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JOURNAL OF APPLIED PHYSICS 113, 234301 (2013)

An experimental study was conducted on controlling the growth mode of La, 7Sty 3MnOj5 thin films
on SrTiO; substrates using pulsed laser deposition (PLD) by tuning growth temperature, pressure,
and laser fluence. Different thin film morphology, crystallinity, and stoichiometry have been
observed depending on growth parameters. To understand the microscopic origin, the adatom
nucleation, step advance processes, and their relationship to film growth were theoretically analyzed
and a growth diagram was constructed. Three boundaries between highly and poorly crystallized
growth, 2D and 3D growth, stoichiometric and non-stoichiometric growth were identified in the
growth diagram. A good fit of our experimental observation with the growth diagram was found.
This case study demonstrates that a more comprehensive understanding of the growth mode in PLD

is possible. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811187]

. INTRODUCTION

The pulsed laser deposition (PLD) has become one of
the most popular techniques in epitaxial film growth because
of its versatility and conceptual simplicity,l_6 However, the
physical processes of PLD are far from simple, because it
involves multiple steps including the ablation of target mate-
rial, the plasma generation and propagation in background
gas, the deposition of ablated atoms on substrates, and the
non-equilibrium processes on the surface such as diffusion,
desorption, nucleation, and attaching onto existing atomic
steps.” ' Clearly, it is of great importance to understand
how these microscopic processes and the corresponding
growth parameters determine the way the films grow (i.e.,
growth mode), which has significant effects on the physical
properties of the films.

Previously, the individual growth parameters, such as
substrate temperature, background-gas pressure, and laser
fluence have been shown to affect the growth properties
greatly. For example, Infortuna, Harvey, and Gauckle
reported a systematic study of yttrium-stabilized zirconia
(YSZ) and cerium gadolinium oxide (CGO) thin films grown
on various substrates by PLD. It was found that high
background-gas (O,) pressure favors porous morphology as
opposed to the dense structure.'' Kan and Shimakawa stud-
ied the effect of laser fluence on the growth of BaTiO; thin
film on SrTiOz (STO) substrates. The results show that low
laser fluences make the stoichiometry of the films deviate
from that of the target and in turn affect the ferroelectric
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properties.'” The crystalline properties of SrTiO5_s homoe-
pitaxial thin films have been reported by Ohtomo and
Hwang.13 The growth phase diagram in terms of O, pressure
and temperature has been studied. It is noted that at the high
temperature and low pressure region, the mismatching
between crystallization and oxidation timescale gives rise to
irregular nucleation and growth cycle. Furthermore, the tem-
perature is found to have a critical influence on the diffusion
barrier. The diffusivity increases exponentially with increas-
ing temperature, which may strongly affect the growth
mode."*'*

In addition, great interests have been raised on the
behavior of the growth-mode boundaries, which have not
been fully understood. For example, the boundary between
the 2D and the 3D growth mode is still under debate. Metev
et al. experimentally defined this boundary using substrate
temperature and deposition rate as parameters,''> while dif-
ferent dependence of the boundary on growth parameters is
proposed theoretically by Hong et al. comparing the lifetime
of adatoms diffusion and landing time interval.'® Besides,
the relation between growth parameters and the degree of
crystallinity and stoichiometry still remains unclear. A
growth diagram which can describe different growth modes
under different growth conditions'*'*'¢ will be desirable.

In this work, we resolve the aforementioned debate
through a comprehensive experimental study and a theoretical
treatment. We choose a prototypical system of Lag 7Sry3MnO;
(LSMO) thin films grown on STO (001) substrates to study the
growth properties under different conditions. This composition
of LSMO is a known half-metallic ferromagnet above room
temperature which exhibits interesting properties such as spin-
polarized tunneling and colossal magnetoresistance.'” Such

© 2013 AIP Publishing LLC
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features offer great potential in many applications, such as spin
valves and resistive random access memories (RRAM).!">
We thermodynamically analyzed the microscopic processes of
adatom nucleation, step advance, and their influence on the
growth properties of oxide thin films, to answer the questions
of how to decide the boundary between growth modes. Based
on our model analysis, we propose a growth diagram which
describes the dependence of surface morphology, crystallinity,
and stoichiometry of oxide films on supersaturation and sub-
strate temperature as the growth parameters. Our experimental
observations of the LSMO growth modes under various growth
conditions fit in this growth diagram nicely. We emphasize
supersaturation as an important concept in constructing and
understanding growth diagrams for PLD growth of complex
oxide thin films.

