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Graphene Readout Silicon-Based Microtube Photodetectors
for Encrypted Visible Light Communication

Ziyu Zhang, Tianjun Cai, Zengxin Li, Binmin Wu,* Zhi Zheng, Chunyu You,
Guobang Jiang, Mingze Ma, Zengyi Xu, Chao Shen,* Xiang-zhong Chen, Enming Song,
Jizhai Cui, Gaoshan Huang, and Yongfeng Mei*

The implementation of an advanced light receiver is imperative for the
widespread application of visible light communication. However, the
integration of multifunctional and high-performance visible light receivers is
still limited by device structure and system complexity. Herein, a
graphene-readout silicon-based microtube photodetector is proposed as the
receiver for omnidirectional Mbps-level visible light communication. The
integration of graphene-semiconductor material systems simultaneously
ensures the effective absorption of incident light and rapid readout of
photogenerated carriers, and the device exhibits an ultrafast response speed
of 75 ns and high responsivity of 6803 A W−1. In addition, the microtube
photodetector realizes the omnidirectional light-trapping and enhanced
polarization photodetection. As the receiving end of the visible light
communication system, the microtube photodetector achieves a data rate of
up to 778 Mbps, a field of view of 140°, and the encrypted visible light
communication of polarized light, providing a new possibility for the future
development of the internet of things and information security.

1. Introduction

Visible light communication (VLC), a recently developed
communication method with high speed, anti-electromagnetic
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interference, and a wide range of spec-
trum resources, has found widespread
use in underwater communication,[1] data
broadcasting,[2] intelligent devices,[3] and
encrypted transmission.[4] Among them,
the photodetector, as the signal receiver, has
a pivotal influence on the data rate, com-
munication range, etc.[5] The wider field
of view (FOV) of the signal receiver will
enhance communication coverage and sta-
bility, and the function of multi-optical in-
formation communication can further en-
hance information density and security.[6]

At present, high-performance VLC detec-
tors have been widely studied. The receiving
end of VLC typically uses a p-i-n diode[5c,7]

and an avalanche photodiode.[8] However,
these planar devices generally struggle to
achieve wide-angle reception. Additional
complex CMOS processes are required for
the fabrication of multi-dimensional op-
tical information devices.[6d,9] Therefore,

the macroscopic receiving array and additional optical path
conditions are mainly employed in VLC receivers,[6b,c] which sig-
nificantly restrict the transmission efficiency and application of
VLC. The future development of VLC urgently requires on-chip
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integration devices that are free of additional optical components,
which also meet the needs of miniaturized communication com-
ponents, large receiving areas, and multi-dimensional light
information transmission.

Nanomembranes, as a material system with excellent flexibil-
ity and semiconductor process compatibility,[10] can be greatly
deformed by the strained layer in the thickness direction and
assembled into 3D structures.[11] With appropriate design, self-
assembled 3D nanomembranes are capable to achieve effective
photodetection.[12] Based on the anisotropic microstructure, the
self-rolled nanomembrane microtube structures have realized
omnidirectional visible light photodetectors without additional
optical components.[12a,e] In our previous work, the potential of
polarization photodetection in silicon (Si) nanomembrane mi-
crotubes is observed and discussed.[12a,13] However, self-rolled
nanomembrane visible photodetectors still face challenges such
as poor responsivity of nanomembranes with small thickness
and slow response time due to interface defects and low mate-
rial mobility.[11a] In addition, it is still difficult to achieve efficient
polarization photodetection only by the anisotropy of microstruc-
tures, which can hardly meet the fast and sensitive response in
high-speed VLC.

In this article, we introduce a design concept of graphene (Gr)-
readout silicon germanium (SiGe)/Si nanomembrane microtube
photodetector for wide-angle encrypted VLC. Through transmis-
sion electron microscopy (TEM) analysis of the cross section
of the microtube, we confirm the non-destructive nature of the
self-rolled technique and the mechanism of the rolled-up tech-
nique. The Gr-readout layer is integrated into the semiconductor
nanomembrane, ensuring the fast response and stability of the
device. The Gr-readout SiGe/Si microtube photodetectors exhibit
good ohmic contact over a wide voltage range, exhibit ultrafast re-
sponse, and achieve sensitive and obvious photoresponse in the
visible range. Subsequently, work function and electron density
in the Gr/SiGe interface are investigated, revealing the comple-
mentarity between the photogenerating carrier and photogating
effect in SiGe, and fast readout in the Gr layer. The microtube
structure of the Gr-readout SiGe/Si photodetector realizes almost
omnidirectional on-chip photodetection and high dichroism ra-
tio polarization detection via structure-material coupling. The mi-
crotube photodetector realizes hundreds-Mbps level VLC at both
the on-off keying (OOK) and the discrete multi-tone (DMT) mod-
ulation modes and has a higher FOV (≈140°) compared to the
planar photodetector (≈80°) at the same rate. In polarized VLC,
encrypted communication can be realized according to the polar-
ization state, revealing the application potential of the microtube
photodetector in a miniaturized multifunctional optical commu-
nication receiver.

2. Results

The application fields of photodetectors play a crucial guiding
role in the design of their devices and structures. In real-life
scenarios, VLC can be practically applied in areas such as se-
cure communication, wireless data transmission between de-
vices, and smart home control.[3a,4a] To achieve efficient and re-
liable information transmission, a variety of receiving termi-
nals in communication networks must be capable of respond-
ing to light signals from different angles in practical VLC appli-

