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ABSTRACT: The striking in-plane anisotropy remains one of
the most intriguing properties for the newly rediscovered black
phosphorus (BP) 2D crystals. However, because of its rather
low-energy band gap, the optical anisotropy of few-layer BP
has been primarily investigated in the near-infrared (NIR)
regime. Moreover, the essential physics that determine the
intrinsic anisotropic optical property of few-layer BP, which is
of great importance for practical applications in optical and
optoelectronic devices, are still in the fancy of theory. Herein,
we report the direct observation of the optical anisotropy of
few-layer BP in the visible regime simply by using polarized
optical microscopy. On the basis of the Fresnel equation, the
intrinsic anisotropic complex refractive indices (n—ix) in the
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visible regime (480—650 nm) were experimentally obtained for the first time using the anisotropic optical contrast spectra. Our
findings not only provide a convenient approach to measure the optical constants of 2D layered materials but also suggest a
possibility to design novel BP-based photonic devices such as atom-thick light modulators, including linear polarizer, phase plate,
and optical compensator in a broad spectral range extending to the visible window.

B INTRODUTION

Inspired by the fascinating properties of graphene and the
layered transition metal dichalcogenides (TMDs)," ™" scientists
have been making §reat efforts to pursue new functional layered
semiconductors. ”'* Recently, black phosphorus (BP) has been
rediscovered as a new 2D layered material because of its
remarkable electronic and optical properties, such as its high
carrier mobility'”™"® and tunable direct band gap.'*'*"”
Particularly, the puckered structure of BP, resulted from the
sp® nonequivalent hybridization of each P atom, leads to the
robust in-plane anisotropy nature of BP layers, including
remarkable optical, electrical, and mechanical anisotropic
properties.'°™*” The emergence of these anisotropic properties
has stimulated the exploration of novel BP-based electronic and
optical devices. Among these, the anisotropic optical property
greatly facilitates BP toward functional optoelectronics because
optical anisotropy supplies another degree of freedom for
scientists to design and modulate the efficient optical and
optoelectronic nanodevices. A fundamental understanding on
the optical anisotropy of few-layer BP is therefore essential to

-4 ACS Publications  © 2015 American Chemical Society 300

reveal the photoelectron interaction in BP-related optoelec-
tronics.

The visible regime is always the most commonly used optical
window for practical optoelectronics. However, because of its
rather low-energy band gap,'”"” the investigation for the optical
anisotropy of few-layer BP has been primarily limited in the
near-infrared (NIR) regime.lg’zo’28 Despite extensive theoretical
predictions,'”*"**7** the experimental investigation on the
optical anisotropy of BP in the visible regime is still missing, let
alone the measurement of the complex optical constants of few-
layer BP. Though it is essential for designing conceptually novel
electronic and optical devices based on the optical anisotropy of
BP, the accurate determination of this key parameter is rather
difficult because of two facts: (i) the micrometer and
nanometer size of the BP layers obtained using present
methods (mechanical exfoliation, liquid phase exfoliation,
etc.)'7?%*** that directly hinders the measurement through

Received: October 13, 2015
Published: December 15, 2015

DOI: 10.1021/jacs.5b10685
J. Am. Chem. Soc. 2016, 138, 300—-305


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b10685
https://www.researchgate.net/profile/Liming_Xie?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Hua_Xu4?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Wei_Ji11?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Juanxia_Wu?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Mao_Nan?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Jin_Zhang19?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Lianming_Tong?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==
https://www.researchgate.net/profile/Jingyi_Tang3?el=1_x_100&enrichId=rgreq-15994deb0e3c5d24ca1454cf837d3503-XXX&enrichSource=Y292ZXJQYWdlOzI4NzE0NjUwMTtBUzozNTY1NzI2NzgxMTUzMjhAMTQ2MjAyNDk1OTYwMw==

Journal of the American Chemical Society

@ cc

Polarizer

-

Dichroic
mirror

" Halogen
lamp

210
(c) 1o @ T e o
150 R channel 180 “ / % g
=1 LT, 8°0%%%0000,s s W, AR
© 1201 00000 o0’ © ] L
3 @ 1504
e 1 A& crhanne [
£ 904 £
S 00ttt 0000000 <
2 ¢ B channel -2 120+
@ 601 seerassennegerngesest™®* 000y 00 o
30 v v v T T 90 T v - T T
0 90 180 270 360 0 90 180 270 360

Rotation angle (°) Rotation angle (°)

Figure 1. Schematic diagram of polarized optical imaging of BP. (a) Experimental setup of the polarized optical microscope. The inset shows the
crystallographic axes (x and z corresponding to ZZ and AC directions, respectively) and the direction of the analyzer polarization (black double
arrow). 0 is the angle between the direction of the analyzer polarization and z (AC) axis. (b) Optical images of a thick BP sample as a function of
rotation angle. The scale bar is 10 um. RGB optical brightness of the reflected light (c) from the blank 300 nm SiO,/Si substrate and (d) BP sample

in the region marked with the red square in b.

conventional approaches such as spectroscopic ellipsometry
technique®>® and (ii) the optical anisotropic complexity of
biaxial BP crystal itself.””

