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In this work, we demonstrate, for the first time, that coupling
together the pyroelectric effect, the photovoltaic effect and the
plasmonic effect is a novel method to significantly enhance the
performance of self-powered photodetectors in the visible region.
Photodetectors based on tri-layered heterojunction of n-Si/p-SnO/
n-ZnO through the inclusion of silver (Ag) nanoparticles (NPs)
at the SnO/ZnO interface were fabricated. The photo-response of
the device, with excitation from a chopped 650 nm wavelength
laser, was carefully investigated, and it was shown that the photo-
detector performance is enhanced the most with the inclusion of
spheroidal Ag NPs with ~70 nm diameter. The Al/Si/SnO/Ag NPs/
ZnO/ITO device exhibited an optimum responsivity, detectivity and
sensitivity of 210.2 mA WL, 547 x 10° Jones and 15.0 x 104,
respectively, together with a rise and fall time of 2.3 and 51.3 ps,
respectively, at a laser power density of 317 mW cm~2 and at a
chopper frequency of 10 Hz. The present photodetectors are more
than twice as responsive as the current best-performing ZnO-based
pyro-phototronic photodetectors and they also exhibit other
competitive features, such as detectivity, and fall and rise times.
Therefore, by exploiting the plasmonic effect of the Ag NPs
together with the pyroelectric effect in a ZnO film, and the photo-
voltaic effect at a Si/SnO junction, all in a single device, photo-
detectors were developed with state-of-the-art performance for
the visible region.
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photodetector using multiple coupled synergetic

#*°° Eliana M. F. Vieira,£“ Katarzyna Gwozdz,® Nuno E. Silva,®®
Adrian Kaim,® Marian C. Istrate,’® Corneliu Ghica," José H. Correia, _
Mario Pereira,®® Luis Marques,®® Judith L. MacManus-Driscoll,*" Robert L. Z. Hoye'

cd

New concepts

Self-powered ZnO-based photodetectors are attracting tremendous
attention for IoT applications. Besides significant recent improvements,
so far, their application is hindered by performance issues, such as low
responsivity, slow response times and low detectivity. By exploiting the
plasmonic effect of Ag nanoparticles together with the pyroelectric effect
in a ZnO film, and the photovoltaic effect at a Si/SnO junction, all in a
single device, we have developed new self-powered photodetectors. Their
performance is enhanced considerably compared to previously reported
ZnO-based photodetectors for visible light detection. Therefore, the
present work demonstrates for the first time a triple functionality
hybrid heterostructure which gives highly-responsive, highly sensitive
and ultrafast photosensors which do not require any external power
source.

1. Introduction

Broadband photodetectors (PDs) that can operate from the
ultraviolet (UV) to visible (Vis) and near infrared (NIR) with
ultrasensitive response have plentiful applications in optical
communications, environmental monitoring, imaging systems,
medicine and multispectral detection, among many other
examples.' Recently, self-powered PDs based on the photo-
voltaic (PV) effect in a p-n junction, which can work without
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consuming external power, have recently gained significant
attention.? The possibility of achieving self-driven PDs makes
them extremely appealing for applications in the Internet of
Things (IoT) and wearable electronics, where the availability of
power locally on each autonomous device is limited.”

In particular, the wide bandgap semiconductor-based PDs
for the UV to visible wavelength range (UV-Vis) have shown the
benefits of having a simple structure, facile miniaturization,
and robustness against radiation in harsh conditions.® In this
case, metal oxides, such as ZnO and TiO,, owing to their
advantages of non-toxicity, abundance in nature, facile syn-
thesis and good stability, have been widely investigated for self-
powered UV-Vis photodetection.”® In the case of ZnO-based
PDs, the PV effect can be coupled with the pyroelectric effect
into the so-called pyro-phototronic effect™ to further boots the
PD performance given the fact that ZnO is a pyroelectric
material.

