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ABSTRACT: Surface modification by plasmonic metals is one of e

PVD deposition of Ag

the most promising ways to increase the band-to-band excitonic
recombination in zinc oxide (ZnO) nanostructures. However, the
metal-induced modulation of the UV light emission depends
strongly on the production method, making it difficult to recognize FE i
the mechanism responsible for charge/energy transfer between the  Eomors
semiconductor and a metal. Therefore, in this study, the ZnO/Ag = | '
and Au hybrids were produced by the same, fully controlled '
experimental approach. ZnO nanotubes (NTs), fabricated by a Aluminum and PAA sloiive ting :
template-assisted ALD synthesis, were coated by metals of variable zoNTeng aunits] i
mass thickness (1—6.5 nm thick) using the electron beam PVD

technique. The deposited Ag and Au metals grew in the form of island films made of metallic nanoparticles (NPs). The size of the
NPs and their size distribution decreased, while the spacing between the NPs increased as the mass of the deposited Ag and Au
metals decreased. Systematic optical analysis allowed us to unravel a specific role of surface defects in ZnO NTs in the processes
occurring at the ZnO/metal interface. The enhancement of the UV emission was observed only in the ZnO/Ag system. The
phenomena were tentatively ascribed to the coupling between the defect-related (DL) excitonic recombination in ZnO and the
localized surface plasmon resonance (LSPR) at the Ag NPs. However, the enhancement of UV light was observed only for a narrow
range of Ag NP dimensions, indicating the great importance of the size and internanoparticle spacing in the plasmonic coupling.
Moreover, the enhancement factors were much stronger in ZnO NTs characterized by robust DL-related emission before metal
deposition. In contrast to Ag, Au coatings caused quenching of the UV emission from ZnO NTs, which was attributed to the
uncoupling between the DL and LSP energies in this system and a possible formation of the ohmic contact between the Au metal
and the ZnO.
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1. INTRODUCTION protocols.” In addition, ZnO is environmentally friendly and
chemically stable.

Yet, the generation of intensive UV light from ZnO material
remains problematic due to the presence of deep and shallow
defect states within the band gap that hinder the transition of
electrons from the conduction band (CB) to the valence band

Zinc oxide (ZnO) is considered a prospective candidate that
can substitute gallium nitride (GaN)-based materials in the
mass production of various optoelectronic devices, such as
efficient ultraviolet (UV) light-emitting devices (LEDs) or low

threshold UV lasers.' ™ ZnO possesses similar physical (VB) (band-to-band recombination). There are several
properties to GaN, such as a wide direct band gap (3.37 eV) approaches to circumvent this problem.* The use of plasmonic
and the same wurtzite structure with a small lattice mismatch metals stands out among them as the most promising method
on the c-plane (~1.8%). Apart from that, ZnO has many to deactivate the defects and enhance UV light. Metallic
advantages over GaN, including a larger exciton binding energy nanoparticles (NPs) that can sustain the localized surface
(60 meV) as compared to that of GaN (25 meV) and a lower plasmons (LSPs) scatter incident light and locally amplify the
refractive index than that of GaN (2.0 versus 2.4 at 587.6 nm). electromagnetic fields.”~" This concentrated energy can be
The larger excitonic binding energy translates into a greater

external quantum efficiency that can lead to intense exciton Received: October 20, 2023

emission of light at the band edge even at (or above) room Revised: ~ December 7, 2023

temperature. The lower refractive index contributes to a Accepted:  December 11, 2023

greater light extraction efficiency from the ZnO emitter. Published: December 27, 2023

Furthermore, various nanostructure forms of ZnO crystals can
be produced by a large variety of inexpensive chemical
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harnessed to increase exciton density at ZnO, providing that
there is a match between the exciton recombination energy in
the semiconductor and the electron oscillation of surface
plasmons (SPs) at the metal/semiconductor interface.*”’

This simple idea of causing the NBE emission enhancement
seems to be quite complicated to put in practice. Most of the
research done so far concentrated around silver (Ag) and gold
(Au) nanoparticles, owing to their excellent scattering
properties that provide intensive and well-resolved resonances
and a good stability.'""'* Despite the fact that heat LSP
resonances (LSPRs) generated by Ag and Au do not match
with the band-to-band transition energy in ZnO, the metals
contributed to a significant amplification of the NBE
emission."* "¢ Different mechanisms were proposed to explain
the observed enhancement. In ZnO/Au hybrid systems, the
UV enhancement was often attributed to the coupling between
defect-related (DL) emission in ZnO and LSPR at the metal
and to the LSPR-assisted electron transfer from Au NPs to the
conduction band of ZnO.'”"** Plasmon-mediated NBE
enhancement was also observed in ZnO/Ag NP sys-
tems.'¥**7>**” The better optical performance was frequently
attributed to favorable energy band alignments in these
systems,”*”'° or to the excitation of the SPs by the ZnO
DL emission band (via the DL-LSP coupling), and the
resulting local field enhancement effect inducing increased
excitonic recombination rate.”*®*° In these works, the role of
defect density was highlighted and considered as an
indispensable condition for the Ag and Au plasmon-mediated
enhancements to occur. Other works, however, suggested that
the presence of the defect band in PL spectra is actually not
necessary to enhance the luminescence in ZnO.”"** According
to the latter works, the enhancement occurs via a surface
energy (nonradiative)-transfer mechanism that involves the
ZnO exciton coupling to intra- or interband transitions in the
metal. The extra energy that is gained by the electrons at the
metal makes it possible for them to overcome the metal—
semiconductor contact barrier and be injected into the CB in
ZnO.

