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A B S T R A C T   

Grasping the intricate mechanisms for the influences of dielectric screening from diverse substrates on the optical 
properties of ultra-thin two-dimensional materials is crucial for related device design. This study investigates the 
substrate impacts on the optical properties of monolayer MoSe2 by combining the spectroscopic ellipsometry (SE) 
and first-principle calculations. Featured absorption peaks of monolayer MoSe2 on substrates of quartz, silicon, 
and sapphire are meticulously analyzed via critical point (CP) analysis on the dielectric functions determined by 
SE. Results indicate that variation in substrates induces notable shifts in energy positions of the absorption peaks 
due to different dielectric screening effects. The study further uncovers electron transfer from silicon substrate to 
monolayer MoSe2, leading to alterations in the band structure. By integrating CP analysis with first-principle 
calculations, we gain a comprehensive understanding of the optical transitions corresponding to CPs in the 
monolayer MoSe2 on various substrates. This establishes that the energy shifts of CPs regulated by substrate- 
induced dielectric screening are highly correlated with the positions of their corresponding optical transitions 
in momentum space. These findings underscore the pivotal role of substrate selection in customizing the optical 
properties of two-dimensional materials, providing valuable insights for the design and optimization of MoSe2- 
based photonic devices.   

1. Introduction 

Over the past two decades, the emergence of two-dimensional (2D) 
materials has revolutionized the landscape of material science, offering 
a powerful platform for the development of novel optoelectronics de-
vices with unprecedented performances[1–4]. Transition metal dichal-
cogenides (TMDCs), a representative class of 2D materials with layered 
MX2 structures, have attracted significant attentions due to their unique 
electronic and optical properties, such as tunable bandgap, pronounced 
optical anisotropy, high electron mobility, enormous excitonic binding 
energies, and exciton hall effect[5–9]. Moreover, as the thickness of 
TMDCs progressively diminishes to a monolayer level, a host of novel 
physical phenomena are observed in comparison to their bulk counter-
parts. Examples include the enhancement of exciton (electron-hole pair) 
binding energy[10], the transition of the band structure from an indirect 

to a direct bandgap[11], and the substantial amplification of photo-
luminescence (PL)[12], among others. For monolayer TMDC materials, 
due to their atomically thin nature, the electric field lines between 
electron-hole pairs extend into low dielectric environments (such as air), 
resulting in a significantly reduced dielectric screening effect compared 
to bulk materials[13]. This phenomenon further leads to an enhance-
ment of long-range Coulomb interactions between electron-hole pairs, 
which in turn significantly renormalizes the quasiparticle band structure 
and increases the exciton binding energy[14]. Under these circum-
stances, the dielectric environments provided by different substrates 
have a non-negligible impact on the dielectric screening effect of 
monolayer TMDC materials. However, compared to the modulation of 
exciton binding energy by different substrates, the optical properties of 
monolayer TMDCs are relatively less influenced by substrate effects. 
Conventional characterization techniques, such as absorption, PL, 
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scanning tunneling spectroscopy, Raman spectroscopy, etc., struggle to 
accurately obtain the dielectric functions of monolayer TMDCs under 
different substrates, making it difficult to reveal the underlying regula-
tory mechanisms of substrate effects. Therefore, it is of paramount 
importance to develop an accurate and comprehensive method to 
characterize the influence of substrate screening effect on the opto-
electronic properties of monolayer TMDCs for future device 
applications. 

Among TMDCs, the monolayer molybdenum diselenide (MoSe2) has 
garnered widespread attention due to its exceptional optoelectronic 
properties[15–17]. Distinct from the octahedral structure, the mono-
layer 2H-phase MoSe2 features a trigonal prismatic coordination, with a 
direct bandgap of up to 1.6 eV[18,19]. Moreover, the band splitting 
induced by spin–orbit coupling in monolayer 2H-phase MoSe2 reaches 
180 meV, which is greater than 149 meV observed in monolayer 2H- 
phase MoS2[20]. In comparison to multilayer structures, the PL in-
tensity of monolayer 2H-phase MoSe2 is significantly enhanced, with the 
PL peak position at approximately 1.55 eV[21]. The average carrier 
mobility can reach 50 cm2/V⋅s, with a high on/off current ratio 
exceeding 106[22]. These unique characteristics endow the monolayer 
2H MoSe2 with extensive application potential in various fields, such as 
solar cells, photodetectors, spintronic devices, and field-effect transis-
tors[20,22–24]. To better optimize the design of MoSe2-based opto-
electronic devices, it is crucial to obtain accurate and quantitative 
optical properties of monolayer 2H MoSe2 under different dielectric 
environments provided by various substrates, and to reveal the under-
lying mechanisms of substrate effects on its optical properties. 

