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Abstract

Trionic effect is a vital excitonic physical phenomenon, which intensively affects the optical and
optoelectronic properties of two-dimensional materials. Violet phosphorus (\VVP) is another allotrope
of elemental phosphorus with robust photoluminescence (PL) emission in the visible range. So far,
the experimental investigation of the excitonic behavior in VP are quite scarce. Herein, we have
investigated the evolution of the PL mechanism in synthesized VP crystals against the Ar* plasma
exposure with emphasis on a conversion from trion to exciton emission. The estimated trion binding
energy of VP is around 109 meV, relatively larger than common layered materials. By analyzing the
chemical states and the atomic structures, the conversion mechanism is proposed as follows. The Ar*
plasma treatment reduces the stannous Sn-1-P impurities’ population, which are incorporated into the
VP lattices and serve as the n-type dopants leading to the trion formation. Besides, various surface
defects (POx) can promote the trion-to-exciton conversion by withdrawing electrons from VP in the
process and act as hole-trap centers to enhance the photodetection of VP phototransistors. This work
reveals that the layered VP crystal can provide an ideal platform to study the excitonic physics and

future trionic devices at the 2D limit.



1. Introduction

Excitonic behavior plays an important role in the photoluminescence (PL) emission in two-
dimensional (2D) materials. Because of the reduced dielectric screening, dimensional confinement
and considerable carriers’ effective mass in 2D materials, photo-excited free electron-hole pairs
attract each other tightly through Coulomb interaction to form a bound quasi-particle named neutral
exciton (X%). As the exciton binding energy is strong enough in 2D materials (normally 10 ~ 200
meV), the PL properties of 2D materials are dominated mainly by diverse excitonic bound states.[**]
Correspondingly, the exciton wave function is well localized in momentum space resulting in the
remarkable optical and optoelectronic properties in 2D materials, such as the strong room-temperature
PL and abundant valley-selective excitation of excitonic states in transition metal dichalcogenides
(TMDs). 2 47 Besides, a neutral exciton can capture an additional electron or hole to form a
correlated three-particle state (e-e-h or h-e-h), known as a trion (T), in the presence of excess
carriers.’®l 1t has been demonstrated that trionic effect can strongly affect the PL properties of 2D
materials through controlling the excess carriers' population.®!l However, the small trion binding
energy in various TMDs (< 50 meV) greatly hinders the investigation of T emission in 2D systems.
Taking the thermal fluctuation and dimensional confinement into account, it is arduous for people to
observe T emission in non-monolayer TMDs at room temperature.*?l Recently, the radiative
recombination of X° and T in black phosphorus (BP) has been studied yet.l*3l Robust T emission in
monolayer BP was observed at ~ 1.63 eV at room temperature with the trion binding energy of ~100

meV.[" Although the trion binding energy of BP is considerable, the weak ambient stability,



especially for monolayer or bilayer BP, limits its application in future trionic devices. More
importantly, subject to the narrow bandgap, the PL emission of BP mainly lies in near-infrared range.

Violet phosphorus (VP), another allotrope of the elemental phosphorus, was firstly identified by
W. Hittorf in 1865.11%1 The subtle van der Waals (vdW) layered phosphorus bi-tubular structure leads
to abundant exciton-related phenomena, e.g., strong PL emissions in the visible range (from ~ 1.67
eV to ~ 2.50 eV) at room temperature.*6-2%1 Moreover, the thermal stability of VP is higher than that
of BP, suggesting that VP and its low-dimensional counterparts are more promising candidates for
the research of excitonic physics and optoelectronic applications.[”- 21221 Nevertheless, to the best of
our knowledge, the trionic effect in VP have yet to be explored.

In this work, we synthesised layered VP crystals by the chemical vapor transport (CVT) method
and subsequently studied the trionic effect of the mechanically exfoliated VP flakes comprehensively.
We found that a robust T emission contributes to the PL spectra of the VP crystals with a huge trion
binding energy of around 109 meV. Using a mild Ar* plasma post-treatment method, we observed a
conversion from T emission to X° emission. Through X-ray photoelectron spectroscopy (XPS) and
scanning transmission electron microscopy with high-angle annular dark field (STEM-HAADF)
measurements, we confirm a combination of two effects leading to the T-to-X° conversion, i.e. the
reduction of stannous Sn-1-P impurities accompanied with the surface defects-induced electron
withdrawal. Furthermore, those surface defects can also enhance the photodetection of the VP
phototransistors dramatically based on the hole-trapping mechanism. Our results pave the way for

further investigating trionic effect and its promising applications in 2D optoelectronic devices.



