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STRUCTURAL TRANSITION IN SrZnO LASER PULSE DEPOSITED ALLOY

We have discovered a structural transition for the SrZnO alloy films from a wurtzite to a rock-salt structure, leading to a re-
duction in the (1120)/(0001) surface energy ratio. The films were grown by pulsed laser deposition using different SrO ratios, x.
We have revealed that growth at a higher temperature, 750°C, resulted in a sharp 0002 peak at a low SrO content (5%), whereas
growth at a higher SrO content (10%) resulted in a non-crystalline film with minute crystallites with a (1120) orientation. Gene-
rally the crystallinity decreased as the SrO content increased. No results obtained for the crystalline films showed any orientation
of significant peaks besides the peak attributed to the (0001) plane, suggesting epitaxial growth. Optical measurements showed
difference in transmission widows of alloys with different SrO percentage, and this was correlated to SrO influence on growth
mode as indicated by scanning electron imaging. The studied SrZnO films, with SrO/(SrO + ZnO) < 0.25, were grown by pulsed
laser deposition using different SrO ratios, x. The effects of temperature and oxygen pressure during growth on the films’ structural
properties were investigated. XRD results indicate that the film crystallinity was improved as the temperature and O, pressure

increased up to 650°C and 0.5 Torr, respectively.
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1. Introduction

Zinc oxide and their solid state alloys has gained much
interest due to its perspective physical properties, such as non-
linear optical, piezoelectric, piezooptics etc., such the ability
to be synthesized using different methods [1]. To modify the
properties of ZnO while maintaining the compound’s wurtzite
structure, many research groups have tried to dope this material
with different elements possessing an electronic configuration
similar to that of zinc. This process usually leads to dopants
substituting into Zn lattice sites, resulting in a variation in the
lattice parameters and electronic structure of Zn and thus affect-
ing the magnitude of the material’s band gap. Over-doping, in
many cases, leads to a phase change from wurtzite to another
phase, depending on the dopant. Previous studies [2-22] show
that the main dopants that create such an effect are Be, Mg, and
Cd, Ca. Doping with Be has indicated that the solubility of Be
in ZnO is nearly 100%, resulting in band-gap widening. Similar
behavior has been observed for Mg dopants; however, the solu-
bility is limited to approximately 35%, beyond which the alloy
undergoes a phase change to a rock-salt structure. On the other

hand, doping with Cd has been reported to reduce the band gap
of ZnO, as demonstrated by [10] for up to ~7% Cd incorporation.
Alloying ZnO with either Mg or Cd results in a slight variation
in the lattice parameters of ZnO. Of course, the use of Be and
Cd materials is not favorable due to their high toxicity and thus
negative impact on health and the environment. This problem
encourages the consideration of other elemental dopants with
the same outer electronic structure.

Considering other alternatives leads to the group below Mg
in the periodic table, namely, calcium, strontium, and barium.
Compared with the aforementioned elements (Be, Mg, and Cd),
Ca, Sr, and Ba have been the subject of much fewer studies; con-
sequently, there are few reports on the alloys CaZnO, SrZnO, and
BaZnO, with most focusing on CaZnO. Both experimental work
and DFT calculations [23-25] show that the band gap of CaZnO
increases as the content of Ca increases. CaZnO has been reported
[26-28] to be synthesized by wet chemistry and RF magnetron
sputtering. In [28] reported the use of RF magnetron sputtering
to grow the aforementioned alloys (CaZnO, SrZnO, and BaZnO)
as components of Love wave sensors; the authors observed dis-
tinct changes in the operating characteristics of the sensors as
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the dopant concentration or type was varied. The concentration
of the dopants they used did not exceed 5%. The authors also
observed that other XRD peaks besides the main (0002) peak
began to appear as the doping level was increased. From a ther-
modynamics perspective, [26-27] showed that the solubility of
Ba in a ZnO matrix is very limited. All reports have indicated
a slight variation in the lattice constants of CaZnO, SrZnO, and
BaZnO, quite similar to the cases of MgZnO and CdZnO.

In this study, SrZnO alloys grown on Al,03(0001) using
pulsed laser deposition (PLD) were examined by XRD. In
particular, the study focused on the effects of temperature and
oxygen background pressure during film growth on the crystal-
line properties and growth modes of the alloy films in order to
reveal an occurrence of phase transitions.