There are numerous works reporting the UV and NIR PD
performance of ZnO nanowires, thin films and hetero-
structures.®'*'* However, their wide-bandgap only allows
them to absorb light in the UV region, and their application
in broadband photodetectors is still puzzling. For instance,
Y. Zhang et al. investigated the photosensing performance of
p-Si/n-ZnO NWs for the 325-785 nm broadband range." This
PD shows a maximum responsivity of 79.9 mA W' in the case
of blue illumination (4 = 442 nm), while it shows moderate
responsitivity for UV illumination (4 = 325 nm), red (/. = 633 nm),
and NIR (785 nm) illumination.

Peng et al. investigated a PEDOT:PSS/ZnO NWs/n-Si tri-layer
heterojunction for visible light detection (% = 648 nm)."® It was
found that the responsivity increased by decreasing the laser
power, and a maximum responsivity value of 22.05 mA W™ ' was
achieved. Silva et al. demonstrated a promising approach to
achieve a visible ultrafast PD in the form of a tri-layered
heterojunction of n-Si/p-Sn0O,/n-ZnO, which takes advantage
of the pyroelectric properties of the n-type ZnO film and the PV
response of the n-type Si/p-type SnO, heterojunction.’ In this
case, a maximum responsivity of 64.1 mA W™ " was achieved for
a 648 nm laser illumination. An improvement in the respon-
sivity to 93 mA W' through the SnO layer optimization was
reported by E. M. F. Vieira et al'” with a 405 nm laser
illumination. The improved performance is attributed to the
high-quality n-Si/p-SnO/n-ZnO heterojunction that provides a
higher separation efficiency of carriers due to built-in electric
field at the interface.

Ways to further increase the responsivity of self-powered
PDs for visible light detection are being actively studied.
Recently, it was demonstrated that the combination of metal
gold (Au) or silver (Ag) nanoparticles (NPs) with ZnO-based PDs
are promising for enhancing the UV PD performance through
the coupling of the localized surface plasmon (LSP) and pyro-
electric effects.'®>' However, the effect of the inclusion of
metal NPs on the performance of self-powered PDs for visible
light detection has not been investigated yet. It is well
known that plasmonic metal NPs have a strong effect on the
visible light absorption.”” Therefore, in the present work we
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systematically investigated the photoresponse of n-Si/p-SnO/n-
ZnO heterojunctions by including Ag NPs with different sizes at
the interface between p-SnO and n-ZnO after illumination with
650 nm wavelength pulsed laser light. As compared to the
reported investigations on Si-based heterojunctions already
described, this work presents a self-powered PD with more
than two times higher responsivity, with competitive other
features, such as detectivity, and rise and fall times. We discuss
and highlight the coupling between the localized surface
plasmon (LSP) and the pyro-phototronic effect, which led to
the enhanced performance of the n-Si/p-SnO/Ag NPs/n-ZnO
heterojunction.

2. Materials and methods
2.1 Device fabrication and characterization

The growth conditions for the Si/SnO/ZnO structure were pre-
viously reported.>!” However, the SnO and ZnO deposition
times were further optimized to achieve a 22 + 5 and 115 +
5 nm thick layers, respectively. For simplicity, this sample is
named as Ag@0. In order to grow the Si/SnO/Ag NPs/ZnO
structure, Ag thin films were grown at different deposition
times of 10, 20, 40, 80 and 160 seconds on top of the n-Si/p-
SnO. Next, the ZnO layer was grown using ion beam sputter
deposition (IBSD) on top of the n-Si/p-SnO/Ag NP structure.
Prior to the deposition, the vacuum chamber was first evacu-
ated down to a low pressure of 1 x 10~ ° mbar. During the
deposition, the substrate was kept at room temperature, and at
a distance of 87.3 mm from the target. The gas pressure inside
the chamber was maintained constant at 2.5 x 10~ * mbar.
A gas flow of 8.0 ml min~" of Ar was introduced into the ion
beam gun and the atoms were ionized in the ion source with an
rf-power of 100 W. The ions beam was further accelerated at
500 V and the ion beam current was regulated to remain at
20 mA. For simplicity, the different Ag NP samples were named
as Ag@’deposition time in seconds’, i.e. Ag@10, Ag@20, Ag@40,
Ag@80 and Ag@160, respectively. In addition, for the morpho-
logical and optical characterization of the Ag NPs, the films
were grown on Si and glass substrates, respectively, under the
same conditions.

