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Abstract

We report on the coupling of ZnO nanoparticles with plasmonic gold nanoislands in a
solution processed photodetector, which results in a clear enhancement in the optical absorption
and the electrical responsivity of ZnO nanoparticles to cover the visible and the near-IR (NIR)
spectral range, well beyond its intrinsic optical absorption. This enhancement, which arises from
the coupling between ZnO nanoparticles and the plasmonically mediated hot electron generation
in the Au plasmonic nanoislands, results in a significant plasmonically driven photoresponse in
the NIR of 2.5x10> A/W. The recorded photocurrent exhibits a persistent behaviour, which is
attributed to surface defect states in the ZnO nanoparticles. This study provides a route to solution
processed, low-cost device fabrication schemes with important implications on low processing
temperature optoelectronics technology to enhance the performance of photovoltaic devices over
a wide solar spectrum. Additionally, this unusual behaviour paves the way towards harnessing

plasmonic resonances to probe and examine the surface defects of metal oxide semiconductors.

Keywords: ZnO nanoparticles, Plasmonic photoconductivity, hot electrons, gold nanoislands



1- Introduction

Solution processable semiconductors show promising optoelectronic features with highly
scalable compatibility for the next generation of smart products, low-cost optoelectronic devices
and medical sensors [!]. Solution processed ZnO shows a great potential due to its abundance, low

2,34

cost, ease of processing and unique optical properties >4, Consequently, there is an extensive

literature on its ultraviolet photoconductivity (PC) 1.

However, photodetection of longer wavelengths of the optical spectrum, such as in the near-
infrared (NIR), underpins a range of key applications ranging from free-space optical
communication to chemical sensing and biomedical imaging %781, This is usually achieved by
complex systems involving costly compound material structures 1 such as GaAs, which renders

(197 and highly dependent on a limited

photodetector fabrication, and their applications, expensive
number of foundries worldwide. Moreover, such detectors cover only a specific spectral range,
mostly in the NIR, 1-2 pm, which makes them incompatible with low-cost manufacturing for

multiwavelength photodetection systems.

On the other hand, solution-processed techniques have recently revolutionized the photodetector
fabrication industry, enabling high performance, low cost and large-scale production to be viable

t 11121 ZnO, among other metal oxide

without the need for complicated evaporation equipmen
semiconductors, is a material of choice for solution-processed photodetectors. It exhibits
promising optoelectronic properties with superior chemical stability and photocorrosion
resistance, while remaining a highly affordable and abundant material. On the other hand, due to
its wide bandgap of 3.37 eV, ZnO photoexcitation is limited to the UV part of the spectrum, which

greatly limits its applications in optoelectronic devices at longer wavelengths H3:14],

However, recent work has shown that the photoresponse of ZnO can be extended to cover the
visible ['* and the near-infrared (IR) ['% by modifying the material’s bandgap with either intrinsic
doping, inherited in the ZnO nanostructures mainly by the fabrication process, or extrinsic doping

by adding another material, or both 17:18]

, as well as through coupling to other materials, such as
perovskite ['). However, such processing techniques often lead to broad visible PC spectral ranges
with spectral bandwidths of the order of 100 nm, therefore hindering their applications in imaging

and photodetection devices.



In parallel, the generation of hot charge carriers by plasmonic nanostructures has recently
gathered a large interest (29, Plasmonic resonances can decay either via scattering into a photon,
or via the excitation of electron-hole pairs with energy higher than the Fermi energy, which quickly
thermalise through electron-electron scattering, giving rise to a Fermi-Dirac distribution
corresponding to a much higher electron temperature. Subsequently, through collisions with the
lattice, this extra energy is dissipated as heat in the material, corresponding to the commonly
known Ohmic losses. In the few hundred to thousand femtoseconds before the electron
temperature thermalises, the corresponding hot charge carriers can be used to drive photochemical
or photocatalytic reactions 21221, or create a photocurrent after tunnelling into the conduction band
of a nearby semiconductor (231, Such plasmonically generated hot-charge carriers have been used
to enable sub-bandgap photoresponse over a wide spectral range, from the UV to the far-infrared
[23.24] " Additionally, hot electrons injection has been found to be an effective strategy to enhance

the electrical photoresponse of wide bandgap semiconductors below their optical band gaps

