
This is the submitted version of the following paper: 

Surface Zn enrichment induced by excimer laser annealing in ZnO nanorods; 

Authors: I. Carlomagno , I. Lucarini , V. Secchi , F. Maita , D. Polese , S. Mirabella , G. 

Franzò , A. Notargiacomo , G. Di Santo , S. Gonzalez , L. Petaccia , L. Maiolo  

peer-reviewed and accepted for publication in:

Applied Surface Science Volume 587, 15 June 2022, 152313. 

https://doi.org/10.1016/j.apsusc.2021.152313



Surface Zn enrichment induced by excimer laser annealing in ZnO nanorods

I. Carlomagnoa, I. Lucarinib, V. Secchi∗b, F. Maitac, D. Polesec, S. Mirabellae,f, G. Franze, A. Notargiacomod, G. Di Santoa, S.
Gonzaleza, L. Petacciaa, L. Maioloc

aElettra Sincrotrone Trieste, Basovizza (TS), Italy
bDipartimento di Scienze, Università Roma Tre, Rome - Italy
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Abstract

ZnO nanorods (NRs) play a crucial role in the manufacturing of electronic and optical devices and sensors. Using complementary
techniques, we explore how their optical and conductive performances can be improved by Excimer Laser Annealing (ELA) at
75 and 100 mJ/cm2. Our data show that ELA induces the melting and re-crystallization of the NRs surface, resulting into the
reduction of the average crystallite size and lattice parameter of the system and suggesting a partial transition towards metallic Zn.
The increase of Zn and the removal of oxygen defects at the surface are compatible with photoelectron spectroscopies (UPS and
XPS) data and explain the enhancement of the UV/visible emission ratio observed in photoluminescence. The ELA also affects the
in-plane electrical conductivity: the carriers mobility improves up to 4 times depending on the laser energy density. Our results
demonstrate that ELA is effective in tuning the surface properties of ZnO NRs affecting the Zn concentration at the surface and
removing some oxygen defects. The combination of these two effects results into the improvement of the optical and electrical
responses of the systems.

Keywords: ZnO nanorods, laser annealing

1. Introduction

Laser irradiation as a fast and local heating treatment repre-
sents the most efficient alternative in devices processing to con-
ventional thermal procedures for a plethora of bulk and nanos-
tructured materials [1]. Laser techniques span over a large
range of wavelengths (from UV to infrared) and powers, al-
lowing a rapid change in the morphology of materials and in-
ducing a vast variety of phenomena such as standard heating,
recrystallization, densification, ablation, etc. [2, 3]. Addition-
ally, considering the specific absorption coefficient of a mate-
rial, it is possible to concentrate the radiation absorption and the
consequent heating in a very narrow region of a stack of differ-
ent layers, thus confining the thermal budget without damaging
the underlying films. This feature results particularly important
for those devices directly fabricated on polymeric substrates
for the implementation of high performing flexible electronics
[4, 5, 6, 7].

Among different types of laser treatments, the excimer laser
annealing (ELA) is an irradiation process commonly applied
in semiconductors and device processing, since the UV wave-
length has a strong interaction with a number of materials in-
cluding silicon, germanium, gallium nitride, silicon carbide,
and zinc oxide allowing material recrystallization, defects re-
moval and doping activation [8]. ELA has been successfully
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used in flexible electronics both as a technique to improve semi-
conductors quality [9] and as a smart detaching method to re-
lease the polymer from a rigid carrier made in glass [10]. Es-
pecially for polysilicon and indium gallium zinc oxide based
thin film transistors, ELA has provided superior properties in
terms of material’s electrical mobility and crystalline quality,
limiting in any case the total thermal budget usually needed
to achieve such performances [11, 12]. This argument is even
more valid for semiconductor nanostructures, where the intrin-
sic high surface/volume ratio favors the heat transfer, trigger-
ing deep changes in the material morphology and band gap
[13, 14]. Semiconducting metal oxides (MOs) nanostructures
make no exception: indeed, ELA has been already applied to
ZnO nanorods and nanowires [15, 16], TiO2 nanoporous films
[17, 18], and even more complex MOs nanoalloys to tune the
optical and electrical properties of these materials. In particular,
ELA seems to be able to provide deep changes in ZnO nanos-
tructures allowing at the same time its implementation on poly-
meric substrates, thus opening the way to manufacture wear-
ables and highly sensitive sensors where ZnO acts as the active
material [17].

