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Influence of the Zn plasma kinetics on the structural and optical

properties of ZnO thin films grown by PLD
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Abstract

We analyze the effect of the average kinetic energy of Zn ions on the crystalline orientation and quality, along with
its effect on the optical response of ZnO thin films deposited by reactive pulsed laser deposition. With the use of laser
attenuators, the Zn plasma density was kept constant while the mean kinetic ion energy was varied from 40 to 100 eV.
The results show that the films are polycrystalline with a preferential orientation along the [101] direction. As the mean
kinetic energy of the ions in the plasma is increased, the degree of crystallinity decreased. The preferred orientation was
found to be a plasma-related effect. As deposited films show high transmittance in the visible range and an intense UV
photoluminescence emission, which is associated to the excitonic recombination.
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1 Introduction

Semiconductor oxides offer interesting advantages for a
large range of applications (transparent electronics, tran-
sistors, sensors, memristors, electrochromic devices, pho-
tovoltaics, displays, etc.), along with low manufacturing
costs [1, 2]. In particular, zinc oxide (ZnO) is a promising
semiconductor for optoelectronic applications because it
has a direct band gap (E,) of 3.37 eV at room temperature
(RT), it is transparent in the visible range (400-700 nm),
and it has an excitonic binding energy of 60 meV [3, 4].
It can offer light emissions in the visible range, which are
attributed to intrinsic defects such as zinc interstitials
(Zn;), zinc vacancies (Vy,), oxygen vacancies (Vg), oxygen
interstitials (O;) and oxygen antisites (O,,) [5-7]. Addition-
ally, ZnO presents nonlinear optical properties that can
be used in applications such as frequency converters and

logic elements in the nanoscale optoelectronic circuitry
(8, 91.

When grown as a thin film [5], in which thickness vari-
ation (size effect), substrate type and annealing have an
effect on the optical properties [10], it can be used to fab-
ricate UV light-emitting diodes and transparent thin-film
transistors. The properties of ZnO thin films have been
widely studied for a large variety of deposition methods
and experimental conditions. These methods include
chemical vapor deposition (CVD) [11], sol-gel [12], RF
magnetron sputtering [13, 14] and pulsed laser deposi-
tion (PLD) [7, 15, 16].

PLD has proven to be an efficient method to generate
thin films given that high kinetic energies of the laser-
produced plasmas can be produced [17]. These energy
conditions, along with directionality in the plasma, give
to PLD advantages for deposition using background reac-
tive gasses, since the reactions required to achieve the
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desired oxide stoichiometry are more effective [17]. The
physical properties of ZnO thin films grown by PLD have
been widely studied, regarding the influence of substrate
[18-21] and annealing temperature [5, 6, 22], oxygen pres-
sure [6, 7, 15, 23], substrate type (quartz [24], silicon [25],
diamond-like carbon [26], sapphire [9] or glass [27]) and
targets [28]. Furthermore, experimental parameters, as
well as the deposition techniques, have been optimized
to achieve materials with high crystalline quality [29, 30].

To the authors’ knowledge, there are no studies con-
cerning the influence of plasma parameters on the crystal-
line quality and optical properties of pulsed laser depos-
ited ZnO thin films. In the present work, the synthesis of
ZnO thin films at room substrate temperature, at low work-
ing pressure and using a metallic Zn target is studied. The
growth of ZnO thin films at room temperature provides
important advantages for the use of polymeric substrates,
which is of special interest for applications on flexible elec-
tronics, e.g., the fabrication of flexible thin-film transistor
(TFT) or as transparent conductive oxides (TCOs) for flex-
ible devices [31, 32].

The possibility to achieve high crystalline quality in the
grown ZnO thin film by controlling the laser energy density
incident on the target surface is explored. Furthermore, a
study of the laser-induced plasma kinetics by Langmuir
planar probe measurements [16, 33, 34] correlated with
the crystalline quality and optical response of the films
is applied. Careful control of Zn ion mean kinetic energy
(Ep).enables a good control of the physical properties of
the deposited films. This might seem trivial; however, this
control is essential when the crystalline films are produced
at room temperature with no need for post-deposition
annealing, as usually reported in most of the works up to
the date. In addition, it is shown that the modification of
the kinetic energy leads to the growth in an unexpected
crystalline orientation. This could affect the properties of
ZnO thin films, for instance, the stability of p-type conduc-
tion [35]. Hence, it is interesting to study the changes in
crystalline orientation because this will widen the possibil-
ity of integration with different semiconductors.

