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Abstract: Metal-oxides hold promise as superior plasmonic materials in the mid-infrared compared to metals,
although their integration over established material
technologies still remains challenging. We demonstrate
localized surface plasmons in self-assembled, hemispherical CdZnO metal-oxide nanoparticles on GaAs, as a
route to enhance the absorption in mid-infrared photodetectors. In this system, two localized surface plasmon
modes are identified at 5.3 and 2.7 μm, which yield an
enhancement of the light intensity in the underlying
GaAs. In the case of the long-wavelength mode the
enhancement is as large as 100 near the interface, and
persists at depths down to 50 nm. We show numerically
that both modes can be coupled to infrared intersubband
transitions in GaAs-based multiple quantum wells,
yielding an absorbed power gain as high as 5.5, and
allowing light absorption at normal incidence.
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Experimentally, we demonstrate this coupling in a
nanoparticle/multiple quantum well structure, where
under p-polarization the intersubband absorption is
enhanced by a factor of 2.5 and is still observed under spolarization, forbidden by the usual absorption selection
rules. Thus, the integration of CdZnO on GaAs can help
improve the ﬁgures of merit of quantum well infrared
photodetectors, concept that can be extended to other
midinfrared detector technologies.
Keywords: CdO; intersubband transition; localized surface
plasmon; metal-oxide; quantum well.

1 Introduction
In recent years, the field of plasmonics is undergoing an
accelerated transformation due to the confluence of multiple
technological advances. The latest developments in nanolithography have allowed the realization of nanostructured
metasurfaces and plasmonic nanoparticles with an extreme
level of precision, allowing to tackle a wide range of applications, including biosensing and fingerprinting, solar cells,
photodetectors and modulators, perfect absorbers, or filters
and phase shifters [1–4]. Together with these technological
advances, the other great revolution in plasmonics comes
from the development of new materials that promise to
improve the widely-used noble metals in those areas where
they exhibit their weaknesses [5, 6], such as the infrared (IR)
range of the spectrum [7]. These new materials, among which
we highlight metal-oxides, promise new innovative approaches to old problems in IR photonics, such as IR photodetection and its poor signal/noise ratio.
Although IR photonics is currently a well-established
field with a wide range of commercial and experimental
applications including medicine, astronomy, and surveillance [8], commercial IR photodetectors still face unavoidable issues arising speciﬁcally in the mid-IR range.

Open Access. © 2021 Eduardo Martínez Castellano et al., published by De Gruyter.
4.0 International License.

This work is licensed under the Creative Commons Attribution

2510

E. Martínez Castellano et al.: Self-assembled metal-oxide nanoparticles on GaAs

When operating at room temperature, the thermal energy
of the carriers (kT, with k Boltzmann’s constant and T the
temperature) becomes comparable to the energy of the
optical transition involved in the IR detection, resulting in
an increased thermal noise [9]. Different strategies have
been developed to overcome this issue. Since light absorption decays exponentially in the material as e−α·d ,
where α is the absorption coefﬁcient and d the distance
traveled by the light in the material, optimizing the material thickness according to this absorption law is the ﬁrst
step to improve the signal/noise ratio [8]. A common
approach to further increase this ratio is to enhance light
absorption in the detector through the use of lenses and
reﬂectors [8], although they involve major drawbacks in
terms of manufacturing costs and miniaturization
possibilities.
In the last few decades, the field of plasmonics has
provided an innovative approach to this problem [9], based
on the ﬁeld-enhancement properties of metallic nanostructures [4]. Plasma oscillations in a metal-photodetector
interface allow subwavelength light conﬁnement that
leads to an improved absorption efﬁciency [9, 10]. Several
metallic plasmonic nanopatterns such as gratings [11],
perforated layers, [12] and nanorods [13] have been proven
successful in this area. Metallic nanoparticles have also
demonstrated their capability to support plasmonic modes
(localized surface plasmons or LSP), with demonstrated
ﬁeld concentration in the ultraviolet (UV) or the visible
range of the spectrum [4, 14]. However, targeting the mid-IR
with noble metals exposes the limitations they exhibit in
this range [15, 16]: Achieving a plasmonic response in the
mid-IR requires complex lithography processes, as those
previously quoted, and dealing with intrinsic material
limitations, as the unavoidable intraband losses [7].
In order to circumvent the limitations of noble metals in
the mid-IR, metal-oxides have been identified as the perfect
candidates as plasmonic materials [7]. Among all metaloxides, n-CdO stands out as the best available material with
unprecedented ﬁgures of merit, speciﬁcally for LSPs in the
3–5 μm atmospheric window [17]. Indeed, n-CdO has a very
high plasma frequency, which can be tuned via doping or
alloying [18–20], and low optical losses [18–20]. The
extraordinary properties of CdO can be further improved by
introducing 10% of Zn to form a ternary compound,
Cd0.9Zn0.1O, which presents a plasma frequency over
4000 cm−1 with low losses around 500 cm−1 [21].
Thus, we show in this paper how CdZnO nanoparticles
(NPs) deposited on GaAs-based photodetectors can be used for
enhanced light absorption in the 3–5 μm atmospheric window.
GaAs is selected as the substrate due to its well-established
position in photonics technology in the mid-IR, with a wide

