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ABSTRACT: The ability to efficiently absorb light in ultrathin
(subwavelength) layers is essential for modern electro-optic
devices, including detectors, sensors, and nonlinear modulators.
Tailoring these ultrathin films’ spectral, spatial, and polarimetric
properties is highly desirable for many, if not all, of the above
applications. Doing so, however, often requires costly litho-
graphic techniques or exotic materials, limiting scalability. Here
we propose, demonstrate, and analyze a mid-infrared absorber
architecture leveraging monolayer films of nanoplasmonic
colloidal tin-doped indium oxide nanocrystals (ITO NCs). We
fabricate a series of ITO NC monolayer films using the liquid−air
interface method; by synthetically varying the Sn dopant concentration in the NCs, we achieve spectrally selective perfect
absorption tunable between wavelengths of two and five micrometers. We achieve monolayer thickness-controlled coupling
strength tuning by varying NC size, allowing access to different coupling regimes. Furthermore, we synthesize a bilayer film
that enables broadband absorption covering the entire midwave IR region (λ = 3−5 μm). We demonstrate a scalable platform,
with perfect absorption in monolayer films only hundredths of a wavelength in thickness, enabling strong light−matter
interaction, with potential applications for molecular detection and ultrafast nonlinear optical applications.
KEYWORDS: localized surface plasmon resonance, indium tin oxide, infrared, perfect absorption, thin absorber,
transparent conducting oxide

Engineering “perfect” absorption (PA) of infrared (IR)
light is of fundamental and practical interest, partic-
ularly in the mid-IR region (3−30 μm). This region

hosts the spectral signatures of molecular vibrations, contains
the midwave IR (MWIR) and long-wave IR (LWIR)
atmospheric transparency windows (3−5 and 8−12 μm,
respectively), and coincides with thermal emission peaks of
room temperature and hot objects. Infrared perfect absorbers
can serve as vital components in optical and optoelectronic
applications such as photodetection,1,2 thermal emission
engineering,3−6 and sensing.7,8 Considerable attention has
been devoted to realizing ultrathin perfect absorbers,9,10 driven
by the dual benefits of reducing device volume and offering
enhanced efficiency and sensitivity. Confining the absorption
process to deeply subwavelength scales has proven beneficial
for single photon detection11,12 and quantum transduction,13

as well as for exploring ultrafast nonlinearities for switching14

and laser mode-locking.15

Most ultrathin absorber demonstrations so far were based on
patterned metamaterials,9 thin-film metal, doped semiconduc-

tor, and phononic layers,10,16,17 and more recently 2D
materials such as graphene and transition metal dichalcoge-
nides.18 Lithographically patterned metamaterials have been
particularly successful at enabling spectrally flexible and
functional perfect absorbers19 due to their ability to control
the amplitude, phase, wavelength, and polarization of light.
However, the reliance on expensive, high-resolution nano-
patterning techniques can be a limiting factor in their
scalability.19−23 Similarly, 2D materials have shown great
promise for efficient light absorption and detection,18,24 but
also suffer from limited scalability due to challenging growth
and transfer processes involved in their photonic integration.
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Moreover, most 2D absorber designs either rely on intrinsically
invariant material (excitonic and phononic) resonances (which
limits their spectral flexibility), or again, require broad-area
lithographic patterning to engineer absorbing resonances.
Recently, a material-agnostic framework has been developed

for analytically determining the minimal material thickness
capable of exhibiting PA.25 While that study envisioned thin
film materials with resonant absorptive response, the same
framework applies to any lossy thin film, including
metamaterials with engineered resonant response. Using a
highly reflective (perfect electrical conductor, or PEC)
backplane with a quarter-wave spacer layer, or alternatively, a
perfect magnetic conductor (PMC) backplane with negligible
spacer layer, PA in layers only nanometers thick was predicted
for a range of real world materials (AlN, hBN, SiC, GaAs, etc).
Interestingly, at these ultrathin dimensions, only the imaginary
part of the permittivity determines the minimal thickness at
which the thin film can absorb all incident light. This
framework could be especially useful for thin films whose
resonant absorption response, i.e., effective imaginary
permittivity, can be engineered to enable the design of a
wavelength-flexible architecture capable of PA in ultra-
subwavelength layers.
In that context, colloidal plasmonic nanocrystals (NCs) offer

a potentially ideal material system for the demonstration of
scalable ultrathin perfect absorbers.26−29 The NCs can serve as
meta-atoms with broadly tunable extinction features, which can
further form large-area metamaterials with engineered resonant

absorption. Noble metal NCs are suitable absorbers at the
visible wavelengths.26,27 However, at long wavelengths, the
large, negative permittivity of conventional metals precludes a
localized plasmonic response in subdiffraction-limit nano-
particles.30 For larger metallic NCs, mid-IR resonant response
is achievable only by stacking multiple layers of NCs.31,32 This
stacking process makes the absorber layer thickness close to
the μm scale, precluding the realization of the benefits of a thin
perfect absorber.
Unlike conventional metallic NCs, doped metal oxide NCs

