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Angle-resolved polarized Raman spectroscopy (ARPRS) is widely
used to determine the crystal orientations of anisotropic layered
materials (ALMs), which is an essential step to study all of their
anisotropic properties. However, the understanding of the ARPRS
response of black phosphorous (BP) as a most widely studied ALM is
still unsatisfactory. Here, we clarify two key controversies about the
physical origin of the intricate ARPRS response and the determina-
tion of crystal orientations in BP. Through systematic ARPRS mea-
surements, we show that the degree of anisotropy of the response
evolves gradually and periodically with the BP thickness, eventually
leading to the intricate response. Meanwhile, we find that using the
Raman peak intensity ratio of the two A; phonon modes, the crystal
orientations of BP can be unambiguously distinguished via a con-

cise inequality IQZC/I:F > Iizz/lilz. Comprehensive analysis and
g g g g

first-principles calculations reveal that the external anisotropic
interference effect and the intrinsic electron—phonon coupling
are responsible for the observations.

Introduction

Anisotropic layered materials (ALMs), such as orthorhombic black
phosphorus (BP),"® monoclinic gallium telluride (GaTe),* and
triclinic rhenium disulfide (ReS,), can provide additional degrees
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New concepts

The determination of crystal orientation is crucial for anisotropic layered
materials as all chirality-relevant studies and device applications require
correlating the crystal orientation with the corresponding anisotropic
properties. Angle-resolved polarized Raman spectroscopy is widely used
to determine the crystal orientation of anisotropic layered materials;
however, there were still two key controversies that urgently needed to
be resolved in related research on black phosphorus (BP). In this work,
these disputes have been solved. We directly reveal the role of external
interference effect and internal electron-phonon coupling in modulating
the intricate polarized Raman response of BP by extensive experiments.
Also, we show that by constructing the Raman peak intensity ratio, the
external optical effect can be eliminated and the AC and ZZ directions of
BP can be unambiguously determined by the phonon-mode dependent
electron-phonon coupling, which is also supported by density functional
theory calculations. The integrated generic method we have proposed,
including experimental measurements and theoretical calculations,
paves the way for fully understanding and even predicting the polarized
Raman response of other anisotropic layered materials, and can also
further facilitate fundamental studies and device applications based on
these materials.

of freedom in tuning physical properties due to the in-plane
structural anisotropy.®™® Among these ALMs, BP has aroused
particular interest in recent years owing to its ultra-high room
temperature carrier mobility®® and adjustable direct bandgap of
various thicknesses,™® which bridges the energy gap between
graphene and transition metal dichalcogenides.'” Either for the
fundamental understanding of chirality-relevant studies on BP or
for the practical application of BP-based devices, it is crucial to
develop a reliable experimental method to conveniently and
accurately correlate BP’s crystal orientations (zigzag (Z2Z) and arm-
chair (AC) directions) with corresponding anisotropic properties.
Angle-resolved polarized Raman spectroscopy (ARPRS) is
widely used to determine the crystal orientation of ALMs'®>!
including numerous efforts on BP.>'*° Compared with other
ALMs, the ARPRS response of BP is rather intricate: the main
axis (the direction for the maximum Raman intensity in a polar
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plot) of both A, modes can switch between the AC and ZZ
directions depending on the sample thickness, excitation wave-
length, and substrate type. So far, two key controversies remain
unresolved in the study on BP’s ARPRS response. First, the
physical origin of the intricate response is still
inconclusive.>**> The ARPRS response with the main axis along
the AC direction is usually attributed to the anisotropic absorp-
tion (linear dichroism)”'® in BP: the visible light absorption
along the AC direction is much stronger than that of the 7ZZ
direction. In contrast, the ARPRS response with the main axis
along the ZZ direction is potentially explained by the aniso-
tropic interference effect>* or anisotropic electron-phonon
interaction.>® Comprehensive experiments that can clarify this
contradiction and directly show which one is the dominant
mechanism are still lacking. Secondly, a definitive methodology
which can reliably identify the AC and ZZ directions from the
intricate ARPRS response is absent. Most of the prior works
employed the ARPRS response of a specific phonon mode (Ag or
Aé) only and assigned the main axis to either the AC or ZZ
direction. However, this method of identification has led to
many contradictory results.”’® A few reports''>***' pointed
out that the Raman peak intensity ratio can possibly be used to
distinguish the crystal orientations of BP; however, a systematic
experimental investigation with convincing evidence as well as
an explanation of the underlying physical mechanisms is
lacking. The existing incomplete claims need to be corrected
by more comprehensive experiments and analysis; otherwise,
researchers working on other aspects of BP could be
misguided.*?

