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Introduction

Free carrier enhanced depletion in ZnO nanorods
decorated with bimetallic AuPt nanoclusters+

R. Bahariqushchi,i? S. Cosentino,i® M. Scuderi,” E. Dumons,© L. P. Tran-Huu-Hue,©
V. Strano, © 9 D. Grandjean, @ ¢ P. Lievens,® G. Poulin-Vittrant,© C. Spinella,®
A. Terrasi,*" G. Franzo? and S. Mirabella & *2f

The decoration of semiconductor nanostructures with small metallic clusters usually leads to an improve-
ment of their properties in sensing or catalysis. Bimetallic cluster decoration typically is claimed to be
even more effective. Here, we report a detailed investigation of the effects of Au, Pt or AuPt nanocluster
decoration of ZnO nanorods on charge transport, photoluminescence and UV sensitivity. ZnO nanorods
were synthesized by chemical bath deposition while decoration with small nanoclusters (2—-3 nm in size)
was achieved by a laser-ablation based cluster beam deposition technology. The structural properties
were investigated by scanning electron microscopy, high resolution transmission electron microscopy,
X-ray photoelectron spectroscopy and Rutherford backscattering spectrometry, and the optoelectronic
properties by current—voltage and photoluminescence measurements. The extent of band bending at the
cluster-ZnO interface was quantitatively modeled through numerical simulations. The decoration of ZnO
nanorods with monometallic Au or Pt nanoclusters causes a significant depletion of free electrons below
the surface, leading to a reduction of UV photoluminescence, an increase of ZnO nanorod dark resistance
(up to 200 times) and, as a consequence, an improved sensitivity (up to 6 times) to UV light. These effects
are strongly enhanced (up to 450 and 10 times, respectively) when ZnO nanorods are decorated with bi-
metallic AuPt nanoclusters that substantially augment the depletion of free carriers likely due to a more
efficient absorption of the gas molecules on the surface of the bimetallic AuPt nanoclusters than on that
of their monometallic counterparts. The depletion of free carriers in cluster decorated ZnO nanorods is
quantitatively investigated and modelled, allowing the application of these composite materials in UV
sensing and light induced catalysis.

as well as for their abundance and easy synthesis in a large
variety of morphologies (nanowalls, nanoflowers, nanofibers,

In the last few decades, ZnO nanostructures have attracted
great attention due to their excellent physical and chemical
properties for electronic, magnetic and optoelectronic devices,
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nanowires...)." * ZnO nanorods have been successfully used in
a vast field of applications, including UV, chemical and bio-
logical sensing, environmental monitoring, optical communi-
cations, internet of things and astronomical studies.”™** In the
last few years, a promising perspective has been developed by
taking advantage of synergistic effects between the properties
of semiconducting oxide materials and the beneficial effects
brought by their decoration with metal nanoclusters, which
modifies the properties of the nano-assembly through a modi-
fication in density of electronic states and energy band align-
ment effects.*” In addition, decoration with bimetallic clus-
ters brings even more interesting features as further improve-
ments have been obtained in sensing of alcohols, gas, and
light and in catalysis for energy conversion, water splitting and
purification activity.'®>? In fact, bimetallic nanoclusters that
allow integrating the physicochemical properties of two metals
demonstrated enhanced properties in terms of catalysis, mag-
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netism and plasmonic effects.”! AuPt nanoparticles (NPs)
around 3 nm loaded onto ZnO nanorods improve their sensi-
tivity to H, at room temperature with respect to monometallic
nanoparticles.’® This is ascribed to a synergistic effect between
Au and Pt electronic states, enhancing the adsorption and
catalytic performances of bimetallic NPs.>*®*” Carbon-sup-
ported AuPt alloy NPs show a higher activity with respect to
their monometallic counterparts for the electro-catalytic
reduction of oxygen.*” ZnO nanowires decorated with AuPd
NPs have been employed for NO, sensing, showing higher sen-
sitivity and faster response time than bare Zn0.*® The improve-
ments are associated with a promotion of oxygen vacancies in
ZnO and thus with an enhanced density of NO, adsorption
sites. When light absorption is involved, the bimetallic effect
is still present and fruitful. ZnO nanowires decorated with
AuPd NPs also showed enhanced light-harvesting efficiency
leading to substantial improvements in their photo-electro-
chemical performances for water splitting applications.>**°
AuPd nanoclusters deposited on ZnO-reduced graphene oxide
showed enhanced photocatalytic activity in the degradation of
dye, which was attributed to a better separation of the photo-
generated charge carriers.”®