This paper is organized as follows. Section II describes
the experimental conditions used in this work. Section III
presents experimental results including the dependence of
thin film growth mode on temperature, pressure, and laser
fluence. Section IV discusses the theoretically constructed
growth diagram and its comparison with our experimental
data.

Il. EXPERIMENTAL METHODS

Thin films of Lag;Srp3MnO3; were grown on single
crystal substrates of SrTiO3 (001) (in-plane lattice mismatch
of 0.8% (Ref. 24)) using PLD with a KrF (1 =248 nm) laser
in an oxygen background containing 10% ozone,”>*° with
the growth pressure of 2 mTorr. The typical film thickness is
10 nm. The repetition rate of the laser is kept at 1 Hz. In-situ
high-pressure Reflection High Energy Electron Diffraction
(RHEED) is used to monitor the entire deposition process.
The time dependence of the intensity of the specular reflec-
tion was recorded. Here, we employ the Pulse Laser Interval
Deposition technique (see Ref. 2), i.e., the growth periods
are separated by the annealing periods (typically 5min) in
which laser pulses are paused. Specifically, the laser is
paused every time when the RHEED intensity reaches a local
maximum to allow sample annealing which manifests itself
as the upturn of RHEED intensity. The laser pulse is
resumed when the RHEED intensity saturates. The laser flu-
ence was varied between 1 and 4 J/cm”. The substrate tem-
perature was varied from 650 to 840 °C. The substrates are
treated by buffered-HF and pre-annealed in O, (1 atm) for
3h at 950°C. The target-substrate distance was 4 cm. The
RHEED images were taken using KSA-400 camera at expo-
sure time of 667 ms at the end of the growth. Ex-situ Atomic
Force Microscopy (AFM) is used to obtain details of surface
morphology. X-ray diffraction (XRD) experiments are
conducted to measure the crystallinity of the films. Energy-
dispersive X-ray spectroscopy (EDX) is carried out to ana-
lyze the chemical composition.