Here, we clarify the two key disputes by an ARPRS study
using three commonly used laser lines (532/633/785 nm) on
more than thirty different BP regions with thicknesses ranging
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from 8-170 nm. For the first time, the switching of the main
axis between the AC and ZZ directions is directly observed as a
consequence of significant anisotropic interference effect led
by the strong linear dichroism of BP. More importantly, the
novel Raman peak intensity ratio method is shown to unam-
biguously distinguish the AC and ZZ directions of BP via the
robust inequality Iﬁéc/lﬁéc > Iiéz/]ilz.

g

In-depth analysis

based on the quantum theory of the first-order Raman scatter-
ing shows that the ratio /,> / I,: is only related to the intrinsic
g g

phonon-mode dependent electron-phonon coupling in BP.
Combined with the specific atomic vibration patterns of the
two A, phonons, the physical origin of the inequality is revealed
and further supported by density functional theory (DFT)
calculations on the Raman tensors of both A, modes.

Results and discussion

The crystal structure of BP from different perspectives is illu-
strated in Fig. 1a. Similar to the conventional definition of the
crystallographic axes of BP, the x- and z-axes are along the AC
and ZZ directions, respectively.*® To obtain comparable refer-
ence directions, the crystal orientations of a BP flake with
different thickness regions (Fig. 1b) were first determined by
high-resolution transmission electron microscopy (HRTEM).
The diffraction pattern and the HRTEM image allow us to
identify the AC and ZZ directions,” as labeled in Fig. 1b and c.

To further explore how to determine the crystal orientations
through ARPRS, polarized Raman measurements were then
performed on two regions with different colors of the same
BP flake, labeled by red dots in Fig. 1b. ARPRS under different

500 0

Fig. 1 (a) Schematic illustration of BP crystal structure from different perspectives. The upper and lower rows of phosphor atoms are differentiated using

red and violet colors, respectively. (b) Optical image of a BP flake with different thicknesses for combined HRTEM/Raman measurements. The red dots
mark the positions where the ARPRS data of (g) and (h) were collected. (c) TEM image of the BP flake with the inset showing its corresponding diffraction
patterns. (d) HRTEM image of the same flake. (e) Atomic displacements of the Aé, Bog and AS phonon modes. (f) False-color plot of polarized Raman
intensities collected from the purple region labeled in (b) by a 532 nm laser. (g and h) Corresponding polar plots of the three modes taken from the two
red dots in the (g) light yellow region and (h) purple region shown in (b).
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rotation angles 0 (the angle between the laser polarization
direction and the ZZ direction) was collected under the parallel
polarization configuration. Fig. 1f shows a false-color plot of
polarized Raman intensities collected from the purple region
by a 532 nm laser. Under the backscattering geometry, three
peaks at 361, 438 and 466 cm ™' correspond to the Ag, B,, and A3
phonon modes and represent the out-of-plane vibration (Ag),
and in-plane vibrations along the ZZ (B,,) and AC (A3) direc-
tions, respectively (Fig. le). Fig. 1g and h show the ARPRS
responses of all of three modes sampled in the light yellow
(~40 nm thick) and purple (~70 nm thick) regions, respec-
tively (see the ESI, T Fig. S1 for the series of Raman spectra). We
observe that for the two sampled regions, the main axes of the
polar plots are along different directions: for the light-yellow
region, the main axis of Ag2 is along the AC direction while the
ARPRS response of A is almost isotropic (Fig. 1g). As for the
purple region, the main axes of both A, modes are along the ZZ
direction (Fig. 1h). Therefore, the crystal orientations of BP
cannot be solely determined via the ARPRS response of a single
phonon mode as it may give conflicting assignments. However,
we observe that the Raman peak intensity ratios of the two A,
modes are different along the ZZ and AC directions, which

satisfy the inequality 73 / > 1% / 1Z7 for both regions. In
g g g g

the polar plot, the ARPRS intensity as a function of 0 for the A,
modes can be fitted by (see the ESI, Calculations section for
detailed discussion on ARPRS intensity fitting),

View Article Online
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I)(Ag) = a’sin* 0 + ¢®cos® 0 + 2acsin® O cos® O cos pe, (1)

where ¢, = ¢. — ¢, is the phase difference between the Raman
tensor elements ¢ and a (¢ and a each represent the tensor
element at the lower right and upper left corners of the
diagonal of the Raman tensor and ¢, a; for Aé mode, ¢,, a,
for A7 mode; see the ESIi eqn (S1) for details). When the
incident laser polarization is along the ZZ (6 = 0°) and AC
(6 = 90°) directions, Ij(A,) = ¢* and a”, respectively.

