
www.advmat.de

2001534 (1 of 9) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CommuniCation

Embedded Metal Oxide Plasmonics Using Local Plasma 
Oxidation of AZO for Planar Metasurfaces

Kai Sun,* Wei Xiao, Sheng Ye, Nikolaos Kalfagiannis, Kian Shen Kiang,  
C. H. (Kees) de Groot,* and Otto L. Muskens*

Dr. K. Sun, W. Xiao, Prof. O. L. Muskens
Astronomy and Physics
Faculty of Engineering and Physical Sciences
University of Southampton
Southampton SO17 1BJ, UK
E-mail: k.sun@soton.ac.uk; o.muskens@soton.ac.uk
Dr. K. Sun, W. Xiao, Dr. S. Ye, Dr. K. S. Kiang, Prof. C. H. (K.) de Groot
Electronics and Computer Science
Faculty of Engineering and Physical Sciences
University of Southampton
Southampton SO17 1BJ, UK
E-mail: chdg@ecs.soton.ac.uk
Dr. N. Kalfagiannis
Department of Physics and Mathematics
School of Science and Technology
Nottingham Trent University
Nottingham NG11 8NS, UK

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202001534.

DOI: 10.1002/adma.202001534

Metal oxides are technologically highly 
important materials with many appli-
cations including oxide electronics,[1–4] 
solar cells,[5] chemical sensors,[6–9] and 
catalysis.[8] Transparent conducting 
oxides (TCOs) such as indium tin oxide 
(ITO) and Al-doped ZnO (AZO) are large 
bandgap doped semiconductors with a typ-
ical density of free electrons in the range 
of 1019–1021 cm−3 in between that of doped 
semiconductors and noble metals. The 
optical response of TCOs can be described 
accurately using the Drude model for free 
electrons and is characterized by a dielec-
tric behavior in the visible range with 
a transition to metallic behavior in the 
infrared (IR) spectral range.[10,11] The den-
sity of free electrons can be controlled by 
adding electron donors[12–14] and depends 
on material processing conditions.[5,10,15]

In recent years, the field of TCOs as 
advanced materials for photonics applica-
tions has emerged to exploit their unique 
optical response in between the regimes 
of metals and dielectrics and their tun-
ability through design and through elec-

trical or all-optical control.[15–22] Of particular interest is their 
use in metasurfaces, thin two-dimensional metamaterial layers 
that are used to navigate electromagnetic waves.[21,23–26] The 
fundamental challenge in processing TCO’s is concurrently 
obtaining thin films with favorable electrical and optical condi-
tions. For instance, to design efficient, transparent conductors 
for photovoltaic and conductive display applications, relatively 
low resistivity, and optical transparency have to be achieved. For 
electro-optic and nonlinear applications, the epsilon-near-zero 
(ENZ) response around the bulk plasmon frequency has been 
under intense investigation.[27–29] Moreover, ITO films could 
enable an ENZ circuit board and nanoscale structured ITO 
resistor/capacitor/inductor (RCL) equivalent circuit elements, 
thus creating a viable means to realize metatronic circuits.[30]

AZO is a highly desirable material for its low cost and 
environmental friendly nontoxicity[31] and therefore is rap-
idly becoming the most used TCO in practical applications. 
AZO can be formed through a wide range of deposition 
techniques.[32–36] Among these techniques, the atomic layer 
deposition (ALD) process has specific advantages related to its 
lower process temperature, excellent uniformity, accurate thick-
ness control as well as high reproducibility owing to the sur-
face-saturated and self-limiting reaction mechanism. The Al 

New methods for achieving high-quality conducting oxide metasurfaces 
are of great importance for a range of emerging applications from infrared 
thermal control coatings to epsilon-near-zero nonlinear optics. This work 
demonstrates the viability of plasma patterning as a technique to selectively 
and locally modulate the carrier density in planar Al-doped ZnO (AZO) meta-
surfaces without any associated topographical surface profile. This technique 
stands in strong contrast to conventional physical patterning which results 
in nonplanar textured surfaces. The approach can open up a new route to 
form novel photonic devices with planar metasurfaces, for example, anti-
reflective coatings and multi-layer devices. To demonstrate the performance 
of the carrier-modulated AZO metasurfaces, two types of devices are real-
ized using the demonstrated plasma patterning. A metasurface optical solar 
reflector is shown to produce infrared emissivity equivalent to a conventional 
etched design. Second, a multiband metasurface is achieved by integrating 
a Au visible-range metasurface on top of the planar AZO infrared meta-
surface. Independent control of spectral bands without significant cross-talk 
between infrared and visible functionalities is achieved. Local carrier tuning 
of conducting oxide films offers a conceptually new approach for oxide-based 
photonics and nanoelectronics and opens up new routes for integrated planar 
metasurfaces in optical technology.
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content in ZnO can be uniformly and accurately controlled 
through the ratio control of Al2O3 cycle and ZnO cycle.

