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The RWL model for the phonon confinement effect in nanocrystals (NCs) had been found to result in devi-
ations and limitations for crystals exhibiting obvious anisotropic phonon dispersions and modified models
have been proposed to overcome these deficiencies. Here, we examine this issue in black phosphorus (BP), a
typical anisotropic two-dimensional crystal exhibiting pronounced anisotropy in phonon dispersions. A
detailed study is performed on the Raman spectra of BP NCs prepared by the ion implantation technique.
With decreasing NC size, the peak positions of the three characteristic Raman modes, Agl, B>y and Ag2
modes, remain almost unchanged, while the Ag1 and Ag2 modes show significant asymmetrical broadening
tails towards higher- and lower-frequency sides, respectively. It is found that the RWL model based on one-
dimensional phonon dispersion along I'-Y and I'-X axes in the Brillouin zone (BZ) cannot interpret the
unusual frequency invariance and inhomogeneous line shape broadening of these three modes. However,
after considering the contribution of two-dimensional anisotropic phonon dispersions from the whole BZ, the
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frequency and asymmetrical broadening of the Ag1 and Ag2 modes can be well reproduced. This study
demonstrates that the RWL model can be applicable for crystals with anisotropic phonon dispersions once
the phonons in the whole two-dimensional or three-dimensional BZ are properly taken into account, and

rsc.li/nanoscale provides a physically sound route into understanding the phonon confinement effect for anisotropic systems.

1. Introduction

Phonons in a crystal have a strong impact on its physical pro-
perties, such as thermal transport, ballistic transport, heat
capacity, and carrier dynamics.” The fundamental momentum
conservation rule of q ~ 0 in the Raman process makes
phonons at the Brillouin zone (BZ) center be detectable in pris-
tine bulk crystals. However, this selection rule would be
relaxed in nanocrystals (NCs) and phonons of the pristine bulk
crystals away from the BZ center could be involved in its
Raman scattering process, which is well-known as the phonon
confinement effect in NCs.>® The confinement effect of
phonons in NCs usually results in peak shift and line shape
broadening of Raman peaks, the magnitude of which depends
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on the size and shape of NCs and also the phonon dispersion
curves of the corresponding pristine bulk crystals.>” This pro-
vides an approach to probe the phonon dispersion of pristine
bulk crystals away from the BZ center, as evidenced in the
Raman spectra of two-dimensional (2D) NCs of MoS,, WS, and
WSe,.5 12

To better understand the Raman spectra of NCs, a widely-
used phonon confinement model with a Gaussian weighting
function to demonstrate how fast the phonon amplitude
decays to the NC boundary was primitively proposed by
Richter, Wang and Ley, which is usually referred to as the RWL
model.>* This model has been extensively used to understand
the Raman spectra of quantum wells, nanowires, nanoribbons,
nanodots and 2D NCs.*>®*'® In order to simplify the calcu-
lations, in the RWL model, the phonon dispersion relations
are approximately considered to be isotropic in the BZ. At the
same time, reliable phonon dispersions are often available
only along the high symmetry axes in the BZ. Some previous
studies even constructed an analytic expression of monotoni-
cally decreased phonon dispersion and/or only considered the
phonon contributions from the primary high symmetry axes in
the case where the phonon dispersion relation is not experi-
mentally available.*>'*'” This simplified approximation
seems to work well in some materials whose optical phonon
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branch monotonically decreases from the zone center to the
edge."*'® However, this simplified approximation may yield
distorted results in some systems whose phonon dispersion
curves are anisotropic along the different high symmetry direc-
tions, such as Si nanowires, nano-diamonds and nano-
thorium oxides.'*'*' Some modified models with different
weighting functions have been tried to access a reasonable
simulation of the experimental Raman spectra but still leave
much to be improved.®”'**" Therefore, it is crucial to find a
material with pronounced anisotropic phonon dispersions to
re-examine whether the RWL model is universally applicable
for these anisotropic systems.