This expression relates the Raman intensities at the two
crystal axis directions to the Raman tensor elements. We
noticed that recently, Lin et al>® proposed a model to fit
the ARPRS intensity of ALMs via only the real Raman
tensor by considering birefringence and linear dichroism
effects; this provides a new perspective for the controversial
issue®*?*?° of ARPRS intensity fitting of ALMs. However, the
complete settlement of this dispute may still require follow-up
work, given that complex Raman tensor elements might actu-
ally occur for materials excited in the absorption regime. And,
the birefringence effect can be neglected for opaque absorbent
materials®® including BP. The linear dichroism effect is usually
considered by including a phase factor in the Raman tensor
elements, as the imaginary parts are a direct consequence of
the optical absorption in BP.>* Therefore, in our work, we adopt
the widely used method of Raman tensor with a phase factor
(i.e., complex Raman tensor elements)®® to understand the
ARPRS intensity.

Table 1 ARPRS responses of five representative BP thicknesses ranging from 8—-89 nm under different incident laser wavelengths

8 nm 57 nm

65 nm 73 nm 89 nm

785 nm

excitation

This journal is © The Royal Society of Chemistry 2021
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To further study the intricate ARPRS response and clarify its
physical origin, as well as to test whether the inequality

IQZC / I/’:IC > 1% / IZ{ is universally applicable, we performed
g g g g

thickness and excitation wavelength dependent ARPRS mea-
surements on a series of BP flakes (see the ESI,{ Fig. S2 for the
optical images). Table 1 shows the ARPRS responses of both A,
modes for five representative regions with thicknesses ranging
from 8-89 nm; the complete series of experimental results (8-
170 nm) are available in the ESIL,t Table S1.

It is evident in Table 1 and Table S1 (ESI{) that the main axes
of the ARPRS responses of both A, modes alternate between the
AC and ZZ directions by changing the sample thickness and
excitation wavelength. Moreover, this switching occurs in a
gradual and periodic manner as the sample thickness
increases. Taking the 532 nm excitation results as an example,
for the ultrathin 8 nm flake, the main axes of the ARPRS
responses for both A; and A; are along the AC direction (90°
and 270°). When the flake thickness is between 12 and 43 nm,
the main axes of responses of A; are still along 90° and the
degree of anisotropy of the responses is almost unchanged but
the response of A, is almost isotropic at 43 nm. When the flake
thickness increases to 52 nm, the main axis of A, is flipped to
the ZZ direction (0° and 180°); secondary maxima at 0° and 180°
begin to appear in the response of A; and their intensities
increase with the flake thickness. For the 57 nm flake, the
Raman intensities of A} along the ZZ direction increase to
almost equal to those along the AC direction, implying an
isotropic-like ARPRS response of the A mode. For the 60 nm
flake, the main axis of the polar plot of A3 is changed to along
the ZZ direction, which is perpendicular to the initial AC
direction for the 8 nm flake. Thus far the main axis switching
process of Aj is also completed. This process occurs periodi-
cally as the flake thickness continues to increase and the results
under 633 and 785 nm excitation wavelengths follow a similar
evolution. It is worth mentioning that the phenomenon is more
obvious in the response under the 532 and 633 nm excitations,
but not in the 785 nm excitation result. This will be discussed
in detail later.