A superior performance of the decoration with bimetallic
versus mono-metallic clusters in modifying various supports
has been established in many papers. However, there is still a
great demand for reproducible results and a fair comparison
between literature data, as well as for establishing a fundamen-
tal understanding of the science underlying these phenom-
ena.>’ Recent improvements in the properties of nano-
materials sometimes precede a fundamental understanding of
the basic physical mechanisms that underlay them. This is
particularly true for bimetallic clusters whose properties
strongly depend on their shape, size and structure. Depending
on whether a cluster consists of a perfect alloy or a segregated
structure (core/shell or random inclusions), its physical and
chemical properties will change dramatically.”® The cluster
size also plays a paramount role in its catalytic properties,
since Au and Pt become highly reactive at sizes below
2-3 nm.**** The decoration of ZnO nanorods with nearly
monodisperse Au, Pt and AuPt nanoclusters, smaller than
3 nm, is expected to be extremely useful in getting a more fun-
damental understanding of the bimetallic effects. Laser abla-
tion followed by cluster beam deposition (LACBD) that pro-
vides an unmatched control over the cluster composition, size
and density on the support is an ideal technology to achieve
this aim.*>**

Electrochemical sensors based on ZnO nanorods decorated
with 2-3 nm Au, Pt and AuPt nanoclusters demonstrated excel-
lent detection of 4-aminophenol, a toxic byproduct of pharma-
ceutical preparation.”® In particular, AuPt nanocluster decora-
tion of ZnO was shown to feature the best sensitivity and detec-
tion limit, probably because of a compromise between the
catalytic properties of Pt and the higher oxidation current of
Au.*® Actually, the presence of Au, Pt and AuPt nanoclusters
onto ZnO nanorods heavily modifies the electrochemical acti-
vation through the formation of an additional depletion
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region at the cluster-ZnO interface, which mediates the charge
transfer process.” Nonetheless, the effect of bimetallic nano-
cluster decoration on the electronic properties of ZnO nano-
rods needs to be clarified for a better exploitation of the
specific bimetallic advantages.

In this work we take advantage of the LACBD technique for
decorating ZnO nanorods with nearly monodisperse Au, Pt
and AuPt nanoclusters, with the aim to investigate the effects
on the free carrier density in the semiconductor nano-
structures and on the ZnO sensitivity to light exposure. The
results are discussed and modeled, pointing out the main con-
sequences of the cluster decoration, which can be highly ben-
eficial for application in light sensing or light induced
catalysis.

Methods

ZnO nanorods were synthesized through chemical bath depo-
sition on SiO, covered Si wafer. Zinc nitrate hexahydrate
(Sigma-Aldrich, purum p.a., crystallized, >99%) and hexa-
methylenetetramine (HMTA, Sigma-Aldrich, puriss. p.a., Reag.
Ph. Eur., >99.5%) were used for the growth of ZnO NRs.*> ZnO
NRs were then decorated with a series of small Au, Pt, and
AuPt nanoclusters produced under ultrahigh-vacuum (UHV)
conditions (base pressure as low as 1 x 10° mbar) using a
LACBD setup.*® Two pulsed (10 Hz) Nd:YAG laser beams (wave-
length = 532 nm, power = 25 mJ per pulse) were used to ablate
the target materials (Au, Pt, or Aus,Ptso, 99.95% pure) and
induce nanocluster formation. Details on the synthesis tech-
nique are provided in ref. 44 and 46. Before landing on the
ZnO NRs, metal nanoclusters were selected to have a size dis-
tribution peaked at around 2-3 nm, as evaluated by in situ
reflection time of flight mass spectrometry (RTOF, see Fig. S1
in the ESIY).

The amount of metal loading onto ZnO NRs was evaluated
by Rutherford Backscattering Spectrometry (RBS, 2.0 MeV He"
beam at normal incidence) with normal detection mode (165°
backscattering angle), performed with a 3.5 MV HVEE
Singletron accelerator system.

