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The study aims to expand the application of the proportion integral derivative (PID) algorithm and improve the practical
application of the PID algorithm to the atomic layer deposition (ALD) process. First, the ALD process is analyzed, and the
application method of the PID algorithm is determined. Second, the research conditions of the PID algorithm based on the
ALD process are designed. Finally, the temperature control operation of the PID algorithm in the ALD reaction chamber is
modeled and experimentally studied under different research conditions. The results show that temperature significantly
impacts the reaction chambers of stainless steel and aluminum. When the heating temperature increases, the temperature of
the stainless steel chamber will also change, and the maximum difference between the chamber and the heating temperature is
about 33°C. In contrast, the temperature of the aluminum chamber varies little with the heating temperature. The maximum
difference between the chamber temperature and heating temperature is about 350°C, which shows that the temperature of the
stainless steel chamber is better controlled and is more practical under the same temperature conditions. The pressure change
has little effect on the temperature change of the reaction chamber of the two materials. The temperature curves of the two
chambers show that the PID temperature control system can be used normally and has strong practicability. The study
provides technical support for improving the PID temperature control system and the rational use of the PID temperature
control algorithm in the ALD process.

1. Introduction

In recent years, atomic layer deposition (ALD) technology
has attracted extensive attention because of its accurate
material synthesis and modification characteristics (precise
to nuclear scale). In particular, ALD is excellent in research-
ing and developing new nanocatalytic materials [1]. More-
over, the PID (proportional, integral, and differential)
temperature control algorithm to the ALD process can effec-
tively control the temperature of the ALD reaction chamber,
provide a suitable reaction environment for the ALD pro-
cess, and improve the production speed [2].Although the
application of the PID temperature control algorithm to

the ALD process is not perfect, many studies provide techni-
cal support for the application of the PID temperature con-
trol algorithm.

Gilbert and Leeuwen (2020) pointed out that ALD is a
thin film growth technology with surface self-limiting reac-
tion, and it can accurately control the growth of thin films.
There is no ALD alumina reaction group on the surface of
polyolefin membrane, resulting in the slow growth and
nucleation of ALD alumina and the low reaction efliciency
in the early stage. The final development of alumina pri-
marily forms clusters rather than intact and covered films
[3]. Tomer et al. (2019) argued that temperature uniformity
in the reaction chamber could be well solved by using the
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partition heating method, the PID controller with anti-
integral saturation method, and the feed forward compen-
sation PID control algorithm [4]. Huang et al. (2018)
pointed out that temperature control is a concern of most
industrial enterprises. The temperature control quality
directly affects the quality of products and the efficiency
of enterprises. However, temperature control accuracy is
low due to temperature-controlled components’ different
characteristics, and the adjustment time is long in actual
production [5]. Li et al. (2020) pointed out that the PID
algorithm can automatically identify different parameters
according to the actual situation, which significantly sim-
plifies the debugging process and saves time. The response
and accuracy of temperature control are improved, which
has a tremendous practical effect on enhancing effi-
ciency [6].

Grillo et al. (2018) argued that the temperature control
system is designed, including hardware and software design.
Finally, the response ability and stability of the steep curve of
the PID algorithm are tested by a simulation experiment.
The results show that the system has a fast response ability
and strong strength, which improves temperature control
accuracy [7]. Mu et al. (2019) uttered that ALD is a nanofilm
preparation technology. The controllable thickness and uni-
form film could be obtained by self-restrictive precursor
alternating saturation reaction. It could be used as a water-
insulating and oxygen-insulating layer in electronic devices,
a transistor gate dielectric layer, and a surface passivation
layer of solar cells. Therefore, ALD is widely used in micro-
electronics, solar cells, flexible electronics, and other fields.
Temperature is one of the most critical factors affecting the
quality and efficiency of thin films. However, the existing
conventional control methods have poor temperature stabil-
ity, long stability adjustment time, and significant tempera-
ture fluctuation under the condition of external
interference, which directly affects the microsurface mor-
phology of the deposited thin film. The PID temperature
control algorithm can improve the transient performance
of the system through rolling optimization and output cor-
rection under external interference. It has the characteristics
of processing time delay, constraint ability, and low require-
ment for mathematical model. It has been successfully
applied in the field of automatic control and temperature
control [8].

In summary, applying the PID temperature control algo-
rithm to the ALD process is not perfect. ALD and the PID
temperature control algorithm are introduced and analyzed
in this case. Then, the research method of PID temperature
control algorithm under different temperature and pressure
conditions is designed according to the characteristics of
ALD and PID. On this basis, the research model is imple-
mented. Finally, the PID temperature control algorithm in
the ALD reaction chamber is comprehensively analyzed
through experiments. This research provides new ideas for
using the PID temperature control algorithm to control the
temperature in the ALD reaction chamber. The utilization
rate of the PID temperature control algorithm in the ALD
production process is improved, and the production quality
and efficiency of ALD are enhanced.
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2. Research Methods

2.1. Methodology and Theory. ALD is used to