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potential applications of a large catalog 
of 2D layered materials including gra-
phene,[1,3,4] black phosphorus,[5–7] transi-
tion metal dichalcogenides (TMDs),[8] etc. 
Black phosphorus (BP), the monolayer 
form of which is known as phosphorene, 
is one of the most intriguing candidates 
among all the 2D materials and has been 
intensely studied since it was first isolated 
in 2014.[5,6] A BP 2D crystal layer has an 
atomic puckered honeycomb structure 
which is similar to graphene. Bulk BP 
is an intrinsic p-type semiconductor, 
with slight ambipolar behavior due to 
its narrow bandgap nature. It has out-
standing electrical properties such as high 
hole mobility,[5–7,9] large on/off ratio,[5–7,9] 
and a tunable bandgap.[10–13] Furthermore, 
by proper device engineering, such as 
adopting low work-function metal con-
tact,[14] ALD doping,[15] and gate electro-
static doping,[16] n-type transistors with 
high electron mobility are also realized. 
Thereby, it has great potential to be used 
as ultrathin transistor channel material 
and further push CMOS scaling trend. In 
addition to extraordinary electrical proper-

ties, the ultrathin 2D BP also has superior mechanical flexibility 
and durability,[10,17] thus showing promise as a possible flexible 
electronics component.

Despite the promising qualities of BP, the lack of large-scale 
films remains a major obstacle against further BP research and 

Few-layer black phosphorus (BP) has emerged as one of the most promising 
candidates for post-silicon electronic materials due to its outstanding elec-
trical and optical properties. However, lack of large-scale BP thin films is still 
a major roadblock to further applications. The most widely used methods 
for obtaining BP thin films are mechanical exfoliation and liquid exfoliation. 
Herein, a method of directly synthesizing continuous BP thin films with the 
capability of patterning arbitrary shapes by employing ultrafast laser writing 
with confinement  is reported. The physical mechanism of confined laser 
metaphase transformation is understood by molecular dynamics simulation.  
Ultrafast laser ablation of BP layer under confinement can induce transient 
nonequilibrium high-temperature and high-pressure conditions for a few 
picoseconds. Under optimized laser intensity, this process induces a meta-
phase transformation to form a crystalline BP thin film on the substrate. 
Raman spectroscopy, atomic force microscopy, and transmission electron 
microscopy techniques are utilized to characterize the morphology of the 
resulting BP thin films. Field-effect transistors are fabricated on the BP films 
to study their electrical properties. This unique approach offers a general 
methodology to mass produce large-scale patterned BP films with a one-
step manufacturing process that has the potential to be applied to other 2D 
materials.
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Since the rise of graphene,[1,2] we have witnessed a “gold 
rush” in 2D material research. The atomic layered nature of 
2D materials is considered a promising avenue as silicon 
technology encounters its bottleneck with further scaling. Tre-
mendous efforts have been made to unveil the properties and 
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application studies. Just over a century ago, Bridgman first dis-
covered bulk BP by applying high hydrostatic pressure (1.2 GPa)  
and high temperature (200 °C) to white phosphorus[18] in 1914. 
The shortcoming of this method is that it requires ultrahigh 
pressure and the starting material white phosphorus is highly 
volatile. Later other routes were proposed to prepare bulk BP 
such as using mercury as catalyst[19] and recrystallization from 
bismuth flux.[20–22] In 2008, Nilges et al.[23] proposed a fast 
low-pressure chemical vapor transport (CVT) method using 
AuSn as transport agent to produce bulk BP single crystals, 
which later was further simplified by Köpf et al.[24] As gra-
phene ignited the 2D material research field, several top-down 
methods were established including mechanical[1,2,25] and 
liquid exfoliation method[26–31] to obtain sufficient amount 
of 2D thin films for research purposes. Shortly after these 
methods were applied to BP,[5,6,32–36] researchers were able to 
explore the atomic layer structure of BP comprehensively as a 
2D material and demonstrate its potential electrical and optical 
applications. These exfoliation methods have caught eyes due 
to the availability of a single layer of material and compatibility 
with conventional CMOS fabrication processes. However, these 
methods also have their limitations. Liquid exfoliation is a 
candidate mass-production tool, however it tends to only yield 
small flake sizes varying from dozens to hundreds of nanom-
eters, which constrains its potential for use in transistor device 
fabrication. Mechanical exfoliation with scotch tape is able to 
produce larger 2D films on the scale of a few micrometers, but 
the method itself is lacking in production efficiency and repeat-
ability. Chemical vapor deposition has proved to be an effec-
tive method for growing wafer-scale monolayer 2D materials 
including graphene,[37,38] TMDs,[39] and boron nitride,[40] but so 
far it has not been achieved on BP because of its low melting 
temperature and strong chemical reactivity. Several processes 
with assistance of laser have been explored to produce BP thin 
films as well. For instance, pulsed laser deposition[41] method 
has been used to deposit few nanometers of amorphous BP 
thin films. Continuous-wave laser thinning has also been dem-
onstrated to effectively produce thin films of 2D materials such 
as BP[42] and MoS2.[43] Other methods include high-pressure 
transformation from red phosphorus thin films,[44] using scan-
ning probe nanopatterning[45] and sonochemical synthesis 
method.[46]

