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Accurate Optical Metrology of van der Waals Monolayers
and Heterostructures from the Interference of Interface
Polariton Waves

Kang Qin, Zong-yan Zuo, Sheng Peng, Kai Liu, Hui Yang, Qi-hang Zhang, Yan-qing Lu,
Yong-yuan Zhu, and Xue-jin Zhang*

1. Introduction
New two-dimensional (2D) van der Waals materials are emerging, and their

optical parameters urgently need to be acquired experimentally. Most of the
reported results come from traditional metrologies used in the past for bulk
materials. This unavoidably causes controversy regarding the correctness and
accuracy of results, as well as the physical model. Surface/interface plasmon
polariton waves are sub-diffraction-limited and very sensitive to surroundings.

Two-dimensional (2D) materials have
attracted considerable interest since the
isolation of single-layer graphite, namely
graphene, in 2004.['! The atomic thick-
ness gives them natural advantages in
nanophotonics. The tunable Fermi energy

Here, 2D van der Waals materials with metal embodied are presented.
Surface/interface exciton-plasmon polaritons come into being with excitons in
2D transition-metal dichalcogenides (TMDCs), which are physically taken as
the boundary conditions with complex optical conductivities at the interfaces.
Complex optical conductivities of 2D TMDCs are measured by means of
interference behavior of surfacefinterface polariton waves. The size

of graphene makes it of great application
value in adjustable devices,!*?! such as
optical modulators,“l tunable sensors,>¢!
and infrared photodetectors.’! As a matter
of fact, graphene’s zero band gap limits its
application in nanoscale light sources. In
recent years, a kind of thin transition-metal

requirement of 2D van der Waals materials becomes relaxed, and complex
optical conductivities can be measured for single-crystalline WS, and MoS,
monolayers with small sizes. Furthermore, a remarkable capability is
manifested by yielding complex optical conductivity of van der Waals
heterostructures. The proposed metrology can apply to other newly developed
materials with modified underlying physical models, as well as various types

of 2D van der Waals materials.
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dichalcogenides (TMDCs) came into view.
Mo- and W-based dichalcogenides have
thickness-dependent optical properties. 1]
In particular, they exhibit indirect-to-
direct band gap semiconductors when the
thickness is reduced to monolayer.’! The
recombination of electron-hole pairs inside
TMDCs can emit visible or near-infrared
light.""15] Furthermore, with interlayer
interaction within vertical heterostructures,
a new type of exciton, i.e., interlayer exciton can be formed.!!213]
The interlayer exciton energy is determined by the energy level
of the original elements. Hence emission wavelengths can be ex-
tended by combining different kinds of elemental materials.['113]

As the central parameter, optical parameters of 2D materials
is susceptible to the preparation process and surroundings, such
as temperature and number of layers.['*!8 The measurements
of optical parameters become particularly important and have
been carried out predominantly using spectroscopic ellipsome-
try (SE).'¥21] With the lower limit of actual spot size, typically
300 um in diameter,[??! this traditional measurement method in-
evitably has minimum size requirements for the sample. To be
more practical, much effort has been put into the pursuit of high
spatial resolution, by integrating SE into optical microscopy or
vice versa.[?*?*] Differential reflectance spectroscopy (DRS) can
be considered as the derivative of SE,!'-%! such as optical absorp-
tion and transient transmission/reflection techniques.!?’! DRS
enables measurements with a spatial resolution of sub-10 ym
using microscopy. However, for both SE and DRS methods, the
accuracy of measurements based on the Fresnel Equation is de-
termined by the collimation and polarization of incident light. In
common systems with dispersive optical elements, it is usually

© 2023 Wiley-VCH GmbH
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necessary to measure one wavelength one time to ensure the ac-
curacy. In a word, the current far-field measurement schemes,
e.g. SE and DRS are restricted by the optical diffraction limit
and requirements on optical setup, thus normally cannot achieve
high spatial resolution.