Although similar main axis switching phenomena were
observed in previous reports,**>**® its detailed evolutionary
manner remained undiscovered. Our findings reveal for the
first time that this switching occurs in a gradual and periodic
way and therefore it must experience a critical thickness (before
switching) at which the ARPRS response is isotropic-like, such
as the response of Aé of the 57 nm flake under the 532 nm
excitation and the response of A; of the same flake under the
633 nm excitation. Such responses make powerless the tradi-
tional single phonon mode method for identifying crystal
orientations. However, the universal applicability of the

inequality I/’:ZC / I/‘i‘,c > Iizz / Iilz has been preserved irrespec-
2 g g g

tive of the sample thickness and laser wavelength, which
indicates that it can be used to unambiguously distinguish
the AC and ZZ directions of BP. All these crucial observations,
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Fig. 2 Thickness-dependent anisotropy ratio (dots) c/a of the two Aq
modes measured under (a) 532 nm, (b) 633 nm and (c) 785 nm excitations.
The dotted lines serve as a guide to the eye. The solid line represents the
thickness-dependent interference enhancement factors ratio Fzz/Fac. The
horizontal dashed lines at c/a = 1 in (a)—(c) represent the isotropic-like
case for the ARPRS response. The color charts in the backgrounds of (a)—
(d) correspond to the true colors of BP flakes with different thicknesses
measured by AFM. (d) Calculated Fzz/Fac as a function of the BP thickness
on a SiO,(300 nm)/Si substrate for different excitation wavelengths.

including the gradual and periodic evolution of the response,
the isotropic-like responses at the critical thicknesses, and the
universality of the Raman peak intensity ratio method, benefit
from our systematic ARPRS study, especially its thickness
dependence based on a large number of BP samples with
thickness intervals of a few nanometers.

To analyze the physical origin of the intricate ARPRS
response, the Raman tensor anisotropy ratio c¢/a, which can
quantify the degree of anisotropy of the response, was extracted
from each polar plot of the angle-resolved Raman intensity. The
thickness-dependent profiles of c/a (c/a-profiles) of both A,
modes (c;/a, for A; mode and c,/a, for Az mode) are shown in
Fig. 2 for the (a) 532 nm, (b) 633 nm, and (c) 785 nm excitations.
The measured c/a values of both A, modes change periodically
with the flake thickness for all three laser wavelengths as
mentioned earlier, exhibiting obvious interference peak-like
features that redshift as the laser wavelength increases. Excit-
ingly, the c/a-profiles are in good alignment with the calculated
thickness-dependent profiles of the interference enhancement
factors ratio (Fzz/Fac) using wavelength-dependent refractive
index data of BP by electron energy-loss spectroscopy,®® espe-
cially the peak position, as shown in Fig. 2a-c (see the ESL¥
Fig. S4 for the comparison of fittings using refractive index
values from different literature reports). This reveals directly
and convincingly that the anisotropic interference effect is the
dominant mechanism for the thickness-dependent ARPRS
response and is responsible for the main axis switching phe-
nomenon in the ARPRS response of BP. The fluctuation of c/a
values on both sides of unity correlates to the main axis
switching of BP’s ARPRS response, as illustrated in the ESI,}

This journal is © The Royal Society of Chemistry 2021
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Table S1. This is clearly observed especially for the 532 and
633 nm excitations, which is attributed to a sufficiently large
Fz;/Fac value as a result of the wavelength-dependent, strong
linear dichroism (see the ESI,{ Table S2). For the 785 nm laser,
however, the linear dichroism or thereby F,,/F,¢ is small, so the
c,/a, values are always below 1 within the thickness range of
our experiment and thus the main axes remain along the AC
direction (Fig. 2c). The anisotropic interference effect governed
by the wavelength-dependent linear dichroism provides an
important perspective to predict the thickness-dependent
ARPRS response of ALMs. Once the wavelength dependent
anisotropic complex refractive index of ALMs is known, we
can infer in which material and at which excitation wavelength
the main axis switching phenomenon is more prone to appear.
Therefore, caution must be taken when the ARPRS response is
used for crystal orientation identification like the case of BP.
Following previous reports,>**° the calculation details of
F;;/Fac are available in the Experimental section. As shown in
eqn (6) in the Experimental section, the interference enhance-
ment factor (F) consists of two parts, the normalization factor N
(reciprocal number of the enhancement factor for a free-
standing BP, obtained by replacing the SiO, and Si layers with
air) and the integral term. However, a disagreement lies in
whether to include the influence of N in the calculation of F. It
was included in some studies®**>***” but absent in other
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reports.”®*®* We point out that when the measured Raman
intensity is corrected with the integral term, the obtained
Raman intensity is intrinsic and only relates to electron-
photon and electron-phonon interactions. In contrast, the
one corrected by eqn (6) is not intrinsic, but still contains the
influence of interference enhancement effect brought by the
upper and lower surfaces of the sample itself.

