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ABSTRACT ARTICLE HISTORY
Herein we report on how to render Ti3C,;Ty (MXene) monolayers deposited on SiO,/Si wafers, Received 7 October 2016
with different SiO; thicknesses, visible. Inputting the effective thickness of a Ti3C;Ty monolayer KEYWORDS

(1 £0.2 nm) measured by atomic force microscopy, and its refractive index into a Fresnel-law-based
simulation software, we show that the optical contrast of TizC;Tx monolayers deposited on SiO,/Si
wafers depends on the SiO; thickness, number of MXene layers, and the light's wavelength. The
highest contrast was found for SiO; thicknesses around 220 nm. Simulations for other substrates,
namely, Al;03/Si, HfO,/Si, Si3sN4/Si and Al,03/Al, are presented as supplementary information.
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The experimental and simulated color contrasts between TizC, Ty, (MXene) monoflakes deposited on
SiO; of various thicknesses—under an optical microscope—were obtained for the first time.

Introduction

Recent years have seen an increasing interest in the study
of 2D materials and their practical applications [1-3]
both alone or in stacked configurations [4,5]. This inter-
est was catalyzed by a 2004 paper on graphene [6], and
now extends toward other 2D materials such as boron
nitride (BN) [7], transition metal dichalcogenides [8-10],
and black phosphorous [11], among others.
MZXenes—early transition metal carbides and/or
nitrides, that are produced by the selective etching of the
A layers from the MAX phases—represent the newest,
and potentially largest, 2D family of solids [12-15]. The
MAX phases, in turn, are a large ( > 70) family of layered
ternary transition metal carbides, where M is an early
transition metal, A is an A-group element (mostly groups
13 and 14), and X is C or/and N [16]. Because during
etching, the A-group element layers such as Al and Ga
are replaced by -O, —-OH, and -F terminations [17,18],
the proper designation of the resulting 2D material is

M, +1C, Ty, where T represents a surface termination,
which can be O, OH, and/or F [17].

The most studied MXene to date is Ti3 C, T, which has
already shown potential for use in a number of diverse
applications, such as batteries [19,20], supercapacitors
[21,22], fuel cells [23], sensors [24,25], transparent con-
ducting electrodes [26,27], photocatalytic applications
[28], and water treatment [29] among others [30-33].
Most, if not all, of the aforementioned work has been
carried out on multilayers and/or films, both thick and
thin.

Recently, we reported on electric transport in sin-
gle, free-standing isolated Ti3C, T, monolayers where we
showed that at ~1 x 102* m~3, the density of mobile
carriers in this material is quite high [34]. Even more
recently, we reported on conductive transparent spin-
coated TizC, Ty films, with high figures of merit [27].
During the course of that work, both the real, n, and
imaginary, k, optical constants of these spincast films
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Figure 1. (a) AFM scan of a Ti3C;T, monolayer on a 285 nm thick SiO, substrate. Average height between flake and substrate is
1.8 + 0.3 nm. AFM measurements of the folded corner are more reliable as they are less influenced by instrumental offsets and other
artifacts. These measurements show a reproducible step of 1 4-0.2 nm, which is the value assumed herein. Small bright regions in (a)
are residues from the MXene dispersion; (b) visible spectrum unfiltered OM images of same flake—located in the center of the dotted
frame—in which the folded MXene corner appears slightly darker. (c) Ellipsometric measurements of the real, n, and imaginary, k, parts
of the refractive indices of Ti3C; Ty as a function of wavelength in the visible region, reproduced from Ref. [27].

were measured [27]. Since as discussed below, n and k are
important input parameters in our modeling, it is impor-
tant to briefly explain how they were measured and why
it is justifiable to use these values here. First, both single
flakes and films were spincast from nominally identi-
cal colloidal solutions. Second, given that n and k are
typically functions of film thickness, it would have been
ideal if the values used herein were those measured on
monolayered films. However, since currently such films
do not exist, we chose instead to use the n and k val-
ues (Figure 1(c)), measured ellipsometrically on a 75 nm
thick spincoated Ti3C, Ty film. The details can be found
in supplementary information of Ref. [27].

