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Abstract
We report uniform layer-by-layer sublimation of black phosphorus under heating below 600 K.
The uniformity and crystallinity of BP samples after thermal thinning were confirmed by Raman
spectra and Raman mapping. The sublimation rate of BP was around 0.18 nmmin−1 at 500 K
and 1.15 nmmin−1 at 550 K. Both room and high temperature Raman peak intensity ratio Si

Ag
2 as

functions of BP thickness were established for in situ thickness determination and control.
Uniform and crystalline 2 to 4-layer BP flakes with areas from 10 to 1000 μm2 were prepared
with this method. No micron scale defects were observed. The sublimation thinning method was
shown to be a controllable and scalable approach to prepare high-quality few-layer black
phosphorus.

Supplementary material for this article is available online

Keywords: Raman spectroscopy, black phosphorus, thermal thinning

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconducting orthorhombic black phosphorus (BP), like
graphene, is a layer-stacked 2-dimensional (2D) nanomaterial
with sp3-hybridized phosphorus atoms covalently bonded to a
puckered structure via weak van der Waals forces [1]. The
energy band gap, close to 2 eV, has been measured by scanning
tunneling spectroscopy from monolayer BP [2]. With the
increasing number of layers, the band gap decreases, and finally
reaches 0.3 eV for bulk BP [3]. This tunable band gap enables
BP to be a promising candidate for applications in field effect
transistors [4–8]. Other efforts have shown its prospective
applications in gas sensors [9], lithium-ion batteries [10], ther-
moelectric devices [11, 12], and photo-transistors [13, 14].

So far, there remain two major challenges for BP
research: the air-stabilization and the controllable fabrication
of ultra-thin BP layers [15]. To address the former problem,
the passivation of BP was successfully achieved via chemical
modification method like covalent aryl diazonium functio-
nalization [16] and physical encapsulation methods such as
atomic layer deposited dielectric passivation [17] or h-BN
passivation [18]. However, current top-down methods in
preparing ultra-thin BP such as mechanical exfoliation [19],
anodic oxidation and water rinsing [20], shear exfoliation
[21–23] in liquids, and plasma thinning [24–26] still could
not be used for scalable and controllable production of large
uniform few-layer BP. Moreover, poor uniformity, scalability
and crystallinity of BP thin films prepared by bottom-up
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methods such as pulsed laser deposition [27, 28] and chemical
vapor deposition (CVD) [27]remained as critical obstacles
for industry application. Hence, the development of a scalable
and controllable method to fabricate few-layer BP with good
uniformity and crystallinity is critical for BP applications.

According to our best knowledge, thermal thinning has
been used as a top-down thinning method in preparing few-
layer 2D materials. Huang et al [29] showed successful
preparation of large (>10 μm2) and thin (1–2 nm) 2D Bi2Se3
and Sb2Te3 crystals by sublimation thinning. Lu et al [30]
reported thermal thinning of tungsten telluride (WTe2) flake
with its original lattice structure.

In addition, two studies on the mechanism of thermal
thinning of BP were reported: in 2015, Liu et al [31] first
observed the sublimation of BP at 400 °C starting from the
formation of eye-shaped cracks along 001á ñ directions by
in situ transmission electron microscopy. After that, in 2016,
another work [32] further indicated the sublimation of BP
took place at 375 °C and the process involved detachments of
pairs of P atoms.

Furthermore, Raman spectroscopy can serve as a fast and
non-destructive method to identify the thickness (the layer
number N) of 2D material flakes [33]. For instance, Li [34]
determined the number of graphene layers up to 100 layers
according to the Raman peak intensity ratio of ;I

I

G

Si

( )
( )

similarly,

the layer number of MoS2 can also be determined by
I

I

E

Si
g2

1( )
( )

and
I

I

A

Si
g1( )

( )
. So far, for BP,

I

I
gA1

Si
[19] and I

I
g

Si

A2
[24] as functions of

layer numbers N have been reported. Therefore, with a spe-
cific excitation wavelength, the layer-number-dependent Si
Raman intensity from underlying SiO2/Si substrates can be
used as a probe for on-site thickness monitoring. In this work,
we investigated of the relationship between the thickness (the
layer number N) and the Raman intensity ratio I

I
g

Si

A2
.