ZnO nanostructures can be obtained with relatively easy and
low-cost processes such as chemical bath deposition (CBD) or
sol-gel method, producing a plethora of different nanostruc-
tures at temperature below 100◦C [19, 20, 21, 22]. These meth-
ods, however, also produce defect energy levels in the bandgap,
causing severe persistent photocurrent (PPC) phenomena (from
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hours to days), thus limiting the implementation of this mate-
rial as optical or gas sensor operating at low temperature (even
room temperature) [23].

ELA is known to be effective in controlling the concentra-
tion of defects in ZnO thin films [24] and to enhance the sys-
tem performances in terms of photoluminescence (PL) reponse
and decrease in resitivity [25]. The mechanisms underlying
the ELA-induced modifications are complex and include sev-
eral effects. Previous research on ZnO nanorods explained the
enhanced UV emission as due to a higher crystalline quality and
to the increase of oxygen vacancies [26]. However, it is known
that in ZnO nanostructures the origin of the PL is not due to the
oxygen vacancies [27, 28]. According to a recently proposed
model, the increase in surface conductivity and the enhanced
UV emission are originated from a higher concentration of Zn
interstitials (Zni) [29]. This interpretation agrees with what typ-
ically observed on ZnO thin films and simple nanostructures
but, to our knowledge, it has never been backed by experimen-
tal observations of ZnO nanorods electronic properties. Indeed,
shedding light on this mechanism would be particularly impor-
tant to explain empirical results obtained on room temperature
gas sensors based on laser-annealed ZnO nanorods [30] and to
propose alternative procedures to maximize device sensitivity
or methods to discriminate specific analytes interactions.

In this work, we assess ELA-induced effects on ZnO
nanorods by finely studying the underlying physical processes.
Combining different techniques, we propose an extensive anal-
ysis through a multi-scale approach to explain how laser irradia-
tion affects the optical and electrical properties of the nanorods.
To this end, we probe the shallow valence levels near the Fermi
energy as well as the deeper core levels by Ultraviolet Photoe-
mission Spectroscopy (UPS) and X-ray Photoemission Spec-
troscopy (XPS), respectively. The defects population inside
the gap was investigated through PL measurements. Scan-
ning Electron Microscopy (SEM) and Grazing Incidence X-
ray Diffraction (GIXD) were employed to explore changes in
the morphology and in the long-range crystalline order of the
ZnO nanorods. Finally, the electrical conductivity of the ma-
terial was analysed via transmission line measurement (TLM)
and electrochemical measurements.

2. Sample preparation

ZnO nanorods were grown by chemical bath deposition on a
0.5 µm thick silicon oxide layer thermally grown on a ligthly
doped Si wafer. To trigger the nanostructures growth a pre-
cursor layer of ZnO diluted in ethanol was used. The details
of the growth procedure can be found in [31]. After the ZnO
nanorods growth, the samples were loaded in a vacuum cham-
ber equipped with stepping motors for laser irradiation. An ex-
cimer ultraviolet laser with a wavelength λ = 308 nm was oper-
ated choosing a rectangular beam (1 x 60 mm2) with a Gaussian
beam profile at a frequency of 10 Hz and 5 shots per point. We
explored two energy densities: 75 and 100 mJ/cm2. For values
above 150 mJ/cm2, we observed the flattening of the nanostruc-
tures and a partial film ablation.

3. Experimental details

The morphological analysis of the samples was carried out
by SEM using a Zeiss EVO MA10 SEM at an accelerating volt-
age of 10 kV. Images were collected at normal incidence (top
view, i.e. 0◦ sample tilt) and at 50◦ sample tilt (1). SEM view
of cleaved samples borders at a 90◦ sample tilt allowed for a
statistical analysis of the NWs length by averaging over at least
35 samples while the standard deviation was taken as the mea-
surement error. The average height calculated for the pristine,
75, and 100 mJ/cm2 samples resulted to be h0 = 0.60±0.15 µm,
h75 = 0.35 ± 0.11µm, h100 = 0.21 ± 0.10µm, respectively.

The long range order was explored by GIXD. Data were col-
lected at the MCX beamline at Elettra Sincrotrone Trieste [32],
using an incident photon energy of 8 keV, and with an incidence
angle of 4.0◦ and 0.75◦, resulting into an attenuation length of
the X-ray beam of 2 µm and 500 nm, respectively. The use
of different angular geometries allows one to assess different
depths of the sample, thus providing a measure of the homo-
geneity of the crystalline arrangement along the depth. PL mea-
surements were carried out by pumping at around 1 mW with
the 325 nm line of a HeCd laser chopped through an acousto-
optic modulator at a frequency of 55 Hz. The PL signal was
analyzed by a single grating monochromator, detected by a
photomultiplier and recorded with a lock-in amplifier using the
acousto-optic frequency as a reference.