2. Materials and Methods

Samples were grown on Al,O3 (0001) substrates; the sub-
strates were cleaned using solvents, mainly ethanol, prior to their
placement in the PLD chamber to remove any contamination.
The chamber, produced by Neo Cera, is equipped with a 248 nm
excimer laser. Before growth, the substrates were heated to 750°C
under vacuum inside the chamber to further clean the substrates
and smooth their surfaces. The background gas used was oxygen,
0O,; no other gases were intentionally added. Films were grown
by applying laser pulses to targets measuring 2” in diameter.
Three targets composed of a mixture of SrO and ZnO — with
SrO molar ratios, x = SrO/(SrO + ZnO), equal to 5%, 10%, and
25% — were used. The pulse fluence and repetition rate were
6.5 to 7 J/em® and 10 Hz, respectively. The films were grown
at low and high temperature and under low and high oxygen
background pressure as well.

To characterize the structural properties of the prepared
SrZnO films, 26 scan measurements were performed using
a computer-aided, high-resolution XRD system (X’Pert Pro
(MRD) from Panalytical) with CuK, radiation (1 = 1.541 A).
The system is equipped with a high-resolution goniometer with
aminimum 26 step size of 0.0001°. Optical transmission in UV-
Vis-IR regime was used to investigate the optical properties, and
imaging by SEM was utilized to explore films structure.

3. Results and discussion

Fig. 1 shows the XRD spectra of two samples grown with
different SrO molar ratios, x = 5 and 10%, as well as the XRD
spectrum of a pure substrate for comparison. These samples were
grown at 380°C under an O, background pressure of 15 mTorr.
The spectrum shows a small (0002) peak for the alloy contain-
ing 5% SrO, whereas the sample containing 10% SrO does not
exhibit an apparent peak. Moreover, no other orientations of the
films were observed; the only peaks that appeared were those
due to the substrate. This result, in fact, indicates the amorphous
character of the alloy containing 10% SrO.
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For growth at higher temperature, three Sr,Zn;_,O alloys
with different values of x were examined. Fig. 2 presents the
XRD spectra of three samples, with x =5, 10, and 25%, as well
as the spectrum of a pure substrate. The growth temperature
was 650°C, whereas a background pressure of 15 mTorr was
maintained. Growth behavior similar to that exhibited at 380°C
was observed; however, the (0002) peak of the alloy with x = 5%
became more distinct, and the intensity ratio of this peak to the
substrate peak was enhanced. The other samples with higher
SrO ratios (x = 10% and 25%) did not show any evidence of
ordering. This result suggests the limitation of SrO miscibility in
ZnO. However, the growth conditions contribute to the kinetics
of this alloy’s solubility limits. These results call attention to
the investigation of growth parameters other than temperature.
The data, shown next, presents the effect of the O, background
pressure on the crystallinity of the films.
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Fig. 1. XRD spectra of Al,03(0001) and Srj g5Zng 95O and Srg ;Zng 9oO
grown on Al,05(0001) at T = 380°C under 15 mTorr O, background
pressure
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Fig. 2. XRD spectra of Al,03(0001) and Sry g5Zng.950, SrgZng 00,
and Sry »5Zn 750 grown on Al,03(0001) at T = 650°C under 15 mTorr
0O, background pressure
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Fig. 3 shows the XRD spectra of SrZnO alloys grown at
650°C and 500 mTorr. None of the peak positions of the alloys
shows significant variation from those of pure ZnO; moreover,
no other peaks, except those due to the substrate, were observed,
indicating a single orientation. Compared with the films grown at
lower temperature or pressure, the resultant films exhibited better
crystalline ordering. Indeed, a similar observation was reported
by [29] for the case of pure ZnO grown by PLD on sapphire
(0001). The author reported that growth at higher temperature
and pressure enhances the quality of the films.

