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The importance of tunable subwavelength optical devices in modern electromagnetic and photonic systems is
indisputable. Herein, a lithography-free, wide-angle, and reconfigurable subwavelength optical device with high
tunability operating in the near-infrared regions is proposed and experimentally demonstrated, based on a revers-
ible nanochemistry approach. The reconfigurable subwavelength optical device basically comprises an ultrathin
copper oxide (CuO) thin film on an optical thick gold substrate by utilizing the reversible chemical conversion of
CuO to sulfides upon exposure to hydrogen sulfide gas. Proof-of-concept experimental results show that the
maximal modulation depth of reflectance can be as high as 90% at the wavelength of 1.79 pm with the initial
thickness of CuO taken as 150 nm. Partially reflected wave calculations combined with the transfer matrix
method are employed to analytically investigate the optical properties of the structure, which show good agree-
ment with experimental results. We believe that the proposed versatile approaches can be implemented for dy-
namic control management, allowing applications in tunable photonics, active displays, optical encryption, and

gas sensing.  © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.438095

1. INTRODUCTION

In recent years, active modulation of light has become an im-
portant driving force for progress with many emerging concepts
and applications [1-3]. Different from passive nanostructures
that usually exhibit fixed responses and cannot be dynamically
altered once being fabricated [4-7], the emerging active tuning
methods combined with various functional materials bring ex-
cellent tunability to optical systems [8—11]. A plethora of tun-
ing mechanisms including electrical [12,13], thermal [14,15],
optical [16], and mechanical stretching [17] have been put
forward for designing reconfigurable devices with versatile
functionality, ultrathin features, and easiness for integration.
Such tunable devices could be achieved by employing active
materials that can have their properties changed through expo-
sure to external stimuli, such as phase change materials
[18-23], liquid crystals [24—27], transparent conductive oxides
[28-30], and semiconductors [31,32], and have been realized
for various frequency regions. However, mastering dynamic
spectral control in the near-infrared (NIR) remains a challeng-
ing task, mainly ascribed to unattainable functional materials at
high frequencies [20].

2327-9125/21/102060-08 Journal © 2021 Chinese Laser Press

In this work, we experimentally demonstrate a novel para-
digm of lithography-free, wide-angle, and reconfigurable
subwavelength optical devices with high tunability in the
NIR regions, based on a reversible nanochemistry approach
[33-39]. Our proposed reconfigurable optical device basically
consists of an ultrathin, highly absorbing dielectric layer [cop-
per oxide (CuO)] deposited on an optical opaque metallic sub-
strate [gold (Au)], as shown in Fig. 1. The optical responses
(high reflectance state/high absorption state) of the optical de-
vice were reconfigurable upon hydrogen sulfide exposure. In
our design, a chemically responsive CuO material is chosen,
mainly due to two factors: (1) it is a highly absorbing medium
at visible and NIR wavelength regimes, which would benefit
producing strong optical asymmetric Fabry—Pérot (FP)-type in-
terference effects [40,41]; (2) as a pure p-type metal oxide semi-
conductor, it has a strong chemical affinity to acidic hydrogen
sulfide (H,S). There exists a reversible chemical conversion of
CuO to sulfides upon exposure to H,S contained air at certain
temperatures, which would result in high optical tunability and
offer unique ability to create chemiresistive gas sensors with
enhanced performance [42]. It is noted that H,S is a colotless,
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Fig. 1. Schematic of the lithography-free, wide-angle, and dynami-
cally reconfigurable subwavelength optical device, composed of hydro-
gen sulfide responsive CuO thin films on an optical thick gold (Au)
substrate by utilizing the reversible chemical conversion of CuO to
sulfides (CuS/Cu,S) upon exposure to H,S contained air (O,).
The optical responses (high reflectance state/high absorption state)
of the optical device were reconfigurable upon hydrogen sulfide expo-
sure through phase-transition from CuO to CuS/Cu,S.

