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In this study, the desorption behaviors of codeposited atoms from the growth interface of multicom-
ponent-nanofilms have been explored through the experiments of vapor codeposition and molecular
dynamics simulations. Experimentally, the stoichiometry-dependent desorption has been observed
for atoms with weak surface binding, and it appears to be triggered by higher growth temperature, as
inferred from the dependence of the amount of deposition on the stoichiometry of precursor films
under different conditions. Numerically, we demonstrate that the sticking coefficient of weakly
binding atoms depends strongly on the stoichiometry under high growth temperature. However, as
the temperature decreases, the sticking coefficient becomes less sensitive to stoichiometry. The
mechanisms associated with all the above phenomena have also been discussed. Published by AIP

Publishing. https://doi.org/10.1063/1.5054998

Il. INTRODUCTION

Nanofilms are thin material layers with thickness
ranging from a single atomic layer to several hundred nano-
meters. As the merits of nanofilms arise from different nano-
structures, growth control of these nanostructures is known to
be of fundamental interest to tune film properties and func-
tionalities. Efforts have therefore been directed toward the
synthesis of new functional nanofilms for both scientific
research and industrial applications.'* Unlike the widely
used structural materials, nanofilms are usually used as func-
tional materials, and owing to this, the focus of nanofilm
research has shifted from their mechanical properties®® to
intriguing physical properties and related applications, such
as novel photocurrent generation material,”® high tempera-
ture superconductivity,” and ferromagnetic films promising
for data storage devices.'” Most of the functional nanofilms
consist of multi-components, in which different atoms and
ions are bonded to each other, forming microscale atomic
structures.''™* The functional properties of nanofilms,
including their magnetic properties,"*'® superconductiv-
ity,'”'® thermal conductivity,'® and optical properties,”” arise
from their atomic structure and bonding characteristics,
which in turn could be tuned by varying their composi-
tions, '6:18:19:21 Therefore, the composition of nanofilms is of
vital importance to their functional properties and applica-
tions, and hence it is crucial to control the composition
during the synthesis of nanofilms.

So far, vapor codeposition has become one of the most
versatile approaches to synthesize functional nanofilms with
multiple components.'* In a typical codeposition process,
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several possible phenomena were shown to hinder the control
of stoichiometry during the synthesis: (i) changes in the state
of the evaporation source may alter the rate of evaporation;
(ii) the occurrence of strong scattering upon collision with
gaseous molecules inside the vacuum chamber;>* and (iii)
the desorption of adatoms as well as the desorption of admo-
lecules from the growth interface. Admolecule desorption,
in turn, can be the result of adatom/adatom association
and desorption,”* adatom/surface-atom desorption (e.g., N,
desorption from transition metal nitride surfaces in the nitro-
gen atmosphere and CO desorption from transition metal
carbide surfaces exposed to oxygen), which causes the
removal of anion surface atoms and formation of anion
surface vacancies,” >’ or gas atom impinging on, bonding
to, and removing an adatom.>®?! The first two mechanisms
can be ruled out, as the ejected flux from the evaporation
source is tuned by a quartz crystal oscillator, and strong colli-
sion scattering can be suppressed by reducing the pressure in
the chamber. However, the third origin, i.e., the desorption
from the growth interface, cannot be easily monitored or con-
trolled in situ and strongly affects film compositions.

The desorption phenomena are still under intensive study
from both the experimental and theoretical points of
view.*>* It is well known that a lower substrate temperature
favors adsorption on the growth interface. As a result, the
effects of desorption in controlling the composition seem to
be trivial in this case. However, to synthesize some of the
functional crystals, the deposited atoms were shown to
undergo reconstruction of nanostructures,'' which requires
the temperature of the substrate to be increased sufficiently
high in order to enhance atomic diffusion.** In addition, a
higher growth temperature can also assist the deposited atoms
to overcome the large potential barrier for different reactions,
which consequently facilitates the formation of expected
functional crystals. With these physical considerations, a high
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growth temperature is indispensable for synthesizing some
nanofilms.>*3> However, when the substrate is maintained at
a high temperature, the competition between the kinetic
energy of adatoms and the surface binding energy compli-
cates the dynamics of adsorbates near the growth
interface,**** which may cause atomic desorption and diffi-
culty to control the composition.>*** Therefore, it is impor-
tant to reveal the role of stoichiometry on the desorption
behaviors at high temperatures, which will be the focus of
our present work.

