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Origin of Fresnel problem of two
dimensional materials

Xiaodong Wang” & Bo Chen

Reflectance, transmittance, and absorption of materials are also known as materials’ Fresnel problem.
It is widely accepted that Interface model can be utilized to solve Fresnel problem of two dimensional
materials. Here, we question the validity of Interface model. Theoretical and experimental results of
two dimensional materials are analyzed, and theoretical optical response of two dimensional materials
is derived based on thin film model. A new simple, approximate formula of 4wnkd/) is proposed for
calculation of absorption of two dimensional materials. It is found that, in essence, Interface model

is a kind of approximate style of thin film model, the main difference between two models is term

of (n? — k?) at normal incidence. A significant error is introduced into reflectance calculation of two
dimensional materials when Interface model is utilized. Thus, it is not correct to use Interface model
to solve Fresnel problem of two dimensional materials. Thin film model rather than Interface model
can be used to universally solve Fresnel problem of two dimensional materials, and exhibit a better
agreement with experimental reflectance results than Interface model. Unexpectedly, on contrary to
other remarkable, intriguing properties, two dimensional materials exhibit an ordinary Fresnel optical
response, which is same with thin film.

Since the first successful fabrication of graphene in 2004, its electrical, optical and magnetic properties have
been widely studied. Reflectance, transmittance, and absorption of materials are also known as materials’ Fresnel
problem. Two models are utilized in solving Fresnel problem of graphene. One is that graphene is treated as an
infinitesimally thin sheet, which is Interface (IF) model'-%; the other is the thin film (TF) model®'°, and it is an
open question that which one is correct. One of unique features in optical properties of graphene is that its uni-
versal absorption in visible band is solely defined by fine structure constant or optical conductivity' . Derivation
for absorption of standing-free graphene (A = ma = 2.3%, where A is absorption, and a is fine structure constant)
from Stauber was based on IF model. Experimental results agreed well with theoretical simulation in 450-800
nm'. However, there was a deviation in other wavelength bands’, and the possible reason for this deviation was
qualitatively attributed to surface contamination (<450 nm). This discrepancy still cannot be elucidated quanti-
tatively by present available theories. From then on, several theoretical jobs were successfully done to reproduce
this special absorption value (A =7a=2.3%) from different routes'''®. Some jobs were done to study Fresnel
optics of two dimensional material (TDM) on the substrate'*!?, they exhibited different properties as compared to
standing-free samples, and they attribute these changes to the substrate effect. It was found that stepwise absorp-
tion of two dimensional InAs on the substrate is 1.6% rather than 2.3%, and Fang proposed a formula of (2/
(1+ ny))*wa (ngis refractive index of the substrate) to describe this changes'’. Although some formulas were pro-
posed based on idea of substrate effect, underlying physical mechanism remains unclear. Until now, formulas of
Fresnel Optics for TDM with!*! and without a substrate!!~!8 have been derived, their derivation routes involved
IF model*!”!¥, quantum mechanics"'"#-11° and dielectric constant'>!3. These calculations were complex, scat-
tered, and they need to be summarized into a general theory. In this paper, we treat TDMs as a thin film with a
thickness of several Angstrom. In order to solve three questions mentioned above, we attempt to solve Fresnel
problem of TDM by TF model based on basic optical coating theory. The origin of IF model is also reexamined.
In addition, derived formulas are also utilized to interpret previous experimental results.

Theory

Free-standing sample. Normalincidence. In modern optical coating theory and software, a thin film with
a thickness of several Angstrom like graphene also can be treated as a thin film rather than an interface. Here,
first we employ basic optical coating theory based on TF model to derive the equation of absorption for TDM at
normal incidence. We just give a brief derivation, the details can be found in classical optical books?*-?2. Figure 1
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Figure 1. TF model of TDM.

shows TF model of TDM. E,, H,, N, are electric field vector, magnetic field vector, and complex refractive index of
air, respectively. N (n — ik, n is refractive index, and k is extinction coefficient), d, are the complex refractive index,
and thickness of thin film, respectively. E,, Hy, N, are electric field vector, magnetic field vector, and complex
refractive index of the substrate, respectively.