In recent years, researches on the influence of substrate screening 
effects on the optoelectronic properties of 2D materials have been 
growing[25–30]. Ugeda et al. investigated the significant renormaliza-
tion of the quasiparticle band of monolayer MoSe2 by the substrate 
through the scanning tunneling microscopy and theoretical calculations 
[25]. Qiu et al. calculated the renormalization of the quasiparticle band 
and spectra of few-layer black phosphorus due to the substrate dielectric 
screening effect[26]. Drüppel et al. reported that theoretical calculations 
confirmed a weak redshift of the absorption exciton peak of monolayer 
MoS2 as the substrate dielectric constant increases[27]. Borghardt et al. 
reported a redshift of the PL exciton peak in monolayer TMDCs as the 
dielectric environment rises[28]. However, as stated above, the exper-
imental techniques adopted in these studies struggle to directly measure 
the accurate dielectric functions of monolayer TMDCs, and it is difficult 
to quantitatively study the subtle impact of substrate screening effects 
on the optical properties. Consequently, research on accurately char-
acterizing the influence of substrate screening effects on the broadband 
dielectric functions of monolayer MoSe2 remains scarce. However, SE 
has emerged as a robust and reliable tool for the meticulous character-
ization of dielectric properties in nanomaterials. Prior research evi-
dences the wide-ranging applicability of SE in ascertaining the dielectric 
function of 2D materials with elevated accuracy[31–35]. 

In this work, we conduct an exhaustive exploration of the optical 
properties of monolayer MoSe2 under the influences of different sub-
strates including the quartz, silicon, and sapphire. Spectroscopic 
ellipsometry (SE) is employed to acquire the dielectric function of 
monolayer 2H-MoSe2 on different substrates over the energy range of 
1.24–4.76 eV at room temperature. Utilizing a fusion of critical point 
(CP) analysis and first-principle calculations, we comprehensively un-
ravel the intricate details of optical transitions at six distinct CPs (A-F), 
thereby ascertaining the intricate influence of substrate-induced 
dielectric screening on the optical properties of monolayer MoSe2. We 
discern that the CP energy positions of monolayer MoSe2 undergo 
observable shifts attributable to an enhanced dielectric screening effect 
stemming from the increase in the dielectric constant of the substrate. 
Most notably, CPs A and B experience a substantial redshift up to 10.3 
meV and 9.7 meV, respectively. In our study, we’ve identified distinct 
behaviors of CPs based on their location in momentum space. Specif-
ically, CPs A, B, and F, which are associated with optical transitions at 

the K-point, consistently undergo redshifts with increasing substrate 
dielectric constant across all substrates. On the other hand, CPs C, D, and 
E, linked to transitions outside the K-point, exhibit blueshifts on trans-
parent insulating substrates like sapphire and quartz. This suggests that 
the exciton binding energy Eb of monolayer MoSe2 might be more sen-
sitive to dielectric changes on these substrates. However, the situation 
on the silicon substrate is more intricate. We’ve observed potential 
charge transfer between the silicon substrate and MoSe2, leading to al-
terations in the band structure. This interplay is likely the reason behind 
the absence of CP D and the pronounced redshift of CPs C and E on 
silicon, compared to their behavior on quartz and sapphire substrates. 
Our findings furnish pivotal insights into the substrate-dependent opti-
cal behavior of the monolayer MoSe2, which will promote more 
comprehensive understanding and precise control of its optical charac-
teristics for potential applications. 

2. Experiments 

2.1. Sample preparation and characterization 

The monocrystal monolayer 2H-MoSe2 triangular grains on sub-
strates of quartz, silicon, and sapphire were provided by SixCarbon 
Technology Shenzhen. These grains, with sizes reaching up to 70 μm, are 
grown on an Al2O3 (sapphire) substrate through the chemical vapor 
deposition (CVD) process. The samples on the sapphire substrate are 
then transferred to quartz and silicon substrates using the PMMA (Pol-
ymethyl Methacrylate) method. The quality of the triangular grains is 
confirmed through Raman spectroscopy and PL spectra, measured by a 
commercial micro-Raman equipment (Horiba iHR550) at an excitation 
wavelength of 532 nm. The surface conditions and thicknesses of 2H- 
MoSe2 triangular grains are inspected by using the Scanning Electron 
Microscope (SEM) (FEI QUANTA 200) and Atomic Force Microscope 
(AFM) (STM-1000), respectively. Elemental composition analysis of 
monolayer 2H-MoSe2 on quartz, silicon, and sapphire substrates is 
facilitated using the X-ray photoelectron spectrometer (Kratos AXIS 
Supra+) for X-ray photoelectron spectroscopy (XPS) acquisition. 

2.2. Ellipsometry measurements 

A customized ultra-micro-spot spectroscopic ellipsometer, developed 
in collaboration with Wuhan Eoptics Technology Co., was employed to 
study the monocrystal monolayer 2H-MoSe2 triangular samples on 
substrates of quartz, silicon, and sapphire at room temperature. Through 
meticulous geometry optimization, the elliptical light spot of the 
ellipsometer achieves a short axis of approximately 30 μm and a long 
axis of approximately 60 μm at a fixed angle of 60◦. The micro-probe 
system is a specifically designed triplet compound achromatic lens 
with specifications including an outer diameter of 13 mm, a focal length 
of 30 mm, a back focal length of 25 mm, and a numerical aperture (NA) 
of 0.22, the system is also carefully calibrated to ensure the measure-
ment accuracy. This setup ensures that the probing spot size is smaller 
than the sample size of 70 μm, making it suitable for inspecting the 
monocrystal monolayer 2H-MoSe2 grains. Additionally, a CCD camera is 
installed directly above the sample stage of the ellipsometer to assist in 
identifying the exact location of the ultra-micro spot on the sample. SE 
measurements were carried out covering an energy range of 1.24–4.76 
eV. 

