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ABSTRACT: Anisotropic layered materials (ALMs) can be
integrated with isotropic materials to form van der Waals
heterostructures (vdWHs) for polarization-sensitive optoelectronic
applications, yet the influence of ALM optical anisotropy on the
Raman response of isotropic components remains an open
question. This study demonstrates that monolayer MoS2 in black
phosphorus/MoS2 (BP/1LM) vdWHs exhibits pronounced in-
plane anisotropic Raman responses despite its intrinsic isotropy, as
revealed through angle-resolved polarized Raman (ARPR) spec-
troscopy. The A1′ and E′ mode intensities of the 1LM constituent
display strong angular dependencies that closely mimic the
anisotropic profiles of the Raman modes of BP, resulting from the
birefringence and linear dichroism of BP combined with
interference effects within the multilayer stack. The theoretical calculations incorporating depth-dependent field modulation and
multilayer interference reproduce the experimental results and demonstrate dependence on the BP thickness and excitation
wavelength. This work provides a quantitative framework for understanding and engineering optical anisotropy in heterostructures
comprising isotropic and anisotropic two-dimensional materials.
KEYWORDS: angle-resolved polarized Raman, anisotropic materials, van der Waals heterostructures, birefringence, linear dichroism,
interference effects

■ INTRODUCTION
Black phosphorus (BP), a prototypical anisotropic layered
material (ALM), exhibits in-plane anisotropy in its electrical,
thermal, and optical properties due to its unique puckered
honeycomb structure.1−3 Its layer-dependent bandgap (tuna-
ble from ∼0.3 eV in bulk to ∼2 eV in monolayers) bridges the
gap between zero-bandgap graphene and large-bandgap
transition metal dichalcogenides (TMDs), making BP
promising for polarization-sensitive photodetectors,4 field
effect transistors,5 and thermoelectric devices.6 Angle-resolved
polarized Raman (ARPR) spectroscopy7,8 has been widely
used to study ALMs, probing their lattice symmetry,9,10 optical
anisotropy,7−9,11−13 electron−phonon interactions,8,14,15 crys-
talline orientation,16 and edge effects.17,18 In the standard
backscattering configuration, the Raman intensity I of a
phonon mode follows the selection rule I ∝ |esT·R·ei|2, where
ei and es represent the polarization vectors of the incident and
scattered light outside the crystal, esT is the transpose of es, and
R denotes the Raman tensor.19 Although the tensor elements
of R in optically isotropic crystals (e.g., cubic structures) may
be complex quantities, only their magnitudes contribute to I

due to the absence of birefringence and dichroism. However,
ALMs require consideration of both magnitude and phase
components in R to accurately fit ARPR intensity due to their
inherent anisotropy.7−9,11 Birefringence and linear dichroism
in ALMs introduce depth-dependent polarization and
amplitude variations in both excitation and scattered fields,
meaning that ei and es at the scattering site cannot be treated as
constants.8,12 For near-normal incidence on the basal plane,
effective Raman tensors Reff, which are directly linked to ei and
es, can be derived from intrinsic Raman tensors Rint by
considering birefringence, linear dichroism, and multilayer
interference inside multilayered structures.8 This approach
enables the quantitative modeling of ARPR intensity profiles in
ALMs.8
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For polarization-sensitive electronic and optoelectronic
applications, anisotropic layered materials (ALMs) are often
integrated with isotropic 2D materials (2DMs), such as TMDs,
graphene, and hBN, to form van der Waals heterostructures
(vdWHs).20,21 Examples include BP/MoS2,