According to boundary condition, electric and magnetic vectors between boundary a and b can be connected
in matrix notation, which is shown in Eq. (1), and the first item on the right side of Eq. (1) is characteristic matrix
of thin film.
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where ¢ is phase thickness of thin film, which is defined by Eq. (2), d is thickness of thin film, A is wavelength, and
yis optical admittance of TDM, which is defined by Eq. (3), and Y is optical admittance of free space.

§ = 2wNd/ ) (2)

y = HIE = NY (3)

Equation (1) can be normalized by dividing by E;, Eq. (4) is obtained, where y,, is optical admittance of the
substrate, B and C are normalized electric and magnetic vectors.

B [g] - (4)

¢ is very small because d/ A is roughly less than 0.001, so cosé ~ 1, sind ~ 6. Thus, characteristic matrix can be
simplified to be Eq. (5).
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Then, as shown in ref. %, transmittance, reflectance, absorption of TDM can be calculated by Eqgs. (6-8),
respectively.

B 4y Re(y)
(OB + CO)(yB + C) (6)
_(nwB—-Cl[yB-CJ|
yOB + C yOB + C (7
_ YRe(BC* —y)
OB + O3B + C) (8)
If we set Ny = N,, = 1, combine Egs. (2-5) into (6-8), Egs. (9-11) are obtained.
4
Trp = 2 212 2 2 2,32
(2 + 4mnkd/A)” + 4m7d"(n” — k” + 1) /A (9)
_ (4mnkd/ N + 4Ar%dX(1 — n® 4 KN
7@ arnkdI N + A — K+ 12N (10)
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Figure 2. (a) Comparison between our calculation and experimental, theoretical results of Nair (1), and (b)
theoretical reflectance of graphene based on TF model and IF model.

_ drnkd/ ) + A’d*(n® — K*)/IN?
(1 + 27nkd/\)? + 72d*(n* — K2 + 1)/\? (11)

A TF

For comparison, formulas of transmittance, reflectance, absorption of TDM derived based on IF model are
given in Egs. (12-14)°. It should be noted that the term of 47nkd/ ) is equal to G/cg, in equations (50-53) of ref. ,
which will be discussed in Section 2.1.3. As shown in Egs. (9-11) and Egs. (12-14), the main difference between
TF model and IF model is the term including of (n* — k?) involved in Eqs. (9-11). There are slight differences in
transmittance and absorption between two models, but significant discrepancy in reflectance because the term
including of (n*> — k?) has the same magnitude with (4wnkd/\)2 In other words, eliminating the term including of
(n? —k?), formulas of TF model reduced to be the ones of IF model. When d/X is extremely small, this treatment
is reasonable for transmittance and absorption, not for reflectance.

) ) 4 o 4mnkd
Interface (2 + 47rnkd/>\)2 A (12)
o GamnkdN?
Interface 2+ 47rnkd//\)2 "
amnkd/\ dmnkd
AInterface = ~

(1 + 2mnkd/ N2 A (14)

We utilize Eq. (9) of TF model and Eq. (12) of IF model to calculate transmittance of graphene and bilayer
graphene, and compare with experimental, theoretical results of Nair'. The optical constants of graphene are
cited from ref. ° (annealing sample). Figure 2a demonstrates comparison between our calculation and experi-
mental, theoretical results of Nair'. Nair’s theoretical calculations were based on IF model, but he ignored wave-
length dependence of optical conductance. Here wavelength dependence of optical constant is considered in IF
model simulation. TF model and IF model simulation all agree well with experimental results, and even better
than Nair’s theoretical prediction. There is no significant difference between TF model and IF model simulation
because second term is very small compared with first term in denominator of Eq. (9). Also, there is no signifi-
cant difference in 600-740 nm among Nair’s theoretical calculation, TF model and IF model simulation because
4mnkd/X\ is equivalent to 7a, which will be discussed in Section 2.1.3. Thus, dispersion of grapheme at <450 nm
can answer the first question raised in Introduction section. From Eq. (14), one can see that there is a thickness
dependence on the absorption, which can be used to interpret the layer effect of the absorption for the graphene
in Fig. 2a. As for deviation from 7av in 400-450 nm for experiment results in ref. !, the reason is that optical con-
ductance G* is not strictly universal in visible region, and it is wavelength dependence. Several jobs were done to
discuss this problem, and optical conductance was described by Eq. (15)***:

G*/Gy =1 + Ca* + O(a*?) (15)

where o is a renormalized, dimensionless coupling constant?, and C is a constant, but there are several values
for this debated constant®>?%. If optical responses of TDM are measured, optical conductance can be accurately
determined based on TF model, which will contribute most to precisely study optical conductivity of TDM, and
unveil mechanism of unique physical properties of TDM. We also use Eq. (10) of TF model and Eq. (13) of IF
model to calculate reflectance of graphene, the results are shown in Fig. 2b. The reflectance calculated is less than
0.1%, which is consistent with experimental results'. The calculated reflectance based on TF model is up to three
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Figure 3. Theoretical p- and s-polarized transmittance (a) and reflectance (b) of monolayer MoS, based on TF
model and IF model.
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Table 1. Summarization of calculation of absorption for TDM in visible and infrared range.

times of the one based on IF model, and this can be explained by the fact that the term including of (n* — k?) has
the same magnitude with (47nkd/)\)? in Eq. (10).

Oblique incidence. Fresnel problem of TDM at oblique incidence is discussed based on TF model in ref. %.
One can see that refractive angle of TDM is taken into account in our calculation, which significantly differs
from theoretical results of Stauber®?. Figure 3 shows theoretical p- and s-polarized transmittance (a) and reflec-
tance (b) of monolayer MoS, based on TF model and IF model at 45° incidence. Compared with normal inci-
dence, besides reflectance, transmittance also shows obvious difference between two models. There are more
pronounced differences of s-polarization than p-polarization in transmittance and reflectance. Also, there are
significant polarization-independent peak shifts between the two models. For example, in 600-650 nm region, the
peaks of both p- and s-polarization curves for IF model are at 616 nm, while the peaks of the curves for TF model
are at 625 nm. However, there is no shift in the transmittance curves. The reason can be found by comparison
equations (S9, S10, S13, S14) in ref. ** with equations (51, 53, B3) in ref. °. For transmittance, compared with IF
model, in TF model, the term, 1/cosf at p-polarization, or cos*0/cosf), at s-polarization is added to multiply term
of ma/2, and this term just modifies the amplitude, not shifts the peaks. For reflectance, besides the term added
multiplying wa/2, another positive term including of (n? — k?) is added plus term of w*a? in the numerator. Thus,
peak reflectance in TF model is red-shifted.

In addition, as shown in equations (S13, S14), s-polarized reflectance and transmittance based on TF model
is dependent of incidence angle, which is not same with IF model®. However, our formulas for the case of oblique
incidence still need further verification of experimental results.

4mnkd/\.  The term of 4mnkd/X\ we proposed is readily to be understood and used. Because 4wk/X is absorption
coeflicient, we yields another style of approximate absorption of TDM (17, 18):

A = adn (16)

where « is absorption coefficient. Holovsky (17, 18) also obtained this result, but he did not give the origin of adn.
It is contradictory that he admitted that the graphene was a thin film with #, k, and d, at the same time he added
the value of adn to formulas derived from IF model. It should be noted that Lee (20) also did initial, qualitatively
derivation in discussion of absorption for very thin film, but he did not give final result.

Table 1 summarizes four kinds of approximate formulas for calculation of absorption of TDM!!"18 in visible
and infrared range, and  is layer number. The first formula is equivalent to other three ones only for some special
condition (like graphene), the last three formulas are equivalent. Now we derive other three formulas from the
term of 4mnkd/X\ we proposed.

Complex refractive index is defined by Eqs. (17) and (18), where ¢, and g, are the relative dielectric permit-
tivity and permeability, o is optical conductivity, w is angular frequency, and €’, is relative complex dielectric
permittivity'820-21,

2 _ SN2 Ko
N =(n—ik)" =ep —i
weg (17)
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N = (n— ik = e’ = ule, — i-L)
ner = e — i s

Derived from Egs. (17) and (18), optical conductivity and imaginary part of relative complex dielectric per-
mittivity are related to nk as shown in Eq. (19), where €, is dielectric permittivity of vacuum, and p, = 1.

po _ Im(,)

2we, 2 (19)

nk =

'l’hen17,18

_4mnkd _od _ G

A €€ €€ (20)

