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Abstract

We report on the surface functionalization of ZnO nanowire (NW) arrays by attachment of
carbon nanodots (C-dots) stabilized by polyethylenimine. The photoconductive properties of
the ZnO NWs / C-dots devices were investigated under photoexcitation with photon energies
below and above the ZnO bandgap. The results indicate an increased photoresponse of the func-
tionalized devices in the visible spectral range, as well as enhanced UV photoconductivity. This
is attributed to the fast injection of photoexcited electrons from the C-dots into the conduction
band of the ZnO NWs, and the subsequent slower desorption of molecular species from the NW

surface, which reduces the surface depletion region in the NWs. The surface functionalization



of the ZnO NWs by carbon nanodots also impacts the dynamics of the photocurrent decay,

inducing a slower relaxation of the photogenerated charge carriers.

Introduction

The design of hybrid devices based on nanostructured materials is a crucial issue in several
fields of modern nanotechnology, since it offers the opportunity to achieve enhanced device
performance and novel functionalities [1, 2, 3, 4, 5]. In optoelectronic applications, the success-
ful combination of complementary material properties allows, for instance, obtaining high pho-
ton absorption and conversion efficiencies into photogenerated charge carriers, as well as effi-
cient charge collection at the electrodes. In this respect, a significant example is the assembly
of nanostructured dye-sensitized solar cells, which were introduced in 1991 by O’Regan and
Gritzel [6]. The dye is characterized by a suitable absorbance in the visible spectral range and
acts as a photosensitizer, providing photogenerated electrons to the TiO: electrode. The latter
favors an efficient collection of the charge carriers, being characterized by a wide band gap of

3.2 eV and high electron mobility.

In the past decade, huge interest has been devoted to the development of such hybrid devices,
including ZnO nanowires (NWs) functionalized with colloidal semiconductor quantum dots
(QDs) [7, 8, 9]. ZnO is a metal oxide semiconductor with a wide band gap of 3.37 eV at room
temperature, unintentional n-type conductivity and high electron mobility. Additionally, it is
biocompatible and can be synthetized at low costs by a variety of physical and chemical meth-
ods [10, 11, 12]. Due to unique geometrical properties such as large surface-to-volume ratio
and aspect ratio as well as excellent crystalline quality, ZnO NWs provide a direct electrical
pathway for charge carriers and an optimal surface morphology for the attachment of nanostruc-

tured sensitizers.



Semiconductor quantum dots (QDs) have shown remarkable advantages as photosensitizers
compared to traditional organic dyes, including higher stability, size-tunable energy gap, high
absorption coefficients and the potential to generate multiple electron-hole pairs by absorption
of a single photon [13, 14, 15]. The surface functionalization of ZnO NWs with semiconductor
QDs of various material composition and sizes has allowed for developing nanoscale solar cells
and photodetectors with increased absorption in the visible spectral range as well as fast charge
transfer dynamics in the range of ps at the interface between the NW and the QD [16, 17].
However, most of commonly exploited colloidal semiconductor QDs contain toxic elements
such as cadmium, selenium, and/or nickel, which constitute a serious environmental issue for
the large-scale applications of such hybrid devices. Therefore, intense research efforts are cur-

rently devoted to the synthesis and investigation of alternative nanostructured material systems.

Among those, carbon nanodots (C-dots) constitute a novel class of nanoparticles characterized
by excellent properties such as low toxicity, chemical stability, tunable absorption and lumi-
nescence as well as up-conversion fluorescence [18, 19, 20]. In particular, their optical proper-
ties can be tailored by doping or surface functionalization with various molecules. For these
reasons, the design and development of hybrid solar cells and photodetectors consisting of ZnO
NWs functionalized with C-dots are extremely attractive for the future development of sustain-

able “green” optoelectronics.