flammable, and highly toxic gas, which has adverse effects on
the human nervous and respiratory systems [43]. The develop-
ment of novel optical devices for such noxious industrial gas
sensing is strongly demanded for matters of work safety and
process reliability [44]. From the application point of view,
the proposed reconfigurable devices can be utilized to work
as H,S gas sensors. Relative reflection intensity response up
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(a1)—(as) Schematic of the fabrication process of the proposed reconfigurable subwavelength optical device nanostructure. Here, L.T.
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to 90% was observed upon exposure to different volume con-
centrations of H,S, which features great tunability and recon-
figurability. Additionally, the operating wavelength can easily be
tuned via adjusting structural parameters. Theoretical analyses
not only confirm the rationality of experimental results, but
also reveal that such a highly reconfigurable effect is ascribed
to strong asymmetric FP effects in conjunction with the revers-
ible chemical conversion of CuO to sulfides.

2. EXPERIMENT

A. Materials Preparation and Fabrication
Single-polished silicon (Si) substrates, each piece about
1.5cm x 1.5 cm after cutting, were used in this work. After
hydrophilic treatment in a piranha solution (volume ratio of
H,0, and H,SOy of about 3:1), the Si wafers were soaked
in the mixture for 30 min, and then ultrasonically cleaned
by acetone, ethanol, and deionized water (19.3 MQ) for
15 min, followed by drying with nitrogen gas.

The whole fabrication procedure of the reconfigurable
subwavelength optical device is schematically depicted in
Figs. 2(a;)—2(as). We first deposited a 200 nm thick Au film
on a cleaned Si wafer by thermal evaporation (PZF-300,
KYKY), serving as a mirror to eliminate light transmission.
To prevent the Au film from falling off by the lattice mismatch
between the Au film and Si wafer, a 5 nm titanium (Ti) as an
adhesive layer was deposited on the Si wafer before depositing
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denotes low temperature annealing at 40°C, and H.T. denotes high temperature annealing at 400°C. Corresponding surface (b;)—(bs) and
cross-sectional (c;)—(cs) SEM images of the fabricated sample. Scale bars are 200 nm. Corresponding copper (Cu) element (d;)—(ds) and sulfur

(S) element (e;)—(es) spectra were detected by high-resolution XPS.
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the Au layer. Then, five different thick copper (Cu) films (20,
40, 60, 80, and 100 nm) were sequentially deposited onto the
Au film by a high vacuum double ion beam sputtering method
(BAL-TEC, SCD 500). Next, the samples were placed on an
LED constant temperature heating table (SET-217) in a muffle
furnace for thermal oxidation annealing in air at 400°C for 2 h.
In this process, the metallic Cu films were fully oxidized to
CuO films with corresponding thicknesses of 4 = 35, 70,
110, 150, and 180 nm.

The prepared samples were then placed in a 5 mL centrifuge
tube, followed by injecting H,S (with ~10% volume fraction
in air) into it and then tightening it quickly after extracting the
required volume of gas from the sampling bag by a needle.
Next, the samples of the following three states were done in
order: (1) the samples and H,S fully reacted at
18°C for 5 min, (2) samples in step (1) were heated at 40°
C for 5 min, and (3) samples in step (2) were heated at
400°C for 5 min. Accordingly, all of the samples were carried
out several times to ensure repeatability.