A

where c is the speed of light in free space, and G is optical conductance. For graphene in 600-740 nm:
m_ ¢
2h 4k (21)

where e is the electron charge, & is Plank’s constant, and % is reduced Plank’s constant. Then

Gw) = G, =

_4mnkd _od _ G e’

A == =

A €oC €oC 4eych (22)

Because the fine structure constant
4meych (23)

Then
4nnkd  od G e’
A= == = = T

A o€ ¢  4eych (24)

Thus, we recover the result of ref. !, this is the reason that absorption in 600-740 nm is same in value between
our calculation and Nair’s theoretical prediction.
In addition, combining Eq. (19) into Eq. (14), we yield absorption A:

A

4mnkd  wd
= = —] /
A c m(e") (25)

We recover the results of refs. 1011,

On-substrate sample (normal incidence). Generally, TDM needs to be transferred onto a sub-
strate. Several jobs were done to discuss this issue'*'”~!°, TDM exhibited different properties as compared to
standing-free samples, and they attributed these changes to the substrate effect. It was found that stepwise absorp-
tion of two dimensional InAs on the substrate is 1.6% rather than 2.3%, and Fang proposed a formula of (2/
(14 ny))*me (n, is refractive index of the substrate) to describe this changes'®. Here we also calculate Fresnel
optics of on-substrate TDM. If we set Ny = 1, combine Eqs. (2-5) into (6-8), respectively, Eqs. (26-28) are
obtained, where #, is refractive index of the substrate.

4(4mnkd/\ + 4m*d*(n® — kKP)nd\?)

T U+, + AnnkdIN + @nd i — K+ n)P N (26)
4n,
T= 2 3 2 212
(I + 1, + dnonkd/ Y + @n2d(n® — K2 + n)P /D) 27)

(1= ny — Amnkd/ N + 4n’d*(n, — 0 + KPPV
(1 + n, + drnkd/ N + (@rdX(n* — K + n)*1\?) (28)

For comparison, formulas of transmittance, reflectance, absorption of TDM derived based on IF model are
given in Egs. (29-31)°. Similar to standing-free case, as shown in Eqgs. (26-28) and Egs. (29-31), the main dif-
ference between TF model and IF model is the term including of (n? — k?) involved in Eqgs. (26-28). There are
slight differences in transmittance and absorption between two models, but significant discrepancy in reflectance
because the term including of (n? — k?) has the same magnitude with (4wnkd/\)?. In other words, eliminating the
term including of (n? — k?), formulas of TF model reduce to be the ones of IF model. When d/X is extremely small,
this treatment is reasonable for transmittance and absorption, not for reflectance.
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Figure 4. Theoretical simulation and experimental®” reflectance results of MoS, (a) and MoSe, (b) on fused
silica substrate.

A 2 247mkd - 2 247T1’lkd
(1 + n, + drnkd/N) | A 1+n)) A (29)
T— 4n,
(1 + n, + 4mnkd/\)* (30)
R (L=n— 4mnkd/\)’
(1 + n, + 4wnkd/\) (31)

We utilize TF model and IF model to calculate reflectance of MoS, and MoSe, on fused silica substrate, and
optical constants are cited from ref. ?. The thicknesses of MoS, and MoSe, are 0.615nm and 0.646 nm, respec-
tively?”. Figure 4 shows theoretical and experimental?’ reflectance results of MoS, (a) and MoSe, (b) on fused
silica substrate. TF model simulations exhibit better agreement with experimental results than IF model.

Origin of IF model. refs. >>2 provided derivations for calculation of optical response of TDM based on IF
model. In equation (49) of ref. %, o is different from the one in this job. The unit is O, and it should be referred to
optical conductance, not optical conductivity (the unit of Q~'.m™!) in this job. While in ref. > and Eq. (8) of ref. %%,
o is same with the one in this job. The relationship between oz in IF model and o is described in Eq. (32)%. We
can see that in refs. >>?, they all took thickness of TDM into account of their calculation of electric current den-
sity j, which is contradicted with the assumption that TDM is an interface. Thus, in essence, IF model is also an
approximate style of TF model. A larger error is introduced into reflectance calculation when IF model is utilized.
Thus, TF model rather than IF model is an accurate way to solve Fresnel problem of TDM.

o = Orpd (32)

Conclusion

It should be noted that when d/\ is not extremely small, in other word, the wavelength extend to ultraviolet and
X ray range, Eq. (5) is not correct, an accurate form of first term on the right side of Eq. (1) must be used. Our job
does not deny the fact that there are many fantastic optical properties existing in multilayer TDM, such as inter-
action between bilayer graphene. These new properties will give some small corrections to optical conductivity,
which can be macroscopically characterized by optical constants (n and k). There are no contradiction between
our job and new optical properties.

