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Abstract

Two-dimensional (2D) layered black phosphorus (BP), with a direct band gap and high
carrier mobility, has shown great potential for next generation electronics and optoelectronics.
However, 2D materials always show different thermal properties when compared to its bulk
counterpart. Therefore, it is necessary to understand the thermal process of BP to reveal its
natural physical properties. Herein, an atomic-scale microscopic and spectroscopic study is
performed to characterize the thermal degradation and re-deposition of solution-exfoliated BP.
The in-situ decomposition temperature of the BP is observed to be greater than 400 °C. The
residual gaseous BP would be re-deposited to form amorphous phosphorus when the chamber
was cooled down to room temperature. Moreover, the thickness of the BP flakes can be
moderately controlled through thermal thinning process. Our study provides an insight into
the thermal stability of 2D BP in vacuum and opens an avenue in fabricating large-area

ultra-thin BP films.



Introduction

Two-dimensional (2D) van der Waals crystals, a type of atomically thin materials without
dangling bonds on their surface, have attracted much attention around the world and revealed
good potential in electronic devices due to their unique physical, chemical and mechanical
properties [1-16]. To deeply understand the fundamental properties of such materials beyond
bulk state, several methods have been proposed and developed to fabricate them at atomic
scale. Generally, there are two basic categories for synthesizing 2D materials, including
top-down and bottom-up methods [17]. Top-down methods prepare 2D nanostructures by
isolating one or few atomic layers from the bulk via external energy (mechanical/ultrasonic
energy). In contrast, the bottom-up methods can form 2D nanostructures by depositing the
atoms on a substrate through thermal and/or chemical reactions. Typically, exfoliation and
chemical vapor deposition (CVD) are the most commonly used methods for preparing 2D
nanostructures. Particularly CVD method can synthesize large-area and device-grade 2D
materials uniformly [18-21]. However, to the best of our knowledge, layered black
phosphorus (BP) films cannot be synthesized by CVD. The main reason may be the harsh
conditions of preparing bulk BP, which needs high temperature and ultrahigh pressure when
using red phosphorus as source [22]. It means layered BP may be grown by CVD at high
temperature and high pressure. Therefore, it is necessary to investigate the thermal
decomposition of BP at different temperatures, hence to provide insight for preparing BP
film.

The melting point of bulk BP varies from 600 °C to >1000 °C [23-26], the exact melting point
of BP is still in debate. Thus, it is of significance to investigate the thermal stability
parameters of layered BP. Recently, Liu et al. reported the decomposition of BP occurred at
~400 °C in vacuum [27], which is the first in-situ TEM investigation of thermal behavior of
layered BP under vacuum and electron beam irradiation. However, the investigated BP flake
was exposed under electron beam for a long time and the BP could be damaged because of
the high energy electron irradiation. Meanwhile, the detailed thermal decomposition process
of BP flakes in vacuum is still lacking. Herein, we quantitatively observe the thermal
decomposition and re-deposition process of the solution-exfoliated BP by in-situ TEM,

followed by energy-dispersive X-ray spectroscopy (EDX). The morphological and
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spectroscopic measurements reveal that the in-situ sublimation temperature of the
solution-exfoliated BP is greater than 400 °C. It revealed that the BP flakes would be
decomposed gradually when heated up in vacuum and the gaseous BP would be re-deposited
to form amorphous P when the chamber was cooled down. According to our investigation, we

proposed a thermal annealing method to gradually etch the BP.

