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Abstract. In this study, Ag-doped ZnO (Zn0O:Ag) nanostructured films were functionalized
with silver nanoparticles (Ag NPs), silver-platinum bimetallic nanoparticles (AgPt NPs) and
silver-gold bimetallic NPs (AgAu NPs) using a gas phase PVD process based on a Haberland
type gas aggregation cluster source and unipolar DC planar magnetron sputtering.
Ultraviolet (UV) sensing investigations showed a respectable time constants reduction for
rising and decaying photocurrents, as well as an increase for the UV response. Compared to
a pristine nanostructured film the surface functionalization with Ag, AgPt and AgAu
increased the UV response by factors of 2.7, 3.5 and 4, respectively. The increased
performances of the here presented ZnO:Ag nanostructured films functionalized with
monometallic and bimetallic NPs based photodetectors are explained by the increased
lifetime of photogenerated electron - hole pairs, as well as the formation of nanoscale
Schottky barriers at the interface of Au/Zn0O:Ag and Pt/Zn0O:Ag.
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Introduction

During the past few decades, being among the most important optoelectronic
devices, photodetectors based on micro- and nanostructures of metal oxides have received
special attention due to their unique electronic and chemical properties, as well as their
high surface-to-volume ratio [1-3]. In this context, UV photodetectors play an important
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role in flame sensing, advanced communications, ozone sensing, etc. [3, 4]. The high-
performance photodetectors generally need to satisfy several requirements: (i) high
sensitivity; (ii) high signal-to-noise ratio, (iii) high spectral selectivity; (iv) high speed; (v)
high stability [3, 4], etc. Having a wide bandgap of 3.37 eV at room temperature, ZnO micro-
and nanostructures are ideal candidates for visible-blind UV photodetectors [5, 6]. Among
one-dimensional, two-dimensional and three-dimensional ZnO structures, the ZnO
nanostructured films with high surface-to-volume ratio are alternative platforms for
constructing photodetectors [3, 4]. A wide range of physical and chemical methods were
used for the deposition of nanostructured films, including chemical deposition, metal-
organic chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), atomic layer
deposition (ALD), magnetron sputtering, etc. [7-10]. However, many of these techniques are
sophisticated and need expensive systems. In this context, the deposition of ZnO
nanostructured films from chemical solutions at relatively low temperatures combines the
advantage of simplicity and low cost. Previously, the Sn-doped and Fe-doped ZnO
nanostructured films were deposited on glass substrates via a simple synthesis from
chemical solutions (SCS) approach from aqueous baths, and demonstrated high sensitivity
but slow response and recovery values under illumination with UV [11, 12].The latter two
present the major obstacles for the usage in high-speed UV photodetectors.

In this work, the Ag-doped ZnO nanostructured films, synthesized via a synthesis
from chemical solutions (SCS) approach, were functionalized with monometallic and
bimetallic Ag-based NPs, namely Ag, AgPt and AgAu NPs in order to improve the response
time of rising and decaying photocurrents. While surface functionalization with AgNPs of
Zn0 micro- and nanostructures was widely used for the improvement of UV photodetectors
performances [13-15], surface functionalization with bimetallic nanoparticles was less
reported and needs a comprehensive study, which is the main objective of this
investigation.

Experimental part

The Ag-doped ZnO nanostructured films were deposited on the pre-cleaned glass
substrates (commercial microscope glass slides, 76 mm x 25 mm x1 mm) via a synthesis
from chemical solutions (SCS) approach using aqueous baths, as reported previously [9-12].
By adding the 5.3 mM of silver nitrate (AgNOs) in a complex solution a 0.95 wt% Ag content
in ZnO:Ag nanostructured films was achieved. The film thickness of all samples used in this
study is 1.5 £ 0.2 pm. The given thickness was obtained by performing fixed number of SCS
cycles. The post-deposition rapid thermal annealing (RTA) at 575 °C for 60 s was applied to
all samples. A previous study demonstrated that the RTA treatment at 575 °C for 60 s can
greatly enhance the sensing properties of Fe-doped ZnO nanostructured films [12].