In order to establish AZO as a versatile material for 
photonics, tunability of the bulk plasmon frequency through 
the modulation of carrier concentration is desirable. Tuning 
of the carrier concentrations in the AZO film can be achieved 
for example through the Al content, the film thickness, depo-
sition temperature,[37,38] and laser annealing.[39] Tuning of the 
Al content through the ratio of Al2O3 and ZnO cycles has been 
intensively studied and it was found that the carrier concentra-
tion increases with the Al content in the range of 0–5%.[37,40] 
Other methods of carrier tuning have been shown for pure 
ZnO produced by ALD without Al dopants, where an in situ O2 
plasma treatment reduced the carrier concentration,[41,42] while 
an in situ H2 plasma treatment increased the carrier concen-
tration.[43] Furthermore, no works have been reported to our 
knowledge on plasma treatment for modulating the carrier 
density in AZO, which bears more interest than pure ZnO for 
its applications in IR optical metasurfaces.

In this work, we demonstrate that local patterning of car-
rier density in AZO films through an O2 plasma treatment 
enables the formation of planar IR metasurfaces that lack any 
associated surface topography. The approach stands in strong 
contrast to physical patterning such as plasma etching,[44,45] 
controlled evaporation,[46] and lift-off,[47,48] all of which result in 
non-planar textured surfaces which significantly influences the 
planarity of subsequent device layers. Therefore, the proposed 
technique can open up a new route to form novel photonic 
devices through its selective AZO optical property modula-
tion. We demonstrate the performance of O2 plasma patterned 
AZO using two examples of device applications. The first 

demonstrator is an optical solar reflector (OSR) device, while 
the second application introduces a multi-band metasurface 
obtained by depositing a visible Au antenna array on top of the 
planar AZO metasurface, showing independent operation in 
the visible and IR ranges. Overall we find good performance of 
the devices, demonstrating the feasibility of the approach as a 
versatile new tool for obtaining high quality patterned metasur-
faces without requiring a physical structuring of the materials.

AZO film of 100 nm thickness was deposited by thermal ALD 
at a temperature of 175  °C using diethylzinc (DEZ), trimethyl-
aluminum (TMA), and H2O precursors. The Al doping of ZnO 
is controlled by the Al/Zn precursor cycle ratio during the film 
growth.[24,49] Following the film deposition, the carrier density 
can be ex situ modulated by exposing the film to an O2 plasma 
for up to 20 min at a temperature of 300 °C. The influence of 
temperature was investigated and very little influence of the 
carrier density was found for AZO films treated at lower tem-
peratures, as shown in Section S1, Supporting Information. The 
effect of plasma treatment time is shown in Section S2, Sup-
porting Information and reveals a gradual reduction in carrier 
density over treatment times from 0–20 min. Hall Effect meas-
urements were performed on the plasma treated AZO films, 
resulting in values for the carrier density as shown in Figure 1a 
against the Al/Zn doping ratio. The plasma treatment is effec-
tive in significantly reducing the carrier concentration for all Al/
Zn ratios under study. For Al/Zn ratios of 0–4%, the carrier con-
centration was reduced by nearly five orders of magnitude from 
1021 to 1016 cm−3. For the highest Al/Zn ratio of 5%, the reduc-
tion in order of magnitude is less strong, but as this doping 
ratio corresponds to the highest overall carrier density, the abso-
lute reduction in carrier concentration is actually the largest.