exhibit a frequency-tunable localized surface plasmon reso-
nance (LSPR) that is influenced not only by the NC size but
also, primarily, by the dopant concentration incorporated
during synthesis.33−35 This feature weakens the linkage
between NC size and resonance wavelength, offering a more
systematic (and more flexible) approach to metamaterial
design leveraging NCs as meta-atoms. Moreover, a single metal
oxide NC, even below 10 nm in diameter, can exhibit a
resonance wavelength in the mid-IR, which has enabled
efficient optical switching of IR light36−38 and the demon-
stration of molecular sensors using such NCs to enhance
molecular vibrational signals.39 The transparency of metal
oxide NCs to visible light also ensures that their presence does
not compromise any visible light response, making them
suitable for thermal absorbers in sunlight management.40 We
recently showed that the tin-doped indium oxide (ITO) NCs
can form a compact monolayer where NCs couple strongly to
each other, giving rise to a collective plasmon response

Figure 1. Design principle of our perfect absorber based on the impedance matching process. (a) Schematic of an ITO NC monolayer
structure on a Si wafer with representative (i) extinction and (ii) complex permittivity spectra (iii) The permittivity line shape for NC
monolayer on a Si wafer. (b) (i) Schematic of the perfect absorber structure and (ii) its equivalent transmission line circuit. Effective
conductivity is tunable through the control of (c) (i) NC size, (ii) Sn doping, and (iii) the layering of two different types of ITO NCs. The
expected absorption spectra are shown schematically below.
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(CPR).41 The NC monolayer was shown to effectively act as a
mid-IR metasurface with frequency-tunable reflection, absorp-
tion, and epsilon near zero (ENZ) properties.41 In that study,
the tunable resonant frequency of the ITO NCs made them
versatile meta-atoms, where the effective properties of the
optical layer could be varied by incorporating ITO NCs with
two different Sn concentrations (and therefore different LSPR
frequencies) within a single monolayer.
Here, we demonstrate the capability of tailoring mid-IR

absorption properties using ITO NC assemblies. We predict,
design, and experimentally validate PA in a series of ultrathin
monolayer samples. We demonstrate control over the MWIR
absorption features’ strength, spectral position, and bandwidth
by judiciously controlling the size and doping of NCs and
combining two monolayers in a single photonic cavity. We
show spectrally selective perfect absorbers tunable between 2
and 5 μm and thickness-controlled coupling strength between
the photonic and CPR resonances at a single wavelength. We
also show that layering different ITO NCs can significantly
broaden the CPR, resulting in a broadband strong absorption
feature covering the whole MWIR band. The demonstrated
perfect absorber is tunable across the mid-IR, lithography-free,
and largely insensitive to polarization and angle, while the
absorption process is confined to thicknesses less than a
hundredth of the operating wavelength. These properties make
the ITO NC-based perfect absorbers a promising system for IR

sensing and detection schemes and for ultrafast nonlinear
phenomena and switching.

RESULTS AND DISCUSSION
Design Principle and Fabrication Process. Close-

packed monolayer films of ITO NCs exhibit a resonant peak
in their optical extinction spectra and associated effective
complex permittivity similar to other resonantly absorbing
materials, as shown schematically in Figure 1a. As shown
previously,41 ITO NC monolayer films have a distinct
extinction peak [Figure 1a (ii)], which is associated with the
CPR of the NC array (at λCPR). Due to the dense packing and
uniformity of the monolayer film, its optical properties are well
represented by an effective complex permittivity with a finite
width, resonant absorption feature, centered at the peak
wavelength of the CPR of the NC array, as shown in Figure 1a
(iii). According to our recent theoretical work,25 such films are
ideally suited for the design of perfect absorbers at the ultrathin
limit, when integrated with simple optical cavities. To that end,
our design uses a classic Fabry-Peŕot cavity absorber in the
Salisbury screen configuration,42,43 where a thin lossy film, in
our case, the ITO NC film, is placed on top of a quarter-wave
lossless dielectric spacer, which is backed by a PEC, as
illustrated in Figure 1b(i). To analytically describe the
absorbing properties of the proposed structure and to
introduce our design principle, we employ transmission line
theory and impedance matching arguments,44 representing the