As far as we are aware, that information has yet to
be exploited to render MXenes visible under an opti-
cal microscope (OM), in the same way that, for exam-
ple, Blake et al. [35] and others [36-39], rendered single
graphene layers visible. The same was done for single
layers of transition metal dichalcogenides [40], BN [41],
and other 2D systems [42]. The capability to quickly
and accurately distinguish single from multiple flakes is
a crucial requisite first step for using MXenes in micro-
electronic devices. To be able to do so rapidly and accu-
rately with nothing more sophisticated than an OM is

therefore important. The purpose of this work is to
delineate the conditions under which TizC,T, mono-
layers, deposited on oxidized Si wafers, would be visible
under an OM. To that effect, we measured the thicknesses
of various flakes—deposited on substrates with vary-
ing SiO; thicknesses—using atomic force microscopy
(AFM). We then combined these results, with the refrac-
tive indices of Ti3C, T [27], to predict the best conditions
to visualize Ti3C, T, monoflakes in an OM for a variety
of substrates.

The Ti3C, Ty flakes were produced by selective etch-
ing of Al from Ti3AlC,. The details can be found else-
where [34]. To deposit single Ti3C,Ty flakes, they were
first dispersed in water—with a concentration of ~ 1 to
2mg/ml—and spincoated on Si wafers. For the latter,
a drop was placed on the substrate and the spincoater
was accelerated from 0 to 6000 rpm in 1s and held at
that speed for 60s. The substrates were then inspected
under an OM. Flakes, presumed to be monolayers, were
scanned by tapping mode AFM. The difference in height
between the monolayers and the Si substrate was mea-
sured to be 1.8 £0.3 nm, which overestimates the real
thickness because of anomalies related to the measuring
conditions of the AFM [43], instrument offset [44], and
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other artifacts [45,46], as well as the possible presence of
adsorbates on top of the flakes in addition to surface ter-
minations. The same is true of graphene where control
experiments on monolayered graphene flakes revealed
them to be offset by about ~0.6nm under the same
experimental and environmental conditions. To solve
this problem, the 2D community has concluded that
folded regions give the most reliable measurements of
thickness (see, e.g. [47]). Measurements on folded flakes
here provided a reproducible thickness of 14 0.2 nm,
for a Ti3C, T, monolayer, in agreement with the SiO,-
MXene step height (1.8 £ 0.3 nm) reduced by the deter-
mined offset of ~0.6 nm. It is important to note that,
based on X-ray diffraction measurements, half the c-axis
lattice parameter of Ti3C, Ty is &1 nm [12]. Therefore,
all such flakes were deemed single-layered.

Figure 1(a) shows the AFM scan for a monolayer
MXene flake deposited on a Si wafer with a nominally
300nm thick SiO, layer. In the AFM scan shown in
Figure 1(a), small particulates are imaged both on the
MZXene and substrate. These particulates are most proba-
bly small oxide particles that form during MXene pro-
duction and need further investigation. The largest of
these particles are detectable under an OM and have been
avoided when selecting regions for colorimetric evalua-
tions. An OM micrograph taken using the whole range
of visible light is shown in Figure 1(b).

Figure 1(c) shows the functional dependencies of n
and k of Ti3C, Ty, on wavelength, 1, in the visible range
(380-780 nm), which is the region of interest for this
work. These values are taken from Ref. [27] and are
reproduced here because the colorimetric simulations
are based on them. Interestingly, we note that the aver-
age values of #n and k in this region (2.6 and 1.3) are
comparable to those of graphene in the same spectral
window [48,49].