2. Results and Discussion

Layered VP crystals were synthesized by the CVT method with the precursors of amorphous RP,
tin (Sn), and iodine (lI2), where Sn and I> were used as the mineralization additives and active transport
species, respectively.[?>%] The detailed synthesis process is given in the Experimental Section.
Figure 1a shows the optical image of a mechanically exfoliated VP flake deposited onto a 285 nm
SiO2/Si™ substrate. Atomic force microscopy (AFM) gives the thickness of 54.9 nm. Similar to
mechanically exfoliated BP flakes, visible droplets were found on the surface of the as-prepared VP
flake, which is ascribed to the highly hydrophilic characteristic of elemental P.?6] However, unlike
the orthorhombic structure of BP, VP belongs to the monoclinic structure with a space group of P2/n
(No. 13),'1 and the atomic structure is more complicated than BP. Figure 1b illustrates the atomic
structure of VP crystals.[?”l Each unit cell of a VP crystal contains 21 atoms as labelled in the left-
bottom of Figure 1b, which constitutes a phosphorus tube with a pentagonal cross-section as verified
by the cross-sectional STEM-HAADF imaging shown in Figure 1c. One phosphorus tube consists of
three sub-units, a P9 cage and a Ps cage as the building units connected by phosphorus dumbbells
P2.[*8 The roof P21 atom covalently connects to another level of phosphorus tubes to make up a
fundamental structure named the bi-tubular layer.?® The connected two levels are cross-hatched, as
shown in the left-top panel of Figure 1b. Those bi-tubular levels stack along the perpendicular
direction via van der Waals (vdW) forces to form the bulk counterpart, as shown in the right panel of
Figure 1b. Through the STEM-HAADF imaging, clear periodical lattice fringes were observed,
suggesting the high crystalline quality of the synthesised VP crystal. The planar distance along the ¢

direction between adjacent bi-tubular layers was measured as 2.223 nm close to the reported value
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(2.189 nm).[*"1 The slight deviation may result from the different crystallinity in diverse synthesis
processes. %]

The Raman spectra were also collected from the exfoliated VP flake, excited by a 532 nm laser. As
shown in Figure 1d, more Raman modes exist in the range below 600 cm™ compared to BP and
amorphous RP. The sophisticated Raman spectrum is attributed to the bi-tubular structure of VP,
which reflects the low symmetry of atomic vibrations.!?®! Following Fasol’s work,™ the phonon
modes of VP can be classified into two groups coarsely: high frequency modes above ~350 cm™ and
low frequency modes below ~290 cm™. There is a forbidden gap between the two groups, which is
not observed in BP/amorphous RP. In the high frequency range, major localised bond stretching and
bond bending contribute to these intra-tube modes. For the modes in the low frequency range, bond
stretching contributes little to these modes. Integral rotation of atoms, bond angle distortion, and vdW
force significantly influence these inter-tube modes. The Raman modes below ~140 cm are related
to the inter-tube vibrations through the weak vdW restoring force. The complex Raman spectrum
reflects the large density of phonon states in VP crystals, which further hints at a strong light-matter
interaction and electron-phonon scattering.%

In order to investigate the trionic effect on the optical properties of VP crystals, Ar* plasma post-
treatment was used to modify our as-prepared samples. Figure 2a shows the PL spectra of an
exfoliated VP flake as a function of the Ar* plasma exposure time. A prominent PL peak is observed
with the maximum intensity at ~ 657.1 nm (1.89 eV). Considering the large exciton binding energy
in 2D confined systems, it is reasonable to assign the prominent PL emission to be the excitonic