Figure 2. Structure of ITO NC-based perfect absorber. (a) Fabrication process of a perfect absorber. (b-i) Cross-sectional SEM of the perfect
absorber with 6% Sn doped ITO NCs having 28 nm diameter. (b-ii) EDS elemental mapping of the cross-sectional SEM (scale bar 200 nm).
(c) Top-down SEM of the ITO NC monolayer (scale bar 1 μm), which is an identical sample from (b). (d) Electric field distribution at 3.1
μm calculated using FEM simulations. Our model includes a 3% Sn-doped 31 nm ITO NC monolayer as an absorbing layer, a 195 nm Ge
spacer layer, and a 78 nm Au layer below the spacer. We consider light that is normally incident (along the z-axis) and polarized along the x
direction. (i) A cross-section map throughout the x−z plane, (ii) a magnified map of (i) focused on the NC region, and (iii) a cross-section
map throughout the x−y plane.
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structure with an equivalent transmission line model as shown
in Figure 1b(ii). Due to its deep subwavelength thickness (a
single NC diameter, consistent with our previous work),41 the
ITO NC monolayer, in our transmission line formalism, can be
treated as a planar sheet with an effective conductivity:45

Z Z
i t1 1 2 ( ( ) 1)

ITO
ITO 0

eff= =
(1)

where σITO is the sheet conductivity of the ITO NC
monolayer, εeff = ε′ + iε″ is the complex effective permittivity
of the NC film [Figure 1b(iii)], t is the monolayer thickness
(equivalent to the NC diameter), λ is the free-space
wavelength of the incident light, and Z0 and ZITO are free-
space and effective NC monolayer impedances, respectively.
The resonant absorption (associated with ε″ of the NC
monolayer) corresponds to a resonant real conductivity (eq 1),
as schematically shown in Figure 1b(ii). The reflection
coefficient of the idealized structure from Figure 1a goes to
zero, i.e., the structure perfectly absorbs all incoming light,
when the real part of the ITO conductivity is equal to the
characteristic admittance of air (inverse free-space impedance,
i.e., identical to impedance-matching with air - see the
Supporting Information, SI):

Re
Z

t
Z

( )
1 2 1

ITO
0 0

= =
(2)

The spacer thickness is optimized to induce destructive
interference for outgoing waves. In the ultrathin regime, as
indicated by eq 2, the film’s conductivity depends linearly on
both thickness and the imaginary part of the effective
permittivity - properties which ITO NC monolayers are
particularly well suited for controlling, as we next show. Since
we use ultrathin NC films, the critical conductivity value
requires a large ε″, which is reached at or near λCPR, as shown
in Figure 1c where the critical conductivity value, Re(σ) = 1/
Z0, is shown as a dashed line. Equation 2 can immediately
predict whether a given ITO NC monolayer can exhibit PA in
this cavity architecture; for example, for 3.5 μm light and 31
nm NC diameter, the PA condition requires ε″ ∼ 17, which is
easily achievable with previously demonstrated εeff at λCPR in
ITO NC monolayers.41

Our concept for a perfect absorber platform (outlined in
Figure 1c) leverages the ability to vary size [Figure 1c(i)] and
the Sn doping concentration [Figure 1c(ii)] of the ITO NCs
to enable independent tuning of the CPR spectral position and
strength (as a result of changing LSPR characteristics of the
NCs), which both influence the film’s effective conductivity. In
turn, we can tune both the strength and spectral position of the
absorption feature of the photonic system [Figure 1c(i-ii)]. As
a result, the cavity can be tailored to be under-coupled,
critically coupled, or overcoupled, all at a chosen wavelength,
based on the Re(σ) peak value relative to 1/Z0. The predicted
coupling regime informs expectations of the potential to
achieve PA and the spectral line shape (Figure 1c).
Furthermore, ITO NCs are conducive to layering, enabling
films that combine NCs with different CPR spectral positions
[Figure 1c(iii)]. Combining spectrally distinct CPRs can result
in significant broadening of the absorption, thus enabling
control not only over coupling strength and spectral position of
absorption, but also over its bandwidth, all by straightforward
self-assembly of the plasmonic absorber layer.

To realize the configuration we conceptualized, we
deposited 78 nm of gold on a silicon substrate to serve as a
PEC (Figure 2a); in the long wavelengths of the mid-IR, the
large negative permittivity of the noble metals allows them to
effectively be treated as PECs. Subsequently, we grew the Ge
layer as a spacer for the cavity structure with a thickness
determined by the CPR wavelength of the ITO NC monolayer
to be deposited. ITO NCs were synthesized with an
established slow injection method where the Sn dopant
concentration is controlled by the mixing ratio of Sn and In
in the precursor solution and the size is determined by the
volume of precursor solution injected in the reaction flask.33