Abundant 2D crystals provide versatile media to study the
phonon physics.>*> Some of the 2D crystals, such as graphene
and transition metal dichalcogenides, exhibit isotropic pro-
perties within the ab plane because of the Dg;, symmetry.®?* In
contrast, BP is a typically anisotropic 2D crystal with the hinge-
like puckered atomic configuration. This structure results in
many novel and anisotropic properties. For example, the elec-
tronic band dispersions of BP are nearly linear in the armchair
direction while quadratic in zigzag directions, giving rise to
strong anisotropy in its electronic properties.”® Furthermore,
its phonon dispersion also exhibits in-plane anisotropy.>*
These in-plane anisotropies actually come from the nature of
D,;, symmetry and its anisotropic Raman response varied with
crystallographic directions has been intensely studied,>>®
which provides a platform to reveal the behavior of anisotropic
phonon dispersion on the Raman spectra of NCs addressed
above.

The ion-implantation technique has been widely used to
gradually introduce defects into 2D crystals to artificially
produce the corresponding NCs with different sizes.>** In
this work, we report the Raman spectra of the optical phonon
modes in BP NCs produced by the ion-implantation technique.
With decreasing NC size, the peak position of the three typical
Raman modes of BP NCs remains almost unchanged while
their bandwidth is asymmetrically broadened. This observed
behavior cannot be explained by the RWL model just by con-
sidering the phonon dispersion of BP along high symmetry
directions. After considering the total contributions from an-
isotropic phonon dispersion in the whole BZ, the RWL model
can well interpret the evolution of the line shape and peak
position of BP NCs with decreasing NC size, including a
unique asymmetric broadening of the A,' mode towards the
higher frequency side and that of the A,> mode towards the
lower frequency side. The contributions from the saddle point
of the vibrational density of states (VDOS) along high sym-
metry axes are also essential to explain the line shape broaden-
ing of the Raman modes in BP NCs.

2. Experiments and methods

Thin flakes of BPs are prepared from their bulk crystals using
the mechanical exfoliation method onto the silicon substrates
capped with a 90 nm thick SiO, layer. To artificially introduce
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small-sized NCs, we performed the P' implantation experi-
ment with an LC-4 type vacuum system in this work. The
kinetic energy of P" ions is 100 keV. The samples are subjected
to six different ion dosages (7ion), 1 X 10'%, 5 x 10'%, 1 x 10",
2 x 10", 5 x 10" and 1 x 10'* em™2, respectively. The corres-
ponding samples are denoted as #n-NC for P* ion-implanted
BP, where n = 1, 2, 3, 4, 5, 6. The line shapes and peak posi-
tions of the Raman spectra of exfoliated thin BP flakes
undergo changes in air, due to the introduction of defects or
degradation.**** However, the bulk BP with hundreds of nano-
meter thickness is employed and our Raman measurements
are performed immediately after the ion implantation. In the
period of Raman measurements, the degradation effect on the
Raman spectra can be ignored for the implanted bulk BP.

The phonon dispersion curves of bulk BP are calculated by
using the Vienna ab initio simulation package (VASP) based on
density functional theory (DFT).>**” The electron-ion inter-
action is described by the Projector Augmented Wave (PAW)
pseudopotentials. The exchange-correlation function is
described by the Perdew, Burke, and Ernzerhof (PBE) version
of the generalized gradient approximation (GGA).>**° A plane-
wave basis set with an energy cut-off of 500 eV was used in our
calculations. The conjugated gradient method was proposed in
the geometry optimization. The convergence condition for the
energy is 10~ eV and the structure was relaxed until the force
on each atom was less than 107® ev A™". All atoms are relaxed
within the Monkhorst-Pack special k-point meshes of 7 x 7 x 9.
For vibration properties, the Phonopy software®! is firstly used
to determine the atomic displacements, which is necessary to
construct the dynamical matrix. Then, we use a supercell of
3 x 3 x 4 and k-point meshes of 4 x 4 x 4 to calculate forces
by VASP. Finally, the forces are used to calculate phonon dis-
persion by Phonopy software.

Raman measurements are performed under backscattering
configuration at room temperature and under atmospheric
pressure using a confocal micro-Raman system (HORIBA
Jobin-Yvon HR800) equipped with a liquid nitrogen cooled
charge coupled device (CCD). A 1800 lines per mm grating is
used, which enables us to have a resolution of 0.60 cm™" per
CCD pixel. The excitation wavelength is 488 nm from an Ar"
laser. The laser is focused onto a spot of approximately 1 pm
in diameter with a 100x objective (NA = 0.9). A power of
~0.02 mW is used to avoid line shape changes of Raman
modes caused by laser heating.*°