recombination. The PL emission energy is related to the optical bandgap and defined as the electronic
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bandgap by subtracting the exciton binding energy.[* 31 A step-by-step Ar* plasma exposure was
implemented to investigate the influence on the PL emission. Notably, we did not use the oxygen
plasma to minimise the unexpected influence of surface oxidation.l*> 33 During the whole 300 s Ar*
plasma exposure, a visible snap blue-shift (~ 10 nm) of the PL peak position occurred in the initial
180 s stage. Then, only tiny successive PL shifts can be observed in the following 120 s stage. Similar
phenomena of the snap blue-shift in the initial stage have also been observed in MoSg, resulting from
the removal of physically adsorbed H20/02 molecules or containments on the surface.®!! This kind
of adsorption can be easily eliminated by the mild Ar* plasma etching, as verified by the AFM surface
morphology measurement shown in Figure S4 (Supporting Information). The RMS roughness
declines from 21.7 nm (as-prepared sample) to 8.7 nm (120 s exposure). Besides, in view of the
subsequent tiny PL shift in the following stages, we deem that the thickness induced PL shift is limited
in the initial 180 s stage. A detailed discussion is given in Section S1 (Supporting Information).
Notably, besides the snap blue-shift, a progressive variation in the line-shape of the PL spectra
proportionate to the Ar* plasma exposure time is exhibited in the process until a steady state is reached
after 300 s of treatment. The broad PL peak in the as-prepared sample gradually becomes narrow, as
indicated by the black arrow in Figure 2a. Commonly, a broad PL spectrum reflects strong exciton-
phonon scattering, which derives from the defects/impurities induced disorders.®> %1 With the
existences of defects/impurities in the VP crystals, unintentional doping would cause the neutral X°
to capture excess electrons/holes to form negative/positive T. As shown in Figure 2b, the integrated
PL spectra after different Ar* plasma treatment time can be well fitted by a dual-Gaussian function

just by varying the spectral weights of two peak components. The prominent peak (the yellow one)
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with the central wavelength at ~ 647 nm is from the X° emission, while the right shoulder (the purple
one) with a peak position at ~ 713 nm is ascribed to the T emission. As the Ar* plasma exposure time
increases, the T emission peak becomes gradually less intense until reaching a steady state after 300
s treatment. The fitted curve areas (spectral weights) represent the population of X° and T associated
with electron densities.['> 371 We found that the PL spectral weights of the X° and T emissions
gradually changes from X% 70.5 %, T: 29.5 % in the as-prepared sample to X% 96.1 %, T: 3.9 % in
the 300 s plasma-treated one as shown in Figure 2c, suggesting a gradual decline of the T population.
Moreover, compared with the almost unchanged X° peak energy, the T peak energy shows a slight
decrease (~ 20 meV) in the etching process. This phenomenon is ascribed to the Fermi level shift in
the treated sample.®81 As is known, their peak energy difference (Ahw) is defined as the trion
dissociation energy equal to the sum of trion binding energy (Er,) and the energy needed to recoil
the unbound electron to the Fermi level (d'Eg),
A hw = Epp + d Ep 1)

where d'is a constant.®®! The trion dissociation energy determines the upper limit of the trion
binding energy, which will be analyzed in detail in the following. Gate-tunable PL emission is a
common method to modulate the T population through the electrostatic doping.[® ** Figure 2d
illustrates that the evolution of PL spectra as a function of the applied back-gate voltage based on a
metal-insulator-semiconductor (MIS) structure. As shown in the inset of Figure 2d, mechanical
exfoliated graphene (Gr) was employed as the bottom electrode covered by a layer of thin hexagonal
boron nitride (h-BN) as an effective insulator. When a back-gate voltage of +80 V is applied to the

Gr electrode, the PL spectrum of the VP flake exhibits obvious two peaks located at ~ 668 nm (X°
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emission) and ~ 741 nm (T emission), respectively. Notably, the intensity of X° emission is highly
dependent on the applied back-gate voltage. As the back-gate voltage sweeps from positive to
negative, more electrons are extracted from the n-type VP flake leading to the enhancement of X°
emission. Notice that the reason of n-type will be discussed later. In contrast, the intensity of T
emission is weakly dependent on the applied voltage as shown in Figure S7. Similar trends are also
observed in the gate-tunable PL emission of other 2D materials, which can be used as the criteria of
trions.[4%]

Temperature dependence of the PL spectra was performed to investigate the excitonic bound states
of the layered VP crystal and further confirms the assignment of the X° and T peak components.
Figure 3a shows the temperature-dependent evolution of the PL spectra under a 532 nm laser
excitation. At high temperature (273 K), obvious X° and T peak components can be observed with a
larger spectral weight of X° emission, indicating the lower thermal stability of T in VP crystals, which
has been verified in BP and MoS:.[" 421 As the temperature decreases to liquid nitrogen temperature
(77 K), both the X° and T emissions become more intense, which is ascribed to the reduced phonon
scattering at low temperature.[*3 Also, clear blue-shifts of the peak positions indicated by the black
arrows are found for both X° and T emissions. Figure 3b shows the peak emission energy of X° and
T extracted by the dual-Gaussian fitting. The blue-shifts of the emission energy are in accordance
with the Varshni equation, which describes the temperature-dependent bandgap of semiconductors
based on the electron-phonon coupling,4 4%

