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Abstract:

Visualizing and manipulating the optical contrast of single layer graphene (SLG) and
other 2D materials has continuously been an interesting topic to understand fundamental
light-matter interaction down to atomic thickness. Since the optical properties of SLG can
be tuned by gating, demonstrating and manipulating the color contrast of SLG also has
significant potential applications in ultra-thin flexible color display. However, previous
demonstrations of optical contrast of SLG are mostly limited to reflection intensity contrast
under monochromatic illumination using interference effect. The reported spectral contrast
in SLG has mostly been narrow-band or at resonant wavelengths, and it required precise
thickness control and/or nanolithography that are hardly scalable to large enough area for
display applications. In this paper, we demonstrate novel color-contrast optical visibility
of SLG under white light using broad-band photon management induced by nanoneedle
structured SnOx (x<1) transparent conductive oxides (TCOs), which is scalable to large-
area color display. The low-temperature fabricated, self-assembled, nanoneedle structured
SnOx (x<1) thin films help to significantly increase the broadband optical absorption in
SLG by enhancing the electromagnetic field and increasing the scattering efficiency at the
SnOx/SLG interface. With nanoneedle structured SnOx, the optical absorption in SLG on
fused quartz (Si0O;) substrate is drastically increased from ~1.4% to >10 % at A=560-990
nm (from yellow to near infrared spectral regimes), leading to a clear color contrast to the
surrounding region without SLG. The self-assembly approach, rather than sophisticated
and costly nanolithography, allows scalable fabrication of large area 2D photonic devices

with broadband and highly efficient photon management effect. Therefore, this approach



can be further extended to color-tunable TCO/dielectric/SLG 2D photonic devices by
adjusting the free carrier concentrations/Fermi levels in the TCO and SLG layers via gating
- a stepping stone towards ultra-thin flexible color display technologies utilizing 2D

materials and nanostructured thin films.
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Introduction

Among various kinds of two dimensional (2D) materials, single layer graphene
(SLG) has drawn enormous interest. Due to its atomic thickness and the unique conical
band structures, the electronic and mechanical properties of SLG have been widely
investigated for flexible devices and transparent electrodes in solar cell applications.! 2
Optically, free standing SLG is perceived as nearly transparent since it only absorbs 2.3 %
of the incident light, independent of wavelength.® This number goes down to 1.4 % if SLG
is transferred on fused quartz (SiO,) substrate due to optical impedance mismatch.*
Therefore, optically visualizing SLG has been a challenging topic to understand
fundamental light-matter interactions down to atomic thickness.

Novoselov et al.’, for the first time, found SLG was visible on top of a thermal
oxidized Si wafer using the interference effect from 300 nm-thick SiO». Geim et al.®
subsequently noted that precise control of the oxide thickness is required to visualize SLG,
and a 5 % thickness variation can make SLG invisible. Blake et al.” studied the visibility
of SLG more systematically. They demonstrated the dependence of the SLG visibility on

Si0; thickness and incident wavelength, and corroborated the observations by a model

based on Fresnel Law. With this established concept, later researchers experimented with
a variety of thicknesses and other materials, including Si3N4 and SiO2/Si3N4 bilayers to
visually identify the number of graphene layers,®°® a PMMA layer to enhance the visibility
of SLG on various substrates,'” and various dielectric films (SiO2, BaTiOs, HfO,, Al,O3,
Si3N4, SrTiOs) to investigate their influences on the contrast of mono- and bilayer

graphene.!!



However, these existing techniques rely on the interference effect by precisely
engineering the optical paths in materials, which is highly dependent on optimizing the
wavelength of the incident light and the thickness and refractive index of the dielectric
layer(s). That is, the region with SLG shows the same color but typically darker than the
region without SLG under the optimal illumination wavelength. For example, Khadir et
al.'? and Li et al.'? utilized interferometry to enhance the SLG intensity contrast at specific
wavelengths of 625 nm and 532 nm. Blake et al.”, Jung et al.”, Kontis et al.'!, and Chen et
al.'* demonstrated narrow-band or resonant wavelengths enhancements by precise control
of the dielectric layer thicknesses. Therefore, most of the previous reports demonstrated
intensity contrast under optimal monochromatic illumination instead of color contrast
under white light illumination, where the regions with and without SLG would show
different colors.

Besides utilizing photonic layer stacks to visualize graphene monochromatically,
understanding and enhancing the light-matter interaction for 2D absorbers has
continuously been a very active field of study. Very recent progress demonstrated a
graphene-dielectric-metal heterostructure where enhanced graphene absorption is achieved
through far-field excitation of plasmon modes squeezed into an atomically thin dielectric
spacer between graphene and metal nanostructures. !> Similarly, other people reported
plasmonically enhanced graphene photo-detectors with high responsivity and fast speed. '°
These approaches, though, not only require sophisticated and costly nanolithography, but
also work only for a narrow band of mid- or far-infrared wavelengths. Therefore, they are

not compatible with large-area consumer devices such as flexible flat panel display, which



requires broadband photon management for color contrast visibility. There has barely been
any research on this significant potential application of 2D materials and photonic devices.

