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ABSTRACT: Fabry−Peŕot interference plays an important role in
modulating the spectral intensity of optical response originating
from light−matter interactions. Examples of such interference
occurring in the substrate as the resonating cavity have been
demonstrated and probed by two-dimensional layered materials.
Similarly, the Fabry−Peŕot interference can occur and modulate
the optical response in the heterostructure; however, this remains
elusive. Herein, we observe the Fabry−Peŕot interference on
photoluminescence (PL) and Raman spectra in monolayer WS2/
SiP2 heterostructures by varying the thickness of bottom SiP2 from
2 to 193 nm, which serves as the Fabry−Peŕot cavity. Both the
intensities of the PL spectra and the E2g

1 Raman mode of WS2/SiP2
heterostructures first decrease to almost zero while displaying an
interference increase at a SiP2 thickness of 75 nm. Our findings clearly demonstrate the Fabry−Peŕot interference in the optical
response of heterostructures, providing crucial information to optimize the optical response and paving the way toward
photodetector applications.
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■ INTRODUCTION

The constructive and destructive interference originating from
the light propagating between two parallel reflecting surfaces
can cause resonance enhancement of the optical response,
which is called Fabry−Peŕot interference.1−4 Examples can be
found in monolayer transition metal dichalcogenides (TMDs)
and graphene on the SiO2 substrate with varying SiO2 layer
thickness,5−9 in which the bottom SiO2 can serve as a Fabry−
Peŕot cavity for resonating the incident light and resulting in
the optimized optical response from monolayer TMDs. Based
on the similar geometry in vertically stacked heterostruc-
tures,10,11 the bottom materials should behave as the Fabry−
Peŕot cavity and thus are expected to affect the optical
response of the top materials. When the thickness of the
bottom material changes, the intensity of the PL and Raman
spectra of the top material will change accordingly, resulting
from constructive or destructive interference. Therefore, the
Fabry−Peŕot interference should play an important role in the
optical response of heterostructures, providing crucial
information for stacking heterostructures at proper thicknesses
and for optimizing signals for potential applications. Similar to
interesting optical physical mechanisms in heterostructures,
including circularly polarized optical selection rules, moire ́
excitons, and optical generation of spin-valley currents,12−18

the Fabry−Peŕot interference can also modulate the spectral

intensity and thus affect the optical response. However, such
studies are rare, and the Fabry−Peŕot interference in
heterostructures remains elusive.
In this work, we demonstrate the effect of Fabry−Peŕot

interference on the PL and Raman spectra in monolayer WS2/
SiP2 heterostructures. We found that the PL and Raman
spectra of WS2/SiP2 heterostructures can be greatly tuned by
the thickness of the bottom SiP2 (the cavity thickness) and
exhibit interference enhanced intensities at a specific
intermediate thickness of SiP2. Specifically, the PL intensity
decreases with the increased thickness of SiP2 from 2 to 50 nm
and displays an interference enhancement when further
increasing the thickness up to approximately 75 nm. Similarly,
the intensity of the E2g

1 Raman mode of WS2/SiP2
heterostructures decreases with the increased thickness of
SiP2 and displays two interference enhancements with
increased thickness. The intensity modulation of both the PL
and Raman spectra of WS2/SiP2 heterostructures by changing
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the thickness of SiP2 gives us unambiguous evidence of the
influence of Fabry−Peŕot interference on the light−matter
interactions in heterostructures, providing a quantitative
reference for understanding the geometric effect in hetero-
structures and designing the thickness of cavity layers in
heterostructures to optimize optical absorption in photo-
detector applications.

■ RESULTS AND DISCUSSION
To study the Fabry−Peŕot interference effects on the light−
matter interactions, we chose monolayer WS2 (as the probing
material) and SiP2 (as the cavity material) to construct the
heterostructures. On the one hand, monolayer WS2 can

present a relatively strong photoluminescence (left panel of
Figure S1), which can easily analyze the changes in optical
response caused by the Fabry−Peŕot interference.19−24 On the
other hand, SiP2 is also a van der Waals layered crystal (right
panel of Figure 1a) and is easily exfoliated to show an
atomically flat surface.25 The atomically flat and clean interface
between these two layered materials makes WS2/SiP2
heterostructures an ideal platform to study the effects of the
Fabry−Peŕot interference.
To compare the Fabry−Peŕot interference effect with or

without SiP2, a part of the WS2 monolayer is stacked above
SiP2 and the rest on the SiO2/Si substrate. The cross-sectional
schematic and microscopic optical picture of the monolayer