B. Characterization and Measurements
Morphologies of the corresponding fabricated samples were
characterized by a scanning electron microscope (SEM, FEI
Sirion 200) on high-resolution mode with 200 nm scale bars.
Figures 2(b;)-2(bs) and 2(ci)—(cs) show the surface/cross sec-
tion SEM images of a fabricated sample before annealing (with
80 nm Cu film) and after annealing (with 150 nm CuO film),
respectively. Figure 2(b;) shows that the quality of the forming
film was fairly good and thus the surface was smooth. A sharp
interface between Si and Au is observed in Fig. 2(c,), while
there is no distinct boundary between Au and Cu. As shown
in Fig. 2(b,), granular crystallization on the surface appears,
attributed to the recrystallization of Cu during the thermal ox-
idation process, resulting in a rough CuO surface. The thick-
ness of the top layer is increased by a factor of ~2, and stratified
phenomena in the structure can be observed after Cu fully
oxidizes to CuO [see Fig. 2(c,)]. After injecting H,S at room
temperature (18°C) for 5 min, as shown in Figs. 2(bs) and 2(c;),
the surface of the structure was covered by dense small particles
along with apparent vulcanization, but had no obvious impact
on thickness. After heating the sample at low temperature
(40°C) for 5 min, promoted vulcanization is observed in
Figs. 2(bs) and 2(c4), indicating there exists a conversion of cop-
per sulfide (CuS) to cuprous sulfide (Cu,S). Finally, the recon-
figurable effects were realized at high temperature (400°C) for
5 min, as shown in Figs. 2(bs) and 2(cs). After high temperature
caused vulcanization to be broken, the surface and cross section
SEM images were generally restored to Figs. 2(b,) and 2(c,).
To investigate the elements of the corresponding nanolayer
film, X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250X) measurements using monochromated Al
Ka X-rays (hv = 1486.6 ¢V) were performed. Cu element
[Figs. 2(d1)-2(ds)] and S element [Figs. 2(e1)—2(es)] spectra
were detected with a resolution of 0.1 eV. As shown in
Figs. 2(d;) and 2(d,), the Cu elements mainly exist in the form
of metallic and adsorbed water combined copper-oxide. At
these stages, as expected, no S element was detected. After
injecting H,S, it was found that the reaction product was
mixed with CuS and Cu,S, and partial copper-oxide and sulfur

monomer are doped together [Figs. 2(d5) and 2(e;)]. As ob-
served in Figs. 2(ds) and 2(es), after low temperature (40°C)
annealing, a similar characteristic affects just the distribution of
the S elements, as compared to the last step. Finally, as shown in
Figs. 2(ds) and 2(es), after 5 min of high temperature (400°C)
annealing, Cu element detection is restored to Fig. 2(d,) with a
small amount of sulfur remaining. All of these results confirm
the structures as designed.

The experimental visible and NIR reflection spectra
were recorded using a UV-VIS-NIR spectrophotometer
(PerkinElmer Lamda 950). The angle-resolved infrared reflec-
tance (absorbance) spectrum measurements were characterized
using a Fourier transform infrared (FTIR, Bruker IFS 66 v/S)
spectrometer for both TE- and TM-polarized light, equipped
with a reflection module allowing for angles ranging from 13°
to 80°. The measured reflectance spectra were normalized with
respect to an Au mirror, and unpolarized reflectance was ob-
tained by R = (Rtg + Rrym)/2- Since the bottom Au film
was thick enough to eliminate light transmission (7°), the ab-
sorbance (A) can be calculated as 4 = 1 - R. For numerical
simulations, the optical constants of Au were taken from the
literature [45]. The refractive indices of CuO and CuS were
extracted via ellipsometric measurements (see detailed optical

parameters in Appendix A).

3. RESULTS AND DISCUSSION

Figures 3(a)-3(d) display the experimental reflectance spectra
for four different thicknesses of CuO thin films (d = 35,
110, 150, and 180 nm) deposited on Au. It is noted that there
exist very weak resonances for such cases, meaning that they can
serve as the inital states (state i, black lines) of the reconfigur-
able devices. Next, after fully reacting with 4% (volume frac-
tion) H,S in air at room temperature for several minutes, the
samples have pronounced amplitude changes in reflectance
spectra (state ii, blue lines), due to the chemical conversion

of CuO to sulfides as follows [42]:
CuO + H,S - CuS + H,0, (1)

CuO + H,S = 0.5 Cu,S + H,0 + 0.5S. @

Reactions could happen simultaneously including chemical
Egs. (1) and (2) at room temperature. Low temperature
annealing (40°C) of the films was then performed for further
optimization, and the obtained results are shown in Fig. 3
marked as state iii (olive lines). Slight changes in the reflectance
are observed, which can be attributed to the redistribution of
the above two chemical reactions.

After high temperature annealing at 400°C (state 1iv,
red lines), the reflectance nearly returns to the initial states
(state i, black lines), mainly ascribed to the chemical
conversion [42]

CuS + 1.50, — CuO + SO,. 3)

The corresponding theoretical reflectance spectra calculated
by transfer matrix methods (TMMs) [46,47] are presented in
Figs. 3(e)-3(h). Both experimental and theoretical data are
found to be in good agreement, and show that the resonances
can easily be tuned by adjusting the initial thickness of
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Fig. 3. (a)—(d) Experimental realization of reconfigurable subwave-
length optical device when the initial thickness of the top CuO layer
d = 35, 110, 150, and 180 nm, respectively. (e)—(h) Corresponding
TMM calculated results of reflectance versus wavelength for the four
cases. Both experimental and theoretical spectra are found to be in
good accordance. State i: initial state as fabricated; state ii: fully react-
ing state; state iii: low temperature annealing state; state iv: high tem-
perature annealing state.

