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Identifying the Crystalline Orientation of Black
Phosphorus by Using Optothermal Raman Spectroscopy

Tianyu Wang®,® Jing Liu*,” Biao Xu,” Ridong Wang,” Pengyu Yuan,” Meng Han,”
Shen Xu," Yangsu Xie,® Yue Wu,*" and Xinwei Wang*™

Current polarized Raman-based techniques for identifying the
crystalline orientation of black phosphorus suffer significant
uncertainty and unreliability because of the complex interfer-
ence involving excitation laser wavelength, scattering light
wavelength, and sample thickness. Herein, for the first time,
we present a new method, optothermal Raman spectroscopy
(OT-Raman), for identifying crystalline orientation. With a physi-
cal mechanism based on the anisotropic optical absorption of
the polarized laser and the resulting heating, the OT-Raman
can identify the crystalline orientation explicitly, regardless of
excitation wavelength and sample thickness, by Raman fre-
quency—power differential ® (=0dw/dP). The parameter ® has
the largest (smallest) value when the laser polarization is along
the armchair (zigzag) direction. The OT-Raman technique is
robust and is able to identify the crystalline orientation of BP
samples with thicknesses up to 300 nm at a minimum and po-
tentially as high as 1200 nm.

Black phosphorus (BP), a very new member of the two-dimen-
sional materials family, has attracted worldwide attention due
to its extraordinary electronic and optical properties, such as
high carrier mobility and a thickness-dependent direct band
gap."” As the most thermodynamically stable phosphorus al-
lotrope, BP has a layered structure bonded together by van
der Waals interactions. Inside an atomic single layer, each
phosphorus atom is bonded covalently to three adjacent
atoms to form a puckered honeycomb structure. Such asym-
metric in-plane structure leads to an unique anisotropic nature
in the optical,l"%% electrical,">>'? thermal™-'®" and mechani-
cal"’ properties of BP. Normally, these anisotropic properties
are characterized by two in-plane crystalline orientations, the
armchair direction (AC) and zigzag direction (ZZ), respectively.
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The unique anisotropic properties of BP make it possible to de-
velop novel electronic and optoelectronic devices. At the same
time, however, the rapid and precise identification of the crys-
talline orientation of BP becomes of significant importance
and urgency.

Although transmission electron microscopy (TEM) is the
most straightforward technique to identify the crystalline ori-
entation, its application is limited due to its relatively compli-
cated and challenging sample preparation procedures, espe-
cially for BPB'>2" Therefore, many new techniques have been
developed, such as polarization-resolved infrared spectrosco-
py,l" angle-resolved DC conductance,”” and angle-resolved po-
larized Raman spectroscopy (ARPRS).””? Among all these tech-
niques, ARPRS is a widely used one due to its precise, simple
and nondestructive features.""'? First reported by Wu etal.,
ARPRS has demonstrated that A}, By, and A’ peaks have peri-
odical variation in Raman intensity as the rotation of BP
sample under both parallel- and cross-polarization configura-
tions.”? This work concluded that the crystalline orientation of
BP could be identified from the intensity variation of the A;
mode under the parallel-polarization configuration, which has
the smaller local maximum intensity in the zigzag direction
and the larger local maximum intensity in the armchair direc-
tion. This conclusion was confirmed by Ribeiro et al., who con-
ducted similar angular Raman experiments using 633, 532, and
488 nm lasers.”™ However, further research demonstrated that
other factors, such as excitation wavelength and sample thick-
ness, could also influence the polarization dependence of
Raman intensity.®?¥ Ling et al. discovered that the armchair di-
rection and zigzag direction could not be distinguished explic-
itly from the periodic variation of Raman intensity due to the
influence of excitation wavelength and sample thickness.”
Such influence, as suggested by Kim et al., results from the op-
tical interference in the BP samples.*” These works definitely
manifest that ARPRS is not capable of distinguishing between
the armchair direction and zigzag direction unambiguously
unless the excitation wavelength and sample thickness are
considered carefully.? However, these studies have paved a
route for advancing the study of Raman spectroscopy as a
novel and nondestructive method for determining the crystal-
line direction.