In the present work, we synthesized nanostructured hybrid devices consisting of a ZnO NW
array grown on interdigitated finger electrodes on top of a sapphire substrate, and C-dots stabi-
lized with polyethylenimine molecules. The C-dots were anchored onto the NW surface by
chemical bonding between the outgoing amino groups of the C-dots stabilizer and the zinc ions
at the surface of the NW [21]. The photoconductive properties of the functionalized devices
were investigated upon selective light excitation with photon energies below and above the

band gap of the ZnO. Compared to the pristine ZnO NWs, we demonstrated both increase of



the device’s photoresponse in the visible spectral range as well as enhanced UV photoconduc-
tivity. This is attributed to the fast injection of photoexcited electrons from the C-dots into the
conduction band of the ZnO NWs, and the subsequent slower desorption of molecular species
from the NW surface, which reduces the surface depletion region in the NWs. Furthermore, we
discuss the impact of the surface functionalization of the ZnO NWs on the dynamics of the

charge-carrier relaxation.

Experimental section

ZnO NW arrays were produced according to the following procedure. At first, interdigitated
finger electrodes were defined on a sapphire substrate by means of photolithography and ther-
mal deposition of Ti (30 nm) and Au (300 nm). Every electrode finger had a width of 59 pm
and was separated from the direct neighbor by a gap of 118 um (Figure 1 (a)). Subsequently, a
photoresist layer was applied on the substrate and processed in order to limit the following
growth of the NWs to the area spanned by the interdigitated electrode pattern (2.0 mm x
2.5 mm). A ZnO seed layer for the NW growth was then deposited on the substrate by DC
sputtering using a Zn target in high purity argon (99.999 %), and subsequent Zn oxidation by
thermal annealing in air at 500 °C for 1 hour. The subsequent growth of the NWs was then
performed by means of an established hydrothermal method [22]. Finally, the devices were
annealed for 1 hour at 500 °C in air, in order to obtain low-resistive ohmic contacts. Figure 1 (b)
shows an optical microscope image of a typical ZnO NW device. A scanning electron micro-
scope (SEM) image of a pristine device (Figure 1 (c¢)) shows a dense film of nearly vertical

NWs with average diameters of 150 — 200 nm over the full 2.0 x 2.5 mm area.

The C-dots were synthesized via pyrolysis according to a reported protocol [23]. At first, 2.0 g
citric acid monohydrate (Sigma-Aldrich) and 0.5 g polyethylenimine (ethylenediamine

branched, Mw ~ 800, Sigma-Aldrich) were dissolved in 15 mL of double-distilled water. The
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Figure 1. (a) Schematic representation of interdigitated finger electrodes on a sapphire sub-
strate. (b) Optical microscope image of a pristine ZnO nanowire array grown on the finger
electrode pattern. (¢) Scanning electrode microscope image of a dense film of nearly vertical
Zn0O nanowires before functionalization. (d) Scanning electrode microscope image of the
ZnO nanowires after surface functionalization with carbon nanodots in aqueous solution

with pH 4.

resulting solution was then heated to 180 °C in an open beaker. As soon as the solvent was
almost completely evaporated and a yellow gel was formed, 2 mL of double-distilled water
were added, in order to prevent it from scorching. This procedure was repeated five times until
the color changed to orange. This afforded a total heating time of about 20 min. The C-dots
were purified by silica column chromatography with 0.01 M aqueous HCI as eluent, neutralized
with solid NaHCOs3 and freeze-dried. By adding distilled water, HCI, or NaOH, C-dot solutions

with a mass concentration of 0.08 % and a pH of 1, 4, or 9 were obtained. Then, 45 pL of the



solution were dropped onto the NW arrays, which were kept in air for several hours until the
complete evaporation of the volatiles. In the following, unless the pH value is explicitly men-
tioned, we will always refer to the solution with pH 4. Figure 1 (d) shows an SEM image of a
functionalized device. No significant modification of the NW film morphology can be observed
with respect to the pristine device (Figure 1 (¢)), indicating the absence of strong etching or

corrosion effects.