3. Results and discussion

As the most stable allotropic form of phosphorus, BP was syn-
thesized more than a century ago."” Individual puckered layers
of phosphorus atoms in BP are stacking together via weak van
der Waals interactions similar to graphite. Fig. 1(a)-(c) illus-
trate the BP crystal structure from three different perspectives,
where the x and y axes are the armchair and zigzag directions,
and the z axis is orthogonal to the P atom layer, respectively.
According to the group theory, bulk BP belongs to the point
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Fig. 1 Structure and phonon dispersions of black phosphorus (BP). (a) Front view of BP with stacking of puckered layers. (b) Top view of BP.
The x and y axes are the armchair and zigzag directions, respectively. (c) Front view of BP. The z axis is orthogonal to the P atom layer. (d) Schematic
of the atomic displacements for the three typical Raman modes Agl, Bog, and Ag2 in BP. Blue arrows indicate the direction of atomic displacements.
(e) Phonon dispersion relations of BP along the high symmetry axes (S—Y—-I'-X-S) and its corresponding vibrational density of states (VDOS).

The inset shows the high symmetry points in the BZ.

group D.**** The unit cell of bulk BP contains 4 atoms,
which results in 12 vibrational modes at I:*> I' = 2A, + By +
By + 2B3y + Aqy + 2By + 2By, + B3, Among these modes, A,
Big, By and B;, modes are Raman-active and only three
characteristic high-frequency modes A,', By, and A,” can be
observed by Raman scattering under the backscattering geo-
metry. The atomic displacements of these modes are schemati-
cally shown in Fig. 1(d). For Ay’ B,, and A,' modes, atoms
move along x, y and z axes, respectively.

We follow the conventional definition of the unit cell of BP
(Fig. S1(a)f) and its first BZ (inset of Fig. 1(e)), where by, b,
and b are the reciprocal lattice vectors. The phonon dis-
persion of bulk BP along the high symmetry axes (S-Y-I'-X-S)
calculated by DFT is shown in Fig. 1(e). The inset shows the
high symmetry points of BP in the first BZ. Since the absolute
Raman shifts slightly mismatch with DFT results, the calcu-
lated phonon frequencies are shifted by within 0.5% to allow
better comparison with the experimental results. BP has three
acoustic phonon branches and nine optical phonon branches.
These branches are separated into two parts. The high energy
part (>300 cm™") consists of six optical branches while the low
energy part (<300 cm™") has three optical branches and three
acoustic branches. It is important to highlight that phonon
dispersions of BP show evident differences in the BZ along the
I'-Y and I'-X directions. The phonon branch associated with
A, has a steep and negative dispersion away from I" in the I-Y
direction and a nearly flat dispersion in the I'-X direction. In
contrast, the branch associated with A,' has a nearly flat dis-
persion in the I'-Y direction and a steep and positive dis-
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persion away from I” in the I'-X direction. The phonon branch
associated with B,, has a slight upward curvature in the I'-Y
direction near I" and a slight downward curvature in the I'-X
direction. As for the acoustic phonon modes, the phonon
bands are more dispersive along the =Y direction than the /-X
direction. Such anisotropy in phonon dispersion results in the
anisotropic physical properties in BP. For example, the an-
isotropic in-plane thermal conductivities are observed with a
larger value in the I'-Y direction than in the I'-X direction
both theoretically and experimentally because of the signifi-
cant differences in their acoustic phonon bandwidths and
group velocities.*>*

Fig. 2 depicts the representative Raman spectra of pristine
BP and BP implanted by different #;,,. The ion-implanted
sample can be treated as a crystal with many point defects,””
which can activate additional Raman peaks by the defect-
induced selection rule relaxation in the Raman scattering.®?
Alternatively, the ion-implanted sample can also be treated as
an ensemble of (circular) NCs. To avoid the temperature influ-
ence on frequencies of investigated modes,*® all Raman
spectra were obtained at room temperature with low laser
power. The higher 7, of ion-implantation, the smaller size of
BP NCs is produced. The prominent features are the three
Raman-active q ~ 0 phonon modes at 362.3 cm™ (Ag'),
436.9 cm™' (By,) and 466.8 cm™' (A,%), which are consistent
with previous reports.*>*? As the size of BP NCs decreases with
increasing ;o from 0 (pristine BP) to 1 x 10" em™ (#6-NC),
the Raman intensities of A,', By, and A,” modes experience a
monotonous decrease. This reflects the worse crystal quality