To overcome the drawbacks of ARPRS, but at same time
take the advantage of Raman spectroscopy, a brand-new tech-
nique named optothermal Raman spectroscopy (OT-Raman) is
developed in this work. The OT-Raman technique has a physi-
cal mechanism that can be traced back to the anisotropic opti-
cal absorption of BP samples. Compared to the ARPRS tech-
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nique which measures the periodic variation of Raman intensi-
ty, OT-Raman utilizes the Raman frequency-power differential
& for crystalline orientation identification. The armchair and
zigzag directions of BP samples can be easily identified and dis-
tinguished from the angular dependence of @ to laser polariza-
tion. The maximization (minimization) of @ in the armchair
(zigzag) direction acts as the basic principle for identifying the
crystalline orientation. Both experimental results and theoretical
calculations have definitively proved the effectiveness of this
principle regardless of the excitation wavelength and sample
thickness. Hence, the OT-Raman technique is a new reliable
tool to identify the crystalline orientation of BP samples precise-
ly and nondestructively, which will benefit further development
of BP-based electronic and optoelectronic devices.

BP samples are exfoliated from bulk BP crystal (99.998 %,
Smart Elements) using a modified mechanical exfoliation
method.”>?¥ In this method, the employment of viscoelastic
stamp (PF-20/1.5-X4 Gelfilm from Gelpak) can reduce the poly-
mer residues on the samples, and enable rapid identification
of candidate BP sample with a specific thickness from its color
contrast under normal illumination under an optical micro-
scope. Then, the candidate BP sample on the surface of the
viscoelastic stamp is transferred to a Si substrate and housed
in an environment cell (Linkam Scientific) immediately. The
whole air-exposure time of the BP sample is less than 2 min to
avoid severe oxidation. The environment cell is filled with N,
gas to avoid the degradation of BP samples in air>?-2 A
round fused silica window on the top lid of environment cell
allows the irradiation of laser beam on the BP samples with
negligible energy loss. By mounting the environment cell on a
3D microstage, the laser beam can be controlled to irradiate a
specific spot of the BP samples precisely. The measurements
are carried out using a BWTEK Voyage confocal Raman system
at room temperature. All spectra are excited with a 532 nm
laser (Excelsior-532-150-CDRH, Spectra-Physics) and collected
in the backscattering configuration. We use a 20 X objective to
focus the excitation laser beam to a radius of 1.28 um. Mean-
while, we use a half-wave plate to adjust the laser polarization.
Moreover, a neutral density (ND) filter is applied to change the
excitation laser power, which has transmittance of 16.5, 20.1,
25.0, 314, 41.9, 52.9, 62.1, 80.0 and 96.5%. Detailed system
configurations can be found in our previous work.®”

In the OT-Raman experiment, the laser polarization is
changed with a 20° angle step until a total rotation of 360° is
achieved. At each polarization angle, a series of laser powers
from low to high are used to excite Raman scattering by ad-
justing output laser power using the ND filter. Raman frequen-
cy-power differential ® can be extracted from the depend-
ence of Raman frequency on the excitation laser power. Note
that @ is the most important indicator for identifying the crys-
talline orientation in the OT-Raman technique. It indeed re-
flects the temperature rise of the sample under unit power
laser heating. After OT-Raman experiment, the thickness and
morphology of BP samples are characterized by atomic force
microscope (AFM). Importantly, transmission electron microsco-
py (TEM) is used to identify the crystalline orientation and con-
firm the results obtained by the OT-Raman technique.
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The careful selection of appropriate BP crystallite for me-
chanical cleavage makes it possible for continuous exfoliation
of thin BP samples from a single BP crystallite. We have found
that thick and rectangular-shaped BP crystallite are perfectly
suitable for continuous exfoliation. As a result, the crystalline
orientation of one BP crystallite can be investigated by both
OT-Raman technique and TEM. As the most straightforward
technique for identifying crystalline orientation, TEM can con-
firm the validity of OT-Raman technique. The thin BP samples
shown in Figure 1 and Figure 2 are indeed exfoliated from the