Synthesized ITO NC size and size uniformity were analyzed by
bright field scanning transmission electron microscopy (Figure
S3) and dopant concentrations were measured by inductively
coupled plasma-mass spectrometry of acid-digested NCs
(Table S1). To integrate the NCs with the photonic cavity,
we placed a water droplet on top of the Ge spacer, then
dispensed a droplet containing oleate-capped ITO NCs
(dispersed in 2:1 hexane:toluene) on top. As we previously
reported,41,46 slow evaporation of the solvent produces a
compact monolayer of ITO NCs (Figure 2a). Although
Akselrod et al.47 showed that isolated NCs on the top of a
spacer-PEC geometry can exhibit perfect absorption behavior,
close-packed layers of NCs increase their extinction41,48 (and
thus, the imaginary part of permittivity) due to the collective
plasmon coupling behavior. In addition, a close-packed NC
structure enables the creation of a high density of plasmonic
hot spots, which can enhance the light-matter interaction,49

sensing,50 or optical switching applications.38

Cross-sectional scanning electron microscopy (SEM) and
compositional mapping by energy dispersive spectroscopy
(EDS) confirm the uniformity and intended thickness of each
layer [Figure 2b,c]. The uniformity of the ITO NC film over a
large area allows us to model this monolayer as a planar slab
with an effective sheet impedance. To visualize the electric field
distribution in the perfect absorber, we modeled the optical
stack, including an ITO NC monolayer (with parameters
consistent with 3% Sn doped ITO NCs, namely ωp = 12541
cm−1 and γp = 672 cm−1), a 195 nm thick Ge spacer layer, and
an underlying 78 nm layer of gold using the finite element
method (FEM) as shown in Figures S1 and S2. For resonant
excitation at normal incidence, we observe a strong enhance-
ment of the electric field within the monolayer of ITO NCs,
specifically concentrated in the gaps between the NCs (Figure
2d and Figure S2), promoting the strong absorption observed
in our system.

Size and Doping Variation on ITO NCs and Following
Absorption Behavior. The ability to control light−matter
interaction strength is of broad interest to polaritonic physics
and chemistry.51,52 Specifically, tuning between undercoupled,
critically coupled, and overcoupled regimes is an important
characteristic of ultrathin absorbers.53,54 ITO NCs enable
tuning of the coupling strength by varying the NC size, i.e.,
monolayer thickness [Figure 1c(i)]. To study the effect of
monolayer thickness on the reflection spectra, we synthesized
ITO NCs with diameters of 12, 17, 25, and 31 nm (Figure S3).
The LSPR wavelength of dispersed ITO NCs depends
primarily on Sn doping concentration and is nearly size-
invariant in this diameter range.55 However, in the close-
packed monolayers the NC spacing is approximately constant,
determined by the steric bulk of the oleate ligands. As such,
larger NCs are packed more densely, resulting in a larger
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redshift in the resonance upon assembly. To compensate for
this effect and achieve consistent CPR in the monolayers as we
varied NC size, the Sn concentrations were fine-tuned to 2.2,
2.5, 2.7, and 3%, respectively, for increasing diameter. These
adjustments caused the LSPR wavelengths of the solvent-
dispersed NCs to vary systematically, being 3.0, 2.6, 2.4, and
2.3 μm, respectively (Figure 3a). However, once the
monolayers of each type of ITO NCs were formed, the CPR
wavelengths converged to λCPR = 3.4 μm. Thus, the synthetic
tuning of the ITO NCs allows independent control over size
and resonant wavelength in the assembled monolayers, which
cannot be achieved with conventional metallic NCs.29 This
control allowed us to interrogate different levels of effective
loss and investigate different coupling regimes at a fixed
wavelength using the same material.
To quantitatively understand the factors controlling the

spectral shift from dispersions to monolayers, we characterized
the spectra of the dispersed NCs by heterogeneous ensemble
Drude approximation (HEDA) analysis (Figure S4).56 ITO
NCs are known to contain a plasmonic core with a high
electron concentration, surrounded by a thin (few nm thick)
near-surface depletion layer that reduces the LSPR coupling
between neighboring NCs in a film.57 Fitting the LSPR spectra

of the solvent-dispersed NCs by HEDA analysis, we extracted
the fraction of the NC volume occupied by its plasmonic core
(and hence the depletion width) and the free electron
concentration in that plasmonic region. Consistent with
previously reported trends, we found that larger ITO NCs
with higher Sn doping concentration have larger plasmonic
core volume fractions, thinner estimated depletion widths, and
higher charge carrier concentrations. All three of these factors
favor stronger coupling,46 so these electronic characteristics of
the NCs explain the larger red-shift of LSPR wavelength upon
monolayer formation for the bigger, more highly doped ITO
NCs (Figure 3a).
Parameters obtained from HEDA fitting (Table S1) are also

used to model the optical response of the NC monolayers and
to predict spectra of the photonic devices. We derive the
effective permittivity for monolayers of each NC type (varying
doping and diameter) (Figure 3b), by applying the mutual
polarization method (MPM) (details described in the SI).41,46

We initially estimated the packing fractions to match
experimental extinction spectra with MPM (Figure S5) and
confirmed that these area fractions are consistent with those in
the experimental samples by using threshold images from SEM
(Figure S6). The in-plane component of the permittivity