cations (Figure 1a). Therefore, 3D photodetectors prepared us-
ing nanomembrane self-rolled technology will be able to make
up for the functional limitations of planar detectors. As shown
in Figure 1b, the Gr/SiGe/Si multilayer nanomembrane on Si
substrate is assembled into a microtube structure via a self-
rolled technique, which can be integrated on-chip for VLC.
To achieve the fabrication of the microtube photodetector, we
employed semiconductor-compatible photolithography, deposi-
tion, and sacrificial layer etching techniques, coupled with Gr
wet transfer processes (Figures S1,S2, Supporting Information).
Based on the process above, a wafer-scale microtube array can
be fabricated, indicating the potential of mass production with
high yield (Figure 1c). The SEM image of the photodetector ar-
ray is shown in Figure 1d. A yield of 99.03% can be noticed at
the center area of the wafer, confirming the device-level fabrica-
tion feasibility of this structural design and fabrication method
(Figure 1d; Figure S3, Supporting Information). The self-rolling
direction of the microtube structure can be selectively deter-
mined by the uniform strain and strain orientation of the epi-
taxial SiGe/Si nanomembrane along <100> direction, which al-
lows large-scale and high-yield preparation of the photodetec-
tor with uniform diameter. Due to the lower Young’s modulus
of the <100> crystal orientation family in SiGe/Si nanomem-
branes compared to the <110> and <111> orientations, defor-
mation is more likely to occur, making a pattern design paral-
lel to this crystal orientation more conducive to the formation
of tubular structures. Otherwise, microtube rupture or failure to
form the tubular structure may occur (Figure S4, Supporting In-
formation). In addition, the surface of the microtube structure
is free of obvious stains and the channel is well-defined. Raman
spectroscopy is used to characterize the strain distribution of the
channel of the rolled-up Gr/SiGe/Si multilayer nanomembrane,
and the Raman peaks of SiGe and Si showed obvious shifts, with
the tensile strain determined to be 0.8% in Si and the compres-
sive strain is −1.3% in SiGe, confirming the strain distribution
along the thickness direction[14] (Figure S5, Note S1, Support-
ing Information). Planar nanomembrane photodetectors usually
have low absorption rates due to their small thickness, where
the absorption can be written as:[15] A = 1 − e−𝛼t, where t is the
thickness of the nanomembrane. Therefore, the design of micro-
nano texture or additional reflective layers is required to com-
pensate the shortcomings. Here, the assembly of a 3D microtube
structure not only achieves the integrity of a photodetector with a
smaller device footprint but also enhances the absorption in mul-
tilayer structures.[11a,12a] Optical finite element analysis can effec-
tively evaluate the regulation of the photoresponse of the micro-
tube structure. Here, the propagation path of linear optics in the
microtube structure is simulated by the finite element method
(Figure S6a, Supporting Information). When parallel light is in-
cident, multiple reflections will occur inside the microtube, and
several focal points may be formed to intensify the light in the
tube cavity. In wave optics, the incident plane wave light on the
microtube can form a high-intensity electric field norm region
at a specific location, which indicates that the light is focused in
the microtube cavity (Figure S6b, Supporting Information). Due
to the multiple reflection and absorption of incident light in the
microtube structure, the light can be trapped in the tubular pho-
todetectors. If the focus position can be properly controlled, en-
hanced detection of light with the desired wavelength or certain
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Figure 1. Schematic and morphology characterization of Gr-readout SiGe/Si photodetectors. a) Application scenario diagram of rolled-up Gr-readout
SiGe/Si photodetectors. b) Schematic diagram of Gr-readout SiGe/Si microtube photodetector. c) Optical image of SiGe/Si microtube array on a 2-inch
wafer. d) SEM image of the Gr-readout SiGe/Si tubes (Inset: channel area of Gr-readout SiGe/Si microtube). e) Simulated absorbed power as a function
of incident angle for tubular and planar structures. f) Simulated absorbed power as a function of polarized angle for tubular and planar structures.

incident direction can be achieved (Figure S7, Supporting Infor-
mation). In addition, the tubular structure decreases the depen-
dence of the channel on the incident angle as in the case of planar
devices.[16] The microtube structure can efficiently absorb a wider
range of incident light and facilitate multiple reflections, thereby
enhancing the utilization efficiency of the incident light (Figure
S8, Supporting Information). Therefore, the out-of-plane struc-
ture is responsive to a wider range of incident angles, providing a
wider FOV (Figure 1e). Moreover, the structural anisotropy of the
microtube has local effects on polarized light, enabling the real-
ization of an on-chip polarization detector (Figure 1f). Therefore,
we integrate this structure with a 2D photoelectric readout sys-
tem to produce a photodetector with high performance, offering
a cheap and high-speed design scheme for wide-angle, encrypted,
and high-speed VLC.

The crystal quality and strain of nanomembranes are vital for
the fabrication and performance of photodetectors. The grain
boundaries and strain-induced dislocations can have a signifi-
cantly adverse impact on the transport of charge carriers.[17] To
solve this problem, we use epitaxial SiGe/Si nanomembranes
as a response layer for self-rolled microtubes (Figure 2a). At the
same time, the chromium (Cr) nanomembrane in this device
functions as an electrode, stress layer, and bonding material
layer. The Cr electrode, in conjunction with the Gr/SiGe/Si
channel, can rapidly collect photogenerated carriers, meeting
the requirements for VLC communication. Additionally, the
temperature difference during Cr deposition and the difference

in thermal expansion coefficients can serve as a stress layer
to regulate the diameter of the microtube.[18] Furthermore,
the Cr layer on the unrolled substrate portion acts as an out-
put interface, allowing bonding with probes or metal wires,
thereby enabling signal readout and performance testing of the
device. The layers in the microtube are made of carbon pro-
tective layer/Al2O3 protective layer/Si layer/Si0.4Ge0.6 layer/Cr
layer/Al2O3 protective layer/Cr protective layer. As shown in
Figure 2a, the nanomembrane bends due to the release of the
vertical strain gradient, forming an arch structure with uniform
curvature. The cross-section of nanomembrane microtubes was
characterized by energy-dispersive X-ray spectroscopy (EDS),
as shown in Figure 2b where orange represents Si, yellow rep-
resents germanium (Ge), and blue represents Cr. The location
of these elements corresponds to the positions of Si, SiGe,
and Cr layers in the TEM image, and there is almost no noise
signal in the non-corresponding regions, which proves that
no obvious diffusion or contamination occurs during epitaxial
growth and electron beam deposition, ensuring the quality of
the device. We further characterized the crystal quality of the
Si/SiGe interface using a high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM). As can be
seen from Figure 2c, there is a clear contrast at the Si/SiGe
interface, while the atomic-scale image further shows that the
interface transition region is only ≈2 nm, which is negligible
compared to the thickness of Si and SiGe. Moreover, the lattice
of SiGe and Si layers are in a completely ordered arrangement,
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Figure 2. Structural characterization of microtube photodetectors. a) Cross-sectional TEM image of rolled-up Gr/SiGe/Si microtube. b) i) Enlarged TEM
image of rolled-up Gr/SiGe/Si microtube. EDS mappings of ii) Si, iii) Ge, and iv) Cr contents in rolled-up Gr/SiGe/Si microtube. c) Atomic-resolution
HAADF-STEM image at SiGe/Si interface in rolled-up SiGe/Si nanomembrane. d) SAED image of SiGe/Si interface. e) Geometric phase image of the
in-plane strain of Si and SiGe layers. f) Schematic diagram and calculation of stress distribution in Cr/SiGe/Si multilayer. g) Theoretical calculations and
experimental results of curvature radii as functions of Cr layer thickness in Cr/SiGe/Si multilayer. The error bars stand for standard deviation. h) Average
strain as a function of initial strain and Cr layer thickness.