The work was organized with the following order: first of
all, we reported on the layer-by-layer uniform sublimation of
bulk BP flakes (∼100 nm) in the temperature range from 500 K
(227 °C) to 600 K (327 °C) in high purity nitrogen gas ambient;
next, we investigated the thinning rates of BP at 500 K and
550 K, respectively; then we recorded Raman peak intensity
ratios I

I
g

Si

A2
of the Ag

2 mode of BP and the underlying Si (100)

acquired at both high temperatures (500 and 550 K) and room
temperature as functions of BP thickness, which can be used as
an in situ BP thickness indication for controlled thinning; after
that, we successfully and repeatedly prepared 3 independent
few-layer (less than 4 layers) crystalline BP flakes with areas
all over 200 μm2; at last, we demonstrated the successful
thermal thinning of BP on graphene/Si substrate.

2. Methods

2.1. Thermal sublimation

The BP flakes were mechanically exfoliated (4–5 times at
most) from bulk BP crystals (99.998%, Smart Elements,

Vienna, Austria) in a glove box using Nitto SPV 224 R tape
and then transferred directlty to a pre-cleaned Si (100) wafer
(4 inch, 0.56 mm thick, with a 300 nm thick thermal-grown
SiO2 layer). On the other hand, in order to prepare large and
flat BP flakes on graphene substrate, the exfoliated BP on the
tape was transferred to a Gel-PakTM sticky gel-box, and a
CVD multiple-layer graphene/Si wafer substrate (prepared
following the previous report [35]), was pressed tightly onto
the gel-box to transfer BP flakes onto the graphene/wafer
substrate. Then, the wafers were cut into small pieces
(4 mm×4 mm). After that, a wafer piece with large and flat
BP samples was selected and loaded into an enclosed Linkam
TS1200 heating stage one at a time with high purity nitrogen
gas (Praxair, industrial grade, purity: 99.995%) purging into
the chamber before heating. The heating stage was then
mounted on the motorized XY stage of a Horiba Scientific
LabRAM HR800 con-focal Raman microscope. After that, an
isothermal joule heating process was performed with one
small piece of wafer placed on a sapphire plate in the chamber
of the heating stage with nitrogen gas flowing through the
chamber. The ramping-up and cooling-down rates were
100 Kmin−1.

2.2. Raman measurement

In section 3.2, all Raman measurements were performed with
a Horiba LabRam HR800 Raman system in the back-
scattering configuration with the excitation wavelength of
441.6 nm. The Raman spectra were collected through an
Olympus 50X (NA=0.55) objective lens and recorded with
the grating of 2400 lines mm−1 which has a spectral resolu-
tion of 0.27 cm−1. When performing Raman measurement at
500 K/550 K, we reduced the laser power to be less than
0.2 mW μm−2 by adding a filter in order to minimize the
heating effect induced by the laser power. The acquisition
time and accumulation times were optimized with 6 s and 2
times, respectively, in order to get a signal-to-noise ratio of
100 approximately as well as avoid long time laser damage to
BP samples. Furthermore, in this section, all 2D Raman
mapping images were acquired using the following config-
urations: the increments of X and Y direction were 1.6 and
1.5 μm per step, respectively. The laser spot size was
∼2 μm2. In addition, during Raman mapping measurements,
all BP flakes were placed in the heating stage and purging
with high purity nitrogen gas in order to avoid oxidation.

In section 3.3, all Raman measurements were performed
with a Horiba LabRam HR800 Raman system in the back-
scattering configuration with the excitation wavelength of
632.8 nm. The Raman spectra were collected through an
Olympus 50X (NA=0.55) objective lens and recorded with
the grating of 600 lines mm−1 which has a spectral resolution
of 0.63 cm−1. The acquisition time and accumulation times
were optimized with 3 s and 2 times, respectively. Moreover,
in this section, all 2D Raman mapping images were acquired
using the following configurations: the increments of X and Y
direction were 1.2 and 1.1 μm per step, respectively.
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2.3. Determination of crystallographic orientations (CO) of BP
and underlying Si (100) substrate

In the same manner as previous studies [36–38], the incident
laser beam was polarized, and an analyzer was placed in the
parallel configuration before the Raman signals enter the
spectrometer. BP samples were placed on a rotation stage and
rotated 180° about the microscope optical axis in 12 steps
(15°/step). Considering the periodicity of Ag