lll. EXPERIMENTAL RESULTS

A. Temperature dependence

We first study the influence of growth temperature while
fixing the background oxygen pressure and the laser fluence
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at 1J/cm?. Figure 1(a) shows AFM and RHEED images of
the pretreated SrTiO; substrates. Flat surfaces with terrace
width of approximately 300nm are obtained. The sharp
RHEED pattern also indicates the presence of flat terraces
and a good surface crystallinity. Figures 1(b) and 1(c) show
the ex-situ room temperature AFM, RHEED oscillations and
in-situ RHEED images at growth temperature of 720 °C and
776 °C, respectively. In Fig. 1(b), for the sample grown at
720°C, the single layer terraces inherited from the substrate
are still visible while many sub-monolayer-height islands
exist on top of each terrace. The RHEED intensity can only
maintain its initial level for the first several oscillations, after
which it decreases upon further growth. The final RHEED
pattern shows weak intensity contrast, although no extra dif-
fraction spots are present. The room temperature AFM data
indicate that the growth mode is still 2D layer by layer at
720°C, with a rms roughness of only 0.14 nm. The measured
X-ray diffraction rocking curve shows the full width of half
maximum (FWHM) of 0.046°, compared to 0.039° for a
well-crystallized film.>” These features suggest that the film
surface is poorly crystallized with 2D layer-by-layer (P-C
LBL) feature preserved. In Fig. 1(c), the room temperature
AFM image of the sample grown at 776 °C reveals neither
regular terraces nor steps from the substrate and has rms
roughness of 0.45nm. The RHEED intensity decreases dur-
ing the growth and displays a weak pattern with extra spots,
indicating 3D island formation. For sample grown at 840 °C,
as shown in Fig. 1(d), totally different features are present.
Rod-like structures (as high as 100 nm) are clearly visible in
the AFM image. EDX experiments were conducted to inves-
tigate the stoichiometry of these features. Fig. 1(d) shows the
Mn-Ka and O-K spectroscopy maps. The Mn and O concen-
trations of the film and the rod are different, indicating chem-
ical phase separation occurs in this growth regime resulting
in different stoichiometry of the rods as compared to the
film. As shown in Table I, a semiquantitative analysis*® indi-
cates that the Mn:O composition ratio is roughly 1:1 on the
rod and 1:3 on the film. The Sr concentration is hard to deter-
mine due to large background from the STO substrate. We
cannot resolve the La concentration due to its proximity to
the substrate Ti peak. According to the data in Table I, the
composition on the rod is likely to be MnO due to the high
vapor pressure of Sr and chemical bond stability of MnO.*
The temperature dependence of growth mode has also
been investigated at a different laser fluence of 4J/cm?®. As
shown in Fig. 2(a), sample grown at 660 °C has 2D layer-by-
layer features (AFM and RHEED images will be discussed in
Sec. II). The sample grown at 760 °C shows a completely dif-
ferent morphology. In Figs. 2(b)-2(d), a 3(D) growth mode is
revealed in both AFM and RHEED images. At first, the maxi-
mum intensity of primary RHEED spot gets weaker with each
oscillation, then it remains nearly unchanged with almost no
oscillations. The RHEED pattern shows spots with a strong in-
tensity, indicating a well crystallized, 3D growth mode.

B. Pressure dependence

Next, we tune the background oxygen pressure while
keeping the temperature (730°C) and laser fluence (1 J/cm?)
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FIG. 1. (a) AFM image (left) and
RHEED image (right) of SrTiOz (001)
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substrate. (b) and (c) AFM, real-time
RHEED oscillations and RHEED
images of samples grown at 720°C
and 776 °C under 1 J/cm? laser fluence.
(d) AFM (upper left) and SEM (upper
right) images of sample grown at
840°C under 1J/cm? laser fluence. Mn
(lower left) and O (lower right) EDX
spectroscopy are shown corresponding
to SEM image area.

constant. A tube was installed with its end close to the sam-
ple surface to supply an oxygen gas pressure during the
growth process. To ensure the same laser and temperature
conditions, we use a larger substrate (5mm x 8 mm) and
carefully position the oxygen tube nozzle with respect to the
sample to create a pressure gradient over the surface of one
sample. Similar approach has been used to create tempera-
ture gradient by other authors.*® As shown in Fig. 3(a), a 3D
growth mode is obtained at low oxygen pressure, while flat-
ter films are visible at higher pressure. In Fig. 3(b), we show
the rms roughness of the entire film area as measured by

TABLE I. EDX analysis of non-stoichiometric sample (840 °C, 1J/cm?).

Counts of Standard Counts of rod
Counts  film and Counts  Relative normalized with
of film rod ofrod  Intensity  standard intensity
Mn (Ko) 52 120 68 9 150 0.45 £ 0.06
0O (K) 470 529 59 =22 151 0.39 £0.14

ex-situ AFM. It is clearly seen that the rms roughness
decreases with the direction of increasing local pressure. To
verify that the roughness distribution does not originate from
temperature variations due to the large substrate size, we
moved our substrate by 1 mm laterally with respect to the ox-
ygen tube and grew another sample under the same condi-
tions. We find that the rms roughness distribution on the
sample correspondingly shifts by about 1mm, which
excludes temperature non-uniformity effects as the cause for
the observed surface roughness distribution.

