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As the left neighbor of carbon in the 
periodic table, boron is very similar to 
carbon in electronic properties and strong 
bonding characters, and both undertake 
important roles in living organisms.[8–11] 
However, due to the unique trivalent elec-
tronic configuration, boron is among the 
most chemically versatile elements, which 
shows polymorphism in low-dimensional 
structures and thus richer properties, such  
as high-temperature superconductivity, 
high carrier mobility, massless Dirac 
fermions, superhardness, to name a 
few.[12–21] Although the 2D form boro-
phene has recently been experimentally 
realized by several groups under ultra-
high-vacuum conditions and by another 
one with chemical vapor deposition 
(CVD),[12,15,22,23] the related researches of 
borophene are still mainly concentrated on  
theoretical predictions and computational 
calculations.[13,20,21,24–28] Experimental work  

is largely lagged behind, which, to a large extent, is due to its 
chemical and structural complexities and thus challenging 
synthesis.[13,14]

On the other hand, up to now, most of 2D boron-related 
researches are on the electronic and mechanical properties by 
theoretical methods, let alone experimental study of its optical 
properties and related applications. According to several recent 
theoretical predictions, 2D boron bears fascinating features that 
are totally different from other 2D materials, such as thickness-
dependent transparency and visible/near-infrared plasmons.[26,27] 
Here, based on liquid-exfoliated boron nanosheets, for the first 
time, we demonstrate an all-optical phase shifter at the telecom-
munication band that is mediated by the efficient photo-thermal 
response in boron nanosheets. The constructed phase shifter 
shows an order of magnitude faster response speed and higher 
modulation efficiency compared with other 2D material-based 
similar devices. Consequently, a high-efficiency and stable all-
fiber, all-optical modulator was successfully realized based on 
a Mach–Zehnder interferometer (MZI) configuration, which 
could be further employed for all-optical logic gating operations. 
As proof-of-concept demonstrations, we successfully achieved 
all-optical logic AND and NOT gates by exploiting the superior 
photo-thermal response in boron nanosheets. Our work marks 
an important step toward exploring the optical and photonic 
applications of 2D boron nanosheets.

Due to its unique trivalent electronic configuration, boron features richer 
properties as well as higher chemical and structural complexities compared 
with its right neighbor carbon. Consequently, over a decade later than 
the exfoliation of graphene, borophene has just been experimentally 
demonstrated on certain metal substrates and under ultrahigh-vacuum 
conditions, which, however, limit its wide and in-depth experimental 
researches. Here, for the first time, by employing liquid-exfoliated boron 
nanosheets, all-optical signal processing application is explored based 
on its superior photo-thermal response. A stable all-optical modulator is 
presented, which shows significantly faster response speed and higher 
modulation efficiency compared with other 2D materials-based similar 
devices. Furthermore, boron nanosheets-based all-optical logic gating 
operations are also demonstrated. This work not only presents an excellent 
2D material-based all-optical signal processing device, but also marks a 
significant step toward optical and photonic researches as well as device 
applications of 2D boron.
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Boron Nanosheets

The successful exfoliation of graphite into 2D form graphene 
and resulting remarkable and exotic properties have led to a 
new field of 2D materials.[1–3] Since then, tons of attention has 
been focused on the unique properties of materials at their 2D 
limit. Different kinds of 2D materials beyond graphene, such as 
transition metal dichalcogenides, hexagonal boron nitride, and 
black phosphorus (BP), have been discovered and surprised 
the communities of physicists, chemists as well as material 
scientists with more distinctive features and new technological 
opportunities.[2–7]
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Liquid exfoliation has been widely used as a facile and cost-
effective method for scalable production of 2D nanosheets, 
which does not need strict experimental conditions and expen-
sive equipment like molecular beam epitaxy and CVD.[29] Here, 
sonication-assisted liquid-exfoliation method was employed to 
exfoliate boron nanosheets in isopropanol alcohol (IPA). The 
details can be found in the Supporting Information, which is 
adopted from a previous literature with slight modifications.[30] 
As shown in Figure 1a,b, nanosheets with lateral size ranging 
from tens to hundreds of nanometers (concentrate in the range 
of 100–200 nm, also can be confirmed by following atomic 
force microscope (AFM) characterizations) were obtained, 
which indicate the exfoliation of bulk boron (size of ≈20 µm). 
Figure 1e shows the elemental mapping images of a typical 
nanosheet, demonstrating that it mainly consists of boron ele-
ment with slight oxidation (O/B ration was estimated to be 
≈0.49 at.%). Through X-ray diffraction analysis (Figure 1h), 
the crystalline phase of exfoliated nanosheets can be indexed 
to β-rhombohedral boron phase, which can be further con-
firmed by the electron diffraction pattern (Figure 1c) and 
high-resolution transmission electron microscope (HRTEM, 
Figure 1d). Finally, AFM indicates the thickness of exfoliated 
boron nanosheets concentrates in the range of 40–80 nm, as 
presented in Figure 1f,g.