[25,26,27]

Here, we demonstrate a NIR photoresponse from a vertical configuration photodetector device
based on ZnO nanoparticles photosensitized by randomly distributed Au nanoislands, which are
used to stimulate sub-bandgap photo-charge carriers in ZnO by hot electrons injection, arising
from the decay of surface plasmons. The Au nanoislands allow to cover a spectrally broad near-
infrared plasmonic resonance due to their inherent random shape and size, and represent a

28,29.30] The unusual

relatively fast and cost-effective method to create plasmonic nanostructures [
plasmonic behaviour observed here (persistent and relatively high PC) emphasizes the crucial role

of surface defect states in such plasmonic photodetection devices.

2- Experimental method

Device fabrication
Two types of devices were fabricated following a simple vertical configuration structure: a

plasmonic device and a reference device. The plasmonic device (shown in figure 2) incorporates
Au nanoislands (ITO/PEDOT/Au/ZnO/Al) while the reference device has the same structure
without Au nanoislands (ITO/PEDOT/ZnO/Al). All devices were built on pre-patterned 100 nm
ITO fingers (20 Q / square) evaporated on a 20 nm coating of SiO: (synthetic quartz) overlying a

20x15 mm? polished soda-lime, float glass substrate bought from Ossila. Each working device



consists of three ITO fingers, with each finger measuring 100 um by 10 mm, all connected to a 2
mm wide ITO pad (figure S1 of the supporting information). Each substrate contains 8§ working
devices, which can be addressed individually by connecting a needle probe to the relevant ITO

pad.

The substrates were cleaned thoroughly followed by UV/Ozone treatment for 3 min, to remove
any organic and impurities remaining on the surface and to improve surface wettability. The
devices were then fabricated by sequential spin-coating and thermal evaporation on the substrates.
First, a 30 nm layer of PEDOT:PSS (poly(3,4-ethylene dioxythiophene) polystyrene sulfonate),
(Ossila Ltd) was spin-coated in air at 2000 rpm for 30 sec followed by thermal annealing at 150
°C for 10 min in air. Then, a high purity gold thin film of thickness =25 nm was thermally
evaporated on top of the PEDOT:PSS layer at a rate of 0.1 A/sec and under a pressure of 5x1077
mbar using an HHV Auto 500 multifunctional evaporator. During the thermal evaporation, the
devices were positioned approximately 30 cm from the gold crucible (on a rotating holder) inside
the evaporation chamber to prevent any excess heating of the PEDOT:PSS layer. Finally, a 120
nm (£ 5Snm) layer of ZnO nanoparticles was deposited by spin-coating at 2000 rpm for 30 sec from
a suspension of ZnO NPs (2.5 wt.%) in chloroform. The ZnO NPs solution was prepared in-house
using literature methods with some modification. More information on the preparation method can
be found in our publication B!, This was followed by a final annealing at 150 °C in air for 10 min.
The devices were then irradiated for 2 min by UV/Ozone to remove any organic ligands attached

to the ZnO nanoparticles before evaporating a 150 nm thick Al back electrode.

Device characterisation

Photocurrent measurements were performed as a function of illumination wavelength using a high
intensity, 150 W Xenon white light solar simulator (Abet Technologies, model 10500) as the light
source, covering the wavelength range 400 nm to 1800 nm. The devices were irradiated from the
ITO side. Narrow spectral bands were selected using a set of dielectric bandpass filters (Thorlabs)
with 10 nm bandwidth (£3 nm) and central transmission wavelengths of 600 nm, 650 nm, 700 nm,
750 nm, 800 nm, 850 nm, 900 nm, and 950 nm. The photocurrent maximum for each wavelength
was corrected for each filter’s FWHM to account for any variation in the bandpass spectral width
in the visible and near-IR. Optical absorption spectra were measured using a Thermo Scientific

(EVOLUTION 220) spectrophotometer over the wavelength range 300 nm to 1000 nm. The



incident light intensity was measured using a digital compact power and energy meter console
with calibrated photodiode sensors from Thorlabs (PM100D). The devices were irradiated with a

normally incident light beam covering the whole device area.

