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ABSTRACT

The authors produce plasmonic ZnO-TiN nanocomposite films by depositing plasma-synthesized ZnO nanocrystals onto a substrate and
then by infilling the nanocrystal network’s pores with TiN via remote plasma-enhanced atomic layer deposition (PEALD). This ZnO-TiN
nanocomposite exhibits a plasmonic resonance that is blueshifted compared to planar titanium nitride thin films. The authors study the
effects of PEALD conditions and the ZnO film thickness on the plasmonic response of these nanocomposites and exploit the optimized
film in a device that generates photocurrent at zero bias.

Published under license by AVS. https://doi.org/10.1116/1.5142858

I. INTRODUCTION

Nanocrystal (NC)-based nanocomposites are typically formed
by first depositing a NC film from the liquid or gas phase and
subsequently filling the voids in the NC network via atomic layer
deposition (ALD).1–6 Such nanocomposites have been shown to be
robust and stable under ambient conditions with improved electri-
cal and optical performance as compared to films without infill-
ing.2,3 In particular, NC-based nanocomposites that combine
semiconductors with plasmonic materials offer intriguing platforms
for optoelectronic devices, including devices that exploit hot electrons
for current generation. New combinations of semiconducting and
plasmonic materials may be enabled by using plasma-enhanced

atomic layer deposition (PEALD) rather than conventional thermal
ALD to infill NC networks. Currently, PEALD is used relatively
rarely for infilling tortuous NC networks. However, in principle,
developing this technique may enable the production of nano-
composites with compositions and properties unobtainable via
thermal ALD.

Here, we explore nanocomposites of zinc oxide (ZnO) and
titanium nitride (TiN). TiN has attractive plasmonic properties
and can be produced by a variety of deposition methods. Its
plasmonic response in the near infrared7 has found uses in
optoelectronic devices,8,9 photothermal therapy,10 IR selective
coatings,11 sensing,12,13 waveguides,14 diffusion barriers,15 and
photocatalysis.16–18 Experimentally realized plasmonic TiN
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nanostructures include nanorods,13,19 semishells,7 nanoparticles,20–22

nanotubes and nanohills,23 and gratings.24 A variety of TiN deposi-
tion and synthesis methods are available, including plasma-enhanced
chemical vapor deposition,25 magnetron sputtering,23,26 nonthermal
plasma synthesis,21,22 aerosol synthesis,27 and colloidal synthesis.28

However, these methods are ill-suited for conformally infilling the
pores in NC networks to produce dense nanocomposites. For this
application, ALD and PEALD are excellent candidates.

ALD, which is typically employed for conformally coating high
aspect ratio features in semiconductor processing,2,4,6,29,30 is a
well-suited approach to infilling NC networks, especially with an
amorphous material.1,2,4–6 However, thermal ALD of crystalline plas-
monic TiN requires high deposition temperatures, 500 °C or greater,
or an even higher-temperature postanneal.31–33 Consequently, low-
temperature TiN ALD has typically been used in nonplasmonic appli-
cations.34,35 Successful examples of TiN ALD utilized tetrakis(di-
methylamido)titanium(IV) (TDMAT)32,34–38 or titanium tetrachloride
(TiCl4)

31,33 with reactive ammonia (NH3) as a coreactant.
To circumvent the limited reactivity of some ALD precursors

at low temperature, nonthermal plasmas are used in PEALD to
produce radicals and metastable species. Because the plasma in
PEALD produces nitrogen radicals through high-energy electron
impact rather than relying on chemical reactions, PEALD
approaches can often utilize safer, lower-reactivity gases, such as N2

instead of NH3. Reports of successful synthesis of low-impurity
TiN via PEALD have employed TDMAT as the titanium source
with an NH3 (Refs. 37–40) or an N2 (Refs. 26, 36, 39, and 41–44)
plasma. Other coreactants such an H2 (Refs. 45–47) plasma have
been used, but these films often have a significant quantity of
carbon impurities. Some have also used TiCl4 with an NH3

