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Abstract: The development and improvement of thin film deposition techniques is an important
research topic to obtain new materials at submicro and nano scale with high homogeneity and
thickness control. Here, we designed and built an automated device for the deposition of binary
or ternary compound films using Successive Ionic Layer Adsorption and Reaction (SILAR). The
instrument is integrated by three different systems. The first system consists of a mobile platform of
two degrees of freedom. The second part has an 8-bit microcontroller used to adjust the velocities
along the horizontal and vertical axes. The third, the control system, uses a mobile app that can be
implemented in smart devices, developed in free code software for programming and monitoring the
main deposition parameters of the SILAR device such as the number of cycles, the immersion and
emersion velocities, the residence time at each step, and the number of reactors. The performance of
our instrument was verified through the deposition of PbS films, varying the number of deposition
cycles to study the variations in the film thickness and structure, and assessed by profilometry, Raman
spectroscopy, X-ray diffraction and atomic force microscopy. The system demonstrated is useful to
obtain crystalline films with controllable thicknesses.

Keywords: atomic force microscopy; automated mechanical system; deposition techniques; SILAR;
thin films; PbS; Raman spectroscopy; X-ray diffraction

1. Introduction

The performance of thin film-based electronic devices such as infrared detectors,
photoresistors, solar cells, and thin film transistors (TFT) is dependent on the electronic,
mechanical, magnetic, and optical properties, among others. Thin films can be formed by
one, two, or more elements, and the chemical composition and crystalline structure that
determine the thin film’s properties depend on the growth or deposition conditions and
deposition method of the thin films [1–6]. Therefore, several investigations exist on the
different types of properties and deposition methods of thin films [6–12].
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To obtain binary and ternary compound films there are different deposition methods,
such as thermal evaporation, immersion, spin coating, pyrolytic spray, and chemical bath
deposition. One of the liquid phase methods for the deposition of binary and ternary
compounds is the Successive Ionic Layer Adsorption and Reaction (SILAR) method. This
method was described by Nicolau [13] and is based on the phenomena of adsorption
and reaction of ions from the precursor solutions and the growth of the layers between
each immersion, ensuring a homogeneous precipitation of the compound of interest [10].
The precursor solutions of the compound that comprise solvated or complexed ions are
placed in different containers: the substrate is immersed in the precursor cationic solution,
and subsequently in the precursor anionic solution. The adsorption occurs on the surface
between the ions and the substrate surface caused by cohesion forces, Van der Waals forces,
or attractive chemical forces. Thus, the residual or unbalanced force allows the adions
or molecules to hold on to the substrate’s surface. Factors such as solution temperature,
pressure, nature of the substrate, concentration of the solution, and the area of the substrate
affect the adsorption process. After each immersion in the cationic and anionic solution,
the substrate is rinsed with deionized water to remove the non-adsorbed or unreacted ions
at the surface. The reaction of the pre-adsorbed (cations) and freshly adsorbed (anions)
ions forms the binary compound of the desired material. A deposition cycle comprises
the immersion in the cationic solution, rinsing, immersion in the anionic solution and
rinsing. Through the repetition of these cycles, films of binary or ternary compounds are
deposited layer by layer [8]. The immersions in the precursor solutions generate layers
with nanometer to micrometer thickness, which is controlled with the immersion speed,
contact or residence time into the solutions and the number of deposition cycles [13,14].
Figure 1 shows the deposition process of a binary compound by the SILAR method.
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Figure 1. Successive Ionic Layer Adsorption and Reaction process.

The SILAR method has been used to deposit thin films of oxides and binary and ternary
chalcogenides and chalcopyrites [12]. This method has advantages such as deposition at
room temperature and atmospheric pressure on large areas of different substrates, either
insulating, conductor, crystalline, or amorphous; control of the deposition speed and the
thickness of the layers by varying the number of cycles; films with good adhesion and
homogeneity; as well as high reproducibility.