The Atomic Force Microscopy (AFM) was recorded in tapping mode using TESP-V2 etched
silicon probes (42N/m, 320 kHz, without reflecting coating to the back of the tip) on a Bruker
Dimension Edge device with ScanAsyst. The surface profile of the Au nanoislands film was
plotted using Imagel] software (1.51j8). I-V (current-voltage) and transient photocurrent
measurements were recorded using two electrical needle probes connected to a 2400 Keithley

source meter interfaced with a computer through the BenWin+ software.

3- Results and discussion

Device morphology and optoelectronic properties
Transmission electron microscopy (TEM) results (figure 1A) shows the crystalline structures of

ZnO NPs with an average diameter of 12 nm. X-ray diffraction patterns (XRD) of ZnO NPs film,
shown in figure 1B, confirming the wurtzite crystalline phase of ZnO NPs. The kinetics of Au
nanostructures formation during the deposition process are strongly dependent on the atom-
substrate interactions, inherently linked to the substrate nature, and are ultimately found to follow
the Wolmer-Weber 32! film growth model, often leading to the formation of 3D Au nanoislands
1331, Consequently, the formation of well-defined Au nanoislands on PEDOT:PSS results from the
molecular scale structures of the PEDOT:PSS surface composition,**] which has been shown to

hinder the diffusion of gold atoms on the surface and facilitate the gold nucleation process 3331,

In this study, the Au nanoislands deposited on the PEDOT:PSS surface have a nominal thickness
of 25 nm, measured with a calibrated QCM (quartz crystal monitor), and create plasmonic
nanogaps with sizes ranging 10-50 nm (Figure 2A). A typical surface profile of the deposited Au
nanoislands film deposited on top of PEDOT:PSS is shown in figure 2B. The effect of the Au
nanoislands is clearly visible on the device extinction spectrum (Figure 3A), taken in transmission
before evaporating the back-aluminium electrode, which clearly displays the characteristic
broadband extinction peak between 600 nm and 900 nm. This optical response depends on the
morphology of the nanoisland film (nanoislands size, shape and thickness) and can be tuned

accordingly %37], Six plasmonic substrates were prepared with identical preparation conditions,



all of which show a very good level of reproducibility, with the data collected from all devices

showing a very good repeatability.
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Figure 1: (A) TEM of the as prepared ZnO nanoparticles used in this work. (B) XRD of ZnO NPs powder
showing the typical wurtzite crystalline structure.

Two device geometries were fabricated: plasmonic devices incorporating the Au nanoislands
(ITO/PEDOT/Au/ZnO/Al), and a reference device with the same structure but without Au
nanoislands (ITO/PEDOT/ZnO/Al) (Figure 2C).

In parallel with the device morphology, charge transfer between the various device layers directly
impacts the optoelectronic properties of the device. Figure 2D illustrates the energy band diagram
of the plasmonic device. The ZnO nanoparticles workfunction (4.3 eV) [3¥] results in the formation
of an ohmic contact with the aluminium (Al) layer 3831 and a p-n junction with the PEDOT:PSS

(401, On the other hand, since the gold workfunction is 5.1 eV, the interface between ZnO

layer
nanoparticles and the gold nanoislands corresponds to a Schottky junction, with a barrier height
up to 1 eV depending on the junction quality and interface conditions [*®]. This junction structure
is supported by the dark I-V (current-voltage) measurements recorded for both the plasmonic and

reference devices with different applied voltages polarity (figure S2 in the supporting information).
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Figure 2: (A) AFM topography of gold nanoislands evaporated on top of PEDOT:PSS. The inset is a
magnification image illustrating the nanogaps existing in the Au nanoislands film. The AFM inset image
has a scale of 100 nm. (B) Surface profile of the Au nanoislands film, corresponding to the cross-section
illustrated by a yellow line in the AFM image in (A). (C) A schematic representation of the plasmonic near-
IR photodetector device incorporating gold nanoislands evaporated on top of a PEDOT:PSS layer. Each
working device consists of three ITO fingers connected to the same ITO pad. (D) Energy band diagram
showing the energy levels offset of the plasmonic device investigated in this work. The interface energies
of ITO/PEDOT:PSS/Au/ZnO NPs/Al were based on references [*'*¥],