In order to clarify whether the sample itself or the substrate
contributes more to the interference enhancement on the
Raman spectrum of BP, we calculated the total enhancement
factor (the integral term), the enhancement factor brought by
the sample (1/N), and the enhancement factor brought by the
substrate (eqn (6)), as shown in the ESL,} Fig. S5. We clearly see
that the interference enhancement brought by the BP flake
itself is far greater than that brought by the substrate and is the
main source of the interference enhancement. Therefore, the
normalization factor N cannot be included in the enhancement
factor calculations. These results also indicate that the inter-
ference effect cannot be effectively eliminated by replacing the
Si0,/Si substrate with a transparent substrate (such as quartz
and sapphire)*®*° or suspending the BP flake.

To further verify this, we transferred a BP flake with different
thickness regions to a SiO,/Si substrate with prefabricated
microwells as shown in Fig. 3a. The collected ARPRS responses
from both the suspended and supported BP regions with

150

180

210

270 270
—a— supported A; —&—supported A, —O— suspended A, —O—suspended A

Fig. 3 (a) Optical image of a BP flake with regions of different thicknesses suspended on a SiO,/Si substrate with hole arrays of different diameters
(3-6 pum). ARPRS responses collected from both the suspended and supported BP regions of (b) 23 nm, (c) 50 nm, (d) 65 nm, (e) 95 nm and (f) 130 nm

thick by a 532 nm laser.
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different thicknesses are shown in Fig. 3b-f. These results show c¢,/a, ~0.5 in thin regions (< 40 nm) represent the intrinsic
that the suspended and supported BP regions have similar anisotropy ratios of the two modes, respectively, as the inter-
ARPRS responses, i.e., the main axes of the polar plots are along ference enhancement factor ratio F,;/Fac is near unity. Our
the same direction and the degrees of anisotropy are almost ARPRS measurement of bulk BP also proved this (see the ESL T
equal as also evidenced by the c/a profiles in the ESI,T Fig. S6. Fig. S7 for experimental results and detailed discussion).
The only difference is that the Raman intensity of the sup- Furthermore, an important conclusion that can be drawn from
ported BP is slightly larger than that of the suspended one due
to the slight interference enhancement brought by the sub-
strate (see the ESI,T Fig. S5). In the c¢/a profile of the suspended concise inequality can be readily used to determine crystal
BP in Fig. S6 (ESIf), the interference peak-like features still orientations of both BP nanoflakes and bulk BP (see the ESI,}
exist, which well proved the aforementioned conclusion that Fig. S7), and the physical origin lies in the phonon-mode
the interference enhancement effect cannot be eliminated dependence of the ARPRS response as discussed next The
experimentally for BP. Nevertheless, the thickness independent  extracted a,/a; and c,/c; are shown in Fig. 4a. In comparison
intrinsic ¢;/a; and c,/a, values can be obtained once the with c;/a; and c,/a, in Fig. 2a-c, the most significant difference
anisotropic interference enhancement is accurately eliminated is that a,/a; and c,/c; no longer have a thickness dependence.
via dividing the measured c/a values by \/Fzz/Fac (see eqn (8) Moreover, the a,/a; and ¢,/c, values both have laser wavelength
in Experimental section for details). In principle, the intrinsic ~dependence, that is, both decrease with a decreasing incident
Raman intensities at all angles can be obtained using the angle- ~Pphoton energy. As shown in the statistical images of Fig. 4b and
dependent complex refractive index of BP. However, this ¢, Gaussian fittings show that the values of a,/a, are around
method is cumbersome and time-consuming. 1.66, 1.33 and 1.14 and c,/c; around 1.08, 1.01 and 0.91,
Despite the variation of c/a with the thickness for both A, respectively, for the 532, 633, and 785 nm lasers. To understand
modes as shown in Fig. 2a—c and Fig. S5 (ESIt), the c/a value of ~ the physics behind these measured values, we conducted an in-
the Az mode is always greater than that of A regardless of the depth analysis based on the quantum theory of the first-order
flake thickness and excitation wavelength, ie., ¢;/a; > c,/a,. Raman scattering and first-principles calculations of the laser
This implies that the inequality may reflect a certain intrinsic wavelength-dependent Raman tensors.
property of BP. For the same excitation wavelength, the differ- The laser energy (Er) dependent intrinsic first-order Raman
ent intrinsic values of ¢;/a; and c,/a, represent the phonon- scattering intensity I(E;) can be calculated using the perturba-
mode dependence of BP’s ARPRS response. Taking the 532 nm  tion theory.*"*> Given that the extrinsic optical interference
excitation result (Fig. 2a) as an example, the c¢;/a; ~ 0.9 and effect will also significantly affect the Raman intensity of 2D

