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Abstract

We propose an experimental method to fully characterize the energy exchange of particles during the
physical vapor deposition (PVD) process of thin surface layers. Our approach is based on the careful
observation of perturbations of the oscillation frequency of a quartz crystal u-balance induced by the
particles’ interaction. With this technique it is possible to measure the momentum exchange of the
atoms during the evaporation process and determine the ideal evaporation rate for uniform energy
distribution. We are able to follow the desorption dynamics of particles’ immediately after the first
layers have been formed. These results are in close relation to the surface binding energy of the
evaporated material and offer a better control to obtain the desired properties of the thin surface layer.
The novelty of our work consists of the demonstration that quartz crystal p-balance can be successfully
implemented to monitor complex dynamics through the energy interaction of particles during PVD.
We applied our technique to investigate the PVD mechanism for diverse elements, usually
implemented in the development of film surface layers, such as Cu, W, Au, Gd and In, and confirm
that our results are in agreement with measurements done previously with other techniques such as
low temperature photo-luminescence.

1. Introduction

‘Never measure anything but frequency!” was the motto of Arthur Schawlow [1], referring to the physical
quantity that can be measured with the highest precision and accuracy. Through the measurement of frequency,
we can indirectly measure any other quantity and inherit, in the process, the same degree of exactitude. By solely
measuring the perturbations of the frequency of a given oscillator, in a controlled environment, we can fully
describe the electromagnetic field that surrounds it, the mass of the particles that hit it, and even observe
relativistic effects or detect gravitational waves [2—6]. The latter basically tells us that in order to understand and
comprehend the laws of nature, we are only limited by how well we can measure frequency. As is clearly stated by
Arthur Schawlow, this fundamental principle has the advantage that it can be used to measure any quantity and
implemented to study any environment. Therefore we propose the application of this principle as a tool to fully
characterize in situ and in vivo the physical vapor deposition process (PVD) of thin surface layers.

The first layers of any material are the bridge of communication between the bulk and the environment that
surrounds it. Prior research generally confirms that these layers have a key role in the comprehension and
control of the properties of any material, see for example [7]. Several studies agree that film surface layers have an
incredible variety of roles: depending on their inner properties they can completely change the optical signature
of amaterial and act either as an anti-reflective coating or, in contrast, as a perfect mirror [8]; they are one of the
key elements of biological cells in our body [9], regulating all fluid and gas exchanges; and finally they are now
playing a crucial part in the development of magnetic storage materials [10]. This is why the past decades have
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witnessed incredible technological development focused only on the properties and deposition techniques of
thin surface layers, for a comprehensive review, see [11-13].

The central techniques in the synthesis of thin surface layers are based in PVD. During PVD processes, a
cloud of hot particles in a gaseous state is ejected into a designated substrate [14]. With the advent of
nanotechnology, the control of the characteristics of thin surface layers has taken an increasingly central part in
the exploration of new physical effects, see for example [15—17]. Therefore the degree of control of all the particle
dynamics during the evaporation processes determine the properties of the deposited surface layer [18].
Different techniques have been developed to observe the dynamics and interaction of the particles when they are
in the gaseous state, such as, for example, time of flight experiments or Doppler shift methods [5, 19, 20]. They
require, however, the implementation of expensive and complex equipment that is not always present in regular
laboratories dedicated to surface science. Inspired by Arthur Schawlow’s philosophy, we propose a new method
to characterize the energy exchange of the particles during the evaporation process through the simple
observation of the oscillation frequency of a quartz crystal i-balance (QCM). Our work deepens the knowledge
of the capabilities of QCM and provides evidence how this tool can be implemented to perform complex and
sensitive measurements such as the momentum exchange of particles or the surface tension of a newly formed
material. With this work we push forward the barrier of the physical information that can be extracted with
aQCM.

The QCM is commonly implemented during surface film evaporation to measure the number of layers
deposited. Historically, the QCM mechanism has been extensively explored as follows: the frequency of
oscillation of the QCM is constantly monitored during the evaporation: when the atoms are deposited on the
surface, the frequency of oscillation consequently changes and allows us to easily determine the deposited mass.
These investigations, however, are focused on the macroscopic variations of the frequency and disregard
observing, with a better resolution, to the perturbations of the frequency. Our technique proposes to zoom-in to
these perturbations in order to extract even more information of the deposition process. In this paper, we show
how through the measurement of these perturbations we can determine the momentum exchange of the
particles when they hit the surface, carefully observe the desorption of the atoms from the surface immediately
after deposition and as a consequence determine the surface tension of the material.