1 and Ag
2 modes

are 180° and the maximum Raman intensity of Ag
1 and Ag

2

modes are orthogonal [38, 39], the maximum Raman intensity
of Ag

1 or Ag
2 mode could be easily measured with rotating only

90° (6 steps). In this work, samples were oriented to max-
imize the Raman intensity of the Ag

1 mode. What’s more,
since the rotation angle acquired from the previous 6-step
operation might be still rough from the real angle with the
maximum Raman intensity of Ag

1 mode, the half-interval
search method was used for further refinement to get a more
precise angle. Similar procedures were performed at the
underlying Si (100) substrates to find the maximum and
minimum Si Raman intensity. In addition, during every step,
the laser spot was focused at the same point on the sample to
ensure the consistency of results.

2.4. Atomic force microscopy (AFM)

AFM measurements were performed using the contact mode
with an Asylum Research Molecular Force Probe 3D AFM
and a Bruker AFM System. Before transferring to AFM
measurements, samples were stored in a glove box filled with
high purity argon gas and the concentrations of O2 and H2O
in the glove box were less than 0.2 ppm, to minimize the
oxidation of BP while performing the AFM measurements in
the air ambient.

3. Results and discussion

3.1. Uniform color changes with no observable cracks during
the isothermal Joule heating

Here, we reported uniform color changes with no observable
changes of area during the isothermal joule heating under the
protection of high purity nitrogen gas, instead of any
shrinkage of area. In figure 1(A), it illustrates the sublimation
process, and figures 1(B)–(F) show the optical images of a BP
sample on the SiO2/Si substrate at four different times during
600 K heating from 0 to 51 min.

The sample colors, which are directly related to the
thickness, obviously changed. In figure 1(B), the pink zone
(labeled as ‘Area 2’) was thinner than the green zone (‘Area 1’).
Figure 1(C) shows ‘Area 1’ turned to white and ‘Area 2’ to light
green after heating for 11min. Figure 1(D) shows ‘Area 1’
turned to red and ‘Area 2’ to peach after heating for 21min. In
figure 1(E), ‘Area 2’ turned to gray at 41min, which was in
consistent with the characteristic color of few-layer BP in pre-
vious work [19, 24]. At 51min, figure 1(F) shows ‘Area 2’ is
fully disappeared. The thickness-dependence of BP flake colors

could be attributed to the light interference effect for BP flakes
of different thicknesses. During the full process, the area of the
sample remained and the colors of each region uniformly
changed, which suggested that the sublimation process was
uniform and happened layer-by-layer.

In addition, we performed high temperature heating on 2
BP flakes at 500 and 550 K, respectively. 2D Raman mapping
and thickness measurements by AFM at the 2 BP flakes were
taken before and after high temperature heating. Figures 2(A)
and (D) showed the optical images of a 36 nm thick BP flake,
which was reduced to 13 nm thick after heating at 500 K. The
2D Raman maps of Ag

1 and Ag
2 modes of the pristine 36 nm

thick flake are shown in (B) and (C), and those of the flake
after heating for 120 min are shown in (E) and (F). These
Raman peak intensities were uniform across the sample,
showing that the BP sample kept its integrity and uniformity
after the heating process, which confirmed the isotropic layer-
by-layer sublimation of BP. This is also supported by another
flake heated at 550 K for 25 min shown in figures S1(A)–(F)
of the supplementary information available online at stacks.
iop.org/NANO/28/285301/mmedia.

In contrary, previous studies [31, 32, 40] all reported the
sublimation and decomposition of BP were above 350 °C
(623 K). Though the oxidation of BP caused by trace impu-
rities such as water and oxygen in nitrogen gas during heating
might take place, we attributed the self-separation of BP was
the main reason for the sublimation instead of oxidation-
sublimation. The oxidation conditions have been widely
studied before: Favron et al [41] first indicated that light,
oxygen and water were three factors cause the oxidation of
BP; Luo et al [18] reported that with 5% oxygen/Ar or 2.3%
H2O/Ar, the oxidation rate is <5Å for 5 h from XPS results;
Wang et al [42] reported BP could remain stable in pure water
without the presence of oxygen molecules from nuclear
magnetic resonance spectroscopy results; Li et al [43]
reported that heating could remove the metastable oxygen
adsorbed on the surface of BP. Therefore, according to those
studies on oxidation processes and mechanisms of BP, it
could be concluded that with the protection of high purity
(99.995%) nitrogen gas, the sublimation of BP in this work
could be described as a physical process of layer separation.

