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ABSTRACT: Graphene is a two-dimensional material with
intriguing electrical and optical properties for infrared
photonic devices. However, single layer graphene (SLG)
suﬀers from a very low optical absorption of ∼1−2%
depending on the substrate, which signiﬁcantly limits its
eﬃciency as photonic devices. In this Letter, we address this
challenge by coating SLG with self-assembled, pseudoperiodic
ultrahigh refractive index (n = 8−9 at λ = 1600−5000 nm)
semimetal Sn nanostructures for highly eﬀective, broad-band
infrared photon management in SLG, oﬀering a new approach
for light trapping beyond plasmonics and high refractive index dielectric photonics. The infrared absorption in SLG on fused
quartz (SiO2) is greatly increased from <1.5% to >15% in a very broad spectral range of λ = 900−2000 nm due to the near-ﬁeld
electromagnetic interactions between the ultrahigh refractive index Sn nanostructures and SLG, a signiﬁcant advantage over
relatively narrow-band plasmonic resonances for photon management in SLG. The optical absorption enhancement in SLG has
also been conﬁrmed by ﬁeld-enhanced Raman peaks from SLG and supported by higher photoconductivities both at an infrared
wavelength of λ = 1550 nm and at a visible wavelength of λ = 650 nm. This work also opens the door to the investigations of
ultrahigh refractive index semimetal nanostructures for nanoscale photon management.
KEYWORDS: ultrahigh refractive index semimetals, single layer graphene, infrared photon management, 2D photonic devices
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inﬂuencing the integrity of its 2D lattice. Currently,
plasmonics5 and high refractive index dielectric nanostructures6 (including photonic crystals) are the two major
approaches for photon management in thin absorbers. Liu et
al.,7 Zheng et al.,8 and Khaleque et al.9 have theoretically
demonstrated the possibility of increasing the absorption of
graphene by involving photonic crystals. Their numerical
simulation showed that the absorption of SLG can be
improved by 4×. However, most investigations are limited to
the calculation stage due to the relatively complicated
fabrication process. Yan et al.,10 Deng et al.,11 and Qin et
al.12 have reported plasmonic coupling among graphene
nanopatterns to achieve an enhanced IR absorption up to
8%; however, it does break the continuity of graphene in large
scale and could induce undesirable edge defects which degrade
the electrical properties. On the other hand, Hashemi et al.13
and Lu et al.14 have theoretically illustrated the possibility of
using Au or Ag plasmonic nanostructures for the same goal,
which oﬀers a relatively simple design and could potentially be
applied to large scale fabrication. Liu et al.15 managed to

raphene is a representative of two-dimensional (2D)
materials with peculiar electrical and optical properties
due to the relativistic behavior of its charge carriers, as dictated
by the interaction between the π electrons and the periodic
potential of the hexagonal 2D lattice.1,2 It is especially
attractive for broad-band infrared (IR) light detection due to
the 0 bandgap and high carrier mobility. However, freestanding single layer graphene (SLG) only absorbs 2.3% of the
incident light because of its atomic thickness and its universal
optical conductivity (e2/4ℏ) from the interband transitions,3
where e is the electron charge and ℏ is the reduced Planck’s
constant. When transferred directly onto fused quartz (SiO2)
or Si substrate for practical device applications, the absorption
of SLG is further reduced as a result of increase in optical
impedance mismatch.4 For example, when SLG is transferred
to fused quartz (SiO2) substrate, the absorption is further
reduced to 1.4% according to optical transfer matrix
calculations (see Figure S1 in the Supporting Information).
This signiﬁcantly limits its quantum eﬃciency for applications
in free space photonic or optoelectronic devices.
Consequently, one of the open challenges for 2D photonics
is how to increase the light absorption, especially over a broad
spectral range, in such an atomically thin layer without
© 2018 American Chemical Society
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Figure 1. Atomic force microscope (AFM) images of nominally 12 nm thick Sn nanostructures on (a-i) quartz; (a-ii) SLG/quartz. Panel (a-iii)
shows the Fast Fourier Transform (FFT) pattern of the AFM image in (a-ii). Panels a-iv and a-v show a three-dimensional view and a crosssectional proﬁle of the Sn nanostructures on SLG/quartz, respectively. (b) Absorption spectrum of the Sn nanodots/SLG/quartz region (red line)
in comparison with that of the surrounding Sn nanodots/quartz region without SLG (blue line) in the wavelength range of 500−4500 nm. The
peak at 2750 nm is due to the quartz substrate.31,32 The inset shows the photos of a pristine SLG/quartz sample (upper panel) and a SLG/quartz
sample coated with 12 nm nominal thickness of Sn nanostructures (lower panel). The latter shows clear optical contrast between the regions with
and without SLG. The SLG regions are ∼1 × 1.5 cm2 on these samples. (c) Absorption spectrum of the SLG layer in the Sn nanodots/SLG/quartz
region (red line) in comparison to that of the SLG layer on quartz without Sn nanostructures (blue line). The absorption in the SLG of the Sn/
SLG/quartz region is obtained by subtracting the blue curve from the red curve in (b). While most of the absorption enhancement of SLG induced
by Sn nanostructures happens in the IR regime, some enhancement also occurs in visible spectral regime (i.e., 500−700 nm). This part leads to the
visual contrast in the photo of the Sn/SLG/quartz sample inside (b).