Ey(T) = Eg(0) — Shw[coth( ) — 1] )



where E,(0) is the ground-state transition energy at 0 K, S is a dimensionless coupling constant
and Aw is an average phonon’s energy. 8 Based on the fitting lines of X° and T, we found that the
X°(T) emission energy is located at 1.91 eV (1.80 eV) with the trion dissociation energy (A Aw) of
~ 110 meV at 77 K. When the temperature increases gradually, the dissociation energy increases to
~ 160 meV at 273 K. Though the intensities of both X° and T emissions become larger at low
temperatures, the relative spectral weight of T emission gradually increases as the temperature
decreases. In Figure 3c, the ratio of the spectral weight of T /X° changes from 0.17 at 273 K to 0.75
at 77 K. The significant increase of the T spectral weight demonstrates that more T are formed at low
temperature. As is known, the phonon scattering is strongly weakened at low temperature due to the
suppression of the lattice vibrations. And, the impurities-related emission processes dominate the
electron-hole pairs’ recombination. With impurities in the VP crystals, negative T are formed by
capturing the doped electrons. Thus, a strong T emission can be observed at low temperatures, which
has also been found in other 2D materials.[*> 471 By applying the mass action model, we fitted the
spectral weight ratio of T/X° as a function of temperature well with a specified trion binding energy
(Emv).[*®! Detailed methods are discussed in Section S2 (Supporting Information). In 2D systems, the
Fermi level is relative to the carrier density (Er = hA%mn,/2m,e?), where ne is the carrier density and
me is the effective electron mass.!®! Given the definition of trion binding energy (Equation 1), we were
able to plot linearly the A hw as a function of carrier density (ne) with an intercept of ~108.9 meV,
as shown in Figure 3d. When a VP crystal lies in a charge-neutral state, the trion dissociation energy
is equal to Etb. Therefore, we could determine Em, the of the VP crystal (Eto = 109 meV), which is

relatively larger among common layered materials. Table S1 (Supporting Information) shows the Etb
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of common 2D materials for comparisons. Besides the temperature-dependent X° and T emissions,
laser power-dependent PL spectra also confirm the assignment of X° and T peak components as
illustrated in Figure S8 (Supporting Information). As the incident laser power increases, more
photogenerated carriers are injected to enhance the screening effect, resulting in neglecting the
influence of the initial doping level (d'Eg). Since the initial doping level determines the density of
the free carriers, the T population is limited, which leads to a saturation of the T emission intensity.
A similar phenomenon has also been observed in BP.4

It is essential to investigate the composition of the VP crystals to reveal the underlying mechanism
of the T emission. XPS was employed to characterize the valence state of P and the possible chemical
states. Noticeably, all XPS data were calibrated by the C (1s) peak 284.8 eV in our work. As shown
in Figure 4a, the XPS spectra of P 2p core can be resolved into twin peaks centred at 129.7 eV (2p
32) and 130.5 eV (2p 112) with a spin-orbit splitting difference of ~ 0.8 eV as determined by a Gaussian
line-shape fitting. Our data match well with the reported results of elemental P°.1**l Additionally, a
broad peak envelope exists in the binding energy’s (BE) range from 132.5 eV to 135.7 eV,
corresponding to the phosphorus oxidized species with multiple P-O and P=0 bonding states.[*% So,
we assigned the peak as POx, mainly including phosphorus pentoxide (PsO10) with a higher BE
centred at 134.9 eV and phosphorus oxides with lower-oxidation states (P < +5), such as phosphorus
trioxide (P4Os). Simultaneously, the O 1s peak can be deconvoluted into three components with
centers at 531.8 eV, 532.9 eV and 533.8 eV, as shown in Figure 4b, respectively. The dominant peak
component (532.9 eV) is ascribed to the SiO2 substrate. The lower BE component (531.8 eV) and the