3.2. BP thinning rates at 500 and 550 K

After confirming the sublimation method could be used for
thinning thick BP flakes, we investigated the thinning rates of
BP at 500 and 550 K, respectively. The investigations consist
of 4 parts: (1) determination of the CO of BP and underlying
Si (100) substrate; (2) and (3) ‘interrupted’ and ‘continuous’
thinning on 4 independent BP flakes heated at 500 K and
550 K, respectively; (4) Raman intensity ratios I

I
g

Si

A2
as a

function of the BP thickness (the layer number N).

3.2.1. Determination of the CO by angle-resolved polarized
Raman spectroscopy (ARPRS). Before each heating step, it
was important to identify the CO of the samples and rotate them
to convenient angles relative to the excitation laser polarization
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angle such that the Raman signals can be maximized. There is a
strong Raman intensity dependence on the CO of BP and Si.
Thus, identifying the CO of BP and Si (100) becomes a
prerequisite. According to previous reports [36, 38], Ag

1 and Ag
2

modes of BP have their maximum Raman intensities at
orthogonal directions. In this work, we rotated samples A and
C to have maximum Ag

1 and minimum Ag
2 Raman intensities and

kept their positions unchanged during the heating and Raman
measurements. In choosing these samples, we also made sure
that the Si Raman intensity was close to the maximum Si peak.

In figure 3(A), a single flake (named ‘Sample A’, see the
inset picture) was rotated to the right angle with the maximum

Raman intensities of Ag
1 mode and the minimum Raman

intensity of Ag
2 mode. There were 3 areas in ‘Sample A’ with

different colors indicating different thickness. The Raman
intensity dependence on the rotation stage angle reading of
‘Area 1’ was recorded and shown in figure 3(B). When the
rotation stage angle was 95°, the Ag

1 model reached its

maximum Raman intensity, where Ag
2 peak reached its

minimum; while the Si peak signal was reasonably high for
Raman measurements. Similarly, in figure S2(A) of supple-
mentary information, another flake (named ‘Sample B’, see
the inset picture) with two areas in different colors was
chosen for CO determination by ARPRS in the same manner

Figure 1. (A) Illustration of the sublimation process of BP and the inset shows the heating stage used; (B)–(F) the optical images of the layer-
by-layer sublimation process of BP at 600 K. The different colors in ‘Area 1’ and ‘Area 2’ indicate different thickness.

Figure 2. (A) The optical image of a 36 nm thick BP flake before the 500 K thinning process; (B) and (C) the spatial Raman maps of the Ag
1

and Ag
2 peak intensity acquired on this BP flake; (D) the optical image of this BP flake after the 500 K thinning process for 120 min, which

was reduced to 13 nm thick; (E) and (F) the Raman images (the Ag
1 and Ag

2 modes) of another 85 nm thick BP flake after the 500 K thinning
process.

4
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like ‘Sample A’, and the angle-dependent Raman intensity
results of BP and Si were shown in figure S2(B) of
supplementary information.

What’s more, the angle-dependent polarized Raman
response of underlying Si (100) is a sinusoidal function which
has a periodicity of 90° [44, 45]. In consideration of penetration
depth and further investigation in Raman intensity ratios Si

Ag
2 as a

function of thickness, we preferred the rotation angle difference
between maximum Raman intensity of Ag

1 mode and that of Si

(100) should be equal or less than 15°. In other words, when Ag
1

mode of BP is maximized, more than 50% of maximum Raman
intensity of the underlying Si (100) can still be measured. In
figure 3(B), the intensities of BP Ag

1 and Ag
2 modes as well as

underlying Si (100) substrates are plotted as functions of
rotation angles. The rotation angles of maximum Ag

1 and Si
intensity of ‘Sample A’ showed a difference of 15°. In figure
S2(B), those of ‘Sample B’ also showed a difference of 15°.

3.2.2. Interrupted and continuous thinning at 500 and 550 K.
After that, we performed more thinning experiments to study the
thinning rates. AFM measurements were made to monitor the

thickness changes. However, for that purpose, it was necessary
to remove the samples from the heating stage, and we termed
this type of thinning as ‘interrupted thinning’. The ‘interrupted
heating’ was conducted on ‘Sample A’ at 500K with 5 cycles of
thinning. The heating durations for each heating step are shown
in figure 3(C). The thicknesses before and after each thinning
step were acquired by AFM measurements, and are shown in
figure 3(D). The characteristic colors of different thickness were
recorded as well.