Results and discussion

The ultrathin BP flakes were exfoliated from bulk BP in iso-propyl alcohol (IPA) solution by
an ultrasonication method [28]. The thickness distribution of the as-obtained BP flakes is
shown in Figure S1. It can be found that the thickness of the BP flakes is ranging from 2 to 22
nm. The BP solution was drop-casted onto silicon nitride grid embedded in a heating E-chip
and loaded into the TEM chamber for measurement. The schematic diagram of an E-chip is
shown in Figure S2. Here two BP flakes were selected for in-situ TEM observation and to be
heated at the same time. Figure 1a shows a bright field TEM image for an exfoliated BP flake,
revealing its orthorhombic crystalline character confirmed by the selected area electron
diffraction (SAED) pattern as shown in the inset of Figure 1b. Figure 1b reveals the lattice
fringes of the BP by high-resolution TEM (HRTEM). It can be seen the lattice spacing of the
BP flake is ~0.21 nm, which corresponds to (0 0 2) crystal plane according to ICDD-PDF:
No0.76-1963. The energy-dispersive X-ray spectroscopy (EDX) spectrum in the inset implies
the entire selected flake is pure phosphorous. Figure 1c-f show the morphology of the BP
flake at different heating stages with the insets providing the corresponding SAED patterns.
The heating time for each stage was kept for 5 mins with a heating rate of 10 °C /min.
Meanwhile the electron beam was shifted to blank area to reduce the irradiation time on the
BP flake. Compared with the case of the BP flake at 350 °C stage (Figure 1f), the wrinkles
(marked by red dash arrows) becomes obvious and then disappears as the temperature rises up.
A circle round halo of SAED pattern shown in the inset of Figure 1f indicates the flake
becomes amorphous after 350 °C annealing for 5 min. It should be noted that the BP flake
was exposed to the electron beam for 1 to 3 min in order to preform SAED and HRTEM,
which induces the degradation of the BP flake when performed imaging. Therefore, the effect

of the electron beam irradiation on the sample should be taken into consideration before
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determining the phase-transition temperature of the BP flake.

In order to investigate the irradiation damage from the electron beam of the TEM, we further
study another BP flake at a starting temperature of 350 °C as shown in Figure 2a. The inset
shows the SAED pattern from the BP, revealing the high crystalline quality of the BP. When
the temperature is increased to 400 °C and then 450 °C (Figure 2b and 2c), the BP flake still
reveals good crystalline quality according to the SAED patterns as shown in the inset of
Figure 2b and 2d. By comparing Figure 2a with Figure 2b, we can find that the studied area in
Figure 2b looks brighter than that at 350 °C while the tilting angle and beam intensity remain
unchanged. It means that the thickness contrast of the BP at 350 °C is higher than that at
400 °C, suggesting part of the BP is decomposed. As the temperature increases, the BP flake
is decomposed gradually as shown in Figure 2c. The insets in Figure 2a, b and d show the
HRTEM images of the BP flake at 350 °C, 400 °C and 450 °C, respectively, revealing the BP
flake with high crystalline quality. The crystal plane spacing of the sample is ~0.21 nm, which
corresponds to (0 0 2) crystal plane of orthorhombic phosphorus by ICDD-PDF: No.76-1963.
It is subtle to note that the crystal phase of the studied BP flake changes from monocrystalline
to amorphous but the flake’s morphology remains when the sample is kept at a temperature of
450 °C for 5 min while the electron beam is shifted (see Figure 2e & 2f). It should be noted
here that it takes several minutes for increasing the temperature and maintaining at 450 °C
before the BP flake is exposed to the electron beam. In short, the TEM electron-beam
radiation time will influence the observed melting temperature of the BP flake.

In addition, we also investigate the thermal decomposition process of the BP at a temperature
of 450 °C. Figure 3 shows the HRTEM images of the in-situ observation of the thermal
decomposition process at different stages of the BP flake. At the initial stage with t = 0 s, the
top layer of the BP flake is nearly completely covering the whole surface. The obvious
boundary (as shown in Figure 3a marked by yellow dash arrow) can be seen between the top
and bottom parts of the BP flake. The bottom and top parts of the BP flake are indicated by
the red and black ovals respectively. As the experiment proceeds on, the boundary shifts from
left to right as shown in Figure 3b-3h (from stage t = 4s to stage t = 51s), until the top part of
the flake disappears (Figure 3h). The lattice of the top layer shifts from left to right side on the

studied BP flake. The real-time thermal decomposition process can be found in the supporting
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video. In other words, it implies the thickness of the BP flake can be easily controlled through
thermal decomposition. Figure S3 illustrate the possible thermal deposition mechanism. At
the initial stage, the top layer is completely stacked with the bottom layer. As heating
proceeds, the top layer will be gradually decomposed until it vanishes (as the stages I -1V in
Figure S3). Then the next layer will be decomposed again when the top layer of the flake
completely evaporates (stage V). As the heating continues, the decomposed process will
repeat until the whole flake is completely decomposed.