Alternatively, it is found that the product of refractive index n, absorption coefficient a, thickness d, plays a
key role in the approximate calculation of absorption of TDM at normal incidence in visible and infrared range.
Previous calculation of Fresnel optics for TDM (standing-free and on-substrate samples) all can be recovered
from our derived formulas by eliminating the term of (n? — k?) at normal incidence, and they are just approximate
results of our calculation based on TF model. IF model, in essence, is a kind of approximate TF model, and the
main difference between two models is the term of (#n* — k?) involved in TF model at normal incidence. A signif-
icant error is introduced into reflectance calculation of two dimensional materials when IF model is utilized. The
differences between two models are complicated at oblique incidence, which needs further experimental verifica-
tion. IF model is not suitable for solve Fresnel problem of two dimensional materials. Our job reveals that TDM
is a thin film rather than an interface or a boundary. It indicates that basic optical coating theory and traditional
optical software apply to TDM, and our job will pave the way for widely application of TDM in optical coating
field. Especially, our job will contribute most to design novel filters based on TDM multilayer that was referred to
as van der Waals heterostructures in refs. %,

SCIENTIFIC REPORTS |

(2019) 9:17825 | https://doi.org/10.1038/s41598-019-54338-0


https://doi.org/10.1038/s41598-019-54338-0

www.nature.com/scientificreports/

Received: 15 September 2019; Accepted: 7 November 2019;
Published online: 28 November 2019

References
1. Nair, R. R. et al. Fine structure constant defines visual transparency of graphene. Science 320, 1308 (2008).
2. Kuzmenko, A. B, van Heumen, E., Carbone, F. & van der Marel, D. Universal optical conductance of graphite. Phys. Rev. Lett. 100,
117401 (2008).
3. Stauber, T., Peres, N. M. R. & Geim, A. K. Optical conductivity of graphene in the visible region of the spectrum. Phys. Rev. B 78,
085432 (2008).

N v e

fosd

10.

11.

12.

13.

28.

29.
30.

Mak, K. F. et al. Measurement of the optical conductivity of graphene. Phys. Rev. Lett. 101, 196405 (2008).

. Ando, T. Theory of cyclotron resonance lineshape in a two-dimensional electron system. J. Phys. Soc. Jpn. 38, 989 (1975).
. Li, W. et al. Broadband optical properties of graphene by spectroscopic ellipsometry. Carbon 99, 348-353 (2016).
. Kravets, V. G. et al. Spectroscopic ellipsometry of graphene and an exciton-shifted van Hove peak in absorption. Phys. Rev. B 81,

155413 (2010).

. Dawlaty, J. M. et al. Measurement of the optical absorption spectra of epitaxial graphene from terahertz to visible. Appl. Phys. Lett.

93, 131905 (2008).

. Ochoa-Martinez, E. et al. Determination of a refractive index and an extinction coefficient of standard production of CVD-

graphene. Nanoscale 7, 1491 (2015).

Weber, J. W,, Calado, V. E. & Van de Sanden, M. C. M. Optical constants of graphene measured by spectroscopic ellipsometry. Appl.
Phys. Lett. 97(9), 091904 (2010).

Merthe, D. J. & Kresin, V. V. Transparency of graphene and other direct-gap two-dimensional materials. Phys. Rev. B 94, 205439
(2016).

Matthes, L., Gori, P,, Pulci, O. & Bechstedt, F. Universal infrared absorbance of two-dimensional honeycomb group-IV crystals.
Phys. Rev. B 87, 035438 (2013).

Yang, L., Deslippe, J., Park, C.-H., Cohen, M. L. & Louie, S. G. Excitonic effects on the optical response of graphene and bilayer
graphene. Phys. Rev. Lett. 103, 186802 (2009).