It should be noted that in the above works the enhancement
factors in the ZnO/Ag and ZnO/Au systems varied
significantly (from a few to several dozen). Moreover,
quenching of NBE luminescence in ZnO wupon the
introduction of Ag or Au NPs was also reported.””™’
Although it is not entirely clear what causes this state of
affairs, these inconsistencies were most likely due to the
different experimental conditions used to prepare the hybrids
and the resulting different material configurations, which led to
different optical parameters of the systems. For instance, the
ZnO wires with micrometer scale diameter showed smaller
enhancement compared to those with nanometer-scale
diameter."* Depending on the technique used to deposit Au,
UV emission was enhanced (dc sputtering) or quenched
(thermal evaporation).”® Similar results were presented by
Purahmad et al.** who observed a strong enhancement of the
NBE band from ZnO NWs when Al and Ni NPs were
deposited by radiofrequency magnetron sputtering and a
quenching of the UV band intensity when the NPs were
deposited by e-beam evaporation. Therefore, to enable a
reliable comparison of the effects caused by the Ag and Au
metals themselves without the influence of external exper-
imental variables, the same protocol for the preparation of the
ZnO/Ag and ZnO/Au hybrid systems should be used. The
comparison in such circumstances should allow, in turn, the
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proper recognition of differences and similarities between the
processes at the ZnO/Ag and ZnO/Au interfaces induced by
these metals.

In this work, we study the photoluminescence (PL)
performance of ZnO nanotubes (NTs) fabricated by
template-assisted ALD synthesis. The PL was modified by
Ag and Au island films deposited on the ZnO NT surface by
using electron beam evaporation. Systematic optical analysis of
the changes induced by plasmonic metals in the fully
controlled ZnO/Ag, Au systems allowed us to identify the
factors responsible for the UV light emission enhancement.
This approach provided new insights into the role of defect
density in ZnO, metal particle size and spacing, and the
strength of plasmonic coupling in the NBE emission
enhancement. The data will hopefully contribute to more
predictable system development based on ZnO—metal hybrid
nanostructures, leading to the production of efficient and
cheap UV light emitters.

2. EXPERIMENTAL SECTION

Porous anodic alumina (PAA) templates were synthesized in a
two-step anodization of high-purity aluminum foil (99.9995%
Al, Puratronic, Alfa-Aesar) using the following conditions in
the first step: 0.3 M oxalic acid electrolyte containing a 1:3 v/v
ethanol/water mixture, an applied voltage of 160 V, a
temperature of 0 °C, and an anodizing time of 2 h. After the
process, alumina was chemically removed using a mixture of 6
wt % of phosphoric acid and 1.8 wt % of chromic acid at 60 °C
for 120 min. In the second step of anodization, the following
electrochemical parameters were applied: 0.2 M phosphoric
acid solution, a voltage of 170 V, an electrolyte temperature of
10 °C, and an anodizing time of 20 min.

The ALD depositions of ZnO were performed at 150 °C in a
Picosun SUNALE R-150 reactor (Picosun Oy, Espoo,
Finland). The operating pressure of the reaction chamber
was approximately 10 mbar. Inert nitrogen gas with a purity of
99.999% was used as the carrier and purge gas. Diethyl zinc
(DEZ, >52 wt % Zn basis, Sigma-Aldrich) and distilled (DI)
water were used as precursors for the deposition of ZnO. A
pulse time of 0.3 s and a purge time of 10.0 s were used for
both precursors. The film thickness was ~56 nm after 275
deposition cycles, measured from reference Si(100) substrates
by ellipsometry (FS-1 Multi-Wavelength Ellipsometer, Film-
Sense LLC).

After the ZnO deposition, the samples were fixed on
microscope glass substrates using an NOA 63 optical adhesive
purchased from the Norland Company. Then, the aluminum
substrate was selectively detached from the PAA template
using a saturated solution of HCI/CuCl,. Next, the PAA
templates were dissolved in a 0.1 M NaOH solution by
keeping the samples in the alkaline solution at 42 °C for 40
min.

Island-type Ag and Au films were deposited by the electron
beam physical vapor deposition technique (Syrus III 1100,
Biihler Leybold Optics) in two steps. First, a silicon dioxide
(SiO,) layer was deposited on top of a part of prepared ZnO
nanotube arrays and glass substrates (Umicore). Second,
metallic NPs were deposited on the top of ZnO nanotube
arrays and glass substrates, with and without SiO,. Before
deposition, both substrates were blown with nitrogen gas and
glass was cleaned with ethanol. Both deposition steps were
prepared with the following parameters: base pressure better
than 3.0 X 107° mbar, deposition rates of gold (Au, purity
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Figure 1. Scheme showing the preparation steps of ZnO NTs: porous anodic alumina (PAA) template on Al substrate (a), PAA on Al substrate
after the deposition of ZnO material in the pore interior (b), the sample PAA + ZnO on Al substrate fixed on the glass by the optical adhesive (c),
free-standing ZnO NTs on glass after the selective dissolution of Al substrate and PAA template (d), SEM image of a top part of PAA with D, ~
200 nm and D, ~ 360 nm (e), SEM image of a top view of the PAA template after ZnO deposition (f), SEM image of the free-standing ZnO NT's
(a top view): the left inset is a TEM image of a cross-sectional view of a bunch of ZnO NTs, whereas the right inset is a larger magnification of the

selected area in the SEM image (g).

