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Abstract: 

The paper presents a method for CW laser modification of ZnO:Al thin films with silver 

nanoparticles. When exposed to radiation with power densities I0 = 0.89 MW/cm2 and I0 = 1.07 

MW/cm2 and scanning velocities Vsc = 100 μm/s and Vsc = 50 μm/s, the film structure became 

denser, the size of ZnO:Al crystallites increased, and the size of silver nanoparticles decreased. 

The effect of radiation on the optical characteristics of the samples was investigated. Blue shift of 

the plasmon resonance peak and an increase in the band gap from 3.27 eV to 3.36 eV were 

obtained. A photothermal film processing mechanism was proposed. 

 

Keywords: sol-gel composites; ZnO:Al thin films; laser influence; plasmon resonance; Ag 
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1. Introduction 

 

ZnO:Al (AZO) thin films are widely used in optoelectronics as transparent electrodes [1], 

in solar cells as active or window layers [2], and as photodetectors of UV radiation [3]. Laser 

structural modification of such AZO thin films is a quite novel technological solution. It has 

already been successfully implemented using pulsed radiation from an excimer KrF laser with a 

wavelength of λ = 248 nm [4-6]. The radiation source was chosen primarily due to the high spectral 

absorption of AZO films in the UV spectral region, where the intrinsic absorption of the matrix 

starts at λ < 370 nm [5].  Since 1997 it has been shown that optical and electrical characteristics of 

AZO films can change due to local thermal action of laser radiation on the matrix [5], resulting in 

its sintering [4] and recrystallization [7-9]. Laser influence in the optimal regime can lead to a 

decrease in electrical resistance, an increase in the mobility of electrons and a decrease in their 

concentration in the modified areas. In this case, optical transmission in the visible range decreases 



by 10% in the modified areas, the transmission in the IR range increases, and the band gap energy 

decreases [4]. 

However, the use of excimer lasers has revealed several drawbacks that significantly limit 

the applicability of laser methods for semiconductor thin films processing. First, the laser radiation 

wavelength in the deep UV range and the short pulse duration (4-10 ns) lead to the accumulation 

of excessive absorbed energy in the film. This may be a reason for AZO thin films destruction due 

to high tension. Second, the low repetition rate of excimer laser pulses results in the inability to 

use it together with scanning systems. Therefore, these factors narrow the area of optimal 

processing conditions. On the other hand, the complexity of an excimer laser operation, specific 

optics for beam focusing and the risk of human skin deep UV exposure significantly limit the use 

of excimer lasers in industry. 

Recently, new functional photonic materials with incorporation of Ag, Au, and Cu 

nanoparticles (NPs) have been developed to activate the effects of localized plasmon resonance 

[10, 11], while the materials with Fe and Co NPs activate ferroelectric effects [12]. This strategy 

is used to increase the efficiency of photovoltaics [13], photocatalysis [14] and photodetection [15] 

devices. In this case, the absorption of the composite film with NPs increases in the near UV and 

visible spectral regions. This allows to abandon the radiation of excimer lasers and switch to 

commonly available semiconductor lasers with continuous wave (CW) radiation on wavelengths 

from 380 to 450 nm in violet (V) spectral range and the radiation power from 0.2 to 3.0 W in the 

focused beam processing mode. The proposed method significantly simplifies thin film 

processing, allows the use of commercially available laser sources and optical elements. In 

addition, this reduces safety requirements for laser systems. 

The research aims to investigate local changes in optical properties and electronic structure 

of AZO semiconductor thin films with Ag NPs under “soft” CWV laser irradiation to control their 

main optical properties. The morphological and spectral characteristics of films before and after 

laser exposure were studied and a mechanism of film laser treatment was proposed. 

 

2. Materials and Methods  

 

Thin polycrystalline AZO thin films with Ag NPs (AZO:Ag) were obtained by the sol-gel 

method [16]. The AZO films were created from the solution of zinc acetate and aluminum nitrate 

in ethylene glycol monomethyl ether with a concentration of 0.2 M. The percentage of Al in the 

films was 0.5 wt%. An AZO film was deposited onto a 1 mm thick fused silica substrate by 

centrifugation. To achieve film thickness h = 120 ± 5 nm the deposition of layers was repeated 10 

times. After each deposition the sample was dried at 300°C for 5 minutes to evaporate the solvent. 