Figure 1. Raman and PL spectra of a monolayer WS2/SiP2 heterostructure. (a) Schematic crystal structure of WS2 and SiP2 in top and side views.
(b) Schematic WS2/SiP2 heterostructure on SiO2/Si substrates. (c) Microscopic optical image of the WS2/SiP2 heterostructure. WS2 and SiP2
flakes are marked with black and red dashed polygons, respectively. The Raman (d) and PL (e) spectra of SiO2, SiP2/SiO2, monolayer WS2/SiO2,
and monolayer WS2/SiP2 heterostructures.

Figure 2. Comparison of monolayer WS2/SiP2 heterostructures with thick and thin SiP2. (a) Microscopic optical image of WS2/SiP2
heterostructures. WS2 and SiP2 are marked with black and red dashed polygons, respectively. (b) Spatial distribution of the PL intensity within
the region shown in the orange square in panel (a). (c, d) PL spectra of monolayer WS2 on top of (c) thick and (d) thin SiP2, as green and blue
triangles marked in panel (b), respectively. Insets are the AFM topographies of WS2/SiP2 heterostructures, in which WS2 and SiP2 are marked with
black and red dashed polygons, respectively. The thick and thin SiP2 are identified to be 31.0 and 5.9 nm, respectively.
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WS2/SiP2 heterostructures are shown in Figure 1b and Figure
1c, respectively. Figure 1d presents the Raman spectra of the
WS2 monolayer, SiP2 flake, and their heterostructure as well as
the SiO2 substrate, in which the Raman intensity of monolayer
WS2 is multiplied by 0.1. For the WS2/SiP2 heterostructure,
the two Raman peaks located at 325 and 350 cm−1 are assigned
to the in-plane E2g

1 (M) and E2g
1 (Γ) vibrational modes of

monolayer WS2, respectively, and the Raman peak at
approximately 400 cm−1 originates from SiP2, which is
consistent with the previous Raman study.25 These good
agreements of the Raman peaks indicate the high quality of the
WS2/SiP2 heterostructures, which is essential to study the
Fabry−Peŕot interference effect.
Figure 1e shows the PL spectra of monolayer WS2, SiP2, and

their heterostructure, in which the PL intensity of monolayer
WS2 is multiplied by 0.1. For monolayer WS2, the PL spectrum
shows two characteristic peaks corresponding to the neutral
exciton (X at 2.017 eV) and negatively charged exciton (X− at
1.973 eV). The energy difference between the X and X− peaks
is 44 meV, which is the trion binding energy, reasonably
coinciding with the reported trion dissociation energy.26−28 As
a comparison, for the WS2/SiP2 heterostructure, the X and X−

peaks redshift to lower energies at 2.007 and 1.967 eV,
respectively. Such redshifts might originate from the change of
the dielectric environment. When placing WS2 onto SiP2, the
dielectric screening becomes stronger, which is expected to
increase the strength of the Coulomb interaction in WS2 and
thus lead to an increase in the exciton binding energy of
monolayer WS2. With the assumption of a band gap value, the
increased binding energy of WS2 leads to a redshift of the PL
spectrum. The explanations about the redshift have also been
reported in the previous studies.29−31 Notably, the intensities

of both the Raman (Figure 1d) and PL (Figure 1e) spectra of
monolayer WS2 are weakened by the bottom SiP2. The redshift
of positions and the weakening of intensities of the PL peaks
are independent of the measured locations on the sample
surface, indicating the uniformity of our WS2/SiP2 hetero-
structures (further confirmed by the PL mapping measure-
ments of WS2/SiP2 heterostructures in Figure S3).
To further study the weakening of intensity in the PL