C. Laser fluence dependence

In addition to the temperature and the oxygen pressure,
the pulsed laser fluence is another important parameter to
control the film quality. Here, we keep the temperature at
740°C and increase the laser fluence from 1J/cm?® to
2.2 J/em?. Dramatic changes are observed in the film growth
as shown in Figs. 4(a) and 4(b). The sample grown at 1 J/cm?
shows 3D features with FWHM of 0.050° in the rocking
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660°C, 4J/cm? 760°C, 4J/cm?
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FIG. 2. Samples grown at different temperatures with laser fluence of 4 J/cm?.
(a) and (b) surface morphologies of samples grown at 660 °C and 760 °C. (c)
and (d) corresponding RHEED oscillations and image of sample in (b).

curve,?’ which indicates the poorly crystallized nature. The
sample grown at 2.2J/cm” indicates a 2D layer-by-layer
growth mode with FWHM of 0.039°. According to Figs. 4(c)
and 4(d), perfect oscillations as well as good RHEED pat-
terns are observed, both indicating good surface morphology
and crystallinity.

IV. DISCUSSION

As a starting point, the change in surface energy Ac
= 0 + 0; — 0, is widely adopted to analyze observed surface
morphology, where g, g, and o; denote the surface energy
of the underlying layer, the depositing layer, and the

y topview (mm)

2 A 0 1 2

x topview {mm)

FIG. 3. (a) Growth pressure dependence of surface morphology under
growth temperature of 730°C and laser fluence of 1J/cm?. (b) Surface
roughness (in unit of nm) map of the sample under oxygen pressure gradient.
The dashed arrow indicates the direction of increasing local pressure.
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740°C, 1J/cm? 740°C, 2.2J/

cm?

:
.
5

“»
l. .

RHEED Intensity (a.u.)

Time

FIG. 4. Laser fluence dependence of samples grown at (a) 1J/em? and (b)
2.2J/cm?, both under growth temperature of 740 °C. (c) and (d) correspond-
ing RHEED oscillations and image of the sample in (b).

interface energy, respectively.'® Indeed, such analysis lies in
the core of the origin of the well-known crystal growth
mechanisms such as Volmer-Weber (VW),31 Frank-van der
Merwe (FM),** and Stranski-Krastanov (SK)*® growth.
When Ac < 0, 2D layer-by-layer growth mode (FM) is
favored; while 3D islands growth mode (VW) is preferred
when Ag > 0. The SK growth mode represents a transition
from 2D to 3D growth when the lattice strain is taken into
account. However, this description of growth is oversimpli-
fied. For example, even for Ag > 0, it is still possible to
achieve 2D layer-by-layer growth.'” As seen above, by tun-
ing experimental parameters, different varieties of surface
morphology, surface crystallinity, and stoichiometry have
been observed. As shown in Fig. 5(a), the microscopic
growth process involves multiple steps, more than the picture
of surface energy change. Moreover, what also needs to be
described is the relation between the growth conditions and
the crystallinity and the stoichiometry of the films. Note that
the discussion of stoichiometry is even beyond the picture of
Fig. 5(a) where the smallest components are the unit cells.

In this paper, we applied the theoretical treatment in
Ref. 10 on the PLD growth of oxide thin films, i.e., (1) to
consider the factors of particle exchange and energy barrier
in nucleation to account for the crystallization; (2) to con-
sider the rate of step advance not only in terms of the diffu-
sion process but also the adatom concentration and their
spatial gradient on the surface which all play important roles
in determining the boundary between 2D and 3D growth
modes. In addition, the film stoichiometry is described using
the supersaturation of the corresponding vapor to solid
process.

Here, we first focus on the discussion on the temperature
dependence of the nucleation process which strongly affects
the crystallinity of thin films. Then, we focus on the discus-
sion on the competition between nucleation and step advance
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FIG. 5. Microscopic illustration of the growth processes. (a) Schematic dia-
gram of the atomic process in the deposition. (b) Schematic of the poor crys-
talization (left) and the good crystalization (right). (c) Schematic of the 2D
layer-by-layer growth and the 3D growth.
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(the growth of 2D islands and advance of steps), which deter-
mines the boundary of 2D layer-by-layer and 3D growth. A
growth phase diagram is developed based on those discus-
sions in terms of growth temperature and supersaturation
which is a useful concept in describing the growth conditions.
Our experimental findings and theoretical model are com-
pared to test the feasibility of our growth diagram.