Herein, by using polarized optical microscopy and spectros-
copy, we report the direct observation of significant optical
anisotropy of BP in the visible regime, and on the basis of the
Fresnel reflection theory, the anisotropic optical constants of
few-layer BP in the visible regime (480—650 nm) were
experimentally obtained for the first time from the anisotropic
optical contrast spectra. It turns out that S nm thick BP shows
an apparently distinct complex refractive index especially in the
range of 450—580 nm, demonstrating its strong optical
anisotropy in the visible regime. The determination of the
anisotropic optical constants of few-layer BP and other
anisotropic 2D materials in general is of fundamental
importance and may boost their applications in novel optical
and optoelectronic nanodevices.

B EXPERIMENTAL SECTION

BP samples were prepared by mechanical cleavage method from bulk
BP crystals (Smart Elements) on two kinds of substrate: fused silica
and Si substrate with 300 nm oxide layer. The thickness of BP samples
was determined by atomic force microscopy (AFM, Dimension 3100).
High-resolution transmission electron microscope (HRTEM) images
of the BP samples were acquired through transmission electron
microscopy (TEM, Tecnai F20, FEI). An Olympus (BXS1) optical
microscope with a normal white light source (tungsten halogen lamp,
excitation range from 350 to 850 nm) was used for the optical contrast
measurements. The angle-resolved optical contrast was measured with
an analyzer placed in the light collection path in front of the detector
(DP71 camera). All the spectra were measured under parallel
polarizations. The optical contrast spectra and Raman spectra were
recorded using a JY Horiba HR800 Raman system. The laser
wavelength for Raman excitation was 632.8 nm, and the laser power
was less than 100 yW. A 600/mm grating and a 100X objective lens
with NA = 0.9 were used to collect reflected light and Raman signals.
The actual thickness of SiO, layer on Si substrate was determined by
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spectroscopic ellipsometer (SE 850 DUV), covering a wide spectral
range from 190 to 2500 nm.

B RESULTS AND DISCUSSION

Figure 1a shows the experimental setup of the polarized optical
microscope for contrast measurements. The white light
(halogen lamp) was used to illuminate the BP sample. An
analyzer was placed in the collection light path in front of the
CCD detector, and the polarization direction of the collected
signal was kept the same while the sample was rotated for
angle-resolved optical imaging. The rotation angle € is defined
as the angle between the z axis of the sample and the
polarization of the analyzer (inset in Figure la). Figure 1b
shows a series of the optical images of a thick BP sample
mechanically exfoliated on the 300 nm SiO,/Si substrate at
different rotation angles from 0 to 180°. It is apparent that the
optical brightness of BP changes significantly with the rotation
angle; see for example the area highlighted by the red rectangle.
It can be clearly seen that the green color of BP at 0 and 180° is
much brighter than that at 90°. To analyze quantitatively the
variation, we extracted the averaged red-green-blue (RGB)
values from the pictures in Figure 1b. The corresponding
spectral ranges for our CCD (Olympus DP71) are 400—520
nm for B, 470—610 nm for G, and $70—700 nm for R.*
Interestingly, we found that the intensities of RGB channels for
the thick BP sample change in a periodic fashion (as shown in
Figure lc,d), whereas that of the blank SiO,/Si substrate
remains almost constant. Furthermore, the R and G/B channels
show opposite variation behaviors. At 0°, the intensities for the
G and B channels are maximum, whereas it is the minimum for
the R channel. After the sample was rotated by 90°, the G and
B channels become minimum, and the R channel is the
maximum. For the rather thick BP sample, the RGB values
directly represent the averaged reflection from the interface
between the BP surface and air. Such results strongly indicated
the optical anisotropy of BP in the visible regime.