2.3. Density functional theory (DFT) calculations 

To construct the hexagonal unit cell of MoSe2, we employed the 
experimentally measured lattice constants, namely a = b = 3.288 Å and 
c = 12.9 Å [36]. All calculations were performed using the Vienna Ab 
initio Simulation Package (VASP v5.4.4)[37]. In these calculations, we 
opted for the generalized gradient approximation of the Perdew-Burke- 
Ernzerhof (PBE) functional based on the projected augmented wave 
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(PAW) pseudopotentials to describe the exchange–correlation potential. 
For the model of monolayer MoSe2, a vacuum layer of 20 Å was utilized 
to eliminate interactions between adjacent units, and the DFT-D2 
method of Grimme was applied to correct for Van der Waals in-
teractions[38]. During the process of geometrical optimization, the 
structure was optimized using the PBE functional based on PAW pseu-
dopotentials with an energy cutoff of 600 eV, and a 12 × 12 × 1 k-point 
mesh centered at Γ was employed for Brillouin zone sampling. We 
established convergence criteria of 0.01 eV/Å for force and 10− 5 eV for 
total energy. When calculating band structures and projected density of 
states (PDOS), we continued to use the PBE functional based on PAW 
pseudopotentials with an energy cutoff of 600 eV, while a denser 15 ×
15 × 1 k-point mesh centered at Γ was employed for Brillouin zone 
sampling, and an electronic convergence criterion of 10− 8 was set to 
ensure calculation accuracy. The effect of spin–orbit coupling (SOC) was 
considered in all calculations. 

3. Results and discussion 

2H-phase MoSe2 has a hexagonal crystal system and belongs to the 
P63/mmc space group (lattice constants a = b = 3.288 Å, c = 12.9 Å) 
[36]. As shown in the inset of Fig. 1(a), the crystal structure of mono-
layer 2H-phase MoSe2 consists of two layers of Se atoms distributed on 
opposite surfaces, with one layer of Mo atoms sandwiched in between, 
forming a sandwich-like structure. Fig. 1(a) displays the Raman spec-
trum of CVD-grown monocrystal monolayer 2H-MoSe2 on sapphire 
substrate, where a prominent out-of-plane vibrational phonon mode A1g 
can be observed at 241.6 cm− 1. According to previous reports, the A1g 
peak of MoSe2 experiences a redshift as the thickness decreases due to 
the diminishing influence of interlayer coupling on the electron–phonon 
interaction [21,39–41]. The position at 241.6 cm− 1 is consistent with 

previous reports[21,39,40], indicating that the CVD-prepared mono-
crystal monolayer 2H-MoSe2 sample has high purity and a monolayer 
structure. Fig. 1(b) presents the PL spectrum, indicating a significant 
emission peak at around 1.55 eV for CVD-grown monocrystal monolayer 
2H-MoSe2 on the sapphire substrate. This is in agreement with the direct 
bandgap 1.6 eV of monolayer 2H-phase MoSe2 and consistent with 
previous research findings[17,25,42,43]. Moreover, the relatively nar-
row full width at half maximum (FWHM) of 54 meV for the PL peak 
further confirms the high quality of the prepared sample[41]. The 
Raman and PL characterizations of samples on the quartz substrate, 
depicted in Supplementary Material Fig. S1 (a, b), indicate that the 
samples transferred from the sapphire to the quartz substrate maintain 
equivalent superior performance. This study refrains from extensive 
examination of the samples on the silicon substrate due to the negligible 
intensity of their Raman and PL signals. Supplementary Material Fig. S2 
(a-f) presents the XPS profiles and corresponding orbital fitting out-
comes for monolayer 2H-MoSe2 on substrates of sapphire, quartz, and 
silicon. These findings, closely aligned with preceding reports, under-
score the ultra-high purity of monolayer 2H-MoSe2 across different 
substrates[22,44]. Additionally, as shown in Fig. 2(c), the AFM image of 
CVD-grown monocrystal monolayer 2H-MoSe2 on the sapphire substrate 
exhibits a triangular grain morphology. Through AFM height analysis, 
we determined that the thickness of the sample is approximately 0.75 
nm, again suggesting a monolayer structure, which is consistent with 
previous values[17,22,44]. Fig. 1(d) exhibits the SEM image of mono-
crystal monolayer 2H-MoSe2 on the silicon substrate, clearly revealing a 
standard triangular morphology with high crystal surface quality. 
Moreover, the image demonstrates that the maximum grain size of the 
sample reaches 70 µm, which is larger than the 50 µm diameter micron 
light spot required for ellipsometry testing, thus ensuring the quality of 
ellipsometric measurements. These characterization results collectively 

Fig. 1. Characterization results of CVD-grown monocrystal monolayer 2H-phase MoSe2: (a) Raman spectrum of monolayer MoSe2 on sapphire substrate, with the 
inset showing the crystal structure of monolayer 2H MoSe2; (b) PL spectrum of monolayer MoSe2 on sapphire substrate; (c) AFM image of monolayer MoSe2 on 
sapphire substrate, with the inset displaying the height profile indicated by the white arrow; (d) SEM image of monolayer MoSe2 on silicon substrate, showing that 
the grain size can reach up to 70 µm. 
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confirm the extremely high qualities of the monocrystal monolayer 2H- 
MoSe2 samples under test, providing a solid foundation for the reliability 
of subsequent SE test and analysis. 