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Raman spectra of pristine BP and BP NCs produced by the ion
implantation technique with different 7,,,. The grey dashed lines are
guide to the eye. The excitation wavelength is 488 nm. The Raman
intensity is normalized for comparison.

induced by ion-implantation compared with pristine BP,
leading to NCs in the implanted samples. This is a common
phenomenon in various NCs, such as silicon nanocrystals,
nano-diamonds and  ion-implanted  graphites.>"**?"%°
Recently several studies on 2D crystals such as transition metal
dichalcogenides (TMDs) have also verified a similar downward
trend in Raman intensity with increasing ion.>'"'*> When
the pristine BP is subjected to an even higher ion-implantation
Mlion, SUch as 5 x 10" em™ (#5-NC) and 1 x 10"* em ™ (#6-NC),
the Raman modes almost vanish hence becoming too weak
and broad to be distinguished, indicating its full
amorphization.

In contrast to the significant peak shift of optical modes in
Si crystals and other 2D crystals with increasing #;on, the peak
shift of the three Raman modes in BP NCs presents a slight
redshift with the increment of #;,,, as indicated by the grey
dashed lines. Raman modes of BPs also exhibit asymmetric
broadening after ion-implantation. With increasing 7jon, the
full width at half maximum (FWHM) evolves from 1.5 cm™*
(Ag"), 2.5 em™ (B,g) and 1.9 em™" (A,%) in pristine BP into
about 4.5 em™" (A,"), 6.0 em™" (By,) and 5.2 em™' (A,%) in #4-
NC, respectively. Generally, the asymmetric broadening of a
Raman peak in NCs towards the higher- or lower-frequency
side is often accompanied by the blueshift or redshift of the
peak, respectively, as reported in many nanomaterials.®*"**°*
Indeed, as shown in Fig. 2, the B,, and Ag2 modes exhibit
asymmetric broadening towards the lower-frequency side.
However, the A," mode shows an asymmetric tail towards the
higher-frequency side while its peak position shifts towards
the lower-frequency side. The above unusual behavior may be
related to the anisotropic phonon dispersion in BPs.

In general, NCs induced by ion implantation can localize
the phonon wave function within a finite volume and thus
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make the fundamental q ~ 0 Raman selection rule to be
relaxed, causing the Raman spectrum to have contributions
from the non-center phonons. This phonon uncertainty in
NCs can be taken into account in the Raman process by a
phonon weighting function W(r, Lp,). A Gaussian-type profile of
W(r, Lp) has been widely used in NCs as follows:®

W(r,Lp) = exp(—ar®/Lp®), (1)

where Ly, is the domain size of NCs (i.e. average inter-defect
distance) as illustrated by the previous work,”” and a is an
adjustable confinement coefficient to determine how fast the
phonon amplitude decays to the NC boundary. It is noteworthy
that since the phonon uncertainty of 6q is mainly determined
by Lp thus the phonon confinement should affect all the
Raman modes in the same manner. Therefore, the same «
should be applied to fit the profile of the corresponding
Raman modes in the same kinds of NCs with different sizes
and symmetries."""> In order to quantitatively analyze the
peak shift and asymmetrical broadening of Raman peaks in
NCs, the RWL model has been proposed based on W(r, Lp).
The corresponding Raman intensity in the RWL model is
given by