range of applications including lasers [22], solar cells [23], and
IR photodetectors [8]. In this work, we present a detailed
analysis of the LSP resonances in CdZnO NP systems with the
prospect of their integration on GaAs-based photodetectors,
with a special focus in quantum well IR photodetectors
(QWIPs). The results from this work can be nevertheless
applicable to other material systems absorbing in the mid-IR.

2 Deposition and geometry of the
nanoparticles
Four GaAs samples covered by different NP densities
are presented. The Cd0.9Zn0.1O NP coatings were grown
through a self-assembled process on semi-insulating GaAs
substrates by metal-organic chemical vapor deposition
(MOCVD). The same ﬂux parameters were used for all samples at a growth temperature of 304 °C. The NP size and the
substrate coverage ratio were controlled by increasing the
growth time from 90 to 420 s.
The scanning electron microscope (SEM) images of
the four samples are shown in Figure 1. For the lower
growth times, the covered area of the substrate and the
average NP radius were calculated via image analysis,
assuming the NP shape to be close to a perfect

Figure 1: Plan-view SEM images of the Cd0.9Zn0.1O NPs grown on
semi-insulating GaAs substrates with increasing growth time and
surface coverage.
(a) 90 s (growth time) – 25% (coverage), (b) 180 s – 32%, (c) 225 s –
68%, and (d) 420 s – 86%. The insets show the cross-sectional views
of single NPs.

E. Martínez Castellano et al.: Self-assembled metal-oxide nanoparticles on GaAs

hemisphere. The surface coverage and NP size was 25%
and 34 nm, for the 90 s sample, and 32% and 60 nm, for
the 180 s sample. The samples with longer growth times
(225 and 420 s) resulted in high surface coverage ratios
(68 and 86%, respectively), but the NPs can no longer
be considered as isolated due to the high degree of
coalescence.

3 Characterization of the
plasmonic response
The plasmonic response of the samples was measured in a
Fourier transform infrared (FTIR) spectrometer in a
p-polarized transmittance geometry. For each sample, the
angle of incidence was controlled ranging from normal
incidence up to 80°. The transmittance spectra of all samples were normalized by the transmittance of a bare semiinsulating GaAs substrate, hence isolating the effect due to
the NP from that of the GaAs substrate. The transmittance
curves for all samples are shown in Figure 2.
Starting with the samples with a substrate coverage of
25 and 32% (Figure 2(a) and (b)), two transmittance minima
are easily identiﬁable. A low energy (LE) minimum is
located around 1900 cm−1 (5.3 μm) and a high energy (HE)
one around 3700 cm−1 (2.7 μm). Here, each mode presents a
different angle-dependent behavior: The LE mode ﬁnds its
minimum transmittance at normal incidence, while the HE