CuO films. The slight difference between experimental and
calculated optical reflectance spectra mainly results from ran-
dom thickness fluctuations and diffusive intermixing at the in-
terfaces [48—52]. It is noted that as the initial thickness of CuO
thin films was taken as 150 nm [Fig. 3(c)], large tunability re-
sults can be achieved within the wavelength region of our in-
terest; this is mainly due to the fact that the critical coupling
conditions between the absorptive and radiative losses of this
structure are matched [53-55].

We performed partially reflected wave calculations based on
a multiple scattering model to further investigate the optical
properties of our proposed subwavelength optical devices
[40]. Figure 4 shows complex phasor diagrams of reflection co-
efficients for the structures at the four different states seen in
Fig. 3(g) with the initial thickness of the top CuO layer
d = 150 nm at the wavelength of 1.79 pm. After injecting
H,S and under low temperature annealing at 40°C, two-
layer (Au/CuQO) structures undergo chemical reaction and
probably convert to three-layer (Au/CuO/sulfides) structure.
Therefore, the total reflection coefficient (r) can be expressed

as [46]
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Fig. 4. Trajectory of sums of the calculated partially reflected waves
for four different states studied in Fig. 3(g), with the initial thickness of
the top CuO layer 4 = 150 nm. Insets are the corresponding normal-
ized electric field amplitudes.

_ Pt Pl + i (R i + EP)
r= (4)
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where 7, denotes the Fresnel reflection coefficient for light in-
cident from medium j to medium &, and /3, is the phase propa-
gating factors of layer m (here, j, #/,m = 0, 1,2, ...). The total
reflection coefficients can also be expressed by the coherent
sum of partially reflected waves (rg, 71,75, ...), which can be

expanded as [56,57]

(s3]
r=ro+rl+72+r3+~--=Zrn. (5)
n=0

Here, 7, denotes the round-trip reflection coefficients
(details of the partially reflected wave calculations are in
Appendix B).

We know that when light is reflected from a highly absorb-
ing layer on a metallic substrate, the phase of a complex reflec-
tion coefficient can deviate significantly from 7, indicating that
the phasor of partially reflected waves in the complex reflection
coefficient diagram [Re(r) - Im(7)] is not along the conven-
tional horizontal axis [Re(7)] [56]. The four phasor diagrams
in Fig. 4 depict a clear trend in the complex phasor diagram,
which are displayed as arrows and connected together head to
tail. The final coordinate of the phasor diagram signifies the
total reflection (R = |r|?) and is related to the absorption
(A=1-R). The first partially reflected wave 7, always re-
mains the same, because 7, equals 7y, and thus there is no
difference among these states. For states ii and iii, as shown in
Figs. 4(b) and 4(c), the other partial waves (r,7;,73,...)
undergo anticlockwise rotation, and the amount of reflection
phasors returns to the closet point of the origin, namely, these
two states are almost reflectionless. For states i and iv, as shown
in Figs. 4(a) and 4(d), the reflections are quite large,
about 70%.

To provide further theoretical insight, electric field distribu-
tions inside the structure under the same conditions are inves-
tigated. As shown in the insets of Fig. 4, the corresponding
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normalized electric field amplitudes are enhanced inside the ab-
sorbing film layer, which show excellent agreement with the
partially reflected wave calculations. These calculations not
only confirm that the asymmetric FP resonances indeed occur
in these ultrathin films, but also verify the feasibility of our op-
tical device, which possesses unique advantages for the design of
a specific functional gas sensor. All of these results demonstrate
that the feature of our subwavelength optical device indeed ex-
hibits good reconfigurable properties, and highlight its poten-
tial application as a highly sensitive H,S gas sensor.

