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  1.     Introduction 

 Plasmonic materials exhibit unique optical properties that 

originate from a strong coupling between the unbound 

electrons in the material and incident light. [ 1 ]  Exploiting 

this light–matter interaction allows for the confi nement 

of light below the diffraction limit and a large electric 

fi eld enhancement leading to many exciting applications 

including surface-enhanced Raman spectroscopy, [ 2 ]  hyper-

bolic dispersion, [ 3 ]  cancer diagnostics and treatment, [ 4 ]  

and guidance of light in subwavelength features. [ 5 ]  The 

majority of past plasmonic research has focused on noble 

metals such as gold and silver in the visible regime. How-

ever, because the plasma frequencies of noble metals are 

fi xed, the plasmonic response of these materials in the 

near-infrared is limited. Therefore, alternative materials 

such as highly doped semiconductors have been gaining 

attention due to their tunable plasmonic properties that 

can be optimized for desired applications. Of all the DOI: 10.1002/smll.201501797

 Aluminum-doped zinc oxide (AZO) is a tunable low-loss plasmonic material 
capable of supporting dopant concentrations high enough to operate at 
telecommunication wavelengths. Due to its ultrahigh conformality and compatibility 
with semiconductor processing, atomic layer deposition (ALD) is a powerful tool 
for many plasmonic applications. However, despite many attempts, high-quality 
AZO with a plasma frequency below 1550 nm has not yet been realized by ALD. 
Here a simple procedure is devised to tune the optical constants of AZO and 
enable plasmonic activity at 1550 nm with low loss. The highly conformal nature 
of ALD is also exploited to coat silicon nanopillars to create localized surface 
plasmon resonances that are tunable by adjusting the aluminum concentration, 
thermal conditions, and the use of a ZnO buffer layer. The high-quality AZO is 
then used to make a layered AZO/ZnO structure that displays negative refraction 
in the telecommunication wavelength region due to hyperbolic dispersion. Finally, 
a novel synthetic scheme is demonstrated to create AZO embedded nanowires in 
ZnO, which also exhibits hyperbolic dispersion. 
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highly doped semiconductors under consideration, which 

includes silicon, germanium, III–V compounds (e.g., GaAs, 

InP, GaN), and metal oxides (e.g., ZnO, InO 2 ), aluminum-

doped zinc oxide (AZO) has become a leading candidate 

for plasmonic applications since it has been shown to 

achieve doping levels high enough to exhibit plasmonic 

behavior at telecommunication wavelengths (≈1550 nm) 

with lower loss than any other material reported. [ 6 ]  To 

date, the only AZO synthetic techniques which have gen-

erated plasmonic materials at 1550 nm are solution grown 

nanoparticles [ 7 ]  and thin fi lms created by pulsed laser 

deposition (PLD). [ 8 ]  There are signifi cant advantages with 

the AZO nanoparticles, given their simple synthetic proto-

cols and scalability, however, creating complex geometries 

needed for many applications such as waveguiding and 

hyperbolic dispersion remains a major challenge. Fabri-

cating advanced shapes and conformal coatings on nano-

structures is also a limitation of PLD and it suffers from 

low scalability. Therefore, new fabrication techniques are 

required to enable the deposition of high-quality plas-

monic coatings on nanoscale features. 

 One of the most versatile deposition techniques for con-

formally coating nanoscale features is atomic layer deposi-

tion (ALD) that utilizes a series of sequential, self-limiting 

surface chemical reactions by introducing chemical pulses 

into the reactor to form atomic monolayers. [ 9 ]  Due to the 

nature of this process, ALD can create pin-hole free, scal-

able thin fi lms that have an unmatched ability to fully con-

form to nanostructured surfaces. Furthermore, the dopant 

concentration can be easily controlled by adjusting the fre-

quency at which the aluminum chemical pulse is applied. 

Unfortunately, despite many attempts, [ 10–12 ]  ALD synthe-

sized AZO fi lms have yet to show plasmonic behavior at 

telecommunication wavelengths. Herein, for the fi rst time, 

we show how thermally treated AZO protected by a thin 

HfO 2  layer can increase the carrier concentration to levels 

high enough to show plasmonic behavior at telecommuni-

cation wavelengths with corresponding optical losses that 

rival PLD AZO fi lms. We also show how localized surface 

plasmonic resonances (LSPRs) can be tuned by varying the 

thermal conditions and adding ZnO buffer layers. Finally, 

we demonstrate the use of the high-quality AZO to synthe-

size two geometries required for hyperbolic metamaterials 

(HMMs). 