ZnO NTs

Figure 2. SEM images of Au NPs forming island films deposited on glass (a—c) and on the top of ZnO NTs (d—f) with the nanoparticle size
distribution Au NPs-S (a, d), Au NPs-2.5 (b, e), and Au NPs-1 (c, f), as shown in Figure Sla—c (Supporting Information).

99.99%, Kurt J. Lesker) and silver (Ag, purity 99.99%,
Unicore) 0.065 nm/s, and of silicon dioxide (SiO,, purity
99.99%, Umicore) 0.02 nm/s. The substrate temperature was
35 °C. Mass thickness (corresponding to a hypothetical
continuous film) and deposition rates were measured with a
quartz crystal microbalance.

X-ray diffraction (XRD) analysis was carried out using a
Seifert C3000 diffractometer with Cu Ko radiation at the
operating parameters of 30 mA, 50 kV, and a step size of
0.02°/1 s. The morphology of the samples was studied using
an FE-SEM (FEIl, Quanta) field emission scanning electron
microscope equipped with an energy-dispersive X-ray spec-
trometer (EDS). The microstructure of the samples was
analyzed with a high-resolution transmission electron micro-
scope (HR-TEM). The HR-TEM specimens (lamellas) were
prepared by focused ion (Ga*) beam (FIB) using platinum
(Pt) as the protective layer. The analyses were performed in a
Titan G2 60—300 kV (FEI company) microscope equipped
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with a field emission gun (FEG) operating at 300 kV. Scanning
transmission electron microscopy (STEM) was performed
with the use of a high-angle annular dark-field detector
(HAADF). Elemental mapping was performed using the
STEM—EDX (energy-dispersive X-ray) analysis technique.
Transmittance spectra were measured with a Cary 7000
spectrometer (Agilent), equipped with a 150 mm integration
sphere (due to the high scattering nature of the samples). The
transmittance spectrum of the glass coated with NOA 63
adhesive was subtracted from the measured spectra.
Photoluminescence (PL) spectra were collected using a
Spectra Pro 2150i spectrometer with an ICCD camera (Acton
Research Corp.). The samples were excited by a 266 nm laser
(Intelite Inc.). To maintain an adequate comparability of the
measured fluorescence intensity level between samples, the
measurements were always referenced to the UV peak intensity
generated by a 1 ym thick GaN layer on a Si substrate (the
standard reference sample), measured at the same time as

https://doi.org/10.1021/acsomega.3c08253
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Figure 3. SEM images of Ag NPs forming island films deposited on glass (a—c) and (j—1) and on the top of ZnO NTs (d—f) and (g—i) with the
nanoparticle size distribution Ag NPs-6.5 (a, d), Ag NPs-5 (b, ), Ag NPs-2.5 (c, f), Ag NPs-2 (g, j), Ag NPs-1.5 (h, k), and Ag NPs-1 (j, 1), as

shown in Figure S2a—f (Supporting Information).

samples. The results were then normalized to this reference
value.

3. RESULTS AND DISCUSSION

The PAA-assisted synthesis of free-standing ZnO nanotubes
using the ALD technique is depicted in Figure 1. The
templates with a pore diameter (D,) and an interpore distance
(D.) of ca. 200 and 360 nm, respectively, were used in the
synthesis (Figure le). After the ZnO deposition process, the
pores in PAA became visibly smaller (Figure 1f). The resulting
ZnO NTs inherit the morphology of the PAA template. Closed
tips of ZnO nanotubes (the inset in Figure 1g) are due to full
coverage of the pore interior, including dome-like pore
bottoms, by the ZnO material during ALD deposition. The
external diameter and the length of ZnO nanotubes
correspond to the D, and depth of pores in PAA, respectively
(insets in Figure 1g). The left inset in Figure 1g shows a cross-
sectional view of a bunch of ZnO NTs. Based on the TEM
image, the length of the nanotubes can be estimated to be
about 2 ym.

Hybrid ZnO—Au, Ag nanostructures were prepared by
deposition of the metals on the top of ZnO NT arrays using
the PVD technique. In Figure 2, SEM images of Au island
films, for different masses (5, 2.5, and 1 nm), deposited on
glass (Figure 2a—c) and ZnO NT surfaces (Figure 2d—f) are
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shown. It can be observed that the shape of nanoparticles
changes from rather irregular for larger nanoparticles (Figure
2a) to more spherical for smaller ones (Figure 2b,c). The
corresponding Au NPs deposited onto the ZnO NT arrays
(Figure 2d—f) possess similar morphology. On the top surface
of the analyzed nanotubes, tiny objects can be distinguished.
Figure S1 (Supporting information) shows the particle size
distribution (in the form of histograms) calculated for the Au
island films deposited on glass with a mass thickness of 5 nm
(Au NPs-5), 2.5 nm (Au NPs-2.5), and 1 nm (Au NPs-1). The
size of Au nanoparticles decreases, and the particle size
distribution becomes much narrower as the Au island film
mass thickness is reduced from 5 to 1 nm.