mode is more pronounced at larger angles of incidence.
Taking this into account, each minimum can be associated
with a different direction of the plasma oscillation in the
NP. In the LE mode, electric ﬁeld oscillation occurs in the
plane deﬁned by the substrate interface, while the HE
mode corresponds to an out-of-plane oscillation. Nonplasmonic absorption phenomena are not expected in the
spectra, as the phonon resonances of GaAs and Cd0.9Zn0.1O
are located at energies well below the measured range [21,
24]. The appearance of these two different, well-deﬁned
modes, is a consequence of the broken symmetry of the
system in contrast with the ideal spherical NP case [25].
When the surface coverage is increased beyond the coalescence of the NPs, the HE mode stays approximately
unchanged, but the LE mode degrades (Figure 2(c) and (d)).
To study the field distribution emerging from both plasmonic responses, the NP geometry was included in a Finitedifference time-domain (FDTD)-based model. For this purpose, we chose the sample with a substrate coverage of 32%
since it is the sample with the sharpest and deepest resonances, and the SEM images still show that the NPs are mostly
isolated. The simplified geometric model consists of an isolated, 60 nm-high, hemisphere-shaped NP on a GaAs substrate. Although the NP proximity could result in noticeable
changes of the resonant frequencies due to near-ﬁeld interactions (see Supplementary Material), very good results are
obtained from our approach (Figure 3(a) and (b)) avoiding the
increased modeling complexity derived from the real random
distribution.
For the calculation, the semi-insulating GaAs substrate
was modeled with a constant refractive index of 3.3 [26],
and the dielectric function of Cd0.9Zn0.1O was represented
by the Drude model given by
εCdZnO (ω) = ε∞ (1 − ω2P /(ω2 + iωγP ))

Figure 2: Measured transmittance curves at different angles of
incidence (10° steps) for increasing NP substrate coverage.
(a) 25%, (b) 32%, (c) 68%, and (d) 86%. The transmittance curves of
the samples were normalized by the response of a bare semiinsulating GaAs substrate at the same angles of incidence.
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(1)

where ε∞ is the high-frequency dielectric constant, ωP is the
plasma frequency, and γP is its associated optical damping.
Values of ε∞ = 5.1, ωP = 4200 cm−1 and γP = 600 cm−1 were
chosen from those obtained by our group in Cd0.9Zn0.1O thin
ﬁlms [20], which replicated with good accuracy the measured
angle-dependent transmittance (Figure 3(a) and (b)).
The LE mode degradation observed at low energies
(Figure 2(c) and (d)) can also be computationally
approached. When NPs have coalesced as in Figure 1(d),
the system can no longer be described by isolated NPs but
as a thin, polycrystalline layer. Figure 3(c) represents this
process of coalescence with NPs placed at the nodes of a
2D square periodic system. As the distance between NPs
decreases, the system transmittance approaches that
corresponding to a continuous thin ﬁlm. For this ﬁnal
stage, the Drude model predicts intense reﬂection for
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Figure 3: (a) Measured transmittance curves
of the 32% surface coverage sample. (b)
Computational transmittance curves from
the isolated NP model with the same
surface coverage. (c) 45° transmittance:
Effect of near ﬁeld interaction and
coalescence in a periodic model.
The curves in purple light field represent an
uncoalesced stage with center-to-center
distances (d in the figure) of 150 and
130 nm, larger than twice the radius of the
NPs, r = 60 nm. Gray curves correspond to a
coalesced stage with d values ranging from
120 (dashed line) to 0 nm (thin ﬁlm limit)
with an intermediate value of d = 116 nm.

frequencies below ωP , which is the asymptotic limit of the
HE mode frequency in a continuous thin ﬁlm.
We next evaluate the distribution and enhancement of
the electric field at resonant frequencies. To do so, we
consider two systems consisting of a GaAs substrate with
and without an isolated Cd0.9Zn0.1O NP placed on its surface and surrounded by air. The electric ﬁeld distribution is
calculated for both systems for every point in 3D-space,
and the enhancement factor of the square of the electric
ﬁeld (proportional to light intensity) is thus calculated as
the ratio between these two cases. These results are shown
in Figure 4 for three angles of incidence: Normal incidence
for the LE mode, 80° for the HE mode (largest angle of
incidence experimentally achievable), and 45° for both
modes. The direction of the electric ﬁeld is also represented
in the latter two cases.
As observed in Figure 4(a) and (c), the LE mode exhibits
strong magniﬁcation around the edges of the NP. This is
fully compatible with in-plane oscillations of the plasma
inside the NP as expected from the transmittance measurements, where this mode intensiﬁes as the angle of
incidence decreases. The electric ﬁeld direction, represented
in Figure 4(e), is highly consistent with these results. The
charge accumulation at the vertices of the NPs in this mode
results in a strong divergence of the ﬁeld around them, with
important out-of-plane electric ﬁeld components in the
GaAs substrate. By contrast, the enhancement of the electric
ﬁeld in the HE mode is observed mainly at the apex of the NP
(Figure 4(b) and (d)), consistent with out-of-plane plasma
oscillations, but there is also a small enhancement in the
GaAs substrate. Figure 4(e) and (f) also illustrate that, for an
angle of incidence of 45°, within the NP the LE and HE