 The behavior of a plasmonic material is well described by 

the Drude model where the electrons are treated as a free 

electron gas or plasma. [ 13,14 ]  Here the dielectric constant of a 

plasma is given as 1
p
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 In Equation  ( 1)  ,  n  is the majority carrier concentration, 

 e  is the charge of the electron,  ε  0  is the free space permit-

tivity, and  m  e  is the effective mass of the electron. By using 

a damping coeffi cient,  γ  and a background permittivity,  ε  ∞ , 

to take into account electron collisions and the dielectric 

response of bound atomic charges, respectively, a complex 

expression for the dielectric constant of a plasmonic material 

can be written as 
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 where the real part describes the polarization response of the 

material and the imaginary part describes the optical loss. The 

crossover wavelength is defi ned as the wavelength in which 

the real part is equal to zero. At incident energies lower than 

the crossover wavelength the polarization response of the 

plasma oscillations is fast enough to interact with the oscil-

lation of incident electromagnetic radiation and the material 

behaves like a metal. At energies higher than the crossover 

wavelength the material becomes transparent and behaves 

as an insulator. Since both the dielectric response and the 

optical loss are proportional to  n , an interesting opportu-

nity exists to tune the plasmonic properties in semiconduc-

tors by adjusting the dopant concentration. In addition, for 

semiconductors, the carrier mobility,  µ , can be related to the 

damping coeffi cient by 
e

e
mγ μ= . Since the mobility is known 

to decrease with increasing impurity concentration due to 

electron-impurity scattering, an increase in the optical loss is 

expected by increasing the aluminum concentration in highly 

doped AZO. However, it should be noted that other factors 

are responsible for optical loss in addition to Drude damp-

ening such as intra- and interband transitions, surface rough-

ness, substrate adhesion, and metal-substrate contact surface 

area. [ 6,15 ]  

 At the interface between a metal and an insulator, collec-

tive oscillations of the free electrons can propagate creating a 

surface plasmon polariton (SPP). When the geometry of the 

material is much smaller than the incident wavelength, the 

SPP becomes localized creating an LSPR mode. [ 1 ]  The LSPR 

mode is advantageous for many applications since it creates 

a large local heating and a large electric fi eld enhancement 

at the metal/insulator surface. The LSPR properties can be 

explained by Mie theory that also shows that the resonant 

wavelength (wavelengths at which the extinction cross-

section reaches a maximum) can be tuned by increasing 

the carrier concentration. Analogous to guided modes in 

dielectric resonators, the quality factor ( rλ
λΔ , where  λ r   is the 

resonant wavelength and Δ λ  is the full width half max of the 

resonance) of a plasmonic resonator can be tuned by varying 

the optical loss. [ 16,17 ]  

 Metamaterials are artifi cially designed materials engi-

neered to have properties that do not exist in nature. Specifi -

cally, optical metamaterials have enabled the advancement 

of many applications such as optical magnetism, cloaking, 

and super resolution through the engineered combination 

of plasmonic and dielectric materials with features much 

smaller than the wavelength of light. Initial research utilized 

advanced 3D geometries to tailor both the magnetic per-

meability and electric permittivity to have negative values 

(double negative media) resulting in a negative index of 

refraction. However, fabricating 3D metamaterials that fulfi l 

this size criterion in the NIR–Vis wavelength range presents 

a challenge. Therefore, many researchers have focused on 
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the use of HMMs in order to ease synthetic requirements. 

Unlike double negative media, HMMs utilize extreme optical 

anisotropy that arises from the combination of nonmagnetic 

materials with permittivity of opposing sign. In the limit of 

effective medium theory (EMT), the response of HMMs to 

transverse magnetic (TM) polarized light is described by a 

diagonal permittivity tensor, with two similar axes ( �ε ) and 

one unique axis (ε ⊥ ). Two possible types of HMMs thus 

emerge: Type I (transverse positive) where �ε  > 0, ε ⊥  < 0 and 

Type II (transverse negative) where ε ⊥  > 0, �ε  < 0. Although 

both types of HMMs support the propagation of high 

k-vector modes, each type has unique characteristics which 

can be advantageous to specifi c applications. For example, 

negative refraction and hyperlensing are only observed in 

type I HMMs [ 18,19 ]  while higher refl ectivity is observed in 

type II HMMs. [ 20 ]  The latter feature makes type II useful 

for asymmetric transmission [ 21 ]  as well as gain-compensated 

waveguiding. [ 22 ]  Such materials are typically created by two 

prominent geometries, as shown in  Figure    1  : a planar lay-

ered structure in which alternating layers of plasmonic and 

dielectric materials are stacked or a wire structure in which 

plasmonic nanowires are embedded in a dielectric media. In 

both cases, the characteristic dimensions (layers thickness or 

wire diameter) must be much smaller than the wavelength 

of incident light. The layered geometry has the advantage of 

simpler fabrication. On the other hand, the nanowire geom-

etry has the advantage of displaying type I properties away 

from resonance providing lower loss which may greatly ben-

efi t hyperlensing applications. [ 23 ]  Furthermore, the nanowire 

geometry has been demonstrated to be a superior biosensor 

compared to conventional SPP-based devices. [ 24 ]   