Armchair (AC)

Figure 1. a) TEM image and b) the corresponding electron diffraction pattern
of a thin BP sample. The armchair (zigzag) directions are normal (parallel) to
the naturally formed crystalline edge.

same BP crystallite. They share exactly the same crystalline ori-
entation considering their natural physical connection. Fig-
ure 1a and b show the TEM image and its corresponding elec-
tron diffraction pattern of a thin BP sample. They demonstrate
that the [001] and [100] of the orthorhombic unit cell are
along the armchair and zigzag directions, respectively. Mean-
while, the armchair (zigzag) direction is normal (parallel) to the
naturally formed edge of BP sample.*” Figure 2a shows the
optical microscopy image of a thin BP sample labeled with
crystalline orientation. In the Cartesian coordinates, the zigzag
direction is along the x axis, and the armchair one is along the
y axis. The zigzag direction angle is defined as 0°, which is also
the initial angle of laser polarization. Four areas with uniform
color contrast marked by the red stars are selected for the OT-
Raman experiment. The height profile along the white lines in
the AFM image (Figure 2b) shows the thicknesses of a, b, ¢
and d areas. Their thicknesses are 24.6, 32.7, 90.1 and 97.7 nm
(Figure 2 c—f). The roughness of the BP surface results from the
imperfect contact with the Si substrate, the slight oxidation of
sample, as well as tiny amounts of gel material residues.

Here, we take the 24.6 nm BP sample as an example to dem-
onstrate the basic procedures and principles of the OT-Raman
technique. To avoid laser heating damage on sample but
excite a strong Raman signal at the same time, a careful selec-
tion of the appropriate output laser power is of great impor-
tance. For the 24.6 nm BP, an OT-Raman experiment is per-
formed when the output laser power is 60 mW before attenua-
tion by the ND filter. At each laser polarization angle, consider-
ing the natural energy loss of optical system and the attenua-
tion of ND filter, the excitation laser powers irradiating on the
BP surface are 7.69, 9.36, 11.65, 14.62, 19.54, 24.65, 28.94, 37.27
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Figure 2. Top-left a) Optical microscope image of a thin BP sample deposited
on a Si substrate. The zigzag (armchair) direction is along the x (y) axis of
the Cartesian coordinates. e, represents the laser polarization vector, 6 de-
notes the angle between the x axis and laser polarization vector e,. Four
candidate areas (zones a, b, ¢,d) tested by OT-Raman experiment are marked
by red stars. Top-right b) AFM image of the sample. Bottom-panels c-f) The
height profile along the white lines in four areas (zones a, b, c and d as
marked in the top-left and top-right panels (a) and (b)) are plotted to show
their thicknesses. Their thicknesses are 24.6, 32.7, 90.1 and 97.7 nm.

and 44.92 mW. Figure 3a and b show Raman spectra excited
by these laser powers when the laser polarization is along the
armchair/zigzag direction. These Raman spectra have been
fitted by the Gaussian function. Three Raman peaks A;, Byg:
and A? are located at 359, 436 and 464 cm™'. Obviously, in
these two cases of laser polarization, the relative intensity of
B,, and A; modes change significantly, while that of A; remains
almost unchanged. Most importantly, the increased excitation
laser power leads to a red shift of the Raman frequency. Exten-
sive studies have demonstrated that the A;, B,y and A; Raman
peaks are temperature-dependent, and the increased tempera-
ture leads to a decreased intensity (/), a red shift of Raman fre-
quency (w) and a broadening linewidth (I). Therefore, the fre-
quency change of acquired Raman spectra allows one to moni-
tor the local temperature change produced by the variation of
the excitation laser power.