higher one (533.8 eV) result from the dangling (P=0) and bridging (P-O-P) oxygen, respectively.%
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Moreover, as surface phosphorus oxides readily react with H20 to form phosphoric acid-like species,
adsorbed H20 molecules may also contribute to the higher BE components in the O 1s peak.%? The
existence of both P 2p peak at 134.9 eV and O 1s at 531.8 eV and 533.8 eV is a signature for
phosphorus pentoxide.[3 So far, we are almost certain to conclude those phosphorus oxides formed
by the chemically adsorbed H20/O2 on the surface of the as-prepared VP flake. The phosphorus
oxides can withdraw the free electrons from the VP crystals,4 leading to an electron depletion layer
near the surface and facilitating partial T to convert into X° in the n-type as-prepared VP crystals.
After 220 s Ar* plasma treatment in the same recipe (~19 nm in-depth), the peak positions of the
P% remain almost unchanged, with a mild reduction of the peak intensity reflecting the volume
reduction. However, we found that the POx peak envelope made a slight shift toward the lower
binding energy, which is ascribed to the clean effect of the Ar* plasma. Interestingly, the relative peak
intensity of P4O10 increases significantly, implying that there are more phosphorus oxides with high
oxidized states after the Ar* plasma treatment. This phenomenon can also be verified by the variation
of O 1s peak in the treated sample. P4O10 possesses both the dangling (P=0) bonds and the bridging
(P-O-P) bonds, while P4Os is mainly formed with the bridging ones.> Apparently, the relative peak
area ratio of (P=0) /(P-O-P) changes from 0.97 to 2.51 after the Ar* plasma treatment. It suggests
that Ar* plasma treatment can not only clean the surface but also introduce more dangling bonds on
the surface of the residues. These plasma-induced dangling bonds can serve as surface defects and
active centres for more H20/O2 molecules adsorption.[! So, it is still observed the existence of POx
on the surface after the Ar* plasma treatment. In short, it could be understood as follows: the as-

prepared VP crystals are n-type doped with a high density of equilibrium free electrons, which results
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in strong T emissions in the initial state. After the Ar* plasma exposure, though the native phosphorus
oxides on the surface are removed, more dangling bonds are introduced and chemically adsorb more
H20/0:2 to form phosphorus pentoxides-like species, which further depletes the free electrons and
leads to the suppression of T emissions.

To understand the intrinsic n-type of the as-prepared VP crystal, we also measured the XPS spectra
of elemental Sn and I, as shown in Figure 4c, d. The lower panel of Figure 4c shows the Sn 3d core
level of the as-prepared sample. A clear 3d s peak is located at 487.4 eV, corresponding to Sn**
state.81 Moreover, besides the chemically bound elemental Sn, a weak shoulder peak is located at
485.3 eV, assigned to Sn metal (Sn°).B"] Given the melting point of metal Sn (231.9 °C), it is
reasonable that parts of Sn metal adhere to the exterior of the crystals, which can be confirmed by the
FE-SEM (field emission scanning electron microscopy) — energy dispersive X-ray spectroscopy
(EDS) measurements shown in Figure S9 (Supporting Information). Unlike the elemental Sn, the
melting point of | is only 113.6 °C, and the boiling point is 185.2 °C. The gaseous iodine deposited
onto the VP crystals’ surface was fairly limited due to the volatility. Therefore, it is found that the |
3d 52 peak intensity is weaker than that of Sn, as shown in Figure 4d. The broad | 3d 52 peak can be
resolved into two components located at 618.4 eV (iodine ions, 1) and 619.6 eV (elemental iodine,
19).581 Those results indicate that most iodides (~ 84%) are physically deposited or adhered to the
exterior of the as-prepared VP crystals. So, stannic species with Sn** state on the surface can donate
excess electrons to VP crystals and O2 molecules due to the weak electronegativity of metal.

After the Ar* plasma exposure, a visible Sn 3d peak is still observed with a shift toward lower BE

(~ 0.6 eV), which suggests that there is still Sn in the interior with a stannous Sn?* state. Moreover,
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the small shoulder peak (~ 128.3 eV) in the P 2p region as shown in the upper panel of Figure 4a is
assigned to the metal phosphide, i.e. the Sn-P bonds, demonstrating that stannous Sn-P compounds
underlie the pristine surface, which is also confirmed by the disappearance of the Sn° peak in the Sn
3d core-level spectrum after the Ar* plasma treatment. Given elemental I, the integrated BE spectral
area of elemental | strongly increase by ~4 times after the treatment. Especially, the I" component
increases significantly. Therefore, based on the composition analysis, the stannous Sn-1-P compounds
should exist in the interior of the VP crystals, which serves as the electron donors leading to the
intrinsic n-type characteristic. Besides of the XPS chemical state analysis, cross-sectional STEM-
HAADF with atomic resolved EDS mapping visually confirms that the stannous Sn-I-P compounds
are incorporated into the VP lattices dispersedly as represented by the bright spots. The details are
given in Section S3 (Supporting Information). The Ar* plasma treatment can remove the stannous
Sn-I-P inclusions accompanied by the decrease of the sample thickness, which efficiently suppresses
the intrinsic n-type doping. Therefore, the Ar* plasma treatment can result in a combined effect, which
leads to the T to X° conversion in the process. One is removing the stannous Sn-I-P compounds as
the n-type dopants embedded into the lattice; The other is withdrawing the free electron by the
phosphorus oxidized species at the outer surface,