Next, we measured the optical absorption property of the 
exfoliated boron nanosheets. As shown in Figure 2a, broadband 
and featureless absorption ranging from 300 to 1600 nm is 
observed in boron nanosheet dispersion and the color of the dis-
persion appears black, which are typical characters of metallic 
absorption.[31] In order to confirm the metallic nature of boron 
nanosheets, we calculated the electronic structure and den-
sity of state (DOS) by using first-principles density functional 
theory. The calculation results are shown in Figure 2b,c. Indeed 
no band gap is observed as evidenced by the nonzero DOSs 
at the Fermi level, which is in accordance with most previous 
theoretical predictions and experimental evidences.[12,15,16,24,32] 
To check the stability of exfoliated nanosheets, we compared 
the absorption spectra of as-exfoliated dispersion and that of 
the same dispersion after 3 months. Only slight decrement in 
absorption intensity is observed (Figure 2a), and the color looks 
like a little lighter (inset of Figure 2a), which could be attributed 
to the slight agglomeration as a few black precipitates could be 
found in the bottom of bottle (further confirmed by X-ray dif-
fraction (XRD)). Therefore, the exfoliated boron nanosheets dis-
persion is relatively stable in ambient conditions.

To examine light-induced thermal effect in boron nanosheets, 
we measured photo-thermal heating curves. As presented in 
Figure 2d, under the same irradiation power of 980 nm laser, 
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Figure 1. Characterizations of liquid-exfoliated boron nanosheets. a) Typical TEM image of exfoliated boron nanosheets. Scale bar, 200 nm. b) Enlarged 
image of one nanosheet. Scale bar, 20 nm. c) Typical electron diffraction pattern of nanosheet in (b). Scale bar, 5 1 nm−1. d) HRTEM pattern of 
nanosheet in (b). Scale bar, 5 nm. e) Elemental mapping images of boron nanosheet, indicating the uniform distribution of boron element throughout 
the whole sheet while the carbon element could be mainly referred to the supporting substrate (green area). Scale bar, 20 nm. f) Representative AFM 
topographic image and g) the corresponding height profiles. Scale bar in f), 1 µm. h) XRD pattern of exfoliated nanosheets, which matches well with 
that of standard phase (β-rhombohedral phase, PDF#89-2777).
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the blank IPA shows almost no temperature increment, while 
obvious temperature increment can be observed in boron 
nanosheets dispersion. And the higher the irradiation power, 
the higher the temperature increment, clearly demonstrating 
efficient photo-thermal effect in boron nanosheets under 
980 nm light irradiation.

As for optical modulation, an indispensable technology for 
modern optical communication, controlling optical properties 
of a material by changing its refractive index is a widely adopted 
pathway.[33–44] The refractive index of a material, however, is 
temperature dependent, which implies a way for optical mod-
ulation mediated by thermal control. Therefore, the efficient 
photo-thermal effect of boron nanosheets could be exploited 
for optical modulation in an all-optical fashion. On the other 
hand, due to its simple configuration, low insertion loss/back 
reflection, and polarization independence, all-fiber structure 
shows exclusive advantages especially in fiber system.[34,42,44] So 
here we adopted an all-fiber structure to demonstrate the all-
optical modulation. As shown in Figure 3a, an all-optical phase 
shifter, which consists of a boron nanosheets-decorated tapered 
fiber and a 980 nm pump laser (details can be found in the 

Supporting Information), is inserted into one arm (the upper) 
of an MZI structure to examine the phase shift value. A tapered 
fiber with diameter of ≈10 µm was used, and boron nanosheets 
were deposited on the surface with a cover length of ≈75 µm, as 
presented by the microscopic images in Figure 3b. The optical 
loss at around 1550 nm before and after boron nanosheets dec-
oration is shown in Figure 3c, which indicates an ≈4.5 dB total 
loss of the as-prepared phase shifter, with a net loss of ≈3.7 dB 
induced by boron nanosheets and an intrinsic loss of ≈0.8 dB 
by tapered fiber. The small fluctuation of optical loss with wave-
length is attributed to the slight diameter fluctuation of tapered 
fiber used here. By continuously tuning the signal light wave-
length from 1567.5 to 1569.5 nm (output of the 1550 nm laser), 
we can measure the shift of transmission spectrum.