In the OT-Raman technique, the dependence of Raman fre-
quency (w) on the excitation laser power plays a vital role for
determining the crystalline orientation. Figure 3c —e show the
contours of the angular variation of A;, By, and A; Raman fre-
quencies with excitation laser power. At each polarization
angle, the Raman frequencies have been normalized by that
excited by the lowest laser power. All the contours of Raman
frequency show an elliptical pattern with an elongation along
the armchair direction roughly, which indicates that BP has the
largest temperature rise when the laser polarization is along
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Figure 3. The Raman spectra of a 26.4 nm BP sample excited by different
laser powers in the case of a) armchair-polarization and b) zigzag-polariza-
tion, respectively. These Raman spectra have been fitted by the Gaussian
function. From the bottom spectrum to the top one, their corresponding ex-
citation laser powers are 7.69, 9.36, 11.65, 14.62, 19.54, 24.65, 28.94, 37.27
and 44.92 mW, as shown by the green arrows. The contours of the angular
variation of Raman shift against laser power are shown in c) A; d) B,, and

e) A;.

the armchair direction. However, these Raman frequency con-
tours, especially for the A;one, show a large uncertainty which
makes the determination of crystalline orientation difficult.
Instead of Raman frequency (w), we have found that dw/0P
is a more useful and reliable parameter for determining crystal-
line orientation accurately with significantly reduced uncertain-
ty. As we can see in Figure 4a, in both the cases of armchair
polarization and zigzag polarization, the Raman frequency (w)
linearly depends on the excitation laser power as w =w,+ ®P,
where w, is the Raman frequency at room temperature, and @,
named as the Raman frequency-power differential, is the
linear slope which represents the change in Raman frequency
due to the irradiation of unit laser power. ® of A}, By, and A’
peaks are —0.0207 +0.0023, —0.0376+0.0019 and —0.0413+
0.0010 cm™'mW™" in the armchair polarization, whereas they
are  —0.0113+0.0018, —0.0217+0.0015 and —0.0254+
0.0024 cm'mW" in the zigzag polarization. Obviously, the
@ value in the armchair-polarization is always larger than that
in the zigzag polarization. The distinctively different ® values
in the armchair- and zigzag polarizations allows us to accurate-
ly determine the crystalline orientation. Figure 4b shows the @
of A;, B,y and A; peaks measured at each laser polarization
angle, which share exactly the same polarization dependence.
Apparently, they have the largest ® value in the armchair di-
rection and the smallest one in the zigzag direction. ® has a
periodic pattern of 180°, which can be fitted nicely by a cos?6
function. The slight data dispersion can be attributed to sever-
al factors. They include the out-of-focus effect of the laser
beam, the drift of laser spot along the BP surface and the non-
uniform physical contact between BP and Si substrate. Since
the ® value of these three Raman peaks exhibit identical polar-
ization dependence, any one of them can be used to identify
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Figure 4. a) The dependence of A, B,, and A; Raman frequency on the exci-
tation laser power when the laser polarization is along the armchair direc-
tion (red) and zigzag direction (blue). The experimental data are fitted by a
linear function. b) Polar plot of ® for A} (blue), B,, (green) and A? (red)
modes. The dots are experimental data, and the lines are theoretical fitting
curves. c) Polar plot of @ for BP areas with thicknesses of 26.4 (blue), 32.7
(pink), 90.1 (red) and 97.7 nm (green). The dots are experimental data, and
the lines are theoretical fitting curves. d) The variation of |®, | and |®,,| as
a function of BP thickness. Both |®, | and | D,,| show a clearly increasing
tendency. The error bars represent the standard error when experimental
data are fitted by a cos’d function. e) The variation of ¢ values (| @, .|/|®,,|)
as a function of BP thickness. The error bars represent the standard error.
The blue line is used as a guide to the eye for the pattern of the d-thickness
variation.

the crystalline orientation. Here, we choose the A; peak since
it has the largest ® among all these three Raman peaks, as
shown in Figure 4b. The large ® of A; peak will reduce the
data dispersion and improve the accuracy of crystalline orien-
tation determination. In the following discussions, we will
demonstrate that the polarization dependence of @ results
from the anisotropic optical absorption, and ® is proportional
to the optical absorbance.