In this study, we explore an innovative laser writing pro-
cess—confined ultrafast pulsed laser deposition (CUPLD). We 
utilize ultrafast picosecond laser pulses to ablate continuous BP 
thin films from high-quality large bulk BP crystal. By adopting 
a confined ultrafast laser setup, the laser pulse is able to gen-
erate local high-temperature and high-pressure conditions, 
which triggers the metaphase transformation from ablated 
phosphorus to reconstructed BP thin films. The morphology 
and crystallinity of the BP films are characterized by techniques 
including atomic force microscopy (AFM), scanning electron 
microscopy (SEM), and transmission electron microscopy 
(TEM). Molecular dynamics simulations help to elucidate the 
physical mechanism of the ultrafast laser induced metaphase 
transformation process. This novel laser direct writing method 
not only introduces a fast route to produce large-scale BP thin 
films but also provides a one-step patterning process that 
potentially can be applied to other 2D materials.

Bulk black phosphorus crystals used for experiments were 
synthesized following the previously mentioned vapor transport 
method[24] (see the Experimental Section). The schematic pro-
cess flow of manufacturing approach is illustrated in Figure 1. 
A large chunk of bulk BP (6 mm × 6 mm) with flat surface was 
chosen from synthesized bulk BP and placed on top of a quartz 
plate. A transparent substrate (e.g., sapphire, quartz, PET, etc.) 
was then mounted on top of bulk BP. The purpose of this 
transparent substrate is twofold: it provides a physical confine-
ment to generate local high pressure and temperature while 
letting laser passing through; in the meantime, it serves as 
an in situ substrate where the BP thin films can be deposited. 
To ensure the substrate is in good contact with BP, the quartz 
plate and the substrate were tightly clamped together with bulk 
BP sandwiched in the middle. The experiment is carried out in 
a sealed chamber filled with argon to prevent photon-assisted 
oxidation effects[47] during laser ablation. Ultrafast laser pulses 
(wavelength: 1064 nm, pulse width: 5 ps) were generated by 
Fianium HE-1060 fiber laser source with the waveforms digi-
tally controlled by computer. A scan algorithm was generated 
through the computer to adjust the angle of two reflecting mir-
rors so that the laser path can be manipulated and laser spot 
can be moved around the substrate. Upon exposure to the 
laser, the surface of the bulk BP absorbs the photon energy and 
then converts it into phonon energy through photon–phonon 
interaction which causes strong lattice vibrations that are vig-
orous enough to break PP bonds and ablate BP from the bulk 
crystal. The benefit of the ultrafast laser pulses is to localize the 
laser energy to produce an almost instant high-pressure and 
high-temperature nonequilibrium condition before the energy 
dissipates away through lattice vibrations. This allows PP 
bonds to reform into BP through a metaphase transformation 
process. The necessity of employing ultrafast picosecond laser 
pulse will be further investigated in the latter part of this paper.

One of the most preeminent advantages of this confined 
ultrafast laser direct writing method is that by designing the 
trace of the laser spot we can quickly pattern the 2D films into 
arbitrary shapes. In the meantime, it facilitates the manufac-
turing procedure by integrating patterning, ablation, and dep-
osition into a one-step digitally controlled process. Figure 2a 
shows a direct written BP thin film patterned into the shape of 
the Purdue logo to demonstrate the potential of patterning arbi-
trary shapes of thin films with this technique. The film is veri-
fied to be conductive and continuous as shown in Figure 2b, 
indicating that the semiconducting crystalline nature of the 
BP is preserved. This confined laser writing method in prin-
ciple can also be applied to other 2D materials. For example, 
we adapted the same method to write large-area graphene thin 
films (Figure 2c) ablated from highly oriented pyrolytic graphite 
(HOPG). Figure 2d shows the SEM image of various graphene 
thin films patterned using our method.