The optoelectronic properties of the reference device show no photocurrent in the probed visible-
NIR region, 600-950 nm, with photon energies well below the ZnO bandgap. On the other hand,
the plasmonic device displays a clear photocurrent in the wavelength range between 600 and 850
nm, peaking at 800 nm. Although corresponding to energies well below the ZnO bandgap energy,
the absence of this photocurrent in the reference device and its spectral overlap with the plasmonic
resonance of the Au nanoislands in the device (Figure 3A, Figure S3 A&B, supporting
information) clearly indicate that it arises from the plasmonic hot charge carrier generation in the

Au nanoislands.

In parallel, photocurrent values show a rapid decrease deviating from the absorption curve for
irradiation at longer wavelengths, as shown in figure 3A. This sharp decrease is attributed to the
lower photon energy at those wavelengths, which greatly decreases the probability for electrons to
overcome the Schottky barrier between the gold and the ZnO NPs. The enhancement in the NIR
photocurrent can be understood through Fowler theory which explains the efficiency of the hot
electrons injection process from the metal to the semiconductor through the Schottky junction
(42431 The efficiency of hot electron injection through the metal-semiconductor barrier is found to
be affected by the nanostructuring of the plasmonic metal, which can ultimately lead to an

44451 Furthermore, when

enhancement of the injection process and a lowering of the barrier height [
electrons can only be scattered at the metal-semiconductor interface, the momentum conservation
requirement is found to be relaxed ). Under such conditions, Fowler’s original expression for the

hot electrons injection quantum yield (QY) can be rewritten as 14/): QY(,,) = (hw — Ep)/(2hw),

where hw is the photon excitation energy and Eg is the Schottky barrier height. Herein, we
calculated the hot electron injection yield in the NIR utilizing the plasmonic absorption of our
device as shown in figure 3B, S4. The reproduced photocurrent data (the efficiency of hot electron
injection) supporting the experimentally measured plasmonic photocurrent is illustrated in figure

3A.

The NIR photocurrent of the plasmonic device was further investigated by illuminating the
device under constant bias voltage with light of 850 nm wavelength and recording the photocurrent
as a function of incident light power (Figure 3C, S5). The photocurrent values show an almost
linear increase with incident light power, with minor deviations from the fitting line attributed to

charge trapping in ZnO NPs 8], either through activation of charged traps or filling of empty traps.



The device responsivity can be derived from the photocurrent (Figure 3C), and shows that, in our
plasmonic device, the responsivity decreases with increasing incident light power. This can be
attributed to the electrons reimbursement process (charge balancing maintained by the
PEDOT:PSS layer) by which hot electrons can be generated and sustained in the gold and injected
in the ZnO 49301,

The observed photocurrent responsivity of 2.5x10° A/W is comparable to values previously
reported, e.g. 3.5 mA/W for plasmonic photocurrent stimulated by Au nanoislands on silicon
substrate by Nazirzadeh et al. ! and 0.6 mA/W by periodic gold gratings on silicon by Sobhani
et al.52l, Plasmonic photocurrent was also observed in other different device structures utilizing

Au nanoislands as a broadband absorbers [23:54:24],
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Figure 3: Shows (A) The absorption spectrum of the investigated devices combined with their photocurrent
data measured at different wavelengths using bandpass filters. The photocurrent data were corrected with
the bandpass FWHM. The inset shows a magnification to the normalized plasmonic photocurrent and
absorption of the plasmonic device in the NIR. (B) The hot electron injection yield calculated by
multiplying Fowler’s equation with the plasmonic absorption of Au nanoislands. Each point is averaged
over the spectral bandwidth of the notch filters used in the experiment to enable a direct comparison with
the experimental results. (C) The recorded photocurrent and responsivity at 850 nm as a function of incident
power as shown in the supplementary figure S4. Neutral density filters were used to adjust the light power
to the desired values. (D) The fitted photocurrent transient of the plasmonic device irradiated at 850 nm for
5 minutes with 10 mV bias applied across the device.
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Mechanism of photocurrent generation
Improving optical absorption is an important step towards an effective photocurrent generation.

