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Study of the influence of pressure and electric field on the material

emission and deposition rate of Al2O3 and ZrO2 in the process of pulsed

laser deposition
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The deposition of coatings on steel substrates from thin alternating layers consisting of aluminum oxide and

yttrium-stabilized zirconium oxide in a vacuum chamber in an oxygen atmosphere was studied using pulsed laser

deposition using a KrF excimer laser with an emission wavelength of 248 nm. To increase the deposition rate of

ablated particles, an electric field was applied between the substrate and the target during the processing. The

effect of an electric field of different polarity on the deposition rate was studied at different oxygen pressures in the

vacuum chamber. The spectral intensity of the plasma plume of atoms and ionized particles was measured during

the processing in order to study the particle composition in the plasma plume. The evolution of plasma plume

images at different oxygen pressures in the vacuum chamber was recorded and processed.
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Introduction

Thin-film coatings attract significant interest in the optical,

electronic, and aerospace research communities. The scien-

tific literature describes numerous methods for fabricating

such coatings. Pulsed laser deposition (PLD) [1–6], using
laser ablation techniques, has been recognized as one of the

most technologically versatile and cost-effective methods for

growing thin films. In this technique, a focused pulsed laser

beam with high power density is used to ablate coating

materials from a metallic or ceramic target. The laser

pulse interaction with the target generates a plasma plume,

whose products deposit onto the substrate surface. The

PLD method can also be applied to create coatings from

materials that are difficult to deposit by other means.

The laser-induced plasma, moving toward the substrate,

consists of atoms, partially ionized target atoms, electrons,

and ionized gases within the vacuum chamber. The move-

ment of charged particles in the plasma can be influenced

by external electric and magnetic fields. Previous attempts

to achieve desired material properties and improve coating

quality have involved auxiliary methods integrated into the

traditional PLD process. Essentially, these methods applied

a direct current (DC) electric field to the plasma plume

composed of negatively or positively charged particles,

thereby affecting their motion during PLD.

Lubben et al. [7] applied a constant voltage bias by impos-

ing an electric field between the target and substrate during

PLD to deposit semiconductor epitaxial films of germanium

and silicon. Applying a negative bias significantly reduced

the particle density embedded in the resulting film. The

particle density for the sample deposited on the substrate

at a bias voltage up to −150V was about five times lower

than without bias.

In the study [8], a DC bias voltage was used in PLD to

deposit superconducting films of Y−Ba−Cu−O. A high-

voltage ring electrode was placed between the substrate

and target to promote the formation of O+
2 ions by

ionizing O2molecules supplied in an oxygen flow. This

led to increased oxygen content in the deposited film and

enhanced its superconducting properties.

A similar technique for improving superconducting film

properties was employed in [9]. However, the exact effect

of the ring voltage application, as well as its polarity, on

deposition quality could not be conclusively determined.

Later, in [10], the use of bias voltage during PLD for

superconducting thin film deposition was also reported.

The substrate bias voltage improved not only the electrical

properties but also the surface morphology. According to

these results, a positive bias was more effective than a

negative one.

Experiment

In this study, an external electric field of varying strength

and polarity was applied to influence the charged products

of the laser plasma and consequently increase the amount

of material collected on the substrate. Images and emission

spectra of the plasma plume were analyzed to gain a

comprehensive understanding of the film growth conditions.

The PLD experiment was conducted in a stainless steel

vacuum chamber using oxygen as the reactive gas. Half

of the target consisted of hot-pressed zirconium dioxide

(ZrO2) stabilized with 5% mass Y2O3and the other half
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was aluminum oxide Al2O3; both materials were used to

deposit thin alternating layers on steel substrates. A KrF

excimer laser with a wavelength of 248 nm was used to

ablate the target material at a repetition rate of 10 Hz and

pulse duration of ∼ 20 ns. The pulse energy density ranged

from 1.4 to 2.5 J/cm2. The laser beam was focused to a

3mm2 area on the target at an incidence angle of ∼ 40◦.

The distance between the ablation spot and the substrate

center was ∼ 25mm.

To apply the electric field between the target and

substrate, an additional ring-shaped metal electrode was

placed directly above the target. The electrode was

connected to a DC power supply. Two copper wires from

the electrical feedthrough on the vacuum chamber’s upper

flange were connected to the metal substrate holder and

the ring electrode above the target. The DC voltage was

controlled by the power supply.