exp(—¢’Lp*/2a) 5
w-o@ Tz ¢ @

where n(w) + 1 is the Bose-Einstein factor, which can be
treated as a constant for the Raman experiment at room temp-
erature,® A is a constant, exp(—¢°Lp’/2a) is a Fourier coeffi-
cient of the Gaussian-type profile W(r, Lp) in eqn (1), w(q) is
the phonon dispersion curve, and I, is the natural broaden-
ing. In pristine bulk crystals, L, can be viewed as infinity and
eqn (2) is reduced to a Lorentzian profile centered at w, at the
BZ center, with an intrinsic FWHM of I',. As an assumption of
isotropic phonon dispersion of w(q), the integration can be
simplified. For example, in the case of a nanodot, d*°q « ¢*dg,
while for a nanowire with length > diameter, d’q « gdq. For
2D NCs with a diameter of L, produced from 2D crystals by
ion implantation, d*q « 2ngdq. These integrations have been
used for various NCs once the isotropic w(q) is assumed for
their bulk counterpart.>* This RWL model has been success-
fully applied to explain the peak shift and broadening in the
Raman spectra of many ion-implanted crystals.®%"1231:47
Phonon dispersion is more or less anisotropic in the BZ.
For example, phonon dispersion of the LO, TO and ZO
branches in MoS, shows discrepancy along I'-M and I'-K
axes.'"** Considering that the phonon dispersion along high-
symmetry axes can be easily obtained from the published lit-
erature, the averaged dispersion curves of each phonon branch
between high-symmetry directions of I'-M and I'-K are utilized
to minimize the anisotropic effect on the experimental
results.”* In contrast to MoS, and other TMDs, BP exhibits sig-
nificant anisotropic phonon dispersion curves, as depicted in
Fig. 1(e). The optical phonon dispersion relations along /'-X
and I'-Y directions behave very differently from each other, so
that neither isotropy hypothesis nor average approximation is

I(w) < A(n(w) + 1)J
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a good choice to simulate the Raman spectra based on the
RWL model for BP NCs. We first adopted a simple situation by
only considering the contributions from one phonon branch
along two different high symmetry directions (I'-X and I'-Y) in
the BZ. The relative contributions from /'-X and I'-Y directions
to the peak shift and broadening are expected to be the same.
The confinement coefficient « is set as 18, similar to that in
MoS, NCs."! Fig. 3 presents the calculated profiles of A,', By
and A, modes in implanted samples with different domain
size Lp by the RWL model (blue dashed line) compared with
the experimental Raman spectra (colored crosshairs). One can
see that for pristine BP and BP NCs with larger Ly, (#1-NC), the
simulated profile has a Lorentzian line shape because the
phonon confinement effect can be ignored. Notably, for small
Ly, (#3-NC and #4-NC), the A,' mode exhibits an asymmetric
broadening tail towards the higher-frequency side while the
A,> mode towards the lower-frequency side. The above broad-
ening is consistent with the upward trend of the A,' phonon
branch along the I'-X direction and the downward trend of the

.~ phonon branch along the I'-Y direction. Therefore, as the
NC size reaches small Ly (#3-NC and #4-NC), the phonon
branch with steeper dispersion would contribute greater to the
asymmetric broadening of Raman modes while the phonon
branch with a dispersionless relation should dominate the
peak position.

However, we notice that the experimental data and calcu-
lated profiles by the RWL model do not match well for all three
phonons of samples with smaller NC sizes which are implanted
by higher 7. The experimental line shapes for the phonon
modes are much asymmetrically broader compared to the calcu-
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Fig. 3 The experimental data (crosshairs) of the typical Raman modes
in pristine BP and BP NC with different estimated domain sizes. The blue
dashed lines are the calculated curves only considering the contri-
butions from phonon dispersions along I'-X and I'-Y axes. The gray
dashed lines are fits based on the SP peaks in the VDOS. The Raman
intensity is normalized for comparison.
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lated profiles when the crystal size is smaller than 4.4 nm (#3
NC). Even when the Ly, is decreased to as small as 1.8 nm as in
#4-NC, where the asymmetric broadening should be the largest,
the simulated profiles are much narrower than the experimental
results. Some additional peaks of q # 0 phonons associated
with the saddle point (SP) peaks in VDOS should be involved in
the fitting to the experimental data, which are denoted as SP1,
SP2, SP3, SP4 and SP5 based on the calculated results, whose
origins are indicated in the phonon dispersion curves by arrows
in Fig. 1(e). These peaks can be activated by the defect-induced
selection rule relaxation in the Raman scattering from NCs, as
reported in other 2D materials.®** Although the defect-induced
peaks are considered, the experimental data still cannot be well
interpreted. For example, the high-frequency tail of the A,'
mode and the low-frequency tail of the A,> mode cannot be per-
fectly reproduced, as indicated with black arrows in Fig. 3. This
demonstrates that the consideration of defect-induced peaks
and phonon confinement effect only from the /-X and I-Y
directions are not enough to reproduce the experimental results
of 2D materials with significant anisotropy. Thus, to understand
the Raman spectra of the corresponding NCs, it is necessary to
consider phonon dispersion curves in the whole BZ although in
most cases they are not available in the reported literature. For
the anisotropic crystal like BP, d’q in eqn (2) should be
dg,dg,dq., and the integration of phonon dispersion in the RWL
model over wavevector (q) should cover the whole BZ.

