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ABSTRACT 

Black phosphorus (BP) is a narrow bandgap (∼0.3 eV) semiconductor with a great 

potential for optoelectronic devices in the mid-infrared wavelength. However, it has been 

challenging to achieve a high-quality scalable BP thin film. Here we present the successful 

synthesis of optically active BP films on a centimeter scale. We utilize the pulsed laser 

deposition of amorphous red phosphorus, another allotrope of phosphorus, followed by a 

high-pressure treatment at ∼8 GPa to induce a phase conversion into BP crystals. The 

crystalline quality was improved through thermal annealing, resulting in the observation of 

photoluminescence emission at mid-infrared wavelengths. We demonstrate high-pressure 

conversion on a centimeter scale with a continuous film with a thickness of ∼18 nm using a 

flat-belt-type high-pressure apparatus. This synthesis procedure presents a promising 

route to obtain optical-quality BP films, enabling the exploration of integrated 

optoelectronic device applications such as light-emitting devices and mid-infrared cameras 

on a chip scale. 
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Among the allotropes of phosphorus, black phosphorus (BP) emerges as the most stable phase 

exhibiting a direct bandgap of approximately 0.3 eV in its bulk state.1,2 At ambient conditions, 

BP assumes a puckered structure (orthorhombic, Cmce) distorted from its cubic state (Pm-3m).3 

This distinctive crystal structure imparts a strong in-plane anisotropy across electronic, 

thermoelectric, and optical properties,1,4 facilitating highly sensitive bandgap modulation through 

lattice strain5 and maintaining a low Auger recombination rate.6 Photonic devices of remarkable 

performance have been demonstrated with exfoliated BP flakes, showcasing features such as 

high detectivity (D* > 1010 cm Hz1/2W-1) at room temperature (RT);7–10 widely tunable light 

sources covering wavelengths from 2.3 to 7.7 µm by applying strain or electric fields;5,11 and 

light-emitting diodes (LEDs) with a long operational lifetime (15,000 hours half-life).12 Despite 

its considerable promise for next-generation infrared (IR) devices, surpassing existing 

technologies based on II-VI or III-V semiconductors (e.g., InSb, HgCdTe), the large-scale 

implementation of BP thin films has faced impediments due to the absence of chip-to-wafer scale 

thin film growth,13,14 setting it apart from other van der Waals materials like graphene, h-BN, and 

transition-metal dichalcogenides (MoS2, WSe2).15–19 This limitation arises from less controllable 

lateral growth, influenced by large surface energies and robust interlayer forces stemming from 

sp3 hybridization, featuring a lone-pair in BP’s puckered structure.3,13 

 Recently, the synthesis of subcentimeter-sized single-crystal BP films has been achieved 

through chemical vapor deposition (CVD), where control over the diffusion of growth precursors 

is paramount.14 However, a tradeoff persists between thickness and lateral size, making 

millimeter-wide films challenging for thicknesses below 100 nm,14 a critical parameter for 

optimal optoelectronic device performance.8 In addition to CVD, pulsed laser deposition (PLD) 

has been employed to produce high-quality few-to-monolayer BP films on a centimeter scale, yet 

faces challenges with a narrow growth window and degradation of thicker films (>10 nm) during 
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prolonged growth due to excess heating.13,20 Both CVD and PLD methods face the fundamental 

challenge posed by delicate thermal instability and unmanageable vapor pressure of 

phosphorus.21 

 To overcome these challenges and advance BP device applications to chip-scale size, we 

present an upscaling of BP film synthesis to centimeter sizes using crystallographic strategies in 

contrast to intricate chemical routes. Red phosphorus (red-P), another phosphorus allotrope, 

proves capable of large-scale growth via thermal evaporation and PLD.20,22,23 Initiated from 

amorphous red-P, a high-pressure-induced conversion into BP crystal has been demonstrated 

using diamond anvil cells (DAC) and multi-anvil cells.22–25 Notably, this high-pressure 

conversion technique has successfully yielded highly crystalline thin-film BP up to 5 mm in size, 

exhibiting a field-effect mobility of 160 cm2V-1s-1 at RT.23 While electrical devices have been 

explored, optical characterizations such as photoluminescence (PL) remain limited. 