spectra, we fabricated a series of WS2/SiP2 heterostructures by
altering the thickness of SiP2. Figure 2a shows an optical image
of the heterostructure, including a WS2 monolayer stacked on a
SiP2 flake with different thicknesses, in which thicker (thinner)
SiP2 shows a pale white (blue) color, respectively. The
thickness-dependent optical contrast of SiP2 flakes is caused by
Fabry−Peŕot interference32 within the flakes, which can be
further confirmed by the colors of SiP2 flakes with a series of
thicknesses (Figure S4). Such an interference-determined color
contrast has been well known in the fields of two-dimensional
materials. To directly show the difference between the PL
spectra of monolayer WS2 on thick and thin SiP2, we
performed the spatial mapping of exciton X of the PL spectra,
as shown in Figure 2b. The corresponding PL mapping of
charged exciton X− is shown in Figure S5. From the PL
mapping results of X and X−, one can see that the PL intensity
of monolayer WS2 is quite stable when the SiP2 flake is
homogeneous in thickness. As shown in Figure 2b, the PL
emission intensity of monolayer WS2 on thin SiP2 is relatively
stronger than that on thick SiP2. This phenomenon is universal
and does not depend on temperature, as shown in Figures S6
and S7, indicating that it has purely geometric origins.
Taking an example for better comparison, the PL spectra of

monolayer WS2 on thick and thin SiP2 flakes are shown in

Figure 3. Fabry−Peŕot interference of the PL spectra in monolayer WS2/SiP2 heterostructures. (a, b) Evolution of the PL spectra with the
thickness of SiP2 from 2 to 193 nm for (a) WS2/SiP2 heterostructures and (b) WS2/SiO2. (c) PL peak position of excitons (denoted as X) for WS2
(red squares) and WS2/SiP2 heterostructures (blue squares) as a function of the thickness of SiP2. (d) Intensity ratio of exciton (X) to trion (X−)
for WS2 (upper panel) and WS2/SiP2 heterostructures (lower panel), respectively. (e) 3D color plot of the PL spectra of all the measured WS2/SiP2
heterostructures in panel (a). PL intensities are normalized by the intensity of the X peak in the corresponding PL spectra of monolayer WS2 on
SiO2 in panel (b). (f) Normalized intensity of the X peak of WS2/SiP2 heterostructures as a function of the thickness of SiP2. The inset shows a
schematic mechanism of the Fabry−Peŕot interference. A clear Fabry−Peŕot enhancement is found when SiP2 is 75 nm thick, as shown by the
curve simulated.
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Figure 2c and Figure 2d, respectively, in which the positions
are marked by triangles in Figure 2b. The atomic force
microscopy (AFM) images, as shown in the insets of Figure
2c,d, demonstrate that thick and thin SiP2 flakes are uniform in
thickness. The accurate thicknesses of SiP2 are 31.0 and 5.9
nm, respectively, from the AFM results. Two important things
should be addressed here. First, the PL intensities of WS2/SiP2
heterostructures with different thicknesses of SiP2 are sup-
pressed compared to those of monolayer WS2 on the SiO2
substrate. Second, the PL intensity of the WS2/SiP2
heterostructure with thinner SiP2 (Figure 2d) is much stronger
than that with thicker SiP2 (Figure 2c). Such an intensity
enhancement in the PL spectra of monolayer-WS2/thinner-
SiP2 heterostructures suggests that a thick SiP2 cavity has a
higher light absorption rate than a thin cavity, which indicates
the possible existence of the Fabry−Peŕot interference effect in
the SiP2 cavity.
To further study the light−matter interactions influenced by

the Fabry−Peŕot interference in WS2/SiP2 heterostructures, we
fabricated a series of monolayer WS2/SiP2 heterostructures
with various thicknesses of bottom SiP2 flakes from 2 to 193
nm and studied the thickness evolution of the PL and Raman
spectra of top monolayer WS2. Figure 3a,b compare the PL
spectra of monolayer WS2 on SiP2 flakes with different
thicknesses and the corresponding monolayer WS2 on the SiO2
substrate. Whether the bottom SiP2 exists or not, monolayer
WS2 always displays two sharp PL peaks, namely, neutral
exciton X and charged exciton X−. Interestingly, WS2/SiP2
heterostructures present an obvious contrast in the intensity of
the PL spectra with varying thickness of SiP2, as shown in
Figure 3a, which can be directly ascribed to the effect of
Fabry−Peŕot interference. However, all the WS2 monolayers
on the SiO2 substrate corresponding to the heterostructures in
Figure 3a present almost identical PL spectra in both intensity
and peak positions, as shown in Figure 3b.
Intriguingly, two features in the PL spectra of WS2/SiP2