DOI: 10.1021/jacs.5b 10685
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To study quantitatively the optical anisotropy of BP, we
measured the angular optical contrast of a few-layer BP sample
on the 300 nm SiO,/Si substrate. Figure 2a shows the atomic
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Figure 2. Anisotropic optical contrast of few-layer BP on 300 nm
SiO,/Si substrate. (a) Atomic force micrograph of a few-layer BP
sample with the thickness of 7.5 nm. The inset is the optical image of
this sample; the scale bar is S ym. (b) Typical Raman spectrum of the
BP sample. The three characteristic Raman bands are Alg (363 cm™),
By (440 cm™) and Azg (467 cm™). The Raman band of silicon (ca.
520 cm™) is marked with the asterisk. (c) Sketch map for optical
contrast calculation. Rgy,,qp and Ry, are the reflected intensities from
BP and blank substrate, respectively. (d) Measured optical contrast of
the few-layer BP in RGB channels as a function of the rotation angle.

force microscopy (AFM) image of the BP sample, and the
thickness was measured to be ~7.5 nm, corresponding to 12—
13 layers. The inset shows the corresponding optical image of
this BP sample. The Raman spectrum with the three
characteristic Raman modes of BP, that is, Alg (363 cm™),
By, (440 cm™), and A%, (467 cm™), is shown in Figure 2b.
The optical contrast (C5 is the fractional change of reflection
because of the presence of the sample on a substrate, and is

defined by

Rﬁlm+sub B Rsub

C, =
A R

(1)
where Ry, and Ry, are the reflected intensities collected
from the sample and the blank substrate, respectively, as shown
by the scheme in Figure 2c. The averaged optical contrast of
the BP sample was thus calculated in the RGB channels and
plotted in Figure 2d. The periodic variation was reproduced
(compared to Figure 1d) because the contrast is directly related
to the reflected intensity. It can also be seen that the contrast of
the G and B channels are positive, whereas that for the R
channel is negative, indicating that for long (red) wavelengths,
the reflection collected from the BP is actually smaller than that
from the blank substrate. If the few-layer BP is exfoliated on
fused silica where multilayer reflection interference does not
occur, then the same periodic change of optical contrast was
also observed; however, the averaged contrasts for the R and G
channels were rather weak (Figure S1). The periodic change of
the optical contrast is an evident indication of the optical
anisotropy of few-layer BP.

Interestingly, the difference in the rotation angle between the
appearance of the maximums and minimums is 90°, coinciding
with the angle made by the two crystalline directions of BP, that

sub
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is, the ZZ and AC directions. Our previous work has
demonstrated a simple approach for identifying the crystalline
orientation of BP using angle-resolved polarized Raman
spectroscopy (ARPRS).”> Here we show that the crystalline
orientation can also be easily identified using the angular
dependence of optical contrast with even greater convenience.
Figure 3b shows the recorded Raman spectra at different
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Figure 3. Crystalline orientation identification using angle-dependent
optical contrast. (a) Optical image of few-layer BP on 300 nm SiO,/Si
substrate. The dashed double arrows indicate the identified AC and ZZ
directions by using angle-dependent optical contrast of this sample.
(b) Raman spectra of BP sample with different rotation angles. Polar
plot of (c) Ag2 Raman band and (d) optical contrast of the few-layer
BP in G channel as a function of rotation angle.

rotation angles under parallel polarization configuration. The
intensities of the three Raman modes vary periodically when
the sample was rotated, consistent with literature.'*”'® The
polar plot of the Ag2 mode in Figure 3¢ shows the maximum at
~15°, which can be identified as the AC direction of the BP
sample. Accordingly, the ZZ direction is perpendicular to AC
and is along the second maximum at ~105°. Meanwhile, the
polar plot of the angle-dependent optical contrast of BP is
shown in Figure 3d. Apparently, the direct comparison with
ARPRS results in Figure 3c strongly indicates that the
maximum of optical contrast is indeed along the ZZ direction
of BP. The identification was further supported by our high-
resolution TEM characterizations (Figure S2).