transfer a layer of Au nanoparticles onto the top of graphene.
Plasmonic resonance among the nanoparticles enhances the
photocurrent from SLG by up to 4.5× at λ = 520−550 nm
(i.e., up to 10% optical absorption in SLG), yet most of the
optical absorption enhancement occurs in Au nanoparticles
instead of in graphene. In fact, enhanced photocurrent in 2D
photonic devices via photon management over a broad spectral
bandwidth of >100 nm has rarely been demonstrated, meaning
that the broad-band absorption of SLG is far from being fully
utilized. Besides, the relatively narrow and sharp plasmonic
resonances of Au and Ag nanoparticles, which locate mostly in
the visible light regime, are not preferable for broad-band IR
photonic applications such as IR photodetectors/image sensors
and thermophotovoltaic (TPV) cells.16
In this Letter, we present self-assembled, ultrahigh refractive
index semimetal Sn nanostructures (n = 8−9 at λ = 1600−
5000 nm) for highly eﬃcient, broad-band IR photon
management in SLG, oﬀering a new light trapping approach
beyond plasmonics and high refractive index dielectric
photonics. Sn has a low melting point of 504 K,17 which
facilitates low-temperature self-assembly of pseudoperiodic
nanostructures on various substrates via surface diﬀusion and
dewetting without the need of sophisticated nanolithography.

Thanks to the photon management contributed by these
ultrahigh refractive index Sn nanostructures, >15% IR
absorption is achieved from the SLG layer in a broad spectral
range of λ = 900−2000 nm, a signiﬁcant advantage over the
narrow-band plasmonic resonators. Moreover, unlike Au and
Ag that are incompatible with large-scale microfabrication in
foundries due to deep level defect centers, alloying Si and Ge
with Sn (all being Group IV elements) has recently become a
hot topic for advanced Complementary Metal Oxide Semiconductor (CMOS) technology.18 The highly eﬀective photon
management in SLG and the facile/scalable fabrication process
could both signiﬁcantly beneﬁt the future development of 2D
photonics and optoelectronics. This work also opens the door
to the investigations of other ultrahigh refractive index
semimetal nanostructures, such as Bi19 and Sb,20 for nanoscale
photon management.

■

RESULTS AND DISCUSSION
Principles and Advantages of Ultrahigh Refractive
Index Semimetal Nanostructures for Photon Management. From a refractive index point of view, we can consider
existing plasmonics and high refractive index dielectrics
structures as two extremes. For plasmonics, materials with k
51

DOI: 10.1021/acsphotonics.8b01370
ACS Photonics 2019, 6, 50−58

ACS Photonics

Letter

Figure 2. Raman spectra of SLG under the pseudoperiodic Sn nanostructures in comparison with those of the pristine SLG on quartz at excitation
wavelengths of (a) 532, (b) 633, and (c) 785 nm. The red and blue shaded areas correspond to the integrated Raman intensities of 2D and G
bands in the Sn/SLG/quartz sample and the pristine SLG/quartz sample, respectively. Quantitative analyses of the ﬁeld-enhanced Raman peak
intensities are summarized in Table 1. Panel (d) shows the Raman spectra of β-Sn nanostructures on SLG/quartz in comparison with those directly
deposited on quartz at excitation wavelengths of 532 nm (left panel) and 633 nm (right panel). There is no enhancement in the Sn Raman peak
intensity, further assuring that the enhanced absorption in the Sn/SLG/quartz region compared to the Sn/quartz region (shown in Figure 1b) is
attributed to the SLG layer as a result of the photon management.

increased to allow much stronger ﬁeld enhancement. Due to
the continuity of the electric displacement at the boundary
between two media, the magnitude of the electric ﬁeld at the
low refractive index medium, for example, a nanoscale air gap/
slot (n = 1) between two high index nanostructures, is greatly
enhanced compared to that at the higher refractive index
medium. Therefore, the optical power can be strongly
concentrated into nanoscale low index regions for highly
eﬀective photon management. All these beneﬁts make
ultrahigh refractive index semimetal Sn nanostructures a
promising candidate for photon management in scalable 2D
IR photonic devices.
Self-Assembled, Pseudo-Periodic Sn Nanostructures.
Experimentally, Sn nanostructures are thermally evaporated
onto quartz and SLG/quartz substrates. The morphologies of
the nanostructures are controlled by evaporation rate and
nominal thickness, as detailed in the Methods section. The
morphology of the Sn nanostructures deposited on quartz and
SLG/quartz are shown in the atomic force microscopy (AFM)
images in Figure 1a-i and a-ii, respectively. As detailed in
Figure S3 of the Supporting Information, statistically there is
no diﬀerence between the morphologies of the Sn nanostructures in these two cases for 12 nm nominal thickness of Sn.
The Fast Fourier Transform (FFT) pattern (Figure 1a-iii) of
the AFM image in Figure 1a-ii clearly shows a ring that
corresponds to an average period of 120 nm. Note that the
FFT pattern is analogous to diﬀraction patterns, where the ring
indicates an intermediate-range order of the Sn nanostructures,

