectors were prepared.
More definitively, we combined P-type materials DPEPO
(small molecule) and PEDOT:PSS (polymers) with N-type
Cd;As, thin films. Such photodetectors can operate under both
zero-bias mode and biased mode. Primarily, a Cd;As,/small
molecule heterojunction photodetector shows an ultrawide
response waveband from the ultraviolet (UV) (365 nm) to the
long-wave infrared (LIR) (10600 nm). Its R; can reach 729
mA/W, and its on—off ratio can reach 6286. Then, the
problem of forming the polymers on the surface of Cd;As, thin
films was solved creatively by a spraying method. Surprisingly,
a Cd;As,/polymer heterojunction photodetector possesses
super fast response times of 282 us (rise time) and 517 us
(fall time). All of this information fully demonstrates that the
combination of Cd;As, thin films with organics has great
potential in fabricating high-performance photoelectric devices.
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First, a planar structure is adopted to improve the device
performance to create the heterojunction. A schematic diagram
of the preparation of Cd;As,/organic thin film heterojunction
photodetectors is shown in Figure S1. For the thin film-type
photodetectors, the quality of the prepared thin films will affect
the performance of the devices.”””° Figure 1 shows the
schematic diagram of the equipment used to prepare different
thin films and the atomic force microscopy (AFM) surface
topography of the surface of the organic thin films (Cd,As, is
shown in Figure S2). From Figure 1, one can clearly see that
the thin films made of two materials are uniform and compact.
Overall, the thin film quality of the two kinds of combined thin
films is excellent, which can satisfy the needs of preparing
devices (thin film device shown in Figure S3).

Next, we carry out a comprehensive study of the
performance of two types of photodetectors (Cd,As,/
DPEPO and Cd;As,/PEDOT:PSS) with respect to the I-V
curve of switching illumination, the photocurrent in different
wavebands, the effects of Vi, on the photocurrent, the on—off
ratio, R;, and EQE (Figure 2).

Panels a and d of Figure 2 show the I-V curve of Cd;As,/
organic thin films heterojunction devices, in which the Cd;As,/
polymer thin film heterojunction devices have better
rectification characteristics. From the photocurrent diagram
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Figure 2. Optoelectronic peculiarity of the Cd;As,/DPEPO and Cd;As,/PEDOT:PSS heterojunction photodetectors. (a and d) I-V curves of
Cd;As,/DPEPO and Cd;As,/PEDOT:PSS heterostructure zero-bias photodetectors, respectively, without and with 650 nm irradiation. (b and e)
Photocurrents of different wavelengths for Cd;As,/DPEPO and Cd;As,/PEDOT:PSS heterostructure zero-bias photodetectors, respectively. The
measurements were conducted under zero-bias mode with laser power intensities of 20 and 0.46 m/W?, respectively. (c and f) Photocurrents as a
function of different bias voltages for Cd;As,/DPEPO and Cd;As,/PEDOT:PSS heterojunction photodetectors, respectively. The curve of the
variation of the photocurrent with Vi, at diverse wavebands. (g) On—off ratios of Cd;As,/DPEPO and Cd,As,/PEDOT:PSS heterojunction
photodetectors at diverse wavelengths. (h and i) R; and EQE curves, respectively, at different wavelengths of Cd;As,/DPEPO, Cd,As,/

PEDOT:PSS, Cd;As,, DPEPO, and PEDOT:PSS photodetectors.

of the zero-bias mode in the different wavebands (Figure 2b,e),
one can see clearly that photodetectors possess an excellent
response photocurrent from the UV to the LIR. In addition,
the photodetectors can produce a much stronger photocurrent
when it works under the Vi, mode (Figure 2¢f). It is
noteworthy that the crest on—off ratio values of Cd,As,/
DPEPO and Cd;As,/PEDOT:PSS photodetectors can reach
6268 (at 650 nm) and 1356 (at 650 nm), respectively.
Moreover, what deserves our attention is the fact that the on—
off ratio of devices can also reach 22 and 35, 100, and 54 in the
MIR (at 4.5 um) and LIR (at 10.6 ym) regions, which is quite
rare for the MIR and LIR photodetectors.

R, and EQE are calculated to better characterize the
excellent performance of the device. R; is generally defined as
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the photocurrent generated by the power density of
illumination on the active area of the device.