Because the optical contrast of the atomically thin layer is the
function of the dielectric constant of the material,””™* we
derived the anisotropic refractive indices of BP on 300 nm
SiO,/Si substrate on the basis of the Fresnel equation and
classical electrodynamic simulations. The transfer matrix
method was chosen because of its simplicity; a single matrix
can be used to quantitatively describe the reflection, refraction,
and transmission through multi-dielectric layers, particularly
suitable for our system of few-layered BP on 300 nm SiO,/Si
substrate.””*>** The scheme is shown in Figure 4a,b. For
isotropic media such as graphene, the s (electric-field vector E
perpendicular to the plane of incidence) and p (E parallel to the
plane of incidence) components of the incident electro-
magnetic waves are regarded as independent from each other.
As a result, a single 2 X 2 matrix can be used to calculate the
transmission and absorption of s and p components
independently.”' However, BP is one type of biaxial crystals;
in other words, the dielectric constants along its three principle
crystal axes are different. Thus, the situation becomes more
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Figure 4. Simulated and measured anisotropic optical contrast and
refractive indices for few-layer BP on 300 nm SiO,/Si and fused silica
substrate. Optical reflection and transmission schematic for multithin
films system: (a) BP on 300 nm SiO,/Si and (b) fused silica. n stands
for the refractive index of different media: air (n,), BP (n,), SiO, (n,)
and Si (n3). Angle-dependent optical contrast of (c) the S nm BP
samples on 300 nm SiO,/Si and (d) fused silica under parallel
polarizations. The wavelength of the incident light is 480 nm. Solid
curves are fitted results using simulated equation. Insets are the
corresponding optical images of the BP samples. The scale bar is 10
um. (e) Optical contrast spectra along AC and ZZ crystalline direction
of § nm thick BP on 300 nm SiO,/Si and fused silica substrates,
respectively. (f) Measured refractive indices for S nm thick BP along
AC and ZZ crystalline directions. The solid triangles and dots are the
real and imaginary parts of the refractive indices, respectively.

complex, especially when the coupling between the s and p
components (in practice, due to the numerical aperture of the
objective lens and the cone geometry of the focused light) is
taken into account.”” For simplicity and to avoid loss of
generality, we assume normal incidence. The angle between the
polarization direction of the incident light and the AC
crystalline axis of BP is defined as 6, as shown in Figure la.
Because of the birefringence of BP crystals, the incident
polarized light is split into x and z polarized components along
the two principle crystal axes (ZZ and AC) of BP, which travel

—
at different velocities. Hereafter, the z component, E,(y, t) = E,
cos O, is treated as the p-polarized branch, whereas the x

component, E (y, t) = E, sin 0, is regarded as the s-polarized
branch. It can be easily derived that under the normal incidence
these two components will pass through the multiple medium
separately without coupling. The schematic of the p-polarized
component is shown in Figure 4a and consists of four media:
air, BP, SiO,, and Si. Figure 4b shows the corresponding
schematic of BP on fused silica. To show the light path more
clearly, we chose the oblique incidence in the schematic
diagram. In Figure 4ab, Ej is the electric field in the ith
medium at the i—j interface, and the superscript + stands for
the directions of the incident/reflected light. By applying the
electromagnetic field boundary conditions at each interface
between two different media, the relationship between the four

electric fields (E;, Ej;, Ej, and E;) is described as

303

1|1 %

E; tii T 1 Eji (2)

+ +
E; E}

where t; = (2ny cos 0,)/(ny cos B, + ny cos 6;) and 1= (ny cos
0y — n, cos 0,)/(ny cos Oy + n; cos 0;) are the transmission and
reflection coeflicients at the i—j interface, respectively. In the
same medium, the relationship between the four electric fields
at the upper and bottom interfaces can be written as
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where §; = 277 d;// is the phase factor. Hence, the final formula
that describes the incident and reflected electric fields on the
multiple-layered media can be expressed by
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The ratio between the reflected and incident electric fields is
the reflectivity, which can be obtained through r, = (Eq1/ES).
For the p-polarized (along AC direction) electric magnetic
wave, the reflected electric field can be expressed by E,¢ = Eg; =
1,Eq;. Similarly, we can get the reflected s-polarized (along ZZ
direction) electric field E;;. Because of the birefringence
property of BP, the two orthogonal components of the
polarized light will exit the sample with a phase difference.
Therefore, the final intensity of the reflected light I under
parallel polarization at sample rotation angle 6 can be obtained
by the interference of p- and s-polarized components in the

direction of the collection polarization, expressed as follows:

Iﬁlm+sub = (EZZ sin 0)2 + (EAC cos 9)2

+ 2\/(EZZ sin 0)> X (Eyc cos 0)* cos & ()

0 is the phase difference between p- and s-polarized
components. Accordingly, the intensity of the reflected light
from the black SiO, substrate I, can also be calculated in the
similar way by only considering the air, 300 nm SiO,, and Si
trilayers. Hence, the optical contrast of BP on 300 nm SiO,/Si
and fused silica substrate (Figure 4b) can be finally calculated.