Figure 3. NC size-dependent light absorption behavior at fixed resonant wavelength. (a) Extinction spectra for solvent dispersions (dashed)
and monolayers of ITO NCs on Si substrates (solid). The solution phase spectra (in tetrachloroethylene) are normalized for clarity. (b)
Complex effective permittivity of each ITO NC monolayer derived using MPM. (c) SEM of ITO NC monolayers with (i) 12, (ii) 17, (iii) 25,
and (iv) 31 nm ITO NCs. All scale bars are 100 nm. (d) Calculated reflection spectra as a function of monolayer thickness and wavelength
(log scale) for dITO = (i) 12, (ii) 17, (iii) 25, and (iv) 31 nm ITO NCs. tcritical are depicted with red dashed lines. tcritical for (i) is 95 nm (not
visible). (e) Simulated reflection spectra for each ITO NC monolayer [also designated as dashed lines in (d)]. (f) Measured reflection
spectra for each ITO NC monolayer.
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computed by MPM is comparable to the permittivity extracted
by fitting the normal incidence extinction spectra of NC
monolayers on Si wafers, a conventional method for extracting
permittivity from Lorentzian type oscillators (Figure S9). This
agreement corroborates the accuracy of the MPM regarding
the permittivity function (details in the SI).58 The high
uniformity of ITO NC monolayers, demonstrated for various
NC diameters in Figure 3c(i-iv), all strongly subwavelength,
enables the application of the sheet impedance model
described in Figure 1 regardless of the ITO NC size.
Each ITO monolayer was modeled by its effective

permittivity (Figure 3b), allowing us to simulate the reflection
spectra of the total structure using the transfer matrix method
(SI). To illustrate the effect of monolayer thickness (i.e., NC
diameter) on the response of the structure, Figure 3d shows
the contour plots of the simulated reflection spectra for the
four samples as a function of monolayer thickness and
wavelength. In the ultrathin regime, varying thickness is
analogous to tuning conductivity (i.e., loss) according to eq 2,
where each sample has a different critical thickness that marks
the transition between undercoupled and overcoupled regimes.
The critical thickness is calculated through eq 2 at resonance
(tcritical, red dashed line in Figure 3d), while the value of the
actual monolayer thickness (dITO, black dashed line in Figure
3d) relative to the critical thickness will determine the coupling
regime, and ultimately, the spectral line shape. The smaller
samples (12 and 17 nm diameter), Figure 3d(i-ii), are in the
under-coupled regime (dITO < tcritical). Their reflection does not
reach near-zero, and both exhibit a single reflection feature
(Figure 3e). Simulated spectra for the 25 nm sample indicate
that it lies close to the critical coupling regime (dITO ≈ tcritical)
with very low reflection values (absorption above 98% from 3.1
to 3.6 μm), while the 31 nm sample shows obvious splitting of
the reflection dips (positioned at 3 and 3.8 μm), indicating that

this configuration is operating in the overcoupled regime (dITO
> tcritical). Although overcoupling does not lead to perfect
absorption directly at the CPR wavelength, overcoupling could
be advantageous for molecular detection59 and hot electron
transfer schemes.60 The experimental results (Figure 3f)
closely match the simulated predictions, demonstrating the
applicability of the model to these ITO NC-based
metamaterials and the feasibility of using NC size to achieve
thickness-controlled coupling strength. Simulated reflection
spectra (Figure S10) using effective permittivities obtained
from NC monolayer extinction spectra also closely match the
experimental spectra (Figure 3f). The close matching with
experimental results supports the usefulness of our theoretical
framework described in eq 2 and further validates MPM for
creating the effective permittivity functions of the NC
monolayers. Finally, the reflection line shape of the 31 nm
NC monolayer from Figure 3e also agrees with the reflection
spectrum generated by the FEM (Figure S2), which supports
the efficacy of our model in predicting the reflection spectra.
Since the CPR of ITO NC monolayers is tunable based on

Sn concentration regardless of NC diameter, we can
systematically study the coupling behavior at different
resonance wavelengths for a fixed ITO NC diameter and
demonstrate tunability of the perfect absorption feature across
the mid-IR. NCs synthesized with 6, 3, and 1% Sn and around
30 nm diameter have λLSPR of 2.0, 2.3, and 3.3 μm, respectively,
in solvent dispersions (Figure S4). By forming monolayers of
each of the ITO NCs on silicon substrates, the extinction
spectra were measured and found to have λCPR’s of 2.7, 3.3, and
4.5 μm, respectively (Figure S5). Additionally, we prepared
8.0% Sn doped 16 nm ITO NCs, which have a λCPR of 2.3 μm
when assembled in a monolayer. Similar to the size series
shown in Figure 3, the effective permittivity (Figure 4a and
Figure S7) of each ITO NC monolayer was calculated with