XPS analyses were employed to investigate the chemical
state evolution of nanoclusters on ZnO NRs. X-ray Photoelectron
Spectroscopy (XPS) spectra were acquired using an Al ka
photon source (1486.7 e€V) and a hemispherical electron analy-
zer VG Microtech CLAMA4 equipped with a multi-channeltron
detector (MCD). The kinetic energy of the photoelectrons
emitted from the sample surface was measured with a 20 eV
pass energy, resulting in an overall line width of 1.2 eV. The
deconvolution and fitting of the peaks were carried out with
fityk software.*”

AVersa 3D Dual Beam (FEI) was used for scanning electron
microscopy (SEM) at an accelerating voltage of 20 kv.

Transmission electron microscopy (TEM) analyses were
performed with a Cs-probe-corrected JEOL JEM ARM200CF
microscope at a primary beam energy of 200 keV operated in
scanning TEM (STEM) mode which was equipped with a

This journal is © The Royal Society of Chemistry 2020
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100 mm? silicon drift detector for energy dispersive X-ray
(EDX) spectroscopy. As for the specimen preparation, the
decorated ZnO NRs were removed from the substrate by
mechanical rubbing and transferred to a TEM grid with a
holey-carbon support film. In order to obtain Z-contrast sen-
sitivity, STEM images were acquired with an annular dark-
field (ADF) detector. For this purpose, a convergence semi-
angle of 33 mrad and a collection semi-angle in a range
between 64 mrad and 172 mrad were used. Complementary
EDX spectroscopy was performed: for EDX mapping, the
signal was collected by scanning the same region multiple
times with a dwell time of 1 ms.

The current-voltage (I-V) measurements were performed
using a two probe (1 mm apart) set-up, gently landed on the
ZnO NR sample until a stable contact is reached. Multiple
measurements were performed in order to acquire repeatable
and consistent curves. The voltage was varied from —20 to 20
V, using a Keithley 4200 SCS. Only for photocurrent vs. time
measurements the voltage bias was set to 0.8 V to give a
current of ~1 nA, in order to avoid compliance and to give a
good overall response under UV exposure.”® The excitation
wavelength during photocurrent measurements was set at
325 nm by using a W lamp connected in series with a mono-
chromator and sent through an optical fiber onto the sample.

Photoluminescence (PL) measurements were performed by
pumping at ~1 mW the 325 nm (3.81 eV) line of a He-Cd laser
chopped through an acousto-optic modulator at a frequency of
55 Hz. The PL signal was analyzed using a single grating
monochromator, detected with a Hamamatsu visible photo-
multiplier, and recorded with a lock-in amplifier using the
acousto-optic modulator frequency as a reference.

I~V and PL measurements were carried out, for each sample,
both in a region where ZnO NRs are decorated by the metal
nanoclusters and in a region of pure ZnO NRs. SEM, TEM and
RBS measurements were performed, for consistency, on the
same regions where I-V and PL measurements were performed.

A simulation of the ZnO energy band bending induced
by the metal decoration has been carried out with COMSOL
Multiphysics® software.”® Within a 2D axisymmetric space,
a single ZnO NR (500 nm long, 100 nm diameter) is deco-
rated on its lateral face by Au nanoclusters (5 nm diameter)
with a variable center-to-center distance (D). The following
parameters are used for ZnO: relative dielectric permittivity
e = 8.3;°° energy gap E, = 3.4 eV; electron (hole) mobility
and effective mass p,, = 0.01 m*> V' s7" (g, = 0.002 m* V' 57}
and Megc = 0.28mg (Mery = 0.59mp);”" electronic affinity y, =
4.1 ev;? donor concentration Np, = 10'® cm™. At room
temperature, the computed effective densities of states for
electrons and holes are then N¢ = 3.6 x 10 m™ and Ny =

1.1 x 10*® m™>, while the effective Richardson constant
2

for electrons is A, = 47'Cemeffycﬁ =34AK ?cem 2> At the

unbiased Schottky contact, the Fermi level of Au (D, = 4.8
eV (ref. 54)) and that of ZnO are aligned, leading to an
energy barrier (@g = 0.7 eV) for electrons. The resistance (R)
of NR is computed by calculation of the ratio between an

This journal is © The Royal Society of Chemistry 2020
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applied voltage difference between top and bottom faces and
the current flow.

