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Fabrication of Single-Crystal Violet Phosphorus Flakes For

Ultrasensitive Photodetection

Yumin Da, Yongheng Zhou, Shuai Zhang, Yang Li, Tongtong Jiang, Wenting Zhu,
Paul K. Chu, Xue-Feng Yu, Xiaolong Chen,* and Jiahong Wang*

Violet phosphorus (VP) has attracted a lot of attention for its unique
physicochemical properties and emerging potential in photoelectronic
applications. Although VP has a van der Waals (vdW) structure similar to that
of other 2D semiconductors, direct synthesis of VP on a substrate is still
challenging. Moreover, optoelectronic devices composed of transfer-free VP
flakes have not been demonstrated. Herein, a bismuth-assisted vapor phase
transport technique is designed to grow uniform single-crystal VP flakes on
the SiO, /Si substrate directly. The size of the crystalline VP flakes is an order
of magnitude larger than that of previous liquid-exfoliated samples. The
photodetector fabricated with the VP flakes shows a high responsivity of 12.5
A W~ and response/recovery time of 3.82/3.03 ms upon exposure to 532 nm
light. Furthermore, the photodetector shows a small dark current (<1 pA) that
is beneficial to high-sensitivity photodetection. As a result, the detectivity is
1.38 x 10" Jones that is comparable with that of the vdW p-n heterojunction
detector. The results reveal the great potential of VP in optoelectronic devices
as well as the CVT technique for the growth of single-crystal semiconductor

thin films.

1. Introduction

Violet phosphorus (VP) is an emerging 2D semiconductor with
high air stability and unique optoelectronic features.l? Since
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the atomic structure of VP was determined
by Zhang et. al. in 2020, many attempts
have been made to synthesize bulk VP crys-
tals and exfoliate them into nanosheets for
electronic devices.>*! Among the various
exfoliation methods, liquid sonication is a
common approach for VP nanosheets!>®!
and different liquid-exfoliated VP-based
field-effect transistors (FETs) show mobil-
ity of 0.05 cm?/(Vs) or 2.25 cm?/(V-s).[7#]
Unfortunately, liquid exfoliation only pro-
duces materials on a small scale and
the products have an irregular shape and
low crystallinity.l”-*1l More importantly, the
surface and edge defects resulting from lig-
uid exfoliation seriously compromise the
performance of VP-based devices.”1"'12] In
comparison, mechanical exfoliation is effec-
tive in the synthesis of 2D materials.['>14]
However, mechanical-exfoliated VP flakes
tend to have an uneven surface and rough
edges, which hinder subsequent processing
of optoelectronic devices.['>"'7] Hence, direct growth of thin VP
flakes on a substrate is crucial to the development of advanced
VP-based microelectronics devices.

Chemical vapor deposition (CVD) is a popular technique to
synthesize 2D vdW materials on insulating or conductive sub-
strates, and various 2D materials including graphene, MoS,,
WSe,, MoTe,, BN, and so on have been deposited.['*-22] How-
ever, up to now, all the phosphorus films deposited on insulat-
ing substrates are amorphous red phosphorus, and few nanocrys-
talline phosphorus allotropes grown on insulating SiO, have the
nanorod or micronoodle morphology, consequently making the
determination of the intrinsic properties of individual nanocrys-
tals difficult.”¥) Efforts have been made on the chemical va-
por transport (CVT) growth of phosphorus allotropes and metal
species have been shown to reduce the nucleation and diffusion
barriers of 2D materials.[?*?] Therefore, metal-assisted CVT has
been applied to the fabrication of nanoflakes of 2D phosphorus
allotropes.[26?7] For example, large-scale bottom-up synthesis of
crystalline black phosphorus (BP) and fibrous phosphorus films
on the Si0,/Si substrate in the presence of tin and iodine has
been reported.!?] However, the bottom-up synthesis of large and
regular single-crystal VP flakes is still prone to delivering unre-
liable results thereby hampering the development of VP-based
optoelectronic devices.