. Stauber, T., Noriega-P “erez, D. & Schliemannxa, J. Universal absorption of two-dimensional systems. Phys. Rev. B91, 115407 (2015).
. Mecklenburg, M., Woo, J. & Regan, B. C. Tree-level electron-photon interactions in graphene. Phys. Rev. B 81, 245401 (2010).
. Bordag, M., Klimchitskaya, G. L., Mostepanenko, V. M. & Petrov, V. M. Quantum field theoretical description for the reflectivity of

graphene. Phys. Rev. D 91, 045037 (2015).

. Holovsky, J., Nicolay, S., Wolf, S. D. & Ballif, C. Effect of the thin-film limit on the measurable optical properties of graphene. Sci.

Rep. 5, 15684 (2015).

. Holovsky, J. & Ballif, C. Thin-film limit formalism applied to surface defect absorption. Opt. Express 22, 31466 (2014).

. Fang, H. et al. Quantum of optical absorption in two-dimensional semiconductors. Proc. Natl. Acad. Sci. USA 110, 11691 (2013).

. Macleod, H. A. Thin-Film Optical Filters (CRC Press, ed.4, 2010).

. Lee, C. C. Thin Film Optics and Coating Technology (Art Gallery Book Press, ed.8, 2016).

. Born, M. & Wolf, E. Principles of Optics (Cambridge University Press, Cambridge, ed.7, 1999).

. Stauber, T. e al. Interacting electrons in graphene: Fermi velocity renormalization and optical response. Phys. Rev. Lett. 118, 266801

(2017).

. Teber, S. & Kotikov, A. V. Interaction corrections to the minimal conductivity of graphene via dimensional regularization. Europhys.

Lett. 107, 57001 (2014).

. Supporting materials.
. Depine, R. A. Graphene optics: electromagnetic solution of canonical problems, (Morgan & Claypool Publishers, 2016).
. Li, Y. et al. Measurement of the optical dielectric function of monolayer transition-metal dichalcogenides: MoS,, MoSe,, WS, and

WSe,. Phys. Rev. B90, 205422 (2014).

Falkovsky, L. A. & Pershoguba, S. S. Optical far-infrared properties of a graphene monolayer and multilayer. Phys. Rev. B 76, 153410
(2007).

Geim, A. K. & Grigorieva, I. V. van der Waals heterostructures. Nature 499, 419 (2013).

Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto, A. H. 2D materials and van der Waals heterostructures. Science 353,
461 (2016).

Acknowledgements

This work is supported by the Joint Research Fund in Astronomy (U1731114) under cooperative agreement
between the National Natural Science Foundation of China (NSFC) and Chinese Academy of Science (CAS), and
partially supported by the Strategic Priority Research Program of Chinese Academy of Science (CAS), Grant No.
XDA15320103.

Author contributions
X.D.W. designed research and wrote the paper. B.C. reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54338-0.

Correspondence and requests for materials should be addressed to X.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2019) 9:17825 | https://doi.org/10.1038/s41598-019-54338-0


https://doi.org/10.1038/s41598-019-54338-0
https://doi.org/10.1038/s41598-019-54338-0
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019)9:17825 | https://doi.org/10.1038/s41598-019-54338-0


https://doi.org/10.1038/s41598-019-54338-0
http://creativecommons.org/licenses/by/4.0/

	Origin of Fresnel problem of two dimensional materials

	Theory

	Free-standing sample. 
	Normal incidence. 
	Oblique incidence. 
	4πnkd/λ. 

	On-substrate sample (normal incidence). 
	Origin of IF model. 

	Conclusion

	Acknowledgements

	Figure 1 TF model of TDM.
	Figure 2 (a) Comparison between our calculation and experimental, theoretical results of Nair (1), and (b) theoretical reflectance of graphene based on TF model and IF model.
	Figure 3 Theoretical p- and s-polarized transmittance (a) and reflectance (b) of monolayer MoS2 based on TF model and IF model.
	Figure 4 Theoretical simulation and experimental27 reflectance results of MoS2 (a) and MoSe2 (b) on fused silica substrate.
	Table 1 Summarization of calculation of absorption for TDM in visible and infrared range.