Experimental results

The effective decoration of ZnO NRs with metal nanoclusters
can be appreciated in Fig. 1(a), showing a SEM micrograph of
ZnO NRs draped with Au nanoclusters. ZnO NRs have a mean
diameter of 100 nm, a height of 600 nm and an average
density of around 10° NRs em™>. The metal nanoclusters are
densely distributed onto the NR surface exposed to the cluster
beam. A certain degree of cluster aggregation is observed, par-
ticularly for Pt- and AuPt-nanocluster decorated samples that
indeed show aggregates with irregular shapes suggesting the
coalescence of some nanoclusters (Fig. 1c and d). The Au-deco-
rated sample shows a low degree of cluster interconnection as
deduced from the round shape of most nanoclusters in
Fig. 1(b). Assuming isolated nanoclusters for the Au-decorated
sample, an average density of ~10"? clusters per cm® has been
evaluated by TEM analysis [Fig. S2(a)f], with a mean cluster-
cluster distance of around 14 nm. Regarding the cluster size, a
bimodal size distribution emerges. One peak is positioned at
around 3 nm, in agreement with the cluster size measured by
RTOF, while a second broader peak is centered at around 5 nm
[Fig. S2(b)t], probably due to cluster agglomeration occurring
onto the sample surface.'®

The enhanced cluster aggregation observed for AuPt and Pt
is probably due to the larger metal loading deposited on ZnO
against Au as revealed by RBS analyses. The area underneath
the RBS spectrum [Fig. S37] in the energy range around 1.85
MeV gives the amount of Au or Pt atoms interacting through
Rutherford backscattering processes with the 2.0 MeV He'
beam incident onto the sample. The RBS signal is quite strong
and well defined, due to the high cross section and kinematic
factor for Au and/or Pt,>®> ensuring a sensitive detection of
metal loading [table in Fig. $37]. Au loading is roughly 3 x 10"
at cm™2, while Pt and AuPt samples show larger metal loadings
(6.5 and 5.1 x 10"® at em™?, respectively), thus inducing nano-
cluster agglomeration with a higher probability.

HR-STEM analysis shows that such cluster agglomerates are
monocrystalline with an FCC structure [Fig. 1(e), S4(a) and
S4(b)t]. The (111) inter-planar spacing of AuPt-samples
[0.231 nm, reported in Fig. 1(f)] lies between the ones
measured for Au- and Pt-nanoclusters [0.235 and 0.224 nm,
reported in Fig. S4(a) and S4(b),T respectively] suggesting a
mixed structure for the AusoPts, composition as expected from
the bimetallic cluster nucleation and growth mechanism.’®
This result is confirmed with STEM EDX spectroscopy data.
Indeed, elemental maps in Fig. 1(g) and the corresponding
line-scan of Fig. 1(h) show clear evidence that Au and Pt atoms
are homogeneously distributed within the cluster. These find-
ings indicate that the AuPt nanoclusters exhibit an alloyed
structure rather than a core-shell configuration.

The metal cluster decoration of ZnO NRs is thus very
effective in covering the nanorod surface with a large amount

Nanoscale, 2020, 12,19213-19222 | 19215
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Fig. 1 SEM of ZnO NRs decorated with Au nanoclusters (a); Z-contrast STEM micrograph of ZnO decorated with Au (b), Pt (c) and AuPt (d) clusters.
High resolution STEM of AuPt clusters (e), with corresponding FFT for identification of lattice fringes (f) and EDX color map for Au and Pt (g)
elements for a selected AuPt cluster. The atom distribution acquired along a line-scan of the AuPt cluster is reported (h), showing a homogeneous

composition for the bimetallic nanocluster deposit.

of nanometer-sized clusters of Au, Pt or AuPt. Its influence on
the dark conductivity is a key effect to understand the photo-
conductivity behavior.

