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Wavelength-Linearly-Dependent and Polarization-Sensitive
Perfect Absorbers based on Optically Anisotropic
Germanium Selenide (GeSe)

Zhengfeng Guo, Honggang Gu,* Yali Yu, Qihang Zhang, Zhongming Wei,*
and Shiyuan Liu*

Perfect absorbers, widely utilized in solar energy-harvesting devices, optical
communications, sensors, displays, and filters, achieve 100% light
absorption. However, perfect absorbers employing micro/nanostructures
encounter challenges such as high cost and complexity in simulation and
fabrication. Here, novel wavelength-linearly-dependent and
polarization-sensitive perfect absorbers utilizing optically anisotropic
germanium selenide (GeSe) are proposed. A simple and cost-effective
GeSe-SiO2-Si multilayered optical thin film is constructed and optimized to
achieve destructive interference, leading to perfect absorption. The operating
wavelength can be linearly tuned from 900 nm to 1300 nm by adjusting the
GeSe thickness from 125 nm to 200 nm. Leveraging the significant optical
anisotropy, the polarization angle is introduced as an additional parameter to
dynamically and finely control the operating wavelength, enabling the creation
of polarization-sensitive perfect absorbers. Experimental results validate the
feasibility of fabricating and dynamically modulating the proposed
wavelength-linearly-dependent and polarization-sensitive perfect absorbers.
This study introduces a novel approach for designing and fabricating
reconfigurable perfect absorbers utilizing low-symmetry materials, facilitating
mass production and on-chip integrated systems.
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1. Introduction

Widely applied in solar energy-harvesting
devices,[1] optical interconnections and
communications,[2] displays and filters,[3]

and sensors,[4] perfect absorbers are capa-
ble of realizing 100% light absorption.[5] In
general, there are two main strategies for
designing and producing perfect absorbers.
One is based on micro/nanostructures,
such as metamaterials or metasurfaces,
to achieve perfect absorption.[6] However,
these elaborate structures complicate the
design and fabrication processes and are
expensive. Another type of perfect absorber
is made of an optical thin film and can also
absorb 100% of electromagnetic waves,
benefiting from the destructive interference
effect.[3b,7] The operating wavelength can be
easily modulated by the layer thickness, and
such simple-structure-perfect absorbers are
relatively inexpensive compared to those
based on micro/nanostructures.

Regardless of the type of perfect ab-
sorber mentioned above, their absorption

H. Gu
Guangdong HUST Industrial Technology Research Institute
Guangdong Provincial Key Laboratory of Manufacturing Equipment
Digitization
Dongguan, Guangdong 523003, China
H. Gu, S. Liu
Optics Valley Laboratory
Wuhan, Hubei 430074, China
Y. Yu, Z. Wei
State Key Laboratory of Superlattices and Microstructures
Institute of Semiconductors
Chinese Academy of Sciences
Beijing 100083, China
E-mail: zmwei@semi.ac.cn
S. Liu
School of Optical and Electronic Information
Huazhong University of Science and Technology
Wuhan, Hubei 430074, China

Adv. Optical Mater. 2024, 12, 2303138 © 2024 Wiley-VCH GmbH2303138 (1 of 10)

http://www.advopticalmat.de
mailto:hongganggu@hust.edu.cn
mailto:shyliu@hust.edu.cn
https://doi.org/10.1002/adom.202303138
mailto:zmwei@semi.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202303138&domain=pdf&date_stamp=2024-04-11


www.advancedsciencenews.com www.advopticalmat.de

features, such as the operating wavelength, may not be changed
once their structures have been determined. Hence, there re-
mains a research challenge and trend to reversibly and dynam-
ically modulate the performance of perfect absorbers.[8] By in-
troducing polarization, perfect absorbers become tunable and re-
configurable. However, most reported polarization-sensitive per-
fect absorbers are designed or fabricated using symmetry-broken
micro/nanostructures, such as symmetry-broken metamaterials
[9] and metasurfaces,[10] and optical gratings,[11] which increases
the cost and complexity of simulation and fabrication. Therefore,
further in-depth research efforts are required to design low-cost
and simple-structure polarization-sensitive perfect absorbers.

Apart from the superior environmental stability, no toxicity,
and rich abundance of composed elements,[12] germanium se-
lenide (GeSe) possesses an appropriate bandgap (≈1.2 eV [13])
and high level of light absorption coefficient (≈105 cm−1 [14])
in the visible region, making it an outstanding candidate for
optical and optoelectronic devices, such as solar cells [15] and
photodetectors.[12,16] More excitingly, GeSe exhibits giant and
attractive optical anisotropy due to its low-symmetry puckered
lattice structure with the space group D16

2h−Pcnm (No. 62),[17]

which is even lower than the similar pucker-like structure of
black phosphorus (BP) with its space group of D18

2h−Cmca (No.
64).[18] The optical anisotropy not only brings much richer
physics, such as birefringence [19] and dichroism,[20] but also
offers an extra degree of freedom to tune the optical proper-
ties to achieve polarization-sensitive applications. Recently, most
research has focused on the qualitative identification and ob-
servation of the optically anisotropic phenomena of GeSe with
the help of polarization absorption [12] or reflection [21] spec-
troscopy and polarization-resolved optical microscopy.[22] How-
ever, there is still a need for a quantitative evaluation index of
optical anisotropy that will help to rationally design polarization-
sensitive optical devices and systems and provide a comprehen-
sive performance prediction. At present, a significant portion of
the research on quantitatively investigating the optical anisotropy
of GeSe has focused on theoretically predicting its complex re-
fractive indices.[22–23] Another main part of research attention has
been paid to experimentally measuring [14,21] its absorption coef-
ficient spectra which is only related to the extinction coefficient
k. Therefore, there is a lack of reliable and complete GeSe’s com-
plex refractive index tensor to quantitatively and comprehensively
investigate the optical anisotropy and rationally design optical de-
vices like perfect absorbers.

In this study, we designed and fabricated wavelength-linearly-
dependent and polarization-sensitive perfect absorbers based
on simple structures and low-cost optical thin films by mod-
ulating the layer thicknesses of GeSe and incident polariza-
tion angles. After qualitatively observing and identifying the op-
tical anisotropic characteristics of GeSe for the first time us-
ing azimuth-dependent off-diagonal Mueller matrix spectra and
polarization-sensitive reflection spectra, Mueller matrix spec-
troscopic ellipsometry was utilized to acquire the reliable and
complete complex refractive index tensor and the derived bire-
fringence and dichroism to quantitatively evaluate the optical
anisotropy of GeSe. Based on these results, the GeSe-SiO2-Si mul-
tilayered optical thin film was constructed, and the layer thick-
ness of GeSe was optimized to achieve destructive interference
and ultimately perfect light absorption. Considering GeSe’s gi-

ant optical anisotropy, we further introduced the polarization an-
gles as an additional degree of freedom to dynamically and finely
modulate the operating wavelength, obtaining tunable and recon-
figurable perfect absorbers. Finally, we experimentally confirmed
the modulation rules of both the GeSe layer thickness and the po-
larization angle on the proposed GeSe-based perfect absorbers.

2. Results and Discussion

2.1. Optical Anisotropy of GeSe

Figure 1a demonstrates the low-symmetry lattice structure of lay-
ered GeSe, belonging to the orthorhombic system. Similar to
BP,[18] GeSe exhibits a pucker-like structure in the plane, where
Ge and Se atoms alternately and covalently array along the b and
c-axes to respectively form the zigzag (ZZ) and armchair (AC)
structures.[12,17] Along the a-axis, however, the interlayer interac-
tion is the van der Waals (vdW) force instead of a covalent inter-
action in the b-c plane due to its layered nature.[22] Thus, GeSe
can be easily exfoliated into few-layered nanosheets, as shown in
Figure S1 (Supporting Information). The thickness of the GeSe
nanosheet shown in Figure S1 (Supporting Information) was
≈40 nm, as measured by atomic force microscopy (AFM). The
low-symmetry structure of GeSe is confirmed by the Raman spec-
trum in Figure 1b, with three Raman vibration modes, namely
A1

g, B3g, and A3
g, are respectively identified at the peak Raman

shifts of 79, 148, and 186 cm−1, consistent with previously re-
ported results.[24] Additionally, the inset schematic diagrams in
Figure 1b illustrate the lattice vibrations corresponding to the
mentioned Raman modes of GeSe. Specifically, the A1

g mode rep-
resents the vibration where two sublayers move opposite to each
other, while the B3g and A3

g modes are respectively twisting and
stretching vibrations in the b-c plane.[24a,25]