To obtain Ag NPs, a solution of silver nitrate in ethylene glycol monomethyl ether with a 

concentration of 0.03 M was created. A layer of Ag NPs inside the AZO film was obtained by 

sequential deposition of 5 layers of AZO and silver solutions. 

Since the initial grain size in the film was only 3-5 nm, the final stage of obtaining a 

polycrystalline AZO film with Ag NPs was the stage of heat treatment (HT) of the layers in the 

muffle furnace. HT was performed in air at a temperature of 570°C for 15 minutes and provided 

crystallization and coarsening of AZO grains and Ag NPs to a size of 15-25 nm. Processing in the 

furnace did not lead to significant changes in h, which varied within the error. In turn, Ag 

atoms/ions were migrating through the thickness of the AZO matrix forming Ag NPs in the initial 

layer. 

The semiconductor CWV laser LSR405CP-2W with λ = 405 nm was used for film 

processing (Fig. 1). The initial TEM10 beam after the diaphragm had a square cross section of 

1.5x1.5 mm and uniform intensity distribution. Laser radiation was focused by a 60x objective 

(NA = 0.85) with focal length F = 200 μm into the beam with radius r0 = 1.5 μm. A three-coordinate 

movable table provided scanning over the sample surface. During the tracks recording the incident 

power on the film equaled P = 20 mW and P = 24 mW, which corresponded to the power density 

I0 = 0.89 MW/cm2 and I0 = 1.07 MW/cm2. The scanning speed during the recording tracks was Vsc 

= 100 μm/s and Vsc = 50 μm/s. 

 

 

Figure 1. (a) Experimental setup scheme for laser modification of AZO: Ag thin films in the 

matrix crystallization regime with growth / decomposition of Ag NPs; (b) original film SEM 

image 



After laser exposure, the sample surface was studied using an optical microscope, Carl 

Zeiss Axio Imager A1M in the reflected and transmitted light, in the bright and dark field. The 

morphology of the film relief was studied using a scanning probe microscope (SPM) 

NANOEDUCATOR and a scanning electron microscope (SEM). Spectral characteristics of the 

films in the spectral range from 200 nm to 1100 nm were studied using the SF-56 

spectrophotometer. The optical characteristics of the treated areas were investigated in the spectral 

range from 330 nm to 800 nm using a microscope-spectrophotometer MSFU-K with a photometric 

area of 2.5 μm. 

 

3. Results and Discussion 

3.1.Optical сonstants of initial material 

Spectral transmission (Tmeas) and reflection (Rmeas) of non-polarized light at normal 

incidence on the sample were measured (Fig. 2). Tmeas spectra of AZO:Ag shows the plasmon 

resonance peak with a minimum near 475 nm (green curve), which after HT shifted to 610 nm 

(orange curve). This peak is distinctive for Ag NPs, their size increased as a result of the film HT. 

The 355 nm peak is distinctive for samples after HT in the furnace. This peak is located at the edge 

of the AZO matrix fundamental absorption. It indicates the incorporation of Al atoms into the ZnO 

matrix and the formation of the corresponding crystals [17, 18], which leads to a decrease in the 

band gap [19]. In Rmeas spectra there is a similar plasmon peak near 487 nm, which shifted to 790 

nm after HT. The HT of AZO:Ag films led to a decrease in transmission and an increase in 

reflection, that indirectly indicates metallization due to the formation and coarsening of Ag NPs, 

as well as compaction of the matrix itself. Another notable peak near 1030 nm is distinctive for all 

samples in both the transmission and reflection spectra. 

 

 

Figure 2. Transmission and reflection of AZO films without HT (blue curve) and after HT in the 

furnace (red curve), as well as AZO:Ag without HT (green curve) and after HT in the furnace 

(orange curve) 



Optical constants of the films were calculated using numerical method [20, 21]. The 

extinction kf was calculated according to the spectral characteristics of Tmeas and Rmeas (Fig. 3). 

Calculation error was high in the spectral range 200 - 350 nm, which is characteristic of low 

transmission in the region of fundamental absorption of the film matrix. 

 

 

Figure 3. Extinction of AZO and AZO: Ag films without HT and after HT in the furnace  

 

The kf curves clearly show that the HT stage did not lead to a significant change in the 

extinction of the AZO matrix (Fig. 3). The addition of silver to AZO/Ag films led to an abrupt 

increase in extinction near 478 nm before HT. After HT its value increased significantly in the 

spectral range of 500 - 1100 nm. This indicates an increase in the volume fraction of the second 

phase in the form of Ag NPs after HT. 

