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ABSTRACT We demonstrate a straightforward and effective laser
pruning approach to reduce multilayer black phosphorus (BP) to few-
layer BP under ambient condition. Phosphorene oxides and suboxides
are formed and the degree of laser-induced oxidation is controlled by
the laser power. Since the band gaps of the phosphorene suboxide
depend on the oxygen concentration, this simple technique is able to
realize localized band gap engineering of the thin BP. Micropatterns of
few-layer phosphorene suboxide flakes with unique optical and
fluorescence properties are created. Remarkably, some of these
suboxide flakes display long-term (up to 2 weeks) stability in ambient

condition. Comparing against the optical properties predicted by first-

principle calculations, we develop a “calibration” map in using focused laser power as a handle to tune the band gap of the BP suboxide flake. Moreover,
the surface of the laser patterned region is altered to be sensitive to toxic gas by way of fluorescence contrast. Therefore, the multicolored display is further
demonstrated as a toxic gas monitor. In addition, the BP suboxide flake is demonstrated to exhibit higher drain current modulation and mobility

comparable to that of the pristine BP in the electronic application.
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ince the emergence of graphene,'*

two-dimensional (2D) materials have

attracted great interest due to their
extraordinary electrical, optical or photo-
electrical properties.” 8 Due to the absence
of band gap in graphene, recent research
efforts in 2D materials mainly focus on
finding alternative 2D semiconductors.
Thus, transition metal dichalcogenides
(TMDs) have attracted significant attention
due to their intrinsic band gap and the
exciting feature of indirect to direct band
gap transition as the material is thinned
down to monolayer thickness.”?~'" The
most popular TMDs include monolayer
MoS, and WSe,.'?"'® However, despite
multiple reports that the electronic and
optoelectronic devices based on monolayer
TMDs have shown high on/off ratio and
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high responsivity, the carrier mobility of
these TMDs members is still much lower
than graphene.'””~"? Most recently, the re-
discovery of black phosphorus (BP) demon-
strated that the field-effect transistor (FET)
made of few-layer BP presented both high
on/off ratio and high carrier mobility.?°=2
2D BP, with the monolayer counterpart
defined as phosphorene, is the only known
solid nonmetal monotypic 2D crystals be-
sides graphene®* 2° Although many en-
couraging properties including electrical,
optoelectrical and thermal features of few-
layer phosphorene have been demonstrated
experimentally or theoretically, 2232732
there are few reports on the demonstration
of control of the band gap and optical
properties of these materials, especially
in the visible light regime® Moreover,
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few-layer phosphorene is prone to degradation be-
cause of various stability issues.>*~37 In this work, we
demonstrate a straightforward and effective focused
laser pruning approach to reduce multilayer black
phosphorus (BP) to ultrathin few-layer BP under ambi-
ent condition. Naturally, shining focused laser beam
onto phosphorene in ambient condition will give rise
to localized oxidation. Instead of fighting this as a
detrimental process, we make use of the oxidation to
our advantage. Phosphorene oxides and suboxides are
formed and the degree of laser-induced oxidation is
controlled by the laser power. Since the band gaps of
the phosphorene suboxide depend on the oxygen
concentration, this simple technique is able to realize
localized band gap engineering of the thin BP. The
laser pruned few-layer phosphorene exhibits remark-
able optical properties in visible light region. Moreover,
colorful fluorescence is observed when these ultrathin
few-layer phosphorene flakes are excited with light
sources with different wavelength. With a scanning
focused laser beam, well-defined micropatterns of few-
layer phosphorene suboxide flakes with unique optical
and fluorescence properties are thus fabricated.
Remarkably, by monitoring the optical properties of
some of these suboxide flakes, we find that the phos-
phorene suboxide exhibits long-term (up to 2 weeks)
stability in ambient condition. Comparing against the
predicted optical properties from first-principle calcu-
lations, we develop a “calibration” map in using fo-
cused laser power as a handle to tune the band gap of
the BP suboxide flake. These phosphorene suboxides
present an added attribute that they show high sensi-
tivity to toxic gas such as ammonia gas. Once exposed

to ammonia gas, these suboxides flakes lose their fluo-
rescent properties. In addition, the BP suboxide flakes
show their functionality in FET. The BP suboxide flakes
present higher drain current modulation capacity and
comparable mobility as the pristine BP flake in the FET
characterizations.