In order to evaluate the conductivity of the samples, TLM
and Impedance Spectroscopy were carried out. For TLM, Al
contacts were lithographically patterned on the ZnO NRs and
the current flowing between the contacts was tested at room
temperature by using a Karl Suss probe station. The contact
resistance of Al on ZnO was neglected[33]. Impedance spec-
troscopy analysis was performed by using a potentiostat Ver-
statat4 by PAR. Two samples having the same surface area were
selected as working electrode, one with the as deposited ZnO
NRs and the second with the specimen laser annealed at 100
mJ/cm2. The testing chamber, filled with a KCl solution 0.1
M, was sealed with an Au Counter Electrode and a Pt Refer-
ence Electrode, measuring the impedance from 0.1 Hz up to 10
KHz.

Photoelectron spectroscopies are extremely surface sensitive:
henceforth, impurities and adsorbed species can produce rele-
vant changes to the spectra. To reduce these contributions, be-
fore the measurements the samples were kept at 120 ◦C for 30
min to let adsorbed water molecules desorb from the surface.
SR-XPS measurements were carried out at the SuperESCA
beamline at Elettra Sincrotrone Trieste[34]. The samples were
loaded in a UHV chamber with a base pressure in the 10−9 mbar
range. The photocurrent generated on the first optic element
of the beamline (a mirror placed upstream to the measurement
chamber) was used to normalize each spectrum. The energy
was calibrated setting the Au 4f peak from a reference Au foil
to 84.0 eV. The pass energy was set to 10 eV, while the incident
photon energy was set to optimise the photoemission signal for
the ranges of Zn 2p (hν = 1150 eV) and O 1s (hν = 650 eV).
This choice also resulted in a similar electron mean free path for
the two ranges (around 0.7 nm), leading to a probing depth of
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Figure 1: SEM images for pristine (a), 75 mJ/cm2 (b), and 100 mJ/cm2 irradi-
ated samples (c) in top view (top row) and tilted view (bottom row)

2 ÷ 3 nm. UPS measurements were carried out at the BaDElPh
beamline at Elettra, Trieste[35]. Using an exciting radiation
of 31 eV, photoelectrons were collected in normal emission in
the binding energy range 2÷14 eV, with a pass energy of 5 eV.
The kinetic energies of the photoelectrons correspond to a prob-
ing depth of about 2 ÷ 3 nm, i.e. comparable to that of XPS.
The Binding Energies were calibrated with respect to the Fermi
edge measured, in the same analyzer conditions, on clean poly-
crystalline Cu. For each sample, 10 consecutive spectra were
collected and then averaged.

4. Results and discussion

4.1. Morphology and structure: SEM and XRD

SEM images are shown in Fig.1: those collected after laser
irradiation show a rounder shape of the NRs tips which, in some
areas, are fused with one another. This suggests that the laser
heats the topmost part of the NRs, resulting into the melting
of the NRs tips and their further re-solidification in a smoother
surface.

The tilted view SEM investigation shows that upon ELA tre-
taments at 75 mJ/cm2 and 100 mJ/cm2 the height of the pristine
sample (h0 = 0.60 ± 0.15 µm) has a consistent and monotonic
decrease (h75 = 0.35 ± 0.11 µm and h100 = 0.21 ± 0.10 µm).
This reduction, together with the tips melting, indicates an in-
crease in the density of the ZnO layer. Such findings can an-
ticipate some major effects in the photelectron spectroscopies.
In particular, the smoother surface is expected to minimize the
shadowing effect for the XPS and UPS signals.

To shed light on the crystalline nature of the NRs, espe-
cially upon the melting-solidification process, GIXD was used.
Diffraction patterns were recorded at two different incidence
angles (θ = 0.75◦ and θ = 4.0◦) to exploit different surface
sensitivities and hence distinguish the surface effects from the
global ones. The diffraction patterns were recorded in a wide
2θ range extending from 30◦ to 70◦ and showed the typical
peaks of wurtzite structure for all the samples (see Supporting
Information Fig.1). The two incidence geometries show simi-
lar peaks positions, indicating that the wurtzite arrangement is
found in the whole NRs layer. Small discrepancies can be better
appreciated considering a small 2θ range, as reported in Fig.2
for θ = 0.75◦ (top panel) and θ = 4.0◦ (bottom panel).