≫ n are applied, where n and k are the real part and the
imaginary part of the refractive index, respectively (k is also
known as “extinction coeﬃcient”). On the other hand, high
refractive index dielectric materials feature n ≫ k, with n ∼ 3−
4 and k ∼ 0.21 The light trapping strategy based on ultrahigh
refractive index semimetal nanostructures, as investigated in
this Letter, can be considered as an approach to optimize the
optical performance between these two extremes. Particularly,
it achieves a much higher refractive index (n ∼ 8−10) than
conventional high-index dielectric materials (typically n ≤ 4)21
in the near and mid-IR wavelength regime to allow much
stronger ﬁeld enhancement at nanoscale, thanks to an
ultralarge real part of the dielectric constant of ε1 = n2 − k2
> 50. For example, β-Sn, a semimetal in Group IV of the
periodic table, oﬀers an ultrahigh refractive index of n = 8−9
(ε1 = 40−70) in a very broad wavelength rage of λ = 1600−
5000 nm (see Figure S2 in the Supporting Information) due to
the direct interband transitions.22 This property greatly
enhances the scattering of the incident IR photons around
the Sn nanostructures in a broad spectral regime, overcoming
the challenge of relatively narrow plasmonic resonances in Au
and Ag nanostructures. Indeed, we have demonstrated IR
absorption enhancement in Ge IR detectors using Sn/SnO
core/shell nanoneedle structures.23,24 The ultrahigh refractive
index of Sn nanostructures can also lead to strong local ﬁeld
enhancement in nearby low index regions. While such an eﬀect
is similar to that of the dielectric slot waveguides reported
elsewhere,25,26 the refractive index contrast is dramatically
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Table 1. Summary of Raman Intensity Ratios of IG+2D(Sn/SLG)/IG+2D(SLG) at Diﬀerent Excitation Wavelengths, the
Corresponding Transmittance of Raman-Scattered Photons through the Sn/SLG Nanostructures (TRaman), the Estimated Field
Enhancement |E|2/|E0|2 in SLG from Eq 1, and Their Comparison with the Absorption Enhancement Measured in Figure 1ca
excitation wavelength
(nm)

Raman intensity ratio

532
633
785

3.8
6.2
9.3

IG+2D(Sn/SLG)
IG+2D(SLG)

transmittance of Raman-scattered photons
TRaman

ﬁeld
2
enhancement |E| 2

absorption
enhancement

0.187
0.260
0.359

4.5
4.9
5.1

3.7
4.7
5.7

|E0|

Here the Raman intensity IG+2D is calculated as the integrated intensity below the G-band and the 2D band Raman peaks. The ﬁeld enhancement
estimated from the enhanced Raman scattering in Sn/SLG largely agrees with the absorption enhancement measurement, conﬁrming that photon
management by the Sn nanostructures is the dominant mechanism for enhanced absorption in SLG. The small discrepancy may come from the
change in the doping level of SLG after Sn deposition, which modiﬁes the relative intensities of 2D vs G band peaks.

a

Figure 3. (a) Calculated vs experimentally measured transmittance (T) and reﬂectance (R) spectra from the Sn/SLG/quartz sample. The
calculated data agree with the experimental results. The electric ﬁeld distributions under optical excitation are shown for (b) the SLG/quartz
reference, independent of wavelength; and the Sn/SLG/quartz sample at (c) λ = 1550 nm and (d) λ = 650 nm. The unit of the electric ﬁeld is V/
m. The red arrows indicate the directions and magnitude of the optical power ﬂux. Panel (e) shows the ﬁeld enhancement (|E|2/|E0|2) as a function
of the horizontal position in the SLG layer of the Sn/SLG/quartz sample at λ = 2000, 1550, and 650 nm. The center of the gap between Sn
nanodots correspond to x = 0. The enhanced absorption in SLG is mainly attributed to the strong ﬁeld enhancement near the gaps between
pseudoperiodic Sn nanostructure.

similar to the intermediate-range atomic ordering in microcrystalline materials. Therefore, the self-assembled Sn nanostructures can be considered pseudoperiodic, which will be
applied to our theoretical modeling in the later text.
Optical Absorption Spectra. The insets of Figure 1b
display the photos of a pristine SLG/quartz sample (upper
panel) and its counterpart coated with the pseudoperiodic Sn
nanostructures (lower panel), as characterized in Figure 1a.
The pristine SLG/quartz region is transparent. After Sn
nanodots deposition, on the other hand, the SLG/quartz
region is signiﬁcantly darker than the surrounding regions on
the same sample, that is, those with Sn nanodots, but no SLG.
This observation clearly indicates that more light is absorbed in
the Sn nanodots/SLG region than the Sn nanodots region
alone.