As demonstrated in Figure 3d, when pump the phase 
shifter with a 980 nm laser at 300 mW, we can observe a 4π 
phase shift. As the pump power increases, the phase shift 
increases linearly with a slope efficiency of 0.01329 π mW−1 
(see Figure 3e), confirming an all-optical phase modulation. 
The laser-induced phase shift is due to the thermo-optical effect 
of the tapered fiber because the local temperature increase 
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Figure 2. Optical absorption property and electronic structure. a) Absorption spectra of as-exfoliated boron nanosheets in IPA and the same solution 
after 3 months. The fluctuations around 1500 nm were induced by intrinsic absorption of IPA. Inset shows the corresponding optical images of as-
exfoliated (left) and 3 months later (right) dispersions. b) Calculated band structure and c) DOS. The red lines indicate the Fermi level. d) Photo-thermal 
heating curves of blank IPA and boron nanosheet solution (≈0.1 mg mL−1) under irradiation of 980 nm laser with different power.
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(resulting from the photo-thermal effect in boron nanosheets) 
brings a change of the refractive index. The phase shift (Δ∅) 
can be expressed as a function of change in temperature as Δ∅ 
= nL L T

2 2

0 0

π
λ

π
λ

α∆ = ∆ , where ΔT is the temperature change, α is 
the thermo-optical coefficient, Δn = αΔT is the refractive index 
change, and L is the interaction length of light and boron 
nanosheets. Therefore, through local thermal control in tapered 
fiber mediated by photo-thermal effect in boron nanosheets, we 
can achieve an all-optical phase shifter.

The MZI structure in Figure 3a, with an all-optical phase 
shifter in one arm, can be used for all-optical modulation.[34,42] 
According to the output relationship of an MZI device, the 
output ratio of port 1 is ηoutput 1 = sin2 (Δ∅/2), while port 2 is 
ηoutput 2 = cos2 (Δ∅/2). In consequence, we can modulate the 
output profiles by controlling the phase difference Δ∅ between 
the two MZI arms. When a square wave-type modulated laser 
(980 nm) is used to pump the phase shifter (see upper panel in 
Figure 4a), we can measure output profiles of the signal light 
(1550 nm) in “output 1” and “output 2” ports, respectively. As 
shown in Figure 4a, two complementary output profiles can be 
obtained in the two ports, which change with the pump con-
ditions, demonstrating an all-optical modulation. By fitting 
the rising and falling edges of a single off-on-off transition 
in output 1 (Figure 4b, taken from Figure 4a) to exponential  

decay functions of 1 − exp(t/τr) and exp(−t/τf), respectively, 
the obtained rise and fall time constants are 0.48 and 0.69 ms, 
which, to our knowledge, are the fastest among 2D materials-
based similar devices. As shown in Table 1, the rise time con-
stant is about an order of magnitude faster than the others, 
and the modulation efficiency is also obviously higher. We 
further tested the bandwidth of the as-built MZI device with 
a sine wave-type pump (see Figure S1, Supporting Informa-
tion), which indicates a response time limit of ≈0.41 ms, being 
well consistent with above results. The superior photo-thermal 
response might be attributed to the lower mass of boron atom, 
which, combined with the high stiffness of lattice structure, 
gives higher electron-phonon coupling and thus higher phonon 
velocities, implying more efficient thermal transport.[13,20,45] The 
detailed mechanism, however, deserves further investigations. 
Besides, when the phase shifter is over driven (corresponding 
to phase shift over π), the output profile will break into two 
output peaks with a valley in the middle (Figure 4c), which is 
similar to that in WS2-based and electro-optical devices.[42] In 
this case, the rise time constant is also faster than the normal 
working state, which could be also exploited as a way to further 
improve the response speed.