Herein, a bismuth-assisted vapor phase transport (CVT) tech-
nique is designed to synthesize single-crystal VP flakes with the
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Figure 1. Characterization of VP flakes prepared on the SiO, /Si substrate: a) Schematic diagram showing the direct growth of VP on SiO, /Si; b) Bright-
field optical microscopy image of VP on the substrate; ) SEM image of a typical individual VP flake with a regular morphology; d) XRD pattern of the
VP flake grown on the SiO, /Si substrate and simulated VP; e) Raman scattering spectrum of the VP flake grown on SiO, /Si excited by the 633 nm laser;

f) EDS spectrum of the VP flake on the copper grid.

regular quadrilateral morphology directly in a large area (exceed-
ing 100 pm?) on the silica/silicon (SiO, /Si) substrate. To demon-
strate the practical potential, the VP flakes are used to fabricate
a photodetector with a wide photoresponsive range spanning the
visible to near-infrared regimes. When V, is set to 5 V, the re-
sponsivity reaches 12.5 A W~ in the visible light spectra. More-
over, the VP-based photodetector shows better detectivity, current
noise spectral density, and noise equivalent power (NEP) than
many transition-metal dichalcogenides (TMDCs) or heterojunc-
tion photodetectors.

2. Results and Discussion

2.1. Direct Growth of VP on SiO2/Si

Figure 1a schematically illustrates the one-step bismuth-assisted
CVT approach for the direct growth of VP flakes on SiO,/Si.
The reactants including amorphous red phosphorus, bismuth,
iodine, and insulating SiO,/Si substrate are sealed together in a
vacuum quartz tube. As the temperature of the muffle decreases
from 550 to 300 °C, the crystalline VP flakes are formed on
SiO, /Si without complicated separation and transfer processes.
During the growth, the evaporated phosphorus species are trans-
formed into amorphous red phosphorus trans of bismuth and
iodine and thus effectively promote nucleation and growth of VP
on the SiO, /Si substrate. As shown in Figure 1b, the VP flakes are
regular rectangles or squares and some flakes are larger than 100
um?. The statistical analysis demonstrates that the side length of
VP is 6—10 ym (Figure S1, Supporting Information), which is
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much larger than that of previously reported exfoliated VP flakes.
The scanning electron microscopy (SEM) image of an individual
crystalline VP flake have a diameter of ~6 um (Figure 1c). Atomic
force microscopy (AFM) shows that the thicknesses of the thin-
ner VP flakes are 21 and 32 nm, respectively and the smooth
AFM profile indicates a glossy surface morphology for the VP
flakes (Figure S2a,b, Supporting Information). As the size of the
VP flakes increases, the thickness goes up as well and therefore,
VP flakes with a size of ten micrometers can be prepared when
the thickness is a hundred nanometers (Figure S2¢,d, Supporting
Information). The AFM height statistics of as-grown VP flakes
shows their thickness ranges from 20 to 180 nm, in which the
80% thicknesses of VP flakes are less than 100 nm (Figure S2e,
Supporting Information). The X-ray diffraction (XRD) patterns
of the as-grown VP flakes and simulated diffraction peaks are ex-
hibited in Figure 1d. Owing to the preferred orientation of the
nucleation process, there are conspicuous diffraction peaks at
16.4°, 24.6°, and 33.0° corresponding to the (004), (006), and (008)
planes of VP, respectively. The sharp and intense XRD diffrac-
tion peaks suggest that the VP flakes have high crystallinity. Since
the monoclinic VP consists of unique bi-tubular low symmetrical
units, the vibration modes produce characteristic Raman scatter-
ing signals. As shown in Figure le, the Raman peaks at 205.6,
253.2, 358.5, 373.4, and 471.5 cm™" are assigned to Sqyg, S%pg),
S" g S% gy and Tg, respectively, which are in agreement with the
Raman spectrum of the VP single crystal,’! thus verifying that
the CVT approach can produce high-quality VP flakes directly
on the substrate. Energy-dispersive X-ray spectrometer (EDS) fur-
ther confirms the high purity (Figure 1f).
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Figure 2. Atomic structure and optical features of the VP flakes: a) Low-magnification TEM image of the VP flakes and SAED patterns acquired from
five regions indicated in the TEM image, revealing that the VP flakes are single crystalline; b) HR-TEM image of the VP flakes with the inset showing the
Fourier transform pattern; c) Cross-sectional HR-TEM image of the interface between the VP flakes and SiO,/Si substrate with the inset showing the
Fourier transform pattern; d) Cross-sectional HAADF-STEM image of and corresponding P, O, and Si elemental maps in the interface between the VP
flakes and SiO, /Si substrate; ) UV—vis—NIR absorption and PL spectra of VP flakes.