(Refs. 48 and 49) or an N2 (Ref. 50) plasma as the coreactant.
TDMAT is an attractive precursor because its reactions with nitro-
gen can produce TiN without solid surface contaminants such as
carbon.51,52

To date, TiN structures formed by coating preexisting scaffolds
with PEALD have been relatively large (>250 nm),7,38,39,42,49 and
PEALD work has not focused on exploiting the control over optical
and electronic properties afforded by localized surface plasmonic
resonances (LSPRs). LSPRs in small metallic nanostructures enable
resonantly enhanced optical absorbance of light at specific frequen-
cies.53 LSPRs can also generate hot electrons that can be injected
into the conduction band of an insulator or semiconductor54–57 to
produce sub-bandgap photocurrent.54,58,59 Plasmonic absorption is a
powerful tool for increasing photogeneration in metal-semiconductor
devices; photodetectors and photovoltaic devices that exploit LSPRs in
nanostructured TiN have been reported.8,60–62

In this work, we explore the infilling of the voids in ZnO NC
networks with TiN via PEALD to produce plasmonic ZnO-TiN
nanocomposites exhibiting LSPRs. While PEALD’s ability to con-
formally coat larger structures with crystalline TiN at low tempera-
ture is known, it is a priori not clear that this will also apply to
networks of NCs because some of the reactive species produced by
a plasma are short-lived and deposition in the network may depend
on the competition among surface reactivity, recombination, and dif-
fusion.63 Here, we demonstrate the formation of TiN throughout a
300 nm thick tortuous ZnO NC network. The as-produced films are
plasmonic and contain crystalline TiN. By tuning the NC film

thicknesses, PEALD parameters, and the number of PEALD cycles,
we optimize the plasmonic response of the ZnO-TiN nanocompo-
sites. We use these plasmonic nanocomposite films to create
devices based on hot carrier injection, which generate photocur-
rent at zero bias.

II. EXPERIMENT

A. ZnO NC film synthesis

ZnO NCs are synthesized in a nonthermal plasma reactor
previously described2,64 and are schematically shown in Fig. 1(a).
The average ZnO NC diameter as measured by XRD and TEM for
all films is 10 nm. NCs are accelerated through a slit orifice and
inertially impacted onto glass slides.65,66 Film thicknesses are esti-
mated from the deposition rate of ZnO from this reactor onto the
substrate per transit of the substrate underneath the ZnO nanopar-
ticle beam. Prior to deposition, the substrates (boroaluminosilicate
glass, Corning Eagle XG) are cleaned by 2 min of sonication in
acetone followed by 2 min of sonication in isopropanol.

B. TiN PEALD

The ZnO NC films were loaded into a Fiji 200 Gen 2 PEALD
system (UltraTech) and allowed to outgas for 30min under vacuum
(30mTorr) at 270 °C prior to deposition. The entire reactor is
wrapped with insulation and is heated to prevent condensation.
Inside the reactor, the substrate sits on a heated metal disk that is
heated to 270 °C. Subsequently, pumping continued using only a
rough vacuum pump (200mTorr) as Ar and N2 were fed through
the reactor at 130 and 50 SCCM, respectively, for 2.4 s. Following
this preparation period, cycles of TDMAT pulses and nitrogen
plasma separated by nitrogen purges were used to infill the NC film
with TiN. A single cycle consisted of (1) a 0.4 s pulse of TDMAT
(260mTorr), (2) 30 s with 30 SCCM N2 flow (200mTorr), (3) a 5 s
purge with 10 SCCM Ar flow and 50 SCCM of N2 (30mTorr), (4) a
40 s 300W inductively coupled plasma dose with 10 SCCM Ar and
50 SCCM N2 (30mTorr), and (5) a 10 s purge with 10 SCCM Ar
and 50 SCCM N2 mixture (30mTorr). The total number of cycles
was varied.