3000
SrZn0-0002 ALO,-0006
7000 4 ’
6000
& 50004
5
S 4000
@) ) ST, s Zn,,.0/ALO,(0001)
3000 4
Sr, Zn,,0/ALO,(0001)
2000 4
o St, ,.Zn,,.0/ALO,(0001)
1000 4
ALO(0001)
0 === A
30 35 40 45 50 55 60
20(7)

Flg 3. XRD Spectra 0fA1203(0001) and Sro‘oszno'gso, sro'lzno‘goo,
and Srg 557104 750 grown on Al,05(0001) at T = 650°C under 0.5 Torr
0O, background pressure

In fact, the variation in the peak positions as a function of
the growth conditions or SrO concentration was not significant.
Consequently, the vertical lattice constant, ¢, did not change
considerably. Similar behavior, but not exactly the same, has
been observed for Zn-rich MgZnO and CdZnO alloys exhibiting
a wurtzite phase. For Zn-rich MgZnO, the change in the a-lattice
(c-lattice) constant has been reported [ 15] to be ~ +0.4% (-0.5%)
for a MgO concentration of 34%. Moreover, Zn-rich CdZnO
alloy shows a similarly small variation, although the phase
stability of the wurtzite phase of this alloy is lower than that of
MgZnO, reaching up to ~7.5% as shown by [11]. According to
the density functional calculations performed by [30], SrO can
adopt a metastable, hexagonal structure. However, this hexagonal
structure has an internal parameter (u) equal to 0.5. The same
behavior is observed for MgO, whose metastable structure is
called 2-MgO. Based on this calculated prediction, the small
variation in the lattice parameters, and the XRD peak positions,
it can be assumed that the same effect occurs in MgZnO [31].
As shown in Fig. 4 the variation in the (0002) peak position of
SrZnO and the alloy’s c-lattice constant are very small. By con-
verting the peak positions to lattice constants as shown in Fig.
4b, the lattice constants can be observed to increase with the SrO
ratio in the SrZnO films. However, this variation in the lattice
constant is very minute, similarly to the cases of MgZnO and
CdZnO. In fact, other research groups have also reported small
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variations in the lattice constants of ZnO-rich CaZnO, BaZnO,
and SrZnO films. These small variations have been attributed
to the additional stress induced by the difference in the atomic
radii of Ca, Ba, and Sr and the atomic radius of Zn.
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Fig. 4. Peak positions and c-lattice constants of SrZnO alloy as a func-
tion of SrO ratio (x)

Unlike in other studies, SrZnO, CaZnO, and BaZnO were
grown on sapphire rather than quartz or glass plates in our study.
Moreover, the method used was PLD rather than chemical bath
deposition, sputtering, and sol-gel processing. For growth by
a wet chemistry process, it has been demonstrated that as the
contents of Ca, Sr, and Ba in the bulk increase, other orientation
peaks will arise, indicating a reduction in the surface energy ratio
between the (0001) orientation and other ones. Furthermore,
the growth kinetics allow for such orientated growth. However,
for the case of sputtering, only the (0001) orientation has been
observed.

To test optical properties of those films showing strong
0002-peaks (5% SrO and 10% SrO), transmission measurements
have been performed. Fig. 5 provides both transmission spectra
of films with 5% SrO (Fig. 5a) and 10% SrO (Fig. 5b). For the
film of 5% SrO, the behavior of the transmission spectrum has no
major difference of that of pure ZnO, but transmission spectrum
of film containing 10% SrO has a major shift in the transpar-
ent window. Moreover, reduction in transmission, as clearly
observed, is not as sharp as that of the film containing 5% SrO.
In fact one might think of band gap widening due to Sr incorpo-
ration yet this shift is not seen for the case in Fig. 5a. Indeed if
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this major shift was related to electronic structure modification
due to 10% SrO incorporation, a similar trend would be seen for
the case of 5% SrO as well. However, the case is not so. This
in fact required us to investigate how SrO influence the growth
mode of the alloy, and this may explain this optical behavior.
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Fig. 5. Transmission spectra of @) Srg¢sZng¢s0/A1,03(0001); and
b) Sty 1Zn, 90/A1,05(0001). Both films were grown at T = 650°C under
0.5 Torr O, background pressure

Fig. 6 shows the images of both samples whose optical
transmission spectra are presented in 5% SrO (Fig. 6a) and
10% SrO (Fig. 6b). As can be seen ZnO with 5% SrO consists
of a layer with nano hexagonal rods, having a width of 100 nm.
However, the case for ZnO with 10% SrO is totally different;
this film is constructed of wide and thin intersecting hexagons
(width is ~200-300 nm) rather than rods. This is in fact very
interesting to show how SrO incorporation can have an influence
on the growth mode of the alloy.