In recent years, the near-field measurement scheme based on
scattering-type scanning near-field optical microscopy (s-SNOM)
has been developed to collect material information with sub-
10 nm spatial resolution, mainly including two types. One is
the two-beam interference method, using Fourier transform to
obtain an effective index and propagation length.[?”] The prop-
agation length is determined by the full width at half maxi-
mum of the Fourier spectrum, which is greatly affected by the
spatially mapped range of near-field measurements. Generally
speaking, the accuracy could be guaranteed only if the mea-
sured range reaches the magnitude of the propagation length,
which is usually over 100 pm. The other is the optical contrast
method, fitting the material parameters to the amplitude and
phase collected directly from the near-field signal.?®! However,
the shorter the working wavelengths, the larger the background
noise scattered by the AFM tip shank and the more difficult the s-
SNOM phase modulation, leading to a lower accuracy for visible
or near-infrared light compared to infrared light. Furthermore,
the single-wavelength measurements with low speed of s-SNOM
would cost much time for the need of continuous spectra mea-
surements.

Taking a completely different approach, we develop a tech-
nique based on the multi-beam interference characteristics of
surface/interface polariton waves to precisely acquire the com-
plex optical conductivity of 2D materials. This method is immune
to the angle of incidence and polarization, reduces the size of
2D materials, and can be widely applicable to the acquisition of
optical parameters for various types of 2D materials, no matter
whether they are conductive or semiconductive. We treat 2D ma-
terials as thicknessless layers at the interfaces of multilayer pla-
nar structures, which support guided modes. In consequence,
2D materials enter in the physical model of the guided wave dis-
persion relation through the boundary conditions when solving
Maxwell’s equations. In this case, the quantity we need to pro-
cess is the optical conductivity, which can be transformed to re-
fractive index or dielectric function when wanted as definitive
thickness, even though discrepancy and inequivalence have been
noted.223

Here, optical conductivities of single-crystalline WS, and
MoS, monolayers grown by chemical vapor deposition (CVD)
and their heterostructures were measured in this way. In or-
der to yield the optical properties of TMDCs at visible or near-
infrared wavelength, we construct air/2D TMDC/metal struc-
ture, in which surface/interface polariton can be generated. To
ensure apparent interference features, single-crystalline Ag is
chosen as the metal that can support surface plasmon polari-
ton (SPP) mode,*!32 based on which the scattering loss of SPP
mode can be largely suppressed. Obviously, the complex refrac-
tive index or dielectric function of Ag should be first experimen-
tally determined with the excitation of SPP mode propagating
at the air/Ag interface. When a TMDC monolayer (heterostruc-
ture) is laid on the Ag surface, it constitutes an air/TMDC mono-
layer (heterostructure)/Ag structure. Assuming isotropic media,
the dispersion relation of transverse magnetic surface wave mode
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can be derived as!??!
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Ay m 1
ky k iwe, @

m

where ¢, and ¢, are the dielectric functions of media (air and Ag)
that sandwich the 2D material (TMDC monolayer or heterostruc-
ture), k, = k, + ik; is the wavenumber of surface/interface polari-
ton, and k> = k> - €0’ /c* with j = {d, m}. It is noted that the
existence of surface/interface polariton waves imposes that the
signs of ¢, and ¢, are opposite regardless of whether o, is zero
or not. If k, and k; can be measured, the optical conductivity of
2D TMDC monolayer or heterostructure will be given experimen-
tally from Equation (1).

2. Results and Discussions

As evanescent wave fields, surface/interface polaritons are usu-
ally excited by a prism or grating with momentum matching
between far-field and near-field light waves. Instead, we experi-
mentally engraved a groove to satisfy the momentum-matching
condition. Although it is not as efficient as a prism or grating,
one groove is capable of broadband far- and near- field conver-
sion. At the same time, a pair of grooves can launch the interfer-
ence of surface/interface polariton waves, as a Fabry-Pérot cavity.
Figure 1a shows the measuring scheme in our experiments. Two
parallel grooves were fabricated by focused ion beam etching (He-
lios 600, FEI Company, 30 keV Ga ions) on the single-crystalline
Ag, which are defined as the input and output ends of Fabry—
Pérot cavity respectively. The incident white light was focused
on the groove of the input end by an objective lens (100x, NA
= 0.9). When the incident light hits the groove with two edges,
it can be partially coupled into surface/interface polaritons. The
guided waves propagate along the surface/interface, and are re-
flected back and forth between the input and output ends, result-
ing in the Fabry-Pérot interference phenomenon. A pinhole was
placed on the image plane in the detection optical path to collect
the signal emitted from the output end and filter out the signal
directly scattered by the input one. In the interference spectrum,
the light intensity takes a maximum value when 2k, D = 2qz, and
a minimum value when 2k, D = (2g+1)x, where ¢ stands for non-
negative integers and D the distances of two grooves. Therefore,
the real part of effective k, can be extracted from interference
fringes.