 In the limit of EMT, the properties of HMMs depend only 

on the metal fi lling fraction as well as the permittivity of the 

dielectric and metallic materials. For the layered structure, 

the transverse and longitudinal permittivity elements are 
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 where  f  is the fi lling fraction of the metallic component, 

and  ε  m  and  ε  d  are the permittivity of the metallic and die-

lectric materials, respectively. For the nanowire structure, 

the permittivity elements arising from the Maxwell–Garnet 

approximation are 
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   The majority of HMMs utilize either noble metals oper-

ating in the visible spectrum or semiconductors in the mid-

infrared. PLD synthesized AZO/ZnO multilayer HMMs 

have recently been reported with high-quality factors oper-

ating in the NIR owing to their low loss. [ 18 ]  Here we show 

that thermally processed ALD AZO fi lms are fully capable 

of creating both the layered and nanowire geometries 

required for hyperbolic dispersion which is diffi cult to do 

with other fabrication techniques. Because of the superb 

coating capabilities of ALD, and our proven ability to deposit 

high-quality plasmonic materials in the NIR, our synthetic 

method has distinct advantages for fabricating HMMs. First, 

the fi lm thickness in the layered structures can be controlled 

at the subnanometer level. Second, the fi lms grown via 

ALD are smooth and pinhole free. Lastly, ALD deposits the 

most conformal coatings compared to other thin deposition 

techniques, which allows for the study of advanced geome-

tries such as complex nanostructures or cylindrical waveguide 

claddings. [ 25 ]   

  2.     Results and Discussion 

 Previously we demonstrated the synthesis and plasmonic tun-

ability of AZO fi lms created by ALD. [ 12 ]  However, attaining 

thin fi lms (< 60 nm) with crossover wavelengths below 2100 nm 

and low loss ( ε ″ < 1) could not be achieved. The shortest cross-

over wavelength obtained for a 56 nm fi lm was at 2160 nm 

with a corresponding  ε ″ of ≈2. To improve these properties 

we have investigated the effects of thermal pulses by rapid 

thermal processing (RTP). It was found that any thermal pro-

cessing over 500 °C on the as-made AZO led to a decrease 

in the carrier concentration. However, if a 10 nm or thicker 

fi lm of HfO 2  was deposited over the AZO by ALD, the cross-

over wavelength could be tuned to higher energies and lower 

losses after RTP up to 900 °C.  Figure    2   compares the optical 

constants obtained from ellipsometry for two 56 nm HfO 2 -

coated AZO fi lms, one with (AZO-TP) and the other without 

(AZO) a post-synthetic thermal treatment at 825 °C for 15 s. 

After the RTP treatment the crossover wavelength shifts by 
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 Figure 1.    Schematics of a) multilayer and b) nanowire array geometries capable of hyperbolic dispersion.
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over 600 nm from 2150 to 1545 nm. In addition, the losses 

for the thermally treated fi lms are signifi cantly reduced. 

According to the Drude theory, a blueshift in the crossover 

wavelength should be accompanied by an increase in the car-

rier concentration (Equation  ( 2)  ). Therefore, Hall measure-

ments were carried out on thermally processed and as-made 

AZO/HfO 2  fi lms (600/12 nm). In order to ensure that the 

bulk AZO material was probed, the HfO 2  layer was removed 

by reactive ion etching (RIE). Subsequently, the top 100 nm 

of the AZO was removed by wet etching to ensure that no 

contaminants from the RIE process were present. The results 

of the Hall measurements are summarized in  Table    1   which 

show that the carrier concentration increases from 1.0 × 10 21  

to 1.5 × 10 21  cm −3  after thermal processing. Consequently, 

ultralow resistivity fi lms are created after thermal processing 

with a resistivity of 3.8 × 10 −4  Ω·cm, which to the best of our 

knowledge is the lowest reported value for ALD-synthesized 

AZO. The Drude model fi tting parameters of nonthermally 

processed and thermally processed AZO (825 °C, 15s) are 

also listed in Table  1  which shows an increase in  ω  p  and a 

decrease in  γ  after thermal processing, qualitatively consistent 

with the optical constants described in Figure  2  and the car-

rier concentration values obtained from Hall measurements.   

 Further investigation into the enhanced carrier concen-

trations was carried out through photoluminescence (PL) 

studies. Information about the defect concentration of ZnO-

based materials can be inferred by examining the visible 

portion of the PL emission spectrum. The most commonly 

referred defects in ZnO are oxygen vacancies (V o ), zinc inter-

stitials (Zn i ), oxygen interstitials (O i ), oxygen antisites (O Zn ), 

and zinc vacancies (V Zn ). [ 26,27 ]  V o  and Zn i  are known to be 

electron donating whereas O i , V Zn , and O Zn  are found to be 

electron accepting. Here, to ensure that the PL signal was 

coming only from the AZO, RIE was carried out to remove 

the HfO 2  protection layer. 