In this paper, we present the successful centimeter-scale conversion of red-P to BP using 

a flat-belt-type high-pressure apparatus. The red-P film was deposited on a mica substrate via 

PLD, and a hydrostatic pressure of approximately 8 GPa was induced to convert amorphous red-

P into BP crystal. The crystalline quality was enhanced through the optimization of in-situ 

thermal annealing conditions, as confirmed by Raman and mid-IR PL spectroscopies, achieving 

a uniform ~18 nm thin film on a centimeter scale without microcracks. This technique offers a 

platform for further exploration of mid-IR applications based on BP, including LEDs and image 

sensors. 

A red-P film was grown on mica substrate (natural muscovite) via PLD, as illustrated in 

Figure 1a (details in Experimental Section and Figure S1, Supporting Information). Broad 

Raman peaks span 350–460 cm-1 are observed for red-P deposited at 150°C, and these peaks 

become progressively distinct with increasing growth temperature up to 250°C (Figure S2a, 



5 
 

Supporting Information). The successful growth of red-P thin film (10–30 nm) resulted in a light 

brown color, as shown in Figure 1b. Beyond 300°C, film formation exhibited unevenness, and 

Raman peaks were quenched due to severe decomposition at elevated temperatures (Figure 

S2a,b). This critical temperature aligns with findings from prior PLD growth experiments.20 

Figure 1c presents a comparative analysis of red-P films grown on different substrates: natural 

muscovite and 50 nm SiO2/Si. In contrast to the mica substrate, no obvious red-P fingerprint was 

confirmed for the as-deposited film on SiO2/Si, possibly owing to differences in surface energy 

and roughness.13 The mica surface is cleaved before growth to create a fresh, atomically flat 

surface conducive to phosphorus atoms, facilitating surface migration. Figure 1d illustrates a 

pressure–temperature diagram for red-P to BP conversion, encompassing orthorhombic, 

rhombohedral, cubic, and liquid BP phases.26 An experimental relationship, derived from 

previously reported work on bulk BP growth, is presented as a dashed line in Figure 1d.27 At 

ambient pressure, a phase transition occurs around 560°C, decreasing linearly with pressure, 

enabling room temperature conversion at pressures exceeding 8 GPa. Notably, our approach 

involves a phase transformation at room temperature under a high pressure of 8 GPa, as opposed 

to a high-temperature process at lower pressure, aiming to prevent unexpected surface 

degradation critical for thin film growth, in contrast to bulk growth. 

 As a proof of concept, we performed high-pressure treatment using DAC. A piece of red-

P sample grown at 250°C was placed in the DAC with Al2O3 powder serving as the pressure 

medium, as shown in Figure 2a. In situ Raman measurements were performed through a 

diamond window. Figure 2b illustrates Raman spectra acquired at various pressures. Under 

compression at 8 GPa, two peaks were observed at approximately 310 and 370 cm-1, consistent 

with the results of a prior study on the pressure-dependent Raman spectrum of BP.28 

Additionally, the conversion was visually validated by a shift in sample color from light brown 
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(red-P) to a lustrous metallic shade (BP), indicative of bandgap narrowing (Figure S3, 

Supporting Information).29 While the conversion between red-P and BP phases proved reversible 

upon decompression to ambient pressure after being held at 8 GPa for 3 or 30 minutes, the BP 

phase persisted at ambient pressure after exposure to high pressure for over 4 hours (Figure 2b). 