Angular responses of the resonance effects were also inves-
tigated. Figures 5(a)—5(c) show the measured reflectance of the
sample (here, 150 nm CuO film on state iii was chosen) as a
function of wavelength and incident angle for TE, TM,
and unpolarized light, respectively. The corresponding calcu-
lated reflectance spectra based on TMM are presented in
Figs. 5(d)-5(f), and show good agreement with experimental
results. Good angle-robust resonance performances are ob-
served for all polarizations. This phenomenon is ascribed to
the ultrathin feature of the structure with little phase accumu-
lation; therefore, our optical devices are indeed very robust with
respect to incident angles and polarizations. This unique angu-
lar-insensitivity characteristic of our subwavelength optical de-
vice indicates that it will have great potential in wide-angle
sensing applications.

Finally, H, S gas sensing tests upon exposure to different H,S
concentrations were carried out to verify the functionality of our
subwavelength optical devices (see Fig. 6). The sensor was ini-
tially kept at two layers (Au/CuO) with 150 nm CuO, and then
exposed to gas with H,S concentration from 1% to 4% (volume
fraction). To quantitatively analyze the reflection intensity
change response of the target structures to H,S exposure, we
define the relative intensity change as [58]

AR, = w % 100%, (6)
where R; and Ry; represent the reflection of initial states i (black
lines) and optimal state iii (olive lines), respectively. Note that the
higher the volume fractions (within a given range), the larger the
reflectance amplitude change that can be obtained [up to 90%,
magenta lines in Fig. 6(d)] and finally saturated at a volume frac-
tion of 4%. This prominent feature caused by the chemical con-
version of CuO to sulfides can be explained by a percolation
transition [Egs. (1) and (2)]. As the concentration increases,
the amount of sulfides reaches a certain critical plateau value
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Fig. 6. Reflectance of the reconfigurable subwavelength optical de-
vice for different H,S volume fractions of (a) 1%, (b) 2%, (c) 3%, and
(d) 4% in air. Our sensor exhibits largest relative intensity change up to
90% (magenta lines) at 1.79 pm upon exposure to 4% H,S in air. The
increasing volume fractions lead to a pronounced relative intensity
change of the reflectance spectrum.
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and then tends to stable. It is worth mentioning that our gas
sensor was able to reliably detect volume fractions down to
1% H,S in air. Moreover, to verify the reliability of the exper-
imental results, aging tests of the reflectance spectra at low con-
centrations of the corresponding four samples were also
performed, which exhibit considerable long-term stability with
almost invariable response in 20-day tests. The Au/CuO-based
gas sensor exhibits good repeatability and long-term stability
behavior (see Appendix C). All of these tests indicate that our
reconfigurable gas sensor device performs quite well with high
values of relative intensity response and offers great potential
for high-performance H,S gas sensing.

4. CONCLUSION

To summarize, we demonstrated a reconfigurable subwave-
length optical device with simple planar thin-film stacks, which
is composed of an ultrathin, highly absorbing CuO thin film on
an optically thick gold substrate based on the reversible chemi-
cal conversion of CuO to sulfides. Experimental results
show that our optical device exhibits a relative reflection am-
plitude modulation depth as high as 90% at the wavelength of
1.79 pm. Theoretical analyses show that the working mecha-
nism of the wide-angle and highly tunable optical device is due
to strong optical asymmetric FP thin-film resonance interfer-
ence combined with reversible chemical conversion, and is
found to be in good agreement with experimental results.
Furthermore, to illustrate the versatility of the optical device,
H,S gas sensing tests were carried out, which exhibit high
reconfigurability and good stability with very reproducible
behavior. We anticipate that the proposed reconfigurable sub-
wavelength optical device enables a broad avenue for develop-
ing active tuning and simple but sensitive optical gas sensors.

APPENDIX A: ELLIPSOMETRY DATA ANALYSES

We certify that the reconfigurable optical device is achieved by
utilizing the reversible chemical conversion of CuO to CuS
upon exposure to H,S gas. To properly study the reflectance
of the proposed devices, the optical constants of CuO and CuS
were extracted by using spectroscopic ellipsometry. The com-
plex refractive indices (7 and k) derived from measured spectro-
scopic ellipsometric data are shown in Fig. 7. It is noted that, as
expected, the extinction coefficient 4 increases sharply upon
exposure to H,S; this is related to strong optical asymmetric
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Fig. 7. Retrieved refractive indices (1) and extinction coefficients

(k) of (a) CuO and (b) CuS thin films.