The optical properties of the C-dots in solution and both the pristine and functionalized devices
were investigated by means of UV-Vis absorption and photoluminescence (PL) spectroscopy.
The absorption measurements were carried out with a UV-Vis-NIR spectrophotometer (Jasco,
model V-670), while the PL measurements were performed by using a continuous wave He-Cd

laser as a light excitation source (photon energy 3.81 eV).

The electrical characterization of the devices was conducted in air at room temperature by using
a source-measure unit (Keithley, model 2400) and measuring the electric current under appli-
cation of a voltage difference between the electrodes. A xenon lamp equipped with a 200 mm
monochromator was used to generate wavelength-tunable excitation light with bandwidth of
around 10 nm at each center wavelength between 600 nm and 390 nm. The excitation intensity
was around 40 pW / cm? in the blue and red spectral regions, with a peak value of 80 uW / cm?

in the green one.

Results and discussion

The normalized absorption and PL spectra of the as-prepared C-dots in solution are shown in
Figure 2. The absorption spectrum, in logarithmic scale, is normalized with respect to the max-
imum of a broad peak at around 5.6 eV. An additional absorption peak is centered at 3.4 eV

and presents a shoulder, which extends into the visible spectral range. The main absorption peak



with maximum at 5.6 eV is assigned to electronic transitions from the highest occupied molec-
ular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) in the aromatic do-
mains in the core of the C-dots [24, 25]. Such electronic transitions are schematically indicated
in Figure 2 as - . The broadness of this peak is attributed to the presence of aromatic domains
with slightly different size and correspondingly different separation between the HOMO and
the LUMO [20]. The absorption peak with maximum at 3.4 eV is instead ascribed to electronic
transitions occurring at the surface of the C-dots [24, 25]. These transitions involve HOMOs
and LUMOs which are formed between carbon atoms at the surface of the C-dots and nitrogen
or oxygen atoms belonging respectively to the amino groups of the polymer shell and to car-
boxyl groups as a rest of the citric acid used as a carbon precursor in the solution [23]. These
electronic transitions are indicated in Figure 2 as n - ". The absorption shoulder in the visible
spectral range is instead caused by a continuum of localized states at the surface of the C-
dots [25]. The normalized PL spectrum of the C-dots in solution, shown in linear scale, is meas-
ured upon laser excitation at 110 mW / cm? and is dominated by an emission peak in the visible
spectral range with maximum at 2.64 eV. The large Stokes shift of 0.76 eV can be induced by
several processes, including the relaxation of the photogenerated charge carriers at surface
states [25] and the formation of self-trapped excitons [26]. In Figure 3, the normalized PL spec-
trum of the C-dots in solution is compared to the normalized spectra of both the pristine and the
functionalized devices. The pristine device was excited at 8 kW / cm? by focusing the laser spot
onto the device on an area of 20 pm?. For the PL measurements on the functionalized device
the excitation intensity was reduced down to 150 W / cm? by means of a neutral density filter,
in order to avoid sample degradation. The spectrum of the pristine device is characterized by
two distinct emission bands. The most intense one, centered at 3.29 eV, is the near-band-edge
emission (NBE) of the ZnO, which originates from excitonic recombination processes and their

phonon replica [27]. The second emission band, with maximum at 2.0 eV, is the deep-level
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Figure 2. Absorption and photolumines- Figure 3. Photoluminescence spectra of
cence spectra of the synthetized carbon nan- the carbon nanodots in solution (pH 4) as
odots in aqueous solution with pH 4. Both well as of pristine and functionalized ZnO
spectra are normalized with respect to the nanowire arrays. The spectra of the pris-
corresponding dominant peak. The absorp- tine and the functionalized devices were
tion spectrum is shown in semi-logarithmic measured upon light excitation at photon
scale. The electronic transitions correspond- energy of 3.81 eV and an excitation inten-

ing to main absorption peaks are indicated. sity of 12 kW /cm? and 40 W /cm?, re-
The photoluminescence spectrum was meas- spectively.
ured under laser excitation at 3.81 eV and an

intensity of 110 mW / cm?.