Fig. 2(a) presents a schematic of the ultra-micro-spot spectroscopic 
ellipsometer based dual-rotating compensator principle to investigate 
the optical properties of monocrystal monolayer 2H MoSe2 on different 
substrates. As a widely applied characterization technique for nano-
materials and nanofilms, the SE operates on the principle of detecting 
and analyzing the polarization state change of the polarized light after 
interacting with the sample, thus enabling a comprehensive analysis of 
the sample including both of the optical properties and geometrical 
profiles[32,33,45]. As shown in Fig. 2(a), the polarization state of the 
light changes after passing through the sample, and these changes can be 
utilized to further obtain the sample’s dielectric functions and other 
related information. In order to characterize the polarization state 
changes, a pair of ellipsometric parameters (Ψ, Δ) can generally be used 
for description. Here, tan(Ψ) and Δ represent the amplitude ratio and 
phase difference between the p-polarized light and s-polarized light, 
respectively. The ellipsometric parameters can be obtained from the 
reflection coefficients of the p-polarized light (rp) and s-polarized light 
(rs), as given by 

ρ = rp/rs = tan(Ψ)⋅eiΔ (1)  

where ρ represents the ellipsometric ratio. Fig. 2(a) illustrates the image 
captured by the CCD used for assisting spot positioning, indicating the 
position of the light spot on the sample during the SE measurement 
process. In this study, we conducted SE measurements on monocrystal 
monolayer 2H-phase MoSe2 on different substrates with an incidence 
angle of θ = 60◦ covering an energy range of 1.24–4.76 eV. 

The SE is a model-based technique, and the SE analysis requires to 
construct an proper optical model to fit the measured ellipsometric 
spectra, in which the dielectric functions of monolayer MoSe2 are 
described parametrically using oscillators model[32]. Finally, based on 
the constructed optical and dielectric models, theoretical ellipsometric 
parameters are calculated using the transfer matrix method to fit the 
measured ones, and dielectric functions of monolayer MoSe2 can be 
obtained. Fig. 2(b) shows the optical models constructed for monolayer 
MoSe2 samples on substrates of sapphire, silicon, and quartz, respec-
tively. The samples are primarily described by an optical stack model 
composed of air, MoSe2 layer, and substrate. Specifically, the optical 
model for the sample on the silicon substrate needs to consider the 
natural oxide layer that inevitably forms on the pure silicon substrate. 

Fig. 2. (a) Schematic of the ultra-micro-spot spectroscopic ellipsometer based on double-rotating compensator principle used in this study, with the inset showing 
the CCD image of the light spot irradiated on the sample surface in the SE measurement; (b) Optical models of monolayer 2H MoSe2 samples on substrates of 
sapphire, silicon, and quartz, demonstrating that the dielectric screening effect of monolayer MoSe2 decreases as the substrate dielectric constant decreases. 
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The thickness of the natural oxide layer, determined by SE, is 4.4 nm. 
This unusual thickness for natural oxide layer can be traced back to the 
substrate’s prolonged exposure to air, combined with subsequent pro-
cessing steps. Specifically, the sample underwent PMMA transfer, 
involving water contact and heating, and was later annealed at 200 ◦C. 
These factors likely contributed to the enhanced natural oxide layer 
thickness. According to other reports, the dielectric constants are 
approximately 11.5 for sapphire, 11.4 for silicon, 3.9 for silicon’s nat-
ural oxide layer, and 3.76 for quartz, respectively[46–49]. Since the 
silicon substrate is composed of silicon and its natural oxide layer, its 
actual dielectric constant will be less than 11.4. As shown in Fig. 2(b), as 
dielectric constant of the substrate decreases, the dielectric screening 
effect experienced by the surface monolayer MoSe2 gradually reduces, 
the distance between electron-hole pairs decreases, the Coulomb inter-
action increases, and the exciton binding energy increases. In this pro-
cess, the optical properties of monolayer MoSe2 also undergo slight 
changes, which can be intuitively demonstrated by the ellipsometric 
analysis. In addition to the optical model, the dielectric function of 
monolayer MoSe2 on substrates of sapphire and quartz over the con-
cerned energy range is parameterized by combining two Lorentz oscil-
lators, one Gaussian oscillator, and four Tauc-Lorentz oscillators. The 
detailed reasons for choosing these oscillators have been placed in the 
supplementary material. While the dielectric function model for 
monolayer MoSe2 on the silicon substrate is slightly different, which 
reduce a Tauc-Lorentz oscillator compared with the oscillator models of 
the other two samples. The dielectric function model spectra, specif-
ically constructed using the oscillators, are displayed in Supplementary 
Material Fig. S3 (a-c). The detailed parameters of the oscillators are 
listed in Supplementary Material Table S1. We postulate that the 

absence of this Tauc-Lorentz oscillator signal is attributed to its weak-
ness, potentially stemming from the enhanced amplitude and expanded 
linewidth of the two adjacent Tauc-Lorentz absorption peaks from the 
sample on the silicon substrate, thereby masking this feeble Tauc- 
Lorentz signal. The thicknesses of monocrystal monolayer 2H-phase 
MoSe2 on three different substrates determined by the SE are consis-
tent with each other, all around 0.68 nm, which highly agrees with 
previous reports and the AFM result shown in Fig. 1(c)[44,50]. Specific 
experimental measurements and fitting results of the ellipsometric 
spectra for monolayer MoSe2 on sapphire, silicon, and quartz substrates 
are presented in Supplementary Material Fig. S4 (a-c). The experiments, 
fitting results and dielectric functions of these substrates are also 
included in Supplementary Material Fig. S5 (a-c) and Fig. S6 (a-d). 