The Ag, AgAu, and AgPt NPs depositions on the surface of ZnO nanostructured films
was performed via a gas phase PVD process based on a Haberland type gas aggregation
cluster source and unipolar DC planar magnetron sputtering [16-19].

The morphological properties of the ZnO:Ag nanostructured films were measured by
a Zeiss Ultraplus SEM at 7 kV. The micro-Raman spectroscopy was performed using a WiTec
alpha 300 RA system [12]. The optical measurements (transmittance, reflectance and diffuse
reflectance spectra measurements) were performed with a Cary 5000 UV-Vis-NIR
spectrophotometer equipped with an integrating sphere as was reported previously [11, 20].
The photoluminescence (PL) measurements were performed using a YAG:Nd-OPO laser
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(EKSPLA) and a HR250 monochromator (Jobin-Yvon), coupled with an UV-enhanced
intensified charge-coupled device (ICCD; Roper) [11, 20]. The structure of the elaborated
photodetectors was described in detail in our previous work [11]. The electrical and UV
sensing properties were measured using a Keithley 2400 SourceMeter, which allows for
current measurements with a resolution of 10 pA [11]. The UV light intensity (P, was set
to 1 mW/cm? (using a SSEYL Sentry ST-513 UVAB meter). The UV sensing measurements
were performed in ambient air with 30% relative humidity (RH) [21].

Results and discussions

Figure 1a,b shows the SEM images of Ag-doped ZnO nanostructured films with 0.95
wt% Ag and RTA-treated at 575 °C. The film is composed of randomly distributed columnar-
like grains with diameters in the range of 100 - 300 nm. Figure 1b discloses that the ZnO
grains are partially interconnected. The deposited films are relatively uniform without any
formation of agglomerations (see Figure 1a). The SEM images of the Ag NPs-functionalized
Zn0:Ag nanostructured films are presented in Figure 1c and 1d. On the surface of the
Zn0:Ag grains, randomly distributed NPs with diameter in range of 6 — 12 nm can be seen.
Probably due to the homogenous distribution of NPs no percolation paths formation was
observed. Figures le and 1f show the SEM images of AgPt and AgAu NPs-functionalized on
Zn0O:Ag nanostructured films, respectively. The AgPt/ZnO:Ag deposition, leads to a
formation of NPs clusters, while for the deposition of AgAu/ZnO:Ag bimetals results in a
separation of relatively smaller and bigger NPs.

Figure 1. SEM images of ZnO:Ag nanostructured films: (a,b) pristine; (c,d) Ag NPs-
functionalized; (e) AgPt NPs- functionalized; (f) AgAu NPs- functionalized.
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Figure 2a and 2b shows the transmission and absorbance spectra of AgPt/ZnO:Ag
nanostructured films. As was reported previously for undoped and Sn-doped ZnO
nanostructured films, the transmittance in the visible light region is over 60% [11]. This
means the incorporation of AgPt/ZnO:Ag only reduces the transmission of about 15% in
region of 400 - 500 nm. The sharp absorption edge from Figure 2b is attributed to the
electronic transition of ZnO [22]. The optical band gap energy (E,;) was calculated using the
Tauc equation [11, 20]:

(ehv) =B(hv-E,) (1)

where a is the absorption coefficient, hv is the incident photon energy, and B is a material-

dependent constant. Figure 2c shows the dependence of (ah v)2 vs. hv. From the intercept

of the linear region, E, = 3.22 eV was obtained.