Adv. Mater. 2020, 2001534

Figure 1. Plasma-treated Al-doped ZnO (AZO) film characterizations. a) Carrier concentration of AZO films after exposure to O2 plasma for 20 min 
as determined by the Hall effect with the lines being guides to the eye, b) carrier concentration of AZO films for various O2 plasma exposure times 
as extracted from ellipsometry with the lines being guides to the eye, c) transmission spectra of 4% AZO on CaF2 before and after a 20 min O2 plasma 
treatment, and d) permittivity (ε1 and ε2) of 4% AZO on CaF2 before and after a 20 min O2 plasma treatment extracted from ellipsometry.
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Figure  1b shows the carrier density extracted from variable 
angle spectroscopic ellipsometry measurements, where Drude 
model[50] fits over the range of 600–1700 nm. In the case of pure 
ZnO, the extracted carrier concentration is ≤5 × 1019 cm−3 as the 
optical measurements are insensitive to carrier concentrations 
below this concentration. Therefore the optical response of the 
pure ZnO appears unchanged by the O2 plasma treatment of 
up to 20 min. For the AZO films with an Al/Zn ratio between 
1% and 5%, carrier concentrations reach up to 2.7 × 1020 cm−3 
prior to the O2 plasma treatment. The subsequent exposure to 
O2 plasma results in a reduction of the carrier density to below 
the sensitivity limit of 5 × 1019 cm−3 and the 20 min plasma treat-
ment time is therefore considered to be the optimized dura-
tion for optical device applications, beyond which optical prop-
erty contrast is unlikely to be further improved. Corresponding 
model fits are shown in Section S3, Supporting Information. A 
marked difference in measured carrier concentration of nearly 
one order of magnitude is seen between the ellipsometry and 
Hall Effect measurements in Figure 1. A similar discrepancy is 
also seen in other work[38] and is generally attributed to a differ-
ence in carrier densities participating in DC electrical conduc-
tivity and high-frequency optical conductivity in these materials. 
In this work, we demonstrate optical applications of the plasma 
treatment technique and therefore we refer in the remainder of 
this work to the optical carrier density which is extracted from 
the ellipsometry. A full investigation of the mechanism that the 
O2 plasma exposure reduces the carrier concentration of ZnO 
and Al-doped ZnO is beyond the scope of this work though some 
insights are discussed in Section S4, Supporting Information.

The AZO carrier densities up to 2.7 × 1020 cm−3 are well 
matched to a range of applications in mid-infrared thermal 
control metasurfaces covering the long-wave IR at >8  µm 
wavelength. To further increase the carrier density of the AZO 
for mid-wave IR (<10  µm) applications, we modified the ALD 
process to a higher substrate temperature of 250 °C, resulting 
in a significantly increased optical carrier density of up to 
6 × 1020 cm−3. Figure 1c shows the transmission of a resulting 
AZO film at a doping ratio of 4%, deposited onto a calcium 
fluoride (CaF2) substrate of 1  mm thickness, before and after 
a 20 min exposure to O2 plasma. The CaF2 substrate has a 
transmission cut-off around 10  µm. Again we clearly see the 
effect of the plasma exposure on the IR transmission, which 
is characterized by the metallic Drude response before treat-
ment. A high visible-range transmission of about 70% is main-
tained following the plasma treatment, which extends all the 
way to the near infrared (NIR) and IR ranges indicating again a 
significant carrier density reduction of the AZO.

The exact optical constants, in terms of real and imaginary 
permittivity, ε1 and ε2, were extracted through appropriate mod-
elling employing two independent spectroscopic ellipsometry 
measurements in the visible (Vis) and IR (1.2–40 µm) spectral 
ranges for the corresponding AZO film with 4% doping ratio 
deposited at 250  °C, before and after the 20 min O2 plasma 
treatment. The optical constants are shown in Figure 1d. In the 
wavelength range between 200 and 1500 nm, ε1 and ε2 remain 
mostly unaffected by the plasma treatment. In the IR range 
above 1500  nm, ε1 and ε2 are significantly modulated. Before 
the plasma treatment, ε1 crosses over zero in the IR range, 
indicating the AZO is metallic at IR range whilst is dielectric 

at visible range. After plasma treatment, ε1 is above zero at all 
measurement ranges, indicating a switch in the metallic char-
acter of AZO to a pure dielectric behavior from 0.2 to 40 µm. 
This is consistent with ε2 trend which is significantly reduced 
at IR range after the plasma treatment. The above optical con-
stants were used in numerical simulations of demonstrator 
devices presented further below. In all cases, the whole depths 
of AZO films are considered to be impacted by the 20 min O2 
plasma treatment since no thin high carrier AZO film can be 
identified from optical measurements.