Moreover, we also need to know the re-deposition process of the evaporated gas in a typical
CVD or other vacuum system, e.g., BP as a precursor to form blue phosphorus [29]. Herein,
we quantitatively observe the re-depositing behavior of phosphorus gas in vacuum. Namely,
we monitor the phosphorus content change on the studied sample when decreasing the heating
temperature at a rate of 10 °C/min from 450 °C to room temperature. As shown in Figure S4a,
the shape of the previously studied BP flake stays the same, and the corresponding SAED
pattern (Figure S4b) reveals the BP flake remaining amorphous even cooled down to room
temperature. Through quantitatively analyzing the phosphorus content by EDX in Figure S4c
and d, we can find the relative weight of the phosphorus element is increased from 3.79% to
5.72% when decreasing the temperature from 100 °C to 25 °C, which implies the phosphorus
gas can be redeposited during cooling process in vacuum. However, the re-deposited BP film
still exhibit amorphous phase, which may be due to the lack of high pressure for preparing BP

[30]. Namely, the phase-transition occurred with a process shown as follow:

Heated to 450 °C Cool-down to 25 °C
Monocrystalline BP E—=———=_—=- amorphous BP ©———=_"> amorphous BP
Phase-transition No phase change

Then it can be concluded that there existed one phase-transition for BP, from monocrystalline
phase to amorphous phase, when increasing the temperature to 450 °C, but no phase change
occurred during the cooling process. In other words, CVD BP film cannot be obtained under
vacuum conditions without the assistant of an ultra-high pressure of 10 kbar [30]. Therefore,
large area BP film can possibly be fabricated by CVVD method under ultra-high pressure when
using BP crystal as source.

Inspired by the above results, we also performed an experiment to control the thickness of the
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BP flakes through thermal annealing. The size of the solution-processable BP flakes is
relatively small (~ 100 nm) according to our previous work [28], which cannot be observed
using optical microscope. Therefore, we utilized mechanically exfoliated BP flakes to
perform the thermal annealing experiment. As shown in Figure 4a and 4b, the BP flakes are
firstly exfoliated onto SiO./Si substrate and then placed into a tube furnace for thermal
thinning. The thickness of the as-prepared BP flake is ~65.9 nm as shown in Figure 4c. Figure
4d shows the typical Raman spectrum of the studied BP flake with vibrational modes of Al
(362 cm™), By (438 cm?) and A%, (467 cm?), which are corresponding well to the featured
Raman positions of BP [31-34]. To precisely control the thickness of the BP flake by thermal
annealing, we set the target heating temperature at 400 °C for thermal annealing. The
thickness of the BP flake is reduced from 65.9 nm to 8.3 nm within 7 mins (Figure 4e and
Figure S5). The thinning process begins from the edges to the center of the samples as shown
in Figure 4e and S5. The experimental and fitting curves can be found in Figure 5a. The
thinning rate exhibits a linear dependence on the heating time. The thickness varies with
heating time can be nearly expressed as Vinickness (NM) = 66 - 8.6t, where y is the thickness of
the BP flake, t represents the heating time. It also implies that the Raman peak positions
(Figure 5b) of the BP show little shifts when the thickness is thinned down to 8.3 nm, which
is in good agreement with Castellanos-Gomez et al. [35] but a little different from the
simulation [36]. Meanwhile, the Figure 5c also shows the Raman intensity ratio of Ag/Si
decreases exponentially with the increase of heating time, which reveals the studied BP flake
became thinner as the heating time increases. It also offers an additional evidence that the BP
flake can be thinned down through thermal process.