The morphology of NPs forming Ag island film is similar to
that of the Au island film (Figure 3). The Ag NPs deposited
onto glass are shown in images (a—c) and (g—i), and the
corresponding Ag NPs deposited on top of the ZnO NTs are
presented in images (d—f) and (j—1). In Figure S2 (Supporting
Information), the particle size distribution for the Ag island
films with a mass thickness of 6.5 nm (Ag NPs-6.5), S nm (Ag
NPs-5), 2.5 nm (Au NPs-2.5), 2 nm (Ag NPs-2), 1.5 nm (Ag
NPs-1.5), and 1 nm (Ag NPs-1) is demonstrated in the form of
histograms. As in the case of the Au island film, the size of Ag
NPs decreases and the particle size distribution becomes
narrower as the mass thickness of the Ag film decreases. It can
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Figure 4. HR-TEM images together with FFT analysis of a single ZnO nanotube (a), STEM-HAADF images along with EDX mapping (Pt comes
from the protective layer used to make the TEM lamella) of a single ZnO nanotube (b), XRD of the ZnO NTs before and after Au and Ag island
film depositions (films with a S nm mass thickness were used in the analysis) (c), and EDS spectra of ZnO NTs before and after Au and Ag island
film depositions (films with a S nm mass thickness were used in the analysis) (d).
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Figure 5. Photoluminescence (PL) spectrum of exemplary ZnO NT arrays (black dotted line) (a), the equivalent spectrum in energy (E) scale
(black dotted line), with the fitted curve (red line) resulting from the deconvolution of the experimental spectrum by the Gaussian functions with
indicated areas under the UV and VIS peaks used to calculate F, factor (b).

also be seen that the number of the Ag NPs with the smallest
size range ([0, SO] nm?) increases as the Ag mass thickness is
reduced. Additionally, the filling factor, which translates
inversely into the distance between the nanoparticles (the
smaller the filling factor, the larger are the spaces between the
nanoparticles), shows a clear decreasing tendency with
decreasing the mass thickness of both Au and Ag metals (see
Figure S3 in the Supporting Information).
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Based on FFT analysis of the HR-TEM image of a single
ZnO nanotube, the reflections from the following crystallo-
graphic planes were identified: (100), (101), and (200), which
can be assigned to a polycrystalline ZnO with the hexagonal
wurtzite structure (Figure 4a). EDX mapping demonstrates a
ZnO nanotube with a uniform wall thickness of around 60 nm
and an external diameter (corresponding to the pore diameter
in the PAA template) of ca. 200 nm (Figure 4b). XRD patterns
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respectively, is shown in Figure S1).

confirmed a polycrystalline, hexagonal wurtzite structure form
of ZnO (PDF Card 00-005-0664), with the reflection peaks
from the following crystallographic planes: (100), (002),
(101), (102), (110), (103), and (112) (Figure 4c). No Au nor
Ag was detected in the XRD profiles, most probably owing to
the insufficient amount of deposited metals present in the
analyzed area. The presence of Au and Ag was, however,
confirmed by EDS analysis (Figure 4d), which shows distinct
peaks that can be assigned to AuM and AgL lines, respectively.
Apart from these peaks, the spectra show the presence of the
Zn, O, S, Si, Al, and C elements. The S and C come most
probably from the optical adhesive, whereas the Si originates
from the glass substrate. A trace of the Al element coming from
a residual PAA template could also be observed in the analyzed
samples.

Room-temperature PL spectra of ZnO nanotube arrays
demonstrate two characteristic peaks centered at around 385
nm (UV) and 445 nm (VIS), which are due to near-band-edge
(NBE) and defect-related (DL) emission, respectively (Figure
5). The blue emission was previously attributed to the electron
transitions from zinc interstitial (Zn;) and extended Zn; states
(ex-Zn;) to the valence band (VB).*”*' The photolumines-
cence properties of the samples before and after metallic
nanoparticle deposition were analyzed by determining two
parameters defined according to the following formulas

Fe UV intensity after metallic layer deposition
YTuv intensisty befor emetallic layer deposition

1
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s ratio after metallic layer deposition

BT T o be lliclayer deposti
Vis ratio before metalliclayer depostion (2)
where
int. areal
UV/VIS ratio = ———.
int. area2

The integrated area under the UV (Int. Area 1 in Figure Sb)
and VIS (Int. Area 2 in Figure Sb) peaks was obtained by
deconvolution of the overlapping peaks in the PL spectrum
using the Gaussian function (Figure Sb). F; refers, therefore, to
the change of the UV peak intensity regardless of the VIS
luminescence variation, whereas F, gives information about the
behavior of the UV peak dependent on the changes in the VIS
band, and F, > 1 means the increase of UV emission in the
expense of the VIS emission (F, < 1 signifies in general the
increase of VIS luminescence).

Transmittance spectra were collected to identify the
absorption band corresponding to the localized surface
plasmon resonance (LSPR) excitation at the metallic NPs
(see Figures S4 and S7 in the Supporting Information). The
LSPR is observed as a transmittance dip resulting from the
absorption and scattering of the incident light of wavelengths
that correspond to a specific electron oscillation frequency at
metal nanoparticles (A gpr). The Axgg line (corresponding to
NBE emission in PL) refers to the absorption of light by NBE
transition in ZnO. The Ay, band (clearly visible only in Figure
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Figure 7. Plasmonic resonance (A gpr) as a function of the Ag island film mass thickness (a); F; (b) and F, (c) factors as a function of the Ag mass
thickness (particle size distribution for the Ag island-like films with a mass thickness of 6.5 nm (Ag NPs-6.5), S nm (Ag NPs-S), 2.5 nm (Ag NPs-
2.5), 2 nm (Ag NPs-2), 1.5 nm (Ag NPs-1.5), and 1 nm (Ag NPs-1) is shown in Figure S2).