We are going to present first, in section 2, our experimental setup. In section 3, we will present a brief
introduction of the principle of operation of the QCM and how we implemented the oscillator to detect
environmental perturbations. Following this, in section 4, we describe an experimental method to investigate
the momentum exchange of the atoms during the deposition. In section 5, we apply this technique to observe the
energy dynamics that occur due to the desorption of the atoms from the thin surface layer. Finally, in section 6,
we summarize and explain how the techniques described can be implemented to fully characterize the properties
of adeposited surface during the evaporation process.

2. Experimental setup

The experimental setup is illustrated in figure 1. In order to characterize and monitor the energy transfer of the
atoms during the evaporation and deposition process we use a QCM coupled to a thickness monitor model
Maxtek TM-400 and a frequency meter model Keysight 54 220 A. This system allows us to observe any frequency
fluctuations with a resolution of approximately 10 mHz. The temperature of the quartz crystal is monitored with
aJ type thermocouple, located in the housing of the QCM, as close as possible to the crystal surface, and is kept
constant by means of a water cooling system (AT = 1K). A small amount of the solid element (e.g. Cu (65.5 ),
W (183.8 u), Au(196.9 u), Gd (125.2 u) and In (114.8 u)) is placed in a crucible at a distance of about 28 cm
below the QCM. In favor of changing the phase of the material from a condensed phase to a vapor phase, i.e.
evaporation, we use an electron cannon model Thermionic 150-0040. The latter allows us to generate an
electron flow with variable emission current to reach the evaporating temperature of the desired material as well
as a tunable evaporation rate. A shutter near the QCM surface (see figure 1) allows us to immediately stop the
interaction between the beam of atoms and the QCM. In order to avoid any environmental contamination, the
system is mounted inside a high vacuum apparatus modified from that of [21] with the capacity to maintain
pressures in the range of roughly 10~ Torr (10 Pa). The pressure is constantly monitored by a pressure gauge
model 354 MICRO-ION and kept stable in the order of 10~” Torr (10~ Pa) during all measurements reported
below.

3. Quartz Crystal p-balance

The operating principle of the QCM is the following: a frequency meter is used to detect any change of frequency
of a piezoelectric quartz crystal due to the perturbations caused by the deposition of small amount of mass with
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Shutter

Figure 1. Artistic visualization of our experimental setup. A quartz crystal u-balance (QCM) is situated at about 28 cm directly above
the position of the target material (e.g. Cu, W, Au, Gd and In). A water cooling system allows us to stabilize the temperature of the
QCM during the evaporation. The shutter (see lower part of the apparatus) is manually controlled from the outside in order to block at
will the beam of atoms which interact with the surface of the QCM. During all experiments carried out in this investigation the system
is maintained at high vacuum pressure of around 10~ Torr (10> Pa).

high precision [22]. Typically, QCM systems, as indicated by their name, are used in high precision and low
order of magnitude mass measurements, such as the growing of thin films where it is necessary to determine the
mass up tolevels of 10~ **kg[22, 23]. From a physical point of view, by means of the Sauerbrey equation,
described in [24], the variation of the deposited mass is related to a decrease in the resonant oscillation frequency
of the crystal, f, (usually between 6-9 MHz), as follows:

2f2Am
Af,, = ———, (D
¢ Apre

where Af,, is the variation of the oscillation frequency (units in Hz) of the crystal during the deposition, Am the
total mass (units in g) detected by the balance (explained in more detail in section 4), A the surface area (units in
cm®) of the deposited film, p the quartz density (with a constant value of 2.648 g cm ) and 1 the shear modulus
of the crystal (with a constant value 0f 2.947 x 10" g cm ™" s~ ). The reported values for p and j correspond to
our experimental QCM described by the manufacturer. Equation (1) is commonly used in surface science to
determine the thickness rate during evaporation of a material during the growth of thin films, see for example
[25-27]. Usually, during PVD experiments, such as molecular beam epitaxy (MBE), the QCM is placed as close
as possible to the substrate sample in order to mimic, in an appropriate way, the ‘real’ thickness of the surface of
the substrate. The thickness of the film in the substrate is correlated to the change in frequency of the QCM,
allowing us to control the deposition rate. As the atoms are deposited on the surface of the crystal, the oscillation
frequency, f,, decreases. As explained in the seminal papers that developed and studied the QCM applications
[28,29], through the careful observation and measurement of the perturbations of the QCM oscillation
frequency during the evaporation process, it is possible not only to extract the deposition rate but, even more
interesting from the dynamics point of view, to fully characterize the energy exchanges between atoms. In the
following sections we are going to present how to implement the QCM to measure the momentum exchange of
the atoms as well as the desorption mechanism during the deposition process to characterize and control the
properties of the formed surface layer.