 As seen in  Figure    3  , fi lms thermally processed at 825 °C 

for 15 s without the HfO 2  layer show a strongly enhanced 

PL signal at 600 nm. This PL emission is attributed to the O i  

defects, which has been observed previously for thermally 

treated ZnO at 700 °C. [ 28 ]  The formation of these particular 

defects has been reported to be caused by the creation of 

metallic zinc and its subsequent evaporation leaving behind 

accepting O i  defects that reduce the carrier concentration. [ 29 ]  

On the other hand, the AZO fi lms thermally processed with 

the HfO 2  layer show a slight decrease in the visible defect 

emission. This supports the argument that the HfO 2  serves 

as a protection layer preventing zinc evaporation. However, 

this does not explain why the carrier concentration increases 

after thermal processing. In addition to the Hall measure-

ments for AZO, Table  1  also reports the results for pure ZnO. 

In contrast to AZO fi lms, the ZnO carrier concentration 

decreases after thermally treating the HfO 2 -protected sam-

ples. This suggests that carrier enhancement in the AZO is 

due to the activation of the aluminum dopants. It has been 

demonstrated that the amount of aluminum atoms contrib-

uting free electrons is far lower for ALD than other synthetic 

methods. [ 30,31 ]  Using an effective fi eld model, it has been 

proposed that this discrepancy is due to the unique layer-

by-layer confi guration of aluminum dopants [ 31 ]  as opposed 

to randomly oriented dopants in other methods such as 

chemical vapor deposition, [ 32 ]  PLD, [ 33 ]  or sputtering. [ 34 ]  This 

model shows that the close proximity of adjacent aluminum 
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 Figure 2.    a) Real and b) imaginary dielectric constants of AZO and 
thermally processed AZO at 825 °C for 15 s. Both samples are coated 
with HfO 2 .

  Table 1.    Hall measurement results for AZO and ZnO, along with Drude model fi tting parameters for AZO, before and after rapid thermal processing. All 
samples were thermally processed with a 12 nm HfO 2  protection layer. The protection layer was removed before carrying out the Hall measurement.  

 n × 10 21  [cm −3 ] µ [cm 2  V −1 ·s −1 ]  ρ  × 10 −4  [Ω·cm]  ε  ∞  ω  p  [eV] γ [eV]

AZO Before RTP 1.0 10.1 6.1 4.05 1.28 0.28

AZO After RTP 1.5 9.8 3.8 4.5 1.70 0.096

ZnO Before RTP 0.029 16.5 127.2 – – –

ZnO After RTP 0.0087 16.8 429.7 – – –
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atoms causes electronic repulsion that suppresses the dona-

tion of free electrons and decreases the carrier concentra-

tion. [ 31 ]  Therefore, we hypothesize that the boost in carrier 

concentration after the thermal processing is caused by the 

diffusion of aluminum atoms into the ZnO layers confi guring 

the dopants into randomly oriented positions more suitable 

for supporting higher carrier concentrations. Experimentally 

derived diffusion constants from the literature [ 35 ]  support this 

theory by showing that the aluminum atoms are capable of 

traveling more than one half of a ZnO/Al 2 O 3  period (≈2 nm) 

under the thermal conditions used in our experiments.  

 In our previous report, we deposited the unprotected 

AZO onto silicon nanoparticles (SiNPs) created by nano-

sphere lithography (NSL) to investigate the LSPR modes. [ 12 ]  

Here, we use the same approach to verify our results and 

show how adjusting the thermal conditions can tune and 

increase the quality factor of the LSPR for protected AZO 

fi lms. We demonstrate this using an SiNP array template 

with an average length, diameter, and pitch of 702, 201, and 

445 nm, respectively. The standard deviation of the SiNP 

diameter was found to be 34 nm. Although this size distri-

bution is signifi cant, it has been found to have no impact on 

the LSPR modes. [ 12 ]  After fabricating the nanopillars they 

were coated with a 56 nm thick layer of AZO and 12 nm 

of HfO 2  ( Figure    4  ).  Figure    5  a shows the LSPR of both 

as-made (25 °C) and thermally processed AZO coated/

protected SiNPs. Consistent with the ellipsometric data dis-

cussed earlier, a clear blueshift is observed after thermal 

processing indicating an increase in carrier concentration. 

In addition, due to smaller losses in the postprocessed AZO, 

the quality factor is increased. Moreover, the tuning of the 

LSPR is demonstrated in Figure  5 a–c. First, by varying the 

thermal processing temperature (15 s) it is clear that there 

is a signifi cant blueshift and increase in the quality factor 

in the temperature range of 700–900 °C (Figure  5 a). Below 

700 °C, little change is observed and above 950 °C the LSPR 

is no longer observed within the wavelength range probed. 