The deposition rate (mg/pulse) was determined by mea-

suring the weight of material collected on the substrate

using highly sensitive automatic scales AD-6 Perkin Elmer

with a sensitivity of 0.1 microgram. Spectral intensity

measurement of plasma plume emission was performed

with a fast high-resolution spectrometer (HR 2000+, Ocean

Optics Inc.) in the wavelength range of 268 to 486 nm

with a spectral resolution of 0.08 nm. An LC-22 collimator

from Multimode Fiber Optics, Inc., having no defined focal

length (infinite focal length), was used. It allowed easy light

collection from the plasma plume and direct connection via

an SMA fiber optic interface to the spectrophotometer.

Images of the plasma plume at various oxygen gas

pressures during ablation were obtained using a Nikon D80

digital camera with 10 megapixels and a maximum shutter

speed of 1/4000 s.

Results and discussion

Effect of Electric Field on Deposition Rate

The relationship between the deposition rate, representing

the amount of material collected on the substrate per pulse,

and experimental variables was investigated. To study the

effect of the electric field on the laser-induced plasma, the

magnitude and polarity of the DC voltage, laser energy flux,

and oxygen pressure in the chamber were varied.

Figure 1 shows the measured deposition rate [mg/pulse]
at oxygen pressures in the vacuum chamber ranging from

10−5 to 5 Torr. The pulsed beam energy flux was about

∼ 1.4 J/cm2the pulse repetition rate was 10 Hz, and the

processing time was 30 minutes, amounting to 18,000

pulses.

The deposition rate showed little change around the

vacuum region 5 · 10−5
−5 · 10−4 Torr. At a pressure of

5 · 10−5 Torr applying a negative voltage of −1kV to the

substrate increased the deposition rate by ∼ 15% relative to

zero applied voltage. At 5 · 10−4 Torr the deposition rate

slightly increased (by ∼ 10%) for −1 kV and zero voltage,

whereas it decreased by approximately the same amount for
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Figure 1. Dependence of deposition rate on gaseous oxygen

pressure (pulse energy density ∼ 1.4 J/cm2).
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Figure 2. Dependence of deposition rate on applied negative

voltage (vacuum 5 · 10−4 Torr, pulse energy density ∼ 1.4 J/cm2).

positive +1kV. From this, it can be inferred that the plasma

plume is sufficiently strong and fast to deposit particles on

the substrate even at relatively high vacuum.

Applying an electric field in the range from −1 to −4 kV

(Figure 2) did not significantly affect the deposition rate

enhancement. Obviously, the deposition rate is proportional

to the laser beam energy flux at both high and low vacuum.

Meanwhile, the electric field seemingly does not strongly

influence the deposition rate in the relatively high vacuum

region, as further seen in Figure 2.

As the gaseous oxygen pressure inside the chamber

increased under electric fields of different polarity, the

difference in deposition rates grew, despite an overall trend

of decreasing deposition rate regardless of the presence of

the electric field. For instance, at an oxygen pressure of

0.5 Torr, when −103 V was applied to the substrate, the

collection rate increased to ∼ 290% relative to deposition
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Figure 3. Dependence of deposition rate on applied voltage

(oxygen gas pressure 0.1 Torr, pulse energy density ∼ 2.5 J/cm2).
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Figure 4. Dependence of deposition rate on applied voltage

(oxygen pressure 0.1 Torr; pulse energy density ∼ 1.8 J/cm2).

at the same pressure without applied voltage. This can be

explained by the different effects of the field on the motion

of charged particles in the expanding plasma plume at that

gas pressure.

However, as shown in Figures 3 and 4, when the chamber

was filled with gaseous oxygen at a pressure of 0.1 Torr

and at a pulse energy flux of ∼ 2.5 J/cm2 (Fig. 2, a),
the collection rate gradually increased by ∼ 20−25% with

increasing DC voltage from 0 to ±1kV. Moreover, at the

lower energy flux (∼ 1.8 J/cm2) (Figure 4), a similar trend

of increasing deposition rate with rising applied voltage was

observed. When a DC voltage of −1kV is applied to the

substrate, the collection rate increases by 47% at a lower

pulse energy flux (∼ 1.8 J/cm2). This indicates that applying
an electric field effectively enhances the collection rate both

when the plasma plume is generated by a pulsed beam with
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Figure 5. Al emission intensity spectrum at an oxygen pressure

of 5 · 10−4 Torr.

low energy density and when generated at a higher energy

density (Fig. 3).
From a series of experiments, it can be concluded that

an electric field can be used to increase the deposition rate

when there are some restrictions on the expansion of the

plasma plume due to collisions with the ambient gas or

when a weak plasma jet is generated by a laser pulse with

low energy.