The imaginary part of effective k; can be obtained from the os-
cillation character of interference spectra for several groove pairs
with different distances.**] At a given wavelength, we acquire
the minimum intensity (I,;,) and oscillation strength indicated
by the intensity difference (AI) between the maximum intensity
(Inax) and I, as shown in Figure 1b, then get k; by fitting the re-
lation curve of AI/I ;. and groove distances using the following
equation¥l

Al _ 4RA 2
Lyn  (1- RAY

where R is the reflectivity of surface/interface polariton wave at
the ends of Fabry-Pérot cavity, and A = eP/L (L = 1/(2k,) is the
propagation length of surface/interface polariton wave) repre-
sents the propagation loss of surface/interface polariton wave.
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Figure 1. Optical setup and interference fringes. a) Schematic of optical measurement system. R: reflector, BS: beamsplitter, L: lens. b) Interference
fringe collected at the output end. D is 20 um here. The indicator of oscillation Al and minimum intensity /,,,;, are denoted.

Single-crystalline Ag demonstrates a clear advantage over others,
e.g. Ag film prepared from coating, by virtue of atomically flat sur-
face and supporting surface/interface polaritons with quite long
propagation length (Figure S1, Supporting Information). The dis-
tance D determines the spacing and intensity of interference.
Large D comes with a small interference spacing, leading to a
more accurate k,, but lower oscillation strength, which brings dif-
ficulty to gain k;. As a trade-off, we experimentally etched groove
pairs with distances equal to 25, 30, 35, and 40 um (Figure S2,
Supporting Information).

In our experiments, single-crystalline WS, and MoS, mono-
layers were grown using CVD method and stacked vertically to
build heterostructures (Figure S3, Supporting Information).3]
With the help of Raman spectra, WS, and MoS, mono-
layer and multilayer can be distinguished (Figure S4, Support-
ing Information).’*] The WS,/MoS, vertical heterostructures
were formed by stacking WS, and MoS, monolayers onto a
SiO,/Si substrate. The side length of heterostructure area is on
the order of 50 um, as shown in Figure 5e. Then the 2D materi-
als were transferred onto single-crystalline Ag with etched groove
pairs on surface for interference measurements by the dry trans-
fer method.

The band gaps of WS, and MoS, are 2.29 and 2.36 eV, respec-
tively. The top valence band of WS, is ~0.35 eV higher than that
of MoS,.3%40] Figure 2a illustrates the energy levels of WS, /MoS,
heterostructure with type-II band alignment, in which a new
bandgap of ~2.01 eV is created. The exciton binding energies of
WS, and MoS, are ~0.29 and 0.5 eV,[*!l while that of interlayer
excitons is only 0.05 eV. The photoluminescence (PL) peaks cor-
responding to A excitons of WS, and MoS, will be 620 and
670 nm, respectively. After the stacking process, the heterostruc-
tures were treated by annealing in a tube furnace under nor-
mal pressure at a temperature of 200 °C and a period of 12
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h. This step is favorable to guarantee high-quality heterostruc-
tures with an effective interlayer interaction by getting rid of wa-
ter and oxygen molecules, which are easily introduced during
transfer process.'”) PL measurements are convenient to identify
the emergence of well-defined interlayer transitions. Figure 2b
shows PL spectra of the CVD-grown WS,, MoS, monolayers,
and their heterostructure. In the visible range, WS, monolayer
has one obvious peak (=620 nm) corresponding to A exciton,
while MoS, monolayer has two peaks (~670 and ~625 nm) corre-
sponding to A exciton and B exciton. The PL spectra of the unan-
nealed heterostructure is the direct superposition of the PL spec-
tra of WS, and MoS,, from which the peaks of WS, and MoS,
can be seen. The PL peak intensity of MoS, is low compared to
that of WS,. When the interlayer interaction is strong enough,
the individual PL peaks of WS, and MoS, monolayers will dis-
appear and only an interlayer exciton peak (=630 nm) will be
displayed.