S4c) could be due to the light absorption by defect states in
ZnO (corresponding to VIS emission in PL). Two types of
samples were analyzed: one with metallic nanoparticles
deposited directly on the ZnO surface (ZnO/Au or Ag
samples) and the other with a SiO, spacer layer (5 nm
thickness) placed between the ZnO surface and metallic NPs
(ZnO/Si0,/Au or Ag samples). The spacer is frequently used
in order to avoid undesired charge transfer between the
semiconductor and the metal, which may decrease the density
of states in the ZnO conduction band.””*>** It was also
postulated that a spacer reduces coupling with nonradiative
high-order LSP modes that is responsible for luminescence
quenching.***

The transmittance spectra of the samples with and without
the Au island film are gathered in Figure S4 (in the Supporting
Information). The intensity of the LSPR extinction band drops
significantly as the mass thickness and filling factor of Au
nanoparticles decrease. This is probably due to the reduction
of the field enhancement factor (FEF) as the size of the NPs
decreases.'” The centers of the Ay dips as a function of the
Au mass thickness are shown in Figure 6a. The A gpy dips in
the samples ZnO/Au NPs-1 and ZnO/SiO,/Au NPs-1 are not
visible at all (Figure S4c); therefore, these points are missing in
Figure 6a. The transmittance spectra were also collected for
the Au island films deposited on glass without the ZnO
material (sample glass/Au and glass/SiO,/Au, respectively),
where the Ajgpp are well distinguished and could be well
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defined even for the samples with a 1 nm mass thickness (Au
NPs-1). Furthermore, it can be noticed that the samples with
the spacer layer (ZnO/SiO,/Au) show stronger and better-
resolved resonances compared to those without SiO, (ZnO/
Au). This is possibly due to a better configuration between the
substrate and deposited nanoparticles (e.g., lower roughness of
the ZnO/SiO, NTs’ surface as compared to bare ZnO NTs,
or—in the case of metal on glass—lower wetting of glass/SiO,
substrate by Au). The A, gpr peak shifts to shorter wavelengths
with the decrease in the nanoparticle size and refractive index
(RI) of the surrounding medium (RI of ZnO is higher than RI
of $i0,). Similar dependence was observed before for various
metallic nanoparticles.'>*°~** The horizontal lines in Figure 6a
indicate the NBE and DL emissions in ZnO, respectively. As
can be seen, the spectral positions of plasmon resonances
generated by Au NPs are far away from both DL and NBE
transitions in ZnO.

The PL spectra of the ZnO nanotubes before and after the
Au island film deposition are shown in Figure SS (in the
Supporting Information). The analyzed areas show a distinct
NBE and a weak DL emission before metal deposition. After
the metal addition, the intensity of the NBE peak visibly
reduces. For the samples without a SiO, spacer, the F,
parameter decreases almost linearly with the increase of Au
mass thickness, whereas for the samples with the SiO,, the F,
parameter remains more or less stable for the 1 and 2.5 nm and
tends to decrease only for the S nm Au mass thickness Au
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island films (Figure 6b). Since the 1 nm Au mass thickness
sample is almost transparent for UV radiative emission (F; ~
1), the behavior indicates that the spacer alone blocks quite
efficiently the UV emission from ZnO: the F, decreases to
about 0.5 for the same sample with SiO,. The normalized PL
spectra in Figure S6 (in the Supporting Information)
demonstrate that upon covering the ZnO nanotube surface
with the 5§ nm and 2.5 Au mass thickness island films, the DL
emission increases. In the latter sample (Figure S6b in the
Supporting Information), apart from the VIS peak at around
445 nm, an additional peak at around 540 nm appears, which
can be ascribed to transitions from ex-Zn; levels to the zinc
vacancy level (V,,)."' As an effect of the increased DL
emission, which is accompanied by the decrease in NBE
emission, the F, in the ZnO/Au samples significantly decreases
with an increase of the amount of Au mass (Figure 6c). It is
worth noticing that for the corresponding samples with a SiO,
spacer, the F, parameter remains stable (close to 1). This
means that both UV and VIS peaks became proportionally
reduced when the surface of ZnO NTs was covered with both
SiO, and Au. For the ZnO NTs covered with the Au island
film with a 1 nm mass thickness, the normalized spectra look
the same (Figure S6c in the Supporting Information), meaning
that the nanoparticles are probably too small to introduce any
visible changes in the ZnO/Au system (F, parameter is around
1 for both ZnO/Au and ZnO/SiO,/Au samples).