The phonon dispersion curves in the whole BZ zone of bulk
BP are calculated by DFT. We found that phonon dispersions
along b; and b, axes are absolutely the same (Fig. S1(b)t).
Therefore, it is concluded that bl and bz are equivalent
vectors, and phonon dispersion should be the same in the
Ir-X-Y and I'-X-Y' planes. Furthermore, A,', By, and A’
related phonon branches show little dispersion along the I-Z
direction (Fig. S1(b)f). So, phonon dispersion in the whole BZ
of BP is simplified to that in the I'-X-Y plane, and the inte-
gration of phonon dispersion in the RWL model (eqn (2)) over
d*q can be reduced to dg.dg,. Indeed, in the high frequency
region above 300 cm™, the VDOS of the I'-X-Y 2D plane and
the whole BZ show identical features (Fig. S1(b)t), further con-
firming that the integration of phonon dispersion along dg, is
unnecessary to reproduce the unique line broadening in the
concerned frequency region. We further calculated phonon
dispersion in the plane enclosed by S-Y-I-X-S axes with the
201 x 291 x 1 grid. Its phonon branches related to the A,", By,
and A,” modes are presented in Fig. 4(a) and (b), in which the
phonon dispersion related to Ag1 and AgZ experiences high an-
isotropy from the I'-Y direction to the I'-X direction. Based on
2D phonon dispersion obtained by the density grid, we recal-
culated the Raman profiles of these modes in BP NCs by the
RWL model as a function of some specific Ly, as shown in
Fig. 4(c). The simulated intensity increases dramatically as the
Ly, decreases, which is the result of the relaxation of the q ~ 0
selection rule and thus more and more q # 0 phonons are
involved in the Raman scattering. In principle, the integration
over wavevector q can be accomplished within the whole I-Y-S-X
plane of BZ using eqn (2). Because the Gaussian-type profile

This journal is © The Royal Society of Chemistry 2018
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related phonon branches and (b) that of the A,'-related phonon branch
(dark green) in the I'YSX plane in the first BZ. (c) Simulated profiles of
the A", Bag and Ay2 modes as a function of Lp with a fixed a = 18. The
Raman intensity is normalized for comparison.

exp(—¢°Lp>/2a) in eqn (2) demonstrates the phonon contri-
bution in the wavevector space,”® we are able to derive the
upper limit of the q range (gmax) with main contribution to the
phonon confinement effect when exp(—q°Lp>/2a) — 1/e with Ly
of 1 nm, 2 nm, 3 nm, 5 nm and 10 nm and « = 18. The upper
limit . is marked in Fig. 1(e) for each Lp. The phonon
branches related to the Ag2 and B,, modes have intersection or
overlapped regions with other phonon branches, which may
confuse us to estimate their
However, these regions can be defined by g, corresponding
to Lp = 1.4 nm for the Agz—related branch and Lj, = 1.6 nm for
the B,g-related branch in Fig. 4(a), as labeled by the two solid
circles with I” as the center, respectively. Thus, for the A,> and
B,, modes, the integration over wavevector q in eqn (2) can be

individual contributions.

accomplished within the area circled by the corresponding
Gmax iN the I'-Y-S-X plane.

As seen in Fig. 4, when the 2D phonon dispersion in the I'—
Y-S-X plane of the BZ is considered, the asymmetric tail of the
A;' mode at the higher-frequency side and that of the A,
mode at the lower-frequency side are more evident than the
simulated profiles based on only the I'-X and I'-Y axes in
Fig. 3. This is consistent with the variation trend of the corres-
ponding phonon dispersion. As addressed above, the phonon
dispersion of the branches associated with A,' is almost flat
along the 7I'-Y direction and exhibits a marginal redshift
before (I'-Y)/2, while it shows a quickly escalating trend when
it extends to the I'-X direction. The blueshift of phonon dis-
persion associated with A," in the I'-Y-S-X plane gives rise to
its asymmetric tail towards the higher-frequency side. It is also
the similar case for the A,> mode. The phonon dispersion
associated with A,” is almost flat along /'-X while it exhibits a
downhill to the I'-Y direction, which leads to its asymmetric
tail towards the lower-frequency side. As for B,g, its phonon
dispersion shows a slight negative and positive slope along the
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I'-X and I'-Y directions, respectively. Their equal contributions
would result in an homogeneous broadening of the B,, mode
in NCs while its peak position remains unchanged, as shown
in Fig. 4(c).