In this study, both numerical simulations and experi-
ments were conducted to investigate the desorption behaviors
of atoms from the growth interface. The vapor codepositions
of Cu, Y, and BaF, on LaAlO; were studied experimentally
under a wide range of temperature from 25 to 600 °C. It has
been found that the amount of deposition of Cu is sensitive
not only to the growth temperature but also to the stoichiom-
etry of the precursor films. However, this stoichiometry-
dependent desorption phenomenon disappears when the
growth temperature is low. To understand this temperature-
triggered stoichiometry-dependent desorption, we simulated
vapor codeposition of binary species of atoms, using molecu-
lar dynamics (MD) simulations, with different binding
strengths. A distinct dependence of sticking coefficient on
the ratio of incident flux of A atoms to that of B atoms
(y4/vp) has been found out. However, as the growth temper-
ature decreases, the sticking coefficient becomes less sensi-
tive to the ratio of y,/yp. In addition, our numerical results
also show that the adsorption behaviors are highly nonlinear
with time due to the evolution of the growth interface.

Il. EXPERIMENT

Our codeposition system utilized in this study is shown
schematically in Fig. 1, which consists of a vacuum
chamber, monitors, and controlling devices. The vacuum
chamber is divided equally into three regions, in each of
which the evaporant is placed in a crucible, as illustrated in
Fig. 1(a). The evaporation of Y and Cu was achieved by elec-
tron guns, whereas a thermal resistance heater was utilized to
evaporate BaF, to prevent the breakage of ionic bonds. To
circumvent strong scattering and to ensure a higher perfor-
mance of the electron gun, the pressure in the chamber was
maintained at or below 3 x 107> Pa. Quartz crystal oscillators
in each of the regions were employed as sensors to detect
incident flux. By comparing the detected flux with the
desired values, the controller could adjust the power of
electron-guns and thermal resistance heaters.*' Through this
approach, the incident flux evaporated from each individual
source could be effectively controlled.

The precursor films were deposited on (100) LaAlO;
(LAO) substrates, which could facilitate the epitaxial growth
of YBa,Cu3;0; (YBCO) in the subsequent annealing pro-
gress, due to similar lattice parameters between LAO and
YBCO. The LAO substrates were fixed on a substrate disk
in the top region of the vacuum chamber, as illustrated in
Fig. 1(b). Using a thermal resistance heater, which was
installed adjacent to the substrate disk, the substrate was
heated uniformly to a desired temperature, and the
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FIG. 1. The schematic for vapor codeposition of multicomponent nanofilms.
The vacuum chamber is divided equally into three evaporation regions by
the partition board. Y and Cu are placed in molybdenum crucibles, and BaF,
is in a boron nitride crucible. (a) Top view and (b) front view.

temperature was monitored by a pyrometer. As the substrate
disk rotates around its axis at a constant speed of 90 revolu-
tions per minute, the substrate passed through different evap-
oration regions and was exposed to the incident flux of each
individual source successively with equal time. With this
approach, the elements from different evaporation sources
can be uniformly mixed on the substrates. After each codepo-
sition, the number of atoms of each element deposited on the
substrate could be obtained by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis.

The codeposition of Y, BaF,, and Cu was performed
under different growth temperatures from 25 to 600 °C. To
understand the effects of the growth temperature, other condi-
tions for the deposition were kept constant, including the
incident flux and the rotational speed of the substrate disk.
The number of atoms of each element deposited on the sub-
strate is scaled by the substrate area, and the thickness was
recorded by a film thickness controller. The reduced number
of atoms (¢) is plotted as a function of substrate temperature
(Fig. 2). It is seen that as the substrate temperature increases,
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FIG. 2. The reduced number of atoms adsorbed on the substrate versus tem-
perature. The number of atoms of each element is scaled by the substrate
area and thickness recorded by a film thickness controller. The error bars are
estimated by the standard deviations of ICP-AES results.

the amount of Cu deposition decreases. Nevertheless, for
BaF, and Y, ¢ does not change significantly with the sub-
strate temperature. This indicates that the role of temperature
on the amount of deposition is only sensitive for some of the
elements, which requires further detailed investigations.