In this paper, we demonstrate color-contrast optical visibility of SLG under white
light using broad-band photon management induced by self-assembled nanoneedle-
structured SnOx (x<1) transparent conductive oxides (TCOs). The near-field interaction
between the SnOx TCO and SLG leads to a strongly enhanced broad-band absorption in
SLG from the visible to the near infrared (NIR) spectral regime, as confirmed by strong
field-enhanced Raman scattering from SLG, thereby inducing a clear color contrast
between the regions with and without SLG. Since the self-assembly of nanostructured SnOx
TCO can be readily scaled to large-area fabrication, just like their counterparts currently
used in flat panel display, this approach can be extended to color-tunable
TCO/dielectric/SLG 2D  photonic  devices by adjusting the free carrier
concentrations/Fermi levels in the TCO and SLG layers, enabling new flexible color
display technologies utilizing 2D materials and nanostructured thin films. This vision is
further supported by recent progress in growing large-area graphene >20 inches in
dimensions. !’

TCO thin films are widely used in flat panel display technology. Combined with
active absorber layers, they are also widely used for light-trapping in optoelectronic
devices. '8 19-20. 21, 22,23, 24,25 Thanks to their broad-band transparency, effective photon
management ability and high electrical conductivity, TCO is more advantageous than
conventional light trapping strategies such as plasmonics and dielectric nanostructures. 2%
>7 By comparison, metallic (Au or Ag) plasmonic structure is cost-intensive and has a

narrow resonant peak, while dielectric nanostructures are insulating and the fabrication is



complicated. Surface textured TCO has been proved to be an effective tool for light
trapping in thin film solar cells, but the relatively large surface roughness (~100 nm) 2% %
impairs the light trapping effect on thinner (<1 um thickness) absorbers and limits its
application in 2D photonic devices. Therefore, we propose a nanoneedle-structured Sn-rich
SnO (SnOy, x<1) TCO thin film with surface roughness <5 nm to couple with SLG. As
demonstrated in our previous work, >*3!:32 these nanoneedle-structured SnOx (x<1) thin
films can be fabricated by co-sputtering Sn and SnO> at adequate ratios, followed by low-
temperature thermal annealing at 200-250°C. Details of the fabrication process is provided
in the Methods section. Due to the greatly reduced surface roughness, light scattering is
not significantly dependent on the surface texturing but on the inherent nanoneedle
structures. This low-temperature self-assembly approach significantly reduces the cost
compared to conventional patterning and sophisticated nanolithography, which allows
scalable fabrication of large area devices for displays. In our previous research 3! 32, a SnOx
(x~0.85) nanoneedle-structured TCO thin film has been proved to be very effective in
enhancing the efficiency of thin film Ge NIR photodetectors, contributing to a 10-30%
enhancement of photocurrent with a scattering efficiency >95 % for light trapping in Ge.
In this study, we further extend this SnOx nanoneedle-structured TCO thin film to light
trapping in 2D SLG and demonstrate color-contrast visibility of SLG under white light
illumination, pushing the envelope of photon management as the active absorber thickness
decreases to atomic scale. Notably, it has not yet been reported that TCOs could be used
for light trapping in active 2D absorbers. Therefore, our innovative approach of combining

SLG with low temperature-fabricated, high scattering-efficiency nanostructured TCOs



opens up new paths to understand high-efficiency light trapping and extend the application

of TCO photon management to practical 2D photonic devices.

Results and Discussion
Optical Contrast of SLG.

Figure 1a shows a schematic drawing of nanoneedle-structured
SnOx(x<1)/SLG/quartz with the light illuminating from the SnOx side. An atomic force
microscopy (AFM) image is shown in the inset. Owing to the field enhancement in the
vicinity of the high refractive index Sn-rich regions # and high scattering efficiency of the

31,32 the effective light trapping in

self-assembled SnOx nanoneedle structures,
SnO,/SLG/quartz leads to a strong color contrast of SLG under white light illumination
that is visible to the naked eye, as illustrated in Figure 1b. As a reference, the area of
SLG/quartz is nearly transparent with no perceivable difference from the quartz substrate
alone (see the region labelled as “SLG” in Fig. 1b). Notably, adding a layer of 115 nm
SnOx (x~0.85) on top of SLG results in a strong color contrast between the central area
with SLG (bluish, labelled as “SnOx+SLG”) and the peripheral edge without SLG (pinkish,
labelled as “SnOx”). The SnOx/SLG/quartz region appears bluish compared to the
surrounding pinkish SnOx/quartz region because longer wavelength light from yellow to
red regime is much more effectively absorbed by SLG due to the photon management in
this region, as will be detailed later. Hence, the color of the SnOx/SLG/quartz region is

more influenced by shorter wavelength photons under white light illumination, leading to

a bluish appearance compared to the pinkish peripheral region without SLG.



For the same piece of sample with transferred SLG in the middle, the optical
absorption contrast contributed by SLG is calculated as the difference in absorption
between the regions with and without SLG. As shown in Figures 1¢ and 1d, the maximum
optical absorption enhancement in SLG reaches ~15% at A=670-770 nm due to the photon
management of the 115 nm-thick, nanoneedle-structured SnOx layer, representing >10x
absorption enhancement compared to pristine graphene on silica (~1.4% #). Because of the
p-type doping effect of pristine SLG transferred to the quartz substrate, the absorption
diminishes at longer wavelengths corresponding to the blue curve in Figure 1d at A>1500
nm. In contrast, the light trapping effect induced by nanoneedle structured SnOx happens
over a broad-band spectral regime (i.e. SLG absorption=4-15% over A=400-2000 nm
according to Figure 1d), thanks to the n-type compensation doping effect introduced by
the Sn nanostructures * in SnOx (as revealed by the diffraction peaks of B-Sn in Figure 2g).
Such a highly effective and broad-band light trapping effect leads to a strong color contrast
between the regions with and without SLG under white light illumination, which is a
notable improvement in visualizing SLG compared to the conventional interference-
induced intensity contrast under optimal monochromatic illumination. Our previous work
4 reported self-assembled, pseudo-periodic ultrahigh refractive index Sn nanodots for SLG
absorption enhancement in the NIR regime. However, it only demonstrated absorption
intensity contrast instead of color contrast in the visible regime. While reducing the
nominal thickness of Sn nanodots could better match the SLG absorption enhancement
with the visible spectrum, it also induces a much larger morphological difference between
the Sn nanostructures deposited on SLG vs. those deposited on quartz * that overwhelms

the color contrast induced by photon management. By comparison, in this paper the optical



color contrast is achieved in the visible spectrum regime, and it is predominantly
contributed by the SLG absorption enhancement without any morphological differences
between the SnOx nanostructures deposited on SLG vs. those on quartz. This will be

detailed in the next section.
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Figure 1 (a) A schematic drawing of the SnOx/SLG/quartz structure. A typical atomic
force microscopy image of the structure is also shown on top of the schematic drawing. (b)
Photographs of 115 nm-thick nanoneedle-structured SnOx/SLG/quartz (x~0.85) samples.
Color contrast of SnOx/SLG (bluish) can be clearly observed compared to SLG on quartz
(transparent) or SnOx on quartz (pinkish) alone. These photographs demonstrate light-
trapping induced optical visibility of SLG under white light illumination. (¢) Overall
absorption spectra of the SnOx/SLG/quartz sample (red curve) and the reference
SnOyx/quartz sample (blue curve). The red shaded area corresponds to the absorption
contributed by SLG in the SnOx/SLG/quartz region, as presented by the red line in (d). (d)
The absorption contrast spectra contributed by SLG in the SnOx/SLG/quartz samples (red
curve) in comparison to that of the pristine SLG/quartz sample (blue curve). The absorption
contrast due to SLG refers to the absorption difference between the area with SLG and the
surrounding area without SLG on the same sample. A maximal absorption contrast of 15%
contributed by SLG in the SnOx/SLG/quartz samples is observed at A=670-770 nm,
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representing >10x absorption enhancement compared to the reference SLG on quartz
(~1.4% absorption).*

Morphology and Microstructure of Nanoneedle-Structured SnOx on SLG.

To exclude any morphological variation in the SnOx nanoneedles on SLG compared
to that on the surrounding area without SLG, nanoneedle-structured SnOx grown on
SLG/quartz was characterized by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). We found that the morphology of the self-assembled SnOx
nanoneedles grown on SLG/quartz (Figure 2b) still resembles that of the SnOx directly
deposited on quartz (Figure 2a), i.e. the SLG underneath has no observable impact on the
growth of the SnOx nanoneedle nanostructure. Therefore, these results confirm that the
absorption contrast between the regions with and without SLG shown in Figure 1 is not
due to the corresponding morphological differences in SnOx nanostructures. As will be
shown later, the optical contrast is predominantly due to the enhanced absorption in SLG
via photon management of nanoneedle-structured SnOx, as confirmed by Raman peak
intensity analyses of Sn, SnO, and SLG. At a higher magnification (Figure 2c¢), granular
structures on each nanoneedle can be clearly observed. Figure S3 further reveals the detail
of the granular topography in AFM. The average root-mean-square roughness Rims 1s <5
nm and the average peak-to-peak roughness Rp, is <8 nm, much smaller than the
wavelength of interests and the typical surface roughness induced by the conventional TCO
surface textures (on the order of 100 nm).

In addition, the front side (i.e. the surface) and the back side (i.e. the interface in
contact with SLG) of the SnOx thin film show differences in secondary electron (SE) and
back scattered electron (BSE) modes. Brighter parts in the BSE mode correspond to Sn-

rich regions since the atomic number of Sn is higher than O. In Figure 2¢, the front side of
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the thin film in the SE mode clearly consists of densely packed SnOx nanoneedles with a
few interspersed Sn nanostructures. At the same area, the BSE mode (Figure 2d) reveals
some bright Sn-rich regions within or near each needle, which makes it look like a Sn-SnO
core-shell structure. As supported by the X-ray diffraction (XRD) spectrum in Figure 2g,
the only existing crystalline phases in SnOx were tetragonal SnO (ICDD 00-006-0395) and
B-Sn (ICDD 00-004-0673). A different perception can be obtained by looking at the
backside of the thin film grown on SLG, i.e. the interface in contact with SLG. This
interface was exposed by using a piece of conductive tape to peel the SnOx thin film off
the SLG layer on the quartz substrate. Raman spectroscopy (Figure 3d) has verified that
the SLG remained on quartz and still maintained its structure from before peeling SnOx.
Since SnOx was deposited on a relatively flat 2D layer of SLG, the backside surface is
fairly smooth, which makes a better BSE contrast with minimal perturbation from the
surface roughness. Due to the flatness of this backside interface, the outline of the
nanoneedles are barely seen in SE mode (Figure 2e), yet it shows clear contrast of the Sn
cores/network and contours of nanoneedles from BSE imaging (Figure 2f). The darker
nanoneedle body is a bit narrower than the original estimate based on the SE morphology
alone. The average width is estimated to be around 80 nm. Although the Sn distribution is
fairly complicated, to the first order approximation, optically these structures can still be

modelled as Sn/SnO core-shell nanoneedles with random orientations.
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Figure 2 SEM images of (a) SnOx/quartz (x=0.85) and (b) SnO./SLG/quartz (x=0.85)
regions on the same sample, showing no observable difference in morphology and
microstructure; (¢) and (d) show the front side of SnOx on SLG/quartz in SE and BSE
modes, respectively; (e) and (f) show the back side of SnOx (i.e. the interface in contact
with SLG) in SE and BSE modes, respectively, suggesting a Sn/SnO core-shell nanoneedle
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structure. (g) XRD data of the SnO,/SLG/quartz sample. The nanoneedle thin film consists
of tetragonal SnO (ICDD 00-006-0395) and -Sn (ICDD 00-004-0673) crystal phases after
crystallization annealing in N> at 225 °C for 20 min.
Field Enhanced Raman Scattering from SLG in SnOx Nanoneedles/SLG Regions.
Raman spectroscopy analyses are performed to examine the quality of SLG upon co-
sputtering of Sn and SnO» and verify the SLG absorption enhancement attributed to the
SnOx nanoneedle photon management. Figure 3 a-c show the Raman spectra of the pristine
SLG/quartz (i.e. blue lines) and 115 nm SnOy gs/SLG/quartz samples (i.e. red lines) under
the excitation wavelengths of 532 nm, 633 nm, and 785 nm respectively. While the pristine
SLG/quartz shows clear G bands (~1600 cm™) and 2D bands (~2600 cm™') which are both
intrinsic Raman signals from defect-free graphene, the 115 nm SnO,/SLG/quartz presents
significant D bands (~1350 cm™). The D band, as an indicator of lattice disorder in

graphene %34

, suggests that the sputtering or annealing process of SnOx on SLG induces
a deviation from the perfect 2D hexagonal lattice. Figure S4 further compares the Raman
spectra of the SnOx/SLG/quartz sample before and after the thermal annealing process to
form the nanoneedle structure, as mentioned earlier in the introduction and detailed in
Methods section. Clearly, the D band is already quite strong even before the thermal
annealing. This result indicates that the origin of the D band in SnO«/SLG/quartz samples
is the sputtering process rather than the annealing process.

Figure 3d further demonstrates the Raman spectra of a 145 nm-thick
SnOy.85/SLG/quartz sample (red curve) and the same area after peeling off the SnOx layer
(blue curve), at an excitation wavelength of 514 nm. Obviously, removing the SnOy layer

does not recover SLG from the lattice disorder, suggesting an irreversible modification in

the 2D lattice from the sputtering process. The phenomenon that the energetic sputtered
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atoms (10-100 eV) can impair the C-C symmetric lattice of graphene has been reported in
the past. °-337 In this case, the D-band is mostly induced by atomic-scale surface
undulations (<1A) of the 2D layer after interacting with energetic Ar ions *. On the other
hand, as confirmed in Figure S5, such an atomic-scale surface undulation has very little

impact on the optical absorption in SLG at A =500 — 900 nm, corresponding to the

wavelength range of photon management effect. We will also discuss how to prevent such
sputtering-induced lattice disorder in SLG in the later text.

Moreover, Raman peak intensity enhancement * can be used to further confirm the
enhanced optical absorption in SLG under photon management. The Raman scattering

|4 38

intensity is approximately proportional to |E|* °® while the optical absorption is proportional

to |E*3°, where E is the electric field of the optical excitation wave. Hence, a stronger
Raman peak intensity directly indicates a field enhancement and an enhanced optical

absorption. Quantitatively, for SLG, this phenomenon can be described as *

|EI*

Ip+G+2p(SLG under Snox) -
/FLattice—Disorder ~ |Eo|* * fRaman (1)

Ip+G+2D(SLG)

Here, Ip+6+2p(SLG under SnOx) and Ip+c+2p(SLG) refer to the integrated Raman
peak intensities of SLG with and without SnOx nanoneedle photon management,
respectively (i.e. the blue shaded and red shaded areas in Figure 3a-d, respectively); E and
Ey are the electric fields in SLG with and without SnOx nanoneedle photon management
respectively. Considering that the Raman-scattered photons generated in the SLG region
must transmit through any layer on top of the SLG (i.e. SnOx nanoneedle in this case) in
order to be collected by the Raman spectroscopy system, a term Traman is multiplied to
represent the transmittance of the Raman-scattered photons. While the transmittance of

Raman-scattered photons is close to 100% for the SLG/quartz reference sample, it is
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dramatically reduced in 115 nm SnOx/SLG/quartz samples due to the enhanced absorption
of SLG (refer to Figure 1c) and the scattering/absorption of the SnOx nanoneedles.
Considering that the transmittance loss of the quartz substrate is negligibly small, Traman
can be well approximated by the experimentally measured transmittance of the 115 nm
SnOx/SLG/quartz sample at the Raman scattering wavelengths, as listed in Table 1 and
further detailed in Figure S6. Moreover, a term Fratice-Disorder 1S also divided, representing
the change in the integrated Raman peak intensity due to the atomic-scale surface
undulation of the SLG lattice introduced by the energetic sputtering process. This factor is
calculated by comparing the SLG integrated Raman peak intensity of the 145 nm
SnOx/SLG/quartz sample after peeling off SnO, (i.e. the blue line in Fig. 3d) to that of
pristine SLG/quartz sample under the same excitation condition. As detailed in Figure S7,
this factor is determined to be 0.90, very close to 1. Such a result is also consistent with the
optical data in Figure S5, showing that the lattice disorder induces little change in the
optical absorption of SLG at A=500-900 nm. Therefore, we can derive the field
enhancement |E|?/|Eo|* from the Raman spectroscopy data using Eq. 1, which would also
be equal to the absorption enhancement in SLG theoretically. As shown Table 1, the
relative field enhancements [E[/|[Eof* derived from Raman spectroscopy and the
transmittance of the Sn/SLG/ quartz sample at excitation wavelengths of A = 532, 633, and
785 nm are in good agreement with the absorption enhancement measured in Figure 1c
(within 10% relative error range). For the 145 nm-thick SnO./SLG/quartz and 174 nm-
thick SnOx/SLG/quartz samples, the same analyses have been performed as shown in

Figure S8-S9 and Table S1-S2. All these results support the highly effective photon
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management and optical absorption enhancement in SLG by utilizing self-assembled SnOx

nanoneedle structures, leading to the optical color contrast shown in Figure 1b.
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Figure 3 Raman spectra of pristine SLG/quartz samples (blue lines) and 115 nm
SnOy.85/SLG/quartz samples (red lines) at excitation wavelengths of (a) 532 nm; (b) 633
nm; and (c¢) 785 nm, respectively. The inset of (a) corresponds to the optical absorption
spectrum of the pristine SLG/quartz sample, which will be used in the quantitative analysis
in Table 1. (d) is a comparison of the Raman spectra of 145 nm SnOy gs/SLG/quartz sample
before vs. after peeling off the SnOx layer at an excitation wavelength of 514 nm. The blue
and red shaded areas correspond to the integrated Raman peak intensities that will be used
in the quantitative analysis in Tables 1, S1 and S2. The Raman spectra at the excitation
wavelengths of 532 nm, 633 nm, and 785 nm are measured by a different Raman system
than that of 514 nm, which leads to the difference in signal-noise level from (a-c) to (d).

Raman spectra of SnO and B-Sn in SnOx nanostructures have also been analyzed to

verify that the color contrast is predominantly due to the enhanced SLG absorption. SnO
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is known to have Raman peaks at 110 cm™ and 210 cm™. ** As shown in Figure S10 and
Table S3, it is clear that the absorption of SnO has not been modified between
SnOx/SLG/quartz and SnOy/quartz. Similarly, B-Sn is known to have a Raman peak at 125
cm'. *! From Figure S10, again, there is no evidence of any significant change in the B-Sn
Raman band (appearing as a shoulder at ~125 cm™ in the spectra). These further confirm
that the absorption of Sn and SnO is similar or identical between SnOx/SLG/quartz and
SnOy/quartz, supporting our conclusion that the optical color contrast shown in Figure 1b

is predominantly due to enhanced SLG absorption.

Table 1 Summary of Raman intensity ratios of Ip+g+2p (SLG under SnOy)/ Ip+g+2p (SLG)
at different excitation wavelengths, the corresponding transmittance of Raman-scattered
photons through the SnOx/SLG nanostructures (Traman), the estimated SLG field
enhancement |E[*/|Eo]* in SLG from Eq. 1, the SLG absorption derived from Raman
scattering enhancement (i.e. SLG field enhancement * pristine SLG absorption), and
the SLG absorption measured by UV-VIS-IR spectrometer from Figure 1c, based on 115
nm SnOx/SLG/quartz sample under the excitation wavelengths of 532 nm, 633 nm, and
785 nm respectively.

Excitation Measured Transmittance of SLG Field SLG Absorption  SLG Absorption
Wavelength Integrated SLG Raman Raman- Enhancement Derived from from UV-Vis-IR
Peak Intensity Ratio Scattered 2 Raman spectroscopy in
IpiG+2p(SLG under Sn0Ox) Photons E"(SLG 12mder $n0x) Enhancement Figure 1c

Ipi6120(SLG) Traman E*(SLG) (%) (%)

532 nm 0.938 0.265 1.982 5.31 5.77

633 nm 4.677 0.308 4.107 9.53 10.46

785 nm 13.238 0.310 6.888 14.33 14.77

To further explore the mechanism of SLG photon management effect and investigate
an approach to avoid the lattice disorder of SLG upon sputtering, we deposit a very thin
layer of GeO> (i.e. 10 nm and 20 nm) on SLG by thermal evaporation before sputtering the
SnOx layer. Such a thin layer of GeOs is transparent under visible and near infrared (NIR)

light. According to Figure 4a, the optimal SLG absorption does drop significantly as the
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thickness of GeO> layer increases, indicating that the optical interaction between SnOx
nanoneedles and SLG is essentially a near field effect. On the other hand, the evaporated
GeO; layer protects the SLG lattice from disorder upon sputtering, as shown by the Raman
spectra in Figure 4b. The thermal evaporation of GeO: itself did not introduce any lattice
damage to SLG. This is because atoms from the thermal evaporation are much less
energetic (~0.1 eV) *? than from the sputtering (10-100 eV). In other words, GeO> film
functions as a protective layer for the SLG lattice. For the 10 nm GeO», although the peak
absorption of SLG is somewhat reduced compared to the case without GeO2 (10.5% vs.
15%), it still achieves 7-8% absorption enhancement compared to the reference SLG/quartz
sample (1-2% according to Figure 1¢). Such an enhanced SLG absorption has also been
confirmed by quantitative analysis of the integrated Raman peak intensities in Figure 4b
and Table 2. Furthermore, the GeO:> insulator layer offers the capability to gate SLG by
applying a voltage between SnOx and SLG, thereby tuning the absorption of the
SnOx/GeO2/SLG for tunable photon management. Therefore, this approach provides a

great potential for future application in 2D photonic devices.
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Figure 4 (a) SLG absorption contrast spectra of 115 nm-thick SnOx/GeO,/SLG/quartz
samples with different thicknesses of GeO», i.e. 0 nm (red line), 10 nm (blue line), and 20
nm (green line). The optimal SLG absorption decreases with the thickness of GeO» layer,
indicating that the photon management in SLG is mainly contributed by the near-field
optical interactions between SnOx and SLG. (b) Raman spectra of pristine SLG/quartz
sample (blue line) in comparison with 115 nm SnOx/10 nm GeO»/SLG/quartz sample (red
lines), under the excitation of 514 nm. Quantitative analysis of the integrated Raman peak
intensities can be found in Table 2.

Table 2 Summary of Raman intensity ratios of Ip+g+2p (SLG under SnOy)/ Ip+g+2p (SLG)
at different excitation wavelengths, the corresponding transmittance of Raman-scattered
photons through the Sn/SLG nanostructures (Traman), the estimated SLG field enhancement
IEP*/|Eof* in SLG from Eq. 1, the SLG absorption derived from Raman scattering
enhancement (i.e. SLG field enhancement * pristine SLG absorption), and the SLG
absorption measured by UV-VIS-IR spectrometer from Figure 1¢, based on 115 nm
SnOx/10 nm GeO»/SLG/quartz sample under the excitation wavelengths of 514 nm.

Excitation Measured Transmittance of SLG Field SLG Absorption  SLG Absorption
Wavelength SLG Raman Raman- Enhancement derived from Measured by
Field Intensity Ratio Scattered E%(SLG under Sn0Ox) Raman UV-VIS-IR
Ipi¢i20(SLG under SnOx) Photons EZ(SLG) enhancement spectroscopy
Ipi6+2p(SLG) Traman (%) (%)
514 nm 0.811 0.229 1.987 5.36 5.65

As discussed earlier (Figure 2g), the SnOx layer contains Sn and SnO phases. Sn, a
group IV semimetal that is compatible with Si for applications in practical semiconductor
devices, possesses a much higher refractive index ** over the NIR light regime. This allows
a much stronger near-field enhancement at nanoscale (i.e. > 100x optical field intensity at
the airgap between Sn nanostructures) and thereby a much higher absorption enhancement
of SLG in the vicinity of Sn nanodots, as we have reported elsewhere. * A similar
mechanism can be expected in the SnOx nanoneedle-based photon management strategy
here considering that we have indeed observed Sn/SnO core-shell nanoneedles from the
BSE images in Figures 2d and 2f. The near-field enhancement of Sn nanostructures is also

consistent with the observation that the SLG absorption enhancement decreases
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dramatically with the GeO> thickness in Figure 4a, which defines the minimal spacing
between Sn nanoneedles and SLG. Furthermore, we have verified the importance of excess
Sn composition (compared to stoichiometric SnO) to the photon management effect by
controlling the value x in SnOx, as illustrated in Figure S11. Clearly, strong SLG absorption
enhancement only occurs in Sn-rich SnO. Moreover, the nanoneedle structure itself
effectively enhances the scattering efficiency of the incident light, *" ¥ and consequently
contribute to the broad-band absorption enhancement of SLG absorption for better optical

color contrast.

Conclusion

In conclusion, we demonstrate a novel SLG photon management strategy that
utilizes a self-assembled, low-temperature fabricated, nanoneedle-structured SnOx TCO
thin film. By coating SnOx nanoneedles on the top, the absolute optical absorption of SLG
can be effectively enhanced up to ~15% over visible and near infrared light regimes - a
significant improvement compared to 1-2% absorption in the pristine SLG material. The
broad-band photon management leads to a clear color contrast between the regions with
and without SLG and makes the atomically thin layer SLG clearly visible under white light
illumination with naked eyes. This color-contrast optical visibility of SLG stands out from
the existing strategies that only reveals the optical contrast of SLG in a narrow spectral
regime under optimal monochromatic illumination using the interference effect of
precisely thickness-controlled dielectric layers. Such an enhanced absorption in SLG has
also been confirmed by strongly enhanced integrated Raman peak intensities. The low-
temperature self-assembly approach allows for scalable large-area fabrication for 2D

photonic devices.

21



In addition, we also provide an approach to protect the integrity of the 2D SLG
hexagonal lattice while maintaining most of the photon management effect by introducing
an ultrathin GeO» layer between SnOx and SLG. Moreover, it can be foreseen that via
electrical gating, ** >4 the SnOx (conductor)/GeOxz (insulator)/SLG structure will achieve
tunable color contrast, potentially enabling SLG-based ultra-thin flexible color display that
has barely been envisioned or investigated before. These results suggest a promising way
to utilize nanostructured SnOx TCOs for broadband, tunable photon management in 2D

materials towards novel flexible color display technologies.

Methods

Preparation of Single Layer Graphene.

Single layer graphene (SLG) was synthesized via chemical vapor deposition (CVD)
47 on a 25 pm-thick Cu foil (99.8% purity, Alfa Aesar) and then transferred to fused quartz
substrates via a layer of polymethyl methacrylate (PMMA) *3. To prepare the substrate for
CVD, the Cu foil was soaked in nickel etchant (Transense, TFB) for 90 s and rinsed with
deionized water. It was then heated in a CVD chamber at 1030 °C exposed to a mix of 3.5
sccm CH4 and 60 sccm H> for 30 min. After the synthesis of the SLG, a 1:1 dilution of
PMMA (950 A9, Microchem Inc.) and anisole was spin-coated on it at 2500 rpm for 1 min,
followed by an 80°C annealing for 1 h. Copper etchant (Transense, TFB) was then used to
remove the Cu foil. After etched with 10% HCI for 10 min and rinsed with deionized water,
the PMMA/SLG was freed from the Ni and was ready to be transferred to the fused quartz
substrate. Subsequently, PMMA/SLG/quartz was baked at 80 °C for 8 h and 130 °C for 20

min. Then, the stack was soaked in acetone at room temperature for 1 h, followed by a
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second annealing at 350 °C with a mix of 200 sccm H» and 200 sccm Ar for 2 h to remove
the PMMA.

Preparation of Self-assembled SnOx Thin Films.

SnOx nanoneedle-structured thin films of 115 nm, 145 nm and 175 nm thicknesses
were fabricated via a non-reactive co-sputtering process by a Lab 18 PVD machine (Kurt
J. Lesker). The co-sputtering of Sn and SnO> took place in an Ar environment (Ar
pressure=2.7x107 Torr). The base vacuum was better than 5x10°® Torr before deposition.
The deposition rates of Sn and SnO, were determined in an earlier research * to ensure the
reproducibility of the chemical composition and stoichiometry for optical property
optimization. The elemental composition was analyzed and the stoichiometric formula
(x=0.85) was determined by Rutherford backscattering spectroscopy (RBS). *°

In this experiment, we used nominal sputtering rates of Sn and SnO, at 1.1 A/s and
0.2 A/s monitored by a quartz crystal oscillator to get a non-stoichiometric amorphous
SnOx (x<1). The crystallization and self-assembling of Sn and SnO occurred during a
subsequent tube furnace (Thermolyne F21100) annealing at 225 °C for 20 min in a N>
atmosphere. During annealing, Sn and SnO: self-assembled to form crystalline SnO,
nanoneedles.’® Simultaneously, some of the excess Sn crystallized and segregated,
interspersing among the SnO nanoneedles. As will be discussed later, it can be optically
described as a Sn/SnO core/shell nanoneedle structure. As discussed in Ref. [30], the
annealing temperature (close to the melting temperature of Sn) and the annealing ambient
are significant to obtaining the structure, which helps to reduce surface segregated Sn,
maintaining the function of Sn as scatterer inside the film.

Preparation of GeO2 Thin Films.
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The GeO; dielectric/protective layers was thermally evaporated onto SLG by a
Lab18 Physical Vapor Deposition (PVD) system produced by Kurt J. Lesker Company.
The chamber was pumped to a based vacuum of 5x10°® Torr. The evaporation source
material, GeO>, was provided by Kurt J. Lesker company with 99.99% purity. The
substrate was kept rotating at 20 rounds per minute during the entire evaporation process
to avoid non-uniformity in the thin film growth. The substrate temperatures were controlled
at ~25 °C by chilled water. The typical deposition rate of GeO., read by the quartz crystal
monitor during deposition, was ~0.1 A/sec.

Morphological and Raman Characterization.

A FEI XL-30 scanning electron microscope (SEM) and a Vecco Dimension 3100
atomic force microscope were employed in this research to compare the morphology and
the surface topography of the SnOx/quartz and SnOx/SLG/quartz films. SEM was also used
for characterizing the thickness of a cross-sectional SnOy thin film made by this deposition
recipe. (See Figure S1 in the Supporting Information) This thickness was determined
earlier in this research to demonstrate an optimal visual contrast in SLG. However, to prove
the less dependency of the SLG visibility on the film thickness compared to those highly
thickness-dependent interference-dominant dielectric films, thicknesses up to 174 nm have
been tested and verified as well for showing an optical enhancement and color contrast in
SLG. (See Figure S2 in the Supporting Information) The change in vibrational modes and
Raman enhancements in SLG at the excitation wavelength of 514 nm were characterized
by a Witec Confocal Raman system; that at the excitation wavelengths of 532 nm, 633 nm,

785 nm were characterized by a Horiba LabRAM Raman system. The crystalline phases
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in the thin films were confirmed by a Rigaku DMax rotating anode X-ray diffraction
(XRD) system with Cu ka radiation (A=1.54 A).

Optical Characterization.

A Jasco V-570 spectrometer with an integrating sphere was employed to acquire
transmittance and reflectance spectra from A =300 to 2500 nm. The absorption is calculated
by

Absorption = I - Transmittance - Reflectance (2a).

As discussed later, the morphology of SnOx on SLG remained identical to that of SnOx on
quartz. Thereby, we can calculate the absorption contrast due to SLG (i.e. absorption
difference by comparing the area with SLG and the surrounding area on the same sample)
by subtracting the absorption of SnOy/quartz from that of SnO./SLG/quartz, that is,

Absorption (SLG) = Absorption (SnOx/SLG/quartz) — Absorption (SnO,/quartz)

(2b)
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