RESULTS AND DISCUSSION

We exfoliated the phosphorene thin flakes from crys-
tals of BP using the scotch tape-based approach.'?°
The obtained flakes were transferred onto quartz sub-
strates for further investigation. Under bright field
optical microscopy, these flakes exhibit distinct and
colorful images depending on the thickness of the
sample. For example, Figure 1a shows an optical image
of a thicker (orange) and a thinner (greenish blue)
phospherene thin flake. Such a distinct different color
contrasts versus thickness also offers the possibility to
identify the layer number of phosphorene by optical
images, similar to the identification of graphene®®>°
and TMDs.*°~*2 Atomic Force Microscope (AFM) is well
suited in measuring the thickness of these flakes. An
AFM image of a typical phosphorene flake is shown in
Figure 1b. The height profile indicates the thickness of
the thin flake is ~20 nm. We collected the Raman
spectrum using a phosphorene thin flake and plotted
the spectrum (red line) in Figure 1c. Three obvious peaks
are observed at around 362.5, 439.0, and 467.5 cm™ .
These peaks are consistent with the Raman peaks
reported for BP crystals and few-layer flakes.?>** They
correspond to the orthorhombic structure of phos-
phorene and can be attributed to A;', B,g, and Ay’
vibration modes, respectively.
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Figure 1. Structural characterizations of the BP flakes. (a) Optical images of exfoliated thicker (orange color, ~110 nm) and
thinner (green color, ~20 nm) BP flakes. (b) AFM and (c) Raman spectrum of a BP flake. (d) Optical and (e) AFM images of a laser
pruned BP flake. (f) Height profile of (e) across the pristine and laser pruning regions. Scale bar = 5 um.
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Similar to TMDs, the band structure of BP is theore-
tically predicted to be extremely sensitive to the
number of layers?*?®** Monolayer and few-layer
phosphorene are expected to exhibit unique prop-
erties which are different from their bulk counterparts.
Especially, phosphorene possesses a layer-dependent
direct band gap. Thus, ultrathin phosphorene repre-
sents an emerging 2D material in photonics and opto-
electronics with a tunable spectral response region
from visible to infrared regime. Therefore, the fabrica-
tion techniques that allow one to prepare ultrathin
phosphorene are highly desirable. Currently, mono-
layer or few-layer phosphorene are mainly produced
via mechanical cleaving of bulk crystals. Despite the
effectiveness of this method in creating ultrathin
phosphorene with good quality for high performance
electronic/optoelectronic device demonstration, it is
worthwhile to further develop techniques to create
miniaturized micropatterns form of these ultrathin
phosphorene having in view future large-scale appli-
cations. Moreover, additional ways to engineer the
band gap of these materials, besides thickness control,
would be of great value. In our previous study, we
found that a focused laser beam is an effective tool to
alter the properties of nanomaterials.'**>*¢ Employing
this technique on BP in ambient condition, it is possible
to achieve local thinning of the BP. Hence, we refer to
this method as laser pruning. Micropatterns can be
readily created with a scanning focused laser beam. On
top of this, when the laser thinning is carried out with
the BP in ambient condition, laser-induced photo-
chemical reactions result in localized oxidation of these
BP flakes and give rise to oxidized forms of phosphor-
ene with tunable band gap. These oxidized form of
phosphorene turns out to be much more stable than
their pristine counterpart. Herein, we employed the
focused laser pruning technique® (1 = 532 nm, spot
size ~1 um) as an “on-demand” method to achieve
laser-thinning and band gap engineering of multilayer
BP. The multilayer BP (~30 nm) was exfoliated and
deposited onto a quartz substrate. The original reflec-
tion color of pristine BP is greenish blue (Figure 1d). We
subsequently subjected as-exfoliated BP flake to a
focused laser beam scan with the BP flake in ambient
condition. By carefully controlling the focused laser
beam with a power of ~70 mW at a scanning speed
of 5 um/s in raster mode and step size of 300 nm,
we constructed a uniform thinner region on the right
portion of the BP (Figure 1d). Different from the laser
thinning of TMDs where the optical contrast of the
thinned region is identical with the layer number,'>*’
the reflection color of the laser thinned BP becomes
significantly different. As shown by the optical image,
the color changed to uniformly bright yellow after laser
thinning. We attribute the distinct color change to
the change in the thickness of the BP flake and
also laser-induced localized oxidation of the BP flake.
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This observation supports the potential of tuning
optical property of BP by this focused laser pruning
technique. The resultant thinner region is further char-
acterized using AFM and Raman spectroscopy. The
AFM image in Figure 1e shows that the surface of the
thinned region is rougher (with surface RMS changed
from 1.02 to 4.55 nm) than the pristine region. The
thickness is reduced by ~11 nm as revealed by the
height profile (Figure 1f). After the laser pruning pro-
cess, we repeated the Raman analysis on the laser
pruned region and the resultant Raman spectrum
(black line) is shown in Figure 1c. Despite the obvious
reduction in intensity, the three main peaks in Raman
spectrum do not show significant shift. In other words,
laser thinning does not destroy the orthorhombic
structure of the BP film. Besides the direct laser thin-
ning, the focused laser beam can be employed to
create micropatterns on BP flakes to miniaturize the
functional devices. With the small spot size feature of
the focused laser beam, well-defined micropatterns
can be constructed on BP via programmed movement
of sample stage with respect to a fixed focused laser
beam. The optical image and AFM image in Figure S1in
Supporting Information demonstrate the construction
of line channel patterns using the same laser power
and scanning speed of the laser beam. The AFM image
of the line channel (Figure S1) depicts a high spatial
resolution of ~0.5 um of focused laser pruning.