lll. MOLECULAR DYNAMICS SIMULATIONS

To understand the above observation, molecular
dynamics (MD) simulations were employed to study atomic
dynamics at the growth interface during vapor codeposition,
using the Large scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).** The MD model consists of the sub-
strate and deposited atoms,**™° as illustrated in Fig. 3. To
consider a more general case, the material system used in
MD simulation is different from that in the experiment. Five
layers of body centered cubic (bcc) Fe atoms with a lattice
parameter of 2.867 A are used to model the substrate surface,
shown as the red particles in Fig. 3(b). The embedded-atom
method (EAM) force field is employed to calculate the
thermal vibration of the substrate atoms,47 which affects the
energy accommodation of the substrate atoms and dynamics
of the adatoms. The deposited atoms are modeled by the
Lennard-Jones (LJ) potential, U(r) = 4¢[(c/r"* — (o/r°],
where r is the separation between a pair of molecules, o is
the collision diameter, and & is the binding energy. The inter-
action between the deposited and the substrate atoms is also
calculated by the LJ potential, and the Lorentz-Berthelot
mixing rule is used to calculate the interaction parame-
ters.**** In order to implement the mixing rule for the gas-
substrate interactions, LJ parameters in Ref. 50 are used for
both the evaporated and substrate atoms. To explore the
surface effects caused by different substrate materials, an
approach similar to Ref. 48 is employed to model different
strengths of surface effect through varying gas-substrate
binding energies. It is also noted that, as the evaporated gas
atoms collide with the surface, some of them may be
adsorbed on the substrate and become solid atoms. In this
case, the adatom-adatom interactions on solid surfaces often
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FIG. 3. Molecular dynamics simulation model of a typical vapor codeposi-
tion system. Red particles are substrate atoms; yellow and blue particles
denote different species of evaporant atoms.

exhibit a non-trivial long-range oscillatory behavior,”" which
cannot be captured by the LJ potential, and hence more fun-
damental methods, e.g., ab initio molecular dynamics simu-
lations, are required to investigate the transport and
nucleation of adatoms. However, in our work, the adsorption
of gas molecules mainly depends on gas-substrate interac-
tions, and therefore the transport and nucleation of adatoms,
which is governed by adatom-adatom interactions, are of
secondary importance to the adsorption of gas atoms.

The planar substrate is placed at the bottom of the simu-
lation box [Fig. 3(b)]. The atoms in the bottom-most layer
are fixed to maintain a stable system, whereas atoms in the
other four layers are free to vibrate to consider the energy
accommodation of the substrate. The initial velocities of
the substrate atoms follow Maxwell-Boltzmann distribution
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corresponding to the substrate temperature. The temperature
of the substrate is maintained at a desired value by applying
a Nose-Hoover thermostat to the vibrating substrate atoms
only. The atoms to be deposited are inserted randomly at the
top region with initial velocities between 500 m/s and 600 m/
s along the negative y direction. Newton’s equations are inte-
grated with a time step of 1fs. The size of the substrate is
about 8.6nmx8.6nm, and the length of the simulation
system in the y direction is about 8.6 nm. Periodic boundary
conditions are applied in the x and z directions.

Single element deposition was first simulated to explore
the influence of growth temperature on the desorption of
atoms under different surface conditions. The sticking coeffi-
cient is estimated by the ratio of the number of adsorbate
atoms to the total number of incident atoms during the simu-
lation period. Figure 4 shows the sticking coefficient as a
function of substrate temperature with three different binding
energies. It is seen that all the curves of the sticking coeffi-
cient can be divided into three regions, i.e., complete adsorp-
tion region, no adsorption region, and the transition region
where the sticking coefficient is reduced from one to almost
zero as the temperature increases. When the binding energy
is small, this transition takes place in the low temperature
region. However, for the case of strong binding, the transition
region shifts toward higher temperatures, which may be
beyond the range of commonly used temperatures for film
growth, as shown by the black curve in Fig. 4.

Based on the above analysis, the observed phenomena in
our studies can be explained as follows. Compared with Cu,
Y and Ba are much easier to be oxidized,sz’53 which indi-
cates that Y and Ba are more prone to combine with negative
ions (e.g., oxygen ions, 0_2, or fluoride ions, F_l) through
forming chemical bonds. Therefore, chemical adsorption is
more favorable for Y and Ba. Typically, the binding strength
of chemical adsorption is much stronger than that of physical
adsorption where van der Waals force dominates.>® For the
case of strong binding, the transition from complete adsorp-
tion to no adsorption takes place in the region of high tem-
perature, as shown by the black curve in Fig. 4. Thus, within
the range of deposition temperature (25 to 600 °C), the

25°C 600 °C
|A T B T T T
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Sticking coefficient
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o

FIG. 4. The sticking coefficient as a function of growth temperature under
different strengths of gas-substrate binding. The results are obtained by
molecular dynamics simulation of vapor deposition.
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sticking coefficient does not change significantly (Points A
to B in Fig. 4). This explains why the amounts of deposition
of Y and BaF, are insensitive to temperature. On the other
hand, when the surface binding is weak, the transition occurs
at a relatively low temperature, which is within the range of
deposition temperature. From Points A to C in Fig. 4, as the
temperature increases, a decrease in the sticking coefficient
is evident. Consequently, the amount of Cu deposition
decreases as the temperature increases. This also justifies our
previous preliminary interpretation that the difficulties in con-
trolling the composition for high-temperature growth are
caused by atomic desorption, which can be greatly affected
by both the growth temperature and binding strength.