C. Photodetector fabrication

First, a 1 × 1 cm2 (100) Si substrate was coated with 300 nm
of Al using an MBraun thermal evaporator. Second, the Al was
coated with TiN using 55 PEALD cycles (∼5 nm). Third, a 10 nm
layer of TiO2 was grown on the TiN with ALD (Cambridge
Nanotech/Ultratech Savannah S200 ALD system) at 180 °C using
water and TDMAT. Fourth, ZnO NCs were deposited on the TiO2

layer using a nonthermal plasma. Fifth, this ZnO NC film was
infilled with 55 cycles of TiN PEALD to form the photoactive
nanocomposite. Finally, 300 nm of Al was deposited on a small
area in the corner of the nanocomposite film to form the top
contact. The device surface area is roughly 1 × 0.4 cm2. A 40W
T4 xenon light source was used to illuminate devices. The power
as measured at the devices location was a uniform 32 mW/cm2.
Each device was measured with this incident power. Detector
photocurrent data in the associated Figures are normalized to this
power. To collect photocurrent measurements, the device was
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operated with 2 s of light exposure followed by 8 s of darkness
[Figs. S7 and S8 (Ref. 114)].

D. Compositional and optical characterization

X-ray photoelectron spectroscopy (XPS, Phi VersaProbe III
X-ray/ultraviolet photoelectron spectrometer) in conjunction with
sputter depth profiling was used to study the chemical composition
of the ZnO-TiN nanocomposite films. Composition spectra were
collected at 280 eV bandpass energy while high resolution scans
were taken at 55 eV bandpass energy for ten collection cycles. For
depth profiling, the films were sputtered using 3 kV argon ions.
Sputtering depths were estimated by sputtering to the bottom of
the film and normalizing the estimated sputtering rate (9.7 nm/min
for SiO2 on Si) to the actual film thickness from that focused ion
beam (FIB) section (∼250 nm) to obtain an approximate depth
during XPS collection. We note that the average film thickness
measured by FIB-SEM for these films is 300 nm across several
samples. UV-Vis spectroscopy (Agilent Cary 5000 spectrophotome-
ter in the transmission mode) was used to measure plasmonic
responses of the films.

E. Electron microscopy

Scanning transmission electron microscopy-energy dispersive
x-ray spectroscopy (STEM-EDX) was used to measure the TiN
infilling of the NC film and to characterize the structure of the
photodetector samples. TEM cross-sectional lamellae were prepared
using an FEI Helios NanoLab G4 dual-beam FIB and subsequently
studied in an aberration-corrected FEI Titan G2 60-300 STEM
equipped with a Super-X EDX spectrometer. When analyzing the
ZnO-TiN nanocomposite films, the STEM was operated at 200 kV

with a probe convergence angle of 25 mrad and a beam current of
120 pA. STEM-EDX maps were collected with 764 pixels by 764
pixels over a 400 by 400 nm area, a dwell time of 4 μs/pixel, and an
acquisition time of 15 min with drift correction. When analyzing
the photodetector, the STEM was operated at 60 kV and STEM-
EDX maps were collected with 1024 pixels by 1024 pixels over 900
by 900 nm area; all other operating parameters were kept the same.
Compositional maps from STEM-EDX data were made by integrat-
ing C, O, Si, Al, Ti, and Zn K-edge intensities after background
subtraction. The Ga and Cu K and L-edges were omitted from the
datasets shown. A three-pixel Gaussian blur was applied to the
STEM-EDX maps to aid visualization. The elemental quantification
was performed using the Bruker ESPRIT 1.9 software package.

F. Numerical modeling

Calculations to determine the effect of core-shell scattering were
performed in python using a Mie scattering model, pymiecoated.67

Values for the index of refraction and extinction coefficient of TiN
(Ref. 68) and ZnO (Ref. 69) were used from the literature.