Figure 4: (a–d) Enhancement of the squared electric field, defined
as the ratio of the squared module of the electric field with and
without NPs, for both modes and different angles of incidence (0°,
45°, and 80°) in p-polarization. (e–f) Electric ﬁeld vector at a 45°
angle of incidence for the LE mode (e), and HE mode (f). Arrow
lengths are proportional to the ﬁeld module. The incident wave
impinges from the top-left side of the images.
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resonances are heavily polarized parallel and perpendicular
to the NP/substrate interface, respectively.
From a practical perspective, the overall distribution
and the penetration of the enhanced light intensity in the
GaAs substrate is a key factor. The LE mode has a clear
advantage over the HE one, with much higher enhancement and increased penetration depth and magnification
values over a factor of 100 around the NP edge, decreasing
to 1.2 at depths around 50 nm. Furthermore, this mode
ﬁnds its best-case scenario at normal incidence, a desirable
property for its integration on photodetectors. Conversely,
the HE mode presents magniﬁcations around 1.1 just below
the surface, with no noticeable magniﬁcation at depths
beyond 20 nm. If the out-of-plane component of the ﬁeld is
considered on its own, the HE mode reaches much better
ﬁgures as will be discussed below.

4 Coupling of the NP plasmonic
modes to quantum wells
The evaluation of the benefits of metal-oxide NPs on GaAsbased IR photodetection requires a complementary study of
the increased power absorption by a functional absorbing
system. To do so, we consider the use of Cd0.9Zn0.1O NP
coatings on GaAs/AlxGa1-xAs MQWs, which deﬁne the active
region of QWIPs, a well-stablished technology in GaAsbased photodetection [8]. QWIPs rely on intersubband absorption in quantum wells, typically in the conduction
band, and present absorption energies in the infrared [8],
which can be made resonant with the LE and HE modes.
Moreover, QWIPs may contain as few as ﬁve quantum wells
[27] and thus can take full advantage of the ﬁeld enhancement provided by the LSP modes. The relatively low growth
temperature of the Cd0.9Zn0.1O NPs compared to the growth
and process temperatures found in GaAs-based technology
ensures that the NPs can be integrated on QWIPs. Moreover,
this concept can be extrapolated to other material platforms
absorbing in the 3–6 μm range, like the case of PbSe, InSb, or
HgCdTe photodetectors [8].
The MQW structure consists of 5× GaAs/AlxGa1-xAs
QWs, where the QW width and barrier alloy composition
have been varied to tune the intersubband transition frequency (ω12 ) with that of the LE and HE plasmonic modes.
Since the MQWs are designed to be part of a QWIP, the
second level is placed close to the continuum in order to
allow the extraction of the electrons from the QW [28]. The
ω12 values were calculated numerically directly from selfconsistent solution of the Schrodinger and Poisson equations, including depolarization effects [29, 30]. All material
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parameters for GaAs and AlxGa1-xAs are taken from the
literature [31].
In the case of the MQWs tuned to match the HE mode, a
3.4 nm-thick GaAs QW doped to 1 × 1019 cm−3 and a 4 nm-thick
AlAs barrier is used, yielding an intersubband absorption
resonance at 3750 cm−1. For the MQW structure tuned to match
the LE mode, a 5 nm-thick GaAs QW doped to 4.2 × 1018 cm−3 is
used with a 4 nm-thick Al0.35Ga0.65As, yielding an intersubband absorption resonance at 1774 cm−1. The thickness of the
barrier ensures that the QWs are electronically uncoupled.
In order to model the interaction of the LE/HE plasmonic modes with the MQWs, an anisotropic dielectric
function is used for the QW. This function has a Drude
term in the in-plane direction accounting for the plasma
resonance, and a Lorentz oscillator in the out-of-plane
direction accounting for the fact that the intersubband
transition can only be excited by light polarized perpendicular to the in-plane direction [32], and is deﬁned as
follows:
GaAs
εGaAs
in−plane (ω) = ε∞ (1 −