The surface morphologies of the Ag thin films were evalu-
ated using field emission scanning electron microscopy (FEI
NOVA model). Also, the optical properties of the Ag thin films
were evaluated using a Shimadzu (Model UV-3101PC) spectro-
meter, after growing the films on glass substrate. Cross-
sectional transmission electron microscopy (TEM) specimens
were prepared for analyzing by mechanical polishing down to
ca. 30 pm, followed by ion milling in a Gatan PIPS machine at
4 kV accelerating voltage and 7° incidence angle. Low-voltage
ion milling was used as a final polishing stage in order to
reduce the amorphous surface layer enveloping the specimen.
TEM results were obtained using a JEOL 2100 analytical trans-
mission electron microscope operating at an acceleration vol-
tage of 200 kV, equipped with an energy dispersive X-ray
spectroscopy (EDS) unit.

This journal is © The Royal Society of Chemistry 2024
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To fabricate the photodetectors, an indium tin oxide (ITO)
top electrode with 5 x 5 mm? size was deposited by IBSD as
reported in ref. 23, while aluminum electrodes were attached to
the Si wafer backside by electric spark. The I-V curves were
measured using a Keithley 2601 System Source Meter. I-t curves
were obtained using a self-made setup consisting of National
Instruments acquisition card 6251 (pulse generation and data
acquisition) and Keithley 428 Current Amplifier. The illumina-
tion of the devices was provided by a semiconductor laser with
a wavelength of 650 nm and power of 52 and 19 mW controlled
with a square wave signal, which corresponds to a laser power
density of 867 and 317 mW cm™ 2. The chopper frequency was
varied using pulsed repetition rates of 10, 50, 100 and 200 Hz.

2.2 Computational simulation

The finite element method (FEM) was used to model the light
absorption in the multilayer stack geometries with and without
Ag nanoparticles (NP), using the commercially available software
(COMSOL version 6.4.1). We numerically solves the time-
harmonic wave equation for the electric field, E, assuming there
are no source charges, as shown in eqn (1):

V X u 'V x E — koe,E =0 (1)

where k, is the magnitude of the free-space wave vector and p,
& are the relative magnetic permeability and electric permittivity,
respectively.

For the electromagnetic (EM) modeling of multilayer stack
with silver NP, the infinite 2D NP arrays were approximated
using a rectangular unit cell with periodic boundary conditions
on the side walls as shown in Fig. 1(a) and (b).

The spacing between NPs was kept constant at 50 nm and
the NP diameter was changed from 40 nm to 70 nm. The total
height of the computational cell is 349 nm, with following layer
thickness: ITO = 12 nm, ZnO = 115 nm, SnO = 22 nm,

X PML :
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Fig. 1
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Si = 200 nm. The optical constants used for the different
materials were obtained from literature: ITO,** Zn0O,*® Si,>°
Sno,*” Ag.*®

The incident electromagnetic field (TM polarization) with
power of 1 W was introduced from the top with the wave outlet
at the bottom for the full-field solution. A perfectly matched
layer (PML) with 150 nm thickness was implemented on the top
and the bottom boundaries to ensure minimum artificial
reflections from the boundaries. The built-in finer mesh
element size (element sizes ranging from 4.3 to 59.3 nm) was
selected giving a total of more than 68000 elements for the
different nanoparticle setups. A Parallel Sparse direct Solver
(MUMPS) was selected for solving the wave equation.