To explore the BP-thickness influence on the polarization de-
pendence of ®, BP areas with thicknesses of 32.7, 90.1 and
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97.7 nm (b, ¢, d, e) are also studied and their results are shown
in Figure 4c. As we have expected, they have an exactly the
same polarization dependence of ® with the largest (smallest)
value in the armchair (zigzag) polarization. Generally, thick BP
samples tend to have a larger |®|. In total, 19 BP samples
with different thicknesses are mechanically exfoliated from
three BP crystallites and tested. This thorough study proves
the robustness of OT-Raman technique. The thinnest sample
we have tested is 16.6 nm thick, and the thickest one is
282.7 nm thick. As presented in Figure 4d, |®| of both arm-
chair and zigzag polarization (| ®,.| and |®,,|) increases with
increased sample thickness, and |®, | is always larger than
| D,,|. Defined as the ratio of | D, | to |®,,|, O is used to quan-
titatively characterize the polarization dependence of ® (0=
| D,.|/| P, |). The variation of ¢ against the sample thickness is
plotted in Figure 4e. As shown by the blue guide line, the
ratio 0 oscillates with a damped amplitude with increased
sample thickness. Note this oscillation is because of the inter-
ference of the excitation laser in the BP film. A detailed exami-
nation and discussions are given in theoretical studies (see
below). Since all the measured samples have o values much
larger than 1, we can ascertain that ® can be utilized for crys-
talline orientation identification at least for BP samples with a
thickness up to 300 nm, and it has great potential to be ap-
plied to much thicker samples. Details will be discussed in the
theoretical interpretation section.

The OT-Raman technique involves a complicated mechanism
of optical absorption, heating, and thermal dissipation. When
an incident laser beam irradiates the BP surface perpendicular-
ly, both reflection and transmission happen at the air/BP inter-
face. The transmitted part of laser beam will experience further
alternate reflections at the BP/Si and BP/air interfaces. These
multiple reflections in the BP layer can interfere destructively
or constructively depending on the exact path length. The
overall reflection from each interface is a sum of infinite
number of reflections, and it can be described and calculated
by the transfer matrix method (TMM). Figure 5a demonstrates
the optical reflection and transmission in the BP-Si structure. /,
is the optical intensity of incident laser beam, /, is the overall
reflection intensity at the air/BP interface, I, is the overall re-
flection intensity at the BP/Si interface, and /5 is the overall
transmission intensity into Si substrate. Two key parameters in
the TMM for calculating /; and I, are reflection index n and ex-
tinction coefficient k. Based on our literature reviews, the re-
fractive indexes n is 3.02 in the armchair direction and 3.17 in
the zigzag direction.”’ Calculated from the absorption coeffi-
cient a with expression a=4mk/1, the extinction coefficients k
is 0.216 and 0.135 in the armchair and zigzag directions.®>"
Current literatures have reported a large variation in a values.
Even in the same work, the calculated a cannot agree well
with the measured one. However, all the work agrees that the
absorption coefficient a in the armchair direction is larger than
that in the zigzag direction. Our calculation of absorbance A
based on n and k do have large uncertainty, but it nevertheless
provides us basic idea of the evolution of A with the laser po-
larization and BP thickness, which is essential and sufficient to
explain the physical mechanism of the OT-Raman technique.
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Figure 5. a) Optical transmission and reflection model of the incident laser
beam in thin BP sample. To demonstrate the light transmission and reflec-
tion clearly, the incident light is deliberately plotted non-normal to the BP
surface. b) Model of thermal transport for absorbed optical energy. Q; and
Q, represent two approaches for dissipating thermal energy, in-plane ther-
mal dissipation and across-interface thermal dissipation. c) Polar plot of the
theoretical absorbance A for BP samples with different thicknesses. A has a
maximum value in the armchair direction, and the minimum one in the
zigzag direction. d) The variation of 0, and J, values as a function of BP
thickness. Experimental data o, are presented by black dots with error bars
representing the standard deviation. The theoretical data o, are presented
by a red line. The blue line is plotted to show the changing trend of ..
Both 6, and d, exhibit an oscillating behavior with a decreased amplitude
against increased thickness. e) The variation of d, in a thickness range up to
2000 nm.