Similar to what was done for other 2D systems [35,40],
we model our MXene sample as a stacked structure
(Figure 2(a)) composed of air (layer 0, with refractive
index ng), MXene (layer 1, with thickness d; and refrac-
tive index n;), SiO; (layer 2, with thickness d; and refrac-
tive index n [50,51], and Si (layer 3, with refractive index
n3 [52]. Under these conditions, the MXene reflectivity is
given by [53]:

n eil@1+¢2) 4 ) e i(¢1—02) 4 3 e i(@1+¢2) | 7213 el(P1—=2) 2

Ratxene =| 255557 i e @18 {113 e 1 @1H02) F 1yrs @B1—92)

(1)
where r; = (ng — n1)/(no + n1), ra = (n1 — nz)/(m +
ny), and r3 = (np —n3)/(ny + n3) are the relative
changes in the index of refraction and ¢; = 2w n;d;/A
are the phase shifts in the various regions of the opti-

cal path for a given A. Similarly, the substrate without
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Figure 2. (a) Schematic of simulated MXene/SiO,/Si trilayer mod-
eled. (b) Color plot of the contrast as a function of SiO; thickness
and A for Ti3C,Ty monolayers. Note the strong dependence on
both A and SiO; thickness. Three regions with high contrast can be
easily seen. These regions delineate the best experimental condi-
tions for the visualization of a Ti;C;T, monolayer. The color scale
on the right shows the expected contrast.

MZXene has a reﬂect1v1ty expressed by RSub =|(rye i$2 4
r3e i) /(2 4 rirse ~i92)|12) where ry = (ng — ny)/
(ng + ny). The absolute contrast for a MXene monolayer
for a given A is defined as:

Ryvixene — Rgub

c:‘ (2)

RMXene

When this equation is plotted for a single Ti3C, T} layer
as a function of SiO; thickness and A (Figure 2(b)), three
regions of high contrast are found. These represent the
optimal experimental conditions for the identification of
single Ti3C, Ty layers on SiO;. They roughly follow the
relation 2 - dsio, - nsio, = (m + 1/2)A, withm =0, 1, 2,
corresponding to the optical path being a half-integer
times the wavelength. This formula indicates that these
Fabry-Perot-type resonances come from standing waves
in the SiO; and reflection at an open end (antinode) on
the MXene-SiO, interface side and reflection at a fixed
end (node) on the Si-SiO; interface side. Figure 3(a-c)
show the contrast between 1 (bottom curve) to 5 (top
curve) layers of Ti3C, Ty as a function of SiO; thickness
for monochromatic blue, green, and red light, respec-
tively. Note that the position of the absolute contrast
maxima for each XA is independent of the number of
MZXene layers.
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Figure 3. Color plot of the absolute contrast as a function of SiO; thickness for 1-5 TisC,; Ty layers predicted for, (a) blue (435.8 nm), (b)
green (546.1 nm), and (c) red (700 nm) light. The contrast maxima vary for each A, but are not functions of the number of MXene layers.

Number of MXene layers
PR, NN W W DN
o v o v o v o v

v

100 200 300 400 500 600 700 800 900 1000
SiO, Thickness [nm]

JoIY

=

55
35 ———100nm
Q f ———200nm
LC) 50 300nm
30 @5t | )
ot / \
s £% / \ \
o 8] A
S sl
(@] 30 ;‘ y'\' \ _— "":/-::"f o ~
— | \ \ / - N\
15 8 25 ’\ \ o
'9 [ % A Lo =
10 < % > \
© ‘ o,
o 15( —
5 5
© 107
5

0 10 20 30 40 50 60 70 80 90 100

Number of MXene layers

Figure 4. (a) Color plot of contrast between SiO; and Ti3C; Ty monolayers as a function of the number of the latter and the thickness of the
former observed under a tungsten lamp delineating the experimental conditions for which the contrast would be greatest; (b) Contrast
difference as a function of 1-100 Ti3C; Ty layers for three different SiO; thicknesses. Contrast depends on number of Ti3C, T, monolayers
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to be 1 nm.