Ag nanoparticles usually show stronger plasmonic reso-
nances than Au nanoparticles due to higher absorption and
scattering cross sections.”” In Figure S7 (the Supporting
Information), transmittance spectra of the ZnO nanotubes
before and after Ag deposition are presented. The dips
corresponding to LSPR are much more pronounced in these
samples compared with those with Au. The center positions of
Apspr Were easily identified even for the samples with the 1 nm
Ag mass thickness island film and are demonstrated in Figure
7a as a function of Ag mass thickness. With decreasing the
mass thickness of the Ag island film, the A;gpy shifts toward the
blue part of the spectrum. The shift shows a typical
behavior.***” However, for the Ag island films with a mass
thickness < 2 nm, the shift is evidently smaller. This might be
due to rather small variations in nanoparticle sizes in the 2.5—1
nm range of deposited Ag mass. As in the case of Au NPs, the
resonance peaks in the ZnO/Ag NPs are positioned at longer
wavelengths as compared to the A;gpr in ZnO/SiO,/Ag NPs.
This could be due to the larger RI of ZnO relative to that of
SiO, or a different structure of the island film (different sizes of
nanoparticles and distances between them) on the ZnO/SiO,
surface. Although still far away from NBE emission, the
position of the A;gpr for the smaller Ag nanoparticles is now
close to (for the ZnO/Ag NPs) or overlaps with (for the ZnO/
Si0,/Ag NPs) the radiative recombination via the DL states in
ZnO.

PL spectra for the ZnO NTs before and after Ag deposition
are gathered in Figures S8 and S9 (the Supporting
Information). It can be noticed that the photoluminescence
of pristine ZnO NTs is characterized by a variable level of DL
emission, which indicates different defect densities present in
the material despite the same method applied to prepare the
samples. However, it has to be noticed that the NaOH solution
used to selectively etch the PAA template can also dissolve
ZnO, although with a lower reaction rate.’® Therefore, even if
the PAA + ZnO samples were kept in the alkaline solution for
the same time, ZnO could be attacked to a greater or lesser
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extent depending on, for example, the Al,0;/ZnO ratio (a
small variation in the pore diameter). This, in turn, produced
various numbers of defects, such as Zn; Regardless of the
defect density, the enhancement of UV emission from ZnO
NTs seems to be strongly dependent on the size of Ag NPs.
After the deposition of Ag, the NBE emission is enhanced only
for the Ag island film with a mass thickness of 2.5 and 2 nm
(see Figure S8c,d in the Supporting Information). The other
Ag island films were ineffective in intensifying UV
luminescence. In Figure 7b,c, the F, and F, parameters as a
function of the Ag island film mass thickness are demonstrated,
respectively. A single peak extreme function was fitted to the F;
dependence receiving the max F, for the mass thickness
between 2 and 2.5 nm. In this nanoparticle size range, the
highest F, of about 4 was found for the ZnO/SiO,/Ag NPs,
whereas for the ZnO/Ag NPs, the F; max was about 2 times
smaller. Surprisingly, the F, dependences are entirely different.
The F, parameter is low (close to 1) for the Ag mass thickness
between S and 6.5 nm and starts to grow for a mass thickness
of 5§ nm. The highest F, of ca. 3 was obtained for the sample
Zn0/Si0,/Ag NPs-1. It can also be noticed that the samples
with the largest F, are characterized by a strong VIS peak
before the metal deposition, yet for these samples, the
parameter F; < 1. The mismatch between F, and F, factors
suggests that defect density plays a minor role in optimizing
the F, parameter compared to the Ag NP size.

The dependence of the PL enhancement factor on the defect
densities present in ZnO nanostructures was, however,
observed in many previous works.'”*****" It was even
suggested that strong visible DL and weak NBE emission are
necessary conditions to activate the UV enhancement via LSP-
DL coupling; otherwise, the opposite happens: the radiative
recombination across the band gap is significantly reduced
after covering the ZnO surface with metallic NPs.”' On the
other hand, it is well-known that the plasmonic properties of
metallic nanoparticles depend on their size. For a certain size
and particle density, absorption may become dominant over
scattering leading to PL quenching.’>>>** Usually, the larger
metallic NPs provide a larger scattering cross section in
coupling surface plasmons to light to increased UV emission,
whereas in the smaller ones, absorption dominates over the
scattering,'® Distance/space between the metallic NPs was also
found to be an important aspect of the PL enhancement
process.'®** Different plasmonic modes can be activated in a
system depending on the distance between metallic nano-
particles.”> Collective modes predominate when particles
interact with each other, which happens when the distance
between them is sufficiently small. When the spacing increases,
the interaction weakens, and local plasmonic modes start to
dominate. If increasing spacing (or reduction of filling factor;
Figure S3) is accompanied by a decreasing size of nano-
particles, the overall processes taking place in the system may
ultimately lead to stronger radiation absorption by metallic
nanoparticles and the quenching of light emission from ZnO.
And these are the phenomena that seem to be operative in the
ZnO/Ag NP system, as indicated by the F; factor behavior
(Figure 7b). Outside the narrow range of Ag mass thicknesses
between 2 and 2.5 nm, where the UV enhancement is
observed, the F, falls down to less than 1 (UV quenching).
Likely, the size and the spacing in the island films with a 1-1.5
nm Ag mass thickness favor absorption over the scattering of
light emitted from ZnO, and in this range, the UV light is
quenched. Above the 2.5 nm Ag mass thickness, the size and
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Figure 8. SEM images of the less ordered, defected ZnO NTs (a) and the well-aligned, “nondefected” ZnO NTs (b); PL (c, d) and normalized PL
(e, f) spectra of the defected (c, e) and nondefected (d, f) ZnO NTs before (ZnO) and after (ZnO/Ag 2.5 nm) deposition of the Ag island film

with a 2.5 nm mass thickness.