Given the robust trionic effect in the layered VP crystals, VP phototransistors based on the classical
field-effect transistor (FET) structure were fabricated to explore its promising optoelectronic
applications. Figure 5a shows the schematic diagram of a VP phototransistor under illumination. The
channel thickness is around 30 nm, as shown in Figure S12 (Supporting Information). Because of the

spontaneous oxidation and physically adsorbed H20/O2 on the top surface of the VP crystals, the
14



intrinsic equilibrium free electrons are extracted from the n-type VP crystal, which leaves behind an
electron depletion region with the potential direction towards the top surface. Upon illumination,
photogenerated holes migrate along the potential slope and are trapped near the negatively charged
surface defects, which serves as hole-trap centers on the surface.[®® The band diagram inset of Figure
5a illustrates the hole-trapping mechanism through the surface defects can boost the high density of
hole-trap states due to the dangling bonds on the surface and enhance the photodetection.®® Figure
5b shows the transfer curves of a VP phototransistor at room temperature. A predominated electron
branch is observed in dark condition further confirming the intrinsic n-type doping by the stannous
Sn-1-P impurities. Once illuminated, the transfer curves exhibit more severe n-type characteristics
governed by the aforementioned hole-trapping mechanism. Moreover, the I-V curves in the inset
show a distinct augment of the photoconductance (~ 35.5 pS) under the 532 nm laser illumination.
Photogenerated hole trapping would be easier if excited by higher energy photons. These hot holes
are more energetic and delocalized in the sample and readily migrate to the localized surface traps,
which results in more unpaired electrons and a larger photoconductance.

Figure 5c depicts the photocurrent dependence on the drain voltage (Va) illuminated with different
wavelengths and under dark condition. No visible photocurrent saturation in the 1-V curves implies
that the influence of the Schottky barriers is negligible and that the Fermi level of the VP channel lies
close to the conduction band when no gate bias (Vy) is applied. By calculating the responsivity R =
Ly — Laari) /Pin - S, Wherel;,, and I;.., are the measured current in illumination and dark
condition, respectively, P, is the incident-light intensity, S is the effective illuminated area, the

highest responsivity (~ 0.15 mA/W) is obtained at around 452 nm as shown in the inset.[% Obviously,
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an onset of photoresponse is found at around 650 nm related to the optical bandgap of the VP crystals,
matching well the obtained PL spectrum.

To confirm the surface-defects related photodetection enhancement, another thicker VP (~ 207 nm)
phototransistor was prepared in order to weaken the influence of the reduction of channel thickness.
After 120 s Ar* plasma treatment, the photoconductance increases greatly by 5.4 times (inset) with a
more obvious n-type transfer characteristic as shown in Figure 5d. As mentioned above, more surface
defects are introduced after the plasma treatment to form hole-trap centers. With that assistance, more
unpaired photo-generated electrons contribute to the increase of photocurrent resulting in the visible
electron conductance in the treated VP phototransistor. Correspondingly, the values of R at all
excitation wavelengths are increased with the maximum increment by 8.5 times for the 452 nm
excitation as illustrated in Figure 5e. Finally, the temporal photoresponse response to the influence
of Ar* plasma treatment is shown in Figure 5f, where the device was under a 445 nm laser diode
illumination with Va = 0.5 V, Vg = 0 V. The current periodically changes with the alternate on-off
switching of the laser, suggesting a highly stable and reversible response of the VP phototransistor.
Benefiting from the surface defects-induced hole trapping, the value of photocurrent switching on/off
ratio (lon/ loff) increases by around 2 times after the Ar* plasma treatment. Moreover, it is found that
the photocurrent takes more time to stabilize in the treated phototransistor, which confirms in turn

that more surface defects exist on the VP surface after the Ar* plasma treatment.