The pucker-like low-symmetry structure brings giant optical
anisotropy, which can be identified by azimuth-dependent off-
diagonal Mueller matrix spectra. The values of the off-diagonal
Mueller matrix elements depend not only on the magnitude of
optical anisotropy but also on the orientation of GeSe’s in-plane
crystal axes (i.e., b- or c-axis).[26] Here, we take the spectra of
M41, the off-diagonal Mueller matrix element in the fourth row
and first column, as an example shown in Figure 1c. The abso-
lute value of M41 was as high as 0.3, indicating the giant opti-
cal anisotropy of GeSe at the peak wavelength of 420 nm. More-
over, the M41 value varies with the alteration of azimuth from 0
to 180°, achieved by rotating the GeSe sample in its b-c plane,
as shown in Figure S2 (Supporting Information). To clarify the
relationship between the M41 value and the orientation of GeSe’s
in-plane crystal axes, Figure 1d illustrates M41 versus the azimuth
at a peak wavelength of 420 nm. When the optical axis of GeSe
was parallel or perpendicular to the incident plane, as shown in
Figure S2 (Supporting Information), M41 turned to zero.[26] In
Figure 1d, M41 is zero at approximately azimuth angles of 45 and
135°, indicating that the optical axis of GeSe is parallel or perpen-
dicular to the incident plane at those azimuths.

The giant optical anisotropy of GeSe has also been observed
in the polarization-sensitive reflection spectra, as shown in
Figure 1e,f. Figure 1e demonstrates that the ratio of maximum
to minimum reflectance is up to 2, indicating GeSe’s giant
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Figure 1. Low-symmetry lattice structure and optical anisotropy of GeSe. a) Low-symmetry lattice structure of GeSe. b) Raman spectrum with an inserted
schematic diagram of lattice vibration for different Raman modes. c) Azimuth-dependent Mueller matrix element M41 spectra. d) M41 element value at
the peak wavelength of 420 nm varied with the azimuth. e) Polarization-sensitive reflection spectra. f) Reflectance at the wavelength of 725 nm versus
polarization angle.

optical anisotropy. Furthermore, the reflectance spectra of GeSe
alter with the increasing polarization angle, and the curve of re-
flectance versus polarization angle at the wavelength of 725 nm is
illustrated in Figure 1f to figure out their relation. The reflectance
of GeSe first decreases and then increases with the increasing po-
larization angle, indicating GeSe’s polarization sensitivity.

To quantitatively evaluate the optical anisotropy of GeSe,
Mueller matrix spectroscopic ellipsometry was utilized to acquire
its complete dielectric tensor, as shown in Figure 2a, and the com-
plex refractive index tensor (which can be converted from the
dielectric tensor) is shown in Figure 2b. More details about the
process of ellipsometric data acquisition as well as the conver-
sion of the dielectric tensor can be found in Supporting Notes S1
and S2 (Supporting Information), respectively. Because GeSe’s
low-symmetry structure belongs to the orthorhombic crystal sys-
tem, the complex refractive index tensor is diagonal, and its ele-
ments, namely, the complex refractive indices, are along GeSe’s

crystal axes, i.e., Na, Nb, and Nc. In Figure 2b, we denote Nb and
Nc as NZZ and NAC respectively. In addition, the refractive index
n and the extinction coefficient k constitute the complex refrac-
tive index N (= n + ik). As mentioned above, the vdW interac-
tion occurs along the a-axis and obviously differs from the co-
valent interactions along the AC and ZZ directions. Therefore,
a Cauchy model was adopted to describe the complex refractive
index along the a-axis [27] whereas Tauc-Lorentz oscillators were
used to describe those along the AC and ZZ directions [28] (See
Note S1, Supporting Information for more details). As shown in
Figure 2b, Na exhibited entirely different curve shapes than NZZ
and NAC. In addition to this out-of-plane optical anisotropy, the
in-plane optical anisotropy of GeSe is demonstrated by the dis-
crepancies of NZZ and NAC in the peak positions and intensities,
which may originate from the puckered low-symmetry structure
in the b-c plane.[26a,b] In brief, Na, NZZ, and NAC in Figure 2b dis-
play many differences in peak positions and intensities and even
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Figure 2. Quantitative characterization of the optically anisotropic GeSe. a) dielectric tensor, b) complex refractive index tensor, c) birefringence Δn and
dichroism Δk, and d) absorption coefficient 𝛼 and penetration depth dp.

curve shapes, demonstrating the giant optical anisotropy of GeSe
in a quantitative view.

The birefringenceΔn (= nZZ − nAC) and dichroismΔk (= kZZ −
kAC) were calculated as quantitative indices to evaluate the optical
anisotropy of GeSe, as shown in Figure 2c. The huge value of
the Δn and the Δk indicate GeSe’s giant optical anisotropy once
again, whose maximum is 0.65 (for Δnmax) and 0.64 (for Δkmax),
respectively. The measured Δn and Δk in this study share the
same trend as the reported theoretical results [22] and Δnmax is
superior to those of many other low-symmetry materials such as
BP (ΔnBP = 0.15),[29] ReS2 (ΔnReS2 = 0.06),[30] ZrTe5 (ΔnZrTe5 =
0.58),[26a] and tellurene (Δntellurene = 0.48).[26b]

Additionally, we observed weak absorption features over the
wavelength range above ≈900 nm (the marked area in Figure 2b),
where kZZ and kAC gradually decreased to zero. Such weak absorp-
tion features are also reflected in the absorption coefficient 𝛼 and
the penetration depth dp of the b-c plane, as shown in Figure 2d.
Here, the absorption coefficients along the AC or ZZ directions,
i.e., 𝛼AC or 𝛼ZZ respectively, are defined as [26c]

𝛼i=
4𝜋ki

𝜆
, i = ACorZZ (1)

where 𝜆 denotes the wavelength (cm). The penetration depth
along the AC or ZZ direction dp, i (i = AC or ZZ) is the recip-
rocal of 𝛼i

[26c].

dp,i=
1
𝛼i

, i = ACorZZ. (2)

Both 𝛼AC and 𝛼ZZ are at high levels of about 105 cm−1 in the
visible light region, which is consistent with previous report.[14]

However, in the near-infrared region (≈900–1300 nm in this
study), 𝛼AC and 𝛼ZZ drop sharply to zero, and such weak absorp-
tion features can also be visually observed by dp, AC, and dp, ZZ,
owing to their rapid rise within the same wavelength region in
Figure 2d.

2.2. Design Thoughts of Perfect Absorbers Based on Optically
Anisotropic GeSe

In general, the weak absorption of materials causes destruc-
tive interference in the corresponding layer structure,[31] which
is the key to designing perfect absorbers. Furthermore, optical
anisotropy separates the occurring wavelengths for the destruc-
tive interference of p- and s-light due to the birefringence Δn
[32], making perfect absorbers reversibly and dynamically tunable.
Here, p-light and s-light are defined based on the different os-
cillatory directions of their electric fields, which are also known
as p- and s-polarized light. The electric field of p-light oscillates
within the plane of incidence, while the oscillatory direction of
s-light’s electric field is vertical to the plane of incidence.[26c] In
the marked near-infrared region (> ≈900 nm) of Figure 2c, Δn
of GeSe is maintained at about 0.1, which may lead to the separa-
tion of the destructive interference wavelength for p- and s-light.
Moreover, the Δk of GeSe is nearly zero in this near-infrared re-
gion, suggesting that p- and s-light may have the same intensity
at the destructive interference wavelength.

Based on the above discussion, we have adopted the GeSe-
SiO2-Si multilayered optical thin-film structure, i.e., optically
anisotropic GeSe on a silicon (Si) substrate with a SiO2 ox-
ide layer, to achieve perfect absorption, as shown in Figure 3a.
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Figure 3. Design thoughts of perfect absorbers based on optically anisotropic GeSe. a) Schematic diagram of the perfect absorber based on an optical
thin film structure tuned by the incident polarization angle, where 𝛼 is the polarization angle. b) Absorbance of s- and p-light (Abss and Absp) and the net
phase shift (𝜙s

net and 𝜙
p
net) of the optical thin film with the thicknesses of GeSe layer and SiO2 layer (dGeSe and dSiO2

) set at 150 and 200 nm, respectively.
Abss and Absp varied with c) dGeSe and d) dSiO2

at the wavelength of 1000 nm, where dGeSe and dSiO2
are respectively set at 150 and 200 nm.