We fi nd that the largest blueshift occurs between 825 and 

900 °C. Moreover, when the temperature is held constant at 

825 °C and the time is varied the ideal conditions are found 

to be 15–30 s (Figure  5 b). Less than 15 s the aluminum atoms 

are not fully activated and the carrier concentration is still 

increasing. Above 30 s the quality factor of the peak begins to 

decrease. Therefore, we fi nd that the optimal thermal condi-

tions for lowest loss and highest energy crossover wavelength 

are achieved when the protected AZO fi lms are processed 

at 825 °C for 15 s. We believe that at these thermal condi-

tions aluminum is allowed to migrate into a confi guration 

that supports higher carrier concentration while suppressing 

donating defects. Moreover,  ε ″ is reduced by improved 
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 Figure 3.    a) PL spectrum of an unprotected AZO fi lm before (red) and 
after (black) thermally processing at 825 °C for 15 s. b) PL spectrum of 
an AZO fi lm protected with HfO 2  before (blue) and after (black) thermally 
processing at 825 °C for 15 s.

 Figure 4.    a) Cross-sectional and b) top-down SEM image of an SiNP array coated by an AZO/HfO 2  (56/12 nm) fi lm.
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AZO-substrate adhesion and/or improvements in the crystal 

structure. However, the exact mechanism for the improve-

ments is still under investigation. In addition, similar to the 

nonprocessed AZO, the LSPR properties can also be tuned 

by adjusting the aluminum dopant concentration. Here the 

maximum blueshift and quality factor are achieved at a 20:1 

Zn:Al chemical pulse ratio (Figure  5 c). At higher aluminum 

concentrations, the carrier concentration is found to decrease 

most likely due to aluminum suboxide formation and clus-

tering. [ 34 ]  Importantly, controls were carried out on thermally 

treated samples that included SiNPs coated with only HfO 2  

and SiNPs coated with ZnO/HfO 2  which did not show any 

optical activity in the NIR region (Figure S1, Supporting 

Information).   

 In order to further investigate the LSPRs in the 

AZO/HfO 2  coated SiNP samples, fi nite-difference time-

domain (FDTD) simulations were carried out using the 

optical constants obtained from ellipsometry and on dimen-

sions identical to those measured in the experiments. As 

shown in Figure  5 d there is excellent agreement between 

the simulation and experimental data for both the spec-

tral positioning and quality factor. Since experimentally 

removing the HfO 2  from the sidewalls is extremely diffi cult, 

and enhanced plasmonic properties with protection layers 

below 10 nm are not observed, the impact of the HfO 2  on 

the LSPR was studied through the FDTD simulations. The 

data show that a 12 nm HfO 2  layer shifts the resonant wave-

length by 25 nm due to a larger dielectric constant of the 

media surrounding the AZO (Figure S2, Supporting Infor-

mation). However, the linewidth stays relatively the same 

indicating the HfO 2  does not increase the quality factor due 

to any cladding effects. 

 The effects on the conductivity of aluminum-doped [ 36 ]  

and gallium-doped [ 37 ]  ZnO fi lms due to ZnO buffer layers 

(intermediate layer between substrate and AZO) have previ-

ously been studied. It has been shown that the grain size of 

ZnO buffer layers becomes larger with increasing thickness, 

which translates to AZO fi lm growth with larger grain sizes. 

Larger grain sizes decrease the amount of grain boundaries 

that create electronic traps and barriers, which results in a 

more conductive fi lm. This generates highly conductive AZO 

fi lms that arise from an increase in both the carrier concen-

tration and electron mobility. Therefore, according to Drude 

theory, a blueshift in the crossover wavelength and lower loss 

is expected by the use of ZnO buffer layers.  Figure    6  a,b dem-

onstrates this effect for HfO 2 -protected and thermally pro-

cessed (825 °C, 15 s) 56 nm AZO fi lms. Here the crossover 

wavelength shifts from 1545 to 1450 nm when a 112 nm ZnO 

buffer layer is used. In addition, the optical loss is signifi cantly 

decreased from 0.53 to 0.46 at 1550 nm. These properties are 

further verifi ed by observing the effects of the LSPR modes 

on the SiNPs for protected 20 nm AZO fi lms thermally pro-

cessed at 825 °C for 15 s. Here the resonant wavelength is 

shifted from 1670 nm to telecommunication wavelengths 

(≈1550 nm) by adding a 50 nm ZnO buffer layer (Figure  6 c).  