Fig. 3(a, b) presents the complex refractive index N = n − ik of 
monolayer 2H MoSe2 samples on substrates of sapphire, quartz, and 
silicon at room temperature (approximately 293 K) within the energy 
range of 1.24–4.76 eV, determined by the SE measurements and anal-
ysis. Here, n and k denote the refractive index and the extinction coef-
ficient, respectively. The optical properties of monolayer 2H MoSe2 
samples are notably influenced by substrates with different dielectric 
constants. The exact transition energy positions can be determined by 
the CP analysis, up to six CPs labeled A-F can be found for the monolayer 
2H MoSe2 over the concern energy range, and their positions have been 
indicated in the extinction coefficient spectra in Fig. 3(b). It should be 
noted that despite the presence of seven oscillators in the dielectric 
model, only six CPs can be determined since the Gaussian oscillator does 
not have a direct physical significance. The monolayer 2H MoSe2 on 
silicon substrate loses CP D, which is submerged by the increased am-
plitudes and broadening of CPs C and E. Furthermore, the sample on 

Fig. 3. (a,b) The refractive index n and extinction coefficient k of monolayer 2H MoSe2 samples on sapphire, quartz, and silicon substrates; (c,d) The real component 
(εr) and imaginary element (εi) of the dielectric function for monolayer 2H MoSe2 samples on sapphire, quartz, and silicon substrates. 

L. Huang et al.                                                                                                                                                                                                                                  



Applied Surface Science 644 (2024) 158748

6

silicon substrate displays more pronounced absorption peaks compared 
to those on the other two substrates, especially noticeable in the high- 
energy range. This phenomenon can be attributed to potential charge 
transfer between the substrate and the sample[51,52]. This transfer 
could cause electrons from the silicon substrate to migrate to the 
monolayer MoSe2, thereby increasing the carrier concentration of the 
monolayer MoSe2 and enhancing the light absorption in the high-energy 
region. This observation aligns with previous research finding[53]. 

Fig. 3(c, d) displays the dielectric function ε = εr − iεi of monolayer 
2H MoSe2 samples on substrates of sapphire, quartz, and silicon over the 
concerned energy range of 1.24–4.76 eV, determined by SE measure-
ments and analysis. Here, εr and εi are the real and imaginary parts of the 
dielectric function, and generally we have the relation ε = N2 between 
the dielectric function and complex refractive index. The gray area in 
Fig. 3(c) represents negative εr regions, which is primarily caused by the 
surface plasmon resonance. This occurs because in MoSe2, the five un-
occupied d-orbitals are fully filled upon excitation by high-energy 
photons, thereby creating a small energy gap that separates these d-or-
bitals from the s and p orbitals, which dominate under high-energy 
conditions. This separation leads to the formation of surface plasmon 
resonances, manifesting as a negative εr region in the dielectric function 
[54]. Zero-crossing points can be determined by intersections between 
the εr curves of the samples on three different substrates and the zero- 
point dashed line. The energy of the zero-crossing point (Ezc) indicates 
the surface plasmon resonance frequency, and differences in Ezc are 
related to different substrate refractive indices, with 3.42, 1.76, and 1.46 
for silicon, sapphire and quartz, respectively. The Ezc points of these 
three different substrate samples experience a redshift as the substrate 
refractive index increases, indicating that the surface plasmon frequency 
shifts toward lower energies, and the surface plasmon resonance region 
becomes broader. This is because the optical coupling between the 2D 
material and the substrate increases with the substrate refractive index, 
and the stronger optical coupling further result in a broader surface 
plasmon resonance of the monolayer MoSe2 on substrate with a higher 
refractive index. This information is valuable for the design of plasmonic 
devices based on MoSe2. Fig. 3(d) shows the spectra of the imaginary 
dielectric function εi of monolayer 2H MoSe2 samples on the three 
different substrates. It can be observed that different substrates cause 
certain adjustments to the central energies, broadening, and amplitudes 
of the CP peaks (A-F). Moreover, it is obvious that the change in sub-
strate does not significantly affect the intensity of the MoSe2 dielectric 
function, and the high-energy absorption region becomes stronger on 
the silicon substrate, which is also consistent with previous research 
[53]. 