22−25 BP/
WSe2,

20,26,27 and BP/Bi2Se3.
28 Due to birefringence, linear

dichroism in the ALM component, and multilayer interference
effects, the excitation and scattered electric fields in the
isotropic 2DM exhibit a complex anisotropic optical response,
similar to that of ALMs.28 This response is expected to depend
on the thickness of the ALM constituent. While anisotropic
optical behavior has been briefly observed in a few isotropic
constituents of ALM-based vdWHs,28 a quantitative under-
standing of their ARPR intensity profiles remains an open
challenge in the field.
In this work, we investigate the anisotropic optical response

of isotropic constituents in ALM-based vdWHs through
systematic studies of BP/MoS2 systems. We prepared BP-
based vdWHs incorporating monolayer MoS2 (1LM) on 90
nm-SiO2/Si substrates, employing ARPR spectroscopy at
excitation wavelengths (λex) of 532 and 488 nm. Building
upon established ARPR intensity models for thick BP flakes,8

we developed a theoretical framework that accounts for
birefringence, linear dichroism, and multilayer interference
effects in BP/1LM/substrate multilayer structures. Our model
successfully reproduces the experimental ARPR intensity
profiles of the 1LM constituent for various BP thicknesses
(dBP), quantitatively demonstrating how the anisotropic BP
layer fundamentally alters the optical response of the isotropic
monolayer.

■ METHODS

Sample Preparation
1LM and BP flakes were mechanically exfoliated from bulk crystals
onto PDMS substrates. Using an all-dry viscoelastic stamping

method,29 we fabricated BP/1LM vdWHs by sequentially transferring
flakes onto 90 nm-SiO2/Si substrates under optical microscopy
guidance with a nanomanipulator. The typical optical image of a BP/
1LM vdWH is illustrated in Figure 1a. 1LM was confirmed through
the frequency difference of 19.1 cm−1 between its A1′ and E′ Raman
modes30 (Figure 1b). dBP was precisely determined by atomic force
microscopy in tapping mode.
Raman Measurements
Raman spectra were acquired in backscattering geometry at room
temperature using an HR-Evolution micro-Raman system featuring a
liquid-nitrogen-cooled charge-coupled device (CCD) and a 50×
objective (numerical aperture = 0.35), with λex of 488 nm (Ar+ laser)
and 532 nm (solid-state laser). The ARPR measurement setup
(Figure 1c) employed a vertically aligned polarizer and analyzer, with
a half-wave plate (HWP) downstream of the polarizer enabling
parallel/cross-polarization configurations and another rotatable half-
wave plate in the common optical path for ARPR spectra acquisition.
A proper HWP with a small retardance error is selected to obtain
reliable results of ARPR spectroscopy for ALM-based vdWHs.31 The
laser power was kept below 0.5 mW to avoid sample heating, and
measurements were conducted in a vacuum chamber to prevent
sample degradation.
Computational Methods
As presented in Figure 1c, both polarization vectors ei and es are
controlled by the half-wave plate in the common optical path. For the
parallel polarization configuration, ei = es = (cos θ, sin θ, 0)T, where θ
refers to twice the angle of the HWP fast axis with respect to the x-
axis. In contrast, in the cross-polarization configuration, ei = (−sin θ,
cos θ, 0)T and es = (cos θ, sin θ, 0)T, respectively.

For the BP/1LM deposited on the SiO2/Si substrate, a five-layer
structure can be established, containing air (ñ0), BP (ñ1, d1), 1LM (ñ2,
d2), SiO2 (ñ3, d3) and Si (ñ4), where ñμ (μ = 0, 1, 2, 3, 4) and dμ (μ =
1, 2, 3) are the complex refractive index and the thickness of each
medium, as illustrated in Figure 2a. The x- and y-axes were established
in alignment with the in-plane zigzag (ZZ) and armchair (AC)
directions of the BP constituent, respectively. ñμ of each medium can
be extracted from previous literature (see Supporting Information
Table S1 for details).8,32,33 At near-normal incidence, the propagation