2 Materials and methods

The fundamental emission line of a Nd:YAG laser
(1064 nm), with a 10 Hz repetition rate and a pulse width
of 6 ns, was used for the ablation of a high-purity Zn tar-
get (99.99%, from Plasmaterials), rotating at 15 rpm in
order to avoid drilling. The chamber was evacuated to a
base pressure of 5x 1 0~ Torr, and during the deposition,
a working pressure of 2x 1072 Torr was set, using a back-
ground gas mixture of O,/Ar (20/80) as reactive atmos-
phere. The ZnO thin films were deposited on Si (100) and
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glass substrates at RT. The target to substrate distance was
5 cm. Deposition time was 30 min for all the samples. Zn
ions were detected using a Langmuir planar probe [33,
36] connected to a negative potential (—48 V) and cou-
pled to an oscilloscope in order to measure the voltage
drop across a 20-Q resistor. The oscilloscope was triggered
using a photodetector that collects laser reflections. TOF
signals were obtained from the oscilloscope to calculate
the mean kinetic energy (E,) of the plasma, using the fol-
lowing relationship [37]:

md? J t2(t)dt
E)=—"——"2>_ "
(E) 2 Tiodt M

where mis the ionic mass, d is the distance between target
and substrate, / is the ion probe current intensity and t
is the time. The maximum value of the ion probe current
represents the saturation current; this is used to calculate
the plasma density (N,)) following the procedure described
by Doggett [33]:

/
N — -max 2)

P evA’
where e is the electron charge, v is the plasma flow veloc-
ity and A is the collecting area of the probe. In order to
have different mean kinetic energies of the Zn ions (E,)
and constant plasma density (N, =1x 10" cm™3), the inci-
dent laser energy along with the focusing spot size on the
target was varied.

The crystallinity of the samples was determined by
XRD with a Panalytical Empyrean diffractometer system.
The optical absorption of the films was measured by
UV-Vis spectroscopy with a Thermo Genesys spectropho-
tometer. Photoluminescence (PL) spectroscopy measure-
ments were carried out using a 355-nm solid-state laser
for excitation, and the emission was collected using a
monochromator coupled with a photomultiplier tube
(EMI 9659QB Extend), through lock-in technique. The
film thicknesses were obtained by ellipsometric analysis
using a VWASE Woollam spectroscopic ellipsometer, in the
300-1800 nm spectral range.

3 Results

Time-of-flight curves for the whole set of experiments
are plotted in Fig. 1, with E, variations from 40 to 100 eV,
in 20 eV increments. As it can be seen in the TOF curves,
the signal heights are almost the same for every curve,
meaning that a constant value of maximum current was
obtained, i.e., constant plasma density. On the other hand,
the shift to shorter times represents faster reaching of the
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Fig. 1 TOF signals corresponding to different mean kinetic ener-
gies of the plasma

Langmuir probe, as a result of increasing kinetic energy
(higher speeds).

The XRD patterns of ZnO thin films deposited on
Si substrates are shown in Fig. 2a. Intensities of the
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Fig.2 XRD patterns for ZnO thin films grown at 40, 60, 80 and 100-
eV mean kinetic energies of the plasma on a Si substrate and b
glass substrate

crystalline profile were divided by its respective thick-
ness obtained by ellipsometry, in order to disregard
intensity variations as an effect of sample volume. A sig-
nal related to SiO, can be observed in all the patterns,
and it is attributed to oxidation of the Si substrate. The
XRD pattern of the film deposited with a mean kinetic
energy of 40 eV reveals the presence of a strong diffrac-
tion peak at 36.2° and a weak peak at 33.6°, correspond-
ing to the (101) and the (002) planes of Wurtzite phase
ZnO0, respectively (PDF card #36-1451). Figure 2b shows
the XRD patterns corresponding to the ZnO thin films
grown on glass substrates using the same experimental
conditions.

Thickness and crystallite size values for the different
samples are shown in Table 1. The average crystallite
sizes were calculated with Scherrer equation [15]:

_ 0.94
pCosb’ (3)

where 4, 6 and f are the X-ray wavelength, the Bragg angle
and the FWHM of the (101) diffraction peak, respectively.
Crystallite sizes were between 75 and 88 nm for samples
grown within the range 60-100 eV, while for the sample
grown at 40 eV, it was 107 nm.