To quantify the optical absorption (A) spectra of the
samples, we measured the transmittance (T) and reﬂectance
(R) spectra using a UV−vis−IR spectrometer and a Fourier
Transform IR (FTIR) spectrometer, both equipped with
integrating spheres, as detailed in the Methods. The absorption
is obtained by A = 1 − T − R. Corresponding to the strong
visual contrast on the Sn/SLG sample (see the inset of Figure
1b), 5−19% absolute increase in absorption is observed in the
Sn/SLG/quartz region vs the surrounding Sn/quartz region in
a broad spectral range from λ = 500 to 4000 nm (Figure 1b).
Since the only diﬀerence between these two regions is the SLG
(i.e., nearly no morphological diﬀerence in Sn nanostructures,
as shown in Figures 1a and S3), we can consider this enhanced
absorption as the eﬀective absorption of the SLG layer with the
photon management of the Sn nanostructures. The >15%
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absorption in a broad near IR (NIR) spectral regime of λ =
900−2000 nm in the SLG layer of the Sn/SLG/quartz sample
is signiﬁcantly higher than the ∼1.4% absorption of the SLG
layer on quartz (Figure 1c). Such a strong and broad-band
absorption enhancement in SLG is highly beneﬁcial for IR
photodetection.
Raman Spectroscopy Analyses and Field-Enhanced
Raman Scattering from SLG. Raman spectroscopy oﬀers
more information about the optical ﬁeld enhancement, doping,
and quality of SLG after Sn nanostructure deposition. Since
Raman scattering intensity is approximately proportional to |
E|4,27 while optical absorption is proportional to |E|2,5 where E
is the electric ﬁeld of the optical excitation wave, a stronger
Raman peak intensity directly indicates ﬁeld enhancement and
enhanced absorption. Therefore, the signiﬁcantly higher G
band and 2D band Raman peaks from the SLG region of the
Sn/SLG/quartz sample compared to those from the SLG/
quartz reference in Figure 2a−c conﬁrm the ﬁeld enhancement
and increased SLG absorption due to photon management of
the Sn nanostructures. On the other hand, the Raman peak
intensity of β-Sn at 125 cm−128 shows no enhancement in the
Sn/SLG/quartz region compared to the Sn/quartz region
(Figure 2d), indicating that there is no increase in the
absorption of Sn nanostructures between these two cases.
Thus, this result further assures that the optical absorption
contrast between the Sn/SLG/quartz and Sn/quartz regions
shown in Figure 1b is mainly due to the photon management
eﬀect in SLG.
We can further estimate the ﬁeld enhancement in SLG at
diﬀerent Raman excitation wavelengths by comparing the
integrated intensities of the G band and 2D band Raman peaks
with and without Sn nanostructures, that is, evaluating the ratio
of IG+2D(Sn/SLG) to IG+2D(SLG). Considering that the
Raman-scattered photons generated in the SLG region of the
Sn/SLG/quartz sample have to transmit through the SLG and
the Sn nanostructures in order to be collected by the Raman
spectroscopy system, we can reach the following approximation for the Raman intensity ratio of IG+2D(Sn/SLG) to
IG+2D(SLG)
IG + 2D(Sn/SLG)
|E | 4
≈
·TRaman
IG + 2D(SLG)
|E 0 | 4