A. Theoretical growth diagram

During PLD growth, the laser ablation generates a large
atomic flux. As illustrated in Fig. 5(a), these incoming atoms
become adatoms on the substrate surface and diffuse. Some
coalesce and become nuclei. At low laser repetition rate,34
the steady-state rate of nucleation can be described as®’

H(A
Jnuc :f(A.ua T)CXP (_ ECTM)) 5 (1)
At — s.A 1/2
F(ART) = 2/scarNy ("T;") , @
o Aps
H(Aﬂ) = m - (Edes - Esd)a (3)

where s, is the area of the surface unit cell; a is the lattice
constant; Ny is the density of adsorption sites; y is the step
edge energy per unit length; 7 is the arrival rate which is pro-
portional to the concentration of adatoms; k is the Boltzmann
constant; E;s and Eg are the desorption and diffusion
energy barriers. Ay known, as supersaturation, is the chemi-
cal potential difference of adatoms transitioning from their
quasi-vapor phase (the mobile adatoms on the surface and
the background oxygen in the gas phase) near the substrate
to their solid phase on the substrate.

The factor f(Ap,T) can be considered as an effective
Zeldovich factor which accounts for the deviation of the

J. Appl. Phys. 113, 234301 (2013)

system from the equilibrium state; it describes the rate of
atom exchange between the nuclei and its quasi-vapor
parent phase. The factor H(Ay) denotes the energy barrier
of the nucleation. The competition between f(Ap,T) and
exp(—H (Au)/kT) as a function of temperature results in a
maximum value of nucleation rate
. = H(Ap)/2k. 4)
When the sample temperature is low, the nucleation rate
is low because it is difficult to overcome the nucleation
energy barrier. At the same time, the effective Zeldovich fac-
tor is relatively high, indicating a low atom exchange rate
between gas and solid. Thus, the nucleation rate is low and
the films are not well crystallized. When the temperature is
high, the nucleation rate is limited due to a low Zeldovich
factor. However, it is easier to overcome the nucleation
energy barrier to form nuclei. Thus, the films are well crystal-
lized although the nucleation rate is also low. Consequently,
Eq. (4) divides the boundary between the poorly crystallized
and well crystallized growth modes, as illustrated in Fig. 5(b).
As shown in Fig. 5(a), besides nucleation, another way
for adatoms to contribute to the film growth is to attach to
existing nuclei or steps causing step advance. The process
includes the surface diffusion of adatoms towards the steps or
edges of nuclei and incorporation of the adatoms into the
kinks.?” Assuming that the growth is in the diffusion region,
i.e., the diffusion process is the limiting factor of step advance,
the rate of step-advance can be written in the form of'°

¢ — (Edes - Esd)/2>

T ) &)

Vi = 2au%exp (—
where v is the vibrational frequency of the adatom; ¢ is the
adsorption energy at the kink position. We note that similar
to nucleation, the rate of step-advance is also a function of
supersaturation and temperature.

The annealing process used in this work for each mono-
layer helps to reach 2D layer by layer growth in the later
stage of a monolayer deposition. For example, the small
nucleation on top of 2D islands may become unstable due to
the lowered supersaturation without laser pulses and decom-
pose into adatoms which eventually attach to the step edges
of the lower layer via interlayer mass transfer. Thus, the
processes at the early stage of a monolayer deposition such
as nucleation and surface migration of the adatoms are more
important to determine the growth properties.” In such cases,
the competition between the nucleation rate and the step
advance rate becomes a crucial factor to determine the
growth mode. As illustrated in Fig. 5(c), if the nucleation
rate J,,. i1s much higher than the rate of step advance V,,
new nuclei can form on top of existing islands before the
completion of the underlying layer. In turn, several layers
can grow simultaneously, causing 3D growth. Such a growth
mode induces a reduction of the peak intensity of RHEED
oscillation. In the other case, if the nucleation rate is much
lower than the rate of step advance, new nuclei will form af-
ter most of the underlying layer is filled, which gives rise to
a 2D layer-by-layer growth mode.
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To compare the timescales, we calculate

L
Hayer = 77 (6)

sa

1

Thue = m ) (7)
where .- denotes the time to completely cover the sub-
strate terrace with width L (the upper limit of the distance of
the step advance) by one monolayer via step advance; ty,,
denotes the time to form one nucleus on the same substrate
terrace.

