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Laser-induced improvement of the photoelectric
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Subject of study. The paper considers the results of studies on the influence of the power density of continuous-
wave laser emission on the optical and electrical characteristics of ZnO thin films with silver nanoparticles. Aim
of study. The aim is improving the photoelectric characteristics of ZnO:Ag films by laser treatment to increase the
efficiency of ultraviolet radiation photodetection. Method. The properties of ZnO:Ag films are modified using
focused radiation with a wavelength of 405 nm in the scanning mode. The films are examined using optical and
electron microscopy. Electrical resistance, dark current, and photocurrent arising from exposure to radiation witha
wavelength of 343 nm are measured using a multimeter. Main results. It was deduced that the ratio of the photocur-
rent to dark current after exposure to radiation with a power density of 16 W/cm? increased from 4.8 to 7.4. The
plasmon characteristics of the composite film changed, and the plasmon resonance peak shifted between 580 nm
and 480 nm with increasing power density. The chemical composition of the film changed insignificantly after laser
exposure. In this case, the film acquired a porous structure as the power density increased. Practical significance.
The results obtained can be used to improve the efficiency of ultraviolet laser or solar radiation photodetectors

based on ZnO:Ag films. ©2023 Optica Publishing Group

https://doi.org/10.1364/J0T.90.000192

1. INTRODUCTION

Transparent conductive metal oxides (TCOs) have a unique
combination of high transmission (approximately 80%) in the
range from 400 nm to 1500 nm, associated with a large band
gap of metal oxides (Eg > 3 ¢V), and high electrical conduc-
tivity (more than 10% 1/(Qcm)), close to the conductivity of
some metals [1]. These properties allow for their application as
transparent electrodes [2], in solar panels as window layers [3],
photocatalysis [4], and information encryption devices [5].
Moreover, these materials are applied in the development
of ultraviolet (UV) radiation photodetectors. One of the most
common TCOs is ZnO [6,7], whose advantages include its
relatively low cost and nontoxicity. Nevertheless, the lower
conductivity of zinc oxide compared with other TCOs requires
additional methods to increase it. Doping with metals, for
example, Al [8], is often used, which increases the concentration
of free charge carriers as well as the efficiency of the photo-
detector. An alternative to doping is the inclusion of metal
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nanoparticles in the film composition [9]. In the presence of
nanoparticles, the Schottky effect and localized surface plas-
mon resonance (LSPR) can increase the concentration of free
electrons, their lifetime, and carrier mobility [10], which also
increases the efficiency of photodetection.

The modification of the film composition usually requires
making changes to the material manufacturing process, such
as additional doping operations or annealing in a furnace [11].
In most cases, this poses challenges during production with
an already established technological process. Additionally,
manufactured films may have defects that affect the quality of
the final device. Laser irradiation serves as an additional tool
for the rapid and highly efficient localized modification of film
properties after their fabrication. It can affect both the TCO
matrix [12] and the properties of the nanoparticles contained
within it [13]. Depending on the parameters of laser irradiation,
its effect can lead to either an improvement or a deterioration of
the photovoltaic characteristics of the material.
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The aim of this study was improving the photovoltaic charac-
teristics of ZnO films with silver nanoparticles using laser irradi-
ation to increase the efficiency of UV radiation photodetection.

2. METHODS AND MATERIALS

ZnO films with silver nanoparticles having an average diameter
of approximately 40-50 nm (ZnO:Ag) on a fused quartz sub-
strate with a thickness of 1 mm were used as the samples. The
samples were prepared by the sol-gel method and annealed in
a furnace at a temperature of 600°C. The film thickness was
120 nm.