Figure 2d shows the room temperature PL spectra of as-grown and RTA treated
Zn0:Ag nanostructured films, as well as AgAu NPs-functionalized ZnO:Ag samples. The as-
grown sample showed mainly one emission, i.e. a broad peak in the region of 460 - 660
nm. Emissions from this region are usually related to the defects such as oxygen vacancies
(Vo), interstitial oxygen (O) and interstitial zinc (Zn)), i.e. it demonstrates poor crystallinity
and stoichiometry of as-grown films [11, 20, 23]. After the RTA treatment at 575 °C for 60 s,
an emission peak at ~ 385 nm appears, which is related to the UV near-band-edge (NBE)
emission also the PL-intensity from visible region is reduced [11, 20, 23]. This confirms, as
was also demonstrated in previous work for Sn-doped ZnO nanostructures films [11], that
the RTA treatment can greatly improve the crystal quality of ZnO nanostructured films,
which is very important for UV sensing applications [7, 11, 12, 20, 24]. After surface
functionalization with AgAu NPs, the intensity of NBE emission for treated samples is
slightly reduced, which states that the electrons and holes are more separated and that the
radiative recombination is quenched, i.e. leads to a longer lifetime of photogenerated
carriers (which is very important for UV sensing applications), proving the successful surface
functionalization with AgAu NPs [25, 26].

Figure 3 shows the room temperature dynamic UV response of Zn0O:Ag, Ag/Zn0O:Ag,
AgPt/Zn0:Ag and AgAu/Zn0:Ag nanostructured films, where the UV response is 17, 46, 60
and 68, respectively (see Figure 4a and Table 1). The UV response was defined as the ratio
of photocurrent (lu) vs. dark current (laa). All samples were exposed to UV light for a
duration of 120 s. Therefore, it can be concluded that surface functionalization with
monometallic and bimetallic noble metal nanoparticles can efficiently improve the UV
response of Zn0O:Ag nanostructured films, which is more related to the presence of Ag and
will be discussed later with UV sensing mechanism. The UV sensing properties of undoped
Zn0 samples were already reported [11, 12]. Compared to a pristine nanostructured film the
surface functionalization with Ag, AgPt and AgAu NPs increased the UV response by a factor
of 2.7, 3.5 and 4, respectively.

In the case of pristine samples, an incomplete recovery of decaying photocurrent can
be observed, which is widely attributed to the persistent photoconductivity (PPC) due to the
presence of surface trapping states/defects in the case of metal oxide nano- and
microstructures with a high surface-to-volume ratio. In the case of ZnO these surface
trapping states/defects are related usually to ionization of deep and neutral V, states to
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shallow donor states V3", which slowly release the captured carriers leading to increased
photocarrier lifetime (1), i.e. slow recovery time [11, 27, 28].
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Figure 2. (a) Transmission spectra, (b) absorbance spectra and (c) plot of (ahv)? vs. photon
energy (hv) of AgPt/Zn0:Ag films, (d) room temperature PL spectra.

Figure 2d as well as a previous study demonstrates that thermal treatment in air,

especially rapid thermal treatment can reduce the V, states and improve the
stoichiometry [11, 21]:

V, + 40, =0, 2)

where Qo is the oxygen located at their regular position in the zinc oxide lattice. However,
the RTA at 575 °C for 60 s is not enough to considerably reduce the PPC effect.

In order to evaluate more precisely the information about the time constants of
rising and decaying photocurrents the bi-exponential fitting was applied [4]:

1(t)= Idark+A1[l—ef”}+A{l—eT'2j (3)

t t

1(t)= Lo + A 7 + A (4)

where A;, A;, As and A4 are positive constants, while 1.1, T, and Tq1, Ta2 are time constants for
rising and decaying photocurrent, respectively. The constants T, and T4 are correlated to
the rapid change in photocurrent when UV source is switched on/off, which is related to fast
change in the concentration of charge carriers [8, 11, 12, 29].
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Figure 3. The dynamic UV response for: (a) ZnO:Ag; (b) Ag/Zn0O:Ag; (c) AgPt/Zn0O:Ag and
(d) AgAu/Zn0O:Ag nanostructured films.