The boundary in the growth diagram between 2D layer-
by-layer or 3D island growth is given approximately by

Hayer ™~ Thuc

L3/ScrNo (Aﬂ — ScAc kT) 1/2

v nAp?

41*Sc

CEy) 2 - ke
Sd)/ A,U—SCAO'

kT

Y + (Edes

X exp ~ 1. (8)

As can be seen in Eq. (8), 2D layer-by-layer growth can
be achieved above a certain threshold Au even with Ag > 0.
In addition, the step width L is also an important parameter
to tune the growth modes.'®

By considering all the above discussions, taking Egs. (4)
and (8), using Ay and T as variables, we are able to construct
a growth phase diagram, as shown in Fig. 6. For simplicity, a
Kossel crystal (i.e., here a layer refers to a layer of unit cell
instead of an atomic monolayer) has been considered here
and we only consider the nearest neighbor interaction for the
strength (or the bond energy) b. The parameters used are:
L=300nm; v = 10°Hz; a=04nm; r= 10%2 cm72sfl;
Eges = 2b; Egy = b; y=0/2; and ¢ = 3b. The change of
surface energy Ao is assumed to be zero.

The boundary L; (red online) corresponds to Au = 0.
Below L, the growth is non-stoichiometric due to the inability

Ap/b

02y P-C 3D

0.0

Ly
non-stoichiometric

— L L L L L L L L
0'%.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ki T/

FIG. 6. The theoretically constructed growth diagram. L; (red): boundary
between stoichiometric and non-stoichiometric growth; L, (green): bound-
ary between 2D layer-by-layer (LBL) and 3D growth; L3 (blue): boundary
between the P-C and W-C growth.
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of completing the thermo-chemical transition from the quasi-
vapor phase to solid phase of the certain compound.*> Above
L,, the film can be grown with the right stoichiometry.
Boundary L, is calculated using Eq. (8) which separates the
2D layer-by-layer growth from the 3D growth. Boundary L; is
calculated using Eq. (4) which separates the poorly crystal-
lized (P-C) and well crystallized (W-C) growth modes. Here,
we assume that all the boundaries are independent with each
other. Thus, five different regions can be defined in the phase
diagrams: non-stoichiometric; poorly crystallized 3D (P-C
3D); P-C LBL; well crystallized 2D layer-by-layer (W-C
LBL); well crystallized 3D (W-C 3D).

We note that the low laser repetition rate used (1 Hz)
allows us to use steady-state considerations since the ada-
toms reach steady-state concentration during pulse inter-
vals.** For simplification, we used the average deposition
rate to analyze the process of nucleation and step advance.
We also neglected the effect of epitaxial strain which affects
step bunching phenomena in the step flow regime.'®

B. Comparison of experimental results with the
growth diagram

It is important to verify whether the predicted phase dia-
gram is consistent with the experimental data, and provides
useful guidance on thin film growth of complex oxides by
PLD.

The supersaturation, though not a direct tunable experi-
mental parameter, is dependent on the temperature T, back-
ground oxygen pressure P, and the laser fluence (i.e., atom
arrival rate r).

For the dependence of Au on the oxygen background
pressure, we consider the vapor-solid phase transition.”” Au
increases logarithmically with P

OAu(P,T)/dInP = RT. 9)

Similarly, the dependence of Au on the arrival rate of
material ablated from the target, which is proportional to the
concentration of adatoms, is

OAu(P,T)/OInr =RT. (10)

When the oxygen pressure and arrival rate are constant,
one can derive the temperature dependence of the Ap:*’

OAu(P,T)/OInT ~ —Ah, (11)

where Ah denotes the molar enthalpy change between the
solid and vapor phase.

In Fig. 7, we summarize our experimental AFM images
and fit them into the theoretical growth diagram. For guiding
purpose, we use different arrows to illustrate the qualitative de-
pendence of growth mode under different growth parameters.