heterostructures should be addressed here. First, there is a
redshift of the PL spectra of monolayer WS2 on SiP2 relative to

that on the SiO2 substrate. For example, the X peak of the PL
spectra of monolayer WS2/SiP2 (Figure 3c) is located at
approximately 2.008 eV, which is lower than those values
(approximately 2.017 eV) on the SiO2 substrate. Such a
redshift in the PL spectra, indicating an increase in the exciton
binding energy,33 is mainly caused by the change in the
dielectric environment from SiO2 to SiP2. Second, the intensity
ratio of X and X−, IX/IX−, in WS2/SiP2 heterostructures shows a
slight decreasing trend when thinning down SiP2. Since IX/IX−

reflects the carrier density in monolayer WS2, the changes of
IX/IX− in both monolayer WS2 and WS2/SiP2 heterostructures
provide crucial information on the charge transfer between
WS2 and SiP2. As shown in Figure 3d, the values of IX/IX− in
monolayer WS2 are approximately 2.5, while those in WS2/
SiP2 heterostructures are slightly small, indicating that the
carrier density of monolayer WS2 on SiP2 differs from that on
SiO2. Such a decrease in IX/IX− in WS2/SiP2 heterostructures
with reducing the thickness of SiP2 corresponds to effective
charge injection28,34,35 into WS2 and suggests the thickness
dependence of the band structure of SiP2. Such an observation
that the dielectric environment can significantly affect the
optical spectra of materials has also been frequently discussed
in previous reports.36−38

More importantly, we discuss the effect of Fabry−Peŕot
interference in WS2/SiP2 heterostructures, which has been
ignored in previous reports. Figure 3e plots the PL spectra of
all the measured WS2/SiP2 heterostructures (Figure 3a), which
are normalized by the intensity of the X peak in the
corresponding PL spectra of monolayer WS2 on SiO2 (Figure
3b). This analysis is based on the fact that the exciton is
directly related to the absorption and emission of monolayer
WS2. One can see in Figure 3e that the normalized PL spectra
of WS2/SiP2 heterostructures are quickly suppressed with
increasing SiP2 thickness. A clear enhancement of the PL
spectra appears when the thickness increases to a certain value.
Figure 3f describes the normalized intensity of the X peak,
which drops quickly from 0.9 down to almost zero with
increasing thickness of SiP2, enhances to ∼0.2 when SiP2 is 75

Figure 4. Fabry−Peŕot interference of the Raman spectra in monolayer WS2/SiP2 heterostructures. (a) 3D color plot of the Raman spectra of all
the measured WS2/SiP2 heterostructures. PL intensities are normalized by the intensity of the E2g

1 peak in the corresponding Raman spectra of
monolayer WS2 on SiO2. (b) Raman intensity ratio of WS2/SiP2 heterostructures to monolayer WS2, varying with the thickness of SiP2. Two clear
Fabry−Peŕot enhancements are found when SiP2 values are 75 and 140 nm in thickness, as shown by the simulated curve. (c) Schematic image of
the optical paths of the excitation and Raman scattering light. (d) Raman peak position of the E2g

1 mode for WS2 (red squares) and WS2/SiP2
heterostructures (blue squares) with different thicknesses of SiP2.
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nm thick, and decreases again to almost zero when further
thickening SiP2, evidently showing the constructive and
deconstructive interference of absorption and emission of the
light. The inset of Figure 3f schematically shows the coherent
path of how the Fabry−Peŕot interference within bottom SiP2
affects the intensity of the PL spectra of top WS2. In WS2/SiP2
heterostructures, the bottom SiP2 behaves as a resonating
cavity, in which the incident and emission light undergo an
infinite number of reflections and refractions at the boundaries
of both WS2 and SiP2 layers. Therefore, the Fabry−Peŕot
interference induced by SiP2 can greatly affect the PL intensity
and other light−matter interactions of WS2, which is also
confirmed in the plot of the peak area as a function of SiP2
thickness, as shown in Figure S8a. The derivation and the full
expressions of the simulated curve are given in Section S9 in
the Supporting Information.
Similarly, the Fabry−Peŕot interference of SiP2 can also be

proven by the Raman spectra of monolayer WS2/SiP2
heterostructures. One can see in Figure 4a that there are two
enhanced peaks in the evolution of the Raman spectra with
increasing SiP2 thickness. To better understand these enhance-
ments, Figure 4b profiles the normalized intensity of the E2g