The available SILAR deposition systems have two degrees of freedom (DOF) along x
and y axes. These systems can have a touch screen, connection to a personal computer (PC)
or a liquid crystal display (LCD), as well as sensors for temperature and relative humidity
measurement, and a microcontroller to assess the impregnation times and number of
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cycles [15–18]. However, most of these systems are limited to a maximum of four containers
that do not allow as much as binary compound deposition and do not include a mobile
app to remotely control and monitor the main performance parameters of the deposition
process, which can delay the process several hours, requiring constant user supervision.
To overcome these limitations, we propose a simple and low-cost automated device with
two DOF to deposit films by the SILAR method. The system contains a mobile app
developed in free software code to control of the speeds of the mechanical platform in the
directions of the x and y axes, and measures the temperature and relative humidity, as well
as the number of cycles and immersion and impregnation times of up to six containers to
deposit binary or ternary compound films.

This work is ordered as follows: Section 2 describes the mechanical and electrical
elements of the instrument, the implemented logic, and the design of the mobile app;
Section 3 explains the deposition and characterization details of lead sulfide (PbS) films with
different deposition cycles; finally, the results and discussion of the film characterization
by profilometry, Raman spectroscopy, X-ray diffraction and Atomic Force Microscopy to
assess the SILAR system performance are presented in Section 4, before the conclusions.

2. Design and Construction of the Instrument

Our automated SILAR instrument, depicted in Figure 2, is formed by three main
parts: the mechanical system, the control panel, and the mobile app. This system can
move the substrate through trajectories established by the user for each container or beaker,
indicating in the control app the capacity of each recipient. However, the containers must
be equidistantly placed considering as reference the center of its base, as shown in Figure 2b.
The remote control in the mobile app is used to set and monitor the number of the cycles,
immersion times and measurement of the sensors, as shown in Figure 2c.
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horizontal and vertical axes, and (c) app installed in a mobile device.

2.1. Mechanical System

The mechanical system has a main support structure that ensures the center of gravity
within the working area. This system includes galvanized steel posts (44 × 2.5 × 0.3 cm)
located at the structure ends and a rectangular metal frame (50 × 10 × 0.5 cm), which
provides mechanical stability to the system along the horizontal axis. In addition, a pair
of stainless-steel rods in parallel position acts as a guide for a moving platform which
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displaces in the horizontal (x) and vertical (y) axes. This moving component has two NEMA
17 stepper motors as actuators to generate these displacements. A toothed pulley is placed
on each shaft of the motors and together with a toothed belt and a clamp converts the rotary
movement to linear displacement. The obtained displacement can be controlled with high
precision using micro-steps executed through TB6600 drivers. The relationship between
the linear displacement (in centimeters) and the micro-steps is 1:200, i.e., for every 200
micro-steps the displacement is 1 cm. The moving platform has a vertical metal structure
(28 × 10 × 0.5 cm) that moves along the rectangular structure of the mechanical system. In
the central section of the vertical structure, a toothed pulley and a pair of stainless-steel
rods act as displacement guide and support of the vertical structure. In addition, this
structure contains a substrate gripper, which is formed by two parallel plates that are
perforated in their center with a thread that links them with a threaded screw. Thus, the
grip can be adjusted for different substrate thicknesses. Figure 3 depicts the exploded and
the assembled view of the components of the mechanical system.
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2.2. Control and Power Stage

Figure 4a shows the block diagram of the electrical and control components of the
SILAR device. This system employs an 8-bit microcontroller ATmega2560 (Microchip®) that
processes the information for the operation of the actuators, the displacement and speed
parameters, execution time, data management, and the reproduction of the routines. The
control and heat dissipation elements are distributed within the control panel. Figure 4b
illustrates the control panel console, which contains the TB6600 drivers for both stepper
motors, the microcontroller, the voltage sources, and a circulation system for air cooling.