To convert red-P into BP crystal, P–P bonds have to be activated with spd hybridization (details 

in Figure S4, Supporting Information).27,30 At the ambient pressure, the conversion rate into BP 

is slow due to a large activation energy: a thermodynamic model estimates that it takes months to 

convert red-P into BP at 300°C.30 A high-pressure above 6.6–7.5 GPa accelerates the conversion 

rate, red-P can be converted into rhombohedral BP at RT in a reasonable time scale (few hours to 

3 days in experiments).22,24,31 Note that, in this work, the crystallization takes place in 

rhombohedral BP phase at 8 GPa. After releasing the compression, the rhombohedral BP transits 

into orthorhombic structure (Figure S4, Supporting Information). To explore substrate effects, 

red-P deposition and high-pressure conversion were conducted on different mica substrates: 

natural muscovite (KAl3Si3O10(OH)2) and synthetic fluorphlogopite (KMg3AlSi3O10F2). Both 

substrates exhibited comparable quality in as-deposited red-P and synthesized BP films, as 

evidenced by Raman spectroscopy (Figure S5, Supporting Information), although the muscovite 

sample displayed a smoother surface profile as compared to synthetic fluorphlogopite (Figure 

S6, Supporting Information). Moreover, muscovite has larger tensile strength and elastic 

modulus than other mica substrates, such as synthetic fluorphlogopite and natural phlogopite 

(KMg3AlSi3O10(OH)2), preventing microcracks in the substrates due to the shear strain during 

the high-pressure process. Consequently, the muscovite substrate was utilized in this study, 

unless otherwise specified. As shown in Figure 2b, the Raman spectrum exhibited BP signatures 

during decompression from 8 to 0 GPa. Figure 2c shows Raman spectra from synthesized BP via 

high-pressure process with and without annealing. For comparison, a Raman spectrum from an 
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exfoliated BP flake is also presented (Figure 2c). The Raman spectrum of the high-pressure 

converted BP (8 GPa/RT) displayed broader peaks than the BP reference; notably, the 𝐴𝐴𝑔𝑔1  peak at 

370 cm-1 shows a full width at half maximum (FWHM) of 11.3 cm-1, broader than that of the BP 

reference (FWHM ~ 1.8 cm-1). To improve the BP crystalline quality, in situ annealing was 

performed following the phase conversion from red-P to BP. The DAC was annealed in the 

furnace in nitrogen atmosphere at 300°C for 4 hours. The FWHMs were dramatically reduced for 

𝐴𝐴𝑔𝑔1  and other peaks, 𝐵𝐵2𝑔𝑔 and 𝐴𝐴𝑔𝑔2  at ~440 and ~470 cm-1, respectively. Figure 2d shows time 

evolution of FWHM for Raman peaks over 12 hours. Prolonged annealing effectively decreased 

the FWHM, although it tended to saturate after 4 hours. Specifically, the FWHM of 𝐴𝐴𝑔𝑔1  peak was 

suppressed by 50% after 12 hours annealing. Increasing the annealing temperature to 400°C 

expedited the decrease in peak width; however, the FWHM saturated at 5.6, 8.6, and 5.6 cm-1 for 

𝐴𝐴𝑔𝑔1 , 𝐵𝐵2𝑔𝑔, and 𝐴𝐴𝑔𝑔2  peaks, respectively, possibly due to a fundamental limitation in the crystallinity 

achieved through the present technique (Figure S7, Supporting Information). Above 500°C, the 

Raman spectrum quenched due to sample degradation resulting from excess annealing. 

 To scale up the red-P to BP phase conversion, a flat-belt-type high-pressure apparatus 

was employed (Figure 3a).32 The PLD red-P film on mica was sandwiched between pyrophyllite 

and NaCl-ZrO2 disks, as the pressure medium, enclosed by a graphite heater (Figure 3b, and 

details in Figure S8, Supporting Information). To prevent potential damage to the red-P/mica 

sample due to microcracks when embedded directly in the pressure medium, dummy mica 

substrates were interposed between the sample and pyrophyllite, serving as a buffer layer to 

mitigate shear stress during compression. The red-P sample was placed exactly at the center of 

the pressurized area in the vertical direction to minimize the uneven stress. In the DAC 

experiment, the use of alumina as the pressure medium could cause significant differential stress. 