Figure 1. (a) Optical image of a 59 nm-BP/1LM and AFM image (inset) of the 59 nm BP flake; (b) Raman spectra of BP, 1LM, and BP/1LM
excited by λex = 532 nm; (c) schematic diagram of ARPR spectroscopy setup with parallel and cross-polarization configurations; ARPR spectra of
(d, e) 1LM and (f, g) BP/1LM under (d, f) parallel and (e, g) cross-polarization configurations, respectively.
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of the incident light in the BP constituent aligns with the z-axis. The
electric field of light propagating perpendicular to the basal plane of
the BP constituent can be decomposed into two orthogonal
polarization components along the ZZ and AC directions.
Accordingly, ñ1 can be decomposed into ñZZ = nZZ + iκZZ and ñAC
= nAC + iκAC, where n and κ represent the refractive index and
extinction coefficient of the BP constituent, respectively, and i is the
imaginary unit. In the air/BP/1LM/substrate dielectric multilayer, the
electric fields of both the incident light and Raman-scattered light
from the 1LM constituent are modified by birefringence and linear
dichroism of the BP constituent and the multilayer interference effect
inside multilayered structures. Building upon established ARPR
intensity models for thick BP flakes,8 these modulations can be
quantified by the interference factor matrices Fi(s)(z) of
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AC(z) are, respectively, the enhancement
factors corresponding to the 1LM constituent at the location of the
scattering event for the incident (or Raman-scattered) light along the
ZZ and AC directions of the BP constituent.8 Equation 1 can be
calculated by the transfer matrix method (see eqs S1-S12 in the
Supporting Information for details) based on the birefringence and
linear dichroism of the BP constituent and multilayer interference
effect in the air/BP/1LM/substrate multilayer system.8 Since Raman
scattering occurs within the 1LM constituent, the measured I for the
A1′ and E′ modes from the 1LM constituent is, respectively, given by
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where j is the subscript of Raman tensors for the doubly degenerate E′
modes. Due to its in-plane optical isotropy, the Raman tensor R of
1LM does not require differentiation between its intrinsic form Rint

and effective form Reff, with the tensors for the A1′ and E′ modes
explicitly given as follows:30
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The tensor elements a, b, and d can be expressed in complex form as a
= |a|eiϕa, b = |b|eiϕb, and d = |d|eiϕd, where |a|, |b|, and |d| represent the
amplitudes while ϕa, ϕb, and ϕd correspond to their respective phase
components.7,8

By substituting the Raman tensors (eqs 4 and 5) of 1LM into eqs 2
and 3, the angle-dependent I(A1′) and I(E′) of the 1LM constituent in
the BP/1LM under the parallel polarization (∥) and cross-polarization
(⊥) configurations are given as follows:
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Under parallel polarization (θ = 0°, i.e., ei ∥es ∥ZZ), the Raman
intensities for A1′ and E′ are denoted as IZZ(A1′, ∥) and IZZ(E′, ∥),
respectively, whereas for θ = 90° (ei ∥es ∥AC), they become IAC(A1′,
∥) and IAC(E′, ∥). Similarly, under cross-polarization, the correspond-
ing intensities are expressed as IZZ(A1′, ⊥), IZZ(E′, ⊥), IAC(A1′, ⊥), and
IAC(E′, ⊥).

Equations 6−9 explicitly demonstrate how the optical anisotropy of
the BP constituent within BP/1LM transforms the ARPR intensity
profiles of intrinsically isotropic Raman modes of the corresponding
1LM constituent into an anisotropic form, and in the following, we
discuss the modification of these profiles for the 1LM constituent,
which shows dependence on both dBP and λex.

■ RESULTS AND DISCUSSION
Figure 1a shows an optical microscopy image of a 59 nm-BP/
1LM vdWH, with the BP flake stacked on top of the 1LM
flake. Isolated BP and 1LM flakes are visible adjacent to the
BP/1LM. Figure 1b presents the Raman spectra of the
individual flakes and their heterostructure at λex = 532 nm. All
characteristic phonon modes are identified: BP’s Ag

1, B2g, and
Ag
2, along with 1LM’s A1′ and E′ modes. The heterostructure

spectrum essentially reproduces the superposition of its
constituent spectra.