It is difficult for us to intuitively summarize the regulatory rules of 
the dielectric constant of the substrate on the optical properties of 
monolayer 2H MoSe2 solely relying on dielectric function or extinction 
coefficient spectra. The CP analysis method is an efficient way to 
accurately determine the center energy and characteristics of these CP 
peaks and further quantitatively analyze the regulatory mechanism of 
the substrate effect on the optical properties of monolayer 2H 
MoSe2[33,55]. CP analysis is achieved by fitting a series of parameters 
to the second derivative of the SE determined dielectric function with 
respect to the energy, as described by 

d2ε
dE2 =

{
m(m − 1)Aeiϕ(E − E0 + iΓ)m− 2

, m ∕= 0
Aeiϕ(E − E0 + iΓ)− 2

, m = 0
(2)  

where, A, ϕ, E0, and Γ respectively represent the amplitude, phase, 
center energy, and damping coefficient of the CP, and m is the spatial 
dimension of the wave vector with m = 1/2, 0, and − 1/2 indicating that 
CP transition is 3-dimensional, 2-dimensional, and 1-dimensional, 
respectively [56]. Specially, m = − 1 implies that the CP optical transi-
tion involve excitonic effect. When applying this method to monolayer 
2H MoSe2 samples, the best fitting results correspond to m = − 1 for all 
six CPs, indicating that they are of excitonic-type transitions. 

Fig. 4(a) displays the CP analysis results of monolayer MoSe2 on 
three different substrates, comparatively giving the second derivative of 
the SE determined dielectric functions and the best fitting ones. For the 
silicon substrate, CP D is missing from the results, a phenomenon that is 
difficult to discern directly from the dielectric function spectra. The CP 
analysis results for these three samples align remarkably well with the 
experimental findings presented above but give more quantitative de-
tails, establishing a foundation for a precise analysis of the influence of 
substrate effects on the optical properties of monolayer MoSe2. Fig. 4(b) 
reveals that as the dielectric constant of the substrate increases, the 
center energies of CPs A, B, and F decrease, indicating that the corre-
sponding absorption peaks undergo redshifts mainly due to the 
enhanced dielectric screening effect. For CP A, which determines the 
optical bandgap of monolayer MoSe2, and CP B, which determines the 
band splitting magnitude of spin–orbit coupling (SOC) effect, when the 
substrate changes from quartz to sapphire, the corresponding transitions 
experience redshifts of up to 10.3 meV and 9.7 meV, respectively. This 
observation is consistent with previous reports[27,57]. Considering the 
potential influence of other factors on the experimental results, although 
factors like temperature, pressure, and strain do indeed impact optical 
properties, our experiments were conducted under ambient conditions. 
Hence, the effects of temperature and pressure can be deemed negligible 
within this study’s scope. In terms of strain, the transfer process of 
MoSe2 onto different substrates does introduce strain. However, prior 
researches have indicated that the strain introduced during substrate 
transfer using the PMMA method is typically minimal and often leads to 
a reduction in the bandgap of monolayer TMDCs[58,59]. To alleviate 
the potential effects of strain, we annealed the transferred samples at 
200 ◦C for one hour. This step is vital for eliminating any residual strain 
within the samples. The results from Fig. 4(b) demonstrate that MoSe2 
on sapphire substrates exhibits the smallest bandgap due to the 
maximum dielectric screening effect. When transferred to substrates 
with diminished dielectric screening effects, the bandgap of MoSe2 
consistently increases. This trend aligns closely with the anticipated 
dielectric screening effects introduced by various substrates and appears 
to be insignificantly affected by the minimal strain introduced during 
the substrate transfer process. Thus, it can be affirmed that the dielectric 
screening effects introduced by different substrates are the primary 
reason for the reduction in the center energies of CPs. Fig. 4(c) depicts 
the evolutions in the center energies of CPs C, D, and E as the dielectric 
constant of the substrate increases. It can be observed that for the sample 
on the silicon substrate, the only semiconductor among the three ones, 
CP D is absent, and the central energies of CPs C and E show noticeable 
redshifts compared to results for the other two substrates, maybe due to 
the electron transfer from the silicon substrate to the monolayer MoSe2, 
which in turn alters the band structure[51]. For the results obtained 
from quartz and sapphire substrates, the center energies of CPs C, D, and 
E increase with the dielectric constant of the substrate. This suggests that 
these absorption peaks might undergo blueshifts due to the enhanced 
dielectric screening effect. It is should be noted that although CP C on 
quartz and sapphire substrates is very close to each other, the central 
energy is still slightly higher on the sapphire substrate as indicated by 
dashed lines in the Fig. 4(c). The detailed fitting parameters of CPs A–F 
are listed in Supplementary Material Table S2. 

Fig. 4(d) illustrates a schematic diagram of the variation in the band 
structure of monolayer MoSe2 as the substrate dielectric constant in-
creases. It displays that the quasiparticle bandgap Eg of monolayer 
MoSe2 is composed of the exciton binding energy Eb and the optical 
bandgap Eo, and the dielectric screening effect directly changes the 
quasiparticle bandgap Eg and exciton binding energy Eb. Specifically, the 
quasiparticle bandgap Eg decreases as the substrate dielectric constant 
increases primarily due to the image charge effect[27,60]. The decrease 
in exciton binding energy Eb is due to the weakened Coulomb interaction 
between electrons and holes caused by the increased substrate dielectric 
constant. Importantly, the decrease magnitudes in these two factors may 
differ from each other, which thereby leads to a shift in the optical 
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bandgap. Fig. 4(e) and 4(f) further schematically illustrate the variations 
in the optical bandgap of monolayer MoSe2 dominated by different 
factors. The change in the optical bandgap equals to the absolute dif-
ference between the decreases in the quasiparticle bandgap and exciton 
binding energy, i.e., ΔEo = |ΔEg − ΔEb|. When the decrease in the 
quasiparticle bandgap is greater than that in the exciton binding energy, 
the optical bandgap undergoes a redshift as shown in Fig. 4(e), and vice 
versa as shown in Fig. 4(f). Therefore, it can be concluded that the 
redshifts in CPs A, B, and F are because the decrease in the quasiparticle 
bandgap is greater than that in the exciton binding energy, while the 
situation for CPs C, D, and E is exactly the opposite. 