Fig. 2(a) shows the current-voltage (I-V) measurements of
the ZnO NRs without metal clusters and under dark con-
ditions. All the samples show an ohmic behavior with the re-
sistance of the bare ZnO NR samples lying in the 8-16 MQ
range. Such a resistance spread is attributed to small differ-
ences in the density of the NRs among different samples. In
fact, RBS measurements reveal a maximum of 20% variation
in the ZnO amount among different samples, with less than
8% variation within the same sample. After cluster decoration,
an important reduction, between 100 and 500 times, of the
dark current occurs. Au and Pt decorated ZnO NRs show a re-
sistance of ~1 and 1.5 GQ, respectively, while the resistance of
ZnO NRs with AuPt nanoclusters increases to around 8 GQ.
Such an increase in the dark resistance is linked to a metal-
ZnO Schottky barrier formed underneath the metal nano-
clusters, inducing a significant band bending into the semi-
conductors and a strong reduction of its local electron
density.'*'®> Even if the Pt metal loading is the highest one
among the investigated samples [Fig. S31], we observe the
largest effect on the dark resistance in the bimetallic cluster
sample.

A similar behavior is also observed in the photocurrent
experiment. Fig. 3 shows the time profile of the current before
and after switching on the 325 nm light, in the sample without
(black) or with (red line) metal nanoclusters. The photocurrent
was normalized to its value under dark conditions. Once UV

19216 | Nanoscale, 2020, 12,19213-19222
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Fig. 2 Current—voltage measurements under dark conditions for (a)

pristine and (b) metal decorated ZnO NRs.

light (325 nm) is switched on, the photocurrent increases,
both in pristine ZnO NRs (by a factor of 2-3) and in decorated
samples (by a factor of 4-10), due to the photo-carriers gener-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Comparison of the photocurrent response of ZnO NRs with and
without clusters of AuPt (a), or Pt (b) or Au (c). Light of 325 nm hits the
sample 80 s after bias.

ated by the absorbed photons. However, the metal cluster
decorated samples show a larger increase in the photocurrent
compared to the pristine ZnO NRs. It is noteworthy that the
largest increase (10 times) occurs for the bimetallic cluster
sample. Such a behavior will be shown to be related to the
large change in dark resistance induced by the metal nano-
cluster decoration. Although metal nanoclusters can also alter
the ZnO photo-response by plasmonic effects, they are signifi-
cantly influenced by their size distribution and shape an-
isotropy,”” the average size of nanoclusters used in this work is
quite small and plasmonic effects are not expected to be very
relevant.”®”° Fig. 4(a) shows the increase in the dark resistance
in decorated ZnO NRs as a function of the metal loading.
Compared to pristine ZnO NRs, after nanocluster decoration
the resistance increases by a factor of roughly 100 or 200 for
Au or Pt decoration, respectively, and of 400 for AuPt decora-
tion. While the effect for Pt and Au is roughly linear with the
metal amount, as the first has roughly double the metal
loading of the last, for AuPt we observe a net increase, prob-
ably due to the bimetallic nature of the nanoclusters. It is
worth noting that a linear increase with the metal loading is

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Resistivity (a) and photosensitivity (b) as a function of the metal
dose deposited on ZnO NRs. Dashed lines interpolate Au and Pt data to
evidence (arrow) the bimetallic effect. Photosensitivity vs. increase of
resistivity (c).

predictable on the basis of the band bending effect induced by
the metal-semiconductor interface beneath each nanocluster.
Thus, the net increase of the resistance in the bimetallic
cluster decoration is remarkable.

Iyy — I,

Fig. 4(b) reports the photo-sensitivity S = (leidm() of
dark

decorated ZnO NRs as a function of the metal loading. The

photo-sensitivity of pristine ZnO NRs, with a value around
1-1.5, is shown as a horizontal bar at the bottom, for
comparison.

Au nanoclusters produce only a limited increase of the
photo-sensitivity compared to pristine ZnO NRs, probably due
to the low metal loading. The largest loading of the Pt deco-
rated sample produces an increase of S by a factor of 6. AuPt

Nanoscale, 2020, 12,19213-19222 | 19217
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nanoclusters, having a loading intermediate between Au and
Pt samples, give the highest S of 10. Such an effect is strictly
linked to the enhanced dark resistance observed for bimetallic
AuPt [Fig. 4(a)]. Indeed, by plotting the measured photosensi-
tivity as a function of the increase in dark resistance [Rc/
Rpackground, S€€ Fig. 4(c)], we observe a vibrant linear relation-
ship. The larger the dark resistance, the higher the photosensi-
tivity results. Clearly, decorating ZnO NRs with bimetallic
nanoclusters is an effective way to reduce the dark current
which in turn allows for a significant increase of the
photosensitivity.