thus ensuring good crystal quality and strain gradient in the
thickness direction (Figure S9a–d, Supporting Information).
At the same time, selected area electron diffraction (SAED)
analysis was performed at the Si/SiGe interface, as shown in
Figure 2d. The SAED diagram exhibits a clear diffraction pattern
and no diffraction ring, which proves that the epitaxial Si/SiGe
nanomembrane is a single crystal with good quality and the zone
axis is [001]. At the (400) and (26̄0) directions, the diffraction
pattern is composed of two diffraction spots. The two points
near the diffraction origin (d400 = 1.391 Å, d26̄0 = 0.868 Å) are
SiGe diffraction spots with larger lattice constant and crystal
plane spacing. While the two points far from the diffraction
origin in the pattern correspond to the diffraction points of Si

(d400 = 1.358 Å, d26̄0 = 0.851 Å), which have a smaller lattice
constant and crystal plane spacing. Geometrical phase analysis
(GPA) can further use the atomic displacement field to perform
differential operations to analyze the strain of the TEM atomic
resolution image.[19] We calculate the strain of Si and SiGe
parallel to the thickness direction, and epitaxial Si and SiGe
layers show different strain distributions. When the strain at the
interface is set as 0%, we can see that there is a clear and uniform
strain evolution, where Si is subjected to the tensile strain of
≈1% due to lattice mismatch. The lattice of SiGe is larger and
subjected to ≈−1% compressive strain due to the intermediate
Ge composition, indicating that ≈a 2% strain gradient is gen-
erated between the two layers (Figure 2e). For the unreleased
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Si/SiGe bilayer nanomembrane, the ideal initial strain gradient
is Δ𝜀 = aSiGe−aSi

aSi
= (0.4)× 5.431∀+ (0.6)× 5.658∀− 5.431∀

5.431∀
≈ 2.51%. When the

nanomembrane is released and rolled up, the tensile strain of the
Si layer will decrease to realize a stable state with minimal elastic
energy, and therefore it exhibits relative stretching compared
to the initial state.[20] The planar SiGe/Si interface exhibits a
larger strain gradient, which also proves the minimum strain
energy theory (Figure S9e–l, Supporting Information). After
the releasing process, the compressive strain of the SiGe layer
will also decrease, but still keep a compressed state, which will
eventually lead to the rolling up of the nanomembrane: the Si
layer is the outside of the bending arch, while the SiGe layer is
the inside of the bending arch. Compared with the SiGe/Si layer,
the Cr layer exhibits relatively low strain but still contributes to
the compressive strain in the system. The theoretical analysis
of bending is highly consistent with the tubular structures ob-
served in the experiment. We evaluated the SiGe/Si sample with
different Cr thicknesses with the force–moment balance that is:

yi =
n∑

i=1

ti (1)

c =
∑n

i=1Eiti𝜀
0
i∑n

i=1Eiti

tb =
∑n

i=1Eiti

(
yi + yi−1

)
2
∑n

i=1Eiti

(2)

1
R

=
3
∑n

i=1 Eiti

(
yi + yi−1 − 2tb

) (
c − 𝜀0

i

)
2
∑n

i=1 Eiti

[
y2

i + yiyi−1 + y2
i−1 − 3tb

(
yi + yi−1 − tb

)] (3)

where Ei is the Young’s modulus, ti is the thickness of nanomem-
brane, and 𝜀0

i is the initial strain difference between two adjacent
layers, and i = 1, 2, 3 is the layer number of nanomembrane,
which represents Si, SiGe, and Cr layer respectively. The initial
strain of Si and SiGe layer are set as 1.25% and −1.25% repre-
sentatively to meet the strain gradient at the epitaxial interface in
ideal Si0.4Ge0.6/Si NM. Due to the ultrathin thickness of Gr, the
force and moment of Gr is neglected to simplify the model. In
Cr/SiGe/Si multilayer system, the stress can be calculated as:

𝜎xx = E
(

c +
ttotal − tb

R
+ 𝜀0

)
(4)

As shown in Figure 2f, the stress distribution of each layer
is related to its thickness and initial strain, exhibiting two ob-
vious regions, that is, tensile stress in Si and compressive
stress in SiGe/Cr, which is consistent with the strain distri-
bution in GPA. When taking 𝜀0

i as −0.5%, we can see that
the theoretical calculation and experiment results are in good
consistency (Figure 2f). In the samples #1–3 with different
Cr thicknesses t3 is 20/40/50 nm, R is determined to be
5.24 ± 0.318 μm/8.20 ± 0.362 μm/10.21 ± 0.486 μm, respectively
(Figures S10,S11, Note S2, Supporting Information). Utilizing
the equation, we can evaluate the initial strain in the Cr layer
is 𝜀0

i = −0.38–−0.53% within the standard deviation of sample

#1–3. Due to the compressive strain in the adjacent SiGe and
Cr layers, the average strains of the rolled-up microtubes still ex-
hibit compressive strain in the ranges of −0.3%–−0.6%, which
will help to affect the band structure of Gr/SiGe heterostructure
and Dirac point of Gr (Figure 2g).