In both geometries, the (002) peak appears to be the most
intense both before (black solid line) and after the laser irradia-
tion (75 mJ/cm2 red dashed, and 100 mJ/cm2 blue dotted line).
This points to a preferential orientation along the c-axis. Upon
laser irradiation, the intensities of the three features get closer to
one another. This is observed for both geometries, i.e. it affects
the whole ZnO layer. Such effect can be originated from the
partial loss of the preferential orientation of some facets and/or
from the removal of vacancies in the lattice [36] possibly oc-
curring during the melting and recrystallization of the material
suggested by the SEM observations.

For a better comparison of the diffraction patterns recorded
for the pristine sample in the two different geometries, grey
lines were drawn in Fig.2 at the angular positions correspond-
ing to the (100), (200), and (101) diffraction peaks observed
in the most grazing geometry. Compared to the θ = 0.75◦ ge-
ometry, the positions found at higher incidence appear slightly
shifted towards higher angles (2θ0.75◦ − 2θ4.0◦ = 0.08◦), indicat-
ing that the average lattice parameter is smaller at the tips of
the NRs. The same is observed upon laser annealing: the lattice
parameter of irradiated samples is smaller in the tips region.

Upon ELA, the peaks in Fig.2 are found to shift towards
higher angles by ' 0.1◦: this is clearly visible at θ = 0.75◦

whereas it is not observed at θ = 4.0◦. This suggests that the re-
crystallization determines a contraction of the lattice parameter
in the shallow region of the ZnO. A similar shift was already at-
tributed to release of some residual stress in the material, and/or
to the removal of some surface oxygen [37, 36], and, although
too small to be interpreted as the transition of Zn from oxidized
to metallic phase [38], it could indicate the first stages of such
transition, or the transition involving a limited amount of the in-
vestigated region. Such surface enrichment in Zn supports the
model proposed by Kaupuzs et al. which attributes to the laser-
induced temperature gradient the origin of the Zni drift towards
the surface [29].

Also, the annealing results into the broadening of the peaks
which, again, is more evident at θ = 0.75◦ while it is barely no-
ticeable on the 002 peak collected at θ = 4.0◦. The peaks broad-
ening indicates a reduction in size of the diffraction domains
and can be related to smaller crystallites size. Such reduction
was quantified using the Scherrer’s equation[39] and resulted to
be around 30% upon both irradiation processes, going from 50
nm (pristine) to about 35 nm (both irradiated samples).

4.2. Optical properties: Photoluminescence
The optical properties of the ZnO NRs were explored through

the analysis of the PL spectra, reported in Fig.3. Two main
features can be observed: a sharp peak in the UV range (around
3.3 eV, i.e. 380 nm) and a broad, less intense feature in the
visible range. The latter extends in a wide region and is made
up of at least two contributions: a green component (2.23 eV)
originated from oxygen vacancies at the surface, and an orange
component (2.03 eV) related to O vacancies in the bulk [28].

Upon irradiation, the samples present an increased emission
in the UV and a damped response in the visible range: both
effects are heavier for the 100 mJ/cm2 irradiation. The PL in-
tensity increase in the UV can be explained with the Zni dif-
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Figure 2: XRD patterns collected in grazing incidence for the pristine (black
solid line) and irradiated samples at 75 (red dashed) and 100 mJ/cm2 (blue dot-
ted line). The top panel shows the XRD pattern collected with 0.75◦ incidence,
the bottom one at 4.0◦. The grey lines serve as a reference to highlight the shift
of the peaks.

fusion to the surface, as proposed recently[29]. However, this
process alone cannot account for the evolution of the visible
emission. The visible PL of ZnO nanostructures is originated
mostly from surface defects [40, 41] whose energy levels lie
in the middle of the gap. The strong increase in the IUV/Ivis

ratio, shown in the inset of Fig.3, indicates that the laser an-
nealing reduces the population of the defects [42]. It should be
noted that UV and visible emissions in ZnO occur at different
lifetimes, much shorter for UV than for visible [43], pointing
out that the photo-generated carriers recombine faster in UV
emission, while for visible photons the recombination process
is slower. The ELA treatment clearly induces a modification
of the ZnO crystal leading to a polycristalline materials with
smaller grain size. The presence of grain boundaries represents
a non radiative recombination path for electron-hole pairs, and
such a concomitant process will affect much more the slower
process (visible emission).

Figure 3: Photoluminescence emission of the three samples. Inset: IUV/Ivis
ratio for the three samples.