In order to examine the topography and quality of BP thin 
films, we performed Raman spectroscopy, TEM, and AFM 
experiments. Figure 3a shows the Raman spectrum of as-depos-
ited BP films excited by a 532 nm laser. The Ag

1, B2g, and Ag
2 

Raman modes are located at 362, 440, and 468 cm−1, respec-
tively. The positions of characteristic Raman peaks match well 
with those of the bulk sample, indicating that the laser writing 
process preserved the orthorhombic crystalline structure of 
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BP. BP thin films were transferred onto a copper grid for TEM 
examination, and a representative resulting image is shown in 
Figure 3b. The periodic pattern (left inset) confirms the high 
degree of crystallinity of our CUPLD BP films. The spacing 
between primary neighboring patterns is 2.6 Å, corresponding 
to a (111) surface. The AFM image in Figure 3c reveals the 
surface morphology of the BP thin film. The film consists of 
many quadrangular shaped units with lateral size of nearly 
1 µm. We systematically studied the thickness distribution of 
around 100 flakes, which is presented in a histogram in the 
Supporting Information. The average flake thickness is 38 nm 
and thinnest flake we found is 6.1 nm. The typical thickness 
ranges from around 10 to 100 nm. These small BP units stack 
on top of each other and pile up into a polycrystalline mesh. 
The reason why these units have similar shapes and sizes is 
not fully understood so far. We presume that as a strongly ani-
sotropic material, the forming energy of PP covalence bonds 
in certain directions is lower than the others and thus the BP 
films tend to reform into certain shapes. Similar shape of BP 
flakes was also reported by Seo et al.[48] using liquid exfoliation 
method where the sharp edge was assigned to (010) facet since 
it is an energetically more favorable orientation.

We further fabricated field-effect transistors (FETs) to 
explore the electrical properties of our CUPLD BP thin films. 
Figure 4a demonstrates the device structure schematically. The 
device was fabricated on indium tin oxide (ITO) glass as back 
gate with 20 nm ALD Al2O3 as a gate dielectric. More details 
of device fabrication can be found in the Experimental Sec-
tion. The transfer curve and output curve of a 500 nm channel 
length FET device is shown as in Figure 4b,c. The device shows 

p-MOSFET behavior with on/off ratio on the order of 10. The 
back gate modulation is relatively small compared to few layer 
or monolayer BP FETs. The bandgap of BP can be strongly 
modulated from 0.3 to over 1.5 eV[5,49,50] by reducing the thick-
ness from bulk to monolayer. The AFM image (Figure 3c) con-
firms that the BP film consists of small units with a thickness 
from tens to a hundred nanometers, so the band structure of 
the BP thin film should be closer to the bulk form with small 
bandgap. The flake thickness is generally larger than the max-
imum depletion width, meaning that the gate loses control 
over the top channel region of the thick flake and the device 
cannot be effectively turned off. Therefore, it is reasonable for 
the FET device to exhibit a small on/off ratio. For fair compar-
ison, we fabricated FET devices on mechanically exfoliated BP 
flakes with thickness similar to our CUPLD deposited BP films, 
which is typically 30–100 nm. The electrical performance of 
the mechanically exfoliated devices (shown in Figure S1, Sup-
porting Information) was close to that of the CUPLD devices. 
This validates that the inferior on/off ratio is not due to the 
crystal quality of the film but simply because of the nature of 
narrow bandgap semiconductors.

The energy density of the laser pulse is a crucial factor 
to achieve high-quality BP thin films. At low laser energy 
(≈15 GW cm−2), the photon energy is too low to break the 
interlayer van der Waals bond, and BP films cannot be ablated 
from the bulk. By increasing laser energy to ≈20 GW cm−2, the 
photon energy reaches the threshold to break the PP cova-
lent bond and laser ablation occurs, so we can obtain BP films 
with reasonable quality and high coverage. However, if we 
keep increasing the laser energy, the lattice vibrations will be 
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Figure 1.  Experiment setup of fabrication of large-scale BP thin films by ultrafast laser direct writing.
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too vigorous and PP covalent bonds will reorganize into red 
phosphorus. Therefore, the window for applicable laser energy 
density is in fact very narrow. This conclusion is confirmed by 
Raman spectra of BP thin films obtained with different laser 
powers, as shown in Figure 5a: the sample exposed to a laser 
with 15 GW cm−2 energy density does not show any BP Raman 
signals indicating no BP film is ablated; the one with 20 GW 
cm−2 energy density shows typical BP Raman signal with 
sharp peaks; as the energy increased to 30 GW cm−2, the cor-
responding Raman spectrum indicates that red phosphorus is 
formed.