2.2. Structure of VP Flakes

To determine the crystalline structure, the VP flakes are detached
integrally from the SiO,/Si substrate with the aid of a water-
soluble polyvinyl alcohol mediator and examined by transmis-
sion electron microscopy (TEM) using a copper grid. The rep-
resentative low-magnification TEM image of an individual VP
flake is depicted in Figure 2a and the quasi-square morphology
is consistent with the OM and SEM images. The selected-area
electron diffraction (SAED) patterns acquired from five different
locations indicate high crystallinity. In the SAED pattern, diffrac-
tion dots corresponding to the (100), (110), and (010) planes are
observed in all the areas. Moreover, all five SAED patterns exhibit
consistent orientations confirming the single-crystal characteris-
tics. The high-resolution TEM (HR-TEM) image (Figure 2b) dis-
closes a uniform lattice spacing of 6.4 A assigned to the (110) and
(1-10) lattice planes of VP, which is verified by the Fourier trans-
form pattern in the inset.

To further analyze the interface, the VP flake on SiO, /Si is cut
by a focused ion beam (FIB), and the cross-section is examined
by TEM as shown in Figure 2c. A sharp interface is observed be-
tween the clear stacked lamellar structure of VP and amorphous
SiO,, and the interlayer distance is 1.1 nm. The inset shows the
Fourier transform pattern that corroborates the (002) facet of VP.
The high-angle annular dark-field imaging (HAADF) scanning
TEM (STEM) image and EDS maps in Figure 2d demonstrate
the distinct spatial boundary between phosphorus and the sil-
ica substrate. In addition, two key factors are required for the
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growth of VP: 1) the suitable P, partial pressure in synthesis tem-
perature; 2) producing P-Bi-I composites to promote VP nucle-
ation during the CVT reaction because the transportation con-
ditions for VP synthesis is similar to that for black phospho-
rus (BP).?%] If mineralizers are absent, the RP is found on the
surface of the SiO,/Si substrate after the CVT reaction (Figure
S3a,b, Supporting Information) as verified by Raman scattering
(Figure S3c, Supporting Information). Thus, only iodine does not
facilitate nucleation of VP and serves as a CVT transport agent.
The small amounts of mineralizer (Bi) could produce P—Bi—I
gaseous composites during 550 °C synthesis temperature, and
these compounds system are crucial to facilitate heterogeneous
nucleation of VP flakes onto silicon.[??! Based on the effective
spatial catalytic process, the nucleation and growth of VP on the
insulating substrate are realized with the assistance of Bi and
I,. The UV—vis—NIR absorption and photoluminescence (PL)
spectra reveal the optical features of the VP flakes (Figure 2e).
The broad absorption band indicates an optical bandgap (E,) of
1.87 eV and the excitonic transitions from VP appear at 1.9 eV
(650 nm) matching approximately the UV—vis—NIR absorption
edge.

2.3. Properties of the VP Flake-Based Photodetector
Owing to the large illumination area and configurated charge car-

riers transport route, 2D semiconductors have been developed
for various photodetectors.3*32] Most detectors are stimulated by
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Figure 3. a) 3D schematic of the VP photodetector; b) I4,—Vys curves of the VP photodetector for different illumination powers at a wavelength of
532 nm with the inset showing the optical image of the VP photodetector (scale bar is 10 um); c) Power dependence of the photocurrents for different
V4 with the effective area of the VP device being 2.1 x 1077 cm?; d) Normalized responsivity of the VP photodetector as a function of wavelength; e)
Total currents Iy, as a function of time for different illumination wavelengths (power density of 0.47 mW cm~2 and V of 2 V); f) Response and recovery

times of the VP photodetector.

high-power lasers (>100 mW cm~2),**) but the safe threshold for
human eyes is less than 10 mW ¢cm~2. Therefore, photodetectors
should be designed to work with low light stimulation in prac-
tice, and some complex heterostructure channels or diverse de-
vice structures have been proposed.[**3*! From the perspective of
cost and easy operation, semiconductor-based low-light photode-
tectors are desirable. Here, VP photodetectors are fabricated on
SiO,/Si with a 285 nm-thick SiO, layer (See Experimental Sec-
tion). Figure 3a presents the schematic of the VP photodetector
comprising Au electrodes. Figure 3b shows the optical image and
Ij— Vg curves of the VP photodetector for different illumination
power. The thickness of VP is 25 nm determined by AFM. A
very low dark current (<1 pA) is observed boding well for highly-
sensitive photodetection. The device shows excellent characteris-
tics at a large drain-source bias V.. For example, the dark current
at 5 Vis ~3 times higher than that at 1 V, while the photocurrent
(at an incident light power density of 60 pW ¢cm~2) shows an 8-
fold enhancement.