4.3. Charge transport properties

The effect of laser annealing on the samples conductivity was
investigated by TLM and impedance spectroscopy. During the
TLM, in addition to the current due to the intrinsic conductivity
of the samples, i0, a persistent photocurrent, ippc, was observed.
The persistent photocurrent is induced by the ambient light in
the measuring room and its decay might take hours. In order to
get rid of the ippc, the TLM were carried out several hours after
the light was switched off, i.e. until the ippc had completely
decayed. From i0, the conductivity was then calculated as:

σ =
i0

∆V
·

l
s

(1)

where ∆V = 10 V, l = 50 µm is the distance between the
electrodes, and s = d · h is the NR surface crossed by the cur-
rent, i.e. the length of the electrodes d = 200 µm multiplied by
the NRs average height. The values are reported in Tab.1. We
must stress here that, for a proper conductivity assessment via
TLM, both the porous nature and the density evolution of the
ZnO layer upon laser irradiation must be taken into account.
However, considering these details would complicate the anal-
ysis making it highly time demanding. Therefore, we neglected
the variations of porosity and density and proceeded for a mere
qualitative evaluation of the conductivity which should be in-
tended as an “effective conductivity”. As shown in Tab.1, upon
laser irradiation, the effective conductivity increases by three
orders of magnitude.

The increase in σ can be explained with ELA-induced mi-
gration of Zni towards the surface region [29] and with the
decrease in surface defects with consequent enhancement in
free-electron mobility [41]. In facts, these shallow donors
could compensate the electron accumulation layer at the sur-
face which is known to heavily affect the electrical properties
of the ZnO devices [44, 41].
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Table 1: Average height of the ZnO NRs as from the SEM measurements h, cur-
rent flowing between the electrodes during the TLM measurements i0, and ef-
fective conductivity σ for each sample estimated through TLM measurements.

h i0 σ

(µm) (µA) (Ω·cm)−1

pristine 0.60 0.5 0.2
75 mJ/cm2 0.35 50 3.6 · 102

100 mJ/cm2 0.21 50 6.0 · 102

Table 2: Results obtained from Impedance Spectroscopy, using a Randles cir-
cuit accounting for: the resistance of the solution, Re, the charge transfer resis-
tance, Rct, and the double layer capacity, Qdl.

Re Rct Qdl a
(Ω) (kΩ) (µF)

pristine 357.8 443.2 2.2 0.7
100 mJ/cm2 225.3 99.5 6.7 0.6

In order to achieve a quantitative assessment of the conduc-
tive properties of the samples, impedance spectroscopy was
used. Indeed, simple electrical measurements on the samples
(i.e. TLM testing method) could not take into account mate-
rial density differences and the high contribution of the sur-
face of the nanostructures, making incorrect the usage of the
Ohm’s second law in the resistivity calculation. Impedance
spectroscopy highlighted a four times higher impedance for the
as grown ZnO nanostructure at low frequency, strengthening
the assumption of a significant contribution of the surface states
to the conduction (see Fig.4. Additionally, a simple Randles
model (inset of Fig.4) has been used to explain the behaviour of
the material for the two morphologies, obtaining similar results
(see the table 2). The differences evaluated in the resistance of
the solution (Re) can be ascribed to minimal variations in the
distance among the electrodes in testing chamber.

4.4. Electronic structure: XPS and UPS

In order to understand the effects of the ELA in terms of
modifications to the electronic properties of the system, XPS
and UPS were used. Both these techniques are highly surface
sensitive, hence they are ideal to detect even small variations
in the electronic properties related to surface alterations. In our
case, the experimental parameters were set so to assess only the
topmost 2 ÷ 3 nm.

4.4.1. XPS
The Zn 2p region presents two peaks around 1021 and 1044

eV attributed to Zn 2p3/2 (shown in the Supporting Information
in Fig.2) and Zn2 p1/2, respectively [45, 46, 47]. The laser ir-
radiation results into a higher intensity for both peaks with a
larger effect for the higher laser fluency. Such increase can be
partly due to the smoother surface leading to a smaller shad-
owing effect, and it is also compatible with a higher concen-
tration of Zn at the surface. Details about the disentanglement
of these two effects are reported below. A shift of 0.15 eV to-
wards lower binding energies is observed upon the 100 mJ/cm2

treatment. This finding confirms the evolution of the system
towards a more metallic-like nature as suggested from GIXD

Figure 4: Phase diagram, Bode plot, and Nyquist diagram for the two samples
from 0.1 Hz up to 10 KHz. At low frequency, the impedance of the as grown
material is four times higher respect the laser annealed one, demonstrating the
contribution of the surface states to the conduction for the laser annealed sam-
ple. Inset: simple Randles circuit for the extraction of the parameters of the
equivalent model.

data. A similar effect, previously attributed to the surface lat-
tice oxygen desorption [48], is compatible with a higher con-
centration of Zni in the surface region of the NRs as suggested
by the GIXD and previously proposed by [29]. The absence of
energy shift or peak asymmetry upon the 75 mJ/cm2 laser irra-
diation indicates that this treatment does not generate a temper-
ature gradient being high enough to produce a detectable effect.
The dependence of the Zni thermal drift on the laser fluence
was already discussed in [29].