FP-type thin-film resonance interference, thus leading to the
high absorption state seen in Fig. 1.

APPENDIX B: PARTIALLY REFLECTED WAVE
CALCULATIONS

For a theoretical description of the physical mechanisms to
achieve perfect absorption, as shown in Fig. 8, we consider light
incident from air (Vy = 1) upon one absorbing film 1 (CuS)
with thickness /; and complex refractive index (V; =
ny + iky), and another highly absorbing film 2 (CuO) with
thickness 4, and complex refractive index (V, = n, + ik,),
deposited on a metallic reflector (Au) with complex refractive
index (V3 = n3 + ik;) at angle 6. The reflection coefficient (7)
of the structure calculated by a multiple scattering model can be
written as follows [46]:

o1 + 71236’2’ﬂ~1 , (B1)

7= Fora3 = —
1 4 7oy Fyp56*P1

where
;1 2 + ;23 €21ﬂ2

RAtTks - Ly (B2)
1 + ;12;23€2lﬁ2

7123 =

Here, 7;; denotes the Fresnel reflection coefficient for light

incident from medium j to medium 4, which is given by
N; cos 0,-N, cos 0, L
Vg for TE polarization
' cos 0+, cos 0,
= (B3)

N}, cos 0;-N; cos 0, ..
m fOI‘ TM polarlzatlon

S
X

and

= 2
ﬁz — 7”1\’2%’2 COosS 92. (B4)

On the other hand, the reflection coefficient for such a sys-
tem can be obtained by the coherent sum of the partially re-
flection waves, namely [56,57],

~ 2
ﬂl = THNIA’I COS 91,

o0

V=Vo+71+72+7’3+"'=27’,,, (B5)

n=0

where 7; represents the round-trip reflection coefficient and can
be written as

7ol forn =20
Fo =12 = o~ ) - 5 . B6
" {foﬁlor?za”’folfzmﬂl for n>1 (B6)
Incident light r
[ r
I
Air 'm N,=I

Au N; =nstik;

Fig. 8. Schematic illustration of light propagation in two subwave-
length absorbing films on an optical opaque metallic reflector.
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Fig. 9. Repeatability and stability tests of the reflectance spectrum
for four different thicknesses of top CuO film samples with (a) 35 nm,
(b) 110 nm, (c) 150 nm, and (d) 180 nm, upon exposure to 1% (vol-
ume fraction) H,S in air.

Here, Z]-/e denotes the Fresnel transmission coefficient for
light incident from medium j to medium 4, which is
given by

2N; cos 0;
J J 3 2
N, cos 0,+N, cos 0y for TE polarization

7y = . (B7)

2N; cos 0;
J J H H
Ny cos 0,1, cos ) for TM polarization

Finally, the total reflectance can thus be obtained by
R=|rg+r+r+rt+-> =1 (B8)

As shown in Fig. 4 in the main text, the final coordinate of
the partial waves (rg, 71, 75, ...) phasor represents the total re-
flection R of the structure when the amount of the reflection
phasor returns to the closet point of the origin, i.e., obtaining
the largest absorption/tunability [see Fig. 4(c)].

APPENDIX C: REPEATABILITY AND STABILITY
TESTS

To verify the robustness of the experimental gas sensing tests,
low volume fractions down to 1% H,S in air were performed
for four different initial thicknesses of top CuO film samples
(sample 1 at 35 nm, sample 2 at 110 nm, sample 3 at 150 nm,
and sample 4 at 180 nm). As shown in Fig. 9, all four samples
exhibit high reconfigurability and good stability with very
reproducible behavior even after 20-day aging tests. It is noted
that a relatively large reflectance amplitude change can be ob-
tained on sample 3 with 150 nm CuO, which is in accordance
with Fig. 3. All of these results show that our proposed gas sen-
sor indeed possesses good repeatability and long-term stability
behavior, which is crucial for practical applications.
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