emission (DLE) and it is caused by the radiative recombination of charge carriers at deep defect
levels of the ZnO [28]. The minor peak at 1.65 eV is the second diffraction order of the NBE.
The PL spectrum of the hybrid device shows both the NBE and the DLE as well as the charac-
teristic emission band of the C-dots in solution, which appears as a shoulder of the DLE. This
demonstrates the successful attachment of the C-dots to the surface of the ZnO NWs. We as-
sume that the C-dots anchor onto the NW surface by chemical bonding between the outgoing
amino groups of the C-dot stabilizer and the zinc ions at the surface of the NW [21]. Unlike the
PL spectrum of the pristine device, the one of the functionalized device is dominated by the
DLE. However, this cannot be conclusively attributed to an increased density of defect levels

in the functionalized device. This is because the ratio between the DLE and the NBE in ZnO
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Figure 4. (a) Current - Voltage characteristics of pristine and functionalized ZnO nanowire
arrays in dark. The linearity of the curves indicates the formation of Ohmic contacts. The
lower conductivity of the functionalized device is attributed to the likely formation of de-
fects at the nanowire surface occurring during functionalization. Both curves are compared
in semi-logarithmic scale in the inset of the figure with the Current —Voltage characteristics
of a reference device without nanowires. (b) Schematic representation of pristine device: the
electric current flows through the nanowire film due to local junctions occurring between

the nanowires.

depends, among other factors, also on the excitation intensity [29, 30, 31], which was adjusted
at significantly different values for the PL measurements on the pristine and the functionalized
devices.

The Current-Voltage (I-V) measurements on the pristine and the functionalized devices in dark
are shown Figure 4 (a). The I-V characteristics are linear in both devices over a large voltage
range, indicating the formation of Ohmic contacts. The lower dark conductivity of the function-
alized device is attributed to the formation of defect states at the NW surface, likely occurring
during the functionalization process. Additionally, both I-V characteristics are compared in the
inset of the figure with those of an unfunctionalized reference device (dashed line), which was
produced just with the sputtered ZnO layer but without growth of the NWs. The conductivity

of the reference device is more than four orders of magnitude lower than that of the pristine



device, indicating that the ZnO seed layer itself does not play any significant role in the electron
transport process because of its high resistivity. The electric current flows instead through the

multiple junctions occurring between the NWs, as schematically illustrated in Figure 4 (b).

The photoconductivity properties of the hybrid devices were investigated at first under light
excitation with photon energies below the band gap of ZnO in a wide spectral range from
600 nm (2.06 eV) to 390 nm (3.18 eV), in steps of 25 nm. For every measurement, the current
was initially measured in dark conditions for 20 s at a voltage difference of 1 V between the
device’s electrodes and then for further 20 s upon light excitation at the selected excitation
wavelength. An additional measurement was performed according to the same experimental
procedure under light excitation at 360 nm (3.45 e¢V), above the band gap of ZnO. As an exam-
ple, Figure 5 (a) shows the temporal dependence of the photocurrent in both the pristine and the
functionalized devices under light excitation at 500 nm (2.48 eV). The photocurrent in the func-
tionalized device rises up to 1.06 pA within 20 s, whereas it reaches only 0.14 pA within the
same temporal interval in the pristine one. Both curves can be well described by an empirical
function L,, o t%. The obtained values of a (0.3 and 0.8 for the pristine and the functionalized
device, respectively) indicate that the temporal dependence of the photocurrent in the pristine
device has a more pronounced sublinear character than in the functionalized one. The photo-
current generated in both devices was then calculated as the difference between the maximum
current under light excitation and the dark current, and is plotted as a function of the selected
photon energy in Figure 5 (b). The pristine sample shows poor photoresponse in the visible
spectral range, which is attributed to the excitation of defect levels in the ZnO. A drastic in-
crease of the photocurrent is observed above 3.1 eV due to the direct photoexcitation of elec-
trons from the valence to the conduction band of ZnO. As a remark, the direct photogeneration
of charge carriers at this photon energy threshold below the band gap of the ZnO (3.37 eV) is

allowed by the non-negligible spectral width of the light beam selected by the monochromator.