In figure 3(D), for each thinning cycle, each area was
reduced by the same amount, revealing that different areas
underwent isotropic sublimation rates. After that, in figures
S2(C) and (D), ‘Sample B’ with 2 different areas was heated
at 550 K for 6 cycles. The heating durations for each heating
step are shown in figure S2(C), and the recorded thicknesses
plotted in figure S2(D). Clearly, at 550 K, sublimation took
place uniformly in different areas.

Moreover, after thinning at 500 K for about 100 min, the
thickness of ‘Area 3’ (see circled area in figure 4(A)), was
reduced to ∼5 nm, which can be seen in figure 4(B). In
figure 4(C), Raman intensities of Ag

1 and Ag
2 remain strong

while the Si Raman intensity is increased in comparison with

Figure 3. ‘Sample A’. (A) The Raman spectrum with maximum intensity of Ag
1 mode and minimum intensity of Ag

2 mode (the inset picture
shows ‘Sample A’ to be heated at 500 K, the numbers indicate different areas of this sample); (B) the Raman intensities of Ag

1 and Ag
2 modes

of BP and underlying Si (100) peak as functions of rotation angle; (C) time for each heating cycle of the ‘interrupted heating’ process
performed at ‘Sample A’; (D) the measured thickness in different areas of ‘Sample A’ as a function of time.
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the Raman spectrum of the original sample shown in
figure 3(A). In figures 4(D) and (E), the spatial Raman maps
of Ag

1 and Ag
2 modes indicated the uniformity and crystallinity

of ‘Area 3’. The area of this 5 nm thick flake is of 180 μm2.
Since the thickness of single-layer BP is about 0.5 nm [46],
‘Area 3’ was estimated to have 9–10 layers.

To get the accurate thinning rates at different temperatures
without the interruptions and the exposure to air during the
AFM measurements, continuous thinning processes were
performed on ‘Sample C’ and ‘Sample D’ at 500 K and
550 K, respectively (the detailed images were included in
figures S3 and S4 of supplementary information). The in situ
Raman spectra were collected during heating, which are shown
in figures 5(A) and (B). As BP flakes were thinned down, the
Raman intensity ratios of Si (100) over that of the BP peaks
increased. We indicated the Raman data would be used as an
in situ thickness monitor and a thickness control method as
discussed below. In figure 5(C), the thickness of ‘Sample C’
was reduced from 85 to 45 nm after thinning process at 500 K
for 221min. The gradual color changes were recorded (images
were included in figure S4 of supplementary information). The
thicknesses of each color were read from the color-thickness

map (see background of figures 5(C)–(F)) generated previously
based on AFM measurements. The estimated thickness as a
function of time is shown in figure 5(C). In figure 5(D), the
thickness of ‘Sample D’ was reduced from 105 to 45 nm after
thinning process at 550 K for 51min. Similarly, the thickness-
time profile of ‘Sample D’ heated at 550 K was also plotted in
figure 5(D). Also, in figures 5(C) and (D), the thickness-time
profiles of the samples with ‘interrupted and continuous
heating’ are compared. There were some slight differences
between them, which could be attributed to the air exposure
and oxidation of the ‘Sample A’ and ‘Sample B’ for
‘interrupted heating’ might affect the AFM thickness results.
For ‘interrupted heating’, the average thinning rate was
∼0.19 nmmin−1 at 500 K and ∼1.02 nmmin−1 at 550 K,
respectively; for continuous thinning, the thinning rates were
∼0.18 nmmin−1 at 500 K and ∼1.15 nmmin−1 at 550 K,
respectively, which were in agreement with the ‘interrupted
heating’ results.

3.2.3. Raman peak intensity ratios ISi
IA2g

as a function of BP

thickness. In this work, we investigated the thickness—
dependent Raman intensity ratio I

I
g

Si

A2
. As mentioned above, the

Figure 4. (A) The optical image of ‘Area 3’ in ‘Sample A’; (B) the AFM profile of the circled area in (A); (C) the Raman spectrum collected
at circled area in (A); (D) and (E) the spatial Raman maps of the peak intensities of Ag

1 and Ag
2 modes which demonstrate the integrity and

crystallinity of ‘Area 3’.
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Raman intensity ratios I

I
g

Si

A2
increased with decreasing thickness.