L - I

p (1)

where I, I, Ip, and p represent the photocurrent generated

on the active area, the current under the light, the dark current,
and the power density of the laser, respectively.”’~*°

The energy conversion efficiency of illumination is denoted

EQE:

EQp = b _ b lem
q p

q9 (2)
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Figure 3. Response time diagram of heterojunction photodetectors at different wavelengths and energy band diagram of the heterojunction. (a and
b) Response times of Cd;As,/PEDOT:PSS and Cd;As,/DPEPO thin film heterojunction photodetectors at 650 and 980 nm. The 7,, and 7. of
Cd;As,/PEDOT:PSS thin film heterojunction photodetectors are 282 and 517 s and 1.87 and 1.94 ms at 650 and 980 nm, respectively. The 7,
and 7, of Cd;As,/DPEPO thin film heterojunction photodetectors are 9.7 and 11.49 ms and 16.32 and 23.75 ms at 650 and 980 nm, respectively.
(c) The Cd;As,/organic thin films capacitance varies with frequency (from 40 to 5.5 X 10° Hz). (d) Energy band diagram of Cd,As,/organic thin
film heterojunction photodetectors. The E; of Cd,As, is nearly —4.5 eV.** The LUMO and HOMO of DPEPO (PEDOT:PSS) are —1 eV (—3.5

eV) and —6.4 eV (—5.2 eV), respectively.

where @, g, and hv represent the photon flux, the charge per
electron, and the photon energy, respectively.”' >’

The curves of R, (Figure 2h) and EQE (Figure 2i) of
Cd;As,/DPEPO, Cd;As,/PEDOT:PSS, Cd;As,, DPEPO, and
PEDOT:PSS photodetectors follow the corresponding for-
mulas mentioned above. The R; of the photodetectors in this
experiment can be as high as 729 mA/W (at 808 nm, Cd;As,/
DPEPO), which is the maximum for Cd;As,-based photo-
detectors determined to date. The value of R, is 78 or 186
times that of the pure Cd;As, thin film or the pure Cd;As,
crystal devices, respectively. This result is a significant
improvement in the performance of Cd;As,-based photo-
detectors. The maximum EQEs of Cd;As,/DPEPO and
Cd,As,/PEDOT:PSS can reach 112% (at 365 nm) and
20.6% (at 650 nm), respectively. In short, Cd;As,/DPEPO
and Cd;As,/PEDOT:PSS thin film heterojunction photo-
detectors have values of R; and EQE that are higher than those
of the previously described Cd;As,-based devices. In general, a
Cd;As, thin film is considered as a semimetal; when it
combines with organics, the interface between two materials is
a Schottky contact. Then, when plentiful electron traps exist in
organics, under the action of voltage, these trapped electrons
will be transferred to the interface area between the organics
and the electrode, which narrows the barrier junction and
increases the photocurrent. This tunneling effect is definitely
an element that makes the EQE of the inorganic/organic
heterojunction devices surpass 100%.
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To further characterize Cd;As,/organic heterojunction
devices, the absorption of Cd;As,/organic thin films is
precisely measured. Test methods and results are shown in
Figure S4, which directly shows that the recombination of
Cd;As, with organic thin films can enhance the absorption
from the VL to the LIR. Figure SS illustrates the absorption of
organics from the UV to the NIR. One can see that organics
have absorption in the measured waveband, and the absorption
effect will be enhanced under the combined action of two thin
films. This phenomenon can lead to the R; of Cd;As,/organic
heterojunction thin film photodetectors being higher than that
of pure Cd,As,-based devices (Figure 2h).

Moreover, the response time has always been considered to
be a significant feature of photoelectric devices.”*>” Panels a
and b of Figure 3 show the response time curves of Cd;As,/
PEDOT:PSS and Cd;As,/DPEPO heterojunction photo-
detectors at 650 and 980 nm, respectively. Specifically, the
Ton and 7,g of Cd;As,/PEDOT:PSS heterojunction photo-
detectors are 282 and 517 us (at 650 nm) and 1.87 and 1.94
ms (at 980 nm), respectively. The 7,, and 7.4 of Cd,As,/
DPEPO photodetectors are 9.7 and 11.49 ms (at 650 nm) and
16.32 and 23.75 ms (at 980 nm), respectively. In the electron
branch, the measurement response time of devices in this
experiment can reach 282 us (7, of the Cd;As,/PEDOT:PSS
heterojunction photodetectors), which is the fastest Cd;As,-
based device to the best of our knowledge. In addition, special
attention must be paid to the fact that the interface
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Figure 4. Time-resolved photocurrent measurements of Cd;As,/PEDOT:PSS and Cd;As,/DPEPO thin films. (a) Schematic diagram of the time-
resolved femtosecond pump detection device. Under the condition of taking the regenerating amplification output of femtosecond laser as the
experimental light source (repetition frequency of 1 kHz, wavelength of 800 nm, and pulse width of 100 fs), the incident light is divided into two
beams of strong and weak light by the 9:1 spectroscope (Throlabs BSWI 1), the strong reflected light is the pump light, and the weak transmitted
light is taken as the detection light. (b) Schematic diagram of a pump—probe photoelectric relaxation time measurement system. (c) Induced
photocurrent of the probe with the pump on and off as a function of pump—probe pulse delay. The powers of pump and probe excitation both are
1 mW with a spot diameter of 20 ym. The time constants of different composite thin films are 5.87 ps (Cd;As,/PEDOT:PSS) and 6.43 ps
(Cd,As,/DPEPO) with the function mentioned in the Experimental Section.