The outcome of each simulation is the electromagnetic field
profile defined for all wavelengths in the range 400-750 nm.
From this profile, the absorption A(1) can be calculated by
integrating the energy dissipation density within the appropri-
ate volume according to:

A() = %Jwe”‘ﬁ(x, vz ) dv )

where ¢’ is the imaginary part of the permittivity and o, E are
the angular frequency and electric field strength of the electro-
magnetic field, respectively.

3. Results and discussion

Fig. 2(a)-(e) shows the SEM images of the surface of the Ag thin
films on Si before growth of the SnO/ZnO heterojunctions.
Well-separated Ag NPs were observed for the Ag@10, Ag@20
and Ag@40 samples. For longer Ag deposition times the
separation of the NPs was no longer evident (i.e. a continuous
layer was formed). The evolution of the Ag NP size and the
covered surface area is shown in Fig. 2(f), where it is observed
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(a) Computational domain used in the electromagnetic modeling. (b) Rectangular unit cell used for representing the infinite NP periodic array.
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(a)—(e) Scanning electron microscopy images of the surface of the Ag thin films deposited on Si. The brightness and contrast of original images

were adjusted to 40% and 20%, respectively. (f) Average Ag nanoparticles size and area of the Si substrate covered with Ag for the different samples.

that the NP size increases from 37 nm up to 69 nm, and the
surface area coverage decreases from 65% to 56% for Ag@10 to
Ag40 to 100% for Ag@80 and Ag@160.

Fig. 3 depicts the UV-Vis absorption spectra of the Ag thin
films deposited on glass. It can be concluded that the deposi-
tion time strongly influences the surface plasmon resonance
(SPR) peak. The SPR wavelength shifts from 486 nm to 552 nm
when the deposition time increases from 10 s up to 20 s.
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Fig. 3 Optical absorption spectra of the different Ag thin films.
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Moreover, with a further increase in the deposition time up
to 40 seconds, the SPR peak remains practically at the same
position, but the absorbance is higher. With a further increase
of the Ag deposition time, it is possible to observe that the SPR
peak disappears. This behavior confirms the creation of the Ag
layer for deposition times 80 s and 160 s.

The I-V characteristics of the Al/Si/SnO/Ag NPs/ZnO/ITO
devices were measured in the dark and under 650 nm wave-
length laser illumination for a fixed power density of
877 mW cm 2, as shown in Fig. 4(a) and (b), respectively. The
asymmetrical behavior of the dark I~V curve indicates that the
diode behavior of the device is due to the n-p-n heterojunction
formed at the n-Si/p-SnO/n-ZnO interface.” Fig. 4(c) shows the
rectifying ratio (RR = IH)—“"V) for the different samples in the

0.6V

dark. It is observed that the RR decreases with the inclusion of
the Ag NPs, suggesting that their inclusion degrades the SnO/
ZnO heterojunction. However, and as shown in Fig. 4(b), the
inclusion of the Ag NPs has a strong influence on the PV effect.
Fig. 4(c) shows the short-circuit current (Isc) for the different
samples and it is possible to observe that the sample Ag@40
exhibits the optimal PV performance due to the proximity of
the surface plasmon resonance (SPR) wavelength to the wave-
length of the laser illumination used and therefore higher light
absorption. In addition, the surface area covered by Ag for
Ag@40 is the smallest of all the samples with Ag NPs, thus
allowing more light to reach the n-Si/p-SnO junction, which
further enhances the PV effect.

The transient response characteristics of the Al/Si/SnO/
AgNPs/ZnO/ITO devices, with different Ag deposition times,