 To demonstrate hyperbolic dispersion with the ALD 

grown fi lms, we fi rst investigated a simple layered structure 

comprised of eight periods of ZnO and AZO alternating 

stacks grown on silicon ( Figure    7  ). The thickness of each layer 

is 56 nm giving a total thickness of 896 nm. After growing 
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 Figure 5.    IR extinction spectra of thermally processed AZO/HfO 2  (56/12 nm) after deposition on an SiNP array and a) treated with a 15 s thermal 
pulse with varying temperatures, b) held at a constant temperature of 825 °C but varying pulse times, and c) treated with a varying Al:Zn compositions 
(825 °C, 15 s). d) Comparison of experimental IR extinction spectra and an FDTD simulation of an AZO/HfO 2  (56/12 nm) layer coated on an SiNP 
(in experiment the sample was thermally processed at 825 °C for 15 s).
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the HMM, it was protected with a 50 nm layer of HfO 2  and 

annealed at 825°C for 20 s. The electron image in Figure  7 a 

captures the contrast between the alternating AZO and ZnO 

layers. Using the permittivities obtained for AZO grown on a 

112 nm ZnO buffer layer, EMT (Equation  ( 3)  ) predicts type I 

hyperbolic dispersion from 1460 to 2000 nm and type II dis-

persion for wavelengths longer than 2080 nm (Figure S3, 

Supporting Information). In order to show the functionality 

of the high-quality HMM fi lms, we demonstrated negative 

refraction using the well-known razor blade experiment. [ 18,38 ]  

In this experiment the sample was placed between a light 

source and a detector and the transmission was studied at 

different angles in the presence and absence of a razor blade 

that blocks half of the light transmitted through the sample 

(Figure  7 b). Therefore, with this confi guration, if negative 

refraction occurs the light is shifted away from the razor 

blade so that more light is incident upon the detector causing 

a peak in the transmission ratio of the partially blocked 

beam/full beam for TM-polarized light only. As expected, 

a clear peak is observed for TM-polarized light (Figure  7 c) 

while transverse-electric (TE) polarized light shows no peaks 

(Figure S4, Supporting Information). The transmission data 

also show good agreement with FDTD simulations that were 

carried out on the identical layered structure using the per-

mittivities of AZO grown on 112 nm ZnO buffer layers. As 

predicted by EMT, none of the properties depend on the 

thickness of each individual layer as samples with layer thick-

nesses as thin as 15 nm were synthesized with little impact on 

the negative refraction performance. In addition, analytical 

calculations based on both the transfer matrix (TMM) and 

scattering matrix (SMM) methods confi rm the experimental 

and FDTD results. The angle of refraction determined using 

the derivative of the transmitted phase with respect to the 

angle of incidence [ 39 ]  is shown in Figure  7 d .  The complex 

amplitude transmittance is calculated via the TMM [ 40 ]  using 

the experimentally obtained optical constants. Additionally, 

the refraction angle predicted by EMT is shown. The pre-

dicted angle of maximum negative refraction, and therefore 

the largest transmission ratio, is slightly redshifted from the 

experimental results. The small discrepancy is likely due to 

the approximation of the method where accuracy depends 

upon the total thickness of the multilayer. [ 41 ]   

 The SMM, while generally more diffi cult to implement 

than the TMM, is known to be more accurate. [ 42 ]  Figure S5 

(Supporting Information) compares the squared magnitude 

of both TE- and TM-polarized electric fi elds, incident at an 

angle of 25°, for several different wavelengths. The fi elds are 

determined using a modifi ed version of an open-access SMM 

implementation. [ 43 ]  The incident beam undergoes greatest 

negative refraction at a wavelength of 1470 nm, in very good 

agreement with experimentally observed transmission ratio. 

For clarity, only the real parts of the experimentally deter-

mined optical constants are used and the structure consists of 

50 periods of alternating 56 nm thick ZnO and AZO layers. 

It is clear from an analysis of TE and TM fi elds at various 

angles of incidence with a fi xed wavelength of 1470 nm that 

only the TM mode undergoes negative refraction (Figure S7, 

Supporting Information). 

 Lastly, we further exploited the conformal properties 

of ALD to fabricate the nanowire geometry required for 

HMM. To accomplish this we fi rst employed NSL to create 

a silicon nanopillar array. The gaps were then fi lled with 

ZnO ( Figure    8  a) that was etched using RIE to expose the 

silicon on the top of the nanopillars. RIE was used again with 

a different gas composition to remove the silicon nanopil-

lars leaving nanoholes (Figure  8 b). The nanoholes were then 

fi lled with AZO and the top layer of AZO was removed to 

improve the transmission (Figure  8 c). The average length, 

pitch, and diameter of the AZO nanowires were 907, 407, 

and 250 nm, respectively. As seen in Figure  8 d, this leads to 

an AZO fi lling fraction of 0.3. EMT (Equation  ( 4)  ) predicts 

type II hyperbolic dispersion from 1.84 to 2.32 µm and 

small 2016, 12, No. 7, 892–901

 Figure 6.    a) Real and b) imaginary dielectric constants for thermally 
processed AZO fi lms with varying ZnO buffer layer thicknesses. c) IR 
extinction spectra of thermally processed AZO/HfO 2  (20/12 nm) layer 
deposited on an SiNP array with varying ZnO buffer layer thicknesses.
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 Figure 7.    a) SEM image of multilayer ZnO/AZO HMM comprised of 8 ZnO/AZO (56/56 nm) layers in the case of negative refraction. b) Schematic 
of the negative refraction experiment. c) TM polarization transmission ratio of partially blocked beam/full beam showing a clear peak indicative of 
negative refraction. d) Angle of refraction predicted by EMT and TMM.