Based on the rolled-up microtube structure, the assembly of
the Gr-readout layer will further enhance the performance of
photodetectors in terms of material and structural design. Due
to the detachment of the microtube structure from the sub-
strate and the processing steps during microtube fabrication,
the microtube detector exhibits a lower dark current compared
to planar detectors (Figure 3a). At the material structure level,
in planar devices without microtube processing, the ultrathin
thickness of 2D materials makes their physical properties highly
susceptible to the substrate and environmental influences, re-
sulting in significant scattering and the formation of impurity
centers.[21] Additionally, compared to the high-quality SiGe/Si
epitaxial interface, the disorder, roughness, and potential impuri-
ties at the SiO2/Si interface further affect the carrier transport in
the nanomembrane.[22] The sacrificial layer release process using
hydrofluoric acid can effectively dissolve and remove the oxide
layers of SiGe and Si, reducing carrier recombination centers,[23]

while passivating the surface dangling bonds with Si─H and
Ge─H bonds, thereby lowering the probability of non-radiative
carrier recombination.[24] Acetone further cleans the surface, par-
ticularly reducing the impact of potential organic residue on Gr
performance.[25] At the same time, the introduction of Gr will
significantly improve the conductivity and resistance to electri-
cal/thermal breakdown in photodetectors due to its excellent elec-
trical and thermal conductivity and build a good contact inter-
face for microtubes. As shown in the inset of Figure 3a, the
Gr/Si/SiGe device exhibits a linear current relationship over the
voltage range of −10 to 10 V, demonstrating excellent ohmic
contact in the microtube device. For the planar Gr/SiGe/Si de-
vice, there are some fluctuations in the dark current at higher
voltages, but overall, it also shows a linear contact behavior. For
Si/SiGe microtube photodetectors without transferring Gr, the
asymmetry of the microtubes and the residual surface states dur-
ing rolling will cause instability in the carrier transport charac-
teristics, and when the voltage is increased, the current will ex-
hibit an unstable fluctuation state (Figures S12,S13, Supporting
Information). In addition, due to carrier velocity saturation, the
current of planar Si/SiGe devices will reach saturation at high
voltage,[26] which will significantly affect their current gain and
frequency response. In contrast, Gr/Si/SiGe devices with trans-
ferred Gr show good contact from −10 to 10 V. Current–voltage
characteristics can be more intuitively reflected by its logarith-
mic coordinates, as shown in Figure 3b. Both types of Gr-coupled
photodetectors exhibit linear responses, while the planar Si/SiGe
photodetectors exhibit a sudden change in current curvature un-
der high voltage (log (V) = 0.9–1), indicating that the microtube
structure has insufficient heat dissipation under excessive volt-
age, which will lead to electrical breakdown or thermal break-
down (Figure S13, Note S3, Supporting Information). Therefore,
Gr improves the electrical and thermal stability of the photodetec-
tor at the same time. To analyze the energy band of the Gr/SiGe
interface, we prepared Au/Gr/SiGe/Si multilayer structures to
determine the work functions of Gr and SiGe. With a more sta-
ble work function of the Au layer, we can then acquire a more
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Figure 3. Electrical performance and photodetection mechanism of Gr-readout Si-based tubular photodetectors. a) I–V curve of photodetector from
V = −10 to 10 V (Inset: I–V curve of Gr/SiGe/Si tubular and Gr/SiGe/Si planar photodetectors from V = −10 to 10 V in linear scale). b) log(I)–log(V)
curve of photodetectors. c) SKPM mapping of potential distribution in Au/Gr/SiGe multilayer heterostructure. d) Energy band of the interface of Gr/SiGe
heterojunction. e) Carrier transport and photogating in Gr/SiGe interface in photodetectors. f) Photocurrent mapping of Gr-readout SiGe/Si microtube
photodetector. g) Response time of SiGe/Si photodetector (top yellow line) and Gr-readout SiGe/Si microtube photodetector (bottom red line). h) Rela-
tionship between responsivity of photodetectors and light power (𝜆 = 450 nm). i) Performance comparison between Gr-readout SiGe/Si photodetectors
and other 2D material and semiconductor photodetectors. j) Schematic of the simulated structure of Gr/SiGe (111) with its isosurfaces of charge-
difference density and the distribution of charge–density difference on the lattice plane (110). k) Simulated energy band of Gr/SiGe (111) (Inset: energy
band near the Γ point). l) DOS of C, Si, and Ge in Gr/SiGe (111) (Inset: DOS of Gr/SiGe near the Dirac point of Gr).

Adv. Mater. 2025, 37, 2413771 © 2024 Wiley-VCH GmbH2413771 (6 of 14)

 15214095, 2025, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202413771 by Fudan U
niversity, W

iley O
nline L

ibrary on [29/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

accurate result of the work function in Gr and SiGe. As can be
seen from Figure 3c, the multilayer exhibits only a maximum
potential difference of ≈380 meV, and there is only a potential
difference of ≈150–250 meV between Gr/SiGe nanomembrane
and SiGe nanomembrane (Figure S14, Supporting Information).
Simultaneously, we used Au to calibrate the work function of Gr
and SiGe. The work function of Au is typically in the range of
5.0 to 5.1 eV, so we can conclude that the work function of Gr
is ≈4.9–5.0 eV, while the work function of SiGe is 4.65–4.75 eV,
which is consistent with the value of n-type SiGe. Based on the in-
formation from scanning Kelvin probe microscopy (SKPM), we
can determine the energy level of the Gr/SiGe interface in micro-
tube photodetectors (Figures S14,S15, Supporting Information).
As shown in Figure 3d, since Gr typically adsorbs molecules in
air such as oxygen in the atmospheric environment, its Fermi
level is below the Dirac point, indicating the characteristics of
lightly doped p-type semiconductors.[27] At the interface between
n-type SiGe and p-type Gr, the SiGe nanomembrane will slightly
reduce the n-type carrier concentration due to the flattening of the
Fermi level between SiGe/Gr structures, but due to the small dif-
ference in work function, there will be no inversion layer, ensur-
ing low-noise and high-speed transmission of carriers. The band
structure at the Gr/SiGe interface is critical to both the contact
type and the performance of the device. Modification of Gr can
tune its band structure and refine the graphene/semiconductor
contact, which has been reported in recent research.[28] One of
the most prevalent methods are heteroatom doping methods.
Doping Gr with elements adjacent to carbon, such as boron[29]