G. Spectroscopic ellipsometry

The complex index of refraction for each material was extracted
from ellipsometric measurements on a J.A. Woollam variable-angle
spectroscopic ellipsometer. Measurements were taken at incident
angles between 55° and 75° over the wavelength range of 400–
1100 nm. All samples were measured on backside-opacified glass
substrates. The dense film of TiN was modeled as a single
uniform layer while the ZnO particulate film was modeled as a
composite bilayer that consists of a lower layer with varying thick-
ness and a thin rough upper layer. The uppermost layer was

FIG. 1. ZnO-TiN nanocomposite synthesis. (a) ZnO NCs are synthesized in a nonthermal plasma using diethyl zinc, oxygen, and argon. The NCs are inertially impacted
onto glass slides by accelerating the particle-laden gas flow through a slit orifice. (b) The NC films are infilled with TiN using multiple PEALD cycles, where a single cycle
consists of a TDMAT pulse (1); argon purge (2); nitrogen plasma (3); and a final argon purge (4).
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treated as a 50% by volume linear effective medium between the
lower layer and air. The ZnO/TiN nanocomposite was modeled as
a single uniform layer. Complex indices of refraction were fit
point-by-point along with thicknesses to extract optical proper-
ties. The measured and modeled Ψand Δ for the TiN, ZnO, and
ZnO/TiN films are reported in Figs. S1(a)–(c).114 Extracted real
and imaginary components of the indices of refraction for these
materials are provided in Fig. S1(e).114 Real (ε1) and imaginary
(ε2) components of the material dielectric constants are shown in
Fig. S1(f ).114 Additional modeling information is also available in
the supplementary material.114

III. RESULTS AND DISCUSSION

A. Film characterization with XPS and EDX

It is a priori not obvious that PEALD should be capable of
infilling the tortuous networks of NCs because there is no direct
line of sight for plasma-generated species, such as nitrogen radicals,
to reach the inner surfaces, particularly those near the substrate.
Therefore, we investigated the depth variation of TiN deposition
using STEM-EDX. STEM-EDX mapping of cross sections pro-
duced via FIB [Figs. 2(a) and 2(b)] shows that titanium and nitro-
gen are found throughout the film, demonstrating that PEALD can
deposit TiN onto NC surfaces in pores at least 300 nm below the
film’s surface. The varying concentration of Ti and N throughout
the sample is due to a combination of both uneven compaction of
the ZnO NC film and the attenuation of nitrogen penetration at
greater depths, as discussed below. The STEM-EDX results are cor-
roborated by XPS and are shown in Fig. 2(c). XPS utilizes a spa-
tially averaged result from a larger surface area of the film than the
STEM-EDX. The uneven compaction of the ZnO NC film results
in an NC film that is denser at the bottom than at the top; this is
shown as an increase in the ZnO compositional fraction. The

nitrogen attenuation results in the subsequent nitrogen fraction
decrease through the film.

High-energy-resolution XPS scans provide further informa-
tion about the bonding configuration of Ti in the film. The Ti 2p
peak was fitted using four sets of doublets that correspond to
TiO2, TiON, TiN, and TiC. Doublet peak distances between TiN,
5.9 eV,70 and TiO2, 5.8 eV,

71,72 were fixed before fitting TiC and
TiON peaks. Due to the Coster–Kronig effect, XPS peak widths
are broader than usual.73–75 Also, to account for inelastic scatter-
ing, the doublet area ratio was allowed to deviate from 1:2 for the
TiON and TiO2 peaks;