The interlayer transition not only leads to the emergence of
new exciton level, but also has an effect on the Raman peak po-
sition. WS, and MoS, have two main Raman peaks, A;, and
E;g, corresponding to first-order out-of-plane and in-plane modes
respectively.’*38] The Raman spectra of WS,, MoS,, and their
heterostructure are shown in Figure 2¢,d. Before annealing, the
interlayer interaction is weak, the Raman peak of heterostructure
is a direct superposition of the Raman peak of the elemental ma-
terials. In contrast, when the interlayer interaction is strong, the
Raman peak will shift a little. After annealing, A,, has a blue shift
and E;g has a red shift.?%*] Furthermore, both the excitons in

MoS,, WS, monolayers and interlayer exciton in WS, /MoS, het-
erostructure are close related to the surroundings. For instance,
the substrate would slightly affect the PL and Raman spectra of
them (Figure S5, Supporting Information).
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Figure 2. Interlayer transition. a) Schematic diagram of A exciton-coupled band alignment of WS, /MoS, heterostructure. The solid black line represents
the bottom of the conduction band and the top of valence band. PL spectra b) and Raman spectra c,d) of monolayer WS,, MoS,, unannealed and
annealed WS, /MoS, heterostructure. The arrows indicate the shift directions of Raman peaks. The substrate here is SiO, /Si. WS, is on top of MoS, in
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Figure 3. Measured dispersion relations of surface/interface exciton-plasmon polaritons. The 2D TMDCs are a) WS,, b) MoS, and c) their heterostruc-
ture respectively. Red and blue dotted lines refer to positions of excitons.

The guided SPP wave mode can be generated at the air/Agin-  nomenon can occur.l*?] Figure 3 shows measured dispersion rela-
terface. After 2D material transfer, with excitons inside TMDCs,  tions of surface/interface exciton-plasmon polaritons from WS,,
the interaction gives birth to a new hybrid mode, ie., sur- MoS, monolayers, and their heterostructure on single-crystalline
face/interface exciton-plasmon polariton at the air/TMDC mono-  Ag respectively. In the presence of A exciton and B exciton in
layer (heterostructure)/Ag interface, and Rabi oscillation phe-  MoS,, two Rabi splitting positions can be seen, while for WS,
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Figure 4. Propagation lengths were measured for surface/interface polari-
tons of structures with WS,, MoS, monolayers, and their heterostructure
on single-crystalline Ag respectively.

and WS, /MoS, heterostructure, there is only one Rabi splitting
position. The energy of Rabi splitting depends on the coupling
strength. For WS, monolayer, due to its strong exciton resonance,
the Rabi splitting energy can reach ~63 meV. For MoS, mono-
layer, resonance strengths of excitons are weaker than that of
WS,, with Rabi splitting energies of 46 and 40 meV for A and
B excitons respectively. The strength of the interlayer exciton in
WS, /MoS, heterostructure is comparatively weaker, such that
the Rabi splitting energy produced by the interlayer exciton is
only 24 meV.