On the other hand, as the CO determinations were done at
‘Sample A’ and ‘Sample B’, and assuming that there is little
thickness change during the ramp up and the cooling down
process, and with the known thickness before and after thinning
cycle, we plotted the Raman intensity ratios of underlying Si
over BP Ag

2 mode ( I

I
g

Si

A2
) as functions of the thicknesses of

‘Sample A’ and ‘Sample B’measured by AFM at three different

measurement temperatures: room temperature (300K), 500 and
550 K. In figure 5(E), both room temperature profiles of ‘Sample
A’ and ‘Sample B’ match, and the ( I

I
g

Si

A2
) ascends with the

decreasing thickness; meanwhile; in figure 5(F), in situ ( I

I
g

Si

A2
)

curves at the heating temperature of ‘Sample A’ (500K) and B
(550 K) were given. This ratio has a temperature dependence as
the Si and BP Raman peaks have different temperature
dependence. With known COs of BP and Si that were

Figure 5. (A) The in situ Raman spectra of ‘Sample C’ collected at 500 K; (B) the in situ Raman spectra of ‘Sample C’ collected at 550 K. (C)
The comparison of thinning rates of ‘Sample A’ (‘interrupted heating’) and C (‘continuous heating’) at 500 K; (D) the comparison of thinning
rates of ‘Sample B’ (‘interrupted heating’) and D (‘continuous heating’) at 550 K. (E) The room temperature Raman intensity ratios of Si

Ag
2 as a

function of measured thickness; (F) the high temperature Raman intensity ratios of Si

Ag
2 as a function of measured thickness. To note that, in (E)

and (F), the blue line represents ‘Sample A’ heated at 500 K and red line indicates ‘Sample B’ heated at 550 K, respectively.
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measured before heating, these Raman intensity ratio profiles
could provide the capability of the in situ determination of BP
thickness at 500 K and 550 K, respectively.

Furthermore, previous studies [33, 34] have reported that,
in order to establish the relationship between the layer number
N of 2-dimensional materials such as graphene and the Raman
intensity ratio I

I
2DM

Si
, it is necessary to keep the same CO of Si

substrate during the intensity measurement for each sample.
Similarly, in this work, as the polarization orientation
dependence of both BP and Si Raman peaks has been well-
studied, we proposed that, with known CO of Si, the
measured Si Raman intensity could be normalized in respect
to the maximum Si Raman intensity according to the angle
difference, then the relationship between the layer number N
of BP and the Raman intensity ratio ( I

I
g

Si

A2
) can be used as an

effective method in determining and controlling the thickness
of BP during heating.

3.3. The thinning limit: preparation of two-layer to four-layer BP

To study the effectiveness of the thermal thinning method in
preparing large few-layer crystalline BP, we performed an
additional cycle of heating at the processed ‘Sample A’
shown in figure 4(A). The results were shown in figure 6: in
figure 6(A), ‘Area 3’ was entirely sublimated. In figures 6(B)–
(D), the Raman spectrum at the circled position of figure 6(A)
and spatial Raman maps of Ag

1 and Ag
2 modes indicate the

crystallinity of the BP sample was still retained. In addition,
we measured the thickness of the circled area by AFM. The
AFM image and the height profile are shown in the inset
image and profile incorporated in figure 6(A), which indicate
that the thickness of ‘Area 1’ was reduced to ∼2 nm thick (∼4
layers).

The optical contrast has been demonstrated to be a useful
tool in determining 2D materials below a few nanometers
[47, 48], we applied this method in confirming the BP

Figure 6. Determination of the thickness and characterization of the crystallinity of ‘Sample A’. (A) The optical image of ‘Sample A’, area 3
was circled; (B) the Raman spectrum of circled area in (A). (C) and (D) The 2D Raman maps of Ag

1 and Ag
2 modes of ‘Sample A’; (E)–(G) the

red, green and blue channel images of (A).
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thickness. We splitted figure 6(A) into monochromic red (R),
green (G), and blue (B) channel images via Image J [49]
shown in figures 6(E) and (F). Here we choose the highest-
contrast gray-scale image in the G channel shown in
figure 6(F). According to Gomez et al [19]ʼs report, the
monolayer BP showed an optical absorbance of 2.8%, while
bilayer BP flakes showed an optical absorbance of
5.5±0.2%. In this work, the optical contrast of the area in
figure 6(F) showed a mean value of 10.89%, which corre-
sponds to 4-layer BP. Therefore, the thickness from the
optical contrast was in agreement with the AFM result.