Simulation results

Once demonstrated that the improvement of photosensitivity
in bimetallic cluster decoration is essentially due to larger
dark resistance for metal cluster decorated ZnO, we wanted to
visualize the depletion region in ZnO NRs decorated with
metal nanoclusters. This effect comes from the metal/semi-
conductor junction between materials with different work
functions. Both Au and Pt have a higher work function than
ZnO (®pe = 5.3 eV (ref. 54)), leading to a potential barrier for
electrons and to a significant upwards bending of ZnO con-
duction and valence bands at the metal/semiconductor inter-
face. In the following, we will show as a general case the role of
Au nanoclusters only.

Fig. 5(a) and (c) show the depletion regions below Au nano-
clusters spaced 30 nm (D parameter) from each other, and
10 nm, respectively. A significant localized decrease of the elec-
tron concentration can be appreciated when nanoclusters are

View Article Online
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well separated (Fig. 5a), while for D = 10 nm the depletion
regions merge and a continuous depleted area is built beneath
the surface. The width of this depletion region (neglecting

. 2€; . .
temperature effects) is W = 1/%@; =25nm,” which is
DO

almost half of the NR radius. The energy profile along the NR
axis at its surface (neglecting any surface defects) of the con-
duction band minimum (CBM), valence band maximum
(VBM) and energy Fermi level (Eg) for ZnO NR is reported in
Fig. 5(b) and (d) for D = 30 and 10 nm, respectively. A remark-
able modification of the energy bands and down-shifting of Er
is observed. Clearly, the Au nanocluster decoration is extremely
effective in modifying the electron concentration in the ZnO
NR, and this affects the current transport along the material
through a significant increase of the resistance (Fig. S57).
Although the simulation simplifies several aspects of the
real experiment, such as the presence of an ensemble of dis-
ordered NRs, the presence of intrinsic and extrinsic defects in
ZnO, and a non-ideal experimental set-up (spreading and
contact resistance, leaking currents), the paramount electron
spilling out acted by Au nanoclusters is unblemished. In the
case of bimetallic nanoclusters we still observe a larger effect
than in mono-metallic nanoclusters as far as the dark resis-
tance is concerned. Actually, the work function of the AuPt
alloy should lie in between that of Au and of Pt, and the result-
ing potential barrier for the bimetal/semiconductor junction
should be intermediate between that of Au/ZnO and Pt/ZnO.
For thin films of gold-silver alloys on n-type Si it was found
that the barrier height of the metal/semiconductor junction
varies linearly with the composition.’® This points out that the

nm T T T o o
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A - - - ok N
_ 16 S & 1
E 14 A -1 — CBM |1
£ g _ ]
- 12 S 2 —l\:/LBM
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Fig. 5 Depletion area along the ZnO nanorod axis, with Au clusters spaced by D = 30 nm (a) or D = 10 nm (c); energy profiles for conduction band
minimum (CBM), valence band maximum (VBM) and Fermi level (FL) along the NR axis at its surface for D = 30 nm (b) and D = 10 nm (d).
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bimetallic effect in nanostructures cannot be explained by
assuming only a change in the work function and that other
processes must be considered.

Discussion

To further investigate the effect of decoration with bimetallic
nanoclusters, the transient response to light and the photo-
luminescence have been analyzed and compared for ZnO NRs
with and without nanoclusters.

The transient response to light stimulus can give some indi-
cation on the microscopic process leading to photoconductiv-
ity. The increase in conductivity is typically linked to molecule
desorption from the ZnO surface induced by the photo-gene-
ration of an electron-hole couple. Once the photon is
absorbed, the photo-generated hole migrates towards the
surface because of the upwards band bending, annihilating
the adsorbed negatively charged molecules like O,~ or hydrox-
ide groups (which are present at the surface because of air
moisture), and inducing their desorption.’*?”*® 1t is well
assessed that O, and H,O desorption processes occur at room
temperature on ZnO with different kinetics, the water one
being faster than the oxygen one.®®°®* As shown in Fig. 3,
decorated ZnO NRs react to UV light exposure in a quicker way
than the bare samples, and a faster response typically leads to
a higher sensitivity. In order to shed light on this process, we
fitted the photocurrent transient occurring just after the light
exposure. A satisfactory modeling of the photocurrent increase
can be obtained by employing a double exponential fit, as
follows:

S=A;(1 —exp(—t/r1)) + A (1 — exp(—t/12)),

where A, , (with A; + A, = 1) and 7, , represent the extents and
time constants for two independent processes leading to the
observed conductivity change after the light exposure. The two
processes can be associated with water (index: 1) and oxygen
(index: 2) desorption phenomena. The fittings of the photo-
current transients are reported in Fig. S6.1 The results of fit
parameters show that the extents of the two processes are not
significantly modified by the decoration while the time
responses (Table 1) are.