supports the highly eﬀective photon management in SLG by
utilizing ultrahigh refractive index Sn nanostructures. The small
discrepancy between the ﬁeld enhancement derived from
Raman spectroscopy and the absorption enhancement from
UV−vis−IR spectroscopy may be attributed to the change in
the doping level of SLG after Sn deposition that modiﬁes the
Raman intensity ratio of 2D to G bands, as will be discussed
next.
Raman spectroscopy can also provide the doping information on graphene, as has been calibrated to the carrier
concentrations of electrically gated graphene devices.29 The
pristine SLG transferred to quartz substrate is p-type. The redshift of the SLG 2D band to lower wavenumber after the
deposition of Sn nanostructures (see Figures 2a and S4)
indicates n-type compensation doping eﬀect.29 This compensation eﬀect is further supported by the increase in the ratio of
the 2D-band intensity to the G-band intensity, that is, I(2D)/
I(G), which increases from 2.5 to 3.5 after the deposition of Sn
nanostructures. Judging from the values of I(2D)/I(G),29 we
found that the SLG changes from p-type (with a hole
concentration of p ∼ 5 × 1012 cm−2) to nearly intrinsic after Sn
deposition.
Such a compensation doping does beneﬁt the long
wavelength IR absorption of SLG. In Figure 1c, the absorption
of SLG on quartz starts to decrease and becomes very low at λ
> 2000 nm due to the 5 × 1012 cm−2 p-type doping in the SLG.
Since the Fermi level in p-type SLG is below the Dirac point
and inside the valence band, the absorption decreases at long
wavelengths due to insuﬃcient photon energy for interband
excitation from the Fermi level to the conduction band.30
Speciﬁcally, using p ∼ 5 × 1012 cm−2 for pristine SLG on SiO2
(also conﬁrmed by Hall eﬀect measurement), we can
calculate28 that the Fermi level is ∼0.3 eV below the Dirac
point in the valence band. Therefore, interband excitation is
prohibited for photon energy below ∼2 × 0.3 eV = 0.6 eV.
This corresponds to the wavelength range of λ > 2000 nm,
which explains the low optical absorption of SLG on quartz at
λ > 2000 nm. After the Sn nanodots evaporation on SLG, on
the other hand, n-type compensation doping is introduced to
the SLG layer, as discussed earlier. This compensation doping
eﬀect brings the Fermi level of SLG on quartz back toward the
Dirac point, and therefore extends the interband IR absorption
of SLG to longer wavelengths in the Sn/SLG/quartz sample.
Further enhanced by the light trapping eﬀect of Sn
nanostructures, the IR absorption in the SLG layer of the
Sn/SLG/quartz sample ranges from 5% to 17% at λ = 2000−
4000 nm. Note that the absorption peaks at λ ∼ 2700 nm and
the cutoﬀ at λ > 4500 nm are due to the IR absorption of the
quartz substrate itself.31,32
Finally, the Raman spectroscopy data in Figure 2 show
almost no defect-related D-band signal from SLG after the
deposition of Sn nanostructures, indicating that the integrity of
SLG is preserved. This is a great advantage of the evaporation
process compared to the sputtering process, which tends to
damage the lattice of SLG and induce signiﬁcant D-band in the
Raman spectra.33,34
Theoretical Modeling of Photon Management in SLG
Using Ultrahigh Refractive Index, Pseudo-Periodic Sn
Nanostructures. To understand the mechanism of photon
management in the pseudoperiodic Sn nanodots/SLG
structure, we also performed theoretical modeling using
Wave Optics Module in COMSOL Multiphysics software, as
shown in Figure 3. Based on the AFM results in Figure 1a, the

(1)

Here E and E0 are the electric ﬁelds in SLG with and without
Sn nanostructures, respectively, and TRaman is the transmittance
of the Raman-scattered photons through the Sn/SLG
structures. While the transmittance of Raman-scattered
photons is close to 100% for the SLG/quartz reference sample,
it is dramatically reduced in Sn/SLG/quartz samples due to
the enhanced absorption of SLG (Figure 1) and the scattering/
absorption of the Sn nanostructures. Considering that the
transmittance loss of the quartz substrate is negligibly small,
TRaman can be well approximated by the experimentally
measured transmittance of the Sn/SLG/quartz sample at the
Raman scattering wavelengths, as listed in Table 1 and further
detailed in Figure 3a. Therefore, we can derive the ﬁeld
enhancement |E|2/|E0|2 from eq 1, which would also be equal to
the absorption enhancement in SLG theoretically. As shown
Table 1, the relative ﬁeld enhancements |E|2/|E0|2 derived from
Raman spectroscopy and the transmittance of the Sn/SLG/
quartz sample at excitation wavelengths of ƛ = 532, 633, and
785 nm are indeed largely consistent with the absorption
enhancement measured in Figure 1c. This result further
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Figure 4. Photocurrent measurement on the Sn/SLG/quartz photoconductor structure. (a) Schematic experimental setup of the photocurrent
measurement using an optical chopper at 300 Hz to modulate the optical excitation for a lock-in measurement. Only the photocurrent, that is, the
change in current between the on and oﬀ states of the chopper, is ampliﬁed and recorded by the lock-in ampliﬁer. The 3D schematic ﬁgure on the
left illustrates a zoomed-in view of the Sn/SLG structure. This is for illustration purposes only, and the features are not drawn to scale.
Photocurrent vs voltage for the Sn/SLG/quartz region in comparison with a SLG/quartz reference are shown in (b) under 1 mW IR excitation at λ
= 1550 nm and (c) under 2 mW red laser excitation at λ = 650 nm.