or nitrogen,[30] modifies the projected energy states of carbon
atoms and introduces new states from the dopants. This in-
teraction results in a novel density of states (DOS) and an ad-
justed band structure for the material. These heteroatom dop-
ing techniques provide promising methods for tailoring the band
structure of Gr, potentially enhancing metal-semiconductor con-
tacts. Previous studies have shown that oxygen adsorption can
lower the Fermi level of Gr, causing it to behave as a p-type
semiconductor.[27a] This phenomenon can similarly adjust the
band structure of Gr. The Gr/SiGe/Si microtubes are also ex-
posed to atmospheric conditions leads to oxygen adsorption. This
behavior provides a plausible explanation for our observations
of p-type Gr. The reduction in the Fermi level due to oxygen ad-
sorption can also decrease the interface SBH, thereby mitigating
the effects of Fermi-level pinning. As shown in Figure 3e, when
light is incident on the Gr/SiGe nanomembrane, the photogener-
ated carriers in SiGe are transported through Gr to the electrode
and converted into an electrical signal. In this device, Gr com-
pensates for potential issues of scattering from contamination
in the process and defect recombination in the carrier transport
process within SiGe, significantly enhancing the transportation
process of carriers. Meanwhile, SiGe overcomes the limitations of
single-atomic-layer thickness in Gr, such as weak light absorption
and easy saturation of photoresponse, achieving complementary
properties within the material system. It is also worth noting
that the fixed holes in SiGe at the Gr/SiGe interface will gener-
ate an additional electric field and realize a photogating effect,
which can further increase the carrier concentration and sensi-
tivity to incident light.[31] We also performed photocurrent map-
ping on Gr/Si/SiGe microtubes. The photoresponse is mainly
derived from the Gr/Si/SiGe channel, while the Gr/Cr/Si/SiGe

electrode region did not show obvious photocurrent (Figure 3f).
It is confirmed that the photodetection mechanism is not Schot-
tky heterojunction, ensuring the stability and low noise charac-
teristics of the device. Gr-readout layer is also important for re-
ducing the response time of microtubes, which is essential for
high-frequency detection and high-speed communication. The
current–time diagram in Figure 3g shows the rise times and fall
times of Si/SiGe microtubes and Gr/Si/SiGe microtubes. Due to
the limitation of the SiGe/Si mobility, the Si/SiGe photodetector
only shows a rise time of 63 μs and a fall time of 55 μs, and the
fastest response frequency can only reach the order of ≈100 kHz,
which is difficult to meet the needs of high-speed VLC. The rise
time and fall time in Gr/Si/SiGe microtubes are accelerated to
75 and 330 ns respectively, and the responsivity will be improved
by ≈103 orders of magnitude. Thus, high-speed optical commu-
nication on the order of ≈100 MHz can be realized, which can
be also observed in planar devices (Figure S16, Supporting In-
formation). It is worth noting that in the Gr/Si/SiGe microtube,
the influence of defects and trap states on fall time becomes ob-
vious, which will trap photogenerated carriers and exhibit a rela-
tively slow fall time because of the slow release of trapped holes in
photogating effect.[31a] Although the application of Gr can speed
up the carrier transport behavior of the interface, it is not entirely
able to eliminate the impact. At the same time, we also investi-
gated the relationship between the dark current and the response
of the microtube photodetector. When voltage is applied, the dark
current exhibits minimal variation over 30 s, with the lowest fluc-
tuation being 2.51% at 1 V. For both strong and weak light inci-
dence, 5 and 1 V can be selected as operating voltages based on
the response-to-dark-current ratio. This ensures good device per-
formance while minimizing the adverse thermal effects of cur-
rent on the device (Figure S17, Supporting Information).

As shown in Figure 3h, The microtube and planar Gr-readout
SiGe/Si photodetectors demonstrated responsivities of 6803
and 595 A W−1 respectively. Based on a light-trapping struc-
ture, fast carrier-transport layer, and high-quality single-crystal
nanomembrane, the microtube photodetector exhibits a good
combination of responsivity and response time in the 2D ma-
terial/semiconductor photodetector system (Figure 3i).[11e,12c,32]

The rapid transport of the photogenerating carriers in the Gr
prevents the scattering from the Si/SiGe layer to the electrodes,
and significantly improves the sensitivity of the photodetector,
allowing the detection of nW-level incident light. In contrast, the
Si/SiGe planar and microtube photodetectors exhibited sensitiv-
ities of only 814 and 786 mA W−1, respectively, which are unable
to detect weak light. To further analyze the principle of improved
performance, the carrier transport and electronic structure in
Gr/SiGe (111) microtubes will be discussed. The charge–density
difference (Δ𝜌) is obtained by Bader-charge analysis[33] with the
help of Visualization for Electronic and STructural Analysis.[34]

As shown in Figure 3j, the calculated charge–density difference
between Gr and SiGe is 0.0012 e bohr−3, where Gr performs
as the acceptor and SiGe performs as the donator, which is
consistent with the results of SKPM mapping in Figure 3c. The
energy band structure is shown in Figure 3k. Influenced by SiGe,
the Dirac point of Gr is above the Fermi level. Moreover, the
valence band and the conduction band are separated by a gap of
1.5 meV at the Dirac point, enhancing the carrier absorbance.[35]

The electronic states of C atoms are concentrated near the Dirac

Adv. Mater. 2025, 37, 2413771 © 2024 Wiley-VCH GmbH2413771 (7 of 14)

 15214095, 2025, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202413771 by Fudan U
niversity, W

iley O
nline L

ibrary on [29/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 4. Enhanced multifunctional photodetection of Gr-readout SiGe/Si microtube photodetector. a) Schematic diagram of incident angle and polar-
ized angle of incident light in Gr-readout SiGe/Si microtube photodetectors. b) Omnidirectional photodetection of Gr-readout SiGe/Si microtube pho-
todetectors. The error bars stand for standard deviation. c) Normalized responsivity of photodetectors from 500 to 840 nm (voltage= 1 V, power = 2 μW).
d) Angle-resolved polarized Raman spectra of SiGe/Si layer, with Ge–Ge, Si–Ge, and Si–Si peaks marked. Photocurrents under polarized incident lights
with wavelengths of e) 520 nm, f) 830 nm, and g) 1064 nm (V = 0 V).

point referring to Figure 3l, which means that Gr exhibits high
mobility for photodetection.