21,75 the TiN 1:2 area ratio was always satis-
fied. All peaks were shifted according to an adventitious carbon
peak at 284.8 eV, although slight discrepancies in that value have
been reported for adventitious carbon on TiN films.76 In the XPS
spectra, the Ti 2p3/2 level exhibits four distinct sets of peaks that
change in area throughout the film and correspond to TiN, TiON,
TiO2, and TiC. The TiN peaks are located at 454.4, 454.7, 455.0,
and 455.1 eV;77–84 the TiOxNy peaks at 455.9, 456.2, 456.4, and
456.6 eV;83,85 the TiO2 peaks at 457.9, 458.0, 458.3, and
458.4 eV,83,84,86,87 and the TiC set of peaks are located at 454.2,
453.9, 454.4, and 454.5 eV.88–90 To investigate possible changes in
the other elements, scans of Zn, O, N, and C are provided in
Fig. S2.114 Nitrogen bonding at 396 and 397 eV are attributed to
two types of bonding, TiZNZTi and TiZNZO;91–93 however,
other authors have reported that the peak at 396 eV could also
refer to a βZN phase.81,94 Peaks at 400 eV correspond to
TiZOZN bonding,92,93 and the peak at 402 eV corresponds to
chemisorbed γZN2.

93,95 O locations at 530 eV are consistent with
TiO2 (Ref. 96) and ZnO (Ref. 97), and peaks at 531 eV correspond
to TiZOZN,96 TiZOH, and ZnZOH.98 C peaks at 284.8 eV cor-
respond to CZC,96 286 eV to CZO,96 and 288 eV to OvCZO.96

Finally, the Zn peaks at 1021 and 1023 correspond to ZnZO and
ZnZOH.97,98

FIG. 2. Compositional analysis of a 300 nm ZnO-TiN nanocomposite film deposited on a sapphire substrate. (a) High Angle Annular Dark Field (HAADF)-STEM image
and composite STEM-EDX map of a cross-sectional FIB lamella, showing the structure of the film and the distribution of Ti, Zn, and Al in the sample. (b) The concentration
profile of Ti, N, Zn, O, and Al in the region shown in (a). (c) Depth profile of the same film using XPS.
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B. TiN deposition mechanisms

Based on the EDX and XPS results in Figs. 2 and 3, we
propose the following reaction mechanism for the TiN PEALD
process. Initially, the surface of the plasma-synthesized ZnO NCs
are terminated with surface hydroxyl groups.1 During the initial
TDMAT pulse, TDMAT reacts with these surface hydroxyl groups
to yield a TiZOZZn bond similar to the TiZOZRu bonds formed
during TDMAT deposition onto RuO2.

99 The reaction should
proceed with hydrogen from the surface reacting with an NMe2
(H3CZNZCH3) group, which desorbs from the surface as
HNMe2.

51,52 TDMAT thermal decomposition does not occur at the
temperatures used in this process.51,52,100,101 Titanium is found
throughout the film, which indicates that TDMAT (or one of its
products) is capable of reaching the bottom of the ZnO NC film
and reacting with the surface during the TDMAT pulse.

Nitrogen radicals created by dissociation of N2 during the
high-density inductive plasma step react with the surface bound
titanium-amine compound. These radicals initiate nitrogen trans-
amination reactions with the remaining NMe2 on the surface to
yield TiN as they diffuse through the network.25 Nitrogen radical
penetration into the film is limited both by reaction probability
with a surface site and by recombination of nitrogen within the
network.63 These competing reactions inherently limit the penetra-
tion depth of the TiN; this competition is evidenced by the slight
gradient of TiN through the network (Figs. 2 and 3) that is

beginning to become apparent as the depth nears 300 nm.
However, our results indicate that the nitrogen radical penetration
depth limit is still greater than 300 nm, the thickness of the ZnO
NC network.

To study the role of the N2 plasma species that impinge on
the surface of the ZnO nanoparticles that are not bonded to
TDMAT or Ti during the first few cycles, three films exposed to 0,
10, and 55 PEALD cycles were produced using the same recipe as
for TiN deposition, but the TDMAT step was replaced with Ar
flow. In Fig. S3,114 the Zn, O, and N peaks collected after 0, 10,
and 55 cycles of plasma exposure reveal that a small number of N
molecules bonded to the surface of the ZnO NCs as ZnZOZN.97

Films contained less than 2% nitrogen after ten cycles; hence, it
was difficult to collect any significant signal from a nitrogen scan.
Differences in Zn and O peaks in XPS were not present from the
control experiment of 0 cycles. From these experiments, it appears
unlikely that that the nitrogen plasma significantly modifies the
ZnO particles, as the particles will be increasingly covered with the
TiN film that shields the underlying ZnO from nitrogen species.