This journal is © The Royal Society of Chemistry 2024
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were investigated under zero bias and under the 650 nm laser
illumination at a chopper frequency of 10 Hz. The I-¢ curves
were measured at a fixed power density of 877 mW cm™ > and
are shown in Fig. 5. The typical photocurrent dynamic response
induced by the pyro-phototronic effect is observed for all
samples, with repeatable features. In order to confirm that
the spike current is due to the pyroelectric effect, the /-t curve
was also measured under low frequencies for the Ag@20
sample, as shown in Fig. S1 (ESIY). It is possible to conclude
that the response is due to the pyroelectric effect. It is possible
to observe that, when compared to the sample without Ag NPs
(Ag@0), the Ag NP layer not only enhances the PV effect, as
already demonstrated in the I-V curves, but also the pyro-
electric effect. Furthermore. The enhancement is independent
of the morphology and optical response of the Ag thin layer.
Fig. 6(a) and (b) shows a schematic structure of the devices
and energy band diagram of the Si/SnO/Ag NPs/ZnO hetero-
junction. The details of the band diagram for the Si/SnO/ZnO
heterojunction are given in the previous work.'”” When the laser
light is turned on, the carriers are generated and separated due
to the electric field associated to the PV effect (Epy) occurring at
the p—n junction between p-SnO and n-Si. At the same time, the
structure is heated up. This results in temperature gradient

This journal is © The Royal Society of Chemistry 2024

|-t curves for the different samples at a chopper frequency of 10 Hz for a fixed power density of 877 mW cm™~.

20 0

2

across the ZnO layer. An additional electric field is then
generated due to the pyroelectric effect (Epyr,), which increases
the carrier separation at the junction and therefore a sharp
current peak is observed from the combination of the PV and
the pyroelectric effects.’ After the stabilization of the tempera-
ture across the structure, the gradient disappears. The Ejy, is
no longer effectively separating the carriers and so only an Epy
is present which leads to a decrease in the observed current.
In addition, when the light shines on the Ag NPs, the electro-
magnetic wave is coupled to the electron resonance. This
results in oscillations of the free electrons and the emergence
of an additional electric field. The plasmonic effect can extend
up to 1 um.*

The EM interaction of the Ag NP array with light excitation
was further elucidated through finite element simulations.
The localized EM field and simulated absorbance of the Ag
NP array with average size of 70 nm and average spacing of
50 nm are presented in Fig. 6(c) and (d), respectively. The
simulated spectra, shown in Fig. 6(d), clearly exhibits an
enhancement of the radiation absorption in the multilayer
stack due to the localized surface plasmon resonance (LSPR)
of the NPs. The plasmonic effect is also enhanced with an
increase in the Ag NP diameter, with the plasmon peak shifting

Mater. Horiz., 2024, 11, 803-812 | 807
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Fig. 6 (a) Schematic representation of the pyro-phototronic effect in the Al/Si/SnO/Ag NPs/ZnO/ITO device and (b) energy band diagram for the

Si/SnO/Ag NPs/ZnO heterojunction. (c) e-Field distribution around the central Ag NP, with a diameter of 70 nm, obtained by finite element simulation for
wavelength of 650 nm. (d) Total absorbance in the full multilayer stack: without nanoparticle (black), and with NP different diameters: 70 nm (red), 50 nm
(blue), 40 nm (green). (e) Power dissipated in ZnO layer (black) and Ag NP (red) as a function NP diameter for a wavelength of 650 nm.

to longer wavelengths, in agreement with experimental obser-
vations. In addition, as shown in Fig. 6(c), the localized e-field
distribution exhibits a stronger enhancement confined at the
NP edges. Also, a large electric field intensity in the SnO layer
originating from the LSPR effect from the Ag NPs, contributes
to more efficient photocarrier separation and transport. The
e-field enhancement also leads to a larger power dissipation in
the ZnO layer and in the Ag NPs, as shown in Fig. 6(e). This can
contribute to a larger heating of ZnO layer, thus explaining
the increase in the pyro-current. Further, the generation and
injection of hot carriers from the metal NP into the conduction
band of the semiconductor layers can lead to an enhanced
photovoltaic response.®® As the SnO layer has a thickness of
22 + 3 nm, we can conclude that the electric field emerging
from the nanoparticles reaches the p-n junction.