 Figure 8.    SEM images taken at different steps during the fabrication of AZO nanowires embedded in ZnO including a) ZnO-coated silicon nanowires, 
b) etched silicon leaving behind nanoholes, and c) AZO-fi lled nanoholes. d) Real and e) imaginary optical constants as predicted by EMT (dashed) 
and extracted from ellipsometry (solid). f) IR extinction spectra of AZO nanowires embedded in ZnO showing optical losses identical to that 
predicted by EMT.
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type I hyperbolic dispersion at wavelengths longer than 

2.58 µm. Extracted values from ellipsometry (Figure  8 d,e) 

show similar behavior as predicted from EMT. However, dis-

crepancies are expected due to rough nanowire walls and the 

polycrystalline structure of the AZO generated via ALD. The 

extinction measurements (Figure  8 f) show a clear peak cen-

tered at 2335 nm which is in an identical location to where 

the maximum loss is predicted by EMT for this geometry.   

  3.     Conclusions 

 In conclusion, we have described a synthetic strategy for 

signifi cantly improving the plasmonic properties of ALD-

deposited AZO. The technique utilizes a simple protec-

tion layer and thermal treatment to decrease the optical 

loss of the fi lms and blueshift the crossover wavelength to 

NIR wavelengths. The enhancement in the optical prop-

erties of the material is explained by allowing the migra-

tion and subsequent activation of aluminum dopants 

within the ZnO matrix while preventing the formation 

of donating defects through the use of a HfO 2  protection 

layer. The combination of high-quality plasmonic fi lms 

with the advantages of ALD processing was exploited to 

create highly conformal fi lms on an SiNP template created 

by NSL. The LSPR modes were validated through FDTD 

simulations and were shown to be highly tunable by var-

ying the dopant concentration, thermal processing time, 

deposition temperature, and ZnO buffer layer thickness. 

Additionally, we showed that these material processes 

are fully capable of creating both layered and embedded 

nanowire HMMs. We note that the novel synthetic scheme 

displayed for embedded nanowire HMMs is able to pro-

duce embedded nanowires with any combination of mate-

rials that are available for ALD. These results introduce 

new strategies for fabricating ultraconformal, high-quality 

plasmonic nanomaterials and HMMs for NIR-enhanced 

light emission that cannot be achieved by other fabrication 

techniques. In addition to the plasmonic properties, the 

thermally processed AZO materials were found to have 

the lowest reported electrical resistivity for ALD-depos-

ited AZO which has immediate implications on energy-

related systems such as photovoltaics, photocatalysts, light 

emitting diodes, and thin fi lm electronics.  

  4.     Experimental Section 

  AZO Fabrication : ALD was carried out at using a Beneq 
TFS200 ALD system operating at a reactor temperature of 
250 °C. Diethylzinc, trimethylaluminum, and water were 
used as the zinc, aluminum and oxygen sources, respec-
tively, to grow the AZO films. The HfO 2  films were grown with 
tetrakis(dimethylamido)hafnium(IV) and water as the hafnium 
and oxygen sources, respectively. Alternating chemical pulses 
of metal and oxygen sources were released into the reactor. 
The amount of aluminum doped into ZnO was determined by 
how often an aluminum pulse was replaced with a zinc pulse. 
Unless specified otherwise, all films were grown at a 20:1 
Zn:Al chemical pulse ratio. All film thicknesses were obtained 
on planar silicon substrates via ellipsometry using a Rudolph 

Auto EL Ellipsometer. After growth, RTP was done using an AG 
Associates Heat Pulse 610 with a 1.5 L min −1  nitrogen flow rate. 
The maximum ramp up and ramp down speeds were used which 
took less than 15 s to reach the maximum temperature and less 
than 20 s to cool down to 300 °C. 