4. Characterization of the momentum exchange

We start by focusing our attention to the instant when the atoms hit the surface of the crystal. If we assume that
only the atoms that are ejected from the crucible interact with the QCM, depending on the electric current
applied to the electron cannon a number N of atoms per second hit the crystal surface with a mean speed v. The
cumulative transfer of momentum generated by the collision of these atoms with the crystal surface generates a
constant negative perturbation of the oscillation frequency of the QCM. As a consequence, the oscillation
frequency of the crystal f,, is equal to: f,, = f, + Af, see figure 2, panel I, where f, corresponds to the
frequency variation due to the deposited mass and Afto the frequency offset generated by the momentum
exchange. From the point of view of the QCM this constant perturbation could be misleadingly interpreted as a
‘virtual negative mass’, nonetheless, the ‘negative’ effect actually originates from the interaction of the particles
when they collide with the surface. Therefore, the amplitude of this perturbation is equal to the total energy
exchange of the ‘hot’ beam of atoms that arrive at the surface of the crystal with the ‘cold’ atoms that are already
deposited in the surface. As described in the references [28], through the measurement of this ‘virtual mass’ we
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Figure 2. Experimental data showing the time evolution of the energy transfer during the evaporation process, with two events of
opening (pink rectangular blocks) and closing (blue rectangular blocks) the shutter. In panel (I): a constant beam of atoms is
interacting with the quartz crystal reducing the frequency of oscillation; in panel (II) the beam of atoms is abruptly stopped with the
shutter. The observed change in frequency Af (see equation (3)), of about 9 Hz, corresponds to the momentum transfer of the atoms
hitting the quartz crystal; in panel (III) the shutter is kept closed for a time ¢ ~ 1600 s. In panel (IV) we observe an increase of the
frequency due to desorption of atoms from the surface. Finally, the shutter is reopened, a jump in the frequency is again observed due
to the momentum transfer of the atoms hitting the quartz crystal and the QCM continues decreasing as described by equation (1)
from t > 2000 s.

can extract not only the mean speed v at which the beam of atoms is hitting the surface of the QCM but also the
atoms’ momentum exchange. To obtain a direct relation between the atom’s momentum exchange and the
frequency offset, we start by defining the total mass perceived by the QCM, Am, as:

Am = m, + Nm, — m,, 2)
where my,, is the mass of the quartz crystal, m, the atomic mass of the evaporated element and 1, the virtual mass.
The offset frequency Afcorresponds to the difference of frequency before and after the shutter is closed, as

illustrated in figure 2, panel I. As we measure Afin our apparatus, it is convenient to rearrange equations (1) and
(2) in order to obtain Afas a function of the virtual mass m,,:

B 2f02mv

Ay’

Af 3)

The variation of the total momentum exchange g of the atoms when they hit the crystal surface is equal to the
exerted force of the atoms on the surface given by:

y_ 9 _

__ 4
a1 (4)

myg

where g’ is the acceleration constant and p the particle momentum. As a consequence, by inserting m, from
equation (3), we can determinate g:

g = Ag'Jpin Af
2f?

Therefore, by means of measuring Affor different scenarios (for example for different evaporation rates, or
different species of atoms) we can easily characterize q. Experimentally this offset frequency Af corresponds to
the difference between the frequency before and after the beam of atoms is blocked by a shutter, as presented in
the section II of figure 2. In order to experimentally implement the scheme described above, we applied the
following cycle:

(€)

(i) evaporation of the element at a fixed rate for 60 s,
(ii) closing the shutter for 1600 s,
(iii) opening the shutter,
(iv) increase the evaporation rate, and finally

(v) repeatthe cycle.
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Figure 3. Variation of the momentum exchange due to the interaction of the evaporated atoms with the ones present in the surface

layer. The measured data was separated in three classes (shaded colors), according to the average speed of the atoms, extracted through
the application of a linear fitting of the data points: yellow (625 & 65 m s~ '); pink (405 + 78 m s ') and blue (248 + 46 m s~ ).

For each of these cycles, the frequency shift Afis measured, as is shown in panel I of figure 2, and the
momentum exchange g extracted by using equation (5).