In comparison, the synthesis experiment using the flat-belt-type apparatus, which uses a softer 
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pressure medium (NaCl-ZrO2), is considered to be more quasi-hydrostatic than the DAC 

experiment due to the combined effect of the dummy mica placed above and below the sample to 

mitigate the differential stress generation. By mitigating microcracks, a uniform thin BP film on 

a centimeter scale was achieved through high-pressure conversion at 7.7 GPa for 5 hours, as 

shown in the optical images in Figure 3c,d. The film thickness was revealed to be ~18 nm by 

atomic force microscopy (AFM), as shown in Figure S9, Supporting Information. Together with 

optical images, an atomically flat surface was confirmed by AFM (Figure 3e). The typical root 

mean roughness was 0.87 nm. The uniformity was verified at different spots across the 

centimeter scale BP film (Figure S10, Supporting Information). Due to the scaled-up conversion 

process, additional material characterization options became available, including X-ray 

diffraction (XRD). Figure 3f presents a θ/2θ XRD scan for the as-deposited red-P film and BP 

film after the high-pressure process, with and without in situ annealing at 300°C for 5 hours. 

Similar to the as-deposited red-P film, the BP film without thermal annealing exhibited no peaks 

other than background peaks from the mica substrate, while the BP film revealed BP peaks 

following in-situ annealing. To further investigate the crystallinity of synthesized BP film, a 

plan-view transmission electron microscopy (TEM) was performed on a BP film isolated from 

the growth substrate (details in Experimental Section). BP films were polycrystalline, with grain 

size ranging from 40 nm to 200 nm as shown in Figure 3g and Figure S11a–c, Supporting 

Information. Figure 3g displays a high-resolution plan-view TEM image of a single grain of BP 

crystal that reveals layered structure. The interlayer distance was found to be 5.5 Å, which 

mathces well with the reported value of 5.2–5.6Å along [010] direction.33 Fast-Fourier-

transforms (FFT) of the TEM images suggest the presence of an amorphous phosphorus (Figure 

3h and Figure S11d, Supporting Information). 
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 Figure 4a shows Raman spectra for synthesized BP film with annealing at 300, 350, and 

400°C, for 5 hours. Similar to the results from DAC experiments (Figure S7, Supporting 

Information), crystalline quality exhibited less dependence on annealing temperature through the 

scaled-up high-pressure process. As illustrated in Figure 4b, Raman mapping measurements 

indicated uniform quality of the BP film. Figure 4c presents photoluminescence (PL) spectra 

from the as-deposited red-P and synthesized BP film (7.7 GPa, 300°C). The ~18 nm thick BP 

film displayed a mid-IR emission at around 0.3 eV, corresponding to the inherent bandgap of BP. 

Along with the primary emission from band-to-band transition, a sub-peak was observed at ~0.5 

eV, likely attributable to a residual strain after the high-pressure procedure.5,34,35 As 

demonstrated in the temperature-dependent PL spectrum, the band-to-band PL emission became 

sharper and red-shifted at low temperature, consistent with the temperature-dependent PL in 

exfoliated BP flakes.5 Notably, this marks the first report on the observation of PL from a BP 

thin film (10–20 nm) on a centimeter scale. Given that PL emission is more sensitive to defects 

and impurities than other crystallographic characterizations such as Raman and XRD, these 

findings should catalyze further investigations into large-scale optoelectronic devices, such as 

mid-IR LEDs and photodetectors based on high-pressure synthesized BP films. 