Figure 5a shows the finite-state machine that describes the operation of the mechanical
system. First, the system is activated by a main switch and then it is possible to choose
the control option through the panel console or the mobile app. Before programming and
executing a routine, the control panel console is used to initially verify the operation of
the motors, the coupling of the belts, and adjust the moving platform together with the
substrate gripper at the origin (machine zero). The second control mode uses a mobile
app developed in C++ language installed on a smartphone or tablet, which communicates
through the Bluetooth 4.0 protocol with the ATmega2560 microcontroller. During the
execution of a routine, it is not possible to manipulate the system through the control panel
console. However, there is an emergency stop button on this console, which stops both the
movement of the motors and the counts of the internal counters of the routine. Furthermore,
the emergency stop indicator LED is activated and the user is informed on the LCD screen
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about the complete stop of the system. During this state, the user can cancel the routine
that is currently running and return to the machine zero position, or can deactivate the
emergency stop, continuing the execution of the routine where the system was stopped.
The state transition and the inputs and outputs of the operation of the mechanical system
are indicated in Tables 1 and 2, respectively. Figure 5b depicts the finite-state machine of
the control panel mode of the mechanical system. S0 represents the emergency stop state,
in which the counters, delays, and motors are paused. S1 activates the cancellation of the
routine in execution, and S3 places the moving platform in the machine zero position and
deletes the routine from the RAM memory of the microcontroller. The state S2 continues
executing the routine once the emergency stop is deactivated. The inputs are defined by left
button (LB), right button (RB), up button (UB), down button (DB), and emergency stop (ES).
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Table 1. Transition states of the finite-state machine for the automated mechanical system.

States Description

S0 Starts and initializes the system work configuration
S1 Enables control panel (panel mode)
S2 Enables the data processing using Bluetooth (app mode)

S3 Routine data are processed through Bluetooth; in this state, only new routines
are accepted

S4 Processes data and stores each parameter of the routine in memory
S5 Runs a routine, previously configured; in this state, other routines cannot be accessed
S6 Controls from panel; move to origin
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Table 2. Inputs and outputs of the operation of the automated mechanical system.

Data Description

Mode Switches on the control panel, “1” enables app mode, “0” enables panel mode
MMC Movements in panel mode

BT Data frame, contains deposit parameters
V Bluetooth pairing

2.3. Mobile Application

The mobile app is the virtual control panel where the user’s routines for binary or
ternary film deposition are created, stored, and managed. Each routine is made up of
specific parameters, as shown in Figure 6. In a routine, up to six containers of different ca-
pacities can be configured for the precursor and rinsing solutions. A data frame is generated
in the mobile app with each one of the parameter values selected in the routine. The data
frame is sent to the ATmega2560 microcontroller through the Bluetooth communication
protocol. Later, the microcontroller processes the data frame by placing each value in
significant variables according to the position of each digit in the random-access memory
(RAM). Finally, the microcontroller proceeds to execute the routine. Figure 7 represents the
connectivity process for the virtual control panel through the mobile app.

The size of the data frame that is sent from the mobile app to the microcontroller
depends on the compound type to be deposited and the number of precursor solutions and
rinses. Figure 8 shows the structure of the data frame per routine of the mobile app. Table 3
describes the position of the routine parameters placed in the data frame. Table 4 depicts
the size of the data frame depending on the number of containers to be used in the SILAR
method, ignoring the access code and header bits typical of the Bluetooth protocol [19].

Table 3. Components of the data frame used in the mobile app.

Letter Description

A Number of cycles
B Container size
C Dip speed
D Impregnation time (min)
E Impregnation time (s)
F Rise speed
G Wait time (min)
H Wait time (s)
I Repetitions
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Table 4. Size of the data frame used in the mobile app in function of the number of used containers.