Since these results pertain to a single A, they are not of
much use in an OM without filters, where all frequencies
need to be taken into account. In that case, the colori-
metric CIE 1931 XYZ [54] space should be calculated for
visible wavelengths as:

Xj 780 nm ’_C()‘)
Yi|=pP / SMRM) [y |dr 3)
Zj 380 nm z()\)

where x(1), y(1), and z(A) are the CIE 1931 matching
functions, respectively (See Ref. [54] for selected colori-
metric tables), R(}) is the reflectivity of the system, S(1)
is the spectrum of the incident light source, that depends
on the type of illumination and P is the total illumina-
tion power. The incident light source used here is an
incandescent tungsten-filament light with a temperature
of 2856 K, the most common source of light in OMs and
thus illuminant A is used. It is described by a Planck’s

distribution law (shown in the supplementary informa-
tion (SI)) and tabulated in Ref. [54]. Once the CIE 1931
XYZ color space is calculated, it is transformed to the
CIELab color space which offers a more perceptual uni-

formity [39,54], by operating the transformations [39]:

L* = 116f (an) —16, a* = 500[f (%) —f (%)]
=mf ()1 (2))

where X,,, Y,, and Z,, are the coordinates for the white
point of the reference illuminant (109.850, 100, and
35.585, respectively, in case of illuminant A) and

/3 if t > (6/29)°

f (5)

1 (29/6)%t + 4 therwi
— — otherwise
3 29
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Figure 5. (a) Total color difference of a Ti3C2Tx monolayer as a function of the SiO, layer thickness. Error bars represent experimental
values for samples with the corresponding SiO; thicknesses. (b—h) OM images of Ti3 C; Tx monolayers on SiO, with thicknesses of 285, 223,
170, 134, 127, 90, and 87 nm, respectively, to which the data points in (a) correspond. All micrographs have dimension of 20 x 20 um?.
Flakes were illuminated by a standard W-lamp, without filters under the same experimental and environmental conditions (clean room
controlled temperature and humidity). The luminosity of these pictures was adjusted in order to have a consistent color balance between
experiment and simulations [38]. The experimentally measured CIELab total color differences are in quite good agreement with the

calculations.

Lastly, we use the total color difference, TCD, defined as

TCDarers = y (AL*? + (Aa")? + (Ab9)?,  (6)

as the colorimetric distance between two colors.

Figure 4(a) shows the calculated color contrast
between bare and TizC, T, covered substrates as a func-
tion of the number of monolayers—up to 50—and the
thickness of the SiO,, observed under a W-lamp (Illu-
minant A), delineating the experimental conditions for
which the contrast would be largest. Here again there are
combinations of the number of layers and SiO, thick-
nesses that result in bands of high contrast. When the
same results are plotted as a function of the number
of MXene layers—for three different SiO, thicknesses,
100, 200, and 300 nm (Figure 4(b))—the contrast curves
have maxima between 8 and 12 layers before decreasing.
Interestingly, there is second peak—at around 60 layers

for the thickest SiO; substrates—possibly a Fabry-Perot
resonance in the MXene layer.

Since herein we were particularly interested in identi-
tying single flakes, Figure 5(a) plots the color contrast for
the latter as a function of SiO, thickness. These results
predict that a SiO; thickness of 222 nm provides the high-
est contrast. To test this prediction, we deposited single
MXene layers on SiO,/Si substrates of different thick-
nesses. The latter were prepared by etching standard Si
wafers—with 285 nm thick, thermally grown SiO, (Crys-
Tec, Berlin, Germany)—in buffered HF (20%) for 15, 30,
60, 90, and 120 s, which resulted in SiO, thicknesses of
223,170, 134, 127, and 87 nm, respectively. To determine
the SiO, thicknesses, a set of wafers—with a 285 nm thick
thermal oxide—were etched, as above, with part of the
wafer masked. A profilometer was then used to mea-
sure the step height between the etched and un-etched
regions yielding the SiO, thickness. These measurements
were confirmed by a colorimetric comparison between
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the color of SiO; of the etched samples and the calculated
ones for the measured thicknesses. To complete the set, a
90 nm thick SiO; layer thermally grown on Si (CrysTec
Berlin, Germany) was also used.