Systematic investigation is carried out to character-
ize the effects of focused laser pruning on BP. To ensure
uniform laser modification is achieved, the scanning
speed and step size were optimized at 5 um/s
and 300 nm, respectively. The uniformity of the laser
thinning process is recorded and demonstrated by an
in situ video (see Supporting Information: video cap-
tured during the laser modification process). Here,
thickness engineering is controlled by carefully adjust-
ing the laser power. The decrease in the thickness of
the multilayered BP flake as a function of employed
laser power is plotted in Figure 2a. The laser thin-
ning effect is not apparent when a lower laser power
(<40 mW) is used. After sufficient laser power is applied,
the BP flake absorbs the light energy and converts itinto
heat energy, resulting in the sublimation of the top
layers of the flake. The thickness is gradually thinned
down further with increasing laser power. In addition to
the laser thinning, photochemical process takes place
and results in the oxidized form of phosphorene. When
the laser power reaches 140 mW, the BP flake is thinned
down to a few-layer flake. The few-layer flake is difficult
to be thinned down further due to the low absorption
efficiency of the few-layer phosphorene and the heat
sink effect of the substrate. On the other hand, if we
increase the laser power even further to 200 mW, the
entire flake would be completely obliterated.

Figure 2b shows the UV—vis absorption spectra
obtained from the laser pruned BP flake created with
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Figure 2. Influence of laser pruning to thickness and optical
properties of the sample. (a) Thickness of the BP flake
removed by laser pruning versus the power of the laser
beam. (b) UV—vis spectra of the laser pruned BP flakes at
increasing laser power. (c) UV—vis spectra of a laser pruned
BP flake created at a laser power of 180 mW over a period of
49 days to evaluate the stability of the resultant BP flake.