In this work, the ordinary ZnO absorption was spectrally extended through the plasmonic
resonances of Au nanoislands, with the observed persistent photocurrent in the near-IR a direct
consequence of the plasmonic generation of hot charge carriers in the Au nanoislands.
Additionally, the large interface area of the Schottky barrier between the Au nanostructures and
the ZnO NPs layer enables the efficient separation of the plasmonically generated hot electrons

necessary for the generation of a photocurrent 5%,

To get further insight into the hot charge carriers injection mechanism, the time evolution of the
plasmonic device photoresponse was recorded, with the device illuminated at a wavelength of 850
nm (probing the plasmonic hot charge carrier generation from the Au nanoislands) for 5 minutes
and in the dark for the following 5 minutes (Figure 3D). Fitting of the transient photocurrent curve
yields the time constants of the plasmonic device and can best be described by using a double

exponential function with two different time constants (7, and 7, ) for the rise [y = y. +

Ale(x/fl) + Aze(x/fz)] and decay [y = y- + Ale(_x/fl) + Aze(_x/fz)] photocurrent responses
respectively. As the device is illuminated, the resulting photocurrent shows two timescale
components; a fast rise component (7;) with time constant of 9.5 sec followed by a slow
photocurrent evolution with time constant (7,) of 73.5 sec. When the illumination is switched off,

photocurrent also shows a fast and slow decay time constant of 15.5 sec and 81.7 sec respectively.

Despite having its origin in plasmonically mediated hot charge carriers, the near-IR photocurrent
observed here displays slower time constants compared to what is normally reported for this

mechanism [56-57:581,

In fact, the timescales observed are consistent with the persistent
photoconductivity in ZnO NPs, attributed to the polycrystalline nature of ZnO and the inherited
surface trap states which facilitate the quality of the established junction interface with the Au
nanostructures [**6%, Additionally, the reduction of the Schottky barrier as a result of charge
trapping in ZnO surface defects results in an increase in PC after trap saturation [*1. Indeed, the
incorporation of plasmonic metal nanoparticles with metal oxides was shown to increase the
oxygen vacancy defects concentration and create shallow charge traps which improve charge

611

transportation across the metal nanoparticles-semiconductor interface [®!l. Consequently, we

propose that the observed large enhancement in NIR photocurrent, accompanied with slow rise

11



and decay times well below the bandgap energy of ZnO, is attributed to hot electrons injected into
surface defect traps by tunnelling through the Schottky barrier leading to trap saturation and hence
slow time constants. The coupling between localized surface plasmons and the defect states in the

surrounding medium is also supported by other research groups like Hwang et al. [ and Lian et

al. 471,

4- Conclusion

In summary, a solution processed photodetector based on ZnO nanoparticles was demonstrated for
the visible to near-IR wavelength range by capitalising on the plasmonically generated hot charge
carriers of Au nanoislands. In addition to maintaining charge balance, Au evaporation onto the
PEDOT:PSS layer allowed for the formation of nanoisland structures without the need for
temperature annealing. The resulting plasmonically enhanced ZnO photodetector device exhibits
a photoresponse in the visible-NIR range of 2.5x10> A/W, therefore providing a route to solution
processed, low-cost device fabrication schemes with important implications on low processing
temperature optoelectronics technology to enhance the performance of photovoltaic devices over
a wide solar spectrum. Additionally, the persistent nature of the observed photocurrent indicates
the significant role of surface defects electrons in the photocurrent dynamics, opening the route

for the development of new techniques in probing surface defects.

Supplementary Material

See supplementary material for more details on the plasmonic working device and its -V
characteristics. The file also shows the recorded responsivity transient as a function of wavelength.
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