Molecular dynamics (MD) simulations give us a more 
insightful view of the microscopic mechanism of laser ablation. 
MD simulations were performed using LAMMPS to simulate 
laser ablation by adding different laser energy to the system at 
uniform intervals of 5 fs for a microcanonical ensemble (NVE 
simulation). More details about the simulation environment 
can be found in the Experimental Section. We found that ultra-
fast laser pulse can generate an instant high-pressure and high-
temperature nonequilibrium condition. The maximum tem-
perature and maximum pressure increase almost linearly as 

we increase the laser power (see Figure 6c,d). 
However, the metaphase transition of BP 
only happens in a very narrow laser energy 
window. Here to be consistent with our exper-
iment, we choose three typical laser energy: 
15, 20, and 30 GW cm−2 laser to provide a 
detailed physical picture of atomic structure 
change under each of the laser energy. At a 
lower laser energy of 15 GW cm−2, ablation 
was not observed. As seen from Figure 5b,  
van der Waal forces between the black phos-
phorus layers weakened and the layers were 
observed to oscillate, however, the laser 
energy was not strong enough to ablate the 
BP layers. An interesting phenomenon was 
observed when the laser energy was increased 
to 20 GW cm−2. The dangling P atoms reor-
dered at high-pressure and temperature con-
ditions under confinement (see Video S1, 
Supporting Information). This process was 
ultrafast and occurred within 10 ps. After the 
heat flux was removed from the system, non-
equilibrium phase change of the system was 
observed and amorphous phosphorus was 
converted back to stable black phosphorus 
because of the local high-pressure and high-
temperature conditions. This can be seen in 
Figure 5c. Because of the high kinetic energy, 
the phosphorus atoms sought their equilib-
rium positions and formed stable bonds at 
20 GW cm−2. A successful metaphase tran-
sition was observed at a laser intensity of 
20 GW cm−2 where phosphorus atoms were 
reordered to black phosphorus due to the 
high-temperature and pressure conditions 
(see Video S2, Supporting Information). At 
30 GW cm−2, the energy of the system was 
very high and the atoms oscillated dramati-

cally which created an obstacle in re-bonding of the system. As 
seen from Figure 5d, ablated P atoms fail to order themselves 
into BP atoms and chemical bonds cannot be formed at higher 
laser power (see Video S3, Supporting Information). High pres-
sure in the range of 20–25 GPa and a high temperature of about 
1200 K aided the structural phase transition in black phos-
phorus at 20 GW cm−2 as can be observed from Figure 6a,b.

The laser pulse width is also important in order to reach 
the desired nonequilibrium conditions for metaphase transi-
tion of black phosphorus. We adopted the picosecond ultra-
fast laser source because its pulse time is comparable to the 
critical time of the lattice vibration period, which is normally 
also within several picoseconds. After the short laser pulse the 
heat flux is removed and the energy can then be dissipated 
through phonon scattering. In this scenario, the metaphase 
transition is dominated by the transient nonequilibrium high-
pressure and high-temperature condition. On the other hand, 
if a much longer laser pulse, for example, several nanoseconds, 
is applied, the local thermal energy will pile up before being 
dissipated through lattice vibrations and the transient nonequi-
librium conditions will eventually be altered by the additional 
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Figure 2.  Demonstration of laser direct-writing method. a) An optical image of a BP thin film 
patterned into the shape of the Purdue logo. The scale bar is 10 um. The dotted line is a guide to 
the eye to show the contour of the BP film. b) An image of patterned BP films on PET substrate. 
The inset: the multimeter reading indicating the film is continuous and conductive. c) Large-
area laser direct writing of graphene films ablated from HOPG. d) SEM images of graphene 
thin films with various patterns.
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Figure 3.  Characterization of BP thin film. a) Raman spectroscopy of BP thin film; b) TEM image of the BP film. The left inset shows the intersection 
profile within the black box. The right inset is the fast Fourier transform of the TEM image. c) AFM image showing the surface morphology of the BP 
film. d) 3D image of height profile.

Figure 4.  Electrical properties of thin film BP FET. a) Schematic diagram of FET device structure. b) Transfer curve and c) output curve of BP thin film 
transistors. The channel length of the device is 500 nm and the channel width is 2 µm.
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Figure 6.  a) Temperature and b) pressure curves for equilibration (0–35 ps), laser heating (35–45 ps), and re-bonding (45–75 ps) molecular dynamic 
processes. c) Maximum temperature and d) maximum pressure extracted under different laser power.