Emission Spectroscopy Results

Spectra of the pulsed laser deposition emission of the

target material, consisting of two parts — hot-pressed

ZrO2 stabilized with 5% mass Y2O3) and Al2O3 — were

recorded. The operating wavelength of the KrF excimer

laser used was 248 nm, which is far from the spectral range

of −486 nm HR2000+ Ocean Optics spectrometer used in

the experiment. To collect sufficient light, an integration

time of 500ms was used. The laser repetition rate was

10Hz, so during one spectral acquisition, five pulses were

recorded. The following strong emission lines of aluminum

and zirconium atoms and ions were present in the selected

spectral range:

Al I 309.27 nm 3s23p−3s23d, 394.40 nm 3s23p−3s24s ,

396.15 nm 3s23p−3s24s ;

Al II 358.74 nm 3s3d−3s4 f ;

Zr I 383.68, 423.93, 450.51, 457.55, 460.26, 462.64,

468.78, 471.01, 473.95, 477.23, 478.87, 48.56 nm;

Zr II 404.86, 414.92, 420.90, 444.30, 449.70 nm.

It should be noted that the emission spectra of Zr I

and II contain about 355 lines in the indicated spectral

range according to NIST data [11]. In our measured

emission spectra, well-resolved lines mentioned above were

observed. To determine the influence of the electric field

on the deposition rate on the substrate, zirconium plasma

emission intensity spectra were measured with electric fields

Optics and Spectroscopy, 2025, Vol. 133, No. 9
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Figure 6. Al emission intensity spectrum at different oxygen

pressures (without applied electric field).

of +1, −1 kV and without the field applied at an oxygen

pressure of 5 · 10−4 Torr. Notably, no significant increase in

deposition rate was observed at relatively high vacuum. No

substantial effect of the applied electric field on zirconium

emission spectra was detected. It is difficult to comment

on the broadening of Zr emission lines without additional

experiments.

In the Al2O3 emission spectra at pressures ranging from

5 · 10−5 to 5 Torr strong Al I 309.27 (3s23p−3s23d), Al II
within 358 nm (3s3d−3s4 f ), Al I 394.40 and 396.15 nm

lines were observed.. At an oxygen pressure of 5 · 10−4 Torr

the applied electric field of both+1, and −1kV resulted in

reduced broadening of Al emission spectral lines compared

to zero field (Fig. 5).
This broadening may be explained by strong interactions

with the surrounding oxygen atmosphere in the chamber

as pressure increases. The obvious effect of pressure on

emission spectra can be observed in Fig. 6. The wings

of the Al I 394.40 nm and 396.15 nm lines are elevated,

and broadening of the Al II 358.74 nm line 3s3d−3s4 f

is observed at lower vacuum. This clearly indicates

interaction between emitting or absorbing particles and

surrounding oxygen. For example, Lorentzian fitting of the

Al I 394.40 nm line at 5 Torr yields a full width at half

maximum (FWHM) of about 90 cm−1and about 120 cm

for 396.15 nm −1. The observed increase in Al emission

line widths with increasing oxygen pressure is attributed

to intensified heating and ionizing effects of shock waves

formed at the boundary between the expanding erosion

material from the target and the gas atmosphere.

Digital Imaging of the Plasma Plume

Figure 7 shows images of the plasma jet during the

ablation process captured by a Nikon D80 digital camera

at various oxygen gas pressures. The experiment consisted

of three series. For all series, the pulse energy was the

same at ∼ 1.4 J/cm2. In the first series (left column), the
target was aluminum oxide Al2O3. In the second series

(middle column), the target was hot-pressed zirconium

dioxide ZrO2 stabilized with 5% mass yttrium oxide Y2O3.