The elements of the setup used in the experiment are shown
in Fig. 1. An LSR405CP-2W semiconductor laser (/) with a
wavelength of A = 405 nm operating in continuous mode was
used as the emission source. The emission was diaphragmed
by a round hole (2), owing to which a round spot was formed.
The emission was focused onto the sample surface (5) placed
on a Thorlabs MTS50/M-7Z8 movable three-coordinate table
(4) using a 10x objective (3) with a focal length of =5 mm.
Tracks that were 4 mm long were recorded on the surface at a
scanning speed of V' =4 mm/s; the distance between adjacent
tracks was 50 um. The total modified area was 4 x 4 mm?. The
laser spot diameter was dy = 20 pm. The power densities of the
laser emission were ¢ = 16W/cm2, 20 W/cmz, 24 W/cmz,
37 W/ecm?,71 W/cm?, 6300 W/cm?, and 20,200 W /cm?.

The emission power was measured usinga UP19-H detector.
The surface of the sample was examined using a Carl Zeiss Axio
Imager optical microscope in the reflected and transmitted
light modes. The surface morphology of the films was studied
using a scanning electron microscope (SEM). The transmission
T and reflection R of the films in the wavelength range from
400 to 800 nm were studied using an MSFU-K microscope-
spectrophotometer. The chemical composition of the modified
regions was studied through an energy dispersive detector
(EDD) equipped with the SEM. The film resistivity was mea-
sured using a multimeter. To study the emerging photocurrent,

Fig.1. Experimental scheme of laser film processing.
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the sample was irradiated with laser emission at a wavelength of

343 nm.

3. HEAT SOURCE SIMULATION

To elucidate the mechanism by which the structure and proper-
ties of films are altered through laser irradiation, an estimation
was conducted on the size and shape of the heat source within
the laser spot field, as well as the temperature gradient that
facilitates the laser-induced modification of the film.

Numerical simulations were conducted using the Comsol
software package and the finite element method to analyze the
temperature fields generated during laser processing of the sam-
ple. The heat conduction equation, which considers a moving
volumetric heat source along the x-axis, takes the following
form:
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(1)
where e =x — Vi, n =1y, and & = z are the coordinates in
the moving coordinate system, the center of which coincides
with the center of the laser emission spot; W(e, n, &) is the
volumetric power density of the internal heat source caused
by the absorption of laser emission by the material; £ is the
thermal conductivity of the material; # is the thermal diffu-
sivity of the material; and V' is the velocity of the laser source
equal to 4 mm/s. Equation (1) was solved for a two-layer
medium, including a ZnO:Ag film (thickness of 120 nm,
k=545W/mK, 2=19x10"°m?/s) and a substrate
made of fused quartz (thickness of 1 mm, #=0.96 W/mK,
24 =5.9x 107" m?/s). The volumetric power density of the
internal heat source caused by the absorption of the laser emis-
sion by the material was calculated in the cylindrical region
under the impact spot as W(2) = q i, exp(—,2), where p,
is the absorption coefficient of the material obtained from the
experimental values of A, Heat dissipation from the heated
region was achieved through conduction into the film and
substrate. The model did not consider the dependences of the
nanoparticle concentration and size, optical and thermophysical
characteristics on the temperature, as well as the energy asso-
ciated with phase transitions and heat sink to the surrounding
environment. The results obtained are shown in Figs. 2 and 3.

Atgq up o 71 W/ cm?, the maximum temperatures reached
approximate values of 800°C. This allows us to draw a conclu-
sion about the thermal mechanism of laser action. At ¢ greater
than 6300 W/ cm?, the maximum temperatures were several
orders of magnitude higher than the evaporation temperature
of a similar material (1400°C) [14], which obviously did not
correspond to the observed results. This discrepancy can be asso-
ciated with a change in the thermophysical and optical constants
during phase transitions and changes in the parameters of the
nanoparticles during processing. The maximum temperature
in the center of the spot was established after 0.3 s and then did
not change [Fig. 2(b)]. It can also be observed that the heating
intensity decreased rapidly with the distance from the center of
the spot [Figs. 2(a) and 3].
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Results of temperature modeling. (a) Temperature distribution over the sample’s surface after 0.5 s from the start of processing at

g =71 W /cm?, (b) time dependence of the temperature at the center of the laser spot on the sample surface.
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Calculated temperature distribution over the surface of the sample as a result of exposure to laser radiation with a power density of 16

(curve 1), 24 (curve 2),and 71 W/cm? (curve3) 0.5 s after the start of processing. (a) Along the y-axis across the motion of the laser spot, (b) along the

x-axis along the movement of the laser spot.