Figure 2. (a) Schematic diagram of the multilayer interference of
incident light and Raman-scattered light within the multilayered
dielectric structure of air/BP/1LM/90 nm-SiO2/Si (oblique incidence
and scattering for convenience). (b) IZZ(A1′, ∥), IAC(A1′, ∥), and (c)
IZZ(A1′, ∥)/IAC(A1′, ∥) of the 1LM constituent in BP/1LM deposited
on 90 nm-SiO2/Si substrate as a function of dBP, λex = 532 nm. Open
circles and squares denote normalized Raman intensities of the 1LM
component in 59 nm-BP/1LM and 42 nm-BP/1LM heterostructures,
respectively.
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ARPR measurements were conducted on both the BP/1LM
and standalone 1LM under parallel and cross-polarization
configurations, with the experimental setup illustrated in Figure
1c. Although 1LM is inserted between BP and the SiO2/Si
substrate, the intensities I(Ag

1) and I(Ag
2) of the BP constituent

follow the previously reported ARPR intensity profile of a
standalone BP flake8 with similar thickness in both parallel and
cross-polarization configurations at 532 nm due to the small
thickness of 1LM.
For standalone 1LM, I(A1′) and I(E′) remain constant from

θ = 0° to 360° under parallel polarization (Figure 1d). Under
cross-polarization (Figure 1e) only the E′ mode appears, and
the A1′ mode vanishes. These observations align with the
Raman selection rules for 1LM, confirming its in-plane
isotropy. In contrast, the 1LM constituent in BP/1LM exhibits
a strong angular dependence in the parallel polarization
configuration (Figure 1f), where I(A1′) and I(E′) modulate
with a 180° periodicity. Under cross-polarization (Figure 1g),
both A1′ and E′ modes appear, with I(A1′) displaying 90°
periodicity. This behavior deviates sharply from the isotropic
response of standalone 1LM but matches BP’s symmetry,
indicating that the optical anisotropy of BP modifies the
Raman response of 1LM in the heterostructure.
When incident light passes through the BP layer to excite

Raman signals in the 1LM constituent and the Raman-
scattered light subsequently passes back through the BP layer
to reach the CCD, the birefringence and linear dichroism of
BP alter the polarization states of both the incident and
scattered light. This polarization modulation depends on the
angle between the initial polarization direction of the incident
light and the ZZ (or AC) axis of BP. Consequently, the initially
isotropic I(A1′, ∥, θ) of the 1LM constituent should resemble
the ARPR intensity profile of the Ag

1 and Ag
2 modes in BP.

Indeed, the angular dependence of I(A1′) closely follows that of
the Ag

1 mode in the BP constituent due to its small ϕca
int

(∼16.9°) in BP at 532 nm.8 However, it differs significantly
from the nearly circular profile of the Ag

2 mode. This distinction
arises primarily from the large ϕca

int (∼ −78.1°) and |cint|/|aint|
(∼2.01) of the Ag

2 mode at 532 nm. The birefringence and
linear dichroism of BP further enable the observation of 1LM’s
otherwise forbidden A1′ mode in cross-polarization config-
urations, exhibiting an angular dependence profile remarkably
similar to that of BP’s Ag