IV. STOICHIOMETRY-DEPENDENT DESORPTION

As high temperature makes the dynamics of atoms at the
growth interface complicated, an intriguing stoichiometry-
dependent phenomenon is also observed in our codeposition
experiments. To consider the effects of stoichiometry, the
incident flux of Cu is fixed while varying the incident flux
of BaF, in each of the codeposition experiments. It is seen
that the amount of deposition of Cu decreases almost
linearly with increasing mole fraction of BaF, [Fig. 5(a)],

5 @ Experimental data (@) |
? P Linear fit 600 °C |
£
£ 4r 1
€ (*)
.“.:9 3t R -
x
o 2+ i
1+ i
0 1 n 1 n 1 L 1 n 1 " 1
0.2 0.3 0.4 0.5 0.6 0.7
Mole fraction of BaF,

* Experimental data (b) 1
= 7T Linear fit 25°C ]
£

NE 6r *\tﬁé}\* ]
g L 4
e 5F 1
o
X4t j
S
3F i
2 n 1 " 1 n 1 " 1 n 1

0.15 0.20 0.25 0.30 0.35 0.40
Mole fraction of BaF2

FIG. 5. The reduced number of atoms of deposited Cu versus the mole frac-
tion of BaF,. The amount of deposition of Cu is scaled by the substrate area
and thickness was recorded by a film thickness controller. (a) and (b) are
experimental results conducted under 600 °C and 25 °C, respectively, whose
linear fit to the experimental data is also shown.
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which reveals that the dynamics of Cu atoms on the growth
interface can be greatly altered by the stoichiometry of pre-
cursor films. This intriguing observation requires a detailed
analysis on the influence of variations in surface binding. In
the initial deposition stage, the substrate surface is almost
clear, and the interaction between the evaporated and the sub-
strate atoms is dominant. With a progress in the deposition,
the substrate is covered by a thickening layer of adsorbates,
which separates the direct interaction between the evaporated
and substrate atoms.”* Therefore, in the stage of complete
coverage, the dominant surface binding becomes gas-
adsorbate binding, which depends on the interactions
between the evaporated atoms and adatoms on the growth
interface.* In this case, the strength of gas-adsorbate binding
is not only dependent on the type of atoms to be deposited””
but also influenced by the stoichiometry of the adsorbates.”®

The variations in the stoichiometry of adsorbate may also
alter its atomic structure and bonding characteristics, and con-
sequently the strength of surface binding. From the observed
trend in Fig. 5(a), it could be speculated that an increase in
the atomic fraction of BaF, may weaken the binding between
the adsorbates and evaporated atoms. At a high growth tem-
perature (e.g., 600°C), a decrease in the surface binding
could reduce the sticking coefficient, as evidenced by the
change from point B (black curve) to point C (purple curve)
shown in Fig. 4. Therefore, the amount of deposition of Cu
decreases with an increase in the mole fraction of BaF,.

However, when the above experiment was conducted
under room temperature, the amount of Cu deposition
becomes less sensitive to stoichiometry, as shown in Fig. 5(b).
To understand this, changes in the sticking coefficient at low
temperature range were checked, and it is shown that all the
curves of the sticking coefficient for different binding energies
converge to unity, irrespective of how the binding energy is
altered with changes in the adsorbates (Fig. 4). Consequently,
the sticking coefficient does not change considerably with
varying binding energies (the intersection of the blue line with
other curves in Fig. 4). This is a possible interpretation for
why the amount of deposition of Cu becomes less sensitive to
the mole fraction of BaF, at room temperature.

To further understand this observation, molecular
dynamics simulations were utilized to investigate the binary
codeposition processes with different ratios of incident flux.
Two types of evaporated atoms with different binding
strength are considered in the simulation, and the potential
parameters of Ni*® are employed to model the strong binding
atoms, denoted as A species (¢ =0.529eV, o =222 A).
Since the self-binding energy for most of the popular metals
is greater than or of the order of the growth temperature (k7),
the binding energy () for Cu® is scaled by a factor to
model the weak binding case, denoted as B species
(e =0.0415eV, o =2.277 A). The effects of stoichiometry
on desorption are considered through changing the ratio of
incident flux of A and that of B (y,/yg). The results are
shown in Fig. 6. The sticking coefficient of A and B under
different y, /v is plotted as a function of temperature. When
v4/vg =1 and T=300K, the sticking coefficients for both
A and B are close to 1, which indicates the occurrence of no
evident desorption. As the temperature increases, the sticking
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FIG. 6. The sticking coefficient of adsorbates A and B as a function of tem-
perature under different ratios of incident flux y,/y5. The symbols are the
MD simulation results at 600 K, and the solid curve is a guide to the eye.