Figure 3c shows the power-dependent photocurrents for dif-
ferent V. The correlation between the photocurrents and light
power density can be described by I, = aP’, where I, is the pho-
tocurrent, P is the light power density, and a and b are constants.
For V,, of 1, 3, and 5V, the b values are 0.47 + 0.19, 0.57 = 0.08
and 0.58 + 0.13, respectively. Here, the non-unity exponent (0 <
b < 1) indicates that some photocarriers may be trapped by de-
fect states in VP.[*] According to previous reports, the bandgap
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of bulk VP is 2 eV (620 nm),1>! implying that the VP photodetec-
tor is suitable for visible light applications. In order to its detec-
tion range, the responsivity of the device for various excitation
wavelengths is studied. The incident light comes from a halo-
gen lamp instead of lasers. The responsivity is calculated by R =
I,/Pand shown in Figure 3d. The device shows high responsiv-
ity above 620 nm with a maximum value at 475 nm and the re-
sults are consistent with the measured absorption and PL spectra.
The VP photodetector also shows photoresponse to near-infrared
light as shown in Figure 3d,e. The photoresponse to the near-
infrared light does not originate from electron transitions from
the intrinsic bandgap, since it is unlikely that the low power of
the incident light (~85 pW) produces the two-photon absorption
effect. On the other hand, both photolithography and metal de-
position may affect the surface of VP and produce defect states
(such as oxidation and vacancies) in VP.I’”] These defect states
may introduce an additional in-gap energy level, which allows
the photoresponse to near-infrared light. Hence, the response
rate is studied. Here, the response and recovery time are defined
as the duration for photocurrent to rise/fall from 10%/90% to
90%/10% of the maximum value. As shown in Figure 3f, the
response and recovery times of the VP photodetector are 3.82
and 3.03 ms, respectively and a faster response rate is expected
with further optimization of the defect states. In addition, the
as-prepared VP photodetector shows a great stable photoelectric
performance in vacuum (Figure S5a, Supporting Information),
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Figure 4. a) Power-dependent responsivity and b) Specific detectivity; c) Noise of the VP photodetector with the red dashed line serving as the guideline
for 1/f noise and black dashed line showing the lowest noise level (10728 A2 Hz~) limited by our measurement system; d) Noise equivalent power as
a function of wavelength from visible to near-infrared; e,f) Total current of the VP photodetector illuminated by e) LED and f) Lighter (f), respectively, as

a bias voltage of TV.

nevertheless, it is unstable photocurrent performance in atmo-
sphere condition. Therefore, we introduced boron nitride (hBN)
on the VP surface to verify the stability of VP-based photoelec-
tric device in atmosphere condition. The VP/hBN photodetec-
tor exhibit a good stable photoelectric performance for three
days (Figure S5b,d, Supporting Information), suggesting that VP-
based photodetector enables to obtain a good stability in atmo-
sphere condition.

Figure 4a shows the power dependence of the responsivity un-
der weak 532 nm light exposure. The maximum responsivity is
12.5 A W1 at V. = 5 V when the light power density is only
0.3 uW cm~2.38 If we only consider the shot noise in the device,
the specific detectivity can be calculated by D}, = RAY/?/(2el, AR
where I, is the dark current, and A is the effective photosensitive
region of the device. Here, the detectivity is the calculated detec-
tivity (D¢) and the VP photodetector shows an impressive D, of
1.38 x 10" Jones (Figure 4b), which is comparable to or higher
than those of many TMDCs-based photodetectors for the same
wavelength range (Table S1, Supporting Information). Since the
shot noise is not the only noise component, the magnitude of
the noise current is usually underestimated thus leading to over-
estimated detectivity. Hence, the current noise spectral density is
determined. As shown in Figure 4c, there is a flicker (1//) noise
(red dashed line) in the low-frequency region (below 10? Hz). The
noise reaches a minimum of 102 A2 Hz! (limited by the sen-
sitivity of our equipment) when the frequency is above 10° Hz.
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The measured specific detectivity (Dj,) based on the measured
noise current is calculated to be ~6.4 x 10!! Jones at 405 nm
(Figure S4 and Table S1, Supporting Information). It is noted that
this value is the lower limit of the photodetector, because the mea-
sured noise current is limited by the sensitivity of our equipment.
The noise equivalent power (NEP) is another important parame-
ter that can be calculated by NEP = RMS(I,,)/R, where RMS(I,)
is the root-mean-square noise with a value of 1.05 x 1071* A
Hz7'/2. As shown in Figure 4d, the NEP shows a minimum value
of 5.83 x 107 W Hz '/2 at 420 nm, which is comparable to
those of other van der Waals (vdW) p—n heterostructures.>#1l
The properties of our VP-flake photodetector are compared to
those of previously reported VP-based devices in Table S2 (Sup-
porting Information). The outstanding responsivity and detectiv-
ity performance of our VP photodetector attributes to the high-
crystalline morphology of the VP flakes. To further demonstrate
the high sensitivity, weak incident light from commercial LEDs
and lighters is used, and as shown in Figure 4e,f, the photode-
tector shows clear photoresponse and high sensitivity in spite of
low-light exposure.