When the TCD simulations (solid line in Figure 5(a))
and the experimental results (data points with error bars
in Figure 5(a)) are compared, it is obvious that the agree-
ment is quite good. The images were taken with a camera
(Canon EOS 500D), attached to an OM (Zeiss Axiotech)
with a 100 X objective and a numerical aperture of 0.75.
The results (Figure 5(b-h)) are shown after luminosity
balancing (full procedure for balancing and compari-
son between theory and experiments is discussed in the
SI). The experimental results confirm that the best con-
trast is achieved with a SiO, thickness of 223 nm, where
TCD peaks at ~ 12 (Figure 5(c)) in excellent agreement
with our theoretical predictions (12.3 at 222 nm). Inter-
estingly, the second highest peak of visibility is calculated
to be around 280 nm with a TCD of 11.8 (confirmed by a
measured value of 11.5 at 285 nm). This thickness would
allow good visibility for both MXene and graphene. It is
worth noting that the thickness of every flake shown in
Figure 5(b-h) was measured by AFM before observing
them in the OM. Only single flakes were imaged in the
OM and used.

In conclusion, making use of Fresnel’s theory, we
delineate the conditions under which MXene mono- and,
in principle, multilayers can be rendered visible under
an OM—using a W-lamp—after deposition on Si wafers
with various SiO; thicknesses. Our simulations predict
that SiO, thicknesses of 222 and 280 nm should result
in the best contrast as observed experimentally. This
work establishes a framework for detecting single MXene
flakes on Si and other substrates. Colorimetric results on
other substrates, such as Al,03/Si, HfO,/Si, Si3N4/Si and
Al,O3/Al, with other illuminants (D65), present a shift
of the maxima of contrast, but are similar in general to
those on silica. For further details about these results and
details of our methodology refer to the SI.
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The Supplementary Information is comprised of 4 sections:

S1) Procedure for the comparison of experimental data with simulations
S2) Visibility of MXene under illuminant D65

S3) Differentiating between MXene mono and bilayers

S4) Visibility of MXene monolayers on various substrates.

S1) Procedure for the comparison of experimental data with simulations

Here we show the block diagrams used to evaluate the experimental contrasts of the
MXene flakes and compare them to the simulated ones.

All images were taken with an optical microscope, OM, (Zeiss Axiotech) equipped
with a camera (Canon EOS 500D), with a 100X objective lens (Zeiss Epiplan) with a
numerical aperture, NA, of 0.75.

When the optical images were taken they differed in two respects relative to the
simulated ones. First the luminosity of the background under the OM is not ideal, viz. P < 1
in Eq. 3 of main text. Thus the luminosity had to be extrapolated in order to recalibrate the
images [1,2]. As the luminosity is a multiplicative parameter in the XYZ components, to
calibrate the images, the XYZ coordinates of an image was divided by P of that image.
Second, the use of a finite numerical aperture, NA, got the objective lens, implies that the
light is no perfectly perpendicular to the substrates as in the simulation but with a distribution
of incident angles, usually described a Gaussian distribution with a minimum incident angle:

Omin = n arcsin (NA)

where n is the refractive index of air [3]. The different light paths modify the reflectivity of
the material for that specific angle, and the total reflectivity must thus be calibrated
accordingly [4-7]. However it was shown in Refs. 2 and 3, that the total color difference is
not affected significantly by a variation of the NA, and thus herein we neglect this effect.

Apart from these main effects a perfect correspondence between image and
simulation is never fully reachable, as several uncontrollable factors play a role. For instance,
the calibration of the light source and white balancing might not be ideal, the literature values
of the refractive indices of the materials which might differ form those of the investigated
materials, and complex digital microscopy hardware and software, which are hard to model
and not ideal, to name a few [1].

In Fig. S1(a), the average RGB values for the SiO; substrate are extracted from the
pictures, and then converted to LAB coordinates. The luminosity and thickness of the SiO: is
obtained by minimizing the TCD between the experimental LAB values and those calculated
for a range of these parameters.

In Fig. S1(b), the RGB values for all the figure (both substrate and MXene) are
calibrated according to the illumination extracted in a, and converted to CIELab. The TCD
for the thickness calculated in Fig. S1(a) is obtained by averaging the values of the new
calibrated figure.
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Fig. S1. Schematic of the process for comparison of experimental pictures with simulations
as in Fig. 5 in main text.