First, we will demonstrate that ® is proportional to A. Due
to the anisotropic optical properties of BP, its volumetric opti-
cal absorption is expressed as Q = Q,. + Q,,, where Q,. and
Q,, are the volumetric optical absorption in the armchair direc-
tion and zigzag direction. Q,. and Q,, can be evaluated from
the following equation [Egs. (1) and (2)]:

Qe = sin*0[lye /™ 4 e "2/ J7, (1)
Q,, = cos?0[l,e /™= + Le "= /7, (2)

where 6 is the angle of laser polarization to the zigzag direc-
tion, h is the thickness of BP sample, 7,. and 7,, are the pene-
tration depth in the armchair and zigzag directions (r=1/a=
Al4mk). Then, the total absorbance A in the BP sample can be
written as [Eq. (3)]:
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a- | " (O + 0)d2/l 3)

which leads to the expression [Eq. (4)]:

A= (I +1)-[1—sin*0 - exp(—h/t,) — cos*0 - exp(—h/z,,)] /Iy
(4)

Optical absorbance A is essential for unveiling the physical
mechanism of the OT-Raman technique. Its relationship to | D |
can be established from thermal transport model. In this
model, the temperature distribution in the BP is obtained from
the heat diffusion equation in the following form [Eq. (5)]:

T T T

kacw+kzza_)/z+kLﬁ

Qu +Q, =0 (5)
where k, is the armchair thermal conductivity, k,, is the zigzag
thermal conductivity, and k, is the cross-plane thermal con-
ductivity. The heat generated in BP sample due to the laser ex-
citation is dissipated along the BP plane and across the BP/Si
interface, as shown in Figure 5b. The steady temperature dis-
tribution is a result of competition between heat generation
and thermal dissipation. Since mathematical solving of Equa-
tion (5) is impractical, the exact temperature distribution in the
BP sample remains unknown. However, we can still conclude
that T is proportional to (Q, + Q,,) as Equation (5) is a linear
differential equation. As a result, we have T « Q,. + Q,,, where
T is the average temperature rise of laser irradiating area de-
tected by the Raman signal, and Q,. + Q,, is the total laser ab-
sorption. Strictly speaking, such proportional relation works
precisely for very thin BP sample (e.g. nm or tens of nm thick-
ness), and deviates gradually as the thickness of BP sample in-
creases. However, for our analysis of crystalline orientation,
such proportional relationship is sufficient to identify the crys-
talline orientation. The normalization of T o Q, + Q,, by the
total incident laser power P leads to the expression
OT/OP < A, where A is the absorbance we have mentioned
before. Combined with the well-known equation OT/0P = ®-y "
in the Raman thermometry, we obtain the expression @ o Ay,
where y is the temperature coefficient. y defines the slope of
the dependence of Raman frequency on the temperature, and
it is a manifestation of the anharmonic terms in the lattice po-
tential energy.®? Considering the asymmetrical structure of BP,
each P atom should also own an anisotropic potential which
will further lead to a polarization-dependent y. Previous work
has reported the polarization-dependence of y, which is
—0.02316cm "K' in the armchair direction and
—0.02700 cm™' K" in the zigzag direction for a 9.5-nm thick
BP sample."” Note that the polarization dependence of y is
contradictory to that of A, and y will weaken the final anisotro-
py of ® contributed from A. Here, we simply regard y as a con-
stant due to their small difference in the armchair and zigzag
directions. Then, the final expression relating ® and A is
@  A. Figure 5¢ presents the dependence of calculated A on
the laser polarization for BP samples with different thicknesses.
Evidently, A has the maximum (minimum) value in the arm-
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chair (zigzag) direction, and it increases with increased thick-
ness. The polarization dependence presented by our calculated
A is same with the one obtained by microabsorption measure-
ment.”® Therefore, the validity of ® as the indicator for identi-
fying crystalline orientation can be explained very well by the
consistency of A dependence on the laser polarization.