It is clear that the cluster decoration acts in reducing the
overall response time by shortening mainly the kinetics of H,O
desorption from ZnO (process 1). The kinetics of O, desorp-
tion (process 2) is less influenced, particularly for the nano-
clusters containing Pt. XPS analysis (see Fig. S7f) demon-

Table 1 Extents, A, and response times, 7, calculated for cluster deco-
rated and (in parenthesis) cluster-free ZnO NRs

ZnO + Au ZnO + Pt ZnO + AuPt
7 (s) 14 (60) 15 (71) 19 (55)
75 (8) 265 (700) 483 (573) 510 (570)
Ay 0.48 (0.46) 0.46 (0.48) 0.43 (0.45)

This journal is © The Royal Society of Chemistry 2020
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strated a partial cluster oxidation in Pt and AuPt nanoclusters,
which could slow down the O, desorption process. Moreover,
the increase in conductivity under light exposure results from
a balance between the light-induced gas desorption (acting as
a source of new carriers in our system) and the gas adsorption
process (which traps carriers). These two processes need to
reach a new dynamic equilibrium during the light exposure
and the experimental response time tells how long such a tran-
sient regime is. Within the Langmuir gas adsorption model,
the faster the response time, the larger the increase in the con-
ductivity.®® Given the faster kinetics with metal decoration, we
observe that metal nanoclusters are beneficial as they ensure a
quicker response time and a larger photosensitivity. Still, the
peculiar effect of bimetallic nanoclusters on improving the
photosensitivity cannot be explained by the kinetics as the
response time of the bimetallic sample is similar to those of
Au and Pt samples.

In order to shed light on the bimetallic effect, PL emission
spectra of ZnO NRs were acquired outside and inside the
sample region deposited with metal nanoclusters (Fig. 6).
Typically, ZnO NRs emit a photoluminescence spectrum with
two dominant contributions: (i) a UV emission peak at 3.25 eV
(~380 nm) due to free exciton coupling with Zn; donor states
(FX-D) and (ii) a visible broad emission band at around 2 eV
associated with mid-gap levels caused by point defects.®® It is
worth noting that the visible PL [Fig. S8t] is essentially not
affected by the decoration neither in intensity nor in shape.
Fig. S8+ reports the PL spectra in the visible region for bare (b)
or AuPt decorated (c) ZnO nanorods, and the relative fit
according to a model based on four visible deep level defect
states.®® The fitting results point out that visible emission orig-
inates from the oxygen vacancy defects (green and orange
emission) and that metal decoration does not significantly
affect the concentration of mid-gap defects responsible for
visible emission. The UV emission, instead, is clearly
quenched after cluster decoration. Such a reduction is not
strictly linked to the metal loading (inset of Fig. 6) being the
largest in the case of bimetallic nanoclusters.

A significant PL reduction in ZnO nanorods decorated by
metal nanoclusters is widely reported in the literature.®®°® For
ZnO nanorods decorated with Au® or Pt°® nanoclusters, a sig-
nificant PL quenching, resulting from an electron transfer
process from semiconductors to metal, is observed. The
reason why the metal decoration affects only the UV peak can
be found in the band bending induced by the metal/semi-
conductor junction. In fact, the UV radiation is mediated by
the FX-D coupling involving a very shallow level below the con-
duction band, while the visible band emission comes from the
intervention of mid-gap levels. The metal decoration induces a
band bending at the surface, which alters the population of
shallow levels much more than that of mid-gap states, thus
affecting the UV emission much more than the visible PL.