Using eq 1, we then simulated the optical contrast of few-
layer BP at different rotation angles. The measured optical
contrasts on SiO,/Si and fused silica substrate at 480 nm were
shown in Figure 4c,4d, respectively. The solid curves are the
fitting results using

C, = (asin(0 — 9))* + (b cos(0 — )
+ 2\/(a sin(6 — ¢))* x (b cos(6 — ¢))* cos &

(6)
where a and b are constants and @ is the polarization angle with
respect to the 0° reference direction. ¢ is the angle between the
AC direction and the 0° reference. As mentioned above, § is the
phase difference between p- and s-polarized components. The
wavelength-dependent refractive indices of SiO, (n,) and Si
(n3) were taken from ref 29.* The thickness of oxidation layer
on Si substrate was 295.7 nm, measured by spectroscopic
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ellipsometer. The theoretical refractive index of bulk BP
calculated using density functional theory (DFT) from ref 7
was used.'” The periodical variation of the calculated angle-
dependent optical contrast of 10L BP on 300 nm SiO,/Si
substrate under 500 nm incident light illumination was well-
reproduced. It is seen that our simulation agrees well with the
experimental results (Figure S3).

Using the above simulations, we further show that we can
obtain the experimental anisotropic refractive indices of few-
layer BP from the optical contrast spectra along AC and ZZ
directions. We notice that the refractive index of BP is the only
unknown parameter and it contains two independent
components, n and k. To solve for the experimental values of
n and k, two sets of data are needed. We then measured the
optical contrast spectra of few-layer BP on both SiO,/Si and
fused silica along AC and ZZ directions, respectively, which are
plotted in Figure 4e. Figure 4c,d shows the angular-dependent
optical contrast of BP on these two substrates at 480 nm. AFM
measurements were carried out immediately after the BP layer
is identified using optical microscope, which indicate that the
thicknesses of the two BP samples are 5.0 and 5.3 nm,
respectively (Figure S4). For both of the two samples, the
crystalline orientations were identified using ARPRS/aniso-
tropic contrast, as described in Figure 3. In Figure 4e,
noticeable differences of the optical contrast along two
crystalline orientations are clearly seen, especially in the
wavelength range from 450 to 580 nm.

Combining eqs 1 and §, the real and imaginary parts of the
wavelength-dependent refractive index for 5 nm thick BP layer
can be obtained at each wavelength and are plotted in Figure 4£.
A significant difference between AC and ZZ directions is seen,
indicating intrinsically large optical anisotropy of BP crystals in
the visible regime. The real part is larger along the ZZ direction
than that along the AC direction below 570 nm and becomes
slightly smaller when the wavelength is above 570 nm.
Additionally, the imaginary part along AC direction is always
larger than that along ZZ direction. These results are
reasonably comparable to the reported theoretical values on
the linear dichroism of BP (Figure §5).1%21%3 Now we turn
back to explain the plot of the optical brightness of the thick BP
sample in Figure 1d using the measured refractive indices.
Because the BP sample is rather thick, the RGB values directly
represent the averaged amounts of reflected light from the
interface between air and BP layer in the corresponding spectral
range. The abnormal feature in this figure is the contrary
behavior of the R and G/B channels. For example, the R
channel shows the minimum at ~0° (that is, the ZZ direction)
and the maximum at 90° (AC), whereas the G/B channels are
the maximums at 0° (ZZ) and minimums at 90° (AC). From
Figure 4f, we can find that for the wavelength below 570 nm,
which covers the B and G channels, n;, is larger than n,c,
indicating stronger reflection for the G/B channels along ZZ
(0°) than along AC (90°). For the wavelengths above 570 nm,
nzz is slightly smaller than n,c, thus indicating stronger
reflection for the R channel along AC (0°) than ZZ (90°).

B CONCLUSIONS

We revealed the significant optical anisotropy of few-layer BP in
the visible regime by using polarized optical microscopy and
spectroscopy. Under linearly polarized white light illumination,
the optical contrast in the RGB channels of few-layer BP on
300 nm SiO,/Si exhibits the periodic variation when the sample
was rotated. On the basis of this simple phenomenon, the

304

crystalline orientation of BP can be easily identified. Moreover,
for the first time, the anisotropic dielectric constant of 5 nm
thick BP crystal was directly extracted using optical contrast
spectra, on the basis of the classical electrodynamics and
Fresnel equation. This technique can be used to measure the
fundamental optical parameters of other anisotropic 2D crystals
with atomic thickness and dozens of micrometer size. Our
findings suggest that few-layer BP not only can be used as
atomic-thick micro-optodevice in the visible regime such as
linear polarizer, phase plate, and optical compensator but also is
of great significance to a broad range of BP-related
optoelectronic applications, making BP an ideal candidate for
a light modulator with atomic thickness that can be integrated
in optoelectronic and all-optical devices.
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