ω2P
)
ω2 + iωγPin−plane

GaAs
εGaAs
out−of−plane (ω) = ε∞ (1 +

ω212

f12 ω2P
)
− ω2 − iωγP12

(2)

(3)

Here, ωp is the in-plane plasma frequency and γPin−plane its
broadening, f12 is the intersubband oscillator strength, ω12
the intersubband frequency, and γ12 its broadening. For
this simulation we have assumed a broadening of 10% the
value of the plasma/intersubband frequencies, which are
typically found in state of the art GaAs-based technology.
In contrast, the AlxGa1-xAs barrier is modeled as a
dielectric material with an isotropic function:
AlGaAs
AlGaAs
εAlGaAs
in−plane (ω) = εout−of−plane (ω) = ε∞

(4)

In all cases, the contribution of phonons to the dielectric
function has been neglected, since the phonons are found
at much lower frequencies than the LE and HE modes, and
thus, do not have an effect on the coupling results.
As previously discussed, only the out-of-plane
component of the electric field can be absorbed by QWs
due to the selection rules. Figure 5 shows that for this
component of the electric ﬁeld a large ampliﬁcation in the
MQW absorption is provided both by the LE and HE
modes. This is especially relevant in the case of the LE
mode where an enhancement factor around 2 is still
maintained well below 50 nm. In the HE mode, the plasma
oscillations provide a smaller out-of-plane component,
but it is still signiﬁcant when compared to its negligible
value without NPs. Figure 5 also shows that the gain
provided by both modes extends down to 75–100 nm,
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Figure 5: Enhancement of the squared z-component of the electric
ﬁeld in MQWs, deﬁned as the ratio of |E z |2 with and without NPs, at 45°.
(a) LE resonant MQWs. (b) HE resonant MQWs. The 5× alternating
barrier-QW periods are represented below the NP base.

allowing to couple the plasmonic modes to thicker
structures.
The large gains are easily explained considering the
high refractive index of the materials that constitute the
quantum wells and the barriers. Even for large angles of
incidence, the strong light refraction prevents the out-ofplane electric field component to be significant within the
GaAs MQWs. This is also true for the LE mode, where the
z-amplification is even larger due to the strong field
divergence around the NP edges.
In order to quantify the enhancement in the MQW
power absorption that is provided by the NPs, the NP

surface coverage has been changed depending on the
mode. For the LE mode, we assume a NP surface coverage
of 32%, the same value as one of our experimental samples.
This amount of surface coverage takes full advantage of the
LE mode, since this mode extends both vertically and
laterally in the substrate, avoiding the loss of in-plane
plasma confinement when the NPs coalesce. Since the
modeled MQW structure is 45 nm-thick, it overlaps well
with the region where there is ampliﬁcation (Figure 5(a)),
maximizing the improvement in power absorption.
Figure 6(a) compares the light absorption of the bare
MQWs at normal incidence with the NP-enhanced case.
Note that under this angle of incidence, the light is effectively s-polarized. As expected, no absorption occurs under
normal incidence when there are no NPs. However, when
covered with NP coatings, the MQWs show a large intersubband absorption at normal incidence when the intersubband frequency matches the LE mode, without the need
for gratings and complex lithographic processes [8].
Indeed, the total absorbed power is comparable to that
absorbed by the MQW at an angle of incidence of 45°
(Figure 6(c)). At this angle, the NPs are responsible for an
enhancement of the MQWs peak absorption by a factor as
large as 5.5.
The LE mode covers well the 3–7 μm range, and provides
a gain that compares quite well to that typically obtained by
using diffraction gratings in QWIP focal plane arrays [33].
Indeed, gratings improve the normal incidence responsivity