To demonstrate the performance of the AZO metasurfaces 
obtained using O2 plasma, we first evaluated a demonstrator 
device aimed at radiative cooling of spacecraft. OSRs play a cru-
cial role in the thermal control of a spacecraft.[24,51,52] OSRs are 
designed to reflect the solar radiation and radiatively dissipate 
the heat that is generated on board. Optically, an OSR is a spec-
trally selective filter that reflects the radiation spectrum of the 
sun and emits the thermal infrared spectrum corresponding 
to that of a blackbody at 300 K. We show here that our planar 
metasurface AZO optical solar reflector (meta-OSR) can be 
formed with an equivalent optical functionality to a conven-
tional non-planar metasurface.[24,51]

The successful modulation of carrier concentration through 
an O2 plasma shown above now allows us to develop a plasma 
patterning technique to selectively and locally modulate AZO 
carrier density. To achieve patterning, we use a silicon nitride 
(SiN) hard mask as high temperature oxygen diffusion barrier[53] 
(see Experimental Section and Section S5, Supporting Informa-
tion for details). Figure 2a shows the schematic of the meta-OSR 
based on the plasma patterning technique. The AZO is depos-
ited at 175 °C on top of a SiO2/Al stack to create a λ/4 perfect 
absorber stack. Patterning of the SiN hard mask by electron 
beam lithography and plasma etching is carried out to prepare 
the mask for selective plasma oxidation. Application of the O2 
plasma exposure to the AZO sample covered by the patterned 
hard mask results in a strong reduction in the AZO carrier den-
sity in the exposed region (marked as L or low), leaving the car-
rier concentration in the unexposed AZO region intact (marked 
as H or high). The carrier concentration contrast is thus defined 
by the hard mask pattern. After plasma treatment, the SiN layer 
is removed with little damage to the layer underneath and an 
optically patterned AZO metasurface is engineered that is fully 
embedded inside a physically planar surface. In comparison, 
the metasurface OSR formed by a conventional lithography and 
plasma etch of AZO is schematically shown in Figure 2b and is 
similar to results presented previously by us.[24]

Figure  2c,d shows the scanning electron microcopy (SEM) 
images for the O2 plasma patterning and conventional etch, 
respectively. Through the greyscale contrast, the square shape 
array of dimensions of about 700 × 700 nm2 can be identified, 
more clearly in the etched films than the plasma treated films. 
Atomic force microscopy (AFM) 2D mapping (Figure 2e,f) and 
corresponding cutline AFM profiles (Figure 2g,h) clearly dem-
onstrate the difference between the two approaches. The con-
ventionally etched pattern shows as expected clear topographic 
difference between the AZO pattern and the SiO2 with 80 nm 
height difference as extracted from the AFM cutline. The O2 
plasma exposure does not affect the height profile and a contin-
uous planar film remains intact, although with some increased 

Adv. Mater. 2020, 2001534
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roughness and minor impurities with topography below 10 nm 
being observed. Those impurities, shown as white dots in the 
SEM, and light blue in the AFM, are attributed to polymer 
residue.

The optical response of the meta-OSRs formed by plasma 
patterning and conventional etch, respectively, are shown in 
Figure  3a,b. For both meta-OSRs, the FTIR absorption spec-
trum shows a significantly broader absorption at around 7 and 
12  µm than that of the OSR stack without metasurface pat-
terning (labeled as film). This effect is attributed to the broad-
band plasmonic enhancement in this spectral range as detailed 
in the previous work and resulting in an increased blackbody 
emissivity.[24] The slight discrepancy in spectra between plasma 
patterning and etch meta-OSRs can be attributed to the optical 
difference between low carrier AZO and air. The difference 

in absorption spectra between the patterned and unpatterned 
AZO films translates into a significant increase of the IR emis-
sivity (ε) of these meta-OSRs from 0.65 for the unpatterned 
AZO structure to 0.81 for both O2 plasma and etch patterned 
plasmonic structures. The IR emissivity is a radiation cooling 
performance indicator of an OSR and further detail on IR emis-
sivity definition and calculation is available in our previous 
work.[24] The excellent agreement between plasma-patterned 
and etch patterned reflector spectra unambiguously shows 
that plasma-patterning technique can be used as an alterna-
tive route to form metasurface whilst maintaining a physically 
planar film. This is highly advantageous for further device pro-
cessing such as the addition of an antireflective coating stack.