Containers Number Data Frame (bits)

1 68
2 122
3 176
4 230
5 284
6 338
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For the parameter configuration of a routine in the mobile app, the user can visualize
the allowed units and quantities for each parameter as seen in Figure 9a. In addition, in
the mobile app screen, the operating limits of the different parameters are indicated. The
adsorption and wait times can be adjusted in seconds or minutes. Figure 9b shows an
example of a previously defined configuration of the parameters required for a binary
compound deposition. The mobile app can store up to 100 routines.
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2.4. Acceleration and Deceleration Method

The moving platforms are limited displacements along both the x and y axes. In the
x axis, this platform can move up to 53 cm. Thus, the maximum number of steps of the
motor is limited to 14,000, starting from the origin position of the moving platform. When
the platform stars its movement from this origin point, the position counter increases by 1.
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On the other hand, if the platform has a movement in the opposite direction, the position
counter will decrease by 1 for each step until reaching 0.

A smooth acceleration and deceleration method for the platform was implemented by
controlling the timeout from one step to another. To ensure that the platform deceleration
starts at 1.5 cm before reaching the desired position, in the value of the deceleration variable
the total number of steps is assigned to achieve the displacement minus 600. This behavior
of smooth acceleration and deceleration is described by Equation (1):

A = B +

[
2B

(
C

100

)]
(1)

where A is the new value of the time interval between each of the motor steps, B is the
nominal time interval, and C is a constant that varies between 0 to 600 depending on
whether the system accelerates or decelerates.

During the start of the motor in the acceleration phase, the variable C is assigned
the value of 600. Thus, this initial value of 600 is decreased by 1 for each step reached by
the motor, achieving the value 0 for the last step of the motor. For the deceleration, the
variable C starts at 0 and increases by 1 for each step of the motor up to 600 in the final
position of the platform. Table 5 depicts the effectiveness of the smooth acceleration and
deceleration method, reducing the acceleration to gradually obtain the maximum speed of
500 cm min−1.

Table 5. Values of the variables A and C of Equation (1), in acceleration case, to gradually achieve the
speed of 500 cm min−1.

Index C A
(µs) Speed (cm min−1)

1 600 3900 38.4
2 550 3600 41.6
3 500 3300 45.4
4 450 3000 50
5 400 2700 55.5
6 350 2400 62.5
7 300 2100 71.4
8 250 1800 83.3
9 200 1500 100
10 150 1200 125
11 100 900 166.6
12 50 600 250
13 25 450 333.3
14 10 360 416.6
15 5 330 454.5
16 0 300 500

As the motor starts, it has an initial time interval of 3900 µs for each step, obtaining an
initial speed of 38.4 cm min−1 of the moving platform in the direction of the x axis. At the
end of the start damping, the maximum speed is maintained up to 1.5 cm before reaching
the end position, where the deceleration damping is activated. Figure 10 represents the
acceleration of the system when it is desired to displace 6.7 cm at maximum speed.

The smooth acceleration and deceleration method is used to decrease the displacement
error at each start and stop of the motor. This is due to the stress and inertial force on
the toothed belt placed on the vertical motor shaft, which is generated by a load weight
close to 1 kg. Thus, the proposed method can decrease the stress on the toothed belt for
velocities which overcome 400 cm s−1. For this method, delay times are added because of
the speed reduction. Table 6 registers the number of cycles and the deposit time for films of
a deposited binary compound, considering the delay time of each routine.
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Table 6. Number of cycles and deposit time for films of a binary compound.

Number of Cycles Time (h:min)

20 0:35
40 1:12
60 1:50
80 2:28

100 3:05
200 6:12
500 15:32

3. Implementation of the Automated Mechanical System

Figure 11 shows the three main parts of the developed SILAR device during the
deposition of a PbS film. In the mechanical system (a), the substrate gripper and vertical
moving platform are positioned to introduce the substrate into the anionic precursor beaker;
the direction of the deposition cycle is indicated with a blue arrow, while the immersion–
emersion cycle is depicted with an orange arrow. The control panel console of the system
(b) has a digital screen (c) to visualize the parameter values during a routine execution.
These data consider the approximate deposition time (in h:min) for a binary or ternary film,
the actual cycle number, the container number where the substrate is immersed (1 to 6),
the repetition number in which the substrate is found on the same container (Reps), the
ambient temperature (in Celsius degrees), and the relative environmental humidity (in %).