Overall, we conclude that the increase in the pyro- and
photocurrent is caused by more effective charge-carrier separa-
tion at the junction due to the presence of an additional electric
field from the LSPR effect. The possible formation of Ag/ZnO
and Ag/SnO Schottky junctions could also have a significant
impact on the pyro-phototronic effect.'® However, the dark
current of the devices (Fig. 4(a)) is not suppressed with the
formation of these Schottky barriers for the samples with Ag
NPs confirming that this effect is less dominant in our samples.
Moreover, while the Ag NPs in the sample Ag@40 absorbs more
light when compared to samples Ag@10 and Ag@20 (see Fig. 3),
they also cover a smaller surface area allowing more light to reach

808 | Mater. Horiz., 2024, 11, 803-812

the n-Si/p-SnO junction, which enhances the PV effect in this case.
In addition, larger NPs can absorb more energy from the neigh-
borhood enhancing the gradient in the ZnO layer and further
enhancing the pyroelectric effect. Therefore, synergistic coupling
between the pyroelectric effect, the photovoltaic effect and the
plasmonic effect is demonstrated.

As mentioned before, in the case of the Ag@80 and Ag@160
samples, a Ag layer is formed. In these cases, we can consider
the sample as two devices in series: Al/Si/SnO/Ag and Ag/ZnO/
ITO. In these cases, the PV effect is higher than the one
observed in the Ag@0 sample because we have two back-to-
back p-n junction barriers (i.e. n-p and p-n) of Si/SnO and
Sn0/Zn0O, which blocks most of photo-generated carriers.” We
note that the pyroelectric effect of the Ag@80 and Ag@160
samples is reduced to a level closer to that in the Ag@0 sample
because there is no plasmonic effect is present in any of these
samples which could modify the pyroelectric effect.

The PD parameters such as responsivity (R), detectivity
(D*) and sensitivity (S) were estimated with the following
equations:*®

~ iight — Ipark

R P 3)

1

> =5
2qIDalrk
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Fig. 7

(a) Responsivity (R), detectivity (D*) and sensitivity (S) for the different samples. (b) Rise time (z,) and the fall time (z7) estimated for the different

samples. (c) Stability of the transient response characteristics of the Ag@40 sample under zero bias and with 650 nm laser illumination and a laser power

density of 887 mW cm™2.

S = ILighl - IDark (5)
I Dark

where Ipighe and Ipgi are the short-circuit current with and
without illumination, respectively. P and A are the effective
illumination power and area on the PD, respectively, and g is
the electronic charge.

Fig. 7(a) shows the R, D* and S for the different samples. It is
possible to observe that the sample Ag@40 reaches a maximum
R of 72.3 mA W', with a D* of 18.8 x 10° Jones and a S of
13.6 x 10", as a consequence of the enhanced pyro-phototronic
effect. As shown in Fig. 7(a), both R and D* values for samples
with Ag NPs are higher than the samples without Ag NPs.
In Table S1 (ESIY), it is shown the dark and photocurrent values
are obtained through I-V and I-¢ measurements, respectively. It
is possible to conclude that the dark current decrease with the
inclusion of the Ag NPs and the photocurrent increases, sug-
gesting that both effects contribute to the increase of R and
D* values.

The rise time (7,) and the fall time (z¢) were also evaluated for
all the samples and are shown in Fig. 7(b). It is possible to

This journal is © The Royal Society of Chemistry 2024

observe that 7, and 7 have minimum values for the sample
Ag@40 and are equal to 3.6 and 65.1 ps, respectively.
The optimal PD parameters achieved in sample Ag@40 are a
consequence of the plasmonic enhancement of the pyro-
phototronic effect.

The stability of the transient response characteristics of the
Ag@40 sample under zero bias and with 650 nm laser illumina-
tion is shown in Fig. 7(c). It is possible to observe that the PD
exhibits a stable response up to 100 cycles.