Additionally, the incident polarization angle can be reversibly and
dynamically tuned using a linear polarizer. As a lossless dielectric
material, the SiO2 layer adds an extra degree of freedom to reg-
ulate the destructive interference effect by altering its thickness
(dSiO2

) in addition to that of GeSe (dGeSe).[33] Furthermore, the Si
substrate was selected because it is compatible with integrated
optoelectronics and on-chip systems.[32a] Since the Si substrate
may not allow the transmission of incident light (T = 0), the ab-
sorbance of s- or p-light (Abss or Absp) is accordingly calculated
by the corresponding reflectance Rj (j = s or p).

Absj = 1 − Rj, j= sorp. (3)

In Equation 3, the reflectances of s- and p-light, Rs, and Rp, are
acquired from the transfer matrix method [32a,34], where the com-
plex refractive indices along the AC and ZZ directions are taken
as the input parameters to independently calculate Abss and Absp,
respectively. For convenience, the vibrational directions of the s-
and p-light beams remain parallel to the AC and ZZ directions
of GeSe, respectively, at normal incidence all the time. Since the
adopted thicknesses of GeSe (≥ 100 nm) in the calculations are
much thicker than those of few-layer 2D GeSe (approximately
several nanometers), the quantum confinement effect [35] does
not play the leading role, and the refractive indices n and the ex-
tinction coefficients k of the 2D GeSe film are probably almost
the same as those of bulk GeSe. Therefore, in our theoretical cal-

culations, the refractive indices n and the extinction coefficients
k of the 2D GeSe film are adapted from those of the single-crystal
sample shown in Figure 2b.

For the multilayered optical thin-film structure, one of the con-
ditions for the destructive interference to realize perfect absorp-
tion is the net phase shift ϕnet of integer multiples of 2𝜋.[7b] Fur-
ther details are provided in Supporting Note S3 (Supporting In-
formation). As illustrated in Figure 3b, the wavelengths corre-
sponding to the net phase shift ϕnet of 2𝜋 for both s- and p-light
are equal to those of Abss, max and Absp, max, i.e. operating wave-
length 𝜆ope. Therefore, it is of great importance to optimize the
suitable layer thicknesses, i.e., dGeSe and dSiO2

, to achieve a net
phase shift ϕnet of 2𝜋 (or its integer multiple) and ultimately per-
fect absorption. As shown in Figure 3c,d, we have further theo-
retically calculated the absorbance varied with dGeSe and dSiO2

. In
Figure 3c, the maximum absorbance of the GeSe-SiO2-Si mul-
tilayered optical thin film for both s- and p-light decreases with
dGeSe increasing due to the stronger absorption for the thicker
GeSe layer. However, in Figure 3d, the maximum absorbance
remains unchanged despite the increase in dSiO2

, owing to the
SiO2’s characteristic of being a lossless dielectric. Due to the op-
tical anisotropy of GeSe, the s- and p-light’s absorbance coeffi-
cients, Abss and Absp are separated from each other during the
variation of dGeSe and dSiO2

, offering an extra degree of freedom
to reversibly and dynamically tune the operating wavelength 𝜆ope
of the perfect absorbers.
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Figure 4. Wavelength-linearly-dependent perfect absorber modulated by layer thicknesses. a) Amplitude condition of perfect absorption, b) net phase
shift/2𝜋 ϕnet/2𝜋, and c) absorbance Abs spectra for both s- and p-light varied with the thickness of GeSe dGeSe of 125, 150, 175, and 200 nm. Distribution
of p-light’s d) electric field intensity Ip spectra and e) power dissipation Qp spectra of GeSe (150 nm)-SiO2-Si multilayered film. f) Distribution of electric
field intensity I spectra and power dissipation Q spectra for both s and p-light at their operating wavelength.

2.3. Wavelength-Linearly-Dependent Perfect Absorber Modulated
by Layer Thicknesses

As shown in Figure S3a (Supporting Information), the net phase
shift of s-(p-)light 𝜙s(p)

net approaches (but does not equal) 2𝜋 at the
wavelength of 800 nm when dGeSe is 100 nm, leading to nearly
perfect absorption at such wavelengths (Figure S3b, Supporting
Information). Moreover, thicker dGeSe layers (250, 350, and 450
nm) result in net phase shifts of 4, 6, and 8𝜋, as depicted in
Figure S3a (Supporting Information). Although Abss (Absp) of the
optical thin film with these thicker dGeSe layers reaches its max-
imum at the corresponding wavelengths of 𝜙s(p)

net 4, 6, and 8𝜋 in
Figure S3b (Supporting Information), there remains significant
room for optimizing Abss or Absp to reach unity (100%).

To achieve perfect absorption, amplitude and phase conditions
must be satisfied simultaneously.[7b] The amplitude condition
is[7b]

|
|
|
rs(p)

GeSe−air
|
|
|
= |
|
|
rs(p)

GeSe−SiO2−Si
|
|
|
exp(−

4𝜋dGeSekAC(ZZ)

𝜆
)

= |
|
|
rs(p)

GeSe−SiO2−Si
|
|
|
exp(−dGeSe𝛼AC(ZZ)), (4)

where rs(p)
air−GeSe and rs(p)

GeSe−SiO2−Si are the amplitude reflection coef-
ficients of s-(p-)light for the air-GeSe structure and GeSe-SiO2-Si
structure, respectively. Further details are provided in Support-
ing Note S3 (Supporting Information). As shown in Figure S3a
(Supporting Information), the amplitude condition of perfect ab-
sorption was calculated for both s- and p-light, which varied with

dGeSe. The phase condition is the net phase-shift 𝜙s(p)
net of integer

multiples of 2𝜋.
For relatively thinner thicknesses of GeSe (such as 100 nm),

although the amplitude condition is satisfied as shown in
Figure S3a (Supporting Information), the net phase shift 𝜙

s(p)
net

does not meet the condition of being an integer multiple of 2𝜋,
as illustrated in Figure S3b (Supporting Information). Conse-
quently, perfect absorption cannot be achieved when the GeSe
thickness is relatively low. However, if the GeSe thickness is
much greater (e.g., 250, 350, and 450 nm), the amplitude con-
dition cannot be reached despite satisfying the phase condition.
Since the left side of Equation 4, i. e., rs(p)

air−GeSe, is independent
of the thickness of GeSe, and the right side of Equation 4 varies
with the thickness of GeSe, there exists a certain thickness range
of GeSe to satisfy the amplitude condition accordingly.

We further refined the dGeSe to values such as 125, 150, 175,
and 200 nm to achieve both the amplitude and phase condi-
tions simultaneously, as illustrated in Figure 4a,b. By combin-
ing Figure 4b,c, one can find that perfect absorption occurs at
the wavelength corresponding to the net phase shift ϕnet of 2𝜋.
The maximum absorbance values of s- and p-light, Abss, max, and
Absp, max, at dGeSe values of 125, 150, 175, and 200 nm are also
listed in Table 1. All Abss, max and Absp, max values are above 97%
and even ≈99%, indicating perfect absorption at these GeSe
thicknesses. Moreover, the operating wavelength 𝜆ope of the per-
fect absorber, corresponding to Abss, max or Absp, max, is red-shifted
with increasing dGeSe (Table 1). Furthermore, s- and p-light can
be used to further finely tune 𝜆ope (Figure 4c and Table 1). There-
fore, 𝜆ope can be reversibly and dynamically regulated simply by
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Table 1. Maximum absorbance of s- and p-light Abss, max and Absp, max and
their corresponding wavelengths, also the wavelengths of net phase shift
of 2𝜋, at the dGeSe of 125, 150, 175, and 200 nm.

dGeSe
[nm]

Abss, max
[%]

Abss, max
wavelength

[nm]

Absp, max
[%]

Absp, max
wavelength

[nm]

125 97.74 886 98.08 890

150 99.36 985 99.29 1003

175 99.85 1095 99.78 1118

200 99.99 1206 99.95 1232

altering s- and p-light, allowing for the acquisition of reconfig-
urable perfect absorbers.