Furthermore, the current MZI structure can also be exploited 
for all-optical logic operations. As a proof-of-concept, an AND 
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Figure 3. All-optical phase shifter. a) Schematic illustration of the optical setup, which is based on an MZI configuration. The all-optical phase shifter is 
embedded into one of the two branches, which consists of two 980/1550 wavelength division multiplexers (WDMs) and a boron nanosheets-decorated 
tapered fiber in the middle. The whole setup can be used for all-optical modulation with the phase shifter as a controller. b) Optical images of tapered 
microfiber before (upper panel) and after (bottom panel) deposition of nanosheets. Scale bars, 100 µm. c) Optical loss spectra of original and boron 
nanosheets-decorated tapered fiber, and the net optical loss by boron nanosheets decoration. d) Normalized transmission spectra of the MZI with no 
pump (0 phase shift) and 300 mW 980 nm laser pump (corresponding to 4π phase shift), respectively. e) Relationship of phase shift to pump power, 
which indicates a slope efficiency of 0.01329 π mW−1.
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gate was demonstrated. As shown in Figure 3a, when the wave-
form of 980 and 1550 nm light is set to periodic “011001” and 
“111000,” respectively, where “1” represents high power and “0” 
represents low power. The output 1 of the structure is high only 
if both 980 and 1550 nm light have a high-level incident power, 
otherwise, the output is low (close to zero power), indicating 
an all-optical logic AND operation. In other word, if the wave-
forms of 980 and 1550 nm light are denoted as A (= “011001”) 
and B (= “111000”), respectively, the output 1 of our system is 
given by A∙B (= “011000”) and the output 2 is given by A B⋅  
(= “100000”) where A is the inverse of A.

Another important all-optical logic operation, NOT gate, can 
also be explored based on the superior photo-thermal response 
in boron nanosheets. As shown in Figure 5a, with a B/PVA 

(poly vinyl alcohol) composite thin film sand-
wiched between two fibers, we constructed 
an all-optical NOT gate. In a typical dem-
onstration, when the waveform of 980 nm 
light is set to periodic “011001” while that of 
the input signal light (1550 nm) is constant 
(“111111”), then the output waveform of the 
signal light is given by “100110,” which is 
the NOT form of that of 980 nm pump light. 
The device principle is based on the thermal 
lens effect in the B/PVA thin film. When the 
boron nanosheets in the thin film absorb the 
pump light and efficiently generates heat 
due to photo-thermal response, the refrac-
tive index of the thin film on the propagation 
pathway is changed (thermo-optical effect), 
which, in turn, induces a local focusing 
effect in the thin film and the resulting cou-
pling out efficiency is modified. The higher 
the pump power, the lower the coupling out 
efficiency (lower output), thus operating as a 
NOT gate with respect to the 980 nm pump 
light.

In summary, for the first time, we have 
exploited liquid-exfoliated boron nanosheets 
for all-optical signal processing that is medi-
ated by its superior photo-thermal response. 
The as-constructed all-optical modulator 
shows significantly faster response speed 
and higher modulation efficiency compared 
with other 2D materials-based similar type 
devices. As the rapid development of big-data 
approach-based artificial intelligence tech-
nology is inducing an extremely fast scaling of 

data processing and network connections, the device developed 
here, with easy fabrication, low cost, low power consumption, 
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Figure 4. All-optical modulation. a) Modulated pump light profile (980 nm pump in Figure 3a) 
and corresponding output profiles at output 1 and 2 in the MZI configuration. b) The profile 
of a single off-on-off transition from output 1 in (a) and exponential fit (red line). c) Output 
breaking when the MZI is over-driven. d) All-optical AND gate. The waveforms are vertically 
shifted to provide a clear view.

Table 1. Comparison of different 2D materials-based similar devices.

Type Graphene[34] WS2
[42] BP[37] Boron nanosheet

Interaction length [µm] 5000 500 80 75

Loss@1550 nm [dB] 5.4 3.5 10 4.5

Loss@980 nm [dB] 2.1 5 – 2

Modulation efficiency  

[π mW−1 mm−1]

0.018 0.035 0.36 0.17

Rise/fall time constant [ms] 4/1.4 7.3/3.5 2.5/2.1 0.48/0.69

Figure 5. All-optical NOT gate. a) Optical setup. A composite PVA thin 
film of boron nanosheets (B/PVA) is sandwiched between two fiber con-
nectors. A 1550 nm laser, coupled with a 980 nm pump laser through a 
WDM, is injected into the B/PVA thin film and the residual 980 nm power 
is extracted by a second WDM after B/PVA thin film. b) The waveforms of 
output signal (1550 nm, purple line) and injected pump (980 nm, black 
line) at different duty cycles.
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compact size as well as faster response and higher modulation 
efficiency, would find great potential in optical interconnection, 
routing, and gating.[36,39,42] Besides, our work also demonstrates 
a remarkable step toward optical and photonic applications of 
2D boron, of which the research, especially the experimental 
aspect, is still in its infancy. Considering its exclusive optical 
properties, like visible/near-infrared plasmons, there is much to 
expect with respect to the photonic and optical applications as 
well as novel device concepts of 2D boron nanosheets.[13,27]

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