Figure 5.  Impact of laser energy on BP thin films. a) Raman spectra of thin films obtained with different laser energy. b–d) The snapshots of BP films 
during laser ablation process with 15, 20, and 30 GW cm−2 in MD simulations. b) No ablation was observed at 15 GW cm−2; P atoms are dislocated and 
reformed into BP through metaphase transformation at 20 GW cm−2; P atoms are not able to reform into BP due to higher kinetic energy at 30 GW cm−2.
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thermal energy and the metaphase transition will not happen 
anymore. We have experimentally verified that after exposing to 
a nanosecond laser pulse, black phosphorus is converted into 
amorphous phosphorus (SEM image and Raman results can be 
found in the Supporting Information), which is also consistent 
with our MD simulation interpretation.

In conclusion, we presented an innovative approach, namely, 
CUPLD, to produce large-scale black phosphorus thin films by 
generating local high-temperature and high-pressure condi-
tions through confinement. We demonstrated the feasibility of 
patterning large-scale arbitrary BP thin films as well as other 
2D materials with this method. Raman spectroscopy, TEM, and 
AFM techniques were used to characterize the quality and mor-
phology of BP thin films. FET devices were fabricated on the BP 
film with reasonable electrical properties. Molecular dynamics 
simulations were performed to study the physical mechanism 
of the laser-assisted metaphase transformation process. This 
approach represents a promising method to obtain BP thin 
films, not only because laser is a more maneuverable tool than 
mechanical or liquid exfoliation but also because potentially 
it can be adopted to pattern the films of other 2D materials. 
Meanwhile, the process is an intriguing and fast route for mas-
sive nanomanufacturing since it integrates ablation, deposition, 
and patterning into a one-step process.

Experimental Section
Bulk BP Crystal Growth: Precursor materials, consisting of 150 mg 

red phosphorus (Sigma-Aldrich, Powder, ≥99.99%), 8 mg tin (IV) iodide 
(powder), and 21 mg elemental tin (Sigma-Aldrich, Powder, ≥99%) were 
loaded into clean quartz ampoules with an inner diameter of 6 mm. 
Ampoules were evacuated to a vacuum strength of <0.01 mTorr and 
then sealed using a propane-oxygen torch, enclosing the precursor 
materials in a vacuum pocket roughly 10 cm long. Ampoules were then 
placed into a multizone furnace capable of maintaining a sufficient heat 
gradient across the sample volume. Over the course of the reaction, 
the side of the ampoule initially containing the precursor materials 
maintained a 50 °C temperature elevation over the empty side of the 
ampoule. The hot end containing the precursors was first heated to 
750 °C from room temperature over the course of 3 h, then held at that 
temperature for 1 h. The hot end was then cooled over 3 h to 500 °C, 
held there for three additional hours, then cooled to 100 °C slowly over 
the next 10 h. This process typically yields large (centimeter scale) high-
purity single-crystal flakes radiating from a central nucleation point on 
the cold end of the ampoule.

FET Device Fabrication: Special transparent substrates were prepared 
for CUPLD in for compatibility with FET fabrication. 20 nm Al2O3 was 
deposited on ITO glass at 200 °C: Al2O3 serves as dielectric layer; ITO 
can be used as the back gate and in the meantime as a conductive layer 
that facilitates electron beam lithography in the subsequent step. After 
CUPLD, source and drain regions were patterned by electron beam 
lithography and Ni/Au metal contacts were deposited by electron beam 
evaporator. The channel length of the devices is 500 nm and the channel 
width is 2 µm.

Molecular Dynamics Simulation: Two single black phosphorus layers 
of dimension 100 Å × 100 Å were modeled between amorphous silica 
using VESTA. Periodic boundary conditions were imposed along X 
and Y directions and fixed boundary condition was imposed along 
the Z direction. System equilibration was carried out at 300 K with 
Nosé–Hoover thermostat. The Stillinger–Weber (SW) potential was 
developed by using ab initio valence force field method by Jiang et al. 
Parametrization of Stillinger–Weber potential based on valence force 
field model was implemented in these simulations to define PP bonds 

and Lennard Jones potential was used to define interlayer interactions. 
The interactions between silica and black phosphorus were neglected 
since the focus of this work was to observe the influence of laser heating 
on black phosphorus. Silica was modeled to ensure that the high 
stresses developed in black phosphorus layers during laser heating were 
maintained. A timestep of 0.1 ps was used to integrate the equations 
of motion. Heat flux was added to multilayer black phosphorus with 
an NVE ensemble to simulate laser heating. To simulate dynamic bond 
creation and breaking, Stillinger–Weber potential was turned off and a 
harmonic bond potential was defined. The results were visualized using 
the OVITO package. To further validate the metaphase transformation of 
amorphous to crystalline black phosphorus, radial distribution function 
was investigated for structural characterization.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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