As it was discussed for PPC, the constant T, and T4, are related to trapping carriers
and their release due to the vacancies of oxygen defects, as well as
photodesorption/adsorption processes of oxygen molecules (as will be discussed in the
section with UV sensing mechanism) [8, 11, 12, 29]. The calculated time constants are
presented in Table 1 and Figure 4b. The considerable decrease in time constants by surface
functionalization with NPs can be observed, especially for rising photocurrent. For example,
T is decreasing from 14.46 for ZnO:Ag to 4.48, 3.74 and 0.96 s for Ag/Zn0O:Ag, AgPt/Zn0O:Ag
and AgAu/Zn0:Ag, respectively.
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Figure 4. (a) UV response for ZnO:Ag; Ag/Zn0O:Ag; AgPt/Zn0O:Ag and AgAu/Zn0:Ag
nanostructured films. (b) The time constants for rising and decaying photocurrents.
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Table 1
Time constants for rising and decaying photocurrent
Sample UV response Tr1 (S) T2 (S) Ta1 (S) Ta2 (S)
(/Uv//dark)

Zn0:Ag 17 14.46 179.79 19.83 284.0

Ag NPs/ZnO:Ag 46 4.48 48.58 16.28 222.74
AgPt NPs/Zn0O:Ag 60 3.74 24.33 17.07 178.54
AgAu NPs/Zn0O:Ag 68 0.96 5.94 8.95 154.05

Additional important parameters which determine the performance of
photodetectors are the responsivity (R) and the internal photoconductive gain (G), which
were calculated as follows [8, 9, 30-32]:

I A
R=—® q—)s 5
Pt S 77( hc ©)
1
G= Fr,ueV (6)

where g is the electron charge, /,» is photocurrent (luv = lian), Pope IS the incident optical
power (1 mW/cm?), S is the effective area of the photodetector, 1 is the quantum efficiency
(is assumed to be 1, for simplicity), h is Planck’s constant, c is the speed of light, A is the
wavelength of UV light (365 nm), L is the distance between the pads (1 mm), . is the
electron mobility and V is the applied bias voltage (0.1 V). The calculated parameters are
presented in Figure 5. The specific detectivity (D) is a further figure of merit for
photodetectors and can be calculated assuming the dark current to be the major source of
shot noise using the expressions [33, 34]:

. RJS
° _\/qudark (7)

The calculated results are presented in Figure 5c. For all enumerated parameters, it can be
observed that surface functionalization with monometallic and bimetallic NPs leads to
enhancement in performance of ZnO:Ag based photodetectors in the following order: Ag
NPs < AgPt NPs < AgAu NPs. However, the G < 1 indicates the absence of photoconductive
gain in nanostructured films, which can be attributed to a wide L (see Eq. (6)) [8, 11, 32]. A
detectivity in the range of 8.6 x 10! - 9.34 x 10! Jones provides quantitative evidence that
functionalized nanostructured films are extremely sensitive to small optical input signals

[7].

UV sensing mechanism of functionalized ZnO:Ag nanostructured films

The UV sensing mechanism based on doped ZnO nanostructured films was proposed
in previous works [11, 12]. In this work, we will focus mainly on the effect of surface
functionalization of ZnO:Ag with NPs. The general sensing mechanism is based on
adsorption of oxygen molecules on the surface of ZnO:Ag grains [8, 15]:

0,(g9) +e” =0, (ad) )
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Figure 5. The calculated parameters of photodetectors based on ZnO:Ag nanostructured
films: (a) Responsivity (A/W); (b) Photoconductive gain; and (c) Detectivity (Jones).