Propagation length is another important property of sur-
face/interface polariton waves. The propagation length of SPPs
on the surface of single-crystalline Ag can be nearly 200 um
at wavelength of 700 nm (Figure S6, Supporting Information).
It is much larger than the result from Johnson and Christy in
1972, as well as that from Palik,!*!] testifying to high-quality
Ag crystals we synthesized. When 2D TMDCs are introduced
on the Ag surface, the SPP wave turns into surface/interface
exciton-plasmon polariton wave, as a result of coupling between
the exciton in 2D TMDC and plasmon in Ag. This strong cou-
pling significantly decreases the propagation length. Figure 4
shows the measured propagation lengths of surface/interface
exciton-plasmon polariton waves, where WS,, MoS, monolay-
ers, and their heterostructure are placed on single-crystalline Ag.
Compared to that of SPP wave shown in Figure S6c, Support-
ing Information, the propagation lengths of surface/interface
exciton-plasmon polariton waves drop down. At the very wave-
length of exciton resonances, propagation length even drops to
below 50 pm.

The complex dielectric function of as-grown single-crystalline
Ag was first measured with the above procedure (Figure S6, Sup-
porting Information), which is close but different to Johnson—
Christy’s data.*3l And then, the complex optical conductivi-
ties of WS, and MoS, monolayers were measured respectively.
If 2D materials can be truly considered as a very thin layer,
the optical conductivity (o, - o, + ic,) and dielectric func-
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tion (¢ = &, + ie,) will be mutually converted by the following
equation!*!

0,p = 03pd = —ieqw(e — 1)d (3)

where d is the effective thickness of 2D materials. For compari-
son, we convert the dielectric functions of monolayer WS, and
MoS, from some literature that have been reported!**#’! through
the above equation and then put them together in Figure 5 with
our measured results. Figure 5a,b shows the real and imagi-
nary parts of optical conductivity of WS, monolayer. In the vis-
ible range, there is mainly A exciton (%615 nm), agreeing well
with that in the PL spectrum shown in Figure S5a. Figure 5c,d
shows the real and imaginary parts of optical conductivity of
MoS, monolayer, in which A exciton (~660 nm) and B exciton
(~620 nm) take place as those in the PL spectrum shown in
Figure S5b, Supporting Information. From Equation (3), the real
(imaginary) part of optical conductivity is related to the imag-
inary (real) part of the dielectric function. It can be seen that
the real parts of optical conductivities for our WS, and MoS,
monolayers are basically the smallest, as shown in Figure 5a,c,
which is in accordance with their single-crystalline natures. On
the other hand, the imaginary parts of optical conductivities re-
late to the strength of exciton resonance, thus those of our CVD-
grown single-crystalline WS, and MoS, monolayers demonstrate
the largest changes around exciton resonances, as shown in
Figure 5b,d.

From a technical point of view, the measurement method we
proposed above has a competitive advantage, i.e., the needed
size of 2D materials can be much smaller than those of con-
ventional optical methods. If the Fabry—Pérot cavity is replaced
with that supporting whispering gallery mode to generate the in-
terference fringes, the cavity could be shrunk, and the size re-
quirement for the 2D material would be further reduced. Other
comparisons are also briefly made between several measurement
schemes (Table S1, Supporting Information). More importantly,
from a physical point of view, the model we make use of is based
on the surface polariton waves with surface/interface suscepti-
bility, which facilitates the sensing of subtle change even at the
level of a single layer of atoms. To that end, we measured opti-
cal conductivity of vertical heterostructures composed of single-
crystalline WS, and MoS, monolayers. After the above interfer-
ometric measurements were performed, complex optical con-
ductivity of WS,/MoS, heterostructure was analyzed with the
measured complex dielectric function of single-crystalline Ag, as
shown in Figure 5f. Compared to those of WS, and MoS, mono-
layers, the resonant intensity of interlayer excitons (~625 nm) of
WS, /MoS, heterostructure is weak. The change range of o, at ex-
citon resonance is 4.1 X 107 S for WS, monolayer (Figure 5b),
3.5 X 107* S for MoS, monolayer (Figure 5d) and 2.1 x 10™* S
for WS, /MoS, heterostructure (Figure 5f), revealing that there is
no change on the order of magnitude. Such a proportional rela-
tion is in agreement with that of Rabi splitting energies shown in
Figure 3. In addition, the optical path of measurements is com-
patible with applied bias voltage, electric field, magnetic field,
temperature, and other extrinsic variables, which enrich the prop-
erties and applications of 2D materials. Furthermore, our method
is suitable for the measurements of anisotropic conductivities
and other multilayer structures by modifying the underlying