Finally, to further ascertain the details of the optical transitions 
corresponding to the six CPs of monolayer MoSe2, first-principles cal-
culations are introduced to establish connections between the SE 
determined CPs and the band structure through isoenergetic and iso-
momentum lines. Fig. 5(a) illustrates the calculated band structure of 
the monolayer MoSe2 within the projected Brillouin zone relevant k- 
branches based on the PBE approximation considering the SOC effects. It 
should be noted that although the PBE bandgap is lower than the 
experimental optical bandgap, the band dispersion structure is relatively 
accurate[61]. The monolayer MoSe2 has been confirmed to have a direct 
optical bandgap and the corresponding transition occur at the smallest 
bandgap at the K symmetry point in the Brillouin zone. The first- 
principle calculated bandgap is artificially widened to match the 
experimental optical bandgap 1.593 eV, which thereby helps to better 

determine the locations of the CP optical transitions[20,50]. Fig. 5(b) 
displays the partial density of states (PDOS) of monolayer MoSe2, indi-
cating that the CP optical transitions in monolayer MoSe2 are mainly 
contributed by the electrons in the 4d orbitals of Mo atom and the 4p 
orbitals of Se atom. Fig. 5(c) shows the energy difference curves (Ec −

Ev) between the conduction and valence bands involved in these CP 
optical transitions. Here, Vi and Ci respectively represent the i-th highest 
valence band and the i-th lowest conduction band, while Vi’ and Ci’ 
represent the lower and higher bands split from Vi and Ci considering the 
SOC effect. Fig. 5(d) shows the CP analysis results of monolayer MoSe2. 
Here, the sample on the quartz substrate is taken as an example to 
analyze the details of the CP optical transitions, since the quartz has the 
smallest dielectric constant, which has the weakest dielectric screening 
effect and closest to the condition of first-principles calculations. 

According to the microscopic theory of dielectric functions[62], the 
JDOS determines the optical transition probability, which can be rep-
resented as 

JDOS =
1

4π3

∫
dS

|∇K(EC − EV) |
, (3)  

where S represents the constant energy surface defined by Ec − Ev = Ei, 
and Ei represents the energy of the incident photon[63]. When the 
gradient ∇k(Ec − Ev) in k-space tends to zero, the JDOS is singular, 
corresponding to the van Hove singularity, which can be considered to 

Fig. 4. (a) CP analysis results of the second derivative of the dielectric functions of monolayer MoSe2 on substrates of quartz, silicon, and sapphire; (b) Evolutions of 
the center energies of CPs A, B, and F versus the substrate with the dielectric constant increasing; (c) Evolutions of the center energies of CPs C, D, and E versus the 
substrate with the dielectric constant increasing; (d) Schematic diagram showing the changes in the band structure of monolayer MoSe2 with the substrate dielectric 
constant increasing; (e) and (f) Schematic diagrams of the optical bandgap variations of monolayer MoSe2 dominated by reductions in the quasiparticle bandgap and 
in the exciton binding energy, respectively. 
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be the physical origin of the CPs in the dielectric function[31,33,64]. 
Based on this point, isoenergetic lines are drawn over the center energies 
of CPs in Fig. 5(d), and the tangent points on the band energy difference 
curves represented by red dots in Fig. 5(c) indicate the gradient ∇k(Ec −

Ev) = 0 and thereby can be used to determine the positions of CP optical 
transitions in the momentum space[64]. Further isomomentum lines are 
drawn from these tangent points to connect the interband transitions 
between the corresponding valence and conduction bands in Fig. 5(a), 
which can determine the specific transition positions of the CPs in the 
band structure. Finally, isoenergetic lines are drawn once again from the 
transition start and end positions in band structure to the PDOS in Fig. 5 
(b), to determine the electrons from specific elements and orbitals 
involved in each CP optical transition. 

From Fig. 5(a), It is observable that CPs A and B correspond to the 
well-reported interband direct transitions respectively from V1 and V1′ 
to C1 at the K symmetry point (1.593 eV, 1.791 eV). The band splitting 
value due the SOC effect is determined to be 198 meV, highly agrees 
with previous results[20,65]. CP C corresponds to the multiple inter-
band transitions from V1′ to C1 between the proximity of the Γ and K 
symmetry points (2.641 eV). CPs D and E correspond to the multiple 
interband transitions respectively from V1 to C1 and C2 around the Γ 
symmetry point (3.141 eV, 3.659 eV). While CP F is attributed to the 
multiple interband transitions from V3 to C1 around the K symmetry 
point (4.584 eV). From Fig. 5(b), it further confirms that these CP 
transitions are mainly contributed by the electrons from Mo’s 4d orbitals 
and Se’s 4p orbitals. Combined with the results of Fig. 4(b, c), it becomes 
evident that with the increase of the substrate dielectric constant, 
thereby enhancing the dielectric screening effect of monolayer MoSe2, 
the optical transitions occurring at the K point in momentum space will 