1 mode. 1LM’s I(E′, ∥, θ) closely
resembles BP’s I(Ag

1, ∥, θ) profile, while I(E′, ⊥, θ) displays a

markedly different ARPR pattern from the I(Ag
1, ⊥, θ) of BP

owing to E′ mode’s doubly degenerate nature and dual Raman
tensor characteristics.
To quantitatively model the angular dependence of I(A1′)

and I(E′) for the 1LM constituent, in addition to the
birefringence/linear dichroism of the BP constituent, the
interference effects (Figure 2a) in the air/BP/1LM/substrate
multilayer system must be further considered. The derived
angular dependencies for parallel and cross-polarization
configurations are given by eqs 6−9. Figure 2b depicts the
corresponding calculated dBP-dependent IZZ(A1′, ∥) and IAC(A1′,
∥) for λex = 532 nm. With increasing dBP, IZZ(A1′, ∥) and
IAC(A1′, ∥) show periodic fluctuations with an overall
downward trend. The periodic fluctuations provide evidence
that the interference effects in the air/BP/1LM/substrate
system is very important for understanding the ARPR intensity
of ALMs.8 The ratio IZZ(A1′, ∥)/IAC(A1′, ∥) displays periodic
fluctuations but with an overall upward trend (Figure 2c). This
upward trend behavior stems from the linear dichroism effect,
i.e., stronger absorption along AC (κAC > κZZ) in the visible
regime. It becomes more pronounced with larger dBP, leading
to progressively enhanced anisotropic influence of BP on
IZZ(A1′, ∥)/IAC(A1′, ∥) of the 1LM constituent, as evidenced in
Figure 2c. The dBP dependence of IZZ(AC)(E′, ∥) and IZZ(AC)(E′,
⊥) is depicted in Figures S1 and S2.
Next, we investigate experimental dBP-dependent ARPR

intensity profiles of the 1LM constituent excited by λex = 532
nm, as depicted in Figure 3a−l for 42 nm-BP/1LM and 59 nm-
BP/1LM along with 1LM. The calculated ARPR intensity
profiles (solid lines) of I(A1′, ∥, θ), I(A1′, ⊥, θ), I(E′, ∥, θ) and
I(E′, ⊥, θ) fit the experimental ones (solid circles) well.
Although 59 nm BP shows stronger absorption than 42 nm BP,
I(A1′, ∥, θ) and I(E′, ∥, θ) of the 1LM constituent in 59 nm-
BP/1LM is much stronger than that in 42 nm-BP/1LM under
the parallel polarization configuration. The experimental
results for the A1′ mode of the 1LM constituent (open circles
and squares for 59 nm-BP/1LM and 42 nm-BP/1LM,
respectively) agree with the calculations in Figure 2b,
consistent with the cases of the E′ mode in Figure S2a,c.
This is attributed to interference effects in the air/BP/1LM/
substrate system.
For the 1LM constituent in BP/1LM, the initially isotropic

I(A1′, ∥, θ) and I(E′, ∥, θ) exhibit a two-lobed shape due to the
optical anisotropy of the BP constituent. As dBP increases, the

Figure 3. ARPR intensity profiles of the (a−f) A1′ and (g−l) E′ modes of 1LM and the 1LM constituent in BP/1LM with dBP of 42 and 59 nm,
measured under both (a−c, g−i) parallel and (d−f, j−l) cross-polarization configurations at λex of 532 nm.
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condition |Fi(s)
AC |≪|Fi(s)

ZZ | causes I(A1′, ∥, θ) and I(E′, ∥, θ) to
follow cos4 θ dependencies described by eqs 6 and 7, resulting
in two-lobed polar plots with vanishing intensity along the AC
direction. However, I(A1′, ⊥, θ) exhibits a butterfly shaped
pattern due to the birefringence and linear dichroism of the BP
constituent, which modifies the polarization vector and
amplitude of the incident light before it reaches the 1LM
layer. This causes I(A1′, ⊥, θ) to be observable and follow a
butterfly shaped sin2 2θ dependence. Similarly, initially
isotropic I(E′, ⊥, θ) transforms into a rounded-square shape.
The birefringence and linear dichroism of ALMs, along with

interference effects in ALM-based multilayer systems, exhibit
strong sensitivity to λex, indicating that the optical anisotropy
of BP significantly influences the ARPR intensity of the 1LM
constituent in a wavelength-dependent manner. Figure 4a,b