To further demonstrate the versatility of the plasma pat-
terning technique and extend our work to mid-wave IR 

Adv. Mater. 2020, 2001534

Figure 2. Metasurface comparison formed by plasma patterning and conventional etch techniques. a,b) Schematic of the meta-OSR and resulting 
AZO features after plasma patterning and conventional etch, c,d) SEM image of meta-OSR of 700 nm features and 250 nm gap by plasma patterning 
and conventional etch, e,f) AFM map of the meta-OSR by plasma patterning and conventional etch, and g,h) cutline profile in AFM image of (e,f). The 
scale is 1 µm for both SEM and AFM figures.
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applications, we developed a second demonstrator device 
showing the capability of achieving multiband metasurfaces 
with independent functionalities in IR and visible parts of the 
spectrum. The multiband metasurface device, or multi-meta 
device in short, with multiplexing spectral functionalities is 
realized by integrating an embedded planar AZO metasurface 
for infrared applications with an Au metasurface for visible-
range applications. The fabrication of the proposed multi-meta 
devices is schematically shown in Figure  4a and is further 
detailed in Section S6, Supporting Information. The AZO meta-
surface consists of a 100 nm AZO (Al/Zn ratio 4%) atop a CaF2 
substrate deposited at 250 °C to achieve a high carrier density. 
The film is again patterned using the established method of 
O2 plasma exposure through a lithographically patterned SiN 
hard mask. After the SiN removal, an array of 40 nm thick gold 
antennas is formed through evaporation and lift-off on top of 
the embedded AZO metasurfaces. AZO and Au lithography 
layers are non-commensurate and no intentional alignment is 
applied.

Figure 4b shows an SEM image of the fabricated multi-meta 
device with a high magnification image shown as inset. The 
metasurface combines an Au feature size of 120 nm × 320 nm 
and a square AZO feature of 1340 nm in size. SEM images of 
other metasurfaces with different dimensions of the Au and 
AZO components are presented in Section S7, Supporting 
Information. The key feature of the SEM image is that the Au 
antenna geometry is unaffected by the AZO pattern underneath, 
independent of where it is located relatively to the AZO pattern. 
In particular, some antennas are positioned over the edge of 
an AZO feature, but their shapes remain intact. This is con-
firmed by the AFM image of the same multiband metasurface 

shown in Figure 4c, with Figure 4d showing two cutline profiles 
marked in the AFM color map. The AZO feature can be barely 
identified in the AFM map, indicating a planar surface, whilst 
Au antennas can be easily seen in bright color. The cutline 
1 is through the Au antennas and AZO features and the profile 
shows predominantly the Au antenna. A periodic step of about 
40 nm in height is seen consistent with the Au antenna thick-
ness. No systematic shape or topography change is found for 
Au antennas inside, outside, or partially overlapping with the 
AZO features. By comparison, in the cutline 2 over the AZO 
feature without Au antenna, a tiny indentation (<10  nm) can 
be identified at the position of the gaps. Therefore, the AZO 
metasurface formed by the plasma patterning technique is 
confirmed to be planar and exerting little or no impact on the 
subsequent deposited Au antennas. Therefore, the planar meta-
surface is highly advantageous as there is no restraint of pitch 
match or alignment between two functional arrays.

Optical transmission spectra for our multiband metasurfaces 
are presented in the Vis and IR range for the fabricated device 
with different combinations of feature sizes. Vis spectra were 
taken using polarized light along the longitudinal E-field with 
respect to antenna direction. The independent infrared tun-
ability is verified by varying the AZO feature size from 340 to 
1840 nm while keeping the Au antenna length fixed at 240 nm 
by 120  nm. Experimental transmission spectra are shown in 
Figure 5a for the Vis range and Figure 5b for IR range (unpolar-
ized), with corresponding simulations presented in Figure 5c,d. 
The CaF2 substrate spectra is plotted as reference. The Vis 
functionality of the devices shows as the predominant the half-
wavelength mode of the Au antenna of fixed dimension, and 
the AZO features only slightly affect the spectra with a small 