We note that UV radiation from the plasma could be a
contributor to TiN formation in the upper layers of the film as
high-energy (>10 eV) photons are emitted from the discharge.102

This radiation could ionize nitrogen in the first few NC layers of
the film, but this process is highly unlikely to contribute to dissoci-
ation deep within the film due to the strong UV absorption of ZnO

FIG. 3. XPS of a 300 nm ZnO NC film
infilled with titanium nitride. Ti 2p
peaks were fitted according to literature
to determine the presence of TiO2,
TiN, TiC, and TiON. TiN can be found
throughout the film as indicated by a
150 nm sputter.
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[Fig. 4(a)]. Therefore, we suggest that the rate-limiting steps for
TiN formation are nitrogen radical diffusion and nitrogen radical
recombination/surface reactions throughout the network. This is
also consistent with the higher fraction of TiO2 found deeper in the
film, which corresponds to TiO2 at the interface of TiN and ZnO
and TiO2 that is found at the surface of the TiN in the network.

C. Plasmonic absorption of the ZnO-TiN
nanocomposite

Figure 4 shows UV-Vis-IR absorption for TiN films deposited
with different numbers of PEALD cycles on flat glass substrates
and on ∼300 nm thick ZnO NC networks. Assuming deposition
similar to that on TiN PEALD directly on glass, each PEALD cycle
deposits ∼0.1 nm of TiN. Increasing the number of PEALD cycles
resulted in an increase in the extinction, which we assume to be
entirely due to absorption, of both the thin TiN films and the TiN
infilled NC networks.103,104 The TiN thin films show a broad
surface plasmonic absorption feature peaking about ∼1600 nm,

whereas the ZnO-TiN nanocomposites show a pronounced LSPR
at ∼1000 nm which is blueshifted relative to the peak absorption of
the TiN thin films. The extinction is also strongly enhanced com-
pared to the thin-film samples; this is likely because the total quan-
tity of TiN deposited on the ZnO NC network is larger than that
on the flat substrate due to the high surface area within the NC
network.105 The LSPR peak wavelengths of our ZnO-TiN nano-
composites do not show a significant dependence on TiN layer
thickness.

The LSPR absorption features of our ZnO-TiN nanocompo-
sites are broader and redshifted compared to those in previous
reports of LSPRs of TiN nanoparticles.21,22 We attribute the broad-
ness of the plasmonic peak to the morphological heterogeneity of
the TiN in our NC networks as well as coated ZnO agglomerates
that range in size. The TiN shells on the ZnO NCs are likely mix-
tures of TiN semishells7 and close to full TiN shells106 that have
LSPRs with a range of peak wavelengths, and the absorption fea-
tures we observe are composites of these various LSPR peaks.
Moreover, the individual plasmonic elements are either connected

FIG. 4. Plasmonic and structural features of the ZnO-TiN nanocomposite. Note the different scales for (a) and (b). (a) UV-Vis spectra from a ZnO-TiN nanocomposite,
with thicker coatings showing more absorbance and a more pronounced LSPR feature. (b) TiN coatings directly on glass. The UV-Vis absorption profiles indicate a thin
film of TiN, growing with the number of PEALD cycles. (c) Schematic of the ZnO-TiN nanocomposite. (d) An atomic-resolution HAADF-STEM image of TiN (darker region)
grown on a ZnO nanocrystal (brighter region) inside the NC network. This crystal was located ∼20 nm from the top of the film in an FIB cross-sectional lamella.
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or are in close proximity to each other, leading to plasmonic cou-
pling of adjacent shells, which also causes heterogeneity and a red-
shift of the LSPRs.107,108