We prepared multiple large few-layer BP flakes via the
thermal thinning method. In figure 7(A), we demonstrated the
successful preparation of a thin BP flake with an area over
∼1000 μm2 by continuously heating a thick bulk BP flake
(see the inset image of figure 7(A)) at 573 K under N2 pro-
tection. The entire sample retained its integrity in micron
scale as observed by the 2D Raman mapping after the heating
process. The optical contrast (shown in figure S6 of
supplementary information) results showed the sample
in figure 7(A) had two areas with the mean optial contrast
values of 7.21% and 10.96%, corresponding to 3-layer and
4-layer BP. In 2D Raman maps of this sample (figures 7(B)–
(D)), the BP vibrational modes A , Bg g

1
2 and Ag

2 showed strong
intensities in comparison with the substrate, which indicated
the crystallinity of the BP flake.

After that, we prepared another 2 independent few-layer
BP flakes (shown in figures S7(A) and (B) of supplementary
information): the sample in figure S7(A) had an area of
∼250 μm2, and the optical contrast showed a mean value of

9.20%, corresponding to 4 layers; the sample in figure S7(B)
had two areas. The optical contrast results showed two means
values of 6.52% and 7.68%, corresponding to bilayer and
3 layers. In addition, Raman mapping results (see figures S8
and S9 in supplementary information) also indicated good
crystallinity of both samples. Overall, our results showed that
sublimation is an effective method for thinning large area BP
down to bilayers.

3.4. Thermal thinning on other substrates and quality of
thermally thinned BP

In addition, via the thermal thinning method, we successfully
prepared a large few-layer BP on top of a multiple-layer
graphene/Si substrate. Figure 8(B) shows that the BP flake in
figure 8(A) is thinned down to few-layers (with an optical
contrast of 10.34%, corresponding to 4 layers) after 3 cycles
of ‘interrupted heating’ at 300 °C. Figure 8(C) shows that
after each cycle of heating, the Si Raman peak intensity was
enhanced which indicated that the thickness of BP decreased.
However, the three BP Raman modes at 361.37, 437.9 and
465.44 cm−1 still remained. After the second heating cycle,
the G band and 2D band at 1599.01 and 2739.82 of graphene
were visible in the Raman spectra. In another study by the
authors, we successfully prepared large few-layer BP flakes
on polyimide substrates [38]. The results indicated that: (1)
BP can be also thinned down on graphene/Si and polyimide
substrates; (2) this method is promising for controllably pre-
paring BP/graphene and other 2D heterostructures.

After our initial report in January 2016 [50], Robbins
et al [51] recently used a similar thermal thinning method and

Figure 7. (A) The prepared BP sample with an area over 1000 μm2, and inset image shows the original sample; (B)–(D) the Raman imaging
results of the 3 BP Raman modes: A , Bg g

1
2 and Ag

2, respectively.
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reported that BP heterostructure MOSFETs were successfully
fabricated on thermally thinned BP flakes showing good
transistor behaviors. Although their BP flakes were thinned in
vacuum instead of in nitrogen as in this work, their work
proved the suitableness of thermally thinned BP in device
applications.

4. Conclusion

In summary, this work reported on the layer-by-layer sub-
limation of BP at 500–600 K. The thinning rates for ‘con-
tinuous heating’ were ∼0.18 nmmin−1 and 1.15 nmmin−1 at
500 and 550K, respectively. The Raman intensity ratios of I

I
g

Si

A2

as functions of BP thickness at room temperature, 500 and
550 K were measured, which could be used as an in situ and
non-contact determination of BP thickness and thickness

control during the sublimation thinning process. Large (with
areas >200 μm2 ) and few-layer (2–4 layers) BP flakes with
good integrity, uniformity and crystallinity on Si wafer and
graphene/Si substrate were prepared successfully and repeat-
edly. No micron scale defects were observed. We expect this
method also works for deposited BP besides exfoliated BP. The
sublimation thinning method is promising in further fabrication
of high quality few-layer BP in large scale.
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