3. Conclusions

16



In summary, layered VP crystals have been synthesised by a CVT method with an amorphous
RP/Sn/l2 system as precursors. Mechanically exfoliated VP flakes show an intense broad PL spectrum
with robust T emission at room temperature. By adjusting the Ar* plasma exposure time, the variation
of relative spectral weights of the X° and T emissions demonstrates a conversion from T to X°. The
trion binding energy was estimated to be around 109 meV, much larger than other common layered
materials. Combined with the XPS and STEM-HAADF results, it is found that stannous Sn-I-P
impurities are incorporated into the VP lattices serving as electron donors and facilitate the T
formation. We propose that a combination of two factors results in the T-to-X° conversion, i.e. one is
the decline of stannous Sn-1-P impurities’ population after the Ar* plasma treatment; the other is the
electron withdrawal induced by the phosphorus oxidized species in the surface regions. Furthermore,
the phosphorus oxidized species are conducive to the photodetection enhancement based on the hole-
trapping mechanism. In a word, our results reveal that the layered VP crystal is a kind of promising

material for both the basic study of excitonic physics and future trionic devices at the 2D limit.

4. Experimental Section

Growth of violet phosphorus: VP crystals were synthesized by the CVT method with the precursors
of amorphous red phosphorus (400 mg, >97 %), granular iodine (25 mg, 99.8 %) and tin (35 mg,
99.995 %). The precursors were sealed in an evacuated ampoule and heated by a tube furnace, as
shown in Figure S1 (Supporting Information). The corresponding temperature ramping profile is

shown in Figure S2 (Supporting Information).
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Ar* plasma exposure of violet phosphorus flake: A ceramic mortar was used to mash the reddish-
brown as-synthesised VP crystals with by-products. Then, mechanical exfoliation was used to deposit
the VP flakes onto 285 nm SiO2/Si** substrates with the mashed powder as the exfoliation source.
Subsequently, the as-prepared VP flakes were treated with Ar* plasma etching by using a TRION
ICP-RIE system. The Ar* plasma was generated in a mild recipe with 30 sccm argon flow at 10 mTorr
pressure. The ICP and RIE power was set to 250 W and 40 W, respectively. The etching rate can be
controlled to be ~ 0.09 nm/s, as shown in Figure S5 (Supporting Information).

Optical measurement: Both PL and Raman measurements were conducted on a Witech alpha 300R
confocal micro-Raman system excited by a 532 nm continuous-wave laser. Typically, the laser power
was set as no larger than 0.5 mW without a particular statement in case the heating-induced
degradation. A Linkam HFS350EV stage was used for gate-tunable and temperature-dependent PL
measurement. Typically, the integration time of the PL measurement was set to be 0.5 s.

Characterization: An atomic force microscope (Veeco Multimode 8) was used to identify the
thickness of the layered VP in tapping mode and at ambient conditions. The X-ray diffraction (XRD)
spectrum was conducted on the Rigaku Smartlab and is shown in Figure S3 (Supporting Information).
FE-SEM measurements were carried out on TESCAN MAMIAS3 equipped with an Oxford EDS
detector. The XPS was conducted on a Thermo Scientific NEXSA XPS system with a 12 kV Al Ka
X-ray source. The spot size was minimized to a circle with a 70 um diameter. The VP specimens for
cross-sectional STEM were prepared by a dual-beam focused ion beam (FIB) nanofabrication
platform (Helios 600i, Thermofisher). A Pt protection layer was first deposited on the top surface,

followed by etching the surrounding area to form the sample lamella using a 30 kV accelerating
18



voltage gallium ion beam. The sample lamella observation area was then thinned to less than 100 nm
thickness, and amorphous surface damage layers were polished with a 2 kV low energy gallium beam.
The atom-resolved STEM-HAADF characterization was acquired on a Thermofisher Titan G2 60-
300 aberration-corrected S/TEM microscope with an accelerating voltage of 300 kV. The probe
convergence angle was 25 mrad, and the angular range of the HAADF detector was from 79.5 to 200
mrad. A Bruker Super-X EDS 4 detector system was used for STEM-EDS acquisition.

Fabrication of VP phototransistors: Standard electron beam lithography was employed to pattern
electron-beam evaporated Cr/Au (5/60 nm) electrodes for VP phototransistors. The illuminated
transfer characteristics and the time-dependent photocurrents were measured by using laser diodes as
the illumination source. The wavelength-dependent photocurrents were excited by a 300 W xenon
lamp filtered by various ultra-narrow bandpass filters. The transparent efficiency of these filters can
reach ~ 90% with the full bandwidth at half maximums of 10 nm. The electrical measurements were
carried out in a vacuum chamber using a Lakeshore probe station with a Keithley 4200 semiconductor