As an experimental demonstration we applied the technique described above to characterize the momentum
exchange of abeam of W (Tungsten) atoms, during the evaporation of a thin surface layer. For a series of
different N we measured g. Figure 3 shows the variations of the momentum g as a function of the evaporation
rate. The momentum exchange increases, as expected, proportionally to the evaporation rate N. As it is well
known, the atoms that are randomly ejected from the crucible do not all have the same speed. As described in
similar measurements in [30], once the temperature of evaporation is reached the evaporated atoms acquire
different speeds, approximately following the Maxwell distribution. This speed distribution is, as expected,
reflected in our measurements of g: figure 3 shows a spread distribution of the momentum exchange asa
function of the evaporation rate. We observe that we can group this ‘spreading’ in three main sections,
distinguished by the different colored shadings in figure 3. The main velocity of each section is extracted from
the slope of a linear fitting applied to the data of each section. According to figure 3, the velocity distribution of
the hot W atoms can be separated in three main different velocity classes: 625 + 65 m's™ " (yellow);

405 &+ 78 ms™~ ' (pink) and 248 4 46 m s~ ' (blue). These values are in agreement with the theoretical velocity
distribution obtained from the vapor pressure measured during the experiment of about 10”7 Torr which
corresponds to a temperature of approximately 2300 °C, as described in [31].

During the deposition process, the energy exchange between the atoms at the moment they are in contact
with the surface affects the properties of the surface layer. A Jasik and his group explain how the growth
conditions directly affect both the interface smoothness and the overall layer quality [18]. The same investigation
also points out how the main difficulty comes from the necessity of controlling all variables involved during the
evaporation process, since it depends on a particular apparatus and experimental conditions. Through the
measurement and characterization of the distribution energy exchange of the atoms during the deposition
process, we can define the ideal conditions of the evaporation process. We apply our measurement technique to
develop an experimental method i situ to determine the optimum deposition rate for a given material. This
value corresponds to the point where the energy exchange between the atoms reaches maximum efficiency,
meaning a point where most of the particles arrive at the surface with the same energy. Therefore all the velocity
classes contribute coherently to reach the maximum point. As mentioned before, accordingly to the current
applied to the electron gun, a hot cloud of N atoms per second is emitted from the crucible. Before they reach the
target, the highly energetic atoms in the cloud are going to interact and exchange energy with each otherina
random manner, as explained in [32]. Following a classical approximation, the number of collisions between
atoms depends on the mean free path they can travel in the cloud. The mean free path depends, among many
other variables, on the mass and the number of atoms N in the cloud. For a fixed N with higher masses we expect
ahigher number of collisions for the same volume, resulting in more abrupt energy exchanges. On the other
hand, for a fixed mass, for low values of N we expect small variations of the momentum exchange, since the
amount of collisions is relatively small in comparison with the previous case. As the number of atoms increases,
the number of collisions increases accordingly until it reaches a value where the energy exchange between all
particles is such that it accomplishes a resonance point (maximum energy exchange or maximum efficiency) of
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Figure 4. Distribution of the energy exchange of the atoms as a function of deposition rate during the evaporation. Figure (a)
corresponds to the data taken for W atoms and figure (b) for Cu atoms. In both cases the solid line is a Gaussian fit of the total
ensemble and the shading illustrates the maximum dispersion of the data from the Gaussian fit.

the whole cloud of atoms. The optimum value for the evaporation rate corresponds to the point at which the
energy variations are minimized and therefore the cumulative momentum exchange of the system is maximized.
In order to characterize our experimental method, we compare the energy distribution of two elements with
different atomic masses: Cuand W. As expected, the maximum value of the distribution of energy is one order of
magnitude higher in the case of W than for the case of Cu atoms, as can be see in figure 4. From these
measurements we can also determine that the optimum rate to obtain a uniform energy distribution for Cu is
either at very low rates of approximately 3 x 10'>atoms s~ or at high values of approximately 16 x 10"
atoms s~ ' and for the W is also for low values of approximately 5 x 10" atoms s~ or for high values of
50 x 10" atoms s '. These results are in accordance with a similar observations, reported by Jasik in [18],
where the relation between the growth rate and the quality of structures by MBE is studied. In this investigation
the quality of the newly deposited structure is studied by means of low temperature photo-luminescence (PL).
The data of the variations of the PL as a function of the deposition rate presented in figure 1(b) of [ 18] can be
fitted to a Gaussian curve in a similar matter as our experimental observation (see figure 4). To corroborate this
relation, the residuals from a Gaussian fit for both data sets were calculated. In both cases, the residuals tend to
zero, which confirms the proposed Gaussian model. For example, in the data set obtained with the PL
experiment, the highest residual is on the order of 10~* and, for the data set obtained with the QCM, is on the
order of 10", The measurements with the QCM are performed in high temperature conditions. The difference
of one order of magnitude between the residuals is explained by the measurement difficulties that arise in such a
noisy environment. Nonetheless, our research enlightens how through the simple observation of the variations
of the oscillation frequency of the QCM we are able to characterize the deposition process and obtain similar
results as with more sophisticated systems as low temperature PL experiments. To the best of our knowledge, the
QCM has never been previously implemented to perform this kind of physical characterization during
evaporation processs.