Figure 6: Light absorption enhancement in
(a) MQWs coupled with the LE plasmonic
mode at normal incidence; (b) MQWs
coupled with the HE mode at 80°; (c) MQWs
coupled with the LE mode at 45°; and (d)
MQWs coupled with the HE mode at 45°. NP
surface coverages of 32 and 75% are used
when coupling the MQW structures to the LE
and HE modes, respectively. The absorption
units can be compared among panels.
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of QWIPs by a factor of 2–3 with respect to the case of light
propagating at 45°, lower than the 5.5-fold enhancement
provided by the CdZnO NPs. Moreover, and as discussed in
[9], infrared photodetectors can also beneﬁt from their integration with plasmonic structures by decreasing their thermal noise while maintaining their responsivity, which can be
realized decreasing the total active volume of the detector
and preserving the total absorbed light power. In our case,
the 45 nm-thick 5-well structure covered with NPs provides
as much absorbed light power as an equivalent 225 nm-thick
25-well structure without NPs, but using an active region that
is a factor of 5 thinner. Thus, the NP-enhanced photodetector
with the thinner active region would present lower thermal
noise and larger detectivity [8].
While the HE mode provides lower amplification than
the LE one, it still shows potential for device applications in
the 2–3 μm region. If we consider the large energy gap
separating both modes, the range of tunability of the LE
mode can hardly reach the energy of the HE mode. Thus, for
lower wavelengths, the LE mode may not be an option. In
order to analyze the HE mode, and since the electric ﬁeld is
only enhanced in the substrate below the NP and not around
the edges (Figures 4(d) and 5(b)), the best-case scenario to
take full beneﬁt from it is to assume that the NPs are close to
each other, with a high NP surface coverage. Figure 6(b) and
(d) shows the enhancement in the light absorption of a MQW
structure after covering 75% of the surface with Cd0.9Zn0.1O
NPs, close to the coalescence limit in a periodic square
NP-lattice. The results of the enhancement of the MQWs
absorption due to the LSPs from the NPs are still remarkable,
yielding factors of 2.2 and 1.6 at 45° and 80°, respectively, at
the resonant energy.
Our results are in line with those reported by various
authors for different types of gold plasmonic-enhanced
mid-IR photodetectors. In the work by Wu et al. [34], the
use of periodically-microperforated gold layers on InGaAs
QWIPs yielded an improvement in responsivity (which is
proportional to absorption) of ×2.3. A similar gold-based
microhole approach was carried out by Yakimov et al. on
Ge/Si quantum dot infrared photodetectors (QDIPs) [35]
resulting in ×4 gains in photocurrent. In addition to processed gratings, some discrete gold structures have also
been shown to be successful as ﬁeld enhancers in the
visible and UV [13]. However, in such isolated metallic
nanostructures, the LSPs are far from the IR due to the high
electronic density in metals, and thus, the approach cannot
be extended to the mid-IR.
Therefore, when compared to the metal-based approaches, the advantages of CdZnO are clear. Complex
lithography processes to fabricate structured patterns are
avoided due to the self-assembled nature of the NPs. In
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addition to this, and since most of the reported gold
structures are gratings in the micrometric scale, much
larger than the NP size, our approach has the potential to
be compatible with them. Thus, the NPs could be deposited
on top of a gold grating to further increase the absorption.
Next, we show experimentally the coupling of the NP LE
plasmonic mode to the intersubband transitions, which results not only in enhanced absorption from the intersubband
transitions under p-polarization, as mentioned above, but
also intersubband absorption under s-polarization. We recall
that intersubband transitions by themselves cannot absorb
light under s-polarization. However, as discussed above, the
hemispherical NPs allow to break this selection rule by
providing light polarized in the z-direction (out-of-plane).
Therefore, the observation of intersubband absorption under
s-polarization serves to demonstrate the coupling.
For this experiment we have grown by Molecular Beam
Epitaxy (MBE) a 15× GaAs/AlAs MQW structure on semiinsulating GaAs, which contains 5.5 nm-thick QWs doped
1 × 1018 cm−3, and 3.6 nm-thick AlAs barriers. The calculated
intersubband transition is centered at 2130 cm−1, close to
resonance with the LE plasmonic mode, which as discussed
above, yields the largest ampliﬁcation of the two plasmonic
modes. Since the intersubband absorption in these systems
is commonly too weak to be directly measured by transmittance experiments through the surface, a 45° waveguide
conﬁguration was used [28]. Under this conﬁguration, light
enters the waveguide at normal incidence and suffers multiple internal reﬂections at 45°, maximizing the absorption by
the QWs (Figure 7(a)). Indeed, the MQW waveguide shows a
sharp, well-deﬁned minimum at 2170 cm−1 when illuminated
with p-polarized light, corresponding to the intersubband
transitions from the MQWs (Figure 7(b)). Under s-polarization, and as dictated by the absorption selection rules, no
intersubband absorption is observed.
Subsequently, CdZnO NPs were deposited on top of the
same waveguide containing MQWs, as well as on a second
waveguide without MQWs, which serves as a reference.
The waveguides showed a NP surface coverage around
29%, close to the 32% sample presented earlier. Figure 7(c)
shows the transmittance spectra of the reference waveguide where the LE plasmonic mode is clearly observed for
both p- and s-polarizations. As expected, for the LE mode,
absorption by the NPs is present under s-polarization,
where the electric ﬁeld is polarized parallel to the substrate/NP interface, and is of the same magnitude as under
p-polarization. This behavior is in stark contrast to that of
intersubband transitions.
Figure 7(d) shows the waveguide transmittance
spectrum of the MQWs after the growth of the NPs. A clear
minimum is observed, matching the one found for the
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intersubband transition prior to the growth of the NPs
(Figure 7(b)). In addition, the polarization-dependent
behavior of the minimum clearly follows the pattern
associated with the intersubband transition and, as previously discussed, is not compatible with the response of
the LE mode (Figure 7(c)). Hence, this absorption minimum cannot be explained as an effect of the NPs alone,
and its behavior is clearly in agreement with the intersubband transition. On the other hand, differences with
the absorption from the bare MQWs presented in
Figure 7(b) are also evident. Upon the growth of the NP on
top of the MQWs, the intensity of the intersubband transition is multiplied by a factor close to 2.5, consistent with
the ampliﬁcation of the ﬁeld by the NPs. In addition, its
broadening is increased by a factor close to 80%, but it
still much smaller than that from the LE mode alone
(Figure 7(c)). This would be expected for a coupled system, where the intersubband transition is clearly affected
by the larger broadening of the LE mode. Finally, absorption is observed even under s-polarization, as predicted by the model in Figure 6(a) and expected from the
reorientation of the electric ﬁeld around the edges of the
NPs. Therefore, the experimental results show solid evidence of the coupling between the NP plasmonic resonance and the intersubband transition, whose response is
increased in intensity and broadening, becoming allowed
even for s-polarized light.