Throughout the entire process of the theoretical calculations
mentioned above, the dSiO2

thickness was fixed at 200 nm. The
contour maps of Abss and Absp spectra varied with dSiO2

are re-
spectively illustrated in Figure S4 and Table S2 (Supporting Infor-
mation) to explain the rationale for selecting this dSiO2

. Addition-
ally, we investigated the influence of the Si thickness on perfect
absorption, as demonstrated in Figure S5 (Supporting Informa-
tion). Further details can be found in Supporting Notes S4 and S5
(Supporting Information).

To explore the absorption mechanism, we calculated the dis-
tribution of electric field intensity I spectra and power dissipa-
tion Q [34] spectra of the optical thin film. As shown in Figure 4d
and Figure S6a–c (Supporting Information), the maximum elec-
tric field intensities of p-light, Ip,max, for dGeSe values of 150 nm,
as well as 125, 175, and 200 nm, are mainly distributed at the
air-GeSe and GeSe-SiO2 interfaces. The Ip, max wavelength was
identified with the operating wavelength, suggesting that de-
structive interference likely causes Ip, max. Q represents the power
dissipated during the propagation process of the electromag-
netic field, which can also be regarded as the absorbed power
in each layer.[34] Different from the distribution of Ip spectra,
the power dissipation of p-light, Qp, for different dGeSe values in
Figure 4f and Figure S6d–f (Supporting Information) is primar-
ily distributed at the upper and lower interfaces in the GeSe layer,
with no distribution in the SiO2 layer due to its lossless dielec-
tric properties. The electric field intensity Is spectra and power
dissipation Qs spectra of s-light share almost identical distribu-
tion characteristics, as depicted in Figure S7 (Supporting Infor-
mation). The wavelength corresponding to the maximum power
dissipation is also consistent with the operating wavelength for
different thicknesses of the GeSe layer. Therefore, absorption at
the upper and lower interfaces of the GeSe layer results in perfect
absorption. The main differences between Ip (Qp) and Is (Qs) are
their wavelengths at the Imax (Qmax) and Imax (Qmax) intensities
shown in Figures S8 (Supporting Information) and Figure 4f re-
spectively, which are attributed to the giant optical anisotropy of
GeSe.

The influence of variations in dGeSe is also discussed. Besides
the redshift of Is(p), max wavelength, the electric field intensity
Is(p), max for both p- and s-light increases with the increase in dGeSe,
respectively, as shown in Figure 4d, and Figures S6a–c, and S7a–d
(Supporting Information). However, as illustrated in Figure 4e,
Figures S6d–f, and S7e–h (Supporting Information), the max-
imum s-(p-)light power dissipation Qs(p), max does not seem to

share a similar variation trend with Is(p), max when dGeSe becomes
thicker. Qs(p) in the GeSe layer is calculated as follows:[34]

Qs(p) = 𝜋c𝜀0

nAC(ZZ)kAC(ZZ)

𝜆
Is(p), (5)

where c and 𝜖0 are the speed of light and permittivity in vacuum,
respectively. Equation 5 indicates that the complex refractive in-
dices of GeSe (nAC(ZZ) and kAC(ZZ)) have a considerable impact on
Qs(p) in the GeSe layer. As the redshift of the Qs(p), max wavelength
and the decline of both nAC(ZZ) and kAC(ZZ) within the concerned
wavelength range (≈900 to 1300 nm) in Figure 1b, Qs(p), max no
longer varies only with Is(p), max, and the complex refractive indices
of GeSe has a greater influence on it. Therefore, the power dissi-
pation Qs(p) related to dGeSe = 125 nm has the highest value at the
operating wavelength 𝜆ope among those Qs(p) related to thicker
GeSe layers. However, its absorption Abss(p) was still the lowest
compared with other Abss(p) values related to thicker GeSe lay-
ers, as shown in Table 1. The relationship between Abss(p) and
the power dissipation Qs(p) is as follows:

Abss(p) =
∫ Qs(p)(z)dz

Ss(p)
0

, (6)

As z stands for the layer thickness of GeSe-SiO2-Si multilay-
ered optical thin film, Equation 6 indicates that Abss(p) not only
correlates with Qs(p) but also depends on the dGeSe. According to
Table 1, as dGeSe increases, Abss(p) also increases, highlighting the
significant role of dGeSe in determining Abss(p).

2.4. Polarization-Sensitive Reconfigurable Perfect Absorbers

Based on the geometrical relationship between the incident re-
flected electric field and its components along the AC and ZZ
directions illustrated in Figure S9 (Supporting Information), the
absorbance Abs varies with the polarization angle 𝛼 and is ob-
tained as:

Abs(𝛼) = 1 − Rscos2𝛼 − Rpsin2𝛼 (7)

Supporting Note S6 (Supporting Information) provides further
details regarding the derivation of Abs(𝛼). Considering the sym-
metry of GeSe’s lattice structure, five representative polarization
angles (𝛼 = 0, 30, 45, 60, and 90°) were selected to demonstrate
the variation in Abs of the GeSe (dGeSe = 160 nm)-SiO2-Si multi-
layered optical thin film in Figure 5a. The maximum absorbance
Absmax value remains nearly constant with these representative
polarization angles, while the operating wavelength 𝜆ope varies
among them, as shown in Figure 5b, which provides an enlarged
view of Figure 5a.

As illustrated in Figure 5c, the operating wavelength 𝜆ope var-
ied with dGeSe and 𝛼. The 𝜆ope ranges from ≈900 to 1300 nm and
can be modulated almost linearly by dGeSe ranging from ≈125 to
200 nm. Furthermore, 𝜆ope can be finely modulated using a rep-
resentative 𝛼. This fine modulation of 𝜆ope by 𝛼 is dynamic and
reversible, resulting in reconfigurable perfect absorbers.

Here, we elucidate the linear relationship between the operat-
ing wavelength 𝜆ope and the thickness of GeSe; further details are
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Figure 5. Polarization-sensitive reconfigurable perfect absorbers. a) The absorbance Abs varied with the polarization angle 𝛼 and b) an enlarged view at
its peak, corresponding to a thickness of GeSe dGeSe of 160 nm. c) Operating wavelength 𝜆ope varied with dGeSe and 𝛼. d) The absorbance Abss and Absp
of exfoliated GeSe nanosheets-based perfect absorbers with different thicknesses of GeSe dGeSe, and e) the Abs versus 𝛼 with f) an enlarged view at the
peak, corresponding to dGeSe of 131 nm.

provided in Supporting Note S7 (Supporting Information). As de-
picted in Figure 3b, the wavelengths corresponding to a net phase
shift ϕnet of 2𝜋 for both the s- and p-lights are equivalent to the op-
erating wavelength 𝜆ope. Therefore, according to the phase condi-
tion of perfect absorption, we can infer the relationship between
the operating wavelength 𝜆ope and the thickness of GeSe dGeSe
as expressed in Equation S23 (Supporting Information). As illus-
trated in Figure S10 (Supporting Information), 𝜙s(p)

GeSe−SiO2−Si, the
s-(p-)light argument of the corresponding amplitude reflection
coefficient for the GeSe-SiO2-Si structure shares an almost iden-
tical decreasing tendency as the refractive index of GeSe nAC(ZZ),
thereby establishing a linear relationship between the operating
wavelength and GeSe thickness.

The theoretical calculations of perfect absorbers modulated by
dGeSe and 𝛼 were experimentally confirmed. As demonstrated in
Figure S11 (Supporting Information), GeSe nanosheets of vary-
ing thicknesses were exfoliated on a Si substrate with a SiO2 oxide
layer (dSiO2

= 200 nm). The thicknesses of the GeSe nanosheets,
as measured by AFM, fell within the thickness range of GeSe
(125–200 nm), consistent with the thickness range of dGeSe in the
theoretical calculations. Prior to measuring the Abs of the opti-
cal thin film, the orientation of the GeSe in-plane crystal axes
needed to be determined using polarization-resolved optical mi-
croscopy (PROM [22,30]). As an example, we consider the GeSe
nanosheet with a thickness of 131 nm. Under the cross-polarized
configuration of the PROM (where the polarizer and analyzer in
Figure S12a (Supporting Information) are perpendicular to each

other), the brightness of the GeSe nanosheet is minimized when
the AC or ZZ axes are oriented vertically or parallelly to the polar-
izer (i.e., 0 or 90° in Figure S12b, Supporting Information).[22,30]

Therefore, the in-plane crystal axes orientation of exfoliated GeSe
nanosheets with different thicknesses can be determined in this
manner.