ci/a; > cyla, is that ay/a; > c,/cy, or I/‘:ZC/I:F > I‘izZ/]ZZ. This
g
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Fig. 4 (a) Measured thickness- and laser wavelength-dependent ratios a,/a; and c,/c;. Statistical images and corresponding Gaussian fittings of (b) a,/a;
and (c) cp/cy under 532, 633, and 785 nm laser excitations. (d) DFT calculated values and Gaussian statistical values of a,/a; and c,/cy. The electron charge
density difference of the conduction band states before and after the atomic vibration of the (e) A§ and (f) A3 phonon modes. Yellow and blue isosurfaces
correspond to positive and negative values of 2.37 x 10~* e A=3, respectively.
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24,36,37

materials as proven above and elsewhere, the actual

I(E;) measured for a phonon mode v should be:

1B o (J:\Fex<x>Fsc<x>\2dx>

|/ ) Hop|m") (m | Hg, lm) (m| Hop i)
(EL - AEmi - iym)(EL - hwu - AEm’i - i’ym’)

2)

where the integral term represents the total interference
enhancement factor brought by both the material and the
substrate, as mentioned earlier; (m|Hyp|i), (f|[Hop|m’) and
(m'|H¢p|m) are the matrix elements associated with the elec-
tron-photon, electron-photon, and electron-phonon, interac-
tions, respectively; 7w, is the energy of phonon mode v; AE ) =
Epmy — Ej; E; and Epypyy are the energy of the initial electronic
state i and the two intermediate states m and m’, respectively.
The damping constants y,, and 7y, are related to the finite
lifetimes of the intermediate states.

Eqn (2) reveals that the influencing factors of the Raman
intensity include two optical processes: internal optical absorp-
tion and external interference. For BP, the wavelengths of
Raman scattered light for the two A, phonon modes are very
close (see the ESI,1 Table S2). The optical absorption at these
two scattering wavelengths is approximately identical since
there is no singularity in the absorption spectrum.'® Moreover,
the interference enhancement factors calculated using the
complex refractive index at these two wavelengths are nearly
equal (see the ESI,} Fig. S8). Therefore, the above two optical
effects will be eliminated without knowing their quantitative
information once the Raman peak intensity ratio IAgZ/IAgl is
constructed. Then this ratio is mainly related to the intrinsic
electron-phonon coupling, given by the (m'|Hep|m) term. For
thicker BP flakes, the electron-phonon coupling is similar to
bulk BP owing to the similar electronic structures, so the ratios
a,/a; and c,/c; no longer have a thickness dependence (Fig. 4a).
We note that the Raman peak intensity ratios or Raman tensor
element ratios between different phonon modes not only can
be potentially used to determine the crystal orientations, but
also can provide a perspective for quantifying the relative
strength of the phonon-mode dependent electron-phonon
coupling. The study of electron-phonon coupling is crucial in
fully revealing the physical origin of the ARPRS response of
ALMs (especially for those having multiple Raman modes) and
in understanding the electrical and thermal transport proper-
ties of ALMs.

To gain further insights into the measured values of a,/a,
and c,/c; and their laser wavelength dependence, the intrinsic
Raman tensors of both A, modes were calculated by DFT
calculations according to eqn (3) (see the Experimental section
for details).**** The calculation results, shown in Table S3
(ESIt), are quantitatively or semi-quantitatively consistent with
the experimental results (Fig. 4d). According to eqn (3), the
Raman tensor is determined by the variation of the corres-
ponding dielectric tensor component, i.e., the difference of the
dielectric tensor components before and after the atomic