(d)
3000

0.4

Transmittance (a.u.)

45º

Figure 7: (a) Configuration for the waveguide
transmittance measurements. (b) to (d):
Waveguide transmittance of the MQW
sample prior to growth of the NPs (b), the
reference sample with NPs and without
MQWs (c), and the same MQW sample from
(b) after growth of the NPs (d). By rotating
the external polarizer by 90° the
polarization of the incident light respect to
the MQWs is changed from purely spolarized, to purely p-polarized. Each step
in the color gradient in (d) corresponds to a
22.5° rotation of the polarizer. Units in
(b) and (d) can be compared.

For future QWIP applications there are some technological challenges that would need to be considered. To
help placing the active MQWs in the region where the field
amplification takes places, the top n+-contact layer needs
to be reduced as much as possible, or even alternative
geometrical conﬁgurations need to be used. Even though
this may increase the series resistance of the QWIP, it
should not be a limiting factor because the total current
that ﬂows in this type of devices is quite low [28]. Moreover,
since the QWIP n+-contact layer is typically doped to 1–3 ×
1018 cm−3, its associated plasma reﬂectance will fall well
below the spectral region where the LE and HE plasmonic
modes are found, and the contact layer will thus behave as
a dielectric having no effect on the propagation of light.
Finally, maximum benefit from the results here presented can be obtained under two configurations. One
option is to increase the responsivity of QWIPs with a small
number of QWs, or even to use a single QW [28]. Indeed,
single quantum well QWIPs are especially interesting for
high speed detection, where the electrons are injected in
the QW through tunneling, but due to the low number of
QWs they suffer from low responsivity. Placing the single
QW in the region where the plasmonic ampliﬁcation takes
place could allow to increase it by a factor of 5. Alternatively, CdZnO NPs can be used in QWIPs with thicker active
regions. Some of the topmost QWs would experience
increased absorption, which can allow for smaller number
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of QWs, and therefore reduced thickness while maintaining the responsivity and yielding an increased detectivity.