The UV-Vis transmittance spectra of the samples
deposited on glass substrates are shown in Fig. 3a.
Absorption band edge is found around 375 nm for the
entire set of samples. The average transmittance for the
film grown at 40 eV is 80%; meanwhile, films grown at
60, 80 and 100 eV show higher average transmittances,
around 85%.

Figure 3b shows the (O.D. x E)? versus E plots, where
O.D. stands for the optical density and E is the photon
energy. The band gap (E,) of the films was estimated by
extrapolating the linear part of the plot to the E axis as
shown in Fig. 3b.

PL spectra normalized with respect to films thick-
nesses are shown in Fig. 4. An intense UV emission
around 377 nm (~ 3.3 eV) can be observed for all sam-
ples, related to excitonic recombination. The inset
of Fig. 4 shows the peak position as a function of the
plasma energy.

Table 1 Mean kinetic energy, thickness, crystallite size, band gap
(Eg) of ZnO/Si thin films and FWHM values from XRD patterns

Mean kinetic ~ Thick- Crystallite Band gap (eV) FWHM of
energy (eV) ness size (nm) XRD (°)
(nm)
100 60 84 3.21 0.1
80 46 88 3.17 0.10
60 44 75 3.21 0.11
40 66 107 3.35 0.08
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:475 | https://doi.org/10.1007/542452-019-0497-1

100
@
80
S
Q
2 60+
s
Z 401
S
= —— 100V
20_ 80 eV
—60eV
40 eV
o+———"T——T T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm)
(b)
o 100eV
> | @ 8o0ev
= A 60eV
S o 40eV
S
g
o
X
a
=)
% 6%
980385686080 $

2.8 29 3.0 3?1 3?2
E (eV)

Fig.3 a Optical transmittance and b band gap estimation of ZnO
thin films
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Fig.4 PL spectra normalized with thickness of ZnO thin films
deposited with different mean kinetic energies of the plasma. The
inset shows the peak position as a function of the plasma energy
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4 Discussion

In the XRD patterns (Fig. 2) when the ion mean kinetic
energy increases to 60 eV, the (101) peak losses inten-
sity and the (002) peak is not observed anymore. At
80 eV, the (101) peak can still be observed, but with a
weaker intensity. There is not a significant change at
100 eV in the XRD pattern. The polar nature of ZnO is
widely known, and there are many reports showing films
strongly oriented in the [002] direction [18-22, 24, 26, 35,
38]. However, according to these results, our PLD syn-
thesis conditions favor the crystal growth in the [101]
direction that barely has been reported before [6, 15,
39]. These XRD patterns show the same preferred ori-
entation along the [101] direction. Figure 2b (ZnO thin
films grown on glass) confirms that preferred growth
orientation is an effect of plasma conditions and it does
not depend on the substrate material; neither its crys-
tallinity nor its surface orientation. The preferred ori-
entation in the [101] direction is presumably induced
by internal stress, caused by the surface mobility of the
species arriving to the substrate at RT [39]. On the other
hand, high working pressure in oxygen-containing reac-
tive atmosphere (> 107" Torr) can be favorable for the
formation of the intense (101) peak when using PLD [6,
15, 39]. However, in our case, control of E, (at 2 x 1072
Torr) leads to similar results to those using high working
pressures. It has been discussed in the literature that in
laser produced plasmas, out-of-equilibrium processes
are expected to exist, leading to the growth of metasta-
ble phases or uncommon preferred orientations [37, 40].

The increase in the intensity of XRD signals is always
accompanied by the decrease in the full width at half
maximum (FWHM); such issue supports the increasing
and the enhancement of materials crystallization or the
order of the material. The obtained data confirm that the
crystalline order of our material through the orientation
(101) is bigger than the order on the orientation (002);
this implies that the crystallite size through the orienta-
tion (101) is larger than through the orientation (002).
Also, it has been reported that the energy fluence has
strong effects in the crystallinity of ZnO thin films [41],
and in particular, high fluence levels readily cause the
degradation of film quality owing to the incorporation of
high-energy species [42]. In this work, we obtained the
best thin film crystallinity at low-energy fluence (lead-
ing to £, =40 eV), which is in agreement with previous
works. Besides, in pulsed laser deposition, the energy
difference between the Zn ions impinging the substrate
at low E, (40 eV) and the surface energy of the substrate
causes a reduction in the surface mobility, promoting
the growth in an atypical direction [43]. For the case of
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samples grown at the range of 60-100 eV, less efficient
crystallization processes (increased amorphicity) can be
attributed to the increase in surface mobility that allows
species to reach low-energy sites at the substrate.