Adv. Mater. 2020, 2001534

Figure 3. Optical characterization and comparison between plasma patterned and conventional etched metasurfaces. a,b) FTIR absorption spectra of 
meta-OSRs for varying AZO feature size and constant 250 nm gap by plasma pattern and etch pattern. c,d) Simulated absorption spectra of (a) and 
(b). Solid black line in all figures is the identical spectra for the planar AZO film without any patterning.
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decrease in the resonance width seen in both experiment and 
simulation. We note that the simulations required the design to 
be commensurate within the unit cell of the AZO metasurface 
in order to apply periodic boundary conditions. Tunability of the 
IR spectrum is seen with AZO feature size (Figure 5b,d), where 
the cutoff at >10 µm corresponds to the CaF2 substrate. Overall 
experiments show a 20% higher IR transmission for experi-
ments than simulations. This could be attributed to potential 
overestimations of the coupling with longitudinal plasmon res-
onance in the numerical simulation, which was taken for plane 
wave incidence.

Independent tunability of the visible-range band is demon-
strated by fixing the AZO feature size at 1340 nm while varying 
the Au antenna length from 150 to 320 nm (with a fixed width 
of 120 nm). Figure 5e (visible range) and Figure 5f (IR range) 
show the experimental results, and Figure  5g,h the corre-
sponding numerical simulations. The antenna resonance shifts 
from 0.8 to 1.1 µm with Au feature size increasing from 150 to 
320 nm, while the transverse mode does not shift with antenna 
length (not shown). The different arrays show near identical 
spectra in the IR spectra, indicating that the IR response is 
unaffected by the Au metasurface. Therefore, multiband meta-
surface devices based on the plasma patterning technique are 
demonstrated to have independent optical tunability at Vis 
and IR bands, owning to lack of both topographic and optical 

interaction between the planar AZO IR metasurface and Au 
visible-range metasurface.

In summary, we reported that optical properties of Al-doped 
ZnO films can be strongly modulated by a free carrier modu-
lation reduction through exposure to an O2 plasma. A modu-
lation up to 5 orders of magnitude is demonstrated through 
electrical and optical characterizations. Based on these results, 
we demonstrate a plasma-patterning technique to selectively 
and locally modulate AZO carrier density without resulting in 
a topographical profile. A planar metasurface AZO meta-optical 
solar reflector (meta-OSR) can be formed with an equivalent 
optical functionality to a conventional non-planar metasurface. 
We also reported the successful fabrication of a novel multi-
meta device consisting of two separate AZO and Au metasur-
faces, which independently operate in visible and IR ranges.

The proposed plasma patterning technique opens up a new 
route to form novel photonic devices by enabling a selective 
optical property modulation of AZO. Other applications could 
be found in transparent electrodes, invisible metasurfaces for 
product labelling and anti-counterfeiting. Vertical depth pro-
file of the carrier concentration modulation of the films is uni-
form in our devices but could potentially be controlled by grey 
scale lithography to create a whole new category of materials.[54] 
Other materials amenable to local carrier concentration include 
TiO2

[55] or 2D transition metal dichalcogenides (TDMC) such as 

Adv. Mater. 2020, 2001534

Figure 4. Multi-meta device formation and characterizations. a) Schematic of multi-meta device fabrication, b) SEM image of the fabricated multi-
meta device with Au plasmonic features on an AZO metasurface and Au pattern of 320 nm feature with 220 nm gap vertical and 120 nm feature with 
220 nm gap horizontal. AZO square features of 1340 and 160 nm gap, c) AFM image of the multi-meta device, and d) cutline profiles through Au and 
AZO features (Cutline 1, red) and AZO feature only (Cutline 2, green). Scale bar in (b) and (c) is 1 µm.
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MoS2
[56,57] which could be the topic of future investigations. We 

believe that plasma patterning techniques have broad potentials 
for electronic and photonic applications to achieve novel struc-
tures once unimaginable or beyond the existing manufacture 
capability.