presents calculated dBP-dependent IZZ(A1′, ∥), IAC(A1′, ∥), and
their ratio IZZ(A1′, ∥)/IAC(A1′, ∥) for λex = 488 nm, revealing
patterns similar to those in Figure 2b,c but with steeper overall
downward (Figure 4a) and upward (Figure 4b) trends due to
BP’s stronger absorption at shorter wavelengths. Notably,
IAC(A1′, ∥) at 488 nm demonstrates a sharper decline compared
to that at 532 nm excitation, reflecting the enhanced linear

dichroism of BP at the shorter wavelength. Additionally, the
fluctuation periodicity of both IZZ(A1′, ∥) and IAC(A1′, ∥) differs
from the 532 nm case, resulting in stronger intensities at dBP =
42 nm than at 59 nm, exhibiting a reversal of the trend
observed for λex = 532 nm. The experimental results for dBP =
42 and 59 nm, denoted by open squares and circles in Figure
4a,b, confirm the theoretical predictions.
As shown in Figure 5a−l, ARPR measurements at λex = 488

nm reproduce the calculated intensity profiles well. The
initially isotropic I(A1′, ∥, θ) and I(E′, ∥, θ) of 1LM in the BP/
1LM system exhibit a distinct two-lobed shape, while I(E′, ⊥,
θ) transforms into a rounded-square profile. Both the
experimental I(A1′, ∥, θ) and I(E′, ∥, θ) intensities (blue
scatters) demonstrate stronger signals in the 42 nm-BP/1LM
system compared with the 59 nm-BP/1LM system, consistent
with the computational predictions (pink lines).

■ CONCLUSIONS
This study demonstrates that the originally isotropic Raman
signals of monolayer MoS2 acquire pronounced angular
dependence when integrated with anisotropic BP flakes, an
emergent anisotropy originating from the combined effects of
BP’s in-plane optical anisotropy (birefringence and linear
dichroism) and multilayer interference in the BP/1LM/
substrate structure. These factors induce significant alterations
in the polarization vector and amplitude of both the incident
light reaching the 1LM constituent and the Raman-scattered
light emanating from it. The calculated results show excellent
agreement with the measured ARPR intensity profiles of the
1LM constituent for different dBP values and λex. This paves the
way for a comprehensive understanding of ARPR responses
from both isotropic and anisotropic constituents and enabling
tailored manipulation of the optical response of isotropic
components within ALM-based vdWHs.
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Calculations of the enhancement factors by the transfer
matrix method, complex refractive indices used in the

Figure 4. (a) IZZ(A1′, ∥), IAC(A1′, ∥), and (b) IZZ(A1′, ∥)/IAC(A1′, ∥) of
the 1LM constituent in BP/1LM vdWHs deposited on 90 nm-SiO2/
Si substrate as a function of dBP, λex = 488 nm. Open circles and
squares denote normalized Raman intensities of the 1LM component
in 59 nm-BP/1LM and 42 nm-BP/1LM heterostructures, respec-
tively.

Figure 5. ARPR intensity profiles of the (a−f) A1′ and (g−l) E′ modes of 1LM and the 1LM constituent in BP/1LM with dBP of 42 and 59 nm,
measured under both (a−c, g−i) parallel and (d−f, j−l) cross-polarization configurations at λex of 488 nm.

ACS Applied Optical Materials pubs.acs.org/acsaom Article

https://doi.org/10.1021/acsaom.5c00385
ACS Appl. Opt. Mater. 2025, 3, 2655−2661

2659

https://pubs.acs.org/doi/10.1021/acsaom.5c00385?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.5c00385?fig=fig5&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.5c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


calculations, and dBP dependence of IZZ(AC)(E′, ∥) and
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Computational Methods

BP/1LM vdWH on SiO2/Si substrate form a five-layer dielectric structure air/BP/1LM/SiO2/Si

with complex refractive indexes ñ0/ñ1/ñ2/ñ3/ñ4, as shown in Figure 2a, where dµ (d1=dBP,

d2=d1LM and d3=dSiO2) and ñµ are the thickness and complex refractive index of the medium

µ. ñ1 is set to be ñZZ and ñAC, respectively, to calculate F ZZ
i(s)(z) and FAC

i(s) (z). The calculation

process using the transfer matrix method1,2 is as follows: According to Fresnel’s equations,

the transfer matrix at the interface between the medium µ and medium ν is denoted as Aµν .