In the third series (right column), half of the target was

ZrO2 and the other half was Al2O3. It can be noted

that at sufficiently high vacuum 5 · 10−5
−5 · 10−4 Torr, the

plasma jet freely propagates directly to the substrate for

both aluminum oxide and zirconium oxide. The same

propagation behavior applies to the mixed target series.

Different plasma zones emanating from Al2O3 and ZrO2

are visible in the right column images. As the pressure

rises — that is, as the number of oxygen molecules in the

chamber increases — the moving plasma front collides with

surrounding oxygen molecules, inhibiting free motion and

causing plume expansion and a change in image coloration

due to shock ionization. This is evident in the figure:

starting at 0.05 Torr pressure, plume broadening and intense

blue glow appear in the aluminum target plume, reaching

the substrate. The plasma jet enlarges and its boundaries

become blurred. In the middle column of Fig. 7, at an

oxygen pressure of 0.5 Torr, the plasma emission exhibits

sharp outlines. The plasma plume is constricted and its

boundaries are clearly defined for both Zr and Al, indicating

enhanced interaction between the plume and oxygen. With

further pressure increases, the plume narrows, eventually

failing to reach the substrate at around 0.5 Torr or above.

This implies that when the plasma expansion is insufficiently

strong, the electric field may influence the attraction of

plasma ions toward the substrate, as seen in Fig. 1. This

leads to some increase in the deposition rate relative to

the case without applied electric field at the same pressure,

although the overall trend of decreasing deposition rate with

increasing oxygen pressure holds.

At pressures of 0.5 and 5 Torr, in all three cases the

plasma plume is sharply defined, pressed against the target,

and does not contact the substrate, suggesting a significant

decrease in deposition rate. This is consistent with the

results shown in Fig. 1.

The Nikon D80 camera used employs a Bayer filter —
a two-dimensional array of three spatially separated color

filters covering the photodiodes of the sensor. The color

image is formed by the Bayer filter consisting of 25% red,

25% blue, and 50% green photofilters with corresponding

spectral transmission bands. We processed the plasma

jet images by separately analyzing the two-dimensional

matrices of blue (B), green (G), and red (R) colors. Figure 8
presents plasma plume images from the aluminum target at

oxygen pressures of 5 · 10−5, 5 · 10−3 and 5 · 10−2 Torr, and

from the zirconium target at 5 · 10−3 Torr oxygen pressure.

It can be noted that with increasing oxygen pressure, the

plasma plume gradually expands in the images obtained

with red and green filters. At 5 · 10−2 Torr oxygen

pressure, the aluminum plasma jet reaches the substrate. At

5 · 10−3 Torr during zirconium target ablation, the plasma

plume contacts the substrate. The plume notably expands in

Optics and Spectroscopy, 2025, Vol. 133, No. 9
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Figure 7. Plasma plume images at different oxygen pressures: Al, Zr, mixture of Al:Zr in ratio 1 : 1.

blue-filtered images, showing intense ionizing effects of the

shock wave formed at the interface between the expanding

target erosion material and the oxygen atmosphere. This

correlates well with emission spectra in the blue spectral

range for both zirconium dioxide ZrO2and aluminum oxide

Al2O3. As seen in the figure, plasma plume expansion

is observed at pressures of 0.05 Torr and above, with

especially marked expansion in the blue (B) filtered images,

correlating well with emission spectra of zirconium dioxide

ZrO2and aluminum oxide Al2O3.

Conclusion

The effect of an electric field on the deposition rate during

PLD was investigated. The electric field created between

Optics and Spectroscopy, 2025, Vol. 133, No. 9
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Figure 8. Plasma plume images processed with red, green, and blue filters.

the target and substrate by applying bias voltages was found

to be quite effective in increasing the deposition rate when

the buffer gas pressure was 5 · 10−5
−5 · 10−4 Torr. At 0.1

Torr pressure, using an electric field at a pulsed energy

of ∼ 1.8 J/cm2 was more effective compared to the higher

energy pulse of ∼ 2.5 J/cm2. At elevated pressures, the

plasma jet cannot expand freely due to collisions with

surrounding oxygen molecules, and when a weak plasma

plume from a low-energy pulse is generated, the electric

field can act as a driving force accelerating ionic species

toward the substrate. Emission spectroscopy results revealed

complex broadening of Al I spectral lines. Further studies

are needed to clarify the interaction between the electric

field and laser-induced plasma.
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