The combination of structural characteristics and the Gr-
readout layer is proven to enhance the capabilities of the
photodetector while maintaining its high performance. As
shown in Figure 4a, the Gr/Si/SiGe microtube photodetector is

implemented to achieve wide-angle incident light detection per-
pendicular to the tube axis, and high-performance polarization
detection, perpendicular to the substrate plane. As illustrated in
Figure 4b, the photocurrent response of the microtube from 𝜃 =
−70° to 70° incident angles results in effective photoresponse
(Iph ≥

Imax√
2

), with obvious photoresponse achieved in the range
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of 𝜃 = −80° to 80°. Meanwhile, the planar photodetector can
maintain effective photodetection from only 𝜃 = −40° to 40°,
exhibiting smaller receiving angle. This feature is critical for
signal reception in complex optical communication applica-
tions. When self-rolling occurs, the polarization sensitivity of
the thickness direction of Gr can be altered, enabling multi-
gain polarization detection with microtubes. As illustrated in
Figure 4c, the photodetectors exhibit effective photoresponse in
the wavelength range of 500–800 nm, and the tubular structure
demonstrating a stronger response in the 600–700 nm region
compared to the planar structure. This is due to the ability of
the microtube structure to confine incident light within the
cavity, leading to an enhancement. In both planar and microtube
devices, the incorporation of Gr enhances their response in
the long-wave visible band and the near-infrared band. We also
conducted corresponding simulations to investigate the pho-
toresponse of four types of devices, which also exhibit obvious
photoresponse in the visible spectrum (Figure S18, Supporting
Information). The polarized Raman results for the microtube
structure show that the vibration peaks of Si─Si bonds, Si─Ge
bonds, and Ge─Ge bonds in the SiGe/Si nanomembrane exhibit
responses to light of different polarizations, with polarization
dichroic ratios of 2.87, 3.11, and 3.60, respectively (Figure S19,
Supporting Information). As shown in Figure 4e–g, under inci-
dent light of 520, 830, and 1064 nm, the Gr/Si/SiGe microtube
photodetector exhibits high dichroic ratios. For 520 nm, the
dichroic ratio is 488.7pA

146.5pA
≈ 3.33; for 830 nm, the dichroic ratio is

23.08pA

1.43pA
≈ 16.09; for 1064 nm, the dichroic ratio is 60.55pA

5.97pA
≈ 10.13.

In the visible light range, such as at the wavelength of 520 nm,
the polarization response mainly originates from the Gr and
SiGe/Si semiconductor layers. However, the semiconductor
layer has a larger thickness and higher absorption of light with
a photocurrent component that is insensitive to polarized light.
Therefore, the dichroic ratio is mainly attributed to the spatial
anisotropy of the microtube structure, resulting in a dichroic
ratio of only 488.7pA

146.5pA
≈ 3.33. When the wavelengths are 832 and

1064 nm, the response of the semiconductor nanomembrane to
infrared light is significantly reduced, allowing the polarization
photoresponse to be dominated by the response of the Gr tubular
structure. Benefiting from the polarization sensitivity of Gr and
the anisotropy of the microtube structure, the dichroic ratio of
the Gr/Si system photodetector based on the 3D tubular struc-
ture is higher than that of common 1D polarization-sensitive
materials and in-plane anisotropic materials and shows compa-
rable performance to photodetectors with micro-nano structures
and external field-control designs (Figure 20, Tables S1–S3,
Supporting Information). The performance demonstrated by
this device indicates that the material-structure coupling ap-
proach will contribute to further advancements in the design
of polarization photodetectors. The higher dichroic ratio in the
near-infrared band is derived from the relative low responsivity
of the SiGe/Si nanomembrane due to the band gap. In this
condition, polarization-sensitive detection is mainly contributed
by Gr, where its polarization-sensitive photocurrent component
accounts for a larger proportion of the photoresponse. Simula-
tions using the finite-difference time-domain (FDTD) method
further reveal for suitable wavelength, polarized light will coin-
cide at a focal point, resulting in significant light enhancement

in the tube cavity, further improving the polarization detection
capability of microtubes. When the incident light wavelength is
830 nm, there is no significant focusing on the tube cavity when
the polarization angle 𝛼 = 0°, but when the polarization angle is
gradually increased to 𝛼 = 45° and 𝛼 = 90°. The electromagnetic
field in the center of the tube cavity appears to be significantly
intensified, thereby further enhancing the photodetection ability
of the microtube and achieving the high-photoresponse at 90°

polarization (Figure S21, Supporting Information). Simulations
of the Gr microtube structure also reveal that there is a sig-
nificant selection ratio for 90° polarized light and 0° polarized
light, which is hard to be realized in planar Gr (Figures S21,S22,
Supporting Information). In contrast, the SiGe/Si microtube,
which relies solely on structural anisotropy for detection, exhibits
a maximum dichroic ratio of only 1.50 (Figure S23, Supporting
Information). Theoretical models further disclose the selection
effect of the tubular structure and anisotropic dielectric constant
of Gr on the absorption of polarized light, confirming the key
role of Gr as a polarization-selective material in the device. The
microtube can be considered as a semi-infinite ring structure,
and the inner Gr layer exhibits an anisotropic optical coefficient
and polarization-dependent absorption (Figure S24, Note S4,
Supporting Information). Theoretical calculations also explain
the higher dichroic ratio of the Gr/Si microtube structure in
the infrared region, attributed to the differences in absorption
ratios across various wavelengths (Figure S25, Supporting In-
formation). For polarization detection, increasing the device
voltage tends to increase the polarization-insensitive photocur-
rent component, thereby reducing the dichroic ratio. Therefore,
performing polarization detection at zero bias maximizes the
sensitivity advantage of the microtube device (Figure S26,
Supporting Information). Additionally, the microtube detector
fabricated on centimeter-scale substrates exhibits good stability.
The current–voltage curve shows a maximum current in the
range of I(V) ≈ 0.325–0.575 × 10−4 × V over a voltage range of
−5 to 5 V, with the current also exhibiting good linearity. Fur-
thermore, at V = 1 V, the device demonstrates a fast and stable
photoresponse to 450 nm incident visible light, indicating its
potential for large-scale applications (Figure S27, Supporting In-
formation). The microtube structure provides an ideal platform
for the large-area interaction between out-plane 2D materials
and incident light, which is also promising in the research of the
unique out-plane physical properties of few-layer material.