We have successfully demonstrated the synthesis of optically active large-scale BP thin 

films through high-pressure, high-temperature conversion from red-P films. Applying high-

pressure (~8 GPa) to the amorphous red-P film deposited on a mica substrate using pulsed laser 

deposition induced a phase conversion into polycrystalline BP. Employing a flat-belt-type high-

pressure apparatus, as opposed to diamond anvil cells, allowed for the upscaling of the technique 

to the centimeter scale, resulting in the production of a uniform, crack-free BP film. The 

crystalline quality was further enhanced through annealing at 300°C, showcasing 

photoluminescence emission at mid-infrared wavelengths. This pioneering technique facilitates 
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the creation of optical-quality BP films, opening avenues for the exploration of chip-scale mid-

infrared optoelectronic device applications. 
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METHODS 

Preparation of the red-P film 

Amorphous red-P films were grown on target substrates via pulsed laser deposition (PLD) using 

a KrF laser (λ = 248 nm). A 50 nm SiO2/Si, natural muscovite (KAl3Si3O10(OH)2), and synthetic 

fluorphlogopite (KMg3AlSi3O10F2) were used as the growth substrate, and placed at 70 mm 

above the PLD target of bulk BP (Smart Elements) that is less reactive than red-P source so the 

plasma plume is more stable. A Si substrate was attached on the growth substrate to increase the 

thermal transfer from the lamp heater (Figure 1a). For mica substrates, a fresh surface was 

cleaved before sample loading. The substrate was preheated at 500°C for 30 min to remove water 

molecules absorbed on substrate and sample stages. After cooling the substrate to the target 

temperature at 150–350°C, a red-P film was deposited with a laser energy and pulse frequency of 

200 mJ and 10 Hz, respectively. The sample was unloaded to the load lock chamber just after 

deposition, then nitrogen gas was introduced to cool down the sample. The unloading time was 

minimized (~40 sec) to reduce excess annealing effects, which is critical for high crystalline 

quality. For the high-pressure experiments, a ~18 nm red-P film was grown at 250°C and 5 min. 

To prevent surface modification, red-P samples were sealed in nitrogen and carried for additional 

processing and characterizations. 

 

High-pressure experiments 

A piece of red-P on mica was placed in the DAC with Al2O3 powder as a pressure medium. The 

Al2O3 powder was ground in a tungsten carbide mortar and pestle while submerged in acetone 

until a particle size of ~1 µm was achieved. To calibrate the pressure, a ruby particle was loaded 

adjacent to the red-P sample. Quasi-hydrostatic pressure of 8–10 GPa was sustained for 5 hours 

to complete the phase conversion into BP. For the thermal annealing, the DAC was heated at the 
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target temperature of 300°C, 400°C, and 500°C for 0.5–12 hours after the phase conversion 

under high pressure at RT. During the annealing, the pressure was kept at 8–10 GPa. After the 

annealing, the DAC was naturally cooled down to RT. The pressure was gradually released over 

a 9-hour period in order to change the BP crystal structure from rhombohedral to orthorhombic. 

To scale up the BP film synthesis, phase conversion was conducted in a flat-belt-type high-

pressure apparatus (Figure 3a,b, and Figure S8, Supporting Information). An 8×8 mm2 red-

P/mica sample was pressurized with pyrophyllite and NaCl-ZrO2 disks. To prevent microcracks 

due to shear force, dummy mica substrates were introduced between the sample and pyrophyllite 

disks, as buffer layers. The red-P film was converted to rhombohedral BP at 7.7 GPa, which was 

calibrated with the phase transition of bismuth.36 Hydrostatic pressure was applied at different 

temperatures, RT and 300–400°C. After cooling down to RT, the pressure was released over 90 

min to change the BP phase to orthorhombic. 

 

Crystallographic characterization 

XRD patterns were obtained using a Rigaku SmartLab X-ray diffractometer (Cu Kα radiation). 

To prepare the BP on a carbon net for TEM measurements, the BP/mica sample was dipped in 

1% HF, isolating the BP film by etching the mica substrate. A carbon net was used to scoop up 

the BP film floating on HF, following a drying process in vacuum to remove water residue. 