In the O 1s region, the XPS spectra present a complex feature
that was fitted using 3 contributions as shown in Fig.5. The
three component are:

• Oa: around 530.0 eV, ascribed to Zn-O[49, 50, 51, 52];

• Ob: around 531.5 eV, attributed to surface O in
the O sublattice or from oxocarbons or carbohydrate
compounds[28]

• Oc: around 532.5 eV, from adsorbed molecules (O2, CO2,
H2O...) [53, 54, 28]
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Table 3: Energy positions and relative intensities of the O 1s components ob-
tained from the best fit procedures, and O/Zn intensity ratio.

Energy (eV) Rel. Int. (%) O/Zn ratio
530.2 40

pristine 531.5 42 0.17
532.6 18
530.1 46

75 mJ/cm2 531.3 36 0.11
532.3 18
530.1 44

100 mJ/cm2 531.3 37 0.10
532.3 19

The energy positions of the peaks and their relative intensi-
ties, obtained from the best fit procedures (shown in Fig.5) are
reported in Table 3. The general intensity of the complex fea-
ture was found to increase upon ELA. As discussed in the case
of Zn 2p, this increase can be due to the lower shadowing effect
produced by the more regular surface morphology and/or to the
variation of the surface stoichiometry. However, while the mor-
phology evolution would affect both Zn and O peaks equally, a
different stoichiometry would result in the increase of only one
of them. Therefore, to disentangle the two effects, one can cal-
culate the O/Zn intensity ratio. To eliminate the contribution of
oxygen species not related to the ZnO, only the Oa contribution
was taken into account for the oxygen intensity. As reported in
the last column of Table 3, the initial value calculated for the
pristine sample, decreases upon the ELA treatments. This in-
dicates that a Zn enrichment is definitely occurring within the
depth probed by XPS.

The energy positions of the three components show a shift
upon ELA: the Oa component, linked to the ZnO, is found at 0.1
eV towards lower binding energies, compatible with the shift
found in Zn 2p core level. The Ob and Oc components are also
shifted by -0.2 and -0.3 eV, respectively.

The relative intensity of Oc is unchanged upon laser irradi-
ation, indicating that the relative amount of adsorbed species
is unaffected by the laser treatment. On the contrary, Oa and
Ob follow opposite trends: the former increases while the latter
decreases. The decrease of the Ob component indicates the re-
duction of surface oxygen defects and/or adsorbed OH species
[41]. The latter is likely due to the lower aspect ratio of the
NRs which results into a smaller amount of surface available
for adsorption. In the extreme case of surface smoothing, i.e.
for the complete transition to a continuous film, the Ob contri-
bution is expected to be suppressed even more[55]. Both the
surface smoothing and the reduction of surface defects enhance
the carrier mobility and improve the conductivity of the system.

4.4.2. UPS
The average UPS spectra collected for the three samples are

presented in the top panel of Fig.6 after background subtraction,
and in the bottom panel of Fig.6 after further normalization to
the Zn 3d peak. Three different features can be distinguished
and are ascribable to the Zn 3d, to the O 2p hybridized states
with Zn 4s and Zn 4p states, and to the O 2p (lone pair) states,

Figure 5: Results from the best fit of the O1s spectra for the three investigated
samples. Data are shown after background subtraction.
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approximately located at 11 eV, 8 eV and 6 eV respectively
[56].

The overall intensity is higher for the irradiated samples
(top panel Fig.6): as discussed for the XPS data, this can be
explained with the lower concentration of adsorbed species
and/or with the smoother surface. While the former affects
mainly the oxygen-related peaks, the latter is expected to en-
hance all the three spectral features. Indeed, a smoother sur-
face results into the reduction of the surface/volume ratio of the
ZnO NRs and, as observed in the transition towards a film-like
morphology[57], the three peaks gain in intensity. Although,
as proved by our GIXD data, the ELA-induced structural re-
arrangement is limited to the topmost layers, the high surface
sensitivity of photoelectron spectroscopies make the UPS spec-
tra strongly affected by the morphological evolution.