The Abs values based on different thicknesses of the exfoliated
GeSe nanosheets are illustrated in Figure 5d. All the Abs for both
p- and s-light approach 100%, verifying the perfect absorption
of the GeSe-based optical thin films. Additionally, the operating
wavelength 𝜆ope experiences a redshift with an increase in the ex-
foliated GeSe nanosheet thickness, consistent with the theoreti-
cally calculated operating wavelength versus dGeSe. Moreover, the
operating wavelengths of the s- and p-lights exhibit an obvious
separation, as depicted in Figure 5d, confirming the preliminary
fine modulation of the operating wavelength by the polarization
angle.

We also measured the Abs of a 131 nm thick GeSe nanosheet-
based multilayered optical thin film with five representative po-
larization angles (𝛼 = 0, 30, 45, 60, and 90°) to further con-
firm the fine and reconfigurable modulation by 𝛼. As shown in
Figure 5e,f, when the polarization angle changes from 0 to 90°,
the operating wavelength 𝜆ope undergoes a finer redshift than that
modulated by dGeSe. As mentioned previously, the 𝜆ope modulated
by 𝛼 is dynamic and reconfigurable, consistent with the theoreti-
cally calculated results for the same dGeSe and dSiO2

in Figure S13
(Supporting Information).
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3. Conclusion

In summary, we have developed wavelength-linearly-dependent
and polarization-sensitive perfect absorbers based on optically
anisotropic GeSe by modulating the layer thickness and incident
polarization angle. Utilizing Mueller matrix spectroscopic ellip-
sometry, we quantitatively evaluated the giant optical anisotropy
of GeSe by acquiring and analyzing its dielectric tensor, com-
plex refractive index tensor, and the derived birefringenceΔn and
dichroism Δk, with maximum values of 0.65 (for Δnmax) and 0.64
(for Δkmax), respectively. A simple and cost-effective GeSe-SiO2-Si
multilayered optical thin film was constructed, and the thickness
of GeSe (dGeSe) was optimized to achieve destructive interference
and consequently, perfect absorption, predominantly occurring
at the upper and lower interfaces of the GeSe layer. We observed
that the operating wavelength (𝜆ope) ranging from 900 nm to 1300
nm can be almost linearly modulated by varying dGeSe from 125
nm to 200 nm. Leveraging the optical anisotropy of GeSe, we
introduced a polarization angle to dynamically and finely mod-
ulate the 𝜆ope, enabling the realization of reconfigurable perfect
absorbers. Experimental validation confirmed the modulation ef-
fects of both dGeSe and the polarization angle on the proposed
wavelength-linearly dependent and polarization-sensitive perfect
absorbers.

This study presents a novel design and fabrication of recon-
figurable perfect absorbers based on novel low-symmetry mate-
rials that are likely to be mass-produced. Additionally, perfect ab-
sorbers based on 2D GeSe can be integrated into on-chip systems
to ensure it can be miniaturized and integrated, thereby meeting
the demand for highly integrated levels in the field of integrated
optics and optoelectronics. According to our design thoughts
and device principles, such novel low-symmetry materials must
simultaneously realize destructive interference (and then per-
fect absorption at their appropriate thickness) and the separa-
tion of the operating wavelength of the perfect absorber. There-
fore, both weak-absorption low-symmetry materials with giant
birefringence Δn (such as the experimentally reported BP,[29]

SnSe,[33] and 𝛼-MoO3
[36]) and lossless low-symmetry materials

with giant birefringence Δn (also known as high-performance,
well-designed birefringent materials [37]) are probably the two ap-
propriate options.

4. Experimental Section
Synthesis and Exfoliation of GeSe Single Crystals: GeSe single crystals

were synthesized using the chemical vapor transport (CVT) method [12]

and exfoliated into nanosheets on a Si substrate with a SiO2 oxide layer
(dSiO2

= 200 nm). Exfoliated GeSe nanosheets of different thicknesses
were then selected within a suitable thickness range (125–200 nm). AFM
was used to accurately determine the thickness of the GeSe nanoplates,
as shown in Figure S10 (Supporting Information).

Net Phase Shift of s-(p-)Light: The net phase shift of s-(p-)light 𝜙s(p)
net in-

volves the propagation phase shift of the GeSe layer (𝜙s(p)
prop) and the reflec-

tive phases of the upper and lower interfaces of GeSe (𝜙s(p)
upper and 𝜙

s(p)
lower

)
at normal incidence, calculated by [38]

𝜙
s(p)
net = 2𝜙s(p)

prop + 𝜙
s(p)
lower

− 𝜙
s(p)
upper

= 2 ×
2𝜋dGeSenAC(ZZ)

𝜆
+ 𝜙

s(p)
GeSe−SiO2−Si − 𝜙

s(p)
GeSe−air (8)

In Equation 7, the first term 𝜙
s(p)
prop is the propagation phase shift of s-(p-

)light in the GeSe layer, and the second term 𝜙
s(p)
lower

is the reflective phase
for s-(p-)light from the GeSe layer to the SiO2 layer and ultimately to the Si
substrate, which can be acquired by calculating the argument of the am-
plitude reflection coefficient of s-(p-)light 𝜙s(p)

GeSe−SiO2−Si using the transfer
matrix method,[34] i.e.,

rs(p)
GeSe−SiO2−Si=

|
|
|
rs(p)
GeSe−SiO2−Si

|
|
|
𝜙

s(p)
GeSe−SiO2−Si (9)

In Equation 8, rs(p)
GeSe−SiO2−Si is the amplitude reflection coefficient of s-

(p-)light for the GeSe-SiO2-Si multilayer optical thin film, and the third
term 𝜙

s(p)
upper is the reflective phase of s-(p-)light from the GeSe layer to the

air, which is equal to the argument of the amplitude reflection coefficient
of s-(p-) light from the GeSe layer to the air 𝜙s(p)

GeSe−air, i e.,

rs(p)
GeSe−air=

|
|
|
rs(p)
GeSe−air

|
|
|
𝜙

s(p)
GeSe−air (10)

According to the Fresnel equations,[26c] the amplitude reflection coef-
ficient of s-light from the GeSe layer to air rs

GeSe−air can be expressed as

rs
GeSe−air=

NAC − Nair

NAC + Nair
(11)

where Nair (= 1) is the complex refractive index of air. The corresponding
amplitude reflection coefficient of the p-light rp

SnSe−air is

rp
GeSe−air=

Nair − NZZ

Nair + NZZ
(12)

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Section S1. Optical Anisotropy of GeSe 

S1.1 Typical morphology of exfoliated GeSe nanosheet 

 

Figure S1. The typical morphology of exfoliated GeSe nanosheet with whose thickness 

measured by the atomic force microscope (AFM). 

 

 

 

 

S1.2 Mueller matrix spectroscopic ellipsometric measurement and analysis 

 

Figure S2. Ellipsometric measurement schematic diagram of GeSe single crystal 

sample, where the azimuth is defined as the angle between AC direction of GeSe and 

y-axis of ellipsometric coordinate (x-y-z). 
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Supporting Note S1. Mueller matrix spectroscopic ellipsometric analysis 

In the Mueller matrix spectroscopic ellipsometry analysis, the simulated Mueller matrix 

spectra calculated by the constructed and optimized optical model are utilized to well 

match the experimental ones. Herein, the optical model is composed of not only the 

geometric structure but also the corresponding dielectric tensor. For the GeSe single 

crystal sample, its geometric structure can be regard as the anisotropic substrate without 

considering roughness or overlay model (such as effective medium approximation, 

EMA[1]). Since GeSe’s low-symmetry structure belongs to the orthorhombic crystal 

system, its dielectric tensor is diagonal and the elements of the dielectric tensor, namely 

dielectric functions, are along the GeSe’s crystal axes, which is a, b, and c. In Figure 

S2a, we denote b and c as ZZ and AC respectively as b- and c-axis of GeSe can be 

also regarded as zigzag (ZZ) and armchair (AC) direction respectively. To acquire the 

dielectric tensor of this anisotropic substrate, the Tauc-Lorentz oscillators have been 

adopted along the b- and c-axis of GeSe while the Cauchy model has employed in view 

of the van der Waals (vdW) interactions along the a-axis.[2] The dielectric functions 

along the ZZ and AC direction, i.e. ZZ and AC, can be represented as the sum of several 