Mie scattering calculations were performed to qualitatively
understand the plasmonic properties of our nanocomposites.
Nanoparticle films deposited by supersonic gas phase deposition
are known to have a mesoscopic pore size distribution.109 Such
films can thus be envisioned as being comprised of dense agglom-
erates and less-dense “pores.” To qualitatively understand the
optical properties of the films, we modeled such agglomerates of
ZnO particles after TiN deposition as spherical ZnO core:TiN shell
particles, with ZnO core diameters on the order of several 10 nm.
There is a range of coated ZnO agglomerate sizes that cumulatively
produce these absorbance profiles, Fig. S4.114 While previous
studies of plasmonic nanoparticles have often observed only slight
dependences of LSPR wavelengths on nanostructure with sizes of
10s of nanometers,20,110,111 quite significant blueshifts are observed
between TiN thin films and our nanocomposites, as shown by
Figs. 4(a), 4(b), 5(a), and 5(b). The blueshift observed between
thin-film samples and nanocomposites seems to be consistent with
the concept of ZnO agglomerate cores covered with a TiN shell, as
shown by Fig. S4.114 In fact, the optical properties of our nanocom-
posites seem best approximated by a 75 nm ZnO core diameter
with a shell thickness of around 3–4 nm, but this similarity should
not be overinterpreted due to the approximated nature of our
core-shell model. The increase in absorbance at low wavelengths
<400 nm may be reflective of a size distribution of agglomerates
but also of interband transitions.112

To investigate the effects of PEALD parameters on the TiN
plasmonic response, the durations of the plasma exposure and purge
times were varied. Based on EDX results, we concluded that
TDMAT effectively penetrates the entire film, and therefore the influ-
ence of the TDMAT pulse time was not investigated. Figure 5(a)
shows that increasing the duration of the plasma exposure (during
which the films are exposed to nitrogen radicals) from 13 to 40 s
increases the plasmonic absorption significantly. Tripling that time
to 120 s resulted in little further increase in extinction suggesting that
the influence of plasma exposure time effectively saturates between
13 and 40 s. As for purge times, significantly shorter times are
required for saturation. The shortest purge times tested, 5 s after
nitrogen plasma exposure and 10 s after TDMAT exposure instead of
the typical 30 s purges, resulted in only a minimal change in LSPR
peak absorbance (<0.1 absorbance unit) as shown in Fig. S5.114 Due
to the high flow of argon during the TDMAT pulse and the reduc-
tion in pressure during the purge step, it is unlikely that any
TDMAT remains in the gas phase. Once the plasma is turned off,
most of the remaining nitrogen radicals are expected to rapidly
recombine, react with the film, or react with the surface of the
reactor. Thus, 5 s after TDMAT and 10 s after the plasma pulse are
long enough to remove the radicals from the chamber.

Figure 5(b) shows the plasmonic response of the film as a
function of the ZnO NC film thickness. “0 nm ZnO” denotes TiN
deposition on a flat glass substrate demonstrating absorption char-
acteristics of a thin TiN film.103,104 Thickness of these films are esti-
mated from a known deposition rate of 10 nm per transit of the
substrate under the ZnO nanocrystal beam. Increasing the ZnO NC
film thickness up to 300 nm increases the plasmon absorption.

Beyond 300 nm, a reduction in absorption is observed. We hypoth-
esize that film porosity and nanocrystal impaction time are not lin-
early related such that very thin [Fig. S9 (Ref. 114)] and very thick
networks are denser than the 300 nm film.113 A denser film pro-
duced at longer deposition times would reduce our ability to deposit
deep within the pores of the network and thus reduce the overall
plasmonic response. However, further characterization of the mor-
phology of the thicker aerosol-deposited ZnO films is required to
determine the cause of this reduction in LSPR absorption.