increasing laser power. Evidently, the UV—vis absorp-
tion threshold is blue-shifted upon laser treatment, and
the shift increases with the laser power. We attribute
this observation to the laser thinning and laser-
induced oxidation brought onto the BP flake once it is
exposed to the focused laser beam. Both laser thinning
and laser-induced oxidation of the BP result in the
change in the band gap of the phosphorene. In fact,
the band gap of phosphorene increases with oxida-
tion.*® Besides the blue-shift, other notable features of
the UV—uvis spectra is that pristine BP exhibits a broad
spectra and the spectra become sharpened after laser
treatment. The initial broad UV—vis spectra observed
in pristine BP can be attributed to the wide variety of
defects and disorder found on the BP flake. Laser
pruning appears to have the desired advantage of
pacifying such disorders and generate flake with im-
proved and more uniform properties, albeit now we
have an oxidized form of the phosphorene. The above
study was repeated using another piece of sample and
the results are shown in Supporting Information
(Figure S2). Similar trend is reproduced. It should be
emphasized that such oxidized form of the phosphor-
ene has the added attribute that it is more stable than
the exfoliated phosphorene. In Figure 2¢, we follow the
UV—vis adsorption spectra of a laser treated BP flake
(created at a laser power of 180 mW) over a period of
49 days with the sample kept in ambient condition
during these 49 days. As shown in the Figure 2¢, the
laser pruned BP suboxide exhibits stable UV—vis spectra
for up to 14 days. This means that after the formation of
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phosphorene oxide, the material remained stable for
up to 2 weeks. The stability of BP in air is a paramount
challenge for practical applications. Our results show
that instead of fighting oxidation as a detrimental
process, we can make use of controlled oxidation to
our advantage here to achieve band gap engineering
of BP with an added advantage of prolonged stability.

To gain further insight into the detail nature of the
oxidation induced by the focused laser beam, we
calculate the band gap energy using hybrid functional
calculations, which provide an improved description of
the exchange energy and therefore a more accurate
estimate of the gap value (see calculation details in
Supporting Information). In this case, we made use
of a model where the structures of phosphorene
oxides are obtained by progressively adding oxygen
to phosphorene.*® Figure 3a shows one of the many
possible phosphorene oxide structures after the incor-
poration of oxygen into the BP. Typically, the added
oxygen can take two forms, namely dangling oxygen
or bridging oxygen. Phosphorene oxides are found to
be wide gap insulators. The band gap of monolayer
phosphorene oxide is about 4.3 eV for 50% of incorpo-
rated oxygen, and increases smoothly with increasing
oxygen concentration, reaching 8.6 eV when phos-
phorene is saturated with oxygen (P,Os). A calculation
for bulk P,Os shows that the band gap is nearly
unchanged, unlike phosphorene for which it varies
with the number of layers. However, the band gap
depends on the oxygen distribution. For instance,
structures where oxygen is only incorporated at the
surface, occupying the dangling configuration, have
smaller band gaps. Figure 3b shows the calculated
band structures of phosphorene oxides with different
oxygen concentrations.

It is likely that, in the present experimental condi-
tions, there is a spatial variation of the oxygen con-
centration, either forming different domains or even
within domains. To incorporate this variation into our
model, we have considered that the number of oxygen
atoms per unit cell is given by a binomial distribution
with probability p. The average extinction coefficient,
shown in Figure 3c, is then given by = 3% _ Pk,
with P, = {101/[(10 — n)in!1}p"(1 — p)'°~" and where k,,
is the imaginary part of the refractive index for P,O,,.
For larger oxygen concentrations (higher p), the ab-
sorption threshold given by the average extinction
coefficient shifts to higher energies and its spectral
variation becomes broader. This corresponds to the
experimental trend, although the experimentally
obtained absorption spectra still shows features below
2 eV, possibly due to remaining phosphorene or
defects. The extinction coefficient for the BP flake with
different degree of oxidation is shown in Figure 3c.

We made a comparison between Figure 3c and
Figure 2b to estimate the absorption threshold energy
and the results are shown in Figure 3d. The experimental
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Figure 3. Optical property modification engineered by oxygen concentration. (a) Schematic diagram of a form of planar
phosphorene oxide showing the dangling and bridging oxygen. (b) Band structures of selected phosphorene oxide and
suboxide. (c) Imaginary part of the dielectric function for the suboxides. (d) Absorption peak energy as a function of laser
power (experimental result) and oxygen concentration (theoretical result). With t he use of the chemical formula of P,0,, the
oxygen concentration is presented as the ratio of n/4. Inset shows the oxygen concentration as a function of laser power. The
experimental values are measured from the peak positions of the absorption spectra. The theoretical values are the direct
absorption threshold energy. They are calculated by applying a rigid shift (due to inclusion of exact exchange) to the PBE

band structures to correct the gap to the HSE value.

values are measured from the peak positions of the
absorption spectra. The theoretical values are the
direct absorption threshold energy. They are calcu-
lated by applying a rigid shift (due to inclusion of exact
exchange) to the PBE band structures to correct the
gap to the HSE value. While the varying factor in the
case of experimental is the laser power, the handle
in the case of theoretical simulation is the extent of
oxidation. Thus, combining them together provides a
bridge to the relation between laser power and the
amount of incorporated oxygen into the BP flakes.
The inset in Figure 3d is a result of this comparison
and we can see that by controlling the power of the
focused laser beam, we can control the oxygen content
in the phosphorene suboxide and, in turn, tailor the
band gap of the thin film.