10
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Figure 5. (a) Temporal dependence of the photocurrent in pristine and functionalized ZnO
nanowire arrays under light excitation at 500 nm (2.48 eV). Fitting functions I,, o t% are
indicated by white dashed lines. (b) Photocurrent in both devices as a function of the exciting
photon energy. Both curves are compared in semi-logarithmic scale in the inset of the figure
with that from a reference device without carbon nanodots, which was treated in an aqueous
solution of HCI with the same pH 4 of the functionalizing solution. (c) Model for the pho-
toconductivity enhancement in the functionalized device upon light excitation with photon
energies below the band gap of ZnO. The main steps of the process are indicated: (1) ab-
sorption of the incident photons in the C-dots and excitation of the electrons from the HOMO
to the LUMO; (2) injection of the photoexcited electrons into the conduction band of the
ZnO nanowire; (3) Desorption of ionosorbed species from the ZnO surface favored by their
electrostatic interaction with the holes left in the C-dots; (4) Consequent reduction of the
surface band bending. (d) Photocurrent as a function of the exciting photon energy in ZnO
nanowire arrays functionalized with carbon nanodots in aqueous solutions with different pH

values.

On the other hand, the functionalized device shows enhanced photoresponse within the inves-

11



tigated spectral range, as particularly evident on a logarithmic scale in the inset of Figure 5 (b).
Additionally, in the inset the photocurrent of both devices is compared with that of a reference
device, which was treated in an aqueous solution of HCI not containing the C-dots but with the
same pH value 4 of the functionalizing solution. Since the reference device shows a lower pho-
toconductivity than the pristine one, we can exclude a direct influence of the aqueous solution
on the enhanced photoresponse of the functionalized devices, which can be instead mainly at-

tributed to the attachment of the C-dots on the surface of the ZnO NWs.

As schematically illustrated in Figure 5 (c), we suggest that the photocurrent enhancement ob-
served in the functionalized device originates from the co-occurrence of a fast injection of pho-
toexcited electrons from the C-dots into the conduction band of the ZnO NWs (with temporal
scales ranging from ps to ns [16, 17]), and other surface processes characterized by a slower
temporal dynamics. The injection process occurs after the photoexcitation of electrons from
HOMOs to LUMOs in correspondence to the carboxyl and amino groups at the surface of the
C-dots, which are mainly involved in the electronic transitions in the investigated spectral range
below the band gap of ZnO (Figure 2). Because of this electron injection, unbalanced holes are
left in the HOMO of the surface C-dots, which can electrostatically interact with negatively
charged adsorbed species such as O2” and OH’, typically present at the surface of ZnO NWs in
the proximity of surface defects [32]. It is well known that such adsorbed species trap electrons
from the conduction band of ZnO, inducing the pinning of the Fermi level at the surface and
the corresponding formation of a surface band bending in the NWs [32, 33]. The electrostatic
interaction between the holes left in the C-dots after the electron injection and these negatively
charged ionic species may weaken their adsorption bonds, eventually favoring their desorption
and a partial discharge of the NW surface. Therefore, the fast injection of photoexcited electrons
from the C-dots into the conduction band of the ZnO NWs does not only induce a quick increase
of the device photoconductivity thanks to the enhanced electron density in the NWs, but causes

indirectly also a reduction of the NW surface band bending, which leads to a further increase

12



of the device photoconductivity. The latter contribution proceeds on a significantly longer tem-
poral scale than the electron injection into the NWs, since it is driven by the slow desorption
dynamics of the chemical species from the surface of ZnO [34, 8, 16], and accounts for the slow
temporal dynamics of the photocurrent increase observed in the functionalized device (Fig-

ure 5 (a)).