characteristics of a Cd;As,/DPEPO combined thin film are
inferior to those of a Cd;As,/PEDOT:PSS thin film (Figure
1), which can affect the performance of devices, especially for
the response time characteristics. In panels a and b of Figure 3,
the response times of photodetectors at 980 nm are lower than
at 650 nm. In general, the response times of photodetectors are
included in the photoelectric and thermoelectric response.
According to the Seebeck effect, the thermoelectric field will
have a stronger inhibitory effect on the thermal diffusion of
carriers.””” The IR region of light heating effect is stronger
than that of the VL region so that the IR region light reaches
the carrier balance time faster than that of the VL region.

It is generally believed that the response times of
photoelectric devices are primarily affected by three aspects:
(1) diffusion time (TP) , the time required for photon-generated
carriers generated outside the P—N junction region to diffuse
into the junction region, (2) drift time (7g,), the time it takes
for photogenic carriers to cross the junction region generated
in the p—n junction area, and (3) RC delay time (7pc), which
consists of the p—n junction capacitance and load
resistance.”’”* For semiconductor devices, the response
time is mainly affected by the third aspect. The capacitance

of a CdjAs,/organic thin film changes with frequency as
observed in Figure 4c. Cd;As,/PEDOT:PSS (Cd,As,/
DPEPO) thin film capacitance (68 (Cp) and resistance Rp
(Rp) are 2.7 pF (242 pF) and 1.2 X 107 Q (6.1 X 10° Q),
respectively, at 1 kHz. According to the calculation formula 7y
= 27RC, the response time of the Cd;As,/PEDOT:PSS
(Cd;As,/DPEPO) heterojunction photodetector theoretically
is 203 ps (9.12 ms). The organics also contribute to extending
the response spectrum (Figure S4), because the carrier
mobility of an organic semiconductor should be much lower
than that of Cd;As,, and the response time in this model
should be influenced by not only the RC delay time but also
the diffusion time of the photogenerated hole/electron in the
organic layer. In that case, the carrier mobility of the composite
thin film was tested to calculate the overall diffusion time of
the device. The carrier diffusion time of the Cd;As,/
PEDOT:PSS (Cd,;As,/DPEPO) composite thin film was
calculated, which was 32.6 us (0.27 ms) (diffusion time
calculation method shown in Figure S6). When the diffusion
time and RC delay time are combined, the theoretical response
time of the device is 235.6 us (9.39 ms), which is consistent
with the actual test values.
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We also drew the energy bands of Cd;As,/organic thin film
heterojunction photodetectors (Figure 3d) to better explain
the working mechanism. The prepared Cd;As, thin film is
tested as an N type by the Hall effect test system (Figure S7).
The P—N junction is formed between Cd;As, and organics,
and the direction of E;, points from Cd;As, toward the
organics. When the device is being irradiated, photogenerated
electrons/holes are generated at the interface between Cd;As,
and organics, and then they separate in the junction region
because of a built-in electric field. Finally, the corresponding
photocurrent is generated by the collection of electrodes.

In addition, the time-resolved femtosecond pump detection
technology is used to extract the relaxation time of Cd,As,/
organic thin films. As shown in Figure 4a, the light with a
relatively stronger intensity is called the pump, which is used to
excite the sample. The weaker light is called the probe, which is
used to detect the nonlinear absorption effect of the
sample.*~* As shown in Figure 4b, the detector simulta-
neously collects the pump and probe at the same places in the
sample. At the beginning of the measurement, the probe
arrives at the sample before the pump. When the probe reaches
the sample behind the pump, the sample has been excited, and
then the probe can measure the transmittance (reflectivity)
under different delays, which corresponds to the relaxation
state of the sample. By analyzing the transmittance
(reflectivity) under different delay times (after excitation),
we can obtain the relaxation time of the sample (Figure 4c).
The methods described above were used to test the relaxation
time of different thin films, and the values are 4.30 ps
(Cd;As,), 5.87 ps (Cd;As,/Pedot:PSS), and 6.43 ps (Cd,As,/
DPEPO).