When we carefully adjust the laser pruning param-
eters with higher laser power, ultrathin few-layer phos-
phorene with unique and functional optical prop-
erties is obtained after a focused laser beam thin-
ning process. With the flexible feature of the scanning
laser beam, ultrathin few-layer domains could be
controllably constructed at any selected position.

LU ET AL.

Figure 4a shows a bright field optical image of a few
BP flakes on Si/SiO, substrate. Note that the BP flake
at the center of the image has been laser pruned at
~160 mW and a bubble is formed due to the heating
effect of the laser beam, while the rest of the laser
thinned region is very thin and shows weak optical
contrast. However, when viewed under a fluores-
cence microscope, the sample presents a unique and
fascinating view. Figure 4b—e shows fluorescence
microscopy (FM) images of the group of BP flakes as
excited by light source with different excitation wave-
lengths, namely, UV light (Figure 4b, 330—380 nm), blue
light (Figure 4c, 460—490 nm), green light (Figure 4d,
510—550 nm), and yellow light (Figure 4d, 550—
580 nm). The most notable feature in these FM images
is that only the laser pruned BP flake exhibits fluores-
cence signal while the other thicker BP flakes remain
fluorescence inactive. More interestingly, the sample
presents different fluorescent colors under different
excitation with sources with different wavelengths.
To elucidate the mechanism of the fluorescence prop-
erty, PL spectra is carried out to quantitatively investi-
gate the light emissions.
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Figure 4. Fluorescence property of phosphorene oxide. (a) Bright field optical image of a few BP flakes on Si/SiO, substrate.
Note that the BP flake at the center of the image has been laser pruned. (b—e) Fluorescence Microscopy (FM) images of the
group of BP flakes as excited by light source with different excitation wavelengths. Namely, (b) UV (330—380 nm), (c) blue
(460—490 nm), (d) green (510—550 nm), and (e) yellow light (550—580 nm). Scale bar = 10 xm. The most notable feature in
these FM images is that only the laser pruned BP flake exhibits fluorescence signal. PL spectra of laser modified few-layer
phosphorene under excitation of (f) UV (330—380 nm), (g) blue (460—490 nm), (h) green (510—550 nm), and (i) yellow light
(550—580 nm), respectively. (j) Schematic illustration of the fluorescence emission processes excited under light with

different wavelength.

PL spectra of laser modified few-layer phosphorene
under excitation of UV (Figure 4f, 330—380 nm), blue
(Figure 4g, 460—490 nm), green (Figure 4h, 510—
550 nm), and yellow light (Figure 4i, 550—580 nm)
confirm the PL characteristic of the laser-pruned
and activated BP flake. As shown in Figure 4f, the
pristine region (black curve) does not exhibit any

LU ET AL.

photoactivities within the UV-NIR region when excited
by UV light (330—380 nm), while the few-layer region
(red curve) exhibits a strong luminescent peak cen-
tered at the visible regime. In addition, we find the
photon energy of the emission light covers a broad
range from ~1.77 to ~3.76 eV. The broad peak
may originate from the existence of a wide variety of
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Figure 5. Colorful micropatterns on phosphorene. (a) Optical images of the fabricated micropattern “NUS”. (b and c) FM
images of the created micropatterns showng different fluorescence colors when excited by blue (460—490 nm) and green

light (510—550 nm), respectively. Scale bar = 10 um.