Let us now discuss in detail about the parameter  which
characterizes the polarization dependence of ®. As we men-
tioned above, the experimental ¢ (J,) value is defined as the
ratio of |®,.| to |®,|. From the optical absorbance A and its
proportional relationship to ®, the theoretical 6 (d,) can be de-
fined as A,/A,. Compared with J,, d, provides us more infor-
mation about the change of J against thickness. As depicted
in Figure 5d, J, decreases gradually and oscillates with a
damped amplitude with increased sample thickness. In addi-
tion, when the BP thickness is thicker than 1200 nm, the oscil-
lation of o, disappears and o, eventually is saturated at 1, as
shown in Figure 5e. It indicates that the polarization depend-
ence of A becomes weaker when the sample thickness be-
comes thicker, and there is a critical thickness from which the
polarization dependence of A becomes negligible. The oscilla-
tion is due to the destructive or constructive effect during the
multiple laser reflection within the BP sample. Although the
amount of data d, is not relatively high enough, we can still
generally recognize its decreasing trend with a damped oscilla-
tion when the sample thickness increases, which is similar to
the change of . The period of oscillation is 74 nm uncov-
ered by the experiment, which is close to that predicted by
the theoretical calculation ~85 nm. The smallest ¢, is ~1.45
for a 282.7-nm BP sample, and the largest one is ~2.14 for a
48.4-nm BP sample. Since ¢, is much larger than 1, we can
guarantee that the OT-Raman technique is capable of identify-
ing the crystalline orientation of BP samples with thickness up
to 300 nm at least. Also, we notice that d, and J, cannot agree
well with each other and 6, is larger than ¢, in most cases. The
discrepancy between 9, and d, can be caused by inaccurate
measurement of n and k reported in literatures, the neglected
anisotropic effect of y, as well as the approximations used for
the proportional relationship between ® and A. Because it is
out of the scope of this work, the influence of these factors on
such discrepancy is not discussed. Nevertheless, we conclude
that the OT-Raman technique has a very strong capability for
identifying the crystalline orientation of BP samples as thick as
300 nm. The theoretical calculation further suggests that the
thickness limitation for using OT-Raman can be as large as
1200 nm. No matter what the real thickness limitation is, the
capability of OT-Raman technique is remarkable enough in typ-
ical research which the studied BP samples are normally thin-
ner than 100 nm.

We have developed the OT-Raman technique for identifying
the crystalline orientation of BP. In this technique, the Raman
frequency-power differential ® (reflecting the temperature rise
of the sample) is utilized as an indicator, which has the largest
value in the armchair direction and the smallest one in the
zigzag direction, regardless of excitation wavelength and
sample thickness. The OT-Raman technique is robust: It is inde-
pendent of the excitation laser wavelength, the scattering
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Raman wavelength, and the sample thickness. The OT-Raman
technique is able to identify the crystalline orientation of BP
samples with thickness of up to 300 nm at least. The thickness
limit for applying the OT-Raman technique is still unclear, but
the theoretical calculation has suggested that it can be as
large as 1200 nm. Considering the thin thickness of BP samples
normally studied, the capacity of the OT-Raman technique is
strong enough to characterize their crystalline orientation ex-
plicitly. This technique has great potential to be applied to
other anisotropic materials, which will pave a route for signifi-
cantly advancing the study of anisotropic properties of materi-
als.
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