The device performanc of the BP-based field effect transistor (FET) before and after thermal
thinning process was examined. The FET based on the pristine mechanically exfoliated BP
flake with the thickness of ~40 nm is defined device D1. After the characterization, the
as-prepared device was annealed at 400 °C for 1 min (D2) in a tune furnace. The transport
property of the annealed device (D2) was measured. Subsequently, the device was annealed
totally for 3 min (D3) and then 4 min (D4) at 400 °C. The typical I-V characteristics of these
devices measured at various back gate voltages from -80 to 0 V are shown in Figure S6a, c, e,

g. Meanwhile, the devices show the similar gating effect behaviors. Namely, the output
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current is increased by increasing gate voltages before and after the thermal thinning, which
implies the p-type semiconductor behavior of both pristine and annealed BP flakes. Figure
S6b, d, f, h show the output current of the devices, applied with a varied Vps of 10 - 40 mV,
are measured as a function of V. The field-effect mobility was extracted from the linear
region by u=gmL/CcVosW, where gn = dlps/dVgs, Cg is the gate capacitance, and L (10 um)
and W (5 um) are the length and width of the device channel, respectively. The average hole
mobility can be up to ~179, 617, 207 and 358 cm?V-1S! for D1, D2, D3 and D4, respectively.
The corresponding on/off ratio for D1, D2, D3 and D4 is extracted to be 1.19, 3.45, 1.86 and
1.91 respectively. The reason why we got such low on/off ratio may be due to the thicker BP
covered by the gold electrodes. In this study, the real thinning area is the channel between the
electrodes exclude the parts below the contacts because the gold electrodes can serve as a
protective layer to prevent the evaporation of BP at some extent. In addition, we know the
thermal annealing plays a key role in the device performance of the BP and other 2D
materials [37-39]. The field-effect mobility of the BP can be as high as ~1,350 cm?V 15 at
room temperature after annealing at 300 - 500°C [37]. Therefore, the increase of hole
mobility for BP from 179 (D1) to 617 cm?V-1S? (D2) can be attributed to the contact effect.
As for the D2 and D3, the reason for the decrease of mobility may be due to both the thermal
annealing and thinning process. After the flakes are thinned further for D3 and D4, the effects
of thinning process should dominate the devices performance, resulting in the increase of

mobility from 207 to 358 cm?V-1S,

Conclusion

In summary, a suite of atomically precise microscopy and spectroscopy techniques have
been employed to characterize the in-situ thermal degradation and re-deposition of
solution-processable 2D BP. It can be found the in-situ sublimation temperature of
solution-exfoliated 2D BP is greater than 400 °C. The thermal decomposition process of the
BP flakes revealed that the bulk BP can be thinned to atomically thin layer through thermal
annealing. The gaseous BP would be re-deposited to form amorphous P when the chamber
was cooled down to room temperature. Our study quantitatively provides insight into the

thermal stability of the 2D BP and opens an avenue in fabricating large-area ultra-thin BP
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films.
Experimental Section

Preparation of BP flakes for in-situ observation: BP crystal was purchased from Smart
Elements. About 5 mg of BP crystals was added into 4 mL of iso-propyl alcohol (IPA)
solution grounded in a mortar. Then the BP crystal was firstly ground for 10 min to form
small size BP powder. After that, the mixture was poured into a glass bottle (with a volume of
4 mL) to be ultrasonicated using an ultrasonic bath of 400 W at a temperature of 28 °C for 24
hrs. The obtained BP solution was centrifugaed with rates of 4000 rpm for 30 min in order to
remove larger particles.

Characterizations of BP flakes: Raman spectra were collected using a Horiba Jobin
Yvon HR800 Raman microscopic system equipped with a 488 nm laser operating at 180 mW.
The spot size of the excitation laser is ~1 um. The AFM measurements were performed in a
Veeco Dimension-Icon system with a scanning rate of 0.972 Hz. The in-situ observation was
conducted on a JEM-2100F scanning transmission electron microscope (STEM) equipped
with energy dispersive X-ray (EDX) operated at 200 kV and a Protochips Aduro™ platform
with a heating E-chip specimen support (the amorphous SiN film was pre-coated on the
E-chip) which is capable of providing ultra-high stability, low drift at high temperature, and
accurate temperature control. The details can be found in the supporting information.