3. Conclusion

Direct growth of large-size single-crystal VP flakes is accom-
plished on the insulating SiO,/Si substrate by a bismuth-
assisted CVT technique. The size of the single-crystal VP flakes
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exceeds tens of micrometers. The photodetector fabricated with-
out a transfer process shows higher responsivity and faster re-
sponse/recovery than other VP photodetectors reported so far.
The VP photodetector shows an impressive detectivity D;. of
1.38 x 10" Jones under 0.3 yW cm~? irradiation, which is su-
perior to that of many other 2D materials photodetectors. Upon
illumination by weak light from commercial LEDs or lighters,
the photodetector still shows a clear photoresponse. These re-
sults reveal a new technique for the bottom-up production of
single-crystal VP flakes that have large potential in optoelectronic
applications.

4. Experimental Section

VP Flakes Growth: Red phosphorus (Western Elements, 99.999%), tin
particles (Aldrich, 99.9%), iodine (Aldrich, 99.99%), and 275 nm SiO,/Si
wafers were purchased from commercial suppliers. The SiO,/Si sub-
strates were treated with alcohol, acetone, and ultra-pure water before
growth. The red P, Bi, |,, and SiO,/Si substrates were enclosed in evacu-
ated silica glass tubes as precursors. The sealed quartz tube was placed in
a muffle furnace horizontally with the raw materials, in which the SiO, side
was placed horizontally upward. The temperature was raised from room
temperature to 550 °C and after keeping at 550 °C for 75 min, the tem-
perature was slowly reduced to 300 °C in 1000 min. The product cooled
slowly to room temperature for 300 min.

Preparation of Cross-Sectioned TEM Samples: A 70 nm Au—Pd film was
deposited on the VP sample by thermal evaporation to protect the sam-
ple and Pt was sputter-deposited on the dual beam instrument (FEI Nova
NanoLab 600). Using a 5 KV Ga* beam, trenches were milled around the
Pt strap. The cross-sectioned VP sample was extracted and transferred to
a copper grid.

Materials Characterization: The morphology of the VP flakes was
examined by scanning electron microscopy (SEM, Zeiss GeminiSEM
300) and optical microscopy (OM, ZEISS Primotech). XRD was per-
formed on the Rigaku Smartlab 3 kW X-ray diffractometer with Cu K,
radiation (A = 1.54056 A, 40 kV, 30 mA, 10° min~' from 10° to 80°). The
TEM images, high-resolution TEM images, HAADF images, and EDS
spectra were acquired on the Tecnai G2 F20 S-Twin at an acceleration
voltage of 300 kV. Raman scattering was carried out on the Horiba
Jobin Yvon LabRam HR-VIS high-resolution confocal Raman microscope
equipped with a 633 nm laser. AFM was performed on the Cypher S
AFM (Asylum Research, USA) in the tapping mode and the electron
paramagnetic resonance spectra were acquired from the German Brucker
EMX-10/12. The PL were obtained by fluorescent spectrophotometry
(Hitachi F-4600 and Edinburgh FLS-1000) and the UV-vis absorption
spectra were collected on the UV-vis spectrophotometer (UV-1800,
Shimadzu).