3.1. PbS Deposition

To assess the operation of the proposed system, PbS films were deposited onto Corning
glass substrates with the setup presented in Figure 11 where the substrate was sequentially
immersed in four beakers for each cycle in the indicated direction. Before each film
deposition, the substrates were cleaned with piranha solution composed by H2O2:H2SO4
(1:1). In this solution, the substrates were immersed and agitated for 5 min. After, the
substrates were rinsed with deionized water and later with isopropyl alcohol. Finally, the
substrates were reserved in isopropyl alcohol in a closed container.

The cationic precursor solution (Pb2+) was prepared using 0.1 M lead (II) acetate
(Pb(CH3COO)2, 99 %, Sigma-Aldrich, St. Louis, MO, USA) and 0.2 M triethanolamine
(C6H15NO3 99%, Sigma-Aldrich), in a proportion of 1:2; the anionic solution (S2−) was
prepared with 0.1 M thioacetamide (C2H5NS, 99 %, Sigma-Aldrich). The dipping time
was 1 min in the cationic solution and anionic solution, respectively, the rinsing time
in deionized water was 5 s and the immersion rate was 60 cm/min. The number of
deposition cycles was varied from 20 to 500 to study the evolution of the film thickness and
crystalline structure.
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3.2. Film Characterization

The PbS films were characterized by X-ray diffraction with Cu Kα radiation (λ = 1.5406 Å),
in a D8 Advance diffractometer (Bruker) operated at 40 kV and 40 mA in the Bragg–
Brentano geometry, in a range 2θ from 10◦ to 80◦, with a step of 0.06◦. The Raman spectra
were measured using a LabRAM-HR Micro Raman instrument (Horiba Jobin Yvon, Edison,
NJ, USA) with a He-Ne laser at 632.8 nm, using neutral density filters to reduce the laser
power to avoid damage. Atomic force microscopy images were acquired with a TT AFM
instrument (AFM Workshop, Signal Hill, CA, USA) in the non-vibrating mode, using
conductive Pt-covered Si tips with a 0.4 N/m constant. Film thickness was measured in
a Dektak profilometer (Bruker, Billerica, MA, USA) with a 12 µm stylus, using the edge of
the substrate attached to the holder as the required zero-thickness step.

4. Results and Discussion

Figure 12a shows the X-ray diffractograms of the PbS films prepared with different
deposition cycles. The y-scale of the diffractograms was adapted to better observe the peaks
and is not intended to compare the respective peak intensities. The peaks located at 2 theta
angles 26.00◦, 30.12◦, 43.08◦, 50.96◦, 53.48◦, 62.00◦, 68.12◦, 70.96◦ and 79.00◦ correspond
to the planes (111), (002), (022), (113), (222), (004), (133), (024) and (224), respectively, of
the galene, cubic phase (fcc) of PbS indexing with the PDF Card 98-006-3095 [20]. A non-
assigned peak at ca. 18◦ and a halo between 2 theta 15◦ and 35◦ are observed in all the
diffractograms. These signals could arise from oxidation of PbS during film deposition
or from unreacted precursors. The chemical composition of the samples will be assessed
in a future work on the properties of the PbS films and their potential applications. The
behavior of the characteristic diffraction peaks shows that the (111) and (002) peaks of
PbS develop from 40 deposition cycles, indicating that the in our SILAR device crystalline
PbS films can be obtained without further heating. The main peak evolves from (002) to
nearly the same intensity of the (111) and (002) planes with the number of deposition cycles.
The reduction of the peak width indicates an increasing crystallinity with the number of
deposition cycles. A detailed analysis of the evolution of the structure will be presented in
a future work.
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number of deposition cycles.