The propagation within the medium ν is described by the propagation matrix Bν . Aµν and

S1



Bν are given by:

Aµν =
1

tµν

 1 rµν

rµν 1

 , Bν(zν) =

e−iδν(zν) 0

0 eiδν(zν)

 (S1)

where tµν = 2ñµ

ñµ+ñν
and rµν = ñµ−ñν

ñµ+ñν
are the transmission and reflection coefficients between

the medium µ and medium ν, and δν(zν) = 2πñνzν/λ is the phase factor within the medium

ν.

First, we calculate the electric field components of the incident light by considering

its propagation within the structure. Based on Equation S1, the relationship between the

electric field components of the incident laser at the air/BP interface (on the air side) and

those at depth z in the 1LM constituent is expressed by the following equation:

E+
i0

E−
i0

 = A01B1(d1)A12B2(z)

E+
i2(z)

E−
i2(z)

 (S2)

where + and - denote the downward and upward propagating directions, respectively. E+
i0

represents the downward-propagating incident electric field component, and E−
i0 is the upward-

propagating incident electric field component. E+
i2(z) and E−

i2(z) correspond to the electric

field components of the excitation laser propagating downward and upward to depth z within

the 1LM constituent. The boundary condition for the Si substrate is considered to get the

following equation:

E+
i0

E−
i0

 = A01B1(d1)A12B2(d1)A23B3(d3)A34

E+
i4(0)

0

 (S3)

where E+
i4(0) is the electric field components at the SiO2/Si interface (on the Si side). From

Eq. (S3), the relationship between the incident electric field component at the air/BP inter-

S2



face and that at the SiO2/Si interface is obtained:

E+
i0 = M11E

+
i4(0) (S4)

where M = A01B1(d1)A12B2(d2)A23B3(d3)A34. By combining Equation S2 and S3, we obtain:

E+
i2(z)

E−
i2(z)

 = N

E+
i4(0)

0

 (S5)

where N = B2(d2 − z)A23B3(d3)A34. By combining Equation S4 and S5, E+
i2(z) and E−

i2(z)

are derived:

E+
i2(z) = N11E

+
i4(0), E

−
i2(z) = N21E

+
i4(0) (S6)

The total electric field of the excitation light at depth z in the 1LM constituent, Ei2(z), is

the superposition of E+
i2(z) and E−

i2(z).

Next, we calculate the electric field components of the Raman-scattered light. As the

Raman scattering occurs in all directions, both upward (U) and downward (D) propagation

paths must be considered. For the upward propagating scattered light, the relationship

between the electric field components at the air/BP interface (on the air side) and those at

the scattering site, located at depth z in the 1LM constituent is given by:

 0

E−
sU0

 = A01B1(d1)A12

B2(d2)

E+
sU2(d2)

E−
sU2(d2)

+ B2(z)

 0

E−
sU2(z)


 (S7)

E−
sU0 is the electric field component of the Raman-scattered light propagating along the U

path at the air/BP interface (on the air side). E+
sU2(d2) and E−

sU2(d2) are the electric field

components of the Raman-scattered light propagating along the U path at the 1LM side of

the 1LM/SiO2 interface, while E−
sU2(z) denotes the electric field component of the Raman-

scattered light propagating along the U path at the scattering site in the 1LM constituent.