Table S1 compares the properties of different Cd;As,-based
devices in this experiment and similar devices in the previous
report. Then, after more closely studying the Cd;As, and other
3D Weyl material-based devices in recent years, we find that all
aspects of Cd;As,/PEDOT:PSS and Cd;As,/DPEPO thin film
heterojunction photodetectors are conspicuously enhanced
(R, wavelength range, 7,,/7.p and on—off ratio). All the
findings mentioned above can fully demonstrate that the
combination of Cd;As, with organics has a bright future in the
preparation of MIR to LIR devices.**™>°

In summary, we successfully prepared 3D Dirac Cd;As,/
organic (small molecules and polymers) thin film hetero-
junction photodetectors in this work. It is remarkable that
these inorganic/organic thin film heterojunction photo-
detectors exhibit a broadband response wavelength from the
UV (365 nm) to the LIR (10600 nm) with fast 7, (282 us)
and 7,4 (517 us) times at room temperature. Also, what is
unexpected is the fact that the maximum of R; of Cd;As,/
organic heterojunction photodetectors can reach 729 mA/W;
meanwhile, the corresponding EQE can reach 112%, which is
significantly improved versus that of quantum Cd;As,-based
devices. Simultaneously, the inorganic/organic heterojunction
photodetectors have on—off ratios of <6268, which is a
breakthrough in the application of 3D Dirac materials.
Additionally, the femtosecond pump detection method is
ingeniously used to measure the relaxation time of Cd;As,/
organic thin film materials to study the effects of different
organic materials on the fast dynamic mechanism of Cd,As,.
Considering the fact that these Cd;As,/organic thin film
heterojunction photodetectors possess excellent broadband
responsiveness compared with that of the former Cd;As,-based
detection systems, our work provides a completely new
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method for applying 3D Dirac and organic materials in
photoelectric devices.

B EXPERIMENTAL SECTION

Sample Preparation. Cd;As, thin films are produced with a
PerkinElmer (Waltham, MA) 425B MBE system. Cd,As,
(99.9999%) is loaded into a Knudsen cell to be vaporized
onto mica substrates, and then the temperature of mica
substrate remains at 170 °C with Cd and As shutters opened at
the same time during the growth process.”’ ™" In this
experiment, a DPEPO thin film is fabricated by using organic
thermal evaporation equipment to plate the evaporating
material on the Cd;As, thin films with a metal mask placed
in advance. During this process, the vacuum is 4 X 10™* Pa and
the thin film growth rate is 0.05 nm/s. In addition, to make a
good interface between the two thin films, the material
evaporation temperature remains 145 °C. After the laminated
thin film is prepared, the electrode is made by the method of
electron beam evaporation, with an evaporation rate of 0.1
nm/s and a thickness of 80 nm. The channel length and width
of the two prepared devices are 500 and 100 pm, respectively.
On the other hand, the combination of polymers (PE-
DOT:PSS) with Cd,As, thin films is fabricated by the method
of spraying. The mixed ink is first loaded into the barrel of the
spray pen, and then the mixed ink is sprayed onto the Cd;As,
thin films (S mm X S mm) with a metal mask. During this
experiment, the in situ annealing method is performed at 80 °C
for 10 min. Furthermore, the nozzle diameter of the spray pen
is 0.2 mm, and the N, pressure is 0.1 mPa. To make the thin
films even and flat, a low-rate (0.0S mL/min), low-
concentration (1 wt %) spraying method is used. Moreover,
to make most of the solvent evaporate from the sprayed
droplets during the process of falling into the substrate, which
is convenient for the accumulation of the polymers on the
surface of the substrate, we must guarantee that difference in
height between the substrate and the spray gun is 18 cm.

Characterization of Materials. In this experiment, AFM
(Asylum Research MFP-3D) was used to characterize the
surface undulation of Cd;As,, DPEPO, and PEDOT:PSS thin
films.

Characterization of Devices. In this experiment, a digital
source meter (Keithley 2636B) is used to measure the
photocurrent conversion performance of devices. The device
response time measurement is performed by a built test
platform that includes a digital source meter, a current
amplifier (SR570), a pulse signal source (Rigol DG1022U),
and an oscilloscope (InfiniiVision DXO-X 2024A). For
pump—probe measurements, one type of 1 kHz, 800 nm,
femtosecond amplifier serves as an optical source to pump a
light conversion (OPA) to produce 100 fs mid-IR radiation
with a range of wavelength from 2.5 to 15 um. The probe
intensity is detected by an infrared systems development
corporation photodetector (INSB) and a lock-in amplifier
(SR830) as a 500 Hz mechanical chopper. There tests are
conducted under standard atmospheric pressure at room
temperature.
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