coefficient of B decreases much faster than that of A, reveal-
ing that the sticking coefficient is more sensitive to tempera-
ture for weakly binding atoms. As y,/yp is increased or
reduced from 1, the sticking coefficient for both A and B
moves up or down correspondingly (Fig. 6). This confirms
that the desorption behaviors are stoichiometry dependent,
which is further evidenced by the dependence of the sticking
coefficient on y,/y; as depicted in Fig. 7. These numerical
results confirm our previous explanations for the stoichiome-
try dependent desorption.

It is also noted that the sticking coefficient is estimated
on a time-average basis. In fact, the sticking coefficient may
not be constant during codeposition, due to the evolution of
the growth interface. To illustrate this nonlinear phenomenon,
the number of atoms adsorbed on the substrate N under dif-
ferent y,/ys was examined. Figure 8 shows the reduced
number of adsorbed atoms N/N, as a function of time, where
Ny is the total number of atoms impinging on the
growth interface. It is seen that there is a critical time
(about 0.6-0.7 ns) which divides the deposition process into

o

Sticking coefficient
°
N

o
(N

°
o

Yalvg

FIG. 7. The sticking coefficient of adsorbates A and B as a function of
v4/7s- The insets illustrate the atomic structures after each codeposition
under different y,/yg, for the upper left snapshot y,/y; = 0.5 and for the
lower right snapshot y,/y5 = 2; the yellow particles represent A atoms, and
the blue particles represent B atoms.
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FIG. 8. Reduced number of adsorbed atoms (N/Ny) of A atoms (a) and B
atoms (b) as a function of deposition time under different y, /y, where N is
the number of atoms adsorbed on the substrate and N is the total number of
atoms impinging on the growth interface. The snapshots in (a) and (b) are
the molecular structure of films at 0.5ns and 1 ns, respectively, and the
yellow and blue particles represent A and B atoms, respectively.

two regions, where the influence of y,/yg on desorption is
different. Before the critical time is the early stage where the
coverage is low [the inset in Fig. 8(a)], the reduced number
of adsorbed atoms N/N, for both A and B is independent of
v4/vs and increases almost linearly with time. However,
after the critical time, the substrate surface reaches complete
coverage, as illustrated by the inset in Fig. 8(b). The reduced
number of adsorbed atoms N/N, for both A and B diverges
to different curves for different y, /¥ and varies nonlinearly
with time, especially when y,/yp is small. This nonlinear
phenomenon can be attributed to the variation in the surface
binding induced by the evolution of the growth interface,
which can be altered by y,/yp. In addition, it is expected
that this nonlinear phenomenon becomes unimportant when
the film thickness is sufficiently large and the impact of
early-stage non-equilibrium is negligible. The critical film
thickness, below which the effect of early-stage non-
equilibrium cannot be neglected, is beyond the scope of this
current work and will be explored in the future.

V. SUMMARY

In summary, our investigations on the combined
vapor codeposition experiments and MD analysis of

J. Appl. Phys. 124, 235306 (2018)

multicomponent nanofilm growth provide detailed insights
into the mechanisms involved in the desorption process near
the growth interface. For weakly-binding atoms, it is found
that the desorption behaviors are sensitive to the growth tem-
perature. High temperature enhances desorption and reduces
the sticking coefficient. More interestingly, when the temper-
ature is high, the desorption behaviors of weakly binding
atoms can be evidently affected by stoichiometry due to the
dependence of surface binding on stoichiometry, while at
low temperatures, the stoichiometry-dependent desorption
vanishes. As the binding strength increases, the desorption
behavior becomes less sensitive to the temperature and
surface conditions and finally appears to be independent of
temperature and stoichiometry. In addition, during film
growth, new adsorbates can gradually modify the stoichiome-
try on the growth interface and consequently the surface
binding, which may affect desorption behaviors as well.
Therefore, the desorption behaviors are highly nonlinear with
time, especially when y,/y; is small. Finally, it is also to be
noted that the MD analyses in this work are by no means
complete. Some issues, such as how the incident energy®’
and element segregation™® affect the stoichiometry dependent
desorption, are still unclear, and the effective ways to circum-
vent this disturbance in controlling the composition for vapor
codeposition is also worthy of further investigations.
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