Tauc-Lorentz oscillators[3]  

 Tauc-Lorentz 0, g, ( ) ( , , , ; ),   = ZZ and AC
Q

q

m q q q q

q

E A E E E m  =  . (S1) 

In Equation S1, E is the photon energy with the unit of eV, Q is the total number of 

oscillators, and Aq, q, E0, q, and Eg, q are the qth oscillator’s amplitude, damping 

coefficient, peak transition energy, and bandgap energy respectively. And the qth Tauc-

Lorentz oscillator consists of the real part r, q and the imaginary part i, q in Equation 

S2a 

 Tauc-Lorentz r, i, ( ) ( ) + i ( )q

q qE E E  = , (S2a) 

where i, q can be expressed as[3] 

 

2

0, g, 

g, 2 2 2 2 2

0, i, 

g, 

( ) 1
;

( )( )

0.

q q q q

q

q qq

q

A E E E
E E

E E E EE

E E





 −
 

− += 




 (S2b) 

and r, q can be converted from i, q by the Kramers–Kronig relation[3b] of Equation S2c 



 

5 

 

 

g, 

i, 

r, r, 2 2

( )2
(E) ( )

E
q

q

q q

E

P d
 

  
 



=  +
− . (S2c) 

The dielectric function along a-axis a is described by the Cauchy model,[2, 3b] which is 

defined by the refractive index n and the extinction coefficient k in Equation S3 

 2 4( ) ;   = 0n E A BE CE k= + + , (S3) 

where A, B, and C represent the analytical parameters of the Cauchy model. Besides, 

the Euler angles  and  are introduced to make the crystal axes parallel to the 

ellipsometric coordinate axes. 

To obtain the optimal dielectric tensor of GeSe, both three Tauc-Lorentz oscillators 

have been selected to model the ZZ and AC, whose best fitted parameters are listed in 

Table S1. As to a, the A, B, and C of corresponding Cauchy model are respectively 

1.31, 8.02  10-3, and 3.06  10-4. Besides, the optimized Euler angles  and  are 

respectively 40.09 and −2.21. Finally, we have acquired the optimal dielectric tensor 

of GeSe as illustrated in Figure 2a.  

 

Table S1. The best fitted parameters of Tauc-Lorentz oscillators along the ZZ and AC 

direction of GeSe. 

Dielectric 

functions  

Peak transition energy E0 

[eV] 

Amplitude A 

[eV] 

Damping coefficient  

[eV] 

Bandgap energy Eg 

[eV] 

ZZ 

2.32 79.921 1.35 1.45 

3.67 23.49 3.38 0.28 

5.00 122.39 1.37 5.31 

AC 

1.39 87.02 1.02 1.35 

3.50 26.02 2.31 0.29 

3.63 114.49 8.75 5.31 

 



 

6 

 

S1.3 Relation between the dielectric tensor and the complex refractive index tensor 

Supporting Note S2. Converting the dielectric tensor into the complex refractive index 

tensor 

GeSe’s dielectric tensor and complex refractive index tensor can be mutually converted 

by Equation S4[4] 

 

2

2

2

0 0 0 0

0 0 0 0 ,

0 0 0 0

a a

b b

c c

N

N

N







  
  

=   
     

 (S4a) 

where the subscript a, b, and c denote the dielectric functions  and the complex 

refractive indexes N along the a-, b-, and c-axis of GeSe respectively.  

Besides, the dielectric function  is composed of real part r and imaginary part i, 

i.e.  = r + ii, while the refractive index n and the extinction coefficient k constitute 

the complex refractive index N (= n + ik). Therefore, the Equation S4a can be further 

expressed as 

 

2

r, i, 

2

r, i, 

2

r, i, 

+ i 0 0 ( + i ) 0 0

0 + i 0 0 ( + i ) 0 .

0 0 + i 0 0 ( + i )

a a a a

b b b b

c c c c

n k

n k

n k

 

 

 

  
  

=   
  

   

 (S4b) 

Here, the detailed description of the complex refractive index by the real and imaginary 

part of dielectric function can be further given 

 

2 2

r, r, i, 
,  ,  ,  ;

2

j j j

jn j a b c
  + +

= =  (S5a) 

 

2 2

r, r, i, 
,  ,  ,  .

2

j j j

jk j a b c
  − + +

= =  (S5b) 
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Section S2. Wavelength-Linearly-Dependent Perfect Absorber 

Modulated by Layer Thicknesses 

S2.1 Optimizing thickness of the GeSe layer and the SiO2 layer  

Supporting Note S3. The destructive interference condition of multilayered optical 

thin film like GeSe-SiO2-Si structure 

As is known, the destructive interference condition is a phase retardation of m/2 

between two electromagnetic waves. However, the situation becomes much more 

complicated when it comes to the destructive interference condition of multilayered 

optical thin film like GeSe-SiO2-Si structure. The destructive interference comes from 

optical path difference caused by not only the multiple  reflections and transmissions 

at the interface of both air-GeSe and GeSe-SiO2 but also the reflections at the interface 

of SiO2-Si. Therefore, the net phase shift is selected to calculate the destructive 

interference condition, which is feasible and computable. 

According to the Equation 3 in the manuscript, the destructive interference can be 

realized when Reflectance of p- and s-light (Rp and Rs) are zero, which means the the 

absorbance of p- or s-light (Absp or Abss) rearch unity, i.e. perfect absorption. As is 

known, the Rp and Rs of GeSe-SiO2-Si multilayered optical thin film can be calculated 

from the amplitude reflection coefficient 2

s(p)

air-GeSe-SiO -Si
r

, which is[3b]  

 2

2

2

2
s(p) s(p) s(p)

2 air-GeSe GeSe-SiO -Si GeSes(p)

s(p) air-GeSe-SiO -Si s(p) s(p) s(p)

air-GeSe GeSe-SiO -Si GeSe

exp(i2 )
= . 

1 exp(i2 )





+
=

+

r r
R r

r r
 (S6) 

In Equation S6, 
s(p)

air-GeSe
r  and 

2

s(p)

GeSe-SiO -Si
r  are respectively the amplitude reflection 

coefficient of s-(p-)light for air-GeSe structure and GeSe-SiO2-Si structure. Besides, 

the phase variation of GeSe layer 
s(p)

GeSe
  is given by 

s(p)

GeSe GeSe
2 AC(ZZ)  = d N  as the 

vibrational directions of s- and p-light keep parallel to the AC and ZZ directions of 

GeSe respectively at normal incidence all the time. To make Rp and Rs become zero, 

the numerator in Equation S6 should be zero, which is 

 
2

s(p) s(p) s(p)

air-GeSe GeSe-SiO -Si GeSeexp(i2 ) 0.+ =r r  (S7) 
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According to Fresnel equations[3b], s-light’s amplitude reflection coefficient from air to 

GeSe layer 
s

air-GeSe
r  can be expressed as[3b] 

 
s air AC

air-GeSe

air AC

= ,
−

+

N N
r

N N
 (S8a) 

where Nair (= 1) is the complex refractive index of air. The corresponding amplitude 

reflection coefficient of p-light 
p

air-GeSe
r  is represented as[3b] 

 
p air

air-GeSe

air

= .
−

+

ZZ

ZZ

N N
r

N N
 (S8b) 

Compared with the Equation 9 and 10 in the main text, the amplitude reflection 

coefficients from GeSe layer to air 
s(p)

GeSe-air
r  have the following relation with those from 

air to GeSe layer 
s(p)

air-GeSe
r  

 
s(p) s(p)

GeSe-air air-GeSe .= −r r  (S9) 

As a consequence, Equation S7 can be rewritten as  

 
2

s(p) s(p) s(p) s(p)

GeSe-SiO -Si GeSe air-GeSe GeSe-airexp(i2 ) , = − =r r r  (S10a) 

which can be further expanded as 

 
2 2

GeSe AC(ZZ)s(p) s(p) s(p) s(p)

GeSe-SiO -Si GeSe-SiO -Si GeSe-air GeSe-air

4
exp(i )exp(i ) exp(i ).


 


=

d N
r r  (S10b) 

In Equation S10b, 
2

s(p)

GeSe-SiO -Si   and 
s(p)

GeSe-air   are the arguments of corresponding 

amplitude reflection coefficient, and we also take 
s(p)

GeSe GeSe
2 AC(ZZ)  = d N  into 

Equation S10a. 