Since the electrical properties of ZnO NWs are also affected by the pH value of the surrounding
environment [35, 36, 37], we measured the wavelength-resolved photocurrent in three different
devices, functionalized according to the previously described procedure in aqueous solutions
with the same concentration of C-dots (0.08 % in mass) but different pH values. Compared to
the pristine device, the photoresponse enhancement observed in the device functionalized in the
solution with pH 9 is slightly higher than that observed in the device with pH 4, in particular at
low exciting photon energy (Figure 5 (d)). On the other hand, the device with pH 1 has a dras-
tically lower photoconductivity than the pristine one. This indicates that increasing the acidity
of the prepared solution is deleterious for the photoresponse performance of the investigated

ZnO NW devices.

Furthermore, we performed photoconductivity measurements under light excitation with pho-
ton energy above the band gap of ZnO, in order to investigate the temporal dynamics of the
device photoresponse and the photoconductivity decay. The measurements were performed
with a He-Cd laser as a light excitation source at different excitation intensities, ranging from
0.2 mW /cm? up to 51 mW / cm?. The current was measured at a voltage difference of 1 V
between the device’s electrodes. For every measurement, the current was initially measured in
dark conditions and then for two hours upon light excitation. After removing the illumination
the current was recorded for further 16 hours. The measurements performed on the pristine and

the functionalized devices are shown respectively in Figure 6 (a) and 6 (b). In the pristine device
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Figure 6. Temporal dependence of the photocurrent in pristine (a) and functionalized ZnO
nanowire arrays (b) under laser excitation at photon energy of 3.81 eV and various excitation

intensities.

the current increases quickly as soon as the laser excitation is switched on. At the lowest exci-
tation intensity, the current increase tends to saturate within two hours, while upon excitation
at higher light intensities the current reaches initially a maximum and then progressively drops.
After removing the excitation, the decay of the current speeds up. The drop of the current ob-
served during excitation at 5.7 mW / cm? and 51 mW / cm? amounts to 20 % and 50 %, respec-
tively, of the corresponding maximum value of the current. On the other hand, this effect has
not been observed in the functionalized device, in which the current increases continuously
upon excitation at all investigated values of the light intensity. The drop of the current observed
during light excitation in the pristine device has been already reported to occur in contacted
single ZnO N'Ws and thin films and can be attributed to the decrease of the charge carrier den-
sity as a result of an electron trapping process at the surface [38, 39]. It is widely accepted that
upon light excitation with photon energy above the band gap, photogenerated electrons and
holes in ZnO NWs are physically separated due to the upward surface band bending, which

originates from the previously mentioned pinning of the Fermi level at the NW surface [40, 33].
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Specifically, the photogenerated holes tend to migrate towards the surface, while unpaired elec-
trons remain in the core of the NW with prolonged lifetime, giving origin to a pronounced
increase of the photoconductivity. At the surface, the accumulated holes recombine with elec-
trons previously trapped at surface states, inducing a partial discharge of the surface and a cor-
responding reduction of the surface band banding. If the reduction of the surface band bending
becomes significant, a non-negligible fraction of the photogenerated electrons can overcome
the energy barrier associated with the band bending even during light excitation, getting trapped
at the surface and inducing a drop of the NW photoconductivity. Since the amplitude of the
discharge of the surface and the corresponding reduction of the surface band banding are likely
proportional to the density of photogenerated holes, the drop of the photocurrent during light
excitation is expected to be proportional to the excitation intensity. This explains the experi-
mental evidence, that the drop of the photoconductivity observed during the illumination in the
pristine device becomes larger for increasing excitation intensity. Additionally, since the elec-
tron trapping at the ZnO surface is particularly favored by the simultaneous adsorption of oxy-
gen molecules from the surrounding environment [32, 41, 42], the absence of a photoconduc-
tivity drop during light excitation in the hybrid device indicates the limited access of oxygen

molecules to the NW surface as a consequence of their surface passivation.