undergo redshifts due to the decrease of the quasiparticle bandgap ΔEg 
greater than the decrease of the exciton binding energy ΔEb. However, 
optical transitions occurring outside the K point in momentum space will 
undergo blueshifts due to the decrease of the quasiparticle bandgap ΔEg 
being less than the decrease of the exciton binding energy ΔEb. There-
fore, our investigations underscore that the quasiparticle bandgap Eg 
associated with electronic transitions at the K-point is particularly sen-
sitive to variations in the surrounding dielectric environment. This 
sensitivity manifests as a distinct redshift in these transitions with an 
increment in the substrate’s dielectric constant. However, for electronic 
transitions away from the K-point, specifically involving excitons C, D, 
and E, the behavior is less straightforward. On transparent insulating 
substrates like sapphire and quartz, the exciton binding energy Eb of 
monolayer MoSe2 appears to be more sensitive to changes in the 
dielectric environment, leading to blueshifts. Notably, the near-identical 
positions of peak C on quartz and sapphire substrates could indeed 
represent the same point, suggesting that for transitions between high- 
symmetry points Γ and K, the exciton binding energy Eb and the 
quasiparticle bandgap Eg may have similar sensitivities to changes in the 
dielectric environment. On the silicon substrate, the situation becomes 
more intricate. Potential electron transfer between the substrate and 
MoSe2 could alter the band structure, thereby affecting the excitonic 
features. We hypothesize that the absence of the D peak and the redshift 
of peaks C and E on the silicon substrate could be due to a combination 
of electron transfer from the silicon substrate to MoSe2 and an enhanced 
sensitivity of the quasiparticle bandgap Eg to changes in the dielectric 
environment. The observed phenomena suggest that a judicious selec-
tion of substrate material can be a pivotal tool for modulating specific 
electronic transitions, offering a robust foundation for the design of 

Fig. 5. (a) The band structure of monolayer 2H MoSe2 on the relevant k-branches within the projected Brillouin zone; (b) The PDOS of monolayer 2H MoSe2 within 
the corresponding energy range; (c) Energy difference curves between the valence and conduction bands; (d) The second derivative of the SE determined dielectric 
functions of monolayer 2H MoSe2 and best fitting ones by the CP analysis method. Here, capital letters A-F represent the six CP optical transitions, the connected 
dashed lines are isoenergetic lines and isomomentum lines, red dots in Fig. 5(c) are the tangent points, and black solid arrows in Fig. 5(a) represent the CP optical 
transitions from valence bands to conduction bands. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

L. Huang et al.                                                                                                                                                                                                                                  



Applied Surface Science 644 (2024) 158748

9

optoelectronic devices based on two-dimensional semiconductors such 
as MoSe2. The intricate mechanisms underlying these observations 
warrant further exploration in future studies. 

4. Conclusion 

In conclusion, this study offers a comprehensive analysis of the in-
fluence exerted by the substrate dielectric constant on the optical 
properties of monolayer MoSe2. Precise extraction of the dielectric 
functions of monolayer MoSe2 on various substrates is achieved through 
spectroscopic ellipsometry, revealing a range from 1.24 to 4.76 eV. By 
meticulously comparing and analyzing the fitting results of the second 
derivative of the dielectric function’s CPs, we demonstrate that alter-
ations in substrate type (quartz, silicon, sapphire) can impact the optical 
properties of monolayer MoSe2, prompting notable shifts in absorption 
peaks due to differential dielectric screening effects. The most promi-
nently observed absorption peaks, A and B, exhibit red shifts up to 10.3 
meV and 9.7 meV, respectively. Our findings indicate that the positions 
of CPs corresponding to optical transitions in the MoSe2 layer can un-
dergo redshifts or blueshifts, contingent upon the relative changes in the 
quasi-particle bandgap and exciton binding energy incited by variations 
in the substrate dielectric constant. Additionally, a potential electron 
transfer from the silicon substrate to the monolayer MoSe2 is discerned, 
possibly accounting for changes in its band structure. By integrating CP 
analysis with first-principles calculations, we further elucidate the de-
tails of optical transitions corresponding to six CPs (A-F) in monolayer 
MoSe2 on various substrates. This method, which takes into account 
isoenergetic and isomomentum lines, affords a more precise under-
standing of these transitions and the electronic states contributing to 
them. By employing this methodology, we have ascertained that tran-
sitions at the momentum space K-point (CPs A, B and F) undergo red-
shifts with increasing substrate dielectric constant. Conversely, 
transitions outside the K-point (CPs C, D, and E) predominantly blueshift 
on transparent insulating substrates like sapphire and quartz. Yet, the 
behavior on the silicon substrate deviates, with potential electron 
transfer and an augmented sensitivity of the quasiparticle bandgap Eg 
playing pivotal roles. Notably, the near-identical positions of peak C on 
quartz and sapphire substrates hint at a comparable sensitivity of the 
exciton binding energy Eb and the quasiparticle bandgap Eg to dielectric 
changes between high-symmetry points Γ and K. Our research un-
derscores the importance of substrate selection in the design of MoSe2- 
based optoelectronic devices, offering valuable insights into tailoring 
the optical properties of two-dimensional materials through substrate 
engineering. This knowledge is of paramount importance for the further 
study and potential applications of MoSe2 and other similar two- 
dimensional materials. 
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