To obtain Equation S10, i.e. perfect absorption, an amplitude condition and a phase 

condition must be satisfied at the same time.[5] The amplitude condition is[5] 

 
2 2

GeSe AC(ZZ)s(p) s(p) s(p)

GeSe-air GeSe-SiO -Si GeSe-SiO -Si GeSe AC(ZZ)

4
exp( ) exp( ),

d k
r r r d





= − = −  (S11) 

where AC(ZZ) is the absorption coefficients along the AC(ZZ) direction of GeSe. Take 

Equation S11 into the right side of Equation S10b, the Equation S10b can be 

consequently reduced the 
2

s(p)

GeSe-SiO -Sir , which is 



 

9 

 

 
2

GeSe AC(ZZ) AC(ZZ) GeSe AC(ZZ)s(p) s(p)

GeSe-SiO -Si GeSe-air

4 ( i ) 4
exp i + exp(i ).

 
 

 

 +   
= −  

   

d n k d k
(S12a) 

Here, we use the equation of NAC(ZZ) = nAC(ZZ) + ikAC(ZZ). After simplification, Equation 

S12a can be equivalent to 

 
2

GeSe AC(ZZ)s(p) s(p)

GeSe-SiO -Si GeSe-air

4
exp i( + ) 1 exp(i 2 ),


  



 
− = = 

 

d n
m  (S12b) 

where m is an integer. 

Here, we define the net phase shift 
s(p)

net  as 

 
2

GeSe AC(ZZ)s(p) s(p) s(p)

net GeSe-SiO -Si GeSe-air

4
+ .


  


= −

d n
 (S13) 

Therefore, the destructive interference condition, also the phase condition, can be 

ultimately obtained 

 
2

GeSe AC(ZZ)s(p) s(p) s(p)

net GeSe-SiO -Si GeSe-air

4
+ 2 .


   


= − =

d n
m  (S14) 

 

 

 

 

 

Figure S3. a) amplitude condition of perfect absorption, b) Net phase shift/2 net/2, 

and c) absorbance Abs spectra for both s- and p-light varied with the dGeSe of 100, 250, 

350, and 450 nm. 
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Supporting Note S4. Selecting optimal thickness of SiO2 layer 

The bright and shaded stripes alternately emerge in both Abss and Absp spectra of Figure 

S7a and Figure S7b with the increase of 
2SiOd  due to the interference effect of 

multilayered optical thin film.[6] Considering the lossless dielectric feature of SiO2, the 

maximum of Abss and Absp remain unchanged with the increase of 
2SiOd  , which is 

consistent with the circumstance of Figure S5b. With the increase of 
2SiOd , we mark 

region A, B, and C of nearly perfect absorption (Abs  96%) for both Abss and Absp. 

We have also calculated other contour maps of Abss and Absp varied with the 
2SiOd

with the dGeSe of 150, 175, and 200 nm, and their region A, B, and C are listed in Table 

S2. To realize the possible perfect absorption, we screen the 
2SiOd  region to 

simultaneously satisfy the criterion of Abs  96% for both Abss and Absp, which is 

156−245 nm for region A, 479−563 nm for region B, and 869−885 nm for region C. 

Therefore, it is reasonable to select middle thickness of the longest region, i.e. 200 nm 

in region A, to obtain the probable perfect absorbers in consideration of adaptability 

and easy frabrication. 
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Figure S4. Contour maps of a) Abss and b) Absp spectra varied with the 
2SiOd when the 

dGeSe is 125 nm. 

 

 

 

 

Table S2. Region A, B, and C of nearly perfect absorption (Abs  96%) with the dGeSe 

of 125, 150, 175, and 200 nm. 

dGeSe 

[nm] 

Region A for 

s-light [nm] 

Region A for 

p-light [nm] 

Region B for 

s-light [nm] 

Region B for 

p-light [nm] 

Region C for s-

light [nm] 

Region C for 

p-light [nm] 

125 156−245 102−263 456−563 384−588 750−885 672−912 

150 95−317 93−315 409−704 414−706 719−1000 731−1000 

175 91−376 91−376 438−781 444−795 816−1000 820−1000 

200 87−338 87−317 462−778 479−672 842−1000 869−1000 
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Supporting Note S5. The influence of the thickness of Si to the perfect absorption 

Owing to quite thin thickness of Si layer, the p- and s-light’s transmittance Tp and Ts 

are incapable of being ignored. Therefore, the Absp and Abss can be calculated from the 

equation below 

 
1 ,   = s or p.j j jAbs R T j= − −

 (S15) 

Illustrated in Figure S5a and 5b, we have calculated the absorbance of p- and s-light 

(Absp and Abss) varied with the thickness of silica (Si), and the thicknesses of GeSe and 

SiO2 are fixed at 150 and 200 nm respectively. The operating wavelength of GeSe-

SiO2-Si multilayered optical thin film keeps nearly unchanged with the increase of the 

thickness of Si for both p- and s-light.  

According to the complex refractive index of Si substrate measured by the 

ellipsometry in Figure S5c, the Si shows the rather weak absorption like GeSe since the 

extinction coefficient k gradually reduces to zero. Such weak absorption feature of Si 

will also bring the interference effect with the variation of its thickness, which 

demonstrated by the alternately arranged bright and shaded stripes in both Absp and 

Abss spectra of Figure S5a and Sb. One can also observe this interference effect from 

Figure S5d as both the p-(s-)light’s absorbance Absp(s) and its transmittance Tp(s) 

oscillate with the increase of the thickness of Si.  

Since the extinction coefficient k of Si is two orders of magnitude smaller than that 

of GeSe, the Tp and Ts still keep a range from about 20% to about 50% with the increase 

of the thickness of Si in Figure S5d. When the thickness of Si increases to scale of 

micrometers and finally reaches to 1 mm in Figure S5e and 5f, the Tp and Ts as well as 

Reflectance of p- and s-light Rp and Rs gradually decrease to zero and Absp and Abss 

approach to 100%. Therefore, it is of great necessity to select Si as the substrate to 

realize perfect absorption. 
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Figure S5. The influence of the thickness of Si to the perfect absorption. The 

absorbance of p- and s-light a) Absp and b) Abss varied with the thickness of Si, and the 

thicknesses of GeSe and SiO2 are fixed at 150 and 200 nm respectively. c) The complex 

refractive index of Si substrate measured by the ellipsometry. d) The p- and s-light’s 

absorbance Absp and Abss and transmittance Tp and Ts varied with the thickness of Si at 

their operating wavelengths (1003 nm for p- light and 985 nm for s-light) and the same 

thickness of GeSe and SiO2 (150 and 200 nm respectively).The absorbance, and 

transmittance as well as Reflectance for e) p- and f) s-light with the much thicker 

thickness of Si at the same operating wavelengths and the same thickness of GeSe and 

SiO2 as those of d). 

800 1000 1200

500

1000

1500

2000

2500

Wavelength (nm)

T
h

ic
k
n

e
s
s
 o

f 
S

i 
(n

m
)

11.4

22.63

33.87

45.1

56.33

67.57

78.8

A
b

s
o

rb
a

n
c
e

 o
f 

p
 l
ig

h
t 

A
b

s
p
 (

%
)

800 1000 1200

500

1000

1500

2000

2500

Wavelength (nm)

T
h

ic
k
n

e
s
s
 o

f 
S

i 
(n

m
)

10.8

22.03

33.27

44.5

55.73

66.97

78.2

A
b

s
o

rb
a

n
c
e

 o
f 

s
 l
ig

h
t 

A
b

s
s
 (

%
)

0 500 1000 1500 2000 2500

20

30

40

50

60

70

80

  Absp

  Abss

A
b

s
o

rb
a

n
c
e

 A
b

s
(%

)

Thickness of Si (nm)

20

30

40

50

60

70

80

  Tp

  Ts

T
ra

n
s
m

it
ta

n
c
e

 T
 (

%
)

800 900 1000 1100 1200 1300

3.5

3.55

3.6

3.65

3.7
  n

 

R
e

fr
a

c
ti
v
e

 i
n

d
e

x
 n

Wavelength (nm)

0

0.001

0.002

0.003

0.004

0.005

  k

E
x
ti
n

c
ti
o

n
 c

o
e

ff
ic

e
n

t 
k

(a) (b)

(c) (d)

0 250 500 750 1000

30

40

50

60

70

80

90

100

A
b

s
o

rb
a

n
c
e

 A
b

s
 (

%
)

Thickness of Si (μm)

0

10

20

30

40

50

T
ra

n
s
m

it
ta

n
c
e

 T
 

&
 R

e
fl
e

c
ta

n
c
e

 R
 (

%
)Abss

Rs

Ts

0 250 500 750 1000

30

40

50

60

70

80

90

100

A
b

s
o

rb
a

n
c
e

 A
b

s
 (

%
)

Thickness of Si (μm)

0

10

20

30

40

50

T
ra

n
s
m

it
ta

n
c
e

 T
 

&
 R

e
fl
e

c
ta

n
c
e

 R
 (

%
)Absp

Rp

Tp

(e) (f)



 

14 

 

S2.2 Distribution of electric field intensity I spectra and power dissipation Q 

spectra 

 

Figure S6. Distribution of a/b/c) p-light’s electric field intensity Ip spectra and d/e/f) 

power dissipation Qp spectra of GeSe based optical thin film at the dGeSe of 150/175/200 

nm. 