4. RESULTS AND DISCUSSION

One of the main factors influencing the result of laser exposure
is the absorptivity of the material. Three main high-intensity
regions can be distinguished in the absorption spectra of semi-
conductor films with metal nanoparticles. The first region is
the intrinsic absorption region of the semiconductor, which
corresponds to the interband optical transitions in the material.
Normally UV emission falls into this region. The presence of
the second region can be attributed to the occurrence of the
plasmon resonance phenomenon in metal nanoparticles. This
region is usually located in the visible light range. The third
region of high absorption is near the plasma frequency of the
material, which lies in the infrared wavelength range.

In the case of ZnO films with silver nanoparticles of a selected
diameter, the wavelength of 405 nm does not fall within these
three high absorption regions. It lies between the peak of the
plasmon resonance and the edge of the intrinsic absorption
region. Intense laser emission absorption on a ZnO matrix or
on Ag particles can cause changes in the absorption capacity of

the material. This can occur as a result of nanoparticle growth
or destruction, as well as through the recrystallization of zinc
oxide. This change in the absorptivity leads to nonlinear heating
of the material. The use of a wavelength of 405 nm reduces the
likelihood of such processes, allowing more controlled laser
processing.

The surface of the film was examined using optical micros-
copy (Fig. 4). It was deduced that, at g =16 W/cm?, the
reflection coefficient increased in the affected area. In turn, as
g increased to 20,200 W/ cm?, the reflectance of the modified
film decreased while the transmission increased. Because the
modification of the film structure occurs owing to the thermal
effect of emission, the results of processing can be compared
with the results of thermal annealing of similar materials in a fur-
nace. In [15], annealing at temperatures up to 700°C caused a
decrease in the film thickness by 10 nm. Similar phenomena are
possible under laser exposure. This makes it possible to assume
that the change in the optical characteristics was associated with
the change in the film thickness.
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Fig.4. Micrographs of ZnO:Ag film sections processed at different emission power densities in reflected (R]) and transmitted light (71).

The morphological characteristics of the sample were studied
using the SEM (Fig. 5). Simultaneously, a thin (5 nm) layer of
carbon was deposited on the surface of the film to conduct the
appropriate studies. The histograms of the size distribution of
the nanoparticles are shown on the image of the initial film and
the area processed with the maximum power density. As a result
of laser treatment, the sizes of the silver nanoparticles decreased
with increasing ¢. If; in the initial film, their average diameter
was 40 nm, at the maximum g it became 20 nm. The concen-
tration of nanoparticles also increased, which can be explained
by the fact that the initial large nanoparticles were crushed into
smaller ones during laser heating. Moreover, at power densities
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above 20 W /cm?, structures resembling bubbles and pores were
formed within the tracks.

The largest number of bubbles was observed in the films
after treatment at ¢ = 20 W/cm? (Fig. 6). As the power density
increased, the number of bubbles in the center of the track
decreased, whereas the number of pores increased. The appear-
ance of pores and bubbles was likely associated with the thermal
decomposition of zinc acetates and hydrates remaining after the
sol-gel synthesis, accompanied by the release of gases (such as
0O, and CO,) and water. Because the total film thickness is small
and the scanning speed is high, only part of the gas comes to the
surface and forms pores, whereas the remaining part remains in
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Fig.5. SEM images of ZnO:Ag film after processing at various power densities.
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Fig.6. Comparison of the pores and bubbles ratio on the SEM images of the ZnO:Ag film at different power densities.

the film thickness and forms bubbles. Increasing the processing
power enhances thermal decomposition, making the formation
of more pores and fewer bubbles possible.

Using an EDD, it was observed that the change in the con-
tent of all elements of the vibration was within 1%-3%. There
was no silver in the pores, and the concentration of Zn also
decreased, which is likely due to a local decrease in the film for-
mation at the base of the pore. Silver was visible in the bubbles,
butits concentration was lower than thatin other areas.