D. Photodetector

A photodetector based on a 300 nm thick ZnO-TiN nanocom-
posite was fabricated using the conditions and process parameter

FIG. 5. Changes in the TiN plasmonic response when varying PEALD parame-
ters and ZnO NC film thickness. (a) The effect of nitrogen plasma exposure
time on the infilling quality as measured by UV-Vis of the films. (b) ZnO-TiN
nanocomposite absorbance data based on the thickness of the initial ZnO NC
coating.
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choices that maximized the LSPR intensity as discussed previously.
The structural and compositional details of the photodetector are
shown in Fig. 6. This device utilizes a potential barrier created by
the metal-semiconductor or metal-insulator junction between TiN
and either ZnO or TiO2 and has the advantage of operating
without bias (V = 0). This potential barrier limits current to flow to
one direction.57 Photocurrent can be generated by hot electrons
generated by optical excitation in the metal entering the conduction
band of the semiconductor96 and/or by band to band transitions in
ZnO and TiN excited by the white light source used. This concept
of hot carrier injection has been demonstrated previously in con-
ventional thin-film devices based on planar ZnO/TiN interfaces.8

The ZnO-TiN nanocomposite-based device was compared
with a conventional thin-film device produced by depositing the
same number of cycles of TiN directly on a TiO2 coated substrate
with no ZnO NCs [see HAADF-STEM in Fig. S6 (Ref. 114)]. As
shown in Fig. 6(d), 300 nm of the ZnO-TiN nanocomposite were
required to produce a higher photocurrent (0.12 μA/mW)

compared to the planar TiN device (0.09 μA/mW). ZnO thick-
nesses of 10, 50, and 100 nm were also tested [see Fig. S7
(Ref. 114)] and produced less photocurrent than both the 0 and
300 nm cases. The 50 nm ZnO:TiN photodetector produced less
average current (0.05 μA/mW) than the 100 nm ZnO:TiN device
(0.06 μA/mW). The mean value and deviations of the photocurrent
measurements are shown in Fig. S8.114

The nonmonotonic behavior of these devices and the overall
plasmonic response might be due to denser ZnO NC networks
reaching their TiN infill limits sooner than less-dense networks.
After each cycle of PEALD of TiN, the porosity of the network
decreases until the network becomes too dense to allow for contin-
ued transport of TDMAT or nitrogen radicals within the network
eventually leading to the deposition on top of the film for the
remainder of the cycles [see Fig. S9 (Ref. 114)]. The resulting film
performance would be more akin to a TiN film on top of a thick
ZnO film rather than an infilled NC network (Fig. 6), which would
explain the decrease in conductivity compared to both a more

FIG. 6. ZnO-TiN nanocomposite photodetector. (a) HAADF-STEM image, composite STEM-EDX map, and individual EDX elemental maps of Ti, N, Zn, O, Al, and Si
obtained from a cross-sectional FIB lamella of a 300 nm photodetector. (b) The concentration profiles of the elements shown in (a) over this region. The amount of TiN
tapers slightly with increasing depth. (c) Schematics of the nanocomposite-based photodetector and conventional thin-film photodetector. (d) Photocurrent measurements
of the nanocomposite-based photodetector (red, 300 nm ZnO) and conventional thin-film photodetector (blue, 0 nm ZnO). (e) Band diagram for the network, where wm is
the work function of TiO2 and EF is the Fermi level energy.
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porous ZnO network and also a planar film. This would also
explain the failure to produce significant plasmonic absorption for
these thinner films (see Fig. 5).

IV. CONCLUSION

ZnO-TiN nanocomposite films were produced by infilling
ZnO NC networks with TiN using PEALD. Despite the tortuosity
inside the NC networks, nitrogen radicals are capable of reaching
the bottom of the networks to form TiN during the plasma step
in the PEALD cycle even for NC networks as thick as 300 nm. The
as-synthesized nanocomposite films exhibited plasmonic absorp-
tion in the near-infrared due to the nanostructured crystalline TiN.
Maximizing the LSPR absorption required a 40 s nitrogen plasma
exposure. Finally, the plasmonic nanocomposite was used to produce
a photodetector requiring no bias voltage that required 300 nm in
order to exhibit higher photocurrent than an analogous conventional
thin-film device with no ZnO NCs.
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