mm'’
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vibration. The electron charge density differences of the con-
duction band states of both A, modes are shown in Fig. 4e and
f, respectively. Although both A, modes involve coupled in-
plane and out-of-plane atomic vibrations, the A; phonon has a
larger vibrational component along the in-plane AC direction
while the A; phonon mainly vibrates along the out-of-plane
direction (Fig. le). Therefore, the electron clouds are mainly
modulated vertically (along the out-of-plane direction) or later-
ally (along the AC direction) by the movements of the phos-
phorus atoms for the A; or A7 phonon, respectively (Fig. 4e and
f). In this way, the phonon induced charge density difference,
and thus the change in the dipole moment or in the dielectric
tensor component along the AC direction (As.) of the AZ
phonon is greater than that of the Ay phonon (a, > ay).
However, the changes in the dielectric tensor component along
the ZZ direction (A¢,,) of the two phonon modes are compar-
able (¢, &~ ¢;) (see the ESL,t Fig. S9 for schematic diagram to aid
understanding). This leads to the inequality a,/a; > ¢,/cy. In
addition, the frequency-dependent Raman tensor element
ratios are ascribed to the frequency-dependent dielectric tensor
when the incident photon energy is far from resonance, which
is at about 2.72 eV for the incident resonance (Ey, — AEy,; — iy.m)
corresponding to the beginning of dipole transitions from the
valence 3p states to the conduction ones.*®

Experimental
Sample fabrication and characterization

BP flakes with thicknesses from 8 nm to ~170 nm were
prepared by standard mechanical exfoliation from a bulk BP
single crystal (purchased from Shanghai ONWAY technology
Co., Ltd) and then dry transferred to a 300 nm SiO,/Si substrate.
Exfoliated BP flakes were also transferred onto a SiO,/Si sub-
strate with hole arrays to obtain suspended BP samples.
The morphology, color and the thickness of each BP film
were characterized by optical microscopy and atomic force
microscopy.

Raman and TEM characterization

Raman spectra were collected on a Renishaw InVia Raman
Microscope system equipped with three laser lines (532, 633,
and 785 nm). A 100x objective and 1800 lines per mm (for
532 nm, 633 nm lasers) and 1200 lines per mm (for 785 nm
laser) gratings were used to collect Raman signals. For the
polarization-dependence Raman measurements, a polarizer
was placed between the edge filter and the detector to obtain
the parallel polarization configuration. The sample was
mounted on a custom-built rotation stage, and polarized
Raman spectra with different angles were obtained by rotating
the sample with a step of 15°. To prevent degradation of BP
samples, the humidity of the laboratory environment was
controlled to be lower than 40% and all measurements were
taken immediately after sample preparation. For TEM charac-
terization, a BP flake was directly transferred onto an amor-
phous holey silicon nitride (SiN,) TEM grid. HRTEM images
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and selected-area diffraction images were taken in a JEM-
3200FS TEM operated at 300 kV.

DFT calculations

Density functional theory (DFT) calculations were performed
with the Vienna Ab initio Simulation Package (VASP). The
exchange-correlation interactions were treated using the
Perdew-Burke-Ernzerhof (PBE) approximation.”” Projected
Augmented Waves (PAW) pseudopotentials were used for elec-
tron-ion interactions.’®*° van der Waals (vdW) interactions
between layers were considered with density functional method
optB86b-vdW.*® Vacuum slabs of 10.37 A thick were inserted
between neighboring 2D atom layers. The cutoff energy was
taken as 500 eV. The convergence value for electronic relaxation
was 1 x 107> eV per atom. During the optimization process, the
total force on each atom was less than 1 x 10 *eVA . A12 x 4 x 9
Monkhorst k-point mesh was used for the optimization and electron
relaxation process. Raman tensor calculations were performed using
an optimized bulk BP structure. The dynamic matrix was first
calculated using the finite difference scheme implemented in the
Phonopy software.>® Hellmann-Feynman forces (the second-order
force constants) of a 3 x 1 x 3 supercell were computed by VASP for
both positive and negative atomic displacements (5 = 0.005 A) and
then used in Phonopy to construct the dynamic matrix. The
diagonalization of the dynamic matrix provides phonon frequency
(its square is the eigenvalue of the dynamic matrix), and phonon
eigenvector (ie., vibration). The matrix elements of the (3 x 3)
Raman tensor for the jth phonon mode at incident laser energy E;, is