Thermal thinning of exfoliated BP flakes: Mechanically exfoliated BP flakes were firstly
transferred from the bulk BP onto SiO>/Si substrate, and then placed into a one-inch diameter
tube furnace for thermal annealing. The distance between the center and BP sample is ~10 cm
(the length of the heating zone in the CVD furnace is ~20 cm). The temperature and vacuum
level for thermal heating is ~400 °C and ~4 Pa respectively.

Fabrication and Characterization of BP FET: BP flake was firstly transferred onto
Si0O./Si substrate. Electrodes were then patterned by electron beam lithography and Ti/Au (5
nm/60 nm) was evaporated for contact electrodes. Electrical measurements were performed at
room temperature in ambient conditions using a probe station equipped with semiconductor

property analyzers (Keithley 4200).
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Figure 1. TEM images of the BP flake and in-situ heating of BP. (a) Low-magnification

TEM bright field image of a BP flake at room temperature. (b) The Fast Fourier
transformation of high-resolution TEM image of the BP showing lattice fringes. The crystal
plane spacing is ~0.21 nm, corresponding to (0 0 2) crystal plane according to ICDD-PDF:
No0.76-1963. Insets: Selected area electron diffraction (SAED) pattern and EDX spectrum of
the flake. (c-f) TEM bright field images of the BP flake after loading into the TEM chamber
and heating at (c) 100 °C, (d) 200 °C, (e) 300 °C, (f) 350 °C, respectively. All heating times
are 5 min. Insets: SAED patterns for each heating stage. From the SAED patterns,
amorphization occurs at 350 °C. The red dash arrows show the wrinkles areas on the BP

surface.
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Figure 2. TEM images of another BP flake by in-situ heating. (a-c) Low-magnification TEM

bright field image of the BP flake, without electron beam radiation before, heating at 350 °C,
400 °C and 450 °C respectively. Insets in (a) and (b) denote the corresponding SAED pattern.
SAED and high resolution TEM image of the BP in (d) showing its high-crystalline quality
and lattice fringes. The crystal plane spacing is ~0.21 nm, corresponding to (0 0 2) crystal
plane according to ICDD-PDF: No.76-1966. (e) The BP flake was kept at 450 °C for a longer
time without beam irradiation, which reveals the wrinkles disappears, as well as the BP flake
becomes amorphous as shown in (f). Namely, the phase-transition of the BP crystal from
single crystal to amorphous will happen at 450 °C with short term of beam irradiation during

this process.
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Figure 3. HRTEM images of in-situ observation of the thermal decomposition of the BP flake
at different stages: (a) Initial stage att=0s; (b)t=4s;(c)t=14s; (d)t=225s; () t=33s;
(Ht=41s;(g)t=49s; (h) t =51s. The bottom and top layers of the BP are marked by red
and black ovals, respectively. The yellow arrow represents the boundary between the top and
bottom part BP. All the images are taken at 450 °C. It can be seen that, as the experiment
proceeds on, the boundary between top and bottom BP shifts from left to right, revealing the

top part of the BP finally disappearing.
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Figure 4. (a) Schematic illustration of the mechanically exfoliated BP flakes placed into tube
furnace for thermal annealing. The samples were kept at ~10 cm away from the center of the
furnace. (b) Optical image of the BP flakes transferred onto SiO»/Si substrate. The inset
shows the schematic crystal structure of the BP. Point A and C represent BP flakes, B reveals
the mark on the substrate. The yellow dash circle marked the studied area on the BP flake by
AFM. (c) AFM image of the as-prepared BP flake. It reveals the thickness of the measured
area as marked by red dash line is ~65.9 nm. (d) The Raman shift of the three BP modes
measured at the red dash line marked in (c). (¢) AFM images of the mechanically exfoliated
BP flakes after thermal thinning at 400°C. It can be seen the thickness of the BP flake is
obviously reduced, revealing the successful thinning process. Red arrows implied the

measured region of the BP.
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Figure 5. (a) Experimental and fitting curves of BP thickness varies with the heating time.
(b) Raman spectra of the BP flake at different heating stages. It reveals the feature Raman
peaks of Al Byy and A2 have no big changes with the annealing time. (c) It reveals the

Raman intensity ratio of Ag'/Si as the heating time goes.
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