The band gap energy Eg in the AZO and AZO:Ag systems was determined using relation 

αhν=B(hν-Eg)
γ [22], where α = 2πkf(λ)/λ  is the absorption index; hν is the energy of the incident 

photons; B is a constant that depends on the concentration and mobility of free charge carriers in 

the material and denotes the length of the band gap; γ is the gain for all possible transitions in the 

electronic system. The coefficient γ corresponds to 1/2 for direct allowed, 3/2 for direct forbidden, 

2 for indirect allowed and 3 for indirect forbidden transitions [23]. Usually, γ = 1/2 is typical for 

crystalline solids and γ = 2 for amorphous materials. Based on the kf  data, the corresponding 

dependences were plotted (Fig. 4). The energy of direct allowed transitions (γ = 1/2) was: 1.9 eV 

for AZO, 1.55 eV for AZO after HT, 1.22 eV for AZO:Ag, and 1.45 eV for AZO:Ag after HT. 

The presence of Ag in the film led to a decrease in the transition energy. However, after HT in the 

furnace, transition energy increased again. The energy of indirect allowed transitions (γ = 2) 

increased to the following values: 3.29 eV for AZO, 3.26 eV for AZO after HT in the furnace, 

3.25 eV for AZO:Ag, and 3.27 eV for AZO:Ag after HT. 



 

Figure 4. Dependences (αhν)1/2 (right) and (αhν)2 (left) on the photon energy of incident radiation 

hν for AZO and AZO:Ag films 

 

3.2.Laser treatment 

 For laser treatment, AZO:Ag samples after HT were used. The wavelength of laser 

radiation (405 nm) lies at the edge of the fundamental absorption of the AZO matrix. And weakly 

absorbs by such films without NPs. The addition of Ag to the AZO film stage led to an increase in 

absorption from 0.20 to 0.44. After HT in the furnace, the presence of Ag NPs in the film changed 

the absorption from 0.28 to 0.35. Thus, the HT led to an increase in absorption by 0.11 with Ag 

NPs and by 0.08 without them. The absorption by NPs made it possible to reduce the intensity of 

the incident radiation. Moreover, the photothermal process of film modification was activated 

because the film was additionally heated by NPs, which absorb laser radiation. As a result of laser 

treatment, the morphological properties of the film were modified. The study of the sample relief 

using the SPM showed that the relief shrank by 20 - 50 nm after laser treatment. (Fig. 5).  

 

 

Figure 5. a) 2D image (top view) of the tracks relief obtained with the SPM, b) A-A section 



In the SEM image the modified regions are darker than the original film, which indicates 

an increase in the film density (Fig. 6 a). The results of optical microscopy show the change in 

optical characteristics after laser treatment. From the optical image in the transmitted light mode 

one can see the brightening of the film in the irradiated area (fig. 6b), while darkening is observed 

in the reflected light mode (Fig. 6d). The dark field image shows that the tracks recorded at 0.89 

MW/cm2 were optically brighter (Fig. 6 c), that means they scattered the radiation more strongly 

and had greater roughness. SEM data also show that the AZO matrix was heated to the softening 

temperature with the activation of viscous flow along the track. A high speed of heating and 

cooling led to the formation of cavitation pores, as well as to the decomposition of large NPs into 

smaller ones (Fig. 6). 

Additionally, the film was studied by SEM with a higher accelerating voltage (Fig. 7). The 

film had a polycrystalline structure and consisted of AZO grains about 20 nm in size, separated by 

dark voids and amorphous material 10 nm size. The figure also shows a histogram of the Ag NPs 

distribution by diameter over the area of 1.5x1.5 μm2. As a first approximation, it was assumed 

that all NPs are spherical. The diameter of Ag NPs varied from 50 to 100 nm. Most NPs had a 

diameter of about 65 nm. 



 

 
Figure 6. (a) SEM images 1 – 50 μm/s, 0.89 MW/cm2; 2 – 50 μm/s, 1.07 MW/cm2; 3 – 100 

μm/s, 0.89 MW/cm2; 4 – 100 μm/s, 1.07 MW/cm2; optical images in (b) transmitted light of bright 

field, (с) reflected light of dark field, (d) reflected light of bright field of the recorded track 

 

 

Figure 7. SEM images of the original film and a histogram of Ag NPs size distribution by 

diametral size 



SEM images are shown in Fig. 8. After laser treatment the recrystallization of the film 

occurred. The result is similar to the pulsed laser recrystallization with excimer laser [4]. 