  Optical and Electrical Characterization of AZO Films : In order 
to obtain the optical constants of the ALD-deposited materials, 
all fi lms were deposited on RCA cleaned p-type (5 Ω·cm) single-
sided polished, prime silicon. The ellipsometric constants 
( ψ  and  Δ ) were measured in the range from 1200 to 1600 nm 
using a commercially available Woollam ellipsometer. Measure-
ments were extended to longer wavelengths (1600–3000 nm) 
using a second J.A. Woollam IR ellipsometer coupled to a Bruker 
v/66s Fourier transform infrared spectrometer. In order to obtain 
the optical constants for the multilayer samples (Si/AZO/HfO 2  
and Si/ZnO/AZO/HfO 2 ), ellipsometry was fi rst preformed on the 
bare, cleaned silicon. Next, the optical constants of ZnO and 
HfO 2  were obtained from Si/HfO 2  and Si/ZnO samples. The com-
plex permittivity of AZO was then obtained by modeling the mul-
tilayer system where AZO was the only unknown. All models were 
carried out on the J.A. Woollam VASE software where Kramers 
Kronig consistent oscillators were fi t to the experimentally 
obtained  ψ  and  Δ  values. Hall measurements were performed 
on a home-built setup using the van der Pauw method at room 
temperature with a magnetic fi eld of 3000–5000 G. Silver ohmic 
contacts were used for all samples. Both 600 nm AZO and ZnO 
samples were deposited on sapphire and coated with 12 nm of 
HfO 2 . HfO 2  layers were removed using RIE via an Oxford P80 with 
CHF 3  and Ar gases. The top ≈100 nm of ZnO-based material was 
removed using dilute hydrochloric acid. The remaining thick-
ness (≈500 nm) was confi rmed by ellipsometry. All PL measure-
ments were taken from fi lms deposited on RCA cleaned p-type 
(5 Ω·cm) prime silicon. To characterize the defect emission, the 
HfO 2  layers were fi rst removed by RIE. Next, dilute HCl was used 
to etch away any contaminates from the RIE process. The sam-
ples were then excited with a continuous-wave helium cadmium 
laser (Kimmon electric) and the PL spectra were captured using 
a thermoelectrically cooled (−75 °C) Princeton Instrument spec-
trometer. The laser beam was focused onto the sample (≈50 µm 
spot size) at an angle of 45° and power density of ≈1 W cm −2 . 

  Nanostructure Fabrication and Characterization : SiNP arrays 
were fabricated using NSL by a method adapted from the litera-
ture. [ 44 ]  Silica nanoparticles (≈440 nm diameter) were grown by 
the well-known Stöber process. [ 45 ]  Next, the particles were func-
tionalized with aminopropyl-methyldiethoxysilane and deposited 
onto p-type (5 Ω·cm) prime silicon using a Langmuir Blodgett 
trough. The silica particles were then shrunk using RIE with CHF 3  
and Ar gases using an oxford P80. Next, using an Oxford P100 with 
SF 6  and C 4 F 8  gases, the exposed silicon was etched creating nano-
pillars. Any remaining SiO 2  was removed using hydrofl uoric acid. 
Before ALD, all samples were cleaned using the RCA cleaning pro-
cedure. All extinction measurements were carried out from 1200 
to 2500 nm on the nanopillar array using a Perkin Elmers Lambda 
1050. FDTD simulations were carried out using the Lumerical soft-
ware package. A single AZO/HfO 2  core shell nanopillar was mod-
eled with periodic boundary conditions using identical dimensions 
to those observed in the experiments. Plane wave excitation was 
launched at normal incidence. All nanostructure imaging was car-
ried out using an FEI XL30 ultrahigh resolution SEM. 



www.MaterialsViews.com

901© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.comsmall 2016, 12, No. 7, 892–901

  HMM Fabrication and Characterization : Layered HMMs were 
synthesized on DSP and SSP p-type (5 Ω·cm) prime silicon. Eight 
periods (16 total layers) of alternating ZnO and AZO fi lms were 
grown at 250 °C and capped with a 50 nm HfO 2  protection layer. 
All AZO components were grown with a 20:1 Zn:Al ratio. The whole 
sample was then thermally processed at 825 °C for 20 s. Negative 
refraction tests were carried out using a Perkin Elmer Lambda 1050. 
The sample was placed at the halfway point between the mono-
chromator exit and PbS detector and the angle of the sample was 
varied from 0° to 20°. The beam was partially blocked by placing 
a razor blade at the halfway point between the sample and the 
detector such that the TE polarization at 0° was half of the full 
beam transmission. Embedded AZO nanowires were created by fi rst 
synthesizing a nanowire template using NSL as described above. 
Next, 200 nm of ZnO was deposited at 250 °C to fi ll in the gaps. 
The top layer of ZnO was removed by RIE with CHF 3  and Ar gases 
using an oxford P80 to expose the silicon nanowire tips. Next, using 
an Oxford P100 with SF 6  and C 4 F 8  gases, the exposed silicon was 
etched leaving nanoholes. The holes were fi lled with AZO at a 20:1 
Zn:Al ratio at 250 °C and capped with a 50 nm HfO 2  protection 
layer. The sample was then thermally processed at 825 °C for 20 s 
and the top layer of HfO 2  and AZO was removed using RIE. Extracted 
optical constants were obtained using ellipsometry as described 
above. All models were carried out on the J.A. Woollam VASE soft-
ware using a uniaxial model where Kramers Kronig consistent oscil-
lators were fi t to the experimentally obtained ψ and Δ values.  
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