The differences due to the ELA can be seen more clearly by
comparing the spectra after normalization for the Zn 3d peak
(bottom panel Fig.6). In particular, the Zn 3d peak is sharper,
the O2p-Zn4s peak is weaker and the O2p peak stronger. All
these behaviours are compatible with water desorption: indeed,
a lower amount of adsorbed H2O can account for the clearer
visibility of the O 2p peak at 4.5 eV [53] and for the sharper na-
ture of the Zn 3d peak around 11 eV, due to the suppression of
a low energy component coming from Zn-OH [58]. This inter-
pretation is also supported by the fact that the heavier effects,
are found for the higher laser fluency and thus can be related
to the surface smoothness. The surface smoothing induced by
the ELA provides a smaller exposed surface where molecules
could adsorb while, on the contrary, the high porosity of pristine
sample favours the H2O adsorption. Furthermore, the higher
porosity hinders the water desorption during the mild anneal-
ing carried out before the measurements, thus yielding strong
spectral differences. Even for the ELA samples, the mild an-
nealing did not remove all the adsorbed H2O molecules. In
fact, the spectral features for all the measured samples showed
a transient behaviour at the beginning of the data collection (see
Fig.3 in the Supporting Information). This behaviour, lasting
few minutes, is compatible with water desorption induced by
the synchrotron beam. The spectra collected during the transi-
tion period were not considered in the calculations for the av-
erage signal per sample. The discussion reported above refers
to the average signal obtained after the transient behaviour had
stopped.

An additional consideration must be made about the Zn 3d
peak. The increase in intensity and the suppression of its low
energy component are compatible with the higher Zn concen-
tration at the surface pointed out by GIXD and XPS.

A further effect of the ELA can be found in the steeper char-
acter of the right side of the O 2p peak, representing onset of the
density of states. A linear extrapolation of the low binding en-
ergy (BE) edge of the spectra can be used to estimate the energy
difference between the Fermi level, EF , and the valence-band
maximum, EV , in the near-surface region [59]. The difference
between the pristine and the irradiates samples is negligible, as
shown in the inset of Fig.6: for all the samples, the ∆E ' 4.0
eV. As the RT band gap of ZnO is 3.35 eV, the Fermi level of all
our samples is in the conduction band, indicating a downward

Figure 6: Top Average of the 10 UPS spectra collected on the pristine NRs
(thick black line), and after the 75 (solid red line), and 100 mJ/cm2 (dashed
blue line) laser irradiation. The dashed lines show the results of the linear ex-
trapolations of the leading edges on the low energy side of the spectra. Bottom:
Average of the 10 UPS spectra collected on the pristine NRs (thick black line),
and after the 75 (solid red line), and 100 mJ/cm2 (dashed blue line) laser ir-
radiation. Spectral intensities are normalised to the Zn 3d peaks for sake of
comparison.

band bending and some electron accumulation at the surface
[53]. The linear extrapolation indicates that the band bending
is not affected by the ELA. Electron accumulation at the sur-
face influences the charge mobility and, thus, can have strong
repercussions on the overall conductivity. Noticeably, UPS data
show no variations in the electron accumulation at least within
the first 2÷3 nm from the surface. Henceforth, the charge mo-
bility enhancement has to be ascribed to a different cause.

5. Conclusions

We have investigated the evolution of ZnO nanorods upon
ELA at 75 and 100 mJ/cm2. In particular, we explored the struc-
tural, optical, and electronic properties of the NRs.

From SEM images, it is clear that the laser heating in-
duces the melting and further solidification of the topmost re-
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gion. This leads to NRs presenting rounder tips and a lower
height, pointing out an increase in the average layer density.
GIXD showed that, upon laser exposure, the NRs preserve their
wurtzite structure and that, in the tips region, both the average
crystallite size and the lattice parameter decrease. This contrac-
tion is compatible with a transition towards a more metallic Zn
environment at the surface.

An enhancement of the UV/visible emission ratio was ob-
served through PL measurements. While the increase in the
UV range can be explained with a Zni migration towards the
surface, the origin of the decrease in the visible emission must
be looked for in a deeper region of the gap. In particular, as
the intensity of the visible emission is dominated by the surface
defects, this is in agreement with the removal of the oxygen
defects, occurring with the reduction of some ZnO at the very
surface.

Upon irradiation, a significant increase in conductivity was
found through TLM. Such increase, quantified by impedance
spectroscopy, was found to reach a factor 4 for the higher laser
fluence. The higher concentration of Zn at the surface could
help in neutralising the negative charge accumulation at the
surface, thus explaining the observed effect. Furthermore, the
reduction of oxygen defects is also in agreement with the ob-
served behaviour.

The interpretation of our results is supported by XPS data
indicating the decrease of lattice oxygen at the surface and the
increase of the Zn signal. UPS data, compatible with the Zn
increase at the surface, are heavily affected by the water des-
orption from the surface and do not detect any significant band
bending thus ruling out the possibility of lower electron accu-
mulation.