 

 

Figure S7. Distribution of a/b/c/d) s-light’s electric field intensity Is spectra and e/f/g/h) 

power dissipation Qs spectra of GeSe based optical thin film at the dGeSe of 125/ 

150/175/200 nm.  
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Figure S8. a/b/c) Distribution of electric field intensity I spectra and power dissipation 

Q spectra for both s- and p-light at the different dGeSe (125/175/200 nm) and their perfect 

absorption wavelength. 
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Section S3. Polarization-Sensitive Reconfigurable Perfect Absorbers  

S3.1 Theoretical derivation of the relation between the absorbance Abs and the 

polarization angle  

 

Figure S9. a) The electric field after going through the polarizer E0, p with its 

decomposed electric field component along the AC and ZZ direction, i.e. E0, AC and E0, 

ZZ, where the polarization angle  is defined as the angle between the vertical direction 

(the AC direction) and E0, p. b) The refelcted electric field ER, the refelcted electric field 

along AC direction ER, AC, and the refelcted electric field along AC direction ER, ZZ form 

a right triangle, where ER is the hypotenuse and ER, AC and ER, ZZ are the right-angle 

sides. 

 

Supporting Note S6. The relation between the absorbance Abs and the polarization 

angle  

The electric field after going through the polarizer of Figure 2a, E0, p, can be 

decomposed into the electric field component along the AC and ZZ direction, i.e. E0, 

AC and E0, ZZ, with following relation  

 0, AC 0, P cosE E =
 (S16a) 

 0, ZZ 0, P sinE E =
 (S16b) 

In Equation S16,  is the polarization angle,which is defined as the the angle between 

the vertical direction (the AC direction) and E0, p in Figure S9a.  

The amplitude reflection coefficient along the AC and ZZ direction rAC and rZZ 

respectively connect E0, AC and E0, ZZ with the refelcted electric field along AC and ZZ 

direction ER, AC and ER, ZZ in Equation S8 

(a)
AC

ZZ



E0, PE0, AC

E0, ZZ

AC

ZZ

ER
ER, AC

ER, ZZ

(b)
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, AC

AC

0, AC

RE
r

E
=

 (S17a) 

 

, ZZ

ZZ

0, ZZ

RE
r

E
=

 (S17b) 

According to Equation S16 and S17, the ER, AC and ER, ZZ can be expressed as 

 , AC AC 0, AC AC 0, P cosRE r E r E = =
 (S18a) 

 , ZZ ZZ 0, ZZ ZZ 0, P sinRE r E r E = =
 (S18b) 

As shown in Figure S9b, the refelcted electric field ER, ER, AC, and ER, ZZ form a right 

triangle, where ER is the hypotenuse and ER, AC and ER, ZZ are the right-angle sides. 

Therefore, the relation between the refectance R and the polarization angle  can be 

expressed as 

 

2
2 22

, AC , ZZ

2

0, P 0, P

2 22 2

AC ZZ

2 2

AC ZZ

( )

cos sin

cos sin

R R
R

E EE
R

E E

r r

R R



 

 

+
= =

= +

= +

 (S19) 

Since the vibrational directions of the s- and p-light always keep parallel to the AC and 

ZZ directions of GeSe respectively at normal incidence, Equation S19 can be rewrited 

as 

 
2 2

s p( ) cos sinR R R  = +  (S20) 

Ultimately, the relation between the absorbance Abs and the polarization angle  is 

denoted as  

 
2 2

s p

( ) 1 ( )

1 cos sin

Abs R

R R

 

 

= −

= − −
 (S21) 
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S3.2 Linear relationship between operating wavelength and GeSe thickness 

Supporting Note S7. Explanations about the linear relationship between operating 

wavelength and GeSe thickness 

As shown in Figure 3b of manuscript, the wavelengths corresponding to the net phase 

shift net of 2 for both s- or p-light are equal to those of Abss, max and Absp, max, i.e. the 

operating wavelength ope. Therefore, the operating wavelength ope have the following 

relation with the thickness of GeSe dGeSe, according to the phase condition of perfect 

absorption  

 
2

GeSe AC(ZZ)s(p) s(p) s(p)

net GeSe-SiO -Si GeSe-air

4
+ 2 .

d n
   


= − =   (S22) 

Equation S22 can be further converted as 

 

2

AC(ZZ)

ope GeSes(p) s(p)

GeSe-air GeSe-SiO -Si

4
,

2

n
d




  
=

+ −
 (S23) 

where s (p)

GeSe-air  and 
2

s (p)

GeSe-SiO -Si  are respectively the s-(p-)light’s argument of the 

corrsponding amplitude reflection coefficient for air-GeSe structure and GeSe-SiO2-Si 

structure. If the operating wavelength ope appears to be linear with the thickness of 

GeSe dGeSe, the denominator and the numerator of Equation S23 should have the similar 

even almost the same variation tendency.  

As dmonstrated in Figure S10a, even though the s (p)

GeSe-air  does not decrease with the 

increase of wavelength, its maintenance of a relatively low level makes the 
2

s (p)

GeSe-SiO -Si  

become the domination in the denominator of Equation S23. More importantly, the 

2

s (p)

GeSe-SiO -Si  shares almost the same tendency with the refractive index of GeSe nAC(ZZ) in 

the concerned wavelength range. Therefore, it can be found in Figure S10b that changes 

in slope of the Equation S23 are rather slight with the increase of wavelength. As a 

result, the calculated relation between ope and dGeSe are almost linear in Figure S10c 

and identical to that demonstrated in Figure 5c of manuscript. In summary, nAC(ZZ) and 
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2

s (p)

GeSe-SiO -Si  sharing the similar decreasing tendency makes operating wavelength ope 

(900~1300 nm) become almost linearly with the thickness of GeSe dGeSe (125~200 nm).  

It is noted that the cases corresponding to the polarization anlge 0 and 90 are 

representative, and cases of other polarization anlge  can be calculated by replacing 

the nAC(ZZ) with n() = nACcos  + nZZsin to obtain 
GeSe-air ( )   and 

2GeSe-SiO -Si ( )  . 

 

 

 

 

 

 

 

Figure S10 a) 4*nAC(ZZ) and s (p)

GeSe-air  as well as 
2

s (p)

GeSe-SiO -Si  (respectively the argument 

of the corrsponding amplitude reflection coefficient of s-(p-)light for air-GeSe structure 

and GeSe-SiO2-Si structure) varied with the wavelength. b) Slope of Equation S23 for 

the polarization anlge 0 and 90, corresponding to circumstances of s-light and p-light 

respectively. c) Calculated relation between operating wavelength ope and thickness of 

GeSe dGeSe. 
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S3.3 Experimentally Confirming Polarization-Sensitive Reconfigurable Perfect 

Absorber 

 

Figure S11. The exfoliated GeSe nanosheets with different thicknesses on Si substrate 

with a SiO2 oxide layer (
2SiOd = 200 nm), whose thickness are measured by atomic 

force microscope (AFM). 

 

 

 

 

Figure S12. a) The schematic diagram of polarization-resolved optical microscopy 

(PROM). b) The PROM images under crossed-polarized light illumination with the 

131-nm-thick GeSe nanosheet rotating from 0 to 180. 
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Figure S13. a) The theoretical result of Abs at the same dGeSe (= 131 nm) and 
2SiOd (= 

200 nm) of Figure 3e and 3f versus the  with b) its enlarged view at the peak. 
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