High-resolution TEM images were acquired on a FEI Titan microscope with a field emission gun 

operating at accelerating voltage of 300 kV. 

 

Optical characterization 

Raman spectra were measured by a PL/Raman microscopic system (Horiba Labram HR 

Evolution) with a 473-nm excitation laser. In-situ Raman measurement was performed thorough 
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the DAC at different pressures, which were calibrated using fluorescience peak positions of the 

ruby particle measured in the same system. A 20× objective lens (5 µm nominal laer diameter) 

was used for Raman mapping. The BP film was scanned in 5 µm steps across a 100×100 µm2 

area. Mid-IR PL spectra were measured by an FTIR spectrometer (iS50, Thermo Fisher) with a 

liquid N2-cooled HgCdTe detector and a 638-nm excitation laser.2,5 To prevent oxidation, the 

samples were placed in vacuum during Raman and PL measurements. 

 

Supporting Information 

Schematic of PLD setup, Raman spectra of red-P grown at different temperature, Optical images 

of red-P and BP samples, Schematic of phase conversion mechanism, Raman spectra of BP film 

on different mica substrates, AFM topography images of red-P and BP films, FWHM of Raman 

peaks, Schematic image of flat-belt-type high-pressure apparatus, TEM images of BP film. 
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Figure 1. Large scale deposition of red-P and phase conversion to BP. a) Schematic of PLD 

setup. b) Photographic image of as grown red-P film. c) Raman spectra of as deposited films on 

SiO2/Si and mica (natural muscovite) substrate. The film thickness was fixed at 20 nm. d) Phase 

diagram of BP in different allotropes.26 Dashed line shows pressure–temperature condition for 

conversion from red-P to BP.22,24,27 Reproduced from ref [26]. Copyright 2023 American 

Chemical Society. 
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Figure 2. a) Schematic of DAC setup. The red-P film was embedded in Al2O3 serving as a 

pressure medium. A ruby particle was used to measure the applied pressure. b) In situ Raman 

spectra under different pressure, ~8, ~2, and 0 GPa. The red-P sample was compressed under 8 

GPa at RT fist, then the pressure was released to 2 GPa to 0 GPa. c) Raman spectra of the 

synthesized BP with and without annealing. In situ annealing was performed at 300°C for 4 

hours under 8 GPa compression. Raman spectra for as deposited red-P and exfoliated BP flake 

are also shown as references. d) Effect of annealing time on FWHM for Raman peaks at ~370 

cm-1 (𝐴𝐴𝑔𝑔1), ~440 cm-1 (𝐵𝐵2𝑔𝑔), and ~470 cm-1 (𝐴𝐴𝑔𝑔2). The annealing temperature was fixed at 300°C.   
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Figure 3. Large scale high-pressure conversion. a) Photographic image of a flat-belt-type high-

pressure apparatus. b) Schematic illustration of anvils and a cell assembly for high-pressure 

experiments. c) Optical images of synthesized BP thin film. The red-P deposited at 250°C was 

converted into BP under pressure and temperature of 7.7 GPa and 300°C, respectively, for 5 

hours. d) Optical microscope image of BP film. e) AFM topographic image on the BP surface. f) 

XRD patterns of as deposited red-P film; and after high-pressure treatment at RT and 300°C. g,h) 

High-resolution plan-view TEM image and FFT pattern of BP film.   
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Figure 4. Optical characterizations of high-pressure converted films. a) RT Raman spectra of 

high-pressure converted BP films at different annealing temperature, 300, 350, 400°C. A BP film 

after high-pressure treatment under 7.7 GPa at RT serves as a reference. b) RT Raman mapping 

of BP film annealed at 300°C. c) RT PL spectra of as deposited red-P (250°C) and synthesized 

BP film (7.7 GPa, 300°C). d) Temperature dependent PL spectrum from synthesized BP film. 
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