Figure 4. Wavelength tunability of perfect absorbers based on ITO NC monolayers. (a) Imaginary parts of the effective permittivity of NC
monolayers calculated by MPM and (b) Calculated perfect absorption thickness condition for 28 nm NC with 6% Sn, 31 nm NC with 3% Sn,
31 nm NC with 1% Sn, and 16 nm NCs with 8% Sn assembled as monolayers. (c) Simulated and (d) experimental reflection spectra in the
perfect absorber geometry.
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MPM (details in the SI). By inserting the extracted
wavelength-dependent imaginary part of the permittivity for
each ITO NC monolayer into eq 2, we predicted the perfect
absorption thickness for each case as tPA = λ/2πϵ″(λ) (Figure
4b, also referred to as the resonant Woltersdorff thickness25).
This metric provides another way to visualize the impedance
matching condition and predict the coupling regime between
the cavity mode and the CPR. Considering the thickness of
each of the ITO NC monolayers, we find that the 6, and 3% Sn
ITO NC monolayers each match the perfect absorption
thickness at two wavelengths, indicating that these layers are
operating in the overcoupled regime. In contrast, the 1% Sn
NC monolayer was slightly too thin to match the perfect
absorption condition, suggesting slightly under-coupled
behavior for this case. Lastly, the 8.0% Sn ITO NC monolayer
closely matches the critical coupling condition (Figure 4b).
Our experimental data (Figure 4d) agree well with these
predictions, with two distinct dips reaching zero reflection
observed for the 6 and 3% Sn ITO NC monolayers, one broad
dip close to zero observed for the 1% ITO NC monolayer, and
a broad near zero reflection feature observed for the 8% ITO
NC monolayer (Figure 4b).
Targeting Angled and Broad Absorption. One

important characteristic of a perfect absorber, for a number
of potential applications, is achieving strong absorption across
a wide solid angle, for both TE and TM-polarized incident
light.4 We experimentally investigated the reflection of TM-
and TE-polarized light with a monolayer prepared with 3% Sn
doped, 31 nm diameter ITO NCs in the photonic cavity
structure described above. For TM-polarized light, we saw
consistent near-perfect absorption up to incident angles of
∼60° with respect to the normal (Figure 5a). We also observed
a higher energy TM-polarized reflectance dip at 1.5 μm, which
grew stronger with increasing angle. For TE-polarized light, we
observed a continuous decrease in absorption strength with
increasing incidence angle (Figure 5c). To support our
observations, we simulated the angle-dependent reflection
spectra, taking into account the anisotropic nature of the
effective permittivity, which we also calculated using MPM
simulations (Figure S11).41 The TM-polarized reflectance
simulation (Figure 5b) reproduces the observed, largely
consistent, absorption until the angle reaches 60°, as well as
the additional reflection dip observed around λ ≈ 1.5 μm,
which we ascribe to increasing excitation of the out-of-plane
polarized mode (analogous to the Berreman mode for a
homogeneous ITO slab).61 The simulations also reproduced a
progressive drop in absorption with increasing angle for TE-
polarized light, similar to the experimental observations
(Figure 5d). This trend is expected, as the structure shifts
away from the perfect impedance matching condition at higher
incidence angles. Overall, the structure maintains a broad
angular bandwidth of strong absorption for both polarizations,
as we can further corroborate from angle and wavelength-
dependent contour maps (Figure S12) for each polarization.
Thus far, we have demonstrated tunable absorption features

based on the synthetically controlled NC size and dopant
concentration in the meta-atoms making up the monolayer
films, all of which produced relatively narrow spectral
absorption lineshapes. While high spectral selectivity is
preferred in some applications, broadening the absorption
band is highly desirable in others, e.g., for bolometric absorbing
elements for thermal imaging applications62 or for thermal
energy management,63 both of which would benefit from

broadband absorption across entire wavelength ranges such as
the 3−5 μm MWIR atmospheric window. Previous attempts to
broaden mid-IR absorption features for detectors often require
rather complex multiresonant structures,64,65 leaving room for
the design of simpler and more scalable solutions. As we briefly
introduced earlier [Figure 1c(iii))], our perfect absorber
architecture can be extended to engineer spectral response
by simply layering NCs having different synthetically
controlled doping concentrations. By taking advantage of
resonance tunability through doping, we design and demon-
strate an absorber covering the whole MWIR range.
To integrate multiple NC layers in one structure, we

modified the liquid−air assembly process by submerging the
substrate with the fabricated cavity into an acetonitrile solution
in a Teflon trough. Next, we deposited a small volume of the
3% Sn doped 31 nm NC solvent dispersion atop the
acetonitrile subphase, allowing the NC monolayer to form at
the air interface. After transferring the free-floating ITO NC
film onto the substrate below by pipetting out the acetonitrile
subphase, we repeated this procedure with 1% Sn doped 31 nm
NC solvent dispersion to create a bilayer ITO NC film (Figure
6a). The extinction spectrum resulting from the bilayer
deposition on a Si substrate shows two distinct extinction
features at 3 and 4.2 μm, which can be ascribed to
contributions from the 3% and 1% Sn ITO NCs, respectively
(Figure 6b). We use a two-layer optical model, where each
layer’s permittivity is modeled with a Lorentz resonance model
(Figure S13), corresponding to 1% and 3% ITO monolayers,
to fit the measured bilayer extinction spectra (Figure 6b).
Using these effective permittivities, we designed and optimized