Transmission testing of photodetectors in VLC systems is
crucial to verify their feasibility as signal receivers. Thus, we
establish a VLC test platform based on laser diode (LD) to
characterize the performance of Gr-readout photodetectors
(Figure 5a, and Experimental Section). Among the performance
of VLC receivers, the −3 dB bandwidth plays a key role when
transmitting data. As can be seen in Figure 5b, we test the −3
and −10 dB bandwidths of microtube structures, which are 50.5
and 64.9 MHz respectively. The high bandwidth of microtube
devices benefits from the high mobility of the Gr layer and the
ohmic contact in the Gr/Cr electrode interface. In practical VLC,
the bit error rate (BER) relationship depends on both bandwidth
and modulation algorithm, and the OOK modulation method
can achieve better recognition accuracy for signals with weak
signal-to-noise ratio. Furthermore, when the signal-to-noise ratio
(SNR) of light is greater than 17.5 dB, the devices can also exhibit
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an effective response, proving the applicability of the device
in the OOK modulation method. As for the communication
system using the adaptive DMT modulation technique, we are
using a bit-loading algorithm. The objective is to make full use
of the SNR to increase the spectral efficiency toward the high
data transmission rate.[36] For the planar structure, the device
exhibits an SNR ranging from 16.9 to 27.1 dB at a BER of 0.0032,
while the microtube structure shows an SNR ranging from 15.9
to 27.5 dB at a BER of 0.0028. Both structures can be effectively
applied in VLC systems while fully utilizing the available band-
width (Figure 5c; Figure S28, Supporting Information). In the
OOK modulation method, the planar device can achieve the
fastest data rate of 180 Mbps at the forward error correction bit
rate threshold, while the microtube structure can reach up to
230 Mbps at this threshold, which is ≈30% faster than the planar
device (Figure 5d). We also characterized the directional incident
light VLC of the planar and the microtube devices. At a data
rate of 160 Mbps, we tested the device with OOK modulation at
different angles. A significant advantage of microtube devices is
the on-chip wide-FOV photodetection for high-speed VLC. It can
be seen in Figure 5e that the planar device can only achieve VLC
with acceptable BER in the range from 𝜃 = −45° to 45°, while
microtube structures can receive a wider incident signal from
𝜃 =−75° to 75°, meeting the requirement of wide-FOV. Based on
the high spectral efficiency advantage of DMT modulation, we
can enable the device to achieve sub-Gbps communication rates.
Specifically, in DMT modulation, planar devices, and tubular
devices can reach data rates of 589 and 778 Mbps at the baud
rate of 135 and 145 MHz respectively (Figure 5f). A high SNR is
essential for reliable signal transmission. The power spectrum of
the microtube photodetector indicates that there is some minor
loss in the high-frequency region due to the bandwidth limitation
of 145 MHz (Figure 5g), which remains below the threshold. It is
worth noting that the loss can be also observed in planar devices
with the bandwidth limitation of 135 MHz (Figure 5f; Figures
S29,S30, Supporting Information). The constellation diagram
intuitively demonstrates the communication quality. In planar
devices, DMT can achieve a maximum of 64-QAM modulation
with an average order of 4.468 (Figure 5h), whereas in microtube
devices, it can reach up to 128-QAM modulation with an average
order of 5.496 (Figure 5i). Therefore, the tubular photodetector
enables higher data transmission rates under similar baud rate
conditions. By utilizing the polarization sensitivity of the Gr layer
and microtube structure, the Gr/Si/SiGe microtube photodetec-
tor can successfully process the encrypted polarization signal.
As illustrated in Figure 5j, when polarized light signals with
𝜑 = −0°, and 90° are detected by the planar photodetector, the
SiGe/Si layer does not exhibit a spatially anisotropic structure,
and the Gr layer demonstrates no significant polarization re-

sponse in the in-plane state.[37] Therefore, when the polarization
angle is altered from 0° to 90°, the current response of the planar
photodetector does not change significantly, and the interpreted
signal remains a constant on-state “1” signal. On the other hand,
Figure 5k illustrates that the photoresponse of the microtube
photodetector will significantly reduce the polarization angle
response at 90°, thus interpreting the off-state “0” signal. This
demonstrates that besides the interpretation of light intensity in
optical communication, the information contained by polarized
light can be further analyzed, thereby enhancing the dimension
of information transmission and providing a class of methods
for high-throughput encrypted optical information reception.

3. Conclusion

In conclusion, we propose a Gr-readout SiGe/Si nanomem-
brane self-rolled microtube photodetector for chip-level wide-
FOV, high-speed VLC, and polarization-sensitive encrypted VLC
applications. The microtubes prepared by the self-rolled tech-
nique maintain the crystal structure of SiGe/Si nanomem-
branes and enable damage-free preparation of the semiconductor
nanomembrane 3D structures. The Gr-readout layer and micro-
tube structure exhibit excellent electrical stability and response
time, resulting in significant improvements in visible photode-
tection sensitivity. The SKPM measurement and simulation re-
vealed the low energy-barrier contact, carrier transport mecha-
nism at the Gr/SiGe interface, and the opening of the Gr Dirac
point will further enhance carrier transport efficiency. The pho-
todetector enables omnidirectional detection of incident light,
and the thickness direction of the Gr layer in the tube cavity can
be coupled with polarized light, to realize high dichroism polar-
ization photodetection. Notably, the Gr/SiGe/Si microtube struc-
ture provides significant advantages in data rate, FOV, and polar-
ization detection in VLC compared to planar devices, without the
need to incorporate additional optical components. The proposed
microtube photodetectors will provide an innovative solution for
the design of a wide detection angle, multi-function, miniatur-
ized on-chip light receiver, and has great application potential in
the fields of portable devices, internet of things, high-efficiency
VLC, and information security.