setting k = 0 and keeping n = 7.85 for the Sn nanostructures,
the optical ﬁeld and the optical power ﬂux show almost no
change compared to Figure 3c. At a shorter wavelength of λ =
650 nm, the refractive index of Sn nanostructures is decreased
to n = 4.26, leading to less eﬀective optical power
concentration and funneling through the gaps, as shown in
Figure 3d. This theoretical analysis is also consistent with the
trend of the optical absorption spectrum of SLG in the Sn/
SLG/quartz sample shown in Figure 1c. The steep increase of
absorption at λ = 500−1000 nm in the SLG layer of the Sn/
SLG/quartz sample (Figure 1c) coincides very well with the
drastic increase of the refractive index (n) of Sn nanostructures
(Figure S2) in the same spectral regime. This comparison
further conﬁrms that the photon management mechanism in
SLG is mainly contributed by the ultrahigh refractive index of
the Sn semimetal nanostructures.
As mentioned previously in Raman analyses, the absorption
is proportional to |E|2. Indeed, Figure 3e shows that 50−80×
local ﬁeld enhancement |E|2/|E0|2 can be achieved in the SLG
region near the gaps between the Sn nanodots at λ = 2000 nm,
where E and E0 are the electric ﬁeld with and without the Sn
nanostructures, respectively. As the wavelength decreases, the
refractive index (n) of Sn nanodots also decreases (Figure S2),
which compromises the absorption enhancement in the SLG
layer (also see the comparison between Figure 3c and d). On
the other hand, at long wavelengths >2500 nm, the IR
absorption of the fused quartz substrate itself31,32 diminishes
the photon management eﬀect in SLG. The interplay of these
two factors leads to a broad optimal spectral regime for SLG
absorption enhancement at λ = 900−2000 nm, with an
absolute IR absorption of 16−19% from SLG. Remarkably, the
1100 nm spectral width contributed by the self-assembled

pseudoperiodic Sn nanodots are modeled as a periodic array of
“cylinder + hemi-ellipsoid dome” structures, as shown in
Figure 3c,d. The validity of the periodic approximation for
pseudoperiodic photonic structures has also been conﬁrmed in
previous literature when the length scale of the ordering is
much greater than the wavelength of interest.35,36 The heights
of the cylinder and the dome are both 15 nm. The diameter of
the cylinder is 110 nm and the gap between the dots is 10 nm,
as statistically summarized in Figure S3. As shown in Figure 3a,
the calculated transmittance and reﬂectance spectra both agree
well with the experimental results despite of the approximation
of the model. Figure 3b−d further compare the calculated
electric ﬁeld distribution in the SLG/quartz reference (Figure
3b, wavelength-independent) with that of the Sn/SLG/quartz
sample under optical excitations at λ = 1550 nm (Figure 3c)
and 650 nm (Figure 3d). These data reveal that the
mechanism behind the enhanced absorption in SLG is the
near ﬁeld electromagnetic interaction at the interface between
the Sn nanodots and SLG.
As shown by the red arrows indicating the directions and
magnitude of optical power ﬂow in Figure 3c, the ultrahigh
refractive index of Sn nanostructures at λ = 1550 nm (n =
7.85) eﬀectively concentrates and funnels the optical power
through the gaps between the Sn nanodots. Consequently, the
SLG regions near the gaps experience a very strong ﬁeld
enhancement compared to the case without Sn nanostructures,
as indicated by the red-orange high ﬁeld regions in Figure 3c
compared to the uniform yellow-green moderate ﬁeld
distribution in Figure 3b. This result conﬁrms the slot eﬀect
and nanoscale optical conﬁnement based on ultrahigh
refractive index nanostructures, as discussed earlier. Indeed,
Figure S5 in the Supporting Information shows that, when
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ultrahigh refractive index Sn nanostructures is >10× broader
than that of the closely packed Au plasmonics gap resonator
structures fabricated by extreme UV lithography,37 demonstrating the unique advantages of using ultrahigh refractive
index nanostructures for photon management.
Photoconductance Enhancement in SLG via Photon
Management of Pseudo-Periodic Sn Nanostructures.
For optoelectronic devices such as IR photodetectors, it is
interesting to check whether such an enhancement in SLG
optical absorption transfers to an increase in photoresponse.
Indeed, we have conﬁrmed photoconductance enhancement
from the Sn/SLG/quartz sample shown in Figure 1b compared
to the SLG reference sample without Sn nanostructures (see
Figure 4). As a facile demonstration of concept, two pieces of
conductive carbon tape with Al foil on the top (for better
probe contacts) are used as the electrodes of the SLG
photoconductor devices. Such a photoconductor device has
been proved to be Ohmic from the I−V curve in Figure S6.
Laser beams at λ = 1550 nm (the most important optical
communication wavelength) and 650 nm (red laser) are
chopped at 300 Hz to measure the photocurrent more
precisely using a lock-in method (Figure 4a). The distance
between the electrodes is ∼1 cm, and the incident laser beam
spots are within the SLG region. Only the photocurrent is
ampliﬁed and recorded by a lock-in ampliﬁer using this
approach. The chopping frequency of 300 Hz also prevents any
laser heating eﬀect that could induce photothermal eﬀect in the
device. Under the 1550 nm laser excitation (∼1 mW power),
the Sn/SLG/quartz sample shows 5x enhancement (Figure
4b) in photoconductance. The error bars in the photocurrent
reﬂect the noise levels due to the relatively high dark
conductance of the SLG itself. On the other hand, under the
650 nm red laser excitation (∼2 mW), the photoconductance
in the Sn nanodots/SLG region is only 1.6× larger than that of
the SLG/quartz (Figure 4c). These are both consistent with
the data in Figure 1b showing much stronger absorption
enhancement at the wavelength of 1550 nm than 650 nm.
Quantitatively, though, the photocurrent enhancement is less
than the optical absorption enhancement shown in Figure 1c.
Such a diﬀerence is mainly attributed to the surface
recombination of electron−hole pairs38 at Sn nanodots/SLG
interfaces, which reduces the carrier lifetime compared to case
of pristine SLG/quartz reference. To overcome this issue, we
proposed to insert a single-layer hexagonal boron nitride (hBN) between the Sn nanodots and the SLG in our future work.
The h-BN will act as a passivation layer for the SLG due to its
extremely wide band gap (∼6.0 eV39), thereby minimizing the
surface recombination. Overall, the results above clearly
indicate that the enhanced optical absorption in SLG leads
to increased photoconductance in our devices.
The current device does not involve any lithography process.
It serves as a facile demonstration of concept for highly
eﬀective, broad-band photon management using ultrahigh
refractive index nanostructures, and has plenty of room for
drastic improvement toward practical applications. The
relatively small photoconductance is mainly limited by the
short excess carrier lifetime in SLG (∼ps from ultrafast pump−
probe spectroscopy)40 versus a large spacing between the
electrodes (∼1 cm). It could be dramatically improved by
using interdigitated electrode structures with micron-scale
ﬁnger spacing since the photoconductance is given by38