In order to confirm the size of the Ag NPs in the Ag@40
sample, we performed TEM measurements. Fig. 8(a) is a CTEM
image at low magnification, which shows in diffraction contrast
imaging the morphology of our sample, which contains the
following layers: ITO with an average thickness of 12 + 3 nm,
ZnO with an average thickness of 115 + 5 nm, Ag nanoparticles
with diameter around 60-70 nm and SnO layer with an average
thickness of 22 + 3 nm, and the Si substrate. Fig. §(b) is a
selected area electron diffraction image performed on the TEM
image from Fig. 8(a), and it reveals the crystallinity of the
sample. It contains a set of strong peaks, which can be assigned
to the cubic Si structure of the substrate with space group Fd3m

Mater. Horiz., 2024, 11, 803-812 | 809
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Fig. 8

(@) Conventional transmission electron microscopy (CTEM) image at low magnification of the Si/SnO/Ag NPs/ZnO multilayered structure

corresponding to sample Ag@40 and (b) electron diffraction diagram performed on an area from the TEM image shown in (a). (c) HAADF-STEM image of
the Si/SnO/Ag NPs/ZnO multilayered structure. (d) Energy dispersive X-ray spectroscopy mapping of the high-angle annular dark-field scanning
transmission electron microscopy shown in (c) obtained by overlapping the Si, Ag, Zn, Sn elemental maps. The inset shows a detail of the HAADF-STEM

image showing the Ag NPs at the SnO/ZnO interface.

and a series of diffraction rings, which suggest the presence of
some polycrystalline materials. From the measurements per-
formed on the SAED pattern, we were able to index and assign a
set of diffraction rings as follows: two of them were assigned
to the tetragonal SnO structure with space group P4/nmm and
a=b=0.3849 nm, ¢ = 0.4894 nm lattice constants, with Miller
indices (101) and (002) and the other two were assigned to the
wurtzite structure (hexagonal structure) of ZnO with space
group P63mc and a = b = 0.3237 nm, ¢ = 0.522 nm lattice
constants, with Miller indices (100) and (002). Fig. 8(c) shows
the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of the Si/SnO/Ag
NPs/ZnO multilayered structure.

In order to show the presence and the morphology of the Ag
nanoparticles at the SnO/ZnO interface, we performed EDS
mapping of the HAADF-STEM the results being present in
Fig. 8(c). For every pixel of the HAADF image we acquired an
EDS spectrum, thus obtaining an EDS map of each element
present in the sample. Although, the EDS lines for Sn and Ag
are quite close, we avoid them by choosing weaker lines for the
Ag elemental map, ie. the L line and M lines for the Sn
elemental map. The EDS map shown in Fig. 8(d) was obtained
by overlapping the Si, Sn, Ag, Zn maps and clearly point to a
very sharp interface without any perceptible atomic interdiffu-
sion between the layer, which is limited by the resolution of the
EDS spectrometer. The Ag NPs have a spheroidal morphology

810 | Mater. Horiz., 2024, 11, 803-812

with diameter around 60-70 nm, which is in good agreement
with the SEM measurements. Inset into Fig. 8(d), is a magnified
region of the HAADF-STEM image reveals the presence of Ag
NPs at the SnO/ZnO interface.

Given that the pyro-phototronic effect is usually enhanced
for lower power density,>*" we measured the transient response
characteristics for the best sample Ag@40 with a laser power
density of 317 mW cm ™2 as a function of the different chopper
frequencies, in the range 10 up to 200 Hz. The measured I-¢
curves are shown in Fig. 9(a). It is possible to observe that the