The experimental results are further simulated by the RWL
model based on the integration over wavevector wavevector q
between 0 and gy in the I'-Y-S-X plane elongated with con-
tributions from phonons with high VDOS, as shown in Fig. 5.
The blue dashed lines are the simulated profiles of the A", By
and A,> modes based on the RWL model after considering the
contribution from the 2D phonon dispersion curves, the gray
dashed lines are the SP peaks originating from high VDOS and
the pink dashed lines are the superposition of the two contri-
butions. The relative intensity of the SP peaks to the A,', Byy
and Ag2 modes increases with increasing 7ion. When #ion
increases to 2 x 10" ecm™ (#4-NC), the intensity of the SP4
peaks has surpassed that of the B,, mode. After considering
the contribution from the 2D phonon dispersion curves of the
whole BZ zone, the asymmetric broadening tail towards the
higher-frequency side of the A,' mode is well reproduced,
which is attributed to the significant increase of phonon
energy toward the X point. The asymmetric broadening tail
towards the lower-frequency side of the A,> mode is also well
reproduced due to the sharp decrease of phonon energy from
I'-X to Y-S axes. Ly can be estimated from both the fits: 11 nm
(#1-NC), 7 nm (#2-NC), 4.4 nm (#3-NC) and 1.8 nm (#4-NC).
The A,'-related phonon branch shows a nearly flat dispersion
in the I'-Y direction, thus the larger VDOS along the I'-Y direc-
tion results in a maximum peak of the A,' mode in NCs,

+ Exp.

QCE contribution

VDOS SP

Total contribution 2

AS

Pristine

£ |x05 jk X0.7

c

=)

g |#1-NC

< |x17 ‘A X15

-g‘ +

2 #2-NC y

2 |x3 R X2

£

»

X3.4
X15
L 1l P B I I 1 1 1
425 435 445 455 465 475

Raman shift (cm-1)

Fig. 5 The experimental data (crosshairs) of the typical Raman modes
in pristine BP and BP NC with different estimated domain sizes. The blue
dashed lines are the simulated profiles based on the RWL model after
considering the contribution of 2D anisotropic phonons from the whole
BZ. The gray dash-dotted lines are fits based on the SP peaks in the
VDOS. The pink dashed lines are the superposition of the contributions
from blue solid and gray dashed lines. The Raman intensity is normalized
for comparison.
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whose peak position remains almost unchanged with increas-
ing 7jon. The branch shows steep and positive dispersion when
q approaches the X point from I', Y and S points, which con-
tributes to the asymmetric broadening tail towards the higher-
frequency side of up to 380 cm ™. Similarly, the nearly flat dis-
persion of the A,*related phonon branch along the I'-X
results in a maximum peak of the A,”> mode in NCs whose
peak position remains almost unchanged with increasing #ion,
while its steep and positive dispersion from I'-X to Y-S axes
contributes to the asymmetric broadening tail towards the
lower-frequency side down to 455 cm™'. These two features
cannot be reproduced by the RWL model when only the
phonons along I'-X and I'-Y axes are considered.

4. Conclusions

In summary, we investigated in detail the evolution of the
intensity, line shape and peak position of all the three optical
Raman modes of BP NCs with different Ly, which exhibits
different behaviors in comparison to other 2D materials, such
as TMDs. It is attributed to the pronounced anisotropy of
phonon dispersions in pristine BP. In contrast to the crystals
with isotropic phonon dispersions along high symmetry direc-
tions near I, the spectral evolution on Lp cannot be inter-
preted by the RWL model when only the contributions from
phonon dispersions along I'-X and I'-Y axes are considered. It
is found that the RWL model can be used to well reproduce
the line shape and peak position of all the three optical
Raman modes in BP NCs after considering the contribution of
2D anisotropic phonon dispersions from the whole BZ, includ-
ing the asymmetric broadening tails towards the higher-fre-
quency side for the A,' mode and towards the lower-frequency
side for the Ag2 mode. This work confirms that the RWL model
can be applicable to understand the phonon confinement
effect of the Raman spectra of NCs whose bulk counterpart
exhibits anisotropic phonon dispersions.
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