Experimental Section
Plasma Exposure and Plasma Patterning Technique: A 100 nm AZO film 

was deposited using a Savannah S200 thermal ALD system with TMA, 
DEZ and H2O precursors. Al doping was controlled by adjusting the 
Al/Zn cycle ratios from 0% to 5% (detailed in previous work[24]). The 
resulting AZO film was then exposed to an O2 plasma at an elevated 
temperature of 300  °C in an Oxford Instruments FlexAl ALD system, 
equipped with an inductively coupled plasma (ICP) source for high 
density plasma. The O2 plasma condition was set at an O2 flow of 
60 sccm, Pressure of 150 mTorr and ICP power of 400 W. To eliminate 
the effect of annealing at 300 °C without plasma source, the total time 
in the chamber is 26 min for all samples independent of O2 plasma 
exposure time.

For the plasma patterning, the samples were capped with a 3  nm 
Al2O3 by ALD as a protection layer after AZO deposition step and 
then a 80 nm SiN hard mask layer was deposited by plasma-enhanced 

chemical vapor deposition (PECVD) at 200  °C. The SiN layer was 
subsequently patterned by e-beam lithography using a JEOL JBX-9300FS 
e-beam system and then an ion beam etch process using an Oxford 
Instrument IonFab 300 Plus system. A CHF3+Ar etch process was used 
for SiN layer patterning whilst the AZO film was patterned using a pure 
Ar etch process for etch pattern samples. The resist (ZEP520A) was then 
stripped using a low temperature O2 ICP plasma removal with sample’s 
temperature well controlled to be below 65 °C through short term cycled 
plasma etch and cooling and the sample was exposed to O2 plasma as 
previous described. After the plasma treatment, the SiN was selectively 
removed using a specially developed ICP process of fluorine chemistry 
with a low ion damage.

Optical Characterizations: Infrared reflectance was measured over the 
range of 2.5 to 15  µm using a Fourier transform infrared microscope 
(Thermo-Nicolet Nexus 670, Continuum microscope) with a 15× optical 
objective with a numerical aperture of 0.58 and a MCT detector. The 
KBr beamsplitter and IR source was used and the transmittance and 
reflectance were normalized with air and aluminum mirror, respectively. 
A separate visible-range spectrophotometer was used to cover the 
spectrum from 0.6 to 2.0 µm for the gold metasurface arrays. An 80 nm 
aluminum coated SiO2/Si substrate was used as reference for reflection. 
The Vis/NIR optical property of the AZO films was characterized using 
an ellipsometry system (J.A.Woollam M-2000) with a spectral range of 
200 to 1700  nm. The IR Ellipsometry measurements were performed 
using a Woollam IR variable angle spectroscopic Ellipsometer Mark II  
with a spectral range of 1.25 to 40 µm. The AZO film was modelled as 

Figure 5. Multi-meta devices with independent functionalities at different wavelength ranges through Au feature and AZO feature variations.  
a–d) Transmission spectra of the multi-metasurface devices with a fixed Au feature (L × W as 240 nm × 120 nm) and various AZO square features 
with width ranging from 340 to 1840 nm for: a) experimental Vis range, b) experimental IR range, c) simulated Vis range, and d) simulated IR range.  
e–h) Transmission spectra of the multi-band metasurface devices with a fizzed AZO feature of 1340 nm and Au features ranging from 150 to 320 nm 
vertical by 120 nm horizontal for: e) experimental Vis range, f) experimental IR range, g) simulated Vis range, and h) simulated IR range. CaF2 reference 
is given for all graphs.
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film with an uniform carrier density over the whole depth. The AZO 
carrier density was extracted employing an appropriate Drude model.[50]

Numerical Modeling: The simulations of the meta-OSRs and multi-
meta devices were done using the finite difference time domain (FDTD) 
method implemented in Lumerical software. Spectra from 0.3–30  µm 
wavelength were obtained using a broadband short pulse source. The 
source was a plane wave incident normal to the surface. Symmetric 
and anti-symmetric boundary conditions were used to reduce the 
computation volume. The refractive index and extinction coefficients 
of AZO were derived from Ellipsometry using the Drude model, other 
materials including Au, SiO2, Al, SiN, and CaF2 are from tabulated 
references.[58] Linearly polarized incident light was used for meta-
OSRs, and polarized light along the longitudinal E-field with respect 
to antenna direction was used for multiband devices in the visible 
spectrum. Unpolarized light was used where stated for the IR response 
of the multiband devices, and was obtained by averaging over the two 
orthogonal polarizations.
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