The algorithm of comparison is divided in two parts: in the first part the luminosity
and thickness of the substrate are extracted from the experimental image. In the second part,
the image is calibrated in order to have the same luminosity as the simulation (P = 1 in Eqg. 3
in main text), and the TCD is extracted.

In Fig. S1(a) we show a schematic of the first part of the algorithm. The RGB
coordinates of the substrate of the image are extracted, converted to XYZ coordinates [8],
and then to Lab coordinates. These coordinates are compared through the TCD with those
obtained by a double loop of the program for the SiO2/Si substrate, in which both the
thickness of the dielectric and the luminosity are treated as parameters.

The couple of parameters that minimize the total color difference is the thickness (0
nm to 400 nm) and luminosity P (1% to 100%) of the experimental image.

As noted in the main text, the thickness for similar substrates was also measured
through a profilometer to confirm their values.

Figure S1(b) shows the second part of the algorithm. In this case, the RGB values for
MXene and substrate are extracted, transformed into XYZ coordinates, recalibrated by
dividing them for the luminosity P, and finally transformed to CIELab coordinates. The TCD
of these last coordinates are the effective experimental values that are compared with the
simulated ones.



A wide selection of pixels representing the substrate and MXene was chosen for the
comparison, and the error bars in Fig. 5 of the main text represent the double standard
deviation of the TCD, with the mean value being in the center of the error bar.

S2) Visibility of MXene under illuminant D65

The simulations in the main text were performed using illuminant A, which is defined
by the CIE as intended to “represent typical, domestic, tungsten-filament lighting. Its relative
spectral power distribution is that of a Planckian radiator at a temperature of approximately
2856 K. CIE standard illuminant A should be used in all applications of colorimetry
involving the use of incandescent lighting, unless there are specific reasons for using a
different illuminant” [9]. lluminant A is defined by the spectral density law

60N exp 1435x 107

_ 2848 X 560

Sal) = 100( A ) 1435 x 107
€XP2848 x 1

where 1 is the wavelength in nanometers in standard air. This spectral density function is
defined for wavelengths of the visible spectrum (380 — 780 nm) and is normalized to exactly
100 at a wavelength of 560 nm. The tristimulus values for illuminant A are defined as (X, Y,
Z) = (109.85, 100.00, 35.58)

Since most present day observations on MXenes are performed on OMs illuminated
by a bulb source, we chose illuminant A for the simulations. However, as MXene research
evolves, more likely than not, large flakes will be produced will can be visible by the naked
eye in natural daylight illumination conditions. This environment is not described correctly
by illuminant A and other illuminants should be adopted for the simulations.

The CIE defines: ‘CIE standard illuminant D65 as “intended to represent average
daylight and has a correlated color temperature of approximately 6500 K. CIE standard
illuminant D65 should be used in all colorimetric calculations requiring representative
daylight, unless there are specific reasons for using a different illuminant. Variations in the
relative spectral power distribution of daylight are known to occur, particularly in the
ultraviolet spectral region, as a function of season, time of day, and geographic location.
However, CIE standard illuminant D65 should be used pending the availability of additional
information on these variations” [9].
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Figure S2. Color plot of CIELab total color difference between SiO, and TisC,Tx monolayers as a
function of the number of the latter and the thickness of the former observed under a illuminant D65,
delineating the experimental conditions for which the contrast would be greatest. (b) Total color

difference of a TisC,Tx monolayer as a function of the SiO; layer thickness. Not surprisingly this plot
is quite similar to the one shown in Fig. 5(a).



The values of illuminant D65 are tabulated [10], and it has tristimulus values (X, Y,
Z) = (95.04, 100.00, 108.88). Color plot of CIELab total color difference between SiO> and
TisC2Tx monolayers as a function of the number of the latter and the thickness of the former
observed under a illuminant D65, delineating the experimental conditions for which the
contrast would be greatest are shown in Fig. S2(a). Figure S2(b) shows the total color
difference of a TizC2Tx monolayer as a function of the SiO2 layer thickness. Not surprisingly
this plot is similar to the one shown in Fig. 6(a).