First, the temperature dependence of samples grown at a
laser fluence of 1J/cm? is shown (the dashed-dotted-dotted
arrow). As discussed, the sample grown at 720°C has a
poorly crystallized 2D layer-by-layer feature, so it falls into
P-C LBL region. By increasing the temperature to 776 °C,
the growth mode becomes 3D, corresponding to region P-C
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Supersaturation

Non-stoichiometric

Temperature

FIG. 7. Qualitative comparison between experimental results and theoretical
growth diagram. Arrows description: dashed-dotted-dotted: temperature
increase (720°C, 776 °C, 840 °C) under constant laser fluence (1J/cm?) and
pressure; dashed-dotted: temperature increase (660 °C, 760 °C) under con-
stant laser fluence (4 J/cm?) and pressure; long dashed: laser fluence increase
(1 J/cmz, 2.2 J/cmz) under constant temperature and pressure; solid: pressure
increase under constant temperature (730 °C) and laser fluence (1 J/em?).

3D; while further increasing the growth temperature to
840 °C will lead the system to non-stoichiometry. Next, we
study the temperature dependence of samples grown at rela-
tively large laser fluence of 4J/cm?, as indicated by the
dashed-dotted arrow. For sample grown at 660 °C, the high
supersaturation is able to put the system into a well crystal-
lized 2D layer-by-layer growth (region W-C LBL). By
increasing the temperature from 660 °C to 760 °C, the sam-
ple crosses into a well crystallized 3D growth mode (region
W-C 3D), consistent with our theoretical understanding.

We also examine the effect of laser fluence at fixed tem-
perature and background pressure. Higher laser fluence
translates into a higher ablated atom arrival rate, which
implies a larger supersaturation. Indeed, our experiments
reveal that a higher laser fluence can lead the samples from a
poorly crystallized 3D phase (region P-C 3D) into a well-
crystallized 2D layer-by-layer phase (region W-C LBL), as
indicated by long dashed arrow in Fig. 7. Similar results
have been revealed in experiments in which films become
smoother when increasing the laser repetition rate.>®-’

The increase of the local oxygen pressure also corre-
sponds to an enhancement of the supersaturation value
according to Eq. (9), which changes the growth mode from
P-C 3D to P-C LBL (solid arrow); such tendency corre-
sponds to the decrease of rms roughness as observed in our
experiment.

The experimental and theoretical results in this work
confirm the findings of Metev ef al."'® in which a high depo-
sition rate (high supersaturation) and a low growth tempera-
ture favored a 2D growth mode, while the unverified trend of
the boundary between 2D step-flow growth and 3D island
formation constructed by Hong ef al.'® theoretically appears
to be inconsistent with our work. The observation of Ohtomo
and Hwang'? also fits nicely in our more complete growth
diagram because according to our theoretical model, the
supersaturation decreases with temperature and increases
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with oxygen pressure. The effect of background pressure and
sample-target distance has been discussed by Koubaa et al.*®
where experimentally a wide range of surface morphology
involving grains and column has been shown; although a
typical 2D layer-by-layer growth mode is missing. While our
experimental study on pressure effect focuses on a small
range of pressure change near the optimal growth condition,
it helps on strengthening the comprehensive theoretical
phase diagram.

V. CONCLUSION

To summarize, we studied the surface morphology,
crystallinity, and stoichiometry of LSMO thin films on STO
(001) substrates grown using PLD. Various growth modes
and phases have been observed. Theoretical considerations
establish a growth phase diagram which reveals the nature of
different growth modes in terms of supersaturation and tem-
perature under the following condition: (1) the change of sur-
face energy Ao is ignorable; (2) the step advance is in the
diffusion region; (3) the early stage of forming a layer is the
most important in the growth process. As a result of the thor-
ough theoretical framework, our derived growth diagram
excellently matches the experimentally observed growth
modes. As a case study, our results demonstrate the possibil-
ity of more comprehensive understanding on controlling
growth process and film qualities in PLD growth.
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