L LI B | LI M I N 1
10 Hz 50 Hz 200 Hz
4 - L
g of - -
E
0 ]:H.H..H..[. L »H U L U _)L)H L
| PR R 1 " 1 L 1 | PR P T - " 1 " 1
0 300 600 0 75 150 0 25 50 750 20 40
t (ms)
Fig. 9 /-t curves for the Ag@40 device at different chopper frequencies

and at a fixed power density of 317 mW cm™2.
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Table 1 Comparison of the R, D*, 7, and 1 of the self-powered PD obtained in this work with recent literature for other pyro-phototronic devices at

different visible excitation wavelength

Structure Power density (mW cm ?)  Wavelength (nm) R (mAW ')  D*(Jones) 7, (us) 75 (us) Ref.
Ag/Si/ZnO/ITO 0.015 442 79.9 2.5 x 10" 600 500 15
Ag/Si/ZnO/ITO 0.34 633 17.9 6.4 x 10° 900 700 15
Ag/Si/ZnO/ITO 0.05 785 17.9 2.9 x 10° 2000 1800 15
Al/Si/ZnO/PEDOT:PSS/ITO  — 648 22.1 — — — 16
Al/Si/Sn0,/ZnO/ITO 36.3 405 36.7 1.5 x 10" 3 2 5
Al/Si/SnO,/ZnO/ITO 36.3 515 53.0 2.0 x 10" 3 2 5
Al/Si/SnO,/ZnO/ITO 36.3 650 64.1 2.4 x 10" 2 1 5
Al/Si/SnO/ZnO/ITO 36 405 93.0 24 x 10" 3.1 2.2 17
Glass/FTO/ZnO/NiO/Ni 0.08 400 3850 9.6 x 10" 24000 21200 32
Al/Si/SnO/Ag NPs/ZnO/ITO 317 650 210.2 5.47 x 10° 2.3 51.3 This work

PD performance is almost independent of the chopper frequency.
The PD parameters R, D* and S were found to be 210.2 mA W™,
54.7 x 10° Jones and 15.0 x 10%, respectively, while 7, and t; are
2.3 and 51.3 ps, respectively for a chopper frequency of 10 Hz. This
corresponds to an enhancement of 2.9 times in R and D*, and a
decrease of the 7, and 7¢ of 36 and 21%, respectively, when
compared to the same parameters measured at 877 mW cm >,

Table 1 shows a comparison of the R, D*, 1, and t¢ of the self-
powered PD obtained in this work with recent literature for
other pyro-phototronic devices at different visible excitation
wavelength. The present PD exhibits excellent responsivity, and
the ultrafast fall and rise time make it promising for visible
light detection. In addition, the lower detectivity observed in
the present PDs can be attributed to an increase of the dark
current observed in the samples with Ag NPs.

4. Conclusion

Different to earlier works, Ag NPs were included to exploit the
synergistic combination of the plasmonic effect and the pyro-
phototronic effect to further enhance the visible response of a
self-powered photodetector. To achieve that, a novel Al/Si/SnO/
Ag NPs/ZnO/ITO device PD was developed. The influence of Ag
NP morphology and optical properties on the photoresponse
performance were explored after illumination with 650 nm
laser light. Spheroidal Ag NPs with a diameter of ~70 nm
produced the optimum performance, ie. to a strongly
enhanced pyro-phototronic effect. The PD exhibited a respon-
sivity, detectivity and sensitivity of 210.2 mA W™, 5.47 x 10°
Jones and 15.0 x 10%, respectively, together with a rise and fall
time of 2.3 and 51.3 ps, respectively. Through the plasmonic
approach, in ZnO-based photodetectors it was possible to
double the responsivity, while keeping an ultrafast rise and fall
time response. The results are explained based on the coupling
between the photovoltaic effect at the Si/SnO junction, and the
plasmonic effect of the Ag NPs and the pyroelectric effect in
ZnO that provided an extra electric field at the SnO/ZnO
junction for charge separation. Moreover, the electromagnetic
interaction of Ag NPs array with light excitation was elucidated
through finite element simulations that confirm that the pyro-
and photocurrent is caused by more effective charge-carrier
separation at the junction due to the presence of an additional
electric field from the LSPR effect. Therefore, the present work

This journal is © The Royal Society of Chemistry 2024

demonstrates that the combination of plasmonic Ag NPs
with a ZnO pyroelectric film and a n-Si/p-SnO heterojunction
is a promising materials combination for achieving highly-
responsive and sensitive ultrafast photosensors.
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