These reactions lead to capture of free electrons from Zn0O:Ag grains and the creation of an
electron depletion region at the surface with higher resistivity [15]. This will lead to a
formation of potential barriers between grains [12]. In this case, the conductance of a grain
network is [35]:

qxNy (D -W ) ( qu)
G exp —— 10
* L - (10)

where D is the grains diameter, W is the width of electron depletion region, T is the
absolute temperature, Vs is the surface potential and Ny is the donor concentration within
the grain. Therefore, the current which flows between the grains is dependent mainly on
the width and the height of the contact potential barriers [11, 12, 35]. Under exposure to
UV light, electron-hole (e” +h") pairs are generated in the ZnO:Ag grains (E=ho —>e™ +h")
[15]. The photo-generated pairs are separated by the built-in electric field (V) in the
electron depleted layer (W) [8, 15]. The photo-generated holes migrate to the surface of the
grains to recombine with electrons from adsorbed oxygen molecules (which lead to
desorption of oxygen molecules) and narrowing of electron depletion region:

h* +0; (ad) - 0,() 1)

The unpaired electrons are left in the conduction region of the grains and significantly
contribute to the increase in the photocurrent of the photodetector structure [8, 15].

The considerable performances enhancement of the ZnO:Ag films by surface
functionalization with Ag NPs can be explained as follows. The work function of Ag (4.26
eV) is smaller than that of ZnO (5.2 eV) [36]. Therefore, electrons will migrate from Ag to
the conduction band (E¢) of ZnO to achieve the Fermi level equilibrium when they get in
contact with each other Ag/ZnO:Ag (Ag — Ag* +€7) [36, 37]. Under UV illumination, the
rapid transfer of photogenerated electrons to Ag NPs will considerably increase the lifetime
(1) of the photogenerated pairs [36, 38], and therefore will increase the photodetector
performance (see Eq. (5-8)). This also explains the considerably decreased time constants
for Ag NPs-functionalized samples. The presence of Ag NPs improves the surface reactions
involving adsorption, dissociation, and the ionization of oxygen in the presence of Ag NPs
[36, 37]. Negatively charged surface oxygen at the surface of Ag NPs can facilitate the
transfer of electrons or of the negatively charged adsorbed oxygen, O,", to the surface of
Zn0:Ag during the recovery reaction [36, 37].
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The surface functionalization with bimetallic NPs, i.e. AgAu NPs and AgPt NPs, leads
to noticeable performance improvements of the photodetectors while compared to samples
functionalized with monometallic Ag NPs are only minor enhancements can be confirmed
(see Figure 5). This can indicate that the main improvements are achieved using Ag NPs,
while Au and Pt NPs provide only slightly further improvements. The work function of Pt
(5.9 eV) is larger than that of ZnO, which leads to the formation of nanoscale Schottky
barriers at the interface of Pt/Zn0O [24, 38-39]. This will lead to the widening of the electron
depletion region under Pt NPs, and further to a higher modulation of potential barrier
height under UV illumination, i.e. higher UV response [24]. The highest performances of
AuAg NPs-functionalized ZnO:Ag nanostructured films can be explained based on increased
light absorption efficiency induced by light scattering of Au NPs [24].

Conclusions

We have demonstrated that surface functionalization of Ag-doped ZnO nanostructured films
with monometallic and bimetallic Ag-based nanoparticles can essentially improve the
performance of ZnO photodetectors. The UV response of ZnO:Ag nanostructured films
increased by factor of 2.7, 3.5 and 4 for functionalization with Ag NPs, AgAu NPs and AgPt
NPs, respectively. The essential reduction in time constants of rising and decaying
photocurrent was also observed. While pristine Zn0O:Ag nanostructured films demonstrated
the presence of PPC due to ionization of neutral Vo states to shallow donor states y-. This

slowly releases the captured carriers from these deep levels. Functionalized samples
showed a recovery of more than 90% of total photocurrent on reasonable timescales. This is
very important for practical applications, especially in the case of fast detection of UV
irradiation. The improved performance of functionalized samples was explained based on
the increased lifetime of photogenerated electron - hole pairs, as well as the formation of
Schottky barriers which leads to a higher modulation of potential barriers under UV
illumination.
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