Our exploration of the local effects induced by laser irradi-
ation on ZnO NRs shows how the heating, although limited to
the tip region, has a deep impact on the electronic and optical
properties of the whole system, modifying the PL emission and
raising the conductivity by three orders of magnitude. In the
range investigated, the effects increase with the laser fluency.
Our results confirm the model proposed for ZnO crystals and, to
our knowledge, represent the first experimental evidence con-
firming the model about electronic properties of ZnO nanorods
[29].
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Y. Shacham-Diamand, Applied Surface Science 458, 800 (2018).

[16] J. Maeng, S. Heo, G. Jo, M. Choe, S. Kim, H. Hwang, and T. Lee, Nan-
otechnology 20, 095203 (2009).

[17] H. Pan, S. H. Ko, N. Misra, and C. P. Grigoropoulos, Applied physics
letters 94, 071117 (2009).

[18] M.-Y. Pu, J.-Z. Chen, and I.-C. Cheng, Ceramics International 39, 6183
(2013).

[19] A. Manekkathodi, M.-Y. Lu, C. W. Wang, and L.-J. Chen, Advanced
materials 22, 4059 (2010).

[20] S. Baruah and J. Dutta, Science and technology of advanced materials 10,
013001 (2009).

[21] S. Ju, A. Facchetti, Y. Xuan, J. Liu, F. Ishikawa, P. Ye, C. Zhou, T. J.
Marks, and D. B. Janes, Nature nanotechnology 2, 378 (2007).

[22] J. Hasnidawani, H. Azlina, H. Norita, N. Bonnia, S. Ratim, and E. Ali,
Procedia Chemistry 19, 211 (2016).

[23] O. Katz, G. Bahir, and J. Salzman, Applied physics letters 84, 4092
(2004).

[24] M. Nie, Y. Zhao, and Y. Zeng, Journal of Laser Applications 26, 022005
(2014).

[25] Y. Zhao and Y. Jiang, Journal of Applied Physics 103, 114903 (2008).
[26] T. Lin, C. Huang, G. Shu, J. Shen, C. Hsiao, and S.-Y. Chen, physica

status solidi (a) 209, 1461 (2012).
[27] J. C. Moore and C. V. Thompson, Sensors 13, 9921 (2013).
[28] E. Barbagiovanni, R. Reitano, G. Franzò, V. Strano, A. Terrasi, and
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[40] A. B. Djurišić, W. C. Choy, V. A. L. Roy, Y. H. Leung, C. Y. Kwong,

K. W. Cheah, T. Gundu Rao, W. K. Chan, H. Fei Lui, and C. Surya,
Advanced Functional Materials 14, 856 (2004).

[41] H. Mosbacker, Y. Strzhemechny, B. White, P. Smith, D. C. Look,
D. Reynolds, C. Litton, and L. Brillson, Applied Physics Letters 87,
012102 (2005).

[42] T. Shimogaki, K. Okazaki, D. Nakamura, M. Higashihata, T. Asano, and
T. Okada, Optics express 20, 15247 (2012).

[43] S. Studenikin and M. Cocivera, Journal of Applied Physics 91, 5060
(2002).

[44] M. Allen, C. Swartz, T. Myers, T. Veal, C. McConville, and S. Durbin,
Physical Review B 81, 075211 (2010).

[45] I. Grohmann, B. Peplinski, and W. Unger, Surface and interface analysis
19, 591 (1992).

[46] C. Wagner, W. Riggs, L. Davis, J. Moulder, and G. Muilenberg, Google
Scholar , 298 (2006).

[47] S. Bai, T. Guo, Y. Zhao, R. Luo, D. Li, A. Chen, and C. C. Liu, Journal
of Materials Chemistry A 1, 11335 (2013).

[48] R. Gurwitz, R. Cohen, and I. Shalish, Journal of Applied Physics 115,
033701 (2014).

[49] J. Lee, J. Chung, and S. Lim, Physica E: Low-dimensional Systems and
Nanostructures 42, 2143 (2010).

[50] T. Herng, S. Lau, S. Yu, H. Yang, K. Teng, and J. Chen, Journal of
Physics: Condensed Matter 19, 236214 (2007).

[51] J. Pilz, A. Perrotta, P. Christian, M. Tazreiter, R. Resel, G. Leising,
T. Griesser, and A. M. Coclite, Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films 36, 01A109 (2018).

[52] K. Tam, C. Cheung, Y. Leung, A. Djurišić, C. Ling, C. Beling, S. Fung,
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