defect-induced states in the gap. During the laser
pruning process, defects would be introduced into
the phosphorene suboxides due to the highly disrup-
tive nature of the laser. This introduces a series of
energy levels in the band gap of the phosphorene
suboxides, as illustrated in Figure 4j. When the sample
is excited by photons with smaller energy (changing
from UV to blue/green/yellow light), the width of
the PL emission peak becomes narrower. Naturally,
photons with lower energy can only excite the elec-
trons to the excitation states with lower energy
(Figure 4j). Consequently, only the light with longer
wavelength is emitted after recombination. As a results
the FM presents greenish-yellow/red color under blue/
green light excitation. The mechanism of the excitation
wavelength-dependent fluorescence property is sche-
matically illustrated in Figure 4j. These results indicate
that the few-layer phosphorene is converted from
nonphotoactive materials to photoactive materials
after focused laser beam modification. The colorful
fluorescence from these few-layer phosphorene is a
promising attribute and it enhances their potential in
photonic devices, such as multicolored displays.
Figure 5a—c demonstrates the application of few-
layer phosphorene fabricated using laser pruning as
multicolored display. As shown by the optical image
(Figure 5a), the micropattern “NUS” is created onto
irregularly shaped phosphorene flakes. Panels b and ¢
of Figure 5 display the observed FM images excited by
blue (460—490 nm) and green light (550—580 nm),
respectively. Under fluorescence microscopy, the irre-
gular boundary of the BP is no longer visible and only
the polychrome micropatterns are observed, while the
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multiple colors can be easily switched via changing
excitation wavelength.

In addition to the implementation of a multicolored
display, we further find that the laser thinned few-layer
phosphorene oxide can serve as all optically controlled
toxic gas sensor. Figure 6a shows the optical image and
colorful FM images of a laser fabricated few-layer
phosphorene oxide. As described above, although a
few bubbles are formed, the few-layer flake exhibits
bright emission colors. Remarkably, the fluorescence is
observed to show extreme sensitivity to environmental
gas. We exposed the few-layer phosphorene oxide
to ammonia gas (NHs, 99.9%) for a short time (30 s).
After exposure, the flake was collected and observed
by FM again. The optical and FM images of the sample
after NH; exposure is shown in Figure 6b. Notably, the
exposed few-layer phosphorene oxide presents much
lower optical contrast in bright field, while the bubbles
become smaller. More obvious difference is revealed
by the FM images. The fluorescence of the few-layer
phosphorene oxide appears much weaker as com-
pared with the state before NH; exposure. The quanti-
tative change is characterized by PL spectra. As shown
Figure 6¢, the output intensity of the PL peak shows a
significant decrease after NH; treatment, resulting in
the fading of the fluorescence. This suggests we can
use the multicolored phosphorene oxide as controlled
gas sensor via optical display. The multicolored display
can be realized by micropatterning of BP via focused
laser pruning. Microchannel patterns are employed
here to demonstrate the optical gas sensor application.
The optical image in Figure 6d indicates the fabrication
of well-defined microchannels. Besides the construction

VOL.9 = No.10 = T0411-10421 = 2015 ACNJANIC)

WWwWW.acsnano.org

10417



iy

(@]

—— After NH, exposure
—— Without NH, exposure|

Intensity (a.u.)

N

200 400 600 800 1000
Wavelength (nm)

Figure 6. (a) Optical and FM images of an as-obtained few-layer phosphorene. (b) Optical and FM images of the same
phosphorene flake of (a) after NH; exposure. (c) PL spectra before (red curve) and after (white curve) NH; exposure. (d) Optical
and FM images of a microchannel pattern created on BP flake. (e) Optical and FM images of the same pattern of (d) after NH;
exposure. (f) From left to right, optical image of a created phosphorene flake before NH; exposure, FM image of the flake
before NH3 exposure, FM image of the flake after NH3 exposure, and FM image of the flake remodified using focused laser

beam, respectively. Scale bar = 10 um.

of the microchannels, the surfaces of the pristine regions
between two channels were roughened due to the heat
diffusion of the high energy laser beam. As observed by
the FM images, the microchannels are colorful and
multicolors are displayed. After a short exposure (~10 s)
to NHjz, the FM images display a significantly different
appearance. The fluorescence almost disappears and
only dim colors are captured on the images (Figure 6e).
By carefully comparing the optical images before and
after NHsz exposure, we found the few-layer phosphor-
ene inside the microchannels becomes very smooth
and the optical contrast is light. Even the rough surfaces
of the pristine regions are smoothened after NH; ex-
posure. The quenching of the fluorescence and the
smoothing of the rough surface indicate the occurrence
of reduction reaction of phosphorene oxide, P,O,, with
NH;s. Accordingly, we propose the following reduction
mechanism for the detection of NH; by laser thinned
few-layer phosphorene oxide.