4. Experimental Section
Fabrication of Gr-Readout SiGe/Si Photodetectors: The Si/SiGe were

grown by molecular beam epitaxy on a 4-inch Si wafer and then bonded
on a 300 nm SiO2/500 μm Si wafer. Photoresist S1813 was spin-coated at
3000 rpm for 30 s, and electrode patterns were defined by the direct laser
writing system. After development, the Cr electrode layer was deposited

Figure 5. VLC performance of microtube Gr-readout SiGe/Si photodetectors. a) Schematic diagram of photodetection test setup. b) −3 and −10 dB
bandwidth of Gr-readout SiGe/Si microtube photodetectors. c) BER and SNR of incident light of Gr-readout SiGe/Si photodetectors in OOK modulation
and DMT modulation. d) Relationship between BER and data rate of Gr-readout SiGe/Si planar and microtube photodetectors in OOK modulation.
e) Omnidirectional OOK modulation of Gr/SiGe/Si planar and microtube photodetectors when data rate = 160 Mbps. The error bars stand for the
standard error of the mean. f) Relationship between BER, data rate, and baud rate of Gr-readout SiGe/Si planar and microtube photodetectors in DMT
modulation. g) Power spectrum of rolled-up Gr/SiGe/Si photodetectors. h) Allocated bit distribution of DMT signals of planar photodetector at a data
rate of 589 Mbps (Inset: constellation diagrams of the received signals with the loaded bit number from 2 to 6 bits symbol−1). i) Allocated bit distribution
of DMT signals of tubular photodetector at a data rate of 778 Mbps (Inset: constellation diagrams of the received signals with the loaded bit number
from 2 to 7 bits symbol−1). Current signal of polarized VLC in Gr-readout SiGe/Si j) planar photodetectors and k) tubular photodetectors.
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by e-beam evaporation at 1 Å s−1. The etching window of the Si/Ge layer
was then exposed and etched by reactive ion etching in the condition of
18 sccm CHF3 flow rate, 35 sccm SF6 flow rate, 30 mT chamber pressure
with 50 W power.[38] After e-beam evaporation and reactive ion etching,
the S1813 photoresist was removed in acetone with ultrasonic cleaner for
120 s. The Gr on copper foil was a commercial product from PrMat. Be-
fore wet transfer, poly (methyl methacrylate) (PMMA) A7 was spin-coated
on Gr at 1500 rpm for 30 s, and then heated on a hot plate at 180 °C for
30 min. Then, the PMMA/Gr/copper foil would be immersed in copper
etchant (HCl:H2O: H2O2 = 10:20:3.75) for 10 min to release PMMA/Gr
from the copper foil. The released PMMA/Gr was cleaned by deionized
water rinsing for 3 times and transferred onto SiGe/Si patterns with Cr
electrodes. The transferred Gr/Si/SiGe chips were heated on a hot plate
at 180 °C for 30 min and then cleaned in acetone at 80 °C for 60 min to
remove PMMA. Another lithography was applied to define the Gr photode-
tection area. The Gr/SiGe/Si samples were immersed in 40% HF solution
for 40 min to release the Gr/SiGe/Si layer from the SiO2 sacrificial layer.
After release, the Gr/SiGe/Si samples were sent to a critical point drying
with acetone to prevent structural collapse caused by surface tension.

Characterization of Nanomembrane and Photodetectors: Morphologi-
cal characteristics of the Gr/SiGe/Si nanomembrane and tubular photode-
tectors were performed via SEM Zeiss Sigma 300. TEM, STEM, EDS char-
acterization, and FFT analysis of the SiGe/Si/SiO2 layer was performed
by JEOL ARM200F. Raman spectra of Gr/SiGe/Si nanomembrane were
performed by Renishaw inVia. The optoelectrical properties of Gr-readout
SiGe/Si photodetectors were performed by Keysight B2902B at room tem-
perature. Keysight 33500B waveform generator, Stanford Research Sys-
tems Model SR830 DSP lock-in amplifier, and Stanford Research Systems
Model SR570 low-noise current preamplifier were utilized to extract pho-
tocurrent signals from current signals. Polarized photodetection was per-
formed by Metatest MStarter 200.

Calculation of Charge–Density Difference and Electronic Structure: All
simulation works were carried out based on density functional theory
(DFT) through the first-principle calculations using the Vienna ab ini-
tio simulation package (VASP) code,[39] where projected-augmented-wave
potentials[40] were selected and the generalized gradient approximation
parametrized by Perdew–Burke–Ernzerhof[41] was employed for the ex-
change and correlation functional. The VASPKIT[42] was induced in sup-
port of the construction of a simulation model. The plane-wave cut-off
energy was set as 400 eV, and the first Brillouin zone (BZ) was sampled
with a grid of 4 × 4 × 1 k points. A vacuum layer with a width of 10 Å was
used to reduce the effect of adjacent Gr/SiGe (111) slabs. The lattice pa-
rameter of SiGe was set as 5.27 Å. The top three rows of SiGe atoms and
all C atoms were unfixed during the lattice relaxation. The DFT-optimized
Gr lattice parameter was 2.52 Å (Figure S31, Supporting Information). The
charge–density difference (Δ𝜌) was calculated by:

Δ𝜌 = Δ𝜌Gr∕SiGe − Δ𝜌Gr − Δ𝜌SiGe (5)

where Δ𝜌Gr/SiGe, Δ𝜌Gr and Δ𝜌SiGe refer to the total charge density of
Gr/SiGe, the pristine Gr and SiGe, respectively.

Finite Element Modeling of Electric Field Distribution: The simulation of
the electrical field was realized by the FDTD method via Ansys Lumerical
2020. The model consisted of a 30 nm Si/40 nm SiGe/10 μm SiO2 sub-
strate, and a 30 nm Si/40 nm SiGe/1 nm Gr microtube, where the outer ra-
dius of the Si layer was 5 μm because the measurement of photodetection
performance and VLC application was based on sample #1. For samples
#2 and #3, the corresponding microtube structures had diameters of 8.2
and 10.2 μm, respectively, both of which similarly exhibited sensitivity to
linearly polarized light (Figure S32, Supporting Information). The bound-
ary condition along the thickness direction was a perfect match layer, and
the boundary condition parallel to the thickness direction was period.

Setup of VLC: The LD was driven by a three-way biasing device, which
combined the DC power supply with the signal sequence generated in the
signal generator to achieve the emission of the optical signal of the spec-
ified modulation method. At this time, an optical detector driven by an-
other DC power supply detected the optical signal emitted by the LD and
transmits the generated signal to the oscilloscope. The communication

distance between the LD and the optical detector was 0.2 m, and the an-
gle was rotated with the detector as the center of the circle during the angle
test (Figure S33, Supporting Information).

Statistical Analysis: The normalization in Figure 4b was performed by
scaling the data from the minimum to maximum values into a range of 0 to
1. In Figure 2g, the statistical analysis was conducted with a sample size of
n = 30 (sample #1), 31 (sample #2), and 30 (sample #3). In Figure 4b, the
statistical analysis was conducted with a sample size of n = 7. In Figure 5e,
the statistical analysis was conducted with a sample size of n = 6.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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