packing density of Ag NPs are simply too large (moreover, in
these conditions, rather collective plasmonic modes dominate)
to allow for the photon extraction, and as a result, quenching of
light emitted by ZnO NTs occurs. Similar behavior of the
enhancement factor on the Ag particle size was observed by
Cheng et al.*° Based on these findings, it can be assumed that
optimal UV light enhancement would be achieved when the
large defect density will be combined with a strong scattering
efficiency of metallic nanoparticles.
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To verify this assumption, an additional sample with a high
defect density was prepared. To introduce a large amount of
surface defects, the sample ZnO + PAA was kept in the alkaline
solution for about 10 min longer than the other samples to
allow for a more intensive dissolution of external nanotube
walls. As an effect, the resulting ZnO NTs are geometrically
much less stable (Figure 8a) in contrast to the well-arranged
and well-aligned ZnO nanostructures (Figure 8b) that are
characterized by a negligible defect density (very weak DL
luminescence). The optical performances of both samples
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before and after coating with the Ag island film with a 2.5 nm
mass thickness are compared in Figure 8c—f. The PL spectrum
of the highly defective ZnO NTs shows a strong DL
luminescence peak of comparable intensity to the NBE peak
(Figure 8c,e). The overall PL intensity is also much lower than
that of well-aligned ZnO NTs, which might be due to the
smaller effective number of nanoemitters per illuminated area
(more nanotubes were probably detached from the substrate as
a result of the longer interaction with the alkaline solution).
After the coating with the Ag island film with a 2.5 nm mass
thickness, the DL emission is completely suppressed, while the
NBE emission becomes much stronger. A complete passivation
of defects in Au-coated ZnO NRs regardless of the defect
density present in the pristine ZnO NRs was also observed by
Dixit et al.>® The F, and F, parameters in the defected ZnO
NTs are also much larger compared to those in the
“nondefected” ZnO NTs. The F; is ca. 4 times, whereas the
F, is about 23 times higher than the corresponding parameters
in the “nondefected” ZnO NTs, reaching the values as high as
8 and 34, respectively. Our results demonstrate thus that even
if the high defect density is not necessary for UV emission
enhancement to occur, this enhancement is certainly promoted
by the defects. Similar findings were presented by Prajapati et
al.>® where it was concluded that the presence of defect states
may facilitate the charge transfer; however, their presence does
not guarantee UV emission enhancement and strong
plasmonic coupling between the semiconductor and metal.
This conclusion is well mirrored in our data: despite large
defect densities in the samples covered with Ag island films
with 1 and 1.5 nm mass thicknesses, no UV light amplification
was observed in this case. It indicates two parallel and
simultaneous processes being operative in the system: one is
associated with energy, and the second with charge transfer.
The first process relates to the local field enhancement by
surface plasmons, which increases the radiative recombination
rate in ZnO. The local field enhancement can also improve the
optical absorption efficiency in ZnO. In this case, the closer the
Arspr to the Aygg, the stronger is the UV enhancement. As can
be seen in Figure 7a, the A;gpy is closer to Ap; than to the Aygg
and yet, no DL emission enhancement was observed. However,
since the DL excitonic recombination originates from surface
defect states in ZnO that are deactivated by both SiO, and Ag

1679

layers, the passivation of these defects reduces or completely
suppresses the DL emission and ultimately contributes to the
plasmonic enhancement of the NBE emission. The second
process is promoted via the migration of photogenerated
electrons in the defect levels of ZnO to the Fermi level of the
metal, the excitation of the migrated electrons to higher energy
levels of the metal by LSP-DL coupling, back-transfer of the
hot electrons to the conduction band of ZnO, and finally the
radiative recombination of the transported electrons with the
holes in the valence band (VB). The second route is therefore
reinforced by the electrons trapped in the defect states in ZnO:
the higher the density of defect states, the larger the UV
enhancement.

The processes that can occur at the ZnO/metal interface are
depicted in the scheme presented in Figure 9. In general, two
contacts between a metal and n-type semiconductor being in
direct contact can be formed.”” If the metal work function
(®,,) is higher than that of the semiconductor (®,), the
electrons will flow from the semiconductor to the metal,
causing the semiconductor Fermi level (Eg) to decrease until
it becomes aligned with the Fermi level of the metal (Eg,).
When @, > @, in an n-type semiconductor, there is a barrier
formed at the metal—semiconductor interface, which is called
the Schottky barrier (®gg) (Figure 9a). The ®gy blocks the
electron transfer from the metal to the conduction band (CB)
in the semiconductor. In the opposite situation (when @, <
®,), the electron will flow from the metal to the semi-
conductor, causing the Eg,, to decrease and equalize with the
EF,S‘S7 The metal—semiconductor contact is ohmic in the latter
case (Figure 9b).