43-45,52

given by

>

N 3 o, J
Ry(j) = i Z Z 7&;5((5;) \;(Al;_)ﬂ (3)

u=1 I=1

where V, is the BP unit cell volume, u belongs to the index of a
phosphorus atom in the lattice, [ is the direction of Cartesian
coordinates including x, y and z, M, is the mass of atom y, r{y) is
the position of the uth atom along the direction I, e/ (u) is the eigen
displacement of the uth atom along the direction / in the jth phonon
mode (the eigenvector of the dynamic matrix), ¢,4 is the frequency-
(r)ﬁaﬁ
ori(n)
tive of the dielectric tensor with respect to the atomic displacement.
For both positive and negative atomic displacements (J = 0.005 A) in
the unit cell, the dielectric tensor of the structure with finite
displacement was calculated by DFT at the chosen laser energy
using a 24 x 4 x 18 grid, and 48 empty bands. Then, the derivatives
were obtained by the finite difference scheme. Based on the phonon
frequencies, phonon eigenvectors, and the derivatives of dielectric
tensors, the Raman tensor of any phonon mode at any laser energy
can be obtained. The calculated wavelength-dependent intrinsic
Raman tensors of both A, phonon modes and the Raman-tensor
ratios between different modes are shown in the ESI,{ Table S3,
which matches the experimental results well.

dependent complex dielectric tensor, and is the first deriva-
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Interference enhancement factor calculations

For thin two-dimensional (2D) materials on SiO,/Si substrates,
when the thickness of the 2D material or the substrate is
comparable with the wavelength of light, the optical interfer-
ence effect can significantly enhance the Raman intensity due
to multiple reflections inside the 2D material layer as well as in
the SiO, layer.>® Taking BP as an example, the net enhancement
of incident light F.(x) caused by multiple reflections at a
position x measured from the BP surface is given by*®

, . ey _i{ogen_gex
(1 + riarase 288 )e 2 4 (11 + rpe 25 )e i(2B3 )
5 pex —yipex —Hipex
1+ rirose 22 + (riy + rase 22 ) rg e

4)

where t; = 2n,/(n; + nj) and r; = (n; — n))/(n; + n)) are the Fresnel
transmission and reflection coefficients at the interface from
medium i to j; the indices are assigned as air (0), BP (1), SiO, (2),
and Si (3). n; is the complex refractive index of the ith layer.

S = 2mxny/lex and Y = 2mdni/le are the phase factors,
representing the phase differences through path x in BP and
the whole medium i respectively, where d; is the thickness of
medium i and Ae is the excitation wavelength.

The net enhancement of scattered light Fg (x) is given by*®

Fex(x) = Io1

. nSC o SC_ (aSC
(1 + l‘121’23e_2'ﬁ2t)€7'ﬂ% + (i‘lz + rzae_z”}?)e 128 -5%)
L+ riora3e ™ 4 (rio 4 raze ™ ) rg e 207

(5)

where f5° = 2nxn,/As. and f3° = 2ndn;/As. are the phase factors
with . being the corresponding Raman scattering wavelength
of the Raman signal. The total enhancement factor is then
given by*®

Fsc(x) = 1o

dy
F= NL | Fox (%) Fic (x) P dix (6)

where N is a normalization factor, which is a reciprocal number
of the enhancement factor for a free-standing BP, obtained by
replacing the SiO, and Si layers with air. The measured Raman
intensity is I = I' x F, where I' is the intrinsic Raman intensity.
Together with relationships Iz = ¢® and I,c = @*> mentioned
above, we have

17z _ IIZ_Z x Fzz 7)
Iyc  Iac  Fac
Thereby,

dfd = (c"/d")/\/(Fzz/Fac) (8)
i.e., the intrinsic ¢/a value ¢'/a’ can be obtained via dividing the
measured c/a value ¢"/a™ by \/Fzz/Fac-

Conclusions

In conclusion, we delved into the intricate ARPRS response of
BP flakes. Based on the extensive experiments, for the first
time, the main axes switching phenomenon in the ARPRS
response is directly observed as a consequence of significant
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anisotropic interference effect led by the strong linear dichro-
ism in BP. Additionally, the interference effect cannot be
effectively eliminated experimentally as the interference
enhancement on the Raman signal mainly comes from the
BP flake itself, but it can be eliminated by the Raman peak
intensity ratio between the Ag and A; modes. We also demon-
strated that the AC and ZZ directions of BP can be unambigu-
ously distinguished by the Raman peak intensity ratios via a

concise inequality I/’:‘ZC/I/’:F > Iizz/lilz. In-depth quantum
g g g g

perturbation theory analysis and first-principles calculations
on the intrinsic Raman tensor reveal that the physical origin
lies in the phonon-mode dependent electron-phonon coupling.
Our findings have resolved the two key disputes in BP’s ARPRS
response. The integrated generic method we proposed paves
the way for fully understanding and even predicting the ARPRS
response of various anisotropic layered materials; and can also
facilitate chirality-relevant studies and future device applica-
tions of them.
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