Recrystallization of such films occurs when a certain temperature (Tcr) is reached. According to 

[4], the temperatures required for this process should be higher than 75% of the melting point 

(Tm). For AZO without NPs, Tm = 1400 K, hence Tcr = 1050 K. Under the laser radiation thermal 

energy increases, individual grains melt and combine into crystallites with the following rapid 

solidification. In this experiment recrystallization was achieved due to the presence of Ag NPs in 

the film, they increased the absorption of laser radiation. After laser treatment NPs were distributed 

within crystallites, missing between them. The small dark voids in the original film disappeared 

after laser treatment. The diameter of the formed crystallites varied from 20 to 120 nm. 

 

 



Figure 8. SEM images of tracks. Non-crystallized areas are marked with a red circle. The color 

marks in the figures correspond to the colors of the spectral curves in Fig. 9. Red cycle corresponds 

to non-crystallized regions 

Fig. 8 shows histograms of NPs size distribution inside the tracks. For all regimes, the sizes 

of NPs remain the same, about 10 nm diameter or less. The highest concentration of NPs of all 

sizes in the track section 1.5x1.5 μm2 was observed at 1.07 MW/cm2: 3400 and 2250 for 100 μm/s 

and 50 μm/s, respectively. The concentrations for 0.89 MW/cm2 were 400 and 800 for 100 µm/s 

and 50 µm/s, respectively. At the same time, in the tracks recorded at 0.89 MW/cm2, large non-

crystallized regions without NPs were observed. The proportion of such regions in the track area 

was 0.18 and 0.22 for 100 µm/s and 50 µm/s, respectively. The boundary between the original film 

and the recrystallized area was quite sharp (fig. 9). In addition to 65 nm NPs, NPs with diameters 

bigger than 10 nm were observed in the region of the film near the tracks. 

 

 

Figure 9. SEM image of the area at the border of the track and the original film 

 

Tmeas and Rmeas spectra are shown in Fig. 10. Tmeas curves at 0.89 MW/cm2 (blue and orange 

curves) are similar to the spectra of the AZO:Ag films without HT (Fig. 2 a, green curve) due to 

plasmon peaks near the UV region. The intensity of the peak minimum in the transmission spectra 

are less than for the initial film: 0.39 for the initial AZO:Ag (dark curve), 0.52 and 0.57 at 100 

µm/s and 50 µm/s, respectively. An increase in the radiation intensity to 1.07 MW/cm2 led to a 

reverse shift of the plasmon resonance peaks to the IR region, the minimum of which was near 

0.7. A twofold decrease in the scanning speed from 100 to 50 µm/s led to a shift in the minimum 

of transmission spectra to IR by 22–25 nm, irrespective of the radiation intensity. For both regimes 

the brightening of the film occurred. Its transmission after processing increased (Fig. 10). The 

highest transmission was obtained at 100 μm/s and 1.07 MW/cm2. 

For the reflection spectra there were also peaks with a maximum near 650-660 nm. 

Moreover, the intensity of these peaks, as well as the average reflection for the treated areas, was 



lower than that of the original film. An increase in transmission and a decrease in reflection 

attributed to a decrease in the film thickness. In addition, the recrystallization of the film caused 

these changes through reducing the number of defects in the AZO structure. In the polycrystalline 

film they were additional centers of scattering and absorption of radiation. A decrease in the 

concentration of NPs can lead to similar effects. A small peak at 400 nm in the transmission spectra 

is distinctive to the edge of fundamental absorption of the film. It shifts by 10–15 nm to the UV 

region after laser treatment and remains permanent irrespective to the influence regime. 

The obtained optical characteristics were used to calculate the extinction and estimate the 

energy of the band gap for indirect allowed transitions. The action of laser radiation led to an 

increase in the band gap of the film from 3.27 eV to 3.32 - 3.36 eV (Fig. 10), so-called blue shift 

[24]. This shift associated with an increase in the concentration of free electrons in the material. 

After generation, new charge carriers fill the lower levels of the conduction band of the AZO:Ag 

film. That leads to the fact that electrons from the semiconductor valence band need to spend more 

energy to overcome the band gap, which requires the action of photons with a shorter wavelength. 