© 2023 Wiley-VCH GmbH
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Figure 5. Measured optical conductivities. Real and imaginary parts of optical conductivity for a,b) WS, and c,d) MoS, monolayers. The thickness of
MoS, and WS, monolayers is set as 0.65 nm.['8] e) Optical image of WS,/MoS, heterostructure on SiO,/Si substrate. Red and green triangles mark
the contours of two elemental materials respectively. The scale bar is 25 um. f) Measured optical conductivity of WS, /MoS, heterostructure.

physical model, i.e., the dispersion relation of surface/interface
polariton waves.

3. Conclusion

In conclusion, we have proposed a new method based on inter-
ference characteristics to measure complex optical conductivi-
ties of 2D materials. The high accuracy of the measurement is
ensured by excitation and extraction of surface/interface polari-
ton, a kind of evanescent wave. Single-crystalline Ag with low
losses is utilized to support SPP and other surface/interface po-
lariton waves with 2D materials at the interfaces, and promise sig-
nificant interference phenomena of surface/interface polariton
waves. By the interference of surface/interface exciton-plasmon
polariton waves, the measurements of complex optical conduc-
tivity of WS, and MoS, TMDC monolayers with small crystal
sizes are demonstrated. In terms of interlayer excitons, com-
plex optical conductivity of WS,/MoS, heterostructure is also
measured via the interference effect of surface/interface inter-
layer exciton-plasmon polariton waves. Compared to traditional
methods, the requirement imposed on material size in our mea-
surements is much relieved, and the data extraction is con-
venient owing to simple physical model. Our method can be
adopted to measuring anisotropic optical conductivities, other ar-
chitectures of 2D materials, and the influence of ambient condi-
tions.
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4. Experimental Section

Single-Crystalline Ag Growth:  The single-crystalline Ag was synthesized
by a polyol reduction method catalyzed by platinum (Pt) nanoparticles and
controlled by ammonium hydroxide (NH;OH). The steps are as follows.
2.5 mmol silver nitrates (AgNO;, HUSHI) and 15 ml ethylene glycol so-
lution (EG, AR, HUSHI) as precursors were poured into a glass conical
flask. Then 3 ml ammonium hydroxide (NH; OH, 25%—28%, HUSHI) was
added. Magnetic stirring was used to mix when 0.46 g polyvinylpyrrolidone
(M,, = 55000, Sigma-Aldrich) was added. Afterward, 8 pl chloroplatinic
acid (H,PtClg, 8% in H, O, Aladdin) was added, and 1.8 ml hydrogen per-
oxide (H,0,, 30%, HUSHI) was injected into the solution to reduce Ag.
Later, single-crystalline Ag plates were synthesized after 5-7 days’ reaction
at room temperature. The Ag crystals were purged by deionized water, ace-
tone, and ethyl alcohol, and preserved in alcohol.

2D Materials and Heterostructures Preparation: —Experimentally, single-
crystalline WS, and MoS, monolayers were synthesized by CVD growth.
For MoS, monolayers, the MoO; powder doped with a small amount of
NaCl was placed in the central zone of the furnace, and some sulfur pow-
ders were placed 18 cm away from it. The furnace was vacuumed and
flushed with Ar gas for three times to exhaust the air. It heats up to 800
°C at a heating rate of 50 °C per minute and preserved for 3 min, then
cools rapidly to room temperature. Under the protection of 80 sccm Ar
gas, monolayers of MoS, can grow on the Si wafer with an oxide layer
of 280 nm thickness. The furnace maintains one atmosphere of pressure
throughout the process. For WS, monolayers, the growth temperature was
changed to 850 °C and the WOj; should be used. The WS,/MoS, vertical
heterostructures were obtained by dry transfer method. To improve the in-
terlayer interaction, air molecules, and water molecules in the middle of
the heterostructure need to be expelled with annealing of the heterostruc-
ture at 200 °C for 12 h in a 50 sccm Ar gas (containing 5% H,) protection.

© 2023 Wiley-VCH GmbH
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