5 Conclusion
In summary, we have experimentally demonstrated that
LSP modes arise in Cd0.9Zn0.1O-based hemispherical NPs,
which are governed by the geometry of the NPs, and
allowed by their high plasma frequency and low optical
losses. Two sharp LSP modes appear in the mid-IR, located
at 5.3 and 2.7 μm, which strongly enhance the electric ﬁeld
in the underlying GaAs. The LE mode (at 5.3 μm) shows very
strong light ampliﬁcation, with intensity gain above 100
just below the NPs and sustained ampliﬁcation down to
50 nm. Although the plasma oscillations in the NP occur
parallel to the NP-substrate interface, the strong divergence of the electric ﬁeld around the edges of the hemispherical NP also gives rise to a strong out-of-plane
component in the underlying GaAs. The presence of both
in-plane and out-of-plane electric ﬁeld components opens
the door to its coupling to a wide variety of IR absorbing
systems, including isotropic absorbers (like small bandgap
materials) and polarization-selective ones (like QWs).
In the case of the HE mode (at 2.7 μm), within the NP
the plasma oscillations are highly polarized in the out-ofplane direction and most of the ampliﬁcation appears at
the apex of the NP. Nevertheless, there is some ampliﬁcation of the light intensity in the GaAs substrate, which is as
large as a factor of 2 down to 50 nm at 45° incidence if only
the out-of-plane component of the ﬁeld is considered.
The coupling of these modes to intersubband transitions in GaAs-based MQWs and the improvement in the
total absorbed light power by the MQWs was also considered. In a 5-QW system, coupling to the LE mode enhanced
the absorbed light power by a factor of 5.5 (when compared
to bare MQWs at 45°), allowing also normal incidence absorption thanks to the strong ﬁeld divergence at the NP
edges. Under similar conditions, the HE mode provides a
power absorption gain in the MQWs of 2.2.
Beyond the numerical analysis, the coupling between
intersubband transitions and the LE plasmonic mode was
also demonstrated. CdZnO NPs were grown on a sample
containing a 15× GaAs/AlAs MQW structure. The optical
analysis showed a clear enhancement in the absorption of the
coupled system with MQWs and NPs grown on top, with a
gain around a factor of 2.5 and increased broadening when
compared to the bare MQWs. In addition, and as predicted by
the model, plasmon-coupled intersubband absorption is also
observed for illumination with s-polarized light. This situation is analogous to absorption at normal incidence, and
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together with the enhanced absorption under p-polarization,
provides proof of the coupling between the LSP mode and the
intersubband transition.
In addition to the large enhancement in the absorption
of mid-IR light, the fact that the CdZnO-based NPs can be
grown through a self-assembled process and at relatively
low temperatures provides a solid ground for their integration on different infrared photodetector platforms, and
particularly on GaAs-based QWIP focal plane arrays.
Additionally, and contrary to the case of noble metals, the
energy of the plasmonic resonances can be further tuned
by doping or alloying the metal-oxide NPs, increasing the
spectral range where this approach can be used.

6 Supplementary Material
Section 1. Discusses the validity of Drude’s model in the
description of CdZnO. Experimental evidence is included
showing that this model accurately describes the optical
behavior of CdO.
Section 2. Discusses the geometrical details considered
for the FDTD model, including spectrum variability derived
from the inclusion of different NP shapes and sizes.
Section 3. Adds a study of a new series of NPs to verify
the reproducibility of the NP growth.
Section 4. Includes the band structures of all the MQW
systems used in this paper.
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