The difference in grain sizes (see Table 1) is related to
the surface mobility, which allows the high-energy species
of samples grown at 60-100 eV to move and coalesce in
smaller grains than sample grown at 40 eV, in which spe-
cies do not have enough mobility to reach lower surface
energy sites. These results are in agreement with results
regarding crystallization of the films. Therefore, in samples
grown at 60-100 eV, high mobility is compensated with
longer reaction time, leading to no significant changes
in its crystallization process. The FWHM values shown in
Table | are lower compared with literature reports [7, 19,
26], indicating that the samples exhibit high structural
quality.

The UV-Vis transmittance spectra result (Fig. 3a) show
that there is a slight increasing trend in transmittance
along with the plasma energy. However, sample grown
at 100 eV showed a small decrease, compared with sam-
ple grown at 80 eV; this effect is most likely related to
the higher thickness of the film deposited at 100 eV (see
Table 1).

The Eg4 values shown in Table 1 are similar to those
reported in literature [5-7]. Note that the highest Eg value
corresponds to the film grown at 40 eV, which according to
XRD results has a higher crystalline quality, this band gap
value is near to the reported value of high-quality ZnO [3,
4]. As the plasma energy increased, the optical band gap
values decreased. This behavior can be explained by the
loss of crystalline quality of the samples, as revealed by
XRD results. Intrinsic defects lead to stress in the mate-
rial, which results in a less homogeneous lattice that can
induce a reduction in crystallinity; at the same time, the
intrinsic defects introduce localized states that modify
Eg values. In samples grown at energies between 60 and
100 eV, it is probable that an oxygen deficiency allowed
the introduction of localized defect states, possibly related
to Zn excesses like Zn,, which causes a band gap narrow-
ing [18].

In PL spectra (Fig. 4), a slight shift to larger wave-
lengths (lower energies) is observed as the kinetic
energy increases. This result is in agreement with the
band gap values obtained from UV-Vis measurements
and the loss of crystallinity observed by XRD analysis. A
weak blue emission from deep level is observed around
480 nm (2.7-2.5 eV). This is associated with the transi-
tion from zinc interstitials (Zn;) to zinc vacancies (V)
[5-7, 11-13, 15]. In contrast, the common green emis-
sion around 530 nm, (~2.5-2.2 eV), associated to transi-
tions from conduction band to oxygen antisites vacan-
cies (O,) or oxygen interstitials (O;) [25], has not been

observed in these samples. The relative low emission in
the visible region (l,5,/1377 ~0.05) for all samples is an
indicator of the low density of intrinsic defects in the
films, as well as stoichiometric growth of ZnO. This char-
acteristic is desirable for the fabrication of optical com-
ponents and transistors since it avoids losses due to the
defects, increasing the excitonic recombination, which
is intrinsically related to the semiconductor behavior of
the material. The high intensity of the UV band together
with the absence or low intensity of defect-associated
bands is an indicative of the excellent crystalline quality
of the films, confirming the results obtained from XRD.
It is worth mentioning that even though a reduction in
crystallinity was observed for increasing plasma energy,
the optical quality of the films was not significantly
affected.

5 Conclusions

Preferential (101) orientation in pulsed laser-deposited
ZnO thin films has been achieved by the laser ablation of
metallic Zn in an oxygen-containing atmosphere. It was
observed that this uncommon growth is an effect of the
plasma mean kinetic energy. A decrease in crystallinity was
observed when energy increased from 40 to 60 eV; how-
ever, no significant changes were observed between sam-
ples grown with 60 eV and over, since the high mobility of
Zn ions is compensated with longer reaction time. Thin
films have high average transmittances between 80 and
85% and optical band gap between 3.35 and 3.17 eV. PL
spectra of all samples showed an intense emission around
377 nm (UV) and a weak blue emission around 480 nm.
The first signal is associated with the excitonic recombina-
tion and is indicative of the good crystalline quality of the
films. The 480-nm signal is a deep level emission, indicative
of intrinsic defects; zinc interstitials (Zn;) and zinc vacan-
cies (V). The decrease in the first with the increase in £, is
therefore related to the reduction in the crystalline quality
of the films due to the appearance of defects, such as zinc
interstitials (Zn;) and zinc vacancies (V).

According to the present results, the control of the
mean kinetic energies of the plasma in PLD is an excellent
method to produce ZnO thin films with good optical qual-
ity, uncommon crystalline orientation and low density of
intrinsic defects.
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