5. Characterization of the desorption mechanism

In this section, we closely consider the energy exchange that occurs between atoms present in the surface layer
once they have been deposited. At this point, before the thermalization is reached, the freshly deposited surface
atoms are still exchanging energy between themselves and the environment. With the increasing interest in
electronic cooling and heat transfer in nanotechnology, the understanding of energy transfer mechanisms
during the thermalization of the surface can be of crucial importance [33]. During this step, the final properties
of the surface layer are going to be established which makes it a perfect time scale to analyze and characterize the
deposition process. In order to carry out this investigation we focus our attention in the variations of the
frequency of the QCM in the 1500 s after the shutter has been closed, as it is illustrated in the blue region by panel
III of figure 2. We observe an increase of the oscillation frequency which corresponds to a decrease of the

number of atoms previously deposited on the surface. In order to quantify this effect, we can estimate the mass
2f?
EN
mass variations measured during this time scale for the case of Au (orange data) and W (blue data) atoms. The
figure also clearly shows an exponential decay of the mass present in the surface, that reaches, in both cases, a

threshold after a time of approximately 700 s. This tendency is in agreement with the characterization of the

variation from the frequency of the QCM by using equation (1) as: Am = — Figure 5(a) presents the
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Figure 5. Characterization of the desorption process. Panel (a) illustrates the variation of the atoms present in the QCM as a function
of time once the shutter is closed. The yellow data points represent Au atoms and the purple ones represent W atoms. The solid lines,
red for Au atoms and green for W atoms, correspond to the respective exponential fit of the mass decay. The dashed pink and green
lines correspond to the total detached mass for each atom, respectively. Panel (b) corresponds to the variation of temperature exactly
at the same time that the data in (a) was taken. The initial point (AT = 0 K) corresponds to the instant right after the shutter has been
closed (see panels IITand IV of figure 2).

desorption process with a QCM presented in the seminal work by Kasemo [29]. Therefore, our measurements
imply the presence of a desorption mechanism triggered once the shutter is closed.

In order to explain the detachment of the newly deposited atoms from the surface, we considered the surface
binding energy of both deposited materials. A transfer of energy sufficiently large to the deposited atoms could
cause a break of the surface binding energy and explain the desorption mechanism. The surface binding energy is
the first link between the oncoming energetic atoms and the ones present in the surface of the crystal. As
described by Rendulic and his group [34], this bond starts to be formed by the atoms at the instant they are in
contact with the surface to minimize their energy. Desorption dynamics are usually related to temperature
effects. As is naively expected, an increase of the temperature leads to an increase of the probability that the
atoms return to the gas phase [35, 36]. In their research, Rendulic et al [34] present the development of several
procedures to characterize the adsorption and desorption dynamics as a function of external temperature
variations. Nonetheless, our measurements of the variation of temperature in the proximity of the QCM,
presented in figure 5(b) show, during the same time, a decrease of approximately 5 K at the instant the shutter is
closed. From these measurements we can exclude any external temperature variation to be at the origin of the
desorption of the atoms from the surface. This also confirms, that the radiation from the source is not at the
origin of the frequency variations observed in our measurements. Any chemical reaction can also be excluded,
since the chamber is maintained at high vacuum environment. That leaves us with the inner temperature of the
hotatoms that just arrived at the surface. From the measured vapor pressure, the temperatures of the W and Au
atoms at the moment they reach the surface are Ty, = 2300 °Cand Ty, = 987 °C, respectively [31]. The stored
energy of the hot atoms is going to be released simultaneously to the environment and to the atoms present in the
surface until a thermal equilibrium is finally reached. Before thermalization is reached, an equilibrium between
the solid and gaseous phases is established. Under these conditions, the rate of vaporization is equal to the rate of
condensation, according to [31]. At the instant the shutter is closed, until the thermalization is finally reached,
part of the atoms present in the surface return to the gaseous phase.