Raman spectra shown in Figure 12b presents peaks at 138, 188, 468 and 968 cm−1.
Most of the reports for PbS agreed that 188 and 468 cm−1 Raman peaks come from the
combination of the LO–TO modes and to the resonant 2LO overtone induced by Fröhlich
interaction, respectively [21–27]. The peak at 969 cm−1 is due to SO2−

4 vibrations in lead
sulfates, which the literature attributes to laser decomposition; however, owing to its
increased intensity with the number of deposition cycles, we propose that this band arises
mostly from surface oxidation during deposition, which could also explain the observed
XRD peak at ca. 18º and the halo between 15–35◦. Regarding the peak at 138 cm−1,
there is some discrepancy in the literature, but considering that the peak we observed at
138 cm−1 increased with the number of cycles, we propose that this peak is related with
the formation of large particles onto the continuous film [21–27], as discussed below in
the atomic force characterization. It is interesting to observe that apart from the oxidation
after repeated deposition cycles, only peaks attributed to the cubic phase of PbS and those
attributed to lead sulfates were observed. As Raman has a good sensitivity to vitreous and
nanocrystalline material, it seems reasonable to attribute the non-identified XRD signals to
film oxidation products.

Figure 13 presents the results from the atomic force characterization of the films
prepared at 100, 400 and 500 deposition cycles and the comparison with film thickness
measured by profilometry.

Thus, the SILAR system allows the preparation of crystalline PbS films with control-
lable grain size and thickness, although some parameters such as the periodic renovation
of the deposition solutions, the residence times into and outside the solutions, the com-
plexing agent concentration, as well as the dipping speed, could be optimized to ensure
compact films and reduce the oxidation during deposition. A future in situ diagnostic
system is intended using remote sensing Raman spectroscopy to assess the evolution in
film microstructure during deposition.
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Figure 13. (a) Presents the 20 × 20 µm2 images, where the increase in surface coverage and apparent
grain size are noticeable. (b) Presents the height distribution obtained from the AFM images, as
well as from a cropped region marked in a red square from the image of the film prepared with
100 deposition cycles. The maximum height increases from 1.15 µm to 2.07 µm to 2.26 µm with the
number of deposition cycles. The maximum height of the cropped region is 454 nm. The behavior of
the film prepared with 100 deposition cycles indicates a continuous layer with islands on the top, from
single nucleation-growth events [28], while the wide height distributions of the films prepared with
400 and 500 cycles indicate multiple nucleation events with the corresponding growth. (c) Presents
the thickness of the films prepared with 80, 100, 200 and 500 deposition cycles measured by stylus
profilometry, as well as the root mean square roughness (Rrms) of the films and of the cropped region
that confirms that the lower roughness of the “2D” base film increases as islands from subsequent
nucleation events grow. It is interesting to observe that the measured film thickness increases from
450 to 840 nm below the observed height maxima of the films (1500 to 2260 nm); this is attributed
to the presence of loosely adhered particles that are removed by the stylus with a large tip ratio.
The increased roughness of the films prepared at 400 and 500 deposition cycles are a measure of the
thickness calculation error and are consequent with the increase in the grain sizes, inferred from the
profiles acquired in the images (blue lines) shown in (d).

5. Conclusions

A simple automated device with two degrees of freedom for the deposition of thin
films based on the SILAR method was developed. This system is integrated by a support
structure and a moving platform, a control panel console, and an app that can be integrated
in a mobile device, to control the different operation parameters of the instrument. Thus,
the deposition process of thin films is controlled by the users, ensuring good homogeneous
deposition kinematics without capillarity problems due to vibrations of the actuators. The
performance of the device was studied by depositing PbS films from 20 to 500 cycles and
studying the evolution of the thickness, structure, and morphology of the deposited films.
Crystalline, cubic PbS films were obtained from 40 deposition cycles, although due to
the non-optimized deposition parameters, some film oxidation during deposition was
observed. Raman and AFM indicate that films grew in a mixed mode, i.e., a continuous
film with islands on the top. The results indicate that the developed instrument is suitable
to operate automatically, supervised from a mobile device, up to 500 deposition cycles
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(ca. 15 h), producing films with good crystallinity and controllable thickness and grain size.
Further experiments for depositing other materials and the optimization of the deposition
parameters including the bath formulations and cycle programming are intended.
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