S3) Differentiating between MXene mono and bilayers

For a correct identification of a MXene monolayer, it is not only important to identify
the MXene flakes on a substrate but be able to rapidly discern whether the flakes are mono-
or bilayered [11]. Figures S3(a) and (b), respectively, show the total color difference plots as
a function of SiO> thickness and A[Jfor bilayer TisC>Tx MXene and substrate, and for bilayer
and monolayer MXene. Regions colored red delineate the experimental conditions for which
the contrast would be greatest. Figures S3(c) and (d) plot, the total color difference as a
function of the SiO» thickness for TisCoTx bilayer TisC,Tx MXene and substrate, and for
bilayer and monolayer MXene, respectively. Not surprisingly the differences are quite subtle.

We can take these simulations further. In Figure S4, we simulate the colors of TizCoTx
single and bilayers on SiO> substrates of different thicknesses ranging from 5 nm to 400 nm
in steps of 5 nm. In this figure the top centered rectangle simulates the bilayer and the
bottom-centered rectangle simulates a monolayer. In all cases contrast in higher between the
bilayer and substrate than between monolayer and substrate. The simulations were simulated
to have a luminosity of 100% and as seen through a NA = 0. Not surprisingly and in
agreement with the results shown in Fig. S3(c) and (d), there are thicknesses for which the
TisC,Ty flakes are almost invisible and other regions where the contrast is quite high.
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Figure S3. Color plot of the contrast as a function of SiO; thickness and A Ifor (a) bilayer TisC,Tx

MXene and substrate and, (b) bilayer and monolayer TisC, T, MXene. Note the strong dependence on

both A and SiO; thickness. Dependence of total color difference on SiO; layer thickness for a (c)

bilayer TizC,Tx and substrate, and (d) bilayer and monolayer TizC,Tx MXene.



In addition, we show in Fig. S5(a), and (b) how a TisC2Tx MXene monolayer would
appear on 222 nm, and 280 nm thick SiO- layer substrates, that is under the conditions of best
visibility. The insets reproduce the experimental results closest to these values (223 nm and
285 nm respectively) for comparison; the agreement between the two is striking.
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Figure S4. Simulated colors of SiO; on Si — with thicknesses ranging from 5 nm to 400 nm - covered
by a TisC,Tx monolayer (bottom centered rectangle) or a bilayer (top centered rectangle). In all cases
contrast in higher between the bilayer and substrate than between monolayer and substrate.

a) b)

Figure S5. Simulated colors of a rectangular monolayer MXene flake deposited in the center
of a SiO; substrate with a thickness chosen for optimal visibility: (a) 222 nm and (b) 280 nm.
Insets show the corresponding experimental results, viz. 223 nm and 285 nm.

S4) Visibility of monolayer Ti3C, flakes on other substrates

All the calculations so far were performed on SiO2 on Si substrates. To render this
work more useful and applicable to other substrates we also performed simulations of
contrast as a function of dielectric thickness where the dielectric was Al.Oz on Si (Fig. S6(a))
[12, 13], SisN4 on Si (Fig. S6(b)) [12, 14, 15], HfO2 on Si (Fig. S6(c))) [12, 16] and Al>O3 on
Al (Fig. S6(d)) [13, 17], by inserting the relevant refractive indices in the algorithm.



Lastly, Figure S7, shows the effect of the number of TisC2Tx layers and dielectric
thickness values on Al,O3 on Si (Fig. S7(a)), SisN4 on Si (Fig. S7(b)), HfO2 on Si (Fig. S7(c))
and Al,Oz on Al (Fig. S7(d)). Interestingly, the results vary quite significantly for each

system. Al,Oz/Al, is the system for which both the contrast and total color difference reach
their maximum value among the peaks.
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Figure S6. Contrast of TisC2Tx monolayers as a function of AJand various thicknesses of (a)

Al,03/Si, (b) SisN4/Si, (c) HfO/Si, and (d) Al,0s/All.
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Figure S7. CIELab TCD of 1 to 50 MXene layers as a function of various thicknesses of (a)
Al>03/Si, (b) SisN4/Si, (c) HfO/Si, and (d) Al2Os/Al.
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