The above-band-gap photoresponse of both devices is quantitatively described in terms of the
photoresponsivity, which was calculated as the ratio between the maximum generated photo-
current and the excitation intensity. As shown in Figure 7, the functionalized device has higher
photoresponsivity than the pristine one within the investigated range of excitation intensities.
This is attributed to the fact that at the exciting photon energy of 3.81 eV both the ZnO NWs
and the C-dots can absorb the light and contribute to the device photoconductivity. The decrease
of the photoresponsivity for increasing excitation intensity, observed in both devices, indicates
the progressive saturation of the photocurrent enhancement. In the pristine device, this results

from the impact of the light-induced modulation of the surface band bending in ZnO NWs on
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the lifetime of the photogenerated charge carriers. Specifically, as the excitation intensity in-
creases, the discharge of the NW surface and the corresponding reduction of the surface band
bending upon light excitation become progressively more pronounced, leading to a less efficient
spatial separation of the electron - hole pairs and an increasing recombination probability of the
photogenerated charge carriers. As a result, this process limits further enhancements of the pho-
tocurrent. Also in the C-dots the electron-hole recombination probability is expected to increase
with the excitation intensity, due to the high spatial confinement experienced by the photoex-
cited electrons in the LUMOs of such low dimensional material system. This leads to a pro-
gressive reduction of the efficiency of the electron injection into the conduction band of the
ZnO NWs, which induces the observed decrease of the photoresponsivity in the functionalized

device.

The decay of the photocurrent after light excitation proceeds in both samples on the temporal

scale of several hours (Figures 6 (a) and 6 (b)). Within 16 hours after removing the laser exci-

16



tation, the original dark current is completely recovered only in the pristine device after excita-
tion at intensity of 0.2 mW / cm?. For this reason, we limited the investigation of the temporal
dynamics of the charge carrier relaxation to the time required to observe 50 % of the photocur-
rent decay. Figure 8 shows the corresponding recovery times observed in both devices as a
function of the excitation intensity. After laser excitation at intensities ranging from
0.2 mW / cm? up to 51 mW / cm?, the recovery times in the pristine device range respectively
from 120 minutes up to 5 minutes. Significantly longer decays have been observed in the func-
tionalized device within the same range of excitation intensities. The slow decay of the photo-
current in ZnO nanostructures is known as persistence of the photoconductivity and is typically
attributed to the slow relaxation of photogenerated electrons by surface trapping, assisted by
adsorption of oxygen molecules from the surrounding environment [32, 41, 42]. The enhanced
persistence of the photoconductivity in the functionalized device can therefore be ascribed to
the limited access of oxygen molecules to the surface of the functionalized NWs, which leads

to a reduced rate of the photoelectron relaxation by surface trapping.

Taken together, our results demonstrate the possibility to successfully functionalize ZnO NWs
with environmentally benign and low-cost C-dots, in order to enhance their photoresponse
properties in the visible spectral range. In particular, combined optical and photoconductivity
measurements clearly reveal that, in this spectral range, the electron photoexcitation mainly
occur at the surface of the C-dots, which is passivated by the polymer ligand molecules. This
opens up novel perspectives regarding the engineering of the surface of the C-dots, which may
lead to the achievement of further device functionalities as well as remarkable contributions

towards the development of a sustainable “green optoelectronics”.
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Conclusions

In summary, we have investigated the photoconductivity properties of hybrid nanostructured
devices consisting of a ZnO NW array, functionalized with C-dots. We have shown that the
surface functionalization of the NW leads to an increase of the device photoresponse in the
visible spectral range, as well as enhanced UV photoconductivity. This is attributed to the fast
injection of photoexcited electrons from the C-dots into the conduction band of the NWs, and
the subsequent slower desorption of molecular species from the NW surface, which reduces the
surface depletion region in the NWs. Furthermore, we have investigated the temporal dynamics
of the photoconductivity decay after UV excitation. In comparison to the pristine devices, sig-
nificantly longer decay has been observed in the functionalized ones, which is attributed to a
reduced rate of the photoelectron relaxation by surface trapping because of the surface pas-

sivation in the functionalized ZnO NWs.
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