The evidence that the bimetallic case induces the strongest
quenching of the UV emission peak can be associated with the
largest effect observed for the increase of dark resistance and
photosensitivity. Actually, Fig. 4a and 6 tell us that bimetallic
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Fig. 6 PL emission spectra (UV region) of ZnO NRs before (lines + symbols) and after (lines) decoration with Au, Pt and AuPt clusters. The inset
shows the reduction of the UV emission of cluster-free and cluster decorated ZnO NRs, as a function of the metal loading.

nanoclusters lead to an enhancement of both charge carrier
depletion and PL quenching with respect to their monometal-
lic counterparts. These two experimental findings could be
explained by a larger potential barrier at the bimetal/semi-
conductor junction provoking a more pronounced bending of
the semiconductor electronic energy bands. Still, the work
function of the AuPt alloy should not be larger than those of
Au and Pt; thus another effect should be invoked.

In the literature H, adsorption is shown to be enhanced at
the surface of AuPt nanoclusters in comparison with Pt nano-
clusters, because of the synergistic electronic effect between
the two metals.>*?® Thus, if AuPt nanoclusters have more
adsorption sites than Au or Pt nanoclusters, a stronger spil-
lover effect would occur because of bimetallic nanoclusters,
leading to transfer of more electrons from the semiconductor
to the nanoclusters. Such a hypothesis will lead to a larger
band bending at the bimetallic/ZnO junction in comparison
with monometal/ZnO interface. Fig. 7 illustrates such a situ-
ation, where the bimetallic nanocluster hosts a larger density

of adsorbed molecules®*® and induces a wider depletion area

compared to the monometallic nanocluster case. Thus,
beneath the bimetallic/ZnO junction a depletion area (both
perpendicular and parallel to the surface) larger than in the
case of a monometallic decoration is formed. Such a hypoth-
esis would explain both the larger dark resistance and the
stronger PL quenching measured in the bimetallic case (Fig. 4
and 6). As far as the photosensitivity increase is concerned, we
should observe that neither mono- nor bimetallic nanocluster
decoration gives a larger absolute photoconductivity, but only
a reduced dark conductivity. In fact, the absolute value of the
current increase under light exposure is by far much lower in
the bimetallic case than in Au or Pt nanoclusters (for AuPt
decorated ZnO NRs, the S factor is 10 but the resistance is 450
times lower). Moreover, Au and Pt cluster decorated ZnO
samples also have lower absolute values of photocurrent
increase in comparison with bare ZnO. The photocurrent
increase is related to the amount of gas molecules such as O,
and water desorbed from ZnO after light exposure, so we can

AuPt

ads. molecule
| ads.site

w depleted area

Fig. 7 Schematic drawing of metal/semiconductor interface and energy band for bare ZnO (left), Au or Pt cluster (center) and AuPt cluster (right). A
stronger band bending resulting from a higher density of adsorption sites occurs with bimetallic nanoclusters.
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conclude that a lower density of effective gas molecule adsorp-
tion sites is present on the decorated ZnO NRs. Actually, the
cluster decoration reduces the density of effective adsorption
sites because the adsorption of a gas molecule onto the nano-
clusters or onto the relative surrounding depletion area is not
effective as far as the ZnO conductivity is concerned.

Conclusions

The decoration of ZnO NRs with nearly monodisperse Au, Pt
or AuPt nanoclusters by a laser-ablation based cluster beam
deposition technology causes a significant depletion of free
electrons below the surface of ZnO. When monometallic dec-
oration is used, the ZnO NR dark resistance increases up to
200 times and, as a consequence, the sensitivity to UV light
improves up to 6 times. The semiconductor energy band
bending, caused by the metal/ZnO Schottky junction occur-
ring at each cluster, is responsible for these effects and also
for a decrease of the UV PL emission. When the NR decora-
tion involves AuPt nanoclusters, there is an increase in dark
resistance and UV light sensitivity (up to 450 and 10 times,
respectively), because of a larger depletion area which
induces a lower conductivity. Such a bimetallic effect is
ascribed to an enhancement of gas adsorption on the surface
of bimetallic nanoclusters in comparison with the monome-
tallic ones. This induces a stronger electron spillover from
the ZnO surface to the bimetallic nanoclusters. In compari-
son with bare ZnO NRs, the decoration with mono- or bi-
metallic nanoclusters also induces a shorter response time to
UV light and a significant increase in sensitivity. These find-
ings and the discussion of the specific bimetallic effect
provide relevant understanding for the application of deco-
rated ZnO nanostructures as UV detectors, gas sensors or
light induced catalysts.
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