As shown in figure 5, during the time f,,, a total mass of W: my = 16 x 107! kg (indicated with a green
dashed line in panel (a) of figure 5) and a total mass of Au: m,, = 5 x 10~ '" kg (indicated with a pink dashed
line in panel (a) of figure 5) is detached from the surface. The time at which the threshold is reached corresponds
to the thermalization of the thin surface layer. The energy absorbed from the hot atoms during deposition is
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Figure 6. Frequency modulation of the QCM. The orange points correspond to the data taken for Au atoms and in purple for W
atoms. The solid lines in both cases, red for Au and blue for W atoms, correspond to a sinusoidal fit applied to the respective set of data.
The shading illustrates the dispersion of data from the sinusoidal fit. The initial point at which Av = 0 Hz corresponds to the
saturation point of the desorption process.

mainly absorbed by the QCM housing and transferred to the cooling system during the time #,,. Part of this
energy is also absorbed by the newly deposited atoms which are at the origin of the desorption process. The mass
of atoms detached, in the same period of time, for each material is dependent on how strongly they are attached
to the other atoms, meaning how large their surface binding energy is. The surface binding energy of W and Au is
Epindingw = 11.75 eV and Eyindingau = 4.13 €V, respectively [37, 38]. As we would like to compare ina
dimensionless way, the behavior of the physical quantities involved in our system, we notice that the ratio of
these two energies (Ebi""ﬂ) is approximately equal to 2.8 which corresponds closely to the ratio of the detached

Ebindingau
mw

masses (—-). From these measurements we have a clear relation between the surface binding energy and the

May

number of atoms that are detached from the surface of the thin layer. These measurements present for the first
time an application of the QCM in the characterization of the binding energy of freshly deposited atoms. We
looked even closer at the frequency variations of the QCM after closing the shutter and observed a modulation of
the oscillation frequency. As it is presented in figure 6, once the atoms are detached, after we subtracted the
exponential fit shown in figure 5(a), we observe a frequency modulation of the QCM. The period of oscillation is
approximately 74, = 800 s for Auand about 7 = 2200 s for W. Bearing in mind that what interests us is the
comparison of dimensionless quantities, we simply calculated the ratios for these periods and surprisingly
enough we obtained a value that is roughly equal to the ratio of surface binding energies. The observed
modulation is originated by the detachment of the atoms from the surface. The strength of the binding energies
determines the frequency of the modulation in the same way that the Hooke constant affects the frequency of
oscillation of a damped spring. These measurements open the door to a new way to characterize in situ the
properties of newly deposited thin surfaces. By means of only a QCM we could acquire a full knowledge and
control of the fundamental properties of the deposited surface.

6. Conclusion

In conclusion, we have demonstrated how the QCM can be implemented as an energy transfer sensor to detect
the dynamics between particles during the PVD of thin surface layers. Confirming the motto of Arthur
Schawlow, our measurement technique is based in the careful observation of the perturbations of the oscillation
frequency of the QCM. We are able to sense the particle interaction in the vapor cloud before, during and after
they have been deposited at the substrate. We investigated the momentum exchange of the particles with the
QCM and extracted the average speed distribution of the particle cloud. From these measurements we
determined the optimum deposition rate that allows the achievement of uniform energy distribution during the
PVD. Our results support the theoretical predictions as well as similar observations reported by A Jasik using
other techniques in rather complicated measurement systems such as low temperature photo-luminescence
[18]. We also studied the bonding formation of the particles in a freshly formed layer. We noticed, during the
following seconds of the deposition, a detachment of particles. From the careful analysis of the variations of the
frequency, we detected the dynamics of the desorption mechanism and noted a clear dependence with the
surface binding energy.
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With this set of sensing techniques, we propose a simple and easy to implement method to monitor the
complex energy interactions during the PVD of thin surface layers. The main advantage of our measurement
approach is that it only requires the implementation of a QCM to the experimental setup. Theoretical studies
suggest that in order to mediate the atomic assemble to create desired atomic structure it is necessary to reach a
better understanding of the complexity of the vapor deposition. Diverse models have been suggested where it is
necessary to compute the velocity and position of every atom in the system so that they can be compared to the
highest lattice vibration and used to predict the molecular dynamics [39]. Our results confirm that the QCM
offers an accessible and simple solution to have a direct overview of the interplay of these complex variables and
study with a deeper understanding any PVD system such as thermal evaporation, sputtering, pulsed laser
deposition techniques and MBE, among others [40].
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