An increase in the concentration of free electrons is associated with laser activation of Al ions, as 

well as with an increase of oxygen vacancies in the AZO matrix, which are electron donors [25]. 

Moreover, Ag NPs were additional sources of charge carriers. Ag electrons under the irradiation 

could move to the AZO conduction band. 

 

 



Figure 10. Transmission, reflection, extinction and curve (αhν)2 for the original film (black) and 

recorded tracks 100 μm/s, 0.89 MW/cm2 (blue); 100 μm/s, 1.07 MW/cm2 (green); 50 μm/s, 0.89 

MW/cm2 (orange); 50 μm/s, 1.07 MW/cm2 (red) 

3.3.Photothermal structure modification 

The mechanism of laser modification of the film is associated with thermal processes 

caused by the action of the heat source on the film matrix and NPs. The formation of the heat 

source in the laser beam focusing area is associated with the partial absorption of radiation on the 

matrix and NPs. The substrate under the film did not absorb laser radiation but was heated due to 

heat transfer from the heated film. In the laser radiation absorption area, an abrupt heating of the 

material occurred. With a temperature of 400 - 1200 °C at the epicenter and a heat source size of 

60 - 100 μm, the temperature gradient dT/dr reached 8 - 39 °C/μm. The heating rate was 800 - 

4300 °C/s when the laser spot moved at a speed of 100 μm/s. Heating from room temperature to 

the maximum temperature proceeded in 0.5 - 1.0 s. That led to extreme conditions for heating the 

film with various stages of its modification.  

In the beginning of laser treatment Ag NPs decomposed into atoms, ions, and monomers. 

They concentrated at the boundaries of AZO crystals (Fig. N, I). Next, there was a diffusion mass 

transfer of Ag in the form of monomers along the temperature gradient from the center of the film 

to its surface and to the film-substrate interface, where the temperature was lower (Fig. N, II). 

Simultaneously with the mass transfer of Ag, the AZO matrix thermally compacted and 

recrystallized. Assumably, at this moment the absorption capacity of the film decreased due to the 

destruction of large Ag NPs. After that, the heat front began to spread outside the film, that led to 

the softening of the substrate under the exposed area due to heat transfer from the heated film to 

the glass substrate. Due to this phenomenon, the outflow of Ag monomers from the film to the 

substrate sharply increased. When the heat source was removed, Ag nanoclusters grew on the film 

surface during its cooling (Fig. N, III). In the softened substrate Ag monomers began to 

agglomerate forming Ag NPs under the film (Fig. N, IV). The growth of Ag NPs in the substrate 

ended only when the heat source was removed, the temperature dropped, and the glass solidified. 

Since the film modification occurred due to thermal action of laser radiation, this mechanism can 

be called photothermal. 



 

Figure. 11. The scheme of AZO:Ag film photothermal modification with the following stages: I. 

Decomposition of Ag NPs into monomers; II. mass transfer of Ag monomers from the center of 

the film to the surface and to the film-substrate interface; III. the outflow of Ag monomers from 

the film to the substrate during its softening, as well as the growth of Ag nanoclusters on the film 

surface; IV. agglomeration of Ag monomers and growth of NPs in the substrate. 

 

4. Conclusion 

Under the influence of CW radiation with a wavelength of 405 nm, the structure of AlZnO films 

with silver nanoparticles on a glass substrate was recrystallized, similar to the pulsed laser 

recrystallization with excimer lasers. The main difference was that the laser radiation used had a 

quantum energy below band gap. The treatment was possible due to the presence of silver 

nanoparticles, which increased the absorption efficiency. As a result of recrystallization, smaller 

crystallites were combined into larger ones, about 80 nm in size. Initial nanoparticles with 

diameters of about 65 nm were concentrated within individual crystallites after laser treatment, the 

particle diameter decreased to 10 nm or less. At 0.89 MW/cm2   at both scan rates, the maximum 

of the plasmon resonance peak in the transmission and extinction spectra was shifted to a 

wavelength of 450 nm; at 1.07 MW/cm2, a significant decrease in the peak intensity was obtained. 

The study of the band gap showed that it increased from 3.27 eV to 3.36 eV due to an increase in 

the concentration of charge carriers after exposure. A photothermal mechanism for film 

modification was proposed, the recrystallization of AZO and a decrease in the size of nanoparticles 

occurred due to the thermal effect of laser radiation. 
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