Figure 7 shows the A =1 — 7" — R absorption spectra of the
initial ZnO:Ag film and its modified regions. Figure 8 shows
more detailed dependences of the absorption at the maximum
of the plasmon peak A« and wavelength at the maximum of
the peak A,y on the power density. The change in the spectral
characteristics occurred both because of a change in the film
thickness and the parameters of the nanoparticles. The blue shift
of the absorption peak of the film (curves 3 and 4), observed
with an increase in the parameter ¢, was associated with the
decay of large nanoparticles into smaller ones. As ¢ increased to
20,200 W/cm? (curve 5), the nanoparticles decayed into atoms
and nanoclusters, as their contribution to the plasmon effects
decreased, and the absorption at the peak maximum decreased
as well. In this case, the absorption spectrum approached the
spectrum of the ZnO film without nanoparticles.

The resistivity p, of the samples was measured by the two-
contact method (Fig. 9). The resistivity of the initial film
was 0.23 Qcm. The decrease in resistivity to 0.02 Qcm at

A, rel. units
0.70 . priaidy - . —

0.25 I
400 500 600 700 800
A, N
Fig. 7.  Absorption spectra of the ZnO:Ag film at various power

densities. Curve I—untreated film, curve 2—16W/cm?, curve

3—24 \W/cmz, curve 4—71 W/cmz, and curve 5—20, 200 W/cmz.

g = 16 W/cm? was associated with several reasons. First, under
laser irradiation, electron emission from the silver nanoparticles
into the ZnO matrix could occur [16]. This increased the charge

carrier concentration and conductivity.
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Secondly, under laser irradiation, part of the Zn-O bonds
could be broken and oxygen vacancies V,, and interstitial zinc
ions Zn; could form [17]. These elements were free electron
donors. Moreover, recrystallization of the ZnO structure could
occur under the action of emission after reaching a sufficient
temperature. Consequently, the crystallite size increased, and
the number and thickness of the grain boundaries decreased,
which increased the electron mobility [14]. A further increase in
resistivity with an increase in the power density was associated
with the pores formed in the film.

The region of the ZnO:Ag film with the lowest resistance was
chosen to study the photocurrent from the action of UV radia-
tion. The ratio of the photocurrent and dark currentis one of the
main parameters characterizing the efficiency of photodetectors.
A pulsed laser with A = 343 nm, pulse duration of T =224 fs,
and pulse repetition rate of v =1MHz was used to irradiate

the sample. The average emission power was P = 1.25 W, and
the pulse energy was £ = 1.25 uJ. The impact occurred in a
wide beam. The high-frequency mode of pulse generation was
chosen so that the tested sections of the film acted as a detector
of the average power of optical radiation. The dark current 7,
of the sample was measured at the initial moment of time, in
the absence of irradiation. The radiation was then turned on,
and after 15 s, the value of the photocurrent L), was measured,
followed by the laser turning off. Subsequently, after 30 s, the
measurement was repeated.

As a result of the measurements, it was observed that the val-
ues of the dark current and photocurrent for the initial film were
20 2 nAand 95 =+ 5 nA, respectively. For the modified region,
it was observed that /; =384 1nA and /,, =280 2 nA.
Thus, the 7,/ 1, ratio increased from 4.8 to 7.4 as a result of
laser exposure.

5. CONCLUSION

In this study, continuous laser irradiation was employed to
improve the photoelectric characteristics of thin ZnO films con-
taining silver nanoparticles. It was demonstrated that the ratio
of the photo- and dark currents increased after the irradiation of
the sample with a UV laser. The modifications in the film prop-
erties were primarily attributed to the thermal effects induced
by laser emission. Consequently, the surface morphology, spec-
tral characteristics, and resistivity of the samples were altered,
whereas the film composition experienced minimal changes.
The findings from this study have the potential to enhance the
efficiency of UV radiation photodetectors.

Funding. Russian Science Foundation (19-79-10208).
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