1

peak as a function of the thickness of SiP2, which drops quickly
from ∼0.8 down to almost zero with increased thickness of
SiP2, then enhances twice to ∼0.6 and ∼0.4 when SiP2 values
are 75 and 140 nm in thickness, and eventually decreases to
almost zero. The derivation and the full expressions of
simulated curve are given in Section S9 in the Supporting
Information. The optical path for the Fabry−Peŕot interference
effect on the Raman scattering process is schematically shown
in Figure 4c, showing the constructive and deconstructive
interference of the Raman scattering light. On the other hand,
as shown in Figure 4d, one can see almost identical peak
positions of the E2g

1 mode of monolayer WS2 on either SiP2 or
SiO2. As an intralayer vibration mode, the E2g

1 mode is sensitive
to stress and shows redshifts or even splits as the stress
increases.39 The relative shift of the E2g

1 mode has not been
found, proving that the observed two enhancements in the
Raman spectra have purely geometric origins as the Fabry−
Peŕot interference, instead of the stress effect, which is possibly
induced from the fabrication process.

■ CONCLUSIONS
In conclusion, by combining both PL and Raman measure-
ments, we experimentally confirmed the influence of the
Fabry−Peŕot interference effect of SiP2 on the optical response
of WS2/SiP2 heterostructures. In these heterostructures, we
found that both the PL and E2g

1 Raman peak intensities first
decrease to almost zero as the SiP2 thickness increases to 50
nm while displaying an interference enhancement at a SiP2
thickness of approximately 75 nm. The Fabry−Peŕot
interference can be dramatically modulated by the thickness
of SiP2 and cause resonation of light focusing on specific layers.
According to the simulation to experimental results, the
thickness of SiP2 at which the constructive and destructive
interference of the light propagating through the SiP2 layer can
be quantitatively predicted. Fabry−Peŕot interference is a
common phenomenon that can occur when the ray passes
through paired flats. Hence, the results can be generalized to
any vertical two-dimensional material heterostructure, such as
graphene, TMD, and phosphides. The simulation model can
also be applied to these heterostructures for seeking the critical
range of bottom material thickness and optimize the optical

response. Our results introduce an interesting class of Fabry−
Peŕot interference enhancement in heterostructures, shedding
light on the comprehensive understanding of the optical
response of heterostructures. The potential of optimizing the
optical response in heterostructures offers significant impacts
for optoelectronic devices, including photodetectors, photo-
voltaics, and light-emitting devices with unprecedented
characteristics or unique functionalities.

■ EXPERIMENTAL SECTION
Heterostructure Preparation. SiP2 flakes with thicknesses

varying from 2 to 193 nm were mechanically exfoliated onto silicon
wafers with a 285 nm thick SiO2 layer. Then, monolayer WS2 was
exfoliated using PDMS (polydimethylsiloxane), and the single layer
was identified by the Raman spectroscopy characteristics. Eventually,
monolayer WS2 was transferred onto SiP2. During the transfer
process, a part of monolayer WS2 was placed on the SiO2 substrate for
comparison to each other. All the exfoliation and transfer processes
were performed in a nitrogen glove box with both oxygen and water
levels below 0.1 ppm. After optical measurements, the thickness of
SiP2 was identified by atomic force microscopy (AFM, integrated onto
the Raman system WITec Alpha 300).

Optical Measurements. Optical measurements, including the PL
and Raman spectra, were performed by using a confocal Raman
system (WITec Alpha 300). Thickness-dependent PL and Raman
measurements were carried out at room temperature with an incident
laser (a wavelength of 532 nm and laser power of 0.1 mW). The laser
spot size is 1 μm focusing by using a 100× objective. Nitrogen
ambient conditions were used to protect samples by continuously
flowing nitrogen gas. Low-temperature PL measurements of
heterostructures were performed under vacuum conditions with
samples installed in a cryostat using a long working distance 50×
objective with an incident laser (a wavelength of 532 nm and laser
power of 0.1 mW). The cryostat was cooled with liquid nitrogen to
provide a low-temperature platform for optical measurements.
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