In deed this difference in growth mode explains very
well the difference in the transmission spectra. For the case of
SrZnO alloy of 5% SrO, the layer prevents transmission above
the bandgap, and this is why no transmission is observed above
~3.4 eV. On the other hand, SrZnO ally of 10% SrO has a wider
transmission window due to variation of band gap since thick-
nesses of the hexagons are not uniform. Therefore, each thick-
ness has different electron and hole levels in the conduction
and valence bands, respectively. Of course the small thickness
leads to charge carrier confinement causing induction of discrete
levels. Therefore, the variation of these hexagon thicknesses can
be seen in the transmission spectrum, i.e. the thinner the hexagon
the larger the gap, and vice versa. Indeed, further theoretical and
experimental investigation is required to understand the origin
of SrO percentage on SrZnO growth mode.

Sry.1ZN, 4O/Al,04(0001)

Fig. 6. Scanning electron microscopy images of a) Srg¢sZng 950/
Al,03(0001); and b) Sty 1Zn,y 9O/Al,03(0001). Both films were grown
at T = 650°C under 0.5 Torr O, background pressure

To test the films at higher temperature, another set of sam-
ples were grown at 750°C; the SrO bulk ratios in the targets
were 5% and 10% under an O, pressure of 500 mTorr. The XRD
spectrum of the sample containing 5% SrO (Fig. 7) shows a sig-
nificant (0002) peak, indicating a high-quality film. However,
for the higher SrO ratio (10%), no peak near 34.5° was observed,
indicating an amorphous structure. However, a very small peak
near 260 = 56.9° was observed, which can be attributed to small,
(1120)-oriented crystals within the amorphous film. The fact that
the orientation observed is different from the (0001) orientation
could be related to that the fact that the (0001) surface of StZnO
alloy containing 10% SrO has a higher surface energy than the
(1120) surface. Indeed, it is no surprise that such a result was
observed because pure SrO stabilizes in a rock-salt structure,
whereas ZnO stabilizes in a wurtzite structure. Therefore, incor-
porating more SrO into the ZnO matrix can cause deformation,
leading to a transformation from a hexagonal to a cubic phase;
however, with only 10% SrO, the alloy would suffer from issues
regarding its transitional state. One of these issues is the change
in surface energy. The (1120) surface of ZnO is rectangular in
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shape with unit cell dimensions of 5.2 A x 5.5 A. These dimen-
sions are similar to those of the square surface unit cell of SrO,
which has the lowest surface energy among rock-salt structures.
In fact, the a-lattice constant of rock-salt SrO is approximately
5.1 A, which is similar to the a-lattice parameter of wurtzite ZnO
(1120) reported by [30]. The reason this behavior is observed at
high temperature but not at low temperature is that the thermo-
dynamics in the former case overcome the kinetics of growth,
which explains why this orientation was not observed at low
temperature in this study.
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Fig. 7. XRD spectra of Al,05(0001) and St ¢sZn 95O, and St 1Zn 99O
grown on Al,05(0001) at T = 750°C under 0.5 Torr O, background
pressure

The earlier studies have shown that the ZnO doped struc-
tures are able to show some phase transitions [32]. One of the
reasons is connected with occurrence of the anharmonic phonons
[33]. This phonons form charge induced mechanical stresses
[34]. At the same time there occurs some charge transfer form-
ing the effects described by the third rank polar effects like
SHG [35-36]. It may be even manifested n the ZnO containing
glasses [37-39]. So the observed structural phase transitions
may reflect a complex interaction of phonons and the electronic
subsystem which finally determined the observed charge density
acentricity effects.

4, Conclusions

A structural transition for the SrZnO alloy films from
a wurtzite to a rock-salt structure, leading to a reduction in
the (1120)/(0001) surface energy ratio. The effect of substrate
temperature and oxygen pressure during growth by PLD on the
structural properties of SrZnO films was investigated. Different
SrZnO films with SrO/(SrO + ZnO) < 0.25 were grown at dif-
ferent SrO ratios. XRD results indicated an improvement in the
films’ crystallinity as the temperature and O, pressure increased,
up to 650°C and 0.5 Torr for the (0001) orientation. However,
the crystallinity was reduced as the SrO content in the films
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increased, whereas the magnitude of the c-lattice constants of
these films showed a slight increase with increasing SrO content.
Both optical measurements and SEM imaging explained the ef-
fect of SrO percentage on growth mode. Lastly, increasing the
substrate temperature to 750°C resulted in a sharp (0002) peak at
low SrO content (5%), and a virtually non-crystalline film with
small crystallites adopting a (1120) orientation was observed at
higher SrO content (10%).
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