Figure 5. Angle dependent absorption behavior of 3% Sn doped 31
nm ITO NC monolayer. (a) Experimental and (b) simulated
reflection spectra at oblique incidence angle for TM-polarized
light. (c) Experimental and (d) simulated reflection spectra at
oblique incidence angle for TE-polarized light.
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a cavity (dGe = 200 nm) with broadband absorption response,
Figure 6c. The measured response displays near-impedance-
matching conditions over a wide range of wavelengths�
roughly 3−5 μm�demonstrating an ultrathin wide-band
absorber, with good agreement between the simulation and
experiment. As shown in Figure S14 in the SI, varying the
thickness can lead to perfect absorption at either CPR
wavelength or at a single central perfect absorption point as
shown in Figure 6c. However, Figure 6c demonstrates the
broadest absorption spectra in general. Thus, this spacer
thickness variation serves as another tunable parameter for our
system to manipulate absorption.

CONCLUSION
We have demonstrated a photonic system with powerful
control over its mid-IR absorption properties, realized in a
scalable Salisbury screen configuration. By manipulating the
synthetically controlled parameters of the ITO NCs, we have
tuned the spectral position, strength, line shape, and
bandwidth of the absorption features. Leveraging our analytical

model of the perfect absorber architecture, we are able to
design, fabricate, and demonstrate wavelength flexible perfect
absorption knowing only the permittivity of the monolayer of
ITO NCs, which can be also simulated by MPM. These
predictions find strong empirical support in our experimental
results. Our NC-based perfect absorption platform allows
highly customizable spectral response across a wide range of
wavelengths owing to the potential for layering NC
components, including ITO NCs with different doping
concentrations and other NC compositions of interest.
We envision the application of our platform in the creation

of frequency-tunable ultrafast optical modulators and nonlinear
frequency-converters, both due to the ultrasubwavelength
thickness, and due to the pronounced field localization in the
ITO NC mono- or bilayers. Notably, the resonance of the ITO
NC monolayers can be aligned with telecom band wave-
lengths,36 enabling all-optical switches for optical communica-
tions,38 where the reduced thickness of the perfectly absorbing
monolayers could help enhance the speed and lower the power
consumption of the switching process. Furthermore, the
ultrathin nature and the transparency of our ITO NC layers
to near IR and visible light suggests that high harmonics, which
can be efficiently generated by mid-IR perfectly absorbing
systems, would be able to effectively escape the material,66 with
potential applications to imaging67 and quantum information
processing.68 On the other hand, the linear absorption
properties demonstrated already in this work are ideally suited
for advanced detector design, with the significant advantage of
wavelength output tuning in ultrathin layers offering benefits
for applications such as bolometric detection.62,69 In addition,
we can potentially apply our platform for thermal control, such
as thermal imaging70 or thermal management devices71 that
demand larger area (and low-cost) coverage for practical
operation. The possibility of capacitive charging of the NC
array,72,73 which is more significant than that of thin films due
to NC’s large surface area, could also be applied to provide
further in situ spectral modulation to these photonic systems.

EXPERIMENTAL SECTION
Materials. All chemicals were used without any purification step.

Indium(III) acetate [In(ac)3, 99.99%, Sigma-Aldrich], tin(IV) acetate
[Sn(ac)4, Sigma-Aldrich], oleic acid (OA, 90%, technical grade,
Sigma-Aldrich), oleyl alcohol (OLA, 90%, technical grade, Sigma-
Aldrich), and octadecene (ODE, 85%, technical grade) were used to
synthesize the NCs. Hexane (≥99.9%, Fischer Chemical) and toluene
(99.8%, Sigma-Aldrich) were used for dispersing the NCs to form the
monolayers.

Synthesis of ITO NCs. Nanocrystals were synthesized by
established slow injection methods based on previous reports.33,41

For 31 nm ITO NCs, we dissolved 8 × (1 − x) mmol of In(ac)3 and 8
× x mmol of Sn(ac)4 in 16 mL of OA and 8 mL of ODE. x is based on
the desired doping concentration. We then heated this solution to 160
°C under a nitrogen atmosphere for 2 h. In a separate flask, 13 mL of
OLA was degassed under vacuum for 1 h at 140 °C. Then the OLA
flask was heated to 290 °C under the nitrogen environment. Then
using 50 mL of a glass syringe, we injected 21 mL of the metal
precursor into the OLA solution with an injection rate of 0.3 mL
min−1 by using a syringe pump. Once the injection was complete, we
waited for an extra 20 min at 290 °C and started cooling until the
mixture reached room temperature. Then we washed the solution
with ethanol three times and redispersed it in 20 mL of hexane.