S3



Similarly, for the downward propagating Raman-scattered light, the transfer equation is

expressed as follows:

 0

E−
sD0

 = A01B1(d1)A12

B2(d2)

E+
sD2(d2)

E−
sD2(d2)

− B2(z)

E+
sD2(z)

0


 (S8)

E−
sD0 is the electric field component of the scattered light propagating along the D path at the

air/BP interface (on the air side). E+
sD2(d2) and E−

sD2(d2) are the electric field components

of the scattered light propagating along the D path at the 1LM side of the 1LM/SiO2

interface, while E+
sD2(z) denotes the electric field component of the Raman-scattered light

propagating along the D path at the scattering site in the 1LM constituent. After considering

the boundary condition of the Si substrate, the transfer equation can be expressed as:

E+
sU(D)2(d2)

E−
sU(D)2(d2)

 = A23B3(d3)A34

E+
sU(D)4(0)

0

 (S9)

Similar to the case of the incident laser, by combining the Equation S7-S9, we have:

E+
sU4(0) = − P12

M11

E−
sU2(z), E

+
sD4(0) =

P11

M11

E+
sD2(z) (S10)

where P = A01B1(d1)A12B2(z) represents the 2×2 transfer matrix that relates the electric

field components of the scattered light at the scattering site to those at the Si side of the

SiO2/Si interface, and P11 and P12 are the two elements of P. From the Equation S7-S10, the

electric field components of the scattered light propagating along both the U and D paths

at the air/BP interface (on the air side) are determined:

E−
sU0 =

(
P22 −

M21P12

M11

)
E−

sU2(z), E
−
sD0 =

(
M21P11

M11

− P21

)
E+

sD2(z) (S11)

The total electric field of the Raman-scattered light emitted from depth z in the 1LM con-
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stituent, Es(z), is the superposition of E−
sU2(z) and E+

sD2(z). Provided that the Raman

scattering is isotropic, E−
sU2(z) equals to E+

sD2(z).

The interference factor Fi(s)(z) for the electric field components of incident (or Raman-

scattered) light at depth z can be obtained:

Fi(z) =
Ei2(z)

E+
i0

, Fs(z) =
E−

sU0

E−
sU2(z)

+
E−

sD0

E+
sD2(z)

(S12)

By setting ñ1 to be ñZZ and ñAC respectively, F ZZ
i(s)(z) and FAC

i(s) (z) can be obtained. The

complex refractive indices used in the calculations are summarized in Table S1.

Table S1: Complex refractive indices of BP, 1LM, SiO2, and Si at λex =532 nm and 488 nm.

Material ñ@532nm ñ@488 nm

BP(ZZ)2 4.48 + 0.13i 4.79 + 0.27i
BP(AC)2 4.39 + 0.54i 4.50 + 1.02i

1LM3 4.37 + 1.25i 4.97 + 1.25i
SiO2

4 1.461 1.463
Si4 4.14 + 0.03i 4.38 + 0.05i
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Figure S1: (a,c) IZZ(E ′, ∥), IAC(E
′, ∥) and (b,d) IZZ(E ′, ∥)/IAC(E

′, ∥) of the 1LM constituent
in BP/1LM deposited on 90nm-SiO2/Si substrate as a function of dBP. (a,b) λex=532 nm,
(c,d) 488 nm, respectively. Open circles and squares denote normalized Raman intensities of
the 1LM component in 59 nm-BP/1LM and 42 nm-BP/1LM heterostructures, respectively.
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Figure S2: (a,c) IZZ(E
′,⊥), IAC(E

′,⊥) and (b,d) IZZ(E
′,⊥)/IAC(E

′,⊥) of the 1LM con-
stituent in BP/1LM deposited on 90nm-SiO2/Si substrate as a function of dBP. (a,b) λex=532
nm, (c,d) 488 nm, respectively. Open circles and squares denote normalized Raman inten-
sities of the 1LM component in 59 nm-BP/1LM and 42 nm-BP/1LM heterostructures, re-
spectively.
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