Preparation of VP/hBN: The VP/hBN was prepared though PVA-
assisted dry transfer method. The polyvinyl alcohol (PVA, Sigma-Aldrich,
80% hydrolyzed, 9000-10 000 molecular weight) powder was dissolved in
deionized water with a mass ratio of 10%. First, the PVA film was spin-
coated on a clean SiO,/Si substrate, where a thin hBN flake was further
exfoliated on top. Then the PVA film with hBN was peeled off from the
substrate and transferred on the top of VP photodetector in glove box,
leading to the formation of VP/hBN. Finnaly, the PVA film was dissolved
in deionized water.

Device Fabrication and Photocurrent Measurements: The VP-based pho-
todetectors were fabricated by standard photolithography (MicroWriter
ML3, Durham Magneto Optics Ltd). To fabricate the electrodes, 5 nm Cr
and 75 nm Au thin films were deposited onto the patterned samples by
thermal evaporation followed by the lift-off process in acetone. The de-
vices were characterized by a semiconductor parameter analyzer (FS-Pro)
under vacuum (~107% mbar) in a probe station (Advanced Research Sys-
tem). The monochromatic halogen lamp (Omni-1—300 Zolix) was the light
source.
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Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Histogram of the maximum lateral size distribution obtained from the as-grown VP films on

the SiO,/Si substrate.

Figure S2. (a-d) AFM images and height profiles of the as-grown VP on SiO»/Si substrate; (¢) The
height statistics from 30 randomly VP samples.

Figure S3. Contrast experiment of CVT growth without Bi or I: (a) Optical microscopy (OM) image
after CVT growth without Bi; (b) OM image after CVT growth without I; (c) Raman scattering spectra
of RP/I and RP/Bi after CVT growth and pristine RP.



Figure S4. Measured specific detectivity ( Dy ) as a function of wavelength from visible to near-

infrared with Dy obtained by Dy = A”? / NEP at a bias voltage of 5 V.

Figure S5. (a) Total currents lgs as a function of time for VP in vacuum; (b-d) Total currents lgs as a
function of time for VP/hBN in atmosphere condition from one to three day. Above tests were under

power density of 0.26 mW cm~ and Vgs of 2.5 V.



Table S1. Photoelectric response and performance of 2D mateirls.

) * * ) Power
Resposivity ~ Wavelength  Time DC DM Incidet
Materials Light source density Refs.
(A/W) range (ms) Power
(Jones) (Jones) (UW/em?)
MoS2 2570 Vis-NIR 1.8/2 2.2 x10"? Laser 1 nW 2x10% ]
WS: 5.2x1073 532 nm 1 4.9x10° Laser 70 2]
WS 0.78 405 nm 7.8/37.2  4.9x10' Laser 0.1pW  1x10° B3]
ReS: 8.8x10° 532 nm 1x10%x 1.2x1012 Laser 6 pW 760 4]
405-940
In2Ses 9.8x10% 9x10° 3.3x1013 Laser 1 nW 3.18 B3]
nm
500-700
SnSe 1.1x10° 14.5/8.1  1.0x10'° Laser 6.3x103 6]
nm
PtS2 1.6x10° 500 nm 460/460  2.9x10'! Not mentioned ~ 97.6 uW  3.1x10? 7
PtSez 4.5 Vis-MIR 1.1/1.2 7x108 Laser 5x10% 8]
PdSez 3.6 Vis-MIR 1.31x 10°  Laser 4.8x10* ]
InSiTes3 0.071 UV-NIR 0.013 7.59x10° Laser 63.4 (101
532-3390
BP 82 Laser 1.6nW  1.7x10° [
nm
520-3390
Te 383 0.6 Laser 1 nW 1.2x10° 12l
nm
) 3.82/3.0 Monochromatic This
SVP 12.5 Vis-NIR 1.38x10"%  6.4x10!" 94nW 03
halogen lamp work
Table S2. The photoelectric performance of VP.
Waveleng * * Power
) Resposivity ) DC DM Incidet
Materials th Time Light source density Refs.
(A/W) ) J Power
range (Jones) (Jones) (LW/em?)
300-690
VP 0.01 0.16/0.21 s Laser (13
nm
250-800
VP 6 3.2ms 2.0x1012 Laser 0.1 14
nm
Art+
370-810
plasma 0.015 Laser 29.2x103 W9l
nm
treated VP
P20.s6Sboas  1x1073 Visble Laser (6]
6x1073
VP/MoS:  3.82x10° Visble 0.19/6.7 s 9.17x10"3 Laser 07
nW
3.82/3.03 Monochromatic This
SVP 12.5 Vis-NIR 1.38x103  6.4x10" 9.4 nW 0.3
ms halogen lamp work
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