For 12, 17, and 25 nm ITO NCs, we dissolved 0.5 × (1 − x) mol
L−1 of In(ac)3 and 0.5 × x mol L−1 of Sn(ac)4 in OA and put in under
vacuum for 1 h at 100 °C. We then heated this precursor up to 150
°C for 2 h under the nitrogen. We then prepared 13 mL of OLA

Figure 6. ITO NC bilayer based perfect absorber geometry and its
reflection spectra. (a) (i) Cross-sectional and (ii) top-down SEM
of NC bilayer perfect absorber structure (with schematic inset). All
scale bars correspond to 200 nm. The 1% and 3% Sn 31 nm ITO
NC layers are artificially colored blue and sky blue, respectively.
(b) Extinction spectrum (solid line) of the NC bilayer on a Si
wafer. We simulated two effective permittivity functions to
accurately reproduce the extinction (dotted line) spectrum of
the NC bilayer. (c) Measured and simulated reflection spectra of
the ITO NC bilayer in the perfect absorber structure.
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under nitrogen atmosphere at 290 °C. We then slowly injected the
metal precursor solution with 0.35 mL min−1 at 290 °C using a glass
syringe and a syringe pump. x values for 12, 17, and 25 nm ITO NCs
are 0.018, 0.022, and 0.028, respectively. The volumes of injected
metal precursor for 12, 17, and 25 nm ITO NCs are 4.5, 12, and 25
mL, respectively. For 25 nm ITO NC, after injecting 10 mL of metal
precursor, we stopped the metal precursor injection and started the
injection of OLA at the rate of 0.2 mL min−1. We repeated OLA
injection step one more time after we added an extra 10 mL of metal
precursor injection. We then injected 5 mL of leftover metal precursor
solution. Synthesized NCs dispersed in OA or OA/ODE solution are
centrifuged with an excess amount of ethanol after diluting the NC
dispersions with hexane. The washed NCs are redispersed in hexane.
ITO NC Characterization. As-synthesized ITO NCs and

monolayers of ITO NCs were imaged using a Hitachi S5500 scanning
transmission electron microscope (STEM) under the bright field
STEM and secondary electron (SE) modes, respectively. The
extinction spectra of the solvent-dispersed NCs were measured with
a Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer in
a transmission configuration with a 1 cm beam diameter holder. For
the inductively coupled plasma mass spectrometry (ICP-MS), we first
dried the ITO NC solution and added aqua regia for digestion. After 2
days of digestion, we diluted this solution to 2% nitric acid and
utilized an Agilent 7500ce spectrometer to measure the concentration
of each element.
Device Fabrication. We sequentially deposited a 9 nm chromium

(Cr) adhesion layer, 78 nm of Au, and Ge dielectric spacer by e-beam
evaporation onto silicon substrates. The ITO NC monolayer
preparation was carried out as described in our previous work.41

We then dropped water onto the substrate and sequentially dropped a
1 mg mL−1 ITO NC dispersion (hexane:toluene = 2:1 by volume) on
top of the water droplet. We used a glass slide to control the
evaporation rate of organic solvent. Then we uncovered the sample to
evaporate the water, leaving the NC monolayer resting on the Ge
spacer layer. For NC bilayer formation, we first put the substrate in a
Teflon well and added 5 mL of acetonitrile. We then drop casted 35
μL of ITO NC solution (3 mg mL−1) onto the acetonitrile subphase,
where the monolayer of ITO NC is formed within 10 s. After draining
the acetonitrile subphase, the monolayer NC film was transferred
onto the substrate. We iterate this procedure again to make a bilayer
of ITO NCs. For extinction spectra of the NC monolayer, we did the
same procedure on double-side polished undoped silicon wafers.
Device Measurement. The main experimental reflection

measurements were obtained using an IR microscope (Bruker
Hyperion 2000) with a Cassegrain objective, attached to a Bruker
Vertex V70 FTIR. The input light polarization was mixed, while
collected light is slightly angled off of normal incidence, and there is a
small angular spread due to the presence of Cassegrain. When
simulating the reflection coefficient, the angular spread can be
disregarded due to the weak angular dispersion at small angles of the
ITO monolayers. The angle-dependent reflection measurement was
conducted using a Bruker Vertex 70 FTIR with a VeeMax III angle-
dependent reflection spectroscopy tool from Pike Industries. The
polarization of the incident light was controlled with a wire-grid
polarizer in the FTIR beam path. For all reflection spectroscopy
measurements, a gold-coated substrate, providing near-perfect
reflection in the MWIR, served as a reference.
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