2yNH3 + 3PXOy — 3xP +yN2 + 3yH20

LU ET AL.

Build on this attribute, the laser thinned few-layer
phosphorene oxide can be designed into the com-
ponent of a photonic circuit as all optically controlled
gas sensors to realize the real time monitor of the toxic
gas. In addition, the quenched fluorescent property of
the sample after NH3 exposure could be partially
recovered when the sample is modified again using
the laser pruning technique, as illustrated by the FM
images (excited using yellow light) shown in Figure 6f.
The optical and FM images of the flake before and
after NH3 exposure and the corresponding images
of the remodified flake are shown in the Support-
ing Information Figure S3. This result facilitates the
reusable potential of the gas sensor. On the other
hand, the high sensitivity of phosphorene oxide to
NHj; facilitates NH3 the emerging role of protecting
gas which can be used to protect phosphorene from
oxidization.

In addition to the optical applications of the laser
thinned few-layer phosphorene, we proceed to the char-
acterization of their field-effect behaviors to examine
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their performance as electronic devices. We fabricated
the two-terminal configuration device based on the
pristine BP flakes with the thickness ~20 um (we
defined this device as D1). After the characterization,
we subjected the device to a global modification by
focused laser beam with laser power of ~60 mW and
characterized the transport property again (this device
was defined as D2). Subsequently, the device was
modified further via focused laser with ~80 mW power
to compare the effects of laser modification (this
device was defined as D3). The typical -V character-
istics of these devices measured at various back gate
voltages from —40 to 0 V are shown in Figure 7a,ce.
Evidently, the devices show the similar gating effect
behaviors, exhibiting an increasing output current
with increasing gate voltages, before and after laser
modification. This indicates the p-type semicon-
ductor behavior of both pristine and modified phos-
phorene. The output current of the devices at Vg, =
50 mV were measured as a function of V, and shown

LU ET AL.

in Figure Figure 7b,d,f. The field-effect mobility was
extracted from the linear region according to u =
ImCy 'Vas L/W, where g, = dlgs/dVy, C4 is the gate
capacitance, and L and W are the length and width of
the device channel, respectively. The hole mobility is
extracted to be ~347,269,and 221 cm?V~"s"~ for D1,
D2, and D3, respectively. The mobility slightly de-
creases after laser modification. This is probably due
to the scattering effects of the oxidation defects intro-
duced by laser modification. The drain current mod-
ulation is extracted from the transfer characteristics
in a log scale, as shown in the insets of Figure 7b,d,f.
The current modulation of D1 is measured to be only
~10 which is consistent with previous reports of the
devices based on the BP flakes with a thickness
~20 nm. Remarkably, the current modulation of D2
and D3 are promoted to be ~10% and ~10°, after being
modified and further modified by focused laser beam,
respectively. The larger band gap of the laser modified
few-layer phosphorene facilitates the high on/off ratio.
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This result indicates that the laser modified few-layer
phosphorene exhibits superior performance both in
electronics and photonics.

CONCLUSION

In summary, we have reported a straightforward
procedure to directly thin multilayered BP flakes down
to ultrathin few-layer phosphorene suboxides by
means of a focused laser pruning technique. The band
gap of the phosphorene suboxides could be flexibly
engineered by laser oxidation. The ultrathin few-layer
phosphorene suboxides are found to be photoactive in
the visible light regime. An added attribute of these
ultrathin phosphorene suboxides is their extended
stability when compared with as-exfoliated BP. With
a scanning focused laser beam, well-defined micro-
patterns are achieved on BP flakes. Due to the fluo-
rescence property of the obtained few-layer phosphor-
ene, multicolored displays are demonstrated when the
micropatterns are subjected to light excitation with
different wavelength. The multicolored displays were
demonstrated an optically controlled toxic gas moni-
tor. Furthermore, the laser modified phosphorene
is characterized to show higher drain current modula-
tion than the pristine BP in the electrical applications.
Our results offer 2D phosphorene suboxides as a
potential functional material in both electronics and
photonics.
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