σph =

P
1
A(τeμe + τhμ h )q 2
hv
L

(2)

Here P is the incident optical power, hv is the photon energy,
A is the absorption in SLG (see Figure 1c), τe and τh are the
lifetimes of the electrons and holes, μe and μh are the mobilities
of the electrons and holes, q is the electron charge, and L is the
distance between the two electrodes. As L decreases from 1 cm
to 1 μm, the photoconductivity can be increased by a factor of
108. With further optimization of the Sn nanostructures and
coupling with back reﬂectors, it is also promising to achieve a
much higher IR absorption, especially considering that the
incident IR light is already eﬀectively scattered to oblique
angles after being funneled through the nanoscale gaps
between the Sn nanodots (see Figure 3c).
Interestingly, we also estimated a relatively long photogenerated carrier lifetime in CVD growth SLG from our
photoconductance measurement. For the 1550 nm excitation,
using P = 1 mW, L = 1 cm, μe ∼ μh ∼ 1000 cm2/(V·sec) (from
Hall eﬀect measurements), and A ∼ 15% for the Sn nanodots/
SLG region (Figure 1c), we ﬁnd τe + τh ∼ 25 ns. The
corresponding injection level is Δn = Δp ∼ 107 cm−2. This
lifetime is much longer than what was reported from
femtosecond pump−probe spectroscopy,40 which is on the
order of ps. This diﬀerence is most likely due to a much lower
injection level in our case since the lifetime is roughly inversely
proportional to the injected carrier density. Indeed, the
measured lifetime is on the same order as the theoretical
prediction for an injection level of 107 cm−2 in graphene.41

■

CONCLUSIONS
We have demonstrated highly eﬀective IR light trapping and
photon management in SLG using self-assembled, pseudoperiodic ultrahigh refractive index Sn semimetal pseudoperiodic
nanostructures. The optical absorption in SLG is strongly
increased from <1.5% to >15% in a very broad IR spectral
regime of λ = 900−2000 nm, a signiﬁcant advantage over the
narrow-band plasmonics enhancement of Au and Ag
nanostructures. The strong near ﬁeld electromagnetic interactions at the Sn nanodots/SLG interface make a dominant
contribution to such an eﬀective IR absorption enhancement.
The enhanced optical absorption in SLG has also been
successfully conﬁrmed by ﬁeld-enhanced Raman scattering
from SLG under excitations at λ = 532, 633, and 780 nm, as
well as a 5× increase in photoconductance under optical
excitation at λ = 1550 nm. The self-assembled pseudoperiodic
Sn nanostructures also feature facile fabrication and no
detrimental eﬀect on the 2D lattice of SLG. The device
performance could be further improved by coupling with
backside reﬂectors and reducing the interelectrode spacing.
The straightforward fabrication process and the promising
optoelectronic performance of the Sn nanodot/SLG photonic
structures could beneﬁt the future development of 2D
photonics and optoelectronics signiﬁcantly. This work also
opens the door to the investigations of ultrahigh refractive
index semimetal nanostructures for highly eﬀective, broadband nanoscale photon management.