parameter analyzer.
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Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Atomic structure of the VP crystal and characterization. (a) Optical photo of a mechanically
exfoliated VP flake highlighted by a white dash-dot circle on a 285 nm SiO2/Si** substrate. The inset
AFM profile demonstrates the height is around 55 nm. (b) Schematic representation of the pentagonal
tubular structure of VP. The bottom-left panel shows the unit cell consisting of a Ps cage, a Py cage
and a P2 dumbbell. A pentagonal tubular is formed by the periodical extension of the unit cell.
Through covalent bonding of the P21 atom, two tubes with vertical axial directions make up a bi-
tubular layer, as shown in the top-left panel. Two bi-tubular layers stack along the ¢ direction to form
the layered VP crystal through vdW forces, as shown in the right panel. (c) Cross-sectional STEM-
HAADF image of a VP flake with the atomic arrangement represented by the yellow ball-stick
models. The scale bar is 5 nm. (d) Raman spectrum of a VP flake excited by a 532 nm laser compared

to BP and amorphous RP.
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Figure 2. Evolution of X% and T emissions corresponding to an Ar* plasma treatment. (a) Normalized
PL of a VP flake corresponding to the Ar* plasma exposure time. Inset is the schematic illustration
of the Ar* plasma exposure process. (b) PL peak deconvolution against various Ar* plasma exposure
times. The yellow (purple) peak component represents the X° (T) emission. The red solid lines are
the dual-Gaussian fittings of the integrated PL spectra. (c) Spectral weight (black) and peak energy
(red) of the X° (square) and T (circle) emissions as a function of the Ar* plasma exposure time. The
dash dot lines are linear fittings of the extracted peak energy of X° and T emissions with a trion

dissociation energy ofll7iw. (d) PL intensities of X°and T as a function of the back-gate voltages
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from a metal-insulator-semiconductor (MIS) structure. The inset photo shows the MIS structure with
graphene (green dashed area), h-BN (yellow dashed area) and VP (red dashed area) as the bottom

electrode, intermediate insulator and semiconductor, respectively. The scale bar is 20 pum.
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Figure 3. Evolution of X° and T emissions as a function of temperature and the calculation of trion

binding energy. (a) Temperature-dependent evolution of the X° and T emissions. A representative

deconvolution of the X° (yellow) and T (purple) emission components is illustrated in the case of 273

K. The black dash-dot arrows indicate the shifts of the X° and T peak positions. (b) The extracted

peak energy of the X° and T emissions as a function of the temperature. The dash dot lines are fittings

using Equation (2). (c) Spectral weight ratio of T/X° versus temperature with mass action model

fitting (red dash-dot line). (d) The peak energy difference of the X° and T emissions as a function of

the electron density. The red dash dot line is a linear fitting based on Equation (1) with an intercept
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of ~108.9 meV, which determines the trion binding energy of VP. The inset depicts the trion

dissociation into a neutral exciton accompanied by a recoil electron into the Fermi level.
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Figure 4. High-resolution XPS of VP crystals before and after Ar* plasma treatment. (a-d) XPS
spectra of the elemental P (2p), O (1s), Sn (3d) and I (3d) cores of the VP crystal before (lower panels)

and after (upper panels) 220 s Ar* plasma treatment.
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Figure 5. Ar* plasma induced changes of the optoelectronic properties in VP phototransistors. (a)
Schematic illustration of the VP phototransistor measurement under illumination based on the hole-
trapping mechanism. The yellow hemispheres (red balls) represent hole-trap centres (photogenerated
holes). The insets are the corresponding band diagrams of the top surface regions of the VP channel
in dark (upper one) and under illumination (lower one), respectively. (b) Transfer characteristics of
the VP phototransistor in the dark, 650 nm and 520 nm laser diode illumination with the power density
of P,= 29.2 mW/cm? The inset gives the corresponding I-V curves. (c) I-V curves of the VP
phototransistor under illumination with different wavelengths. The illumination light source was a
300 W xenon lamp filtered by ultra-narrow bandpass filters with different central wavelengths. Inset
shows the wavelength-dependent responsivity of the VP phototransistor. (d) Comparison of the
transfer curves of as-prepared (black) and 120 s Ar* plasma treated (red) VP phototransistor. The

light source is the xenon lamp without filters. The inset illustrates the corresponding I-V curves. (e)
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Comparison of the calculated responsivities of the as-prepared (black) and plasma treated (red) VP
phototransistor under illumination with various wavelengths. (f) Time-dependent photoresponse
excited by a 445 nm pulsed laser for the as-prepared (black) and plasma treated (red) VP
phototransistor. The photocurrent switching on/off ratio exhibits significant increase in the treated

one. The applied Va was 0.5 V and the incident laser power density Pinwas 122.3 mW/cm?.
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