The silver tends to form the Schottky barrier in contact with
Zn0,>® and the formation of the ®gz was assumed in some
works studying plasmonic enhancement of ZnO luminescence
in the ZnO/Ag hybrids.*”*"% This type of contact is also the
most probable scenario in the studied case. In this scenario,
under the excitation, the electrons in the surface defect levels
move to the Fermi level in Ag because their energy is higher
than that of the Fermi level (process 1 in Figure 9a). When the
local plasmonic modes (weakly or noninteracting particles)
and scattering efficiency of nanoparticles dominate over
collective modes and absorption (the case of the samples
with Ag island films with 2 and 2.5 nm mass thicknesses), the
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electrons from the Fermi level are transported to the ZnO
conduction band (CB) via the DL-LSP coupling (so-called hot
electrons), crossing the Schottky barrier (process 2 in Figure
9a). Subsequently, they recombine with the holes in the
valence band (VB) increasing the radiative recombination (F,
> 1). In this case, the larger the defect density in ZnO, the
more efficient process 1 and the stronger plasmonic enhance-
ment can be accomplished. The UV emission enhancement
also occurs due to the energy transfer. The LSP-mediated local
electromagnetic field generated at the metal site radiatively
contributes to the local generation of electron—hole pairs in
the semiconductor. The latter process does not require direct
contact between the metal and the semiconductor and is
governed by the energy match between the energy of excitonic
recombination in the semiconductor to the electron oscillation
energy at the metal/semiconductor interface.® For smaller Ag
NPs, when the absorption cross section of Ag NPs prevails
over the scattering cross section, only process 1 takes place,
whereas the DL-LSP coupling is inactive. Consequently, the
NBE (UV) emission is reduced. It should be noted that the
quenching may also proceed via the nonradiative channel from
ZnO to the NPs. Furthermore, when the DL-LSP coupling is
inactive, the Schottky barrier effectively blocks the transfer of
electrons from Ag to CB in ZnO and, as an effect, the F, < 1,
whereas F, reaches the highest values.

In the ZnO/Au systems, the Schottky contact between Au
and ZnO was frequently proposed to explain the UV emission
enhancement via LSPR-mediated electron transfer from the
metal Fermi level to the CB in ZnO."**>*%' =923 However, in
these systems, the LSPR of Au nanoparticles was tuned to the
defect transition energy (green emission) in ZnO. In our
system, the DL and LSP energies are decoupled, and therefore,
this enhancement route was not possible. Moreover, instead of
the Schottky contact, the system shows ohmic-like contact
behavior. The formation of ohmic contact between ZnO and
Au was found to be promoted by surface impurities (e.g,
chemical contamination), subsurface native point defects,
metal deposition that introduces additional near-interface
contamination, or other semiconductor disruption,
etc. 7% In this type of heterojunction, there is no barrier
for electrons to flow from the metal to the semiconductor.
Accordingly, upon excitation, the electrons in the CB in ZnO
are easily transferred to the Fermi level in Au (process 3,
Figure 9b). Because there is no DL-LSP coupling, NBE
recombination is reduced. Moreover, assuming that the Fermi
level in Au lies a bit higher than the defect levels in ZnO, part
of the electrons can move back to the DL states in ZnO,
increasing the excitonic recombination from the defect states
(process 4, Figure 9b). As a result, the VIS emission from ZnO
NTs increases after Au NP deposition (Figure S6a,b in the
Supporting Information) and the F, factor decreases with the
Au layer thickness (Figure 6¢). In the ZnO/SiO,/Au samples,
the spacer efficiently blocks the back transport of electrons to
the ZnO site, giving always F, ~ 1. In any case, processes 3 and
4 contribute to the overall quenching of UV emission in ZnO/
Au hybrid nanostructures. It is worth noting that for the
enhancement or quenching of luminescence in the ZnO/metal
hybrid systems to happen, the charge-transfer processes 1—4
must be faster than the excitonic recombination from CB or via
defect states in ZnO.
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4. CONCLUSIONS

A comprehensive study comparing the impact of Au and Ag
plasmonic metals on the luminescence performance of ZnO
nanotubes is presented. The ZnO NTs were prepared by a
template-assisted ALD synthesis, controlling the length,
diameter, and wall thickness of the nanotubes. Metallic island
films with NPs of different sizes and spacing were deposited on
the top of the ZnO NT arrays by the electron beam PVD
technique. Photoluminescence spectra before and after the
metal deposition were analyzed using two parameters that
referred to a UV band change regardless of the VIS band
variation (F, parameter) and of the UV/vis ratio change (F,
parameter). The F, and F, parameters, together with the
monitoring of the metal plasmonic band (A gpg) by trans-
mittance measurements, allowed us to unravel a specific role of
surface defects in ZnO, the size and the distance between the
NPs, and the strength of plasmonic coupling in the processes
occurring at the ZnO/metal interfaces. The enhancement of
UV emission was observed only in the ZnO/Ag system. The
plasmonic enhancement in this system proceeds via the DL-
LSP coupling, involving both energy and charge transfers
between the metal and the semiconductor. However, the
coupling is not sufficient for the UV enhancement to occur.
The metal size and spacing must be properly tuned in order to
obtain larger scattering over the absorption contribution to the
overall extinction cross section. In this case, the UV light can
be further enhanced by the efficient transport of electrons from
the defect levels in ZnO to the metal. These electrons are then
transferred to the conduction band in ZnO via the DL-LSP
coupling and recombine radiatively with holes in the ZnO
valence band. As a result of this process, F; and F, factors as
high as 8 and 34, respectively, could be obtained in the ZnO
NTs characterized by strong DL emission before the Ag island
film deposition. In contrast to that, the Au island films caused
the quenching of the UV emission, which was ascribed to the
uncoupling between the DL and LSP energies and a possible
formation of the ohmic contact between the metal and the
ZnO.
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