■

METHODS
Self-Assembly of Ultrahigh Refractive Index PseudoPeriodic Sn Nanostructures. The self-assembled pseudoperiodic Sn nanostructures are fabricated by thermal
evaporation using Lab18 Physical Vapor Deposition (PVD)
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system produced by Kurt J. Lesker Company. The chamber is
pumped to a based vacuum of 5 × 10−8 Torr. The evaporation
source material, Sn, is provided by Kurt J. Lesker company
with 99.99% purity. The substrates are kept rotating at 20
rounds per minute during the entire evaporation process to
avoid nonuniformity in the thin ﬁlm growth. The substrate
temperatures are controlled at ∼25 °C by chilled water.
Basically, the morphology of the evaporated Sn nanostructures
is controlled by the nominal thickness of the deposition
process as well as the deposition rate, both read by quartz
crystal monitors during deposition. The typical deposition rate
of Sn is ∼0.12 Å/s. The self-assembly of thermally evaporated
Sn nanostructures on various substrates is easier than other
metals, such as Al. This behavior is attributed to the much
lower melting point of Sn that leads to higher surface diﬀusivity
to form thermodynamically stable structures. In our case, the
dewetting of Sn on various surfaces leads to Sn nanodot
growth similarly to the Stranski-Krastanov mechanism.42
Synthesis and Transfer of Graphene. The single layer
graphene (SLG) in this research is prepared by Chemical
Vapor Deposition (CVD).43 A 25 μm-thick copper foil with
99.8% purity (Alfa Aesar #13382) is used as the growth
substrate. The substrate is ﬁrst soaked into nickel etchant
(Transense, TFB) for 90s. After rinsing with DI water, the
copper foil is placed in a hot wall CVD system. Before the
growth, the substrate is ﬁrst annealed at 1030 °C with 10 sccm
H2 ﬂow. Subsequently, 60 sccm H2 is induced into the
chamber with 3.5 sccm methane (CH4) for 30 min, while the
system is maintained at 1030 °C.
PMMA supported transfer is used in this research.44 PMMA
(950 A9, Microchem Inc.) is ﬁrst diluted in anisole with a ratio
of 1:1. The diluted PMMA is then spun on the synthesized
graphene on Cu foil with 2500 rpm for 1 min. Subsequently,
the sample is baked at 80 °C in an oven for 1 h. The sample is
ﬂoated on the Cu etchant (TFB, Transense) to remove the Cu
foil. The PMMA/graphene stack is then ﬂoating on 10% HCl
solution for 10 min. Next, the sample is rinsed with deionized
water for several times. The fused quartz substrate is then used
to scoop out the PMMA/graphene stack, and the sample is
initially bake at 80 °C for over 8 h, followed by oven baking at
130 °C for 20 min. To remove the PMMA ﬁlm, the sample is
soaked in acetone at room temperature for more than 1 h.
Annealing process is ﬁnally conducted to remove the PMMA
residual by using 200 sccm H2 and 200 sccm Ar mixing gas
ﬂow at 350 °C for 2 h.
Morphological Characterization. Veeco/Digital Instruments Dimension 3100 Atomic Force Microscopy (AFM) is
used in the morphological characterizations, that is, Figure 1a.
Tapping mode is used in all cases. Statistical data of the
diameters of Sn nanodots and the gaps between the Sn
nanodots (i.e., Figure S3) are obtained by fast Fourier
transform (FFT). The results have been furthered conﬁrmed
by manually collecting 120 diameter/gap data points on the
AFM images of each sample.
Optical Characterization. The transmittance and reﬂectance spectra from λ = 300 to 2500 nm are measured by a
Jasco V-570 spectrometer equipped with a Jasco ISN-470
integrating sphere; the spectra at λ > 2500 nm are measured by
a Jasco 4100 Fourier Transform Infrared (FTIR) spectrometer
equipped with a Pike IR integrating sphere. The absorption is
calculated by
absorption = 1 − transmittance − reflectance

For the samples with 12 nm nominal thickness of Sn, the
absorption in SLG is calculated by the absorption diﬀerence
between the region with and without SLG, that is,
absorption(SLG) = absorption(Sn/SLG/quartz)
− absorption(Sn/quartz)

(2a)

This is based upon the fact that the Sn nanodot morphologies
on SLG and on quartz are identical. Therefore, the diﬀerence
can be considered as the absorption of SLG under the Sn
nanodots. This method is further supported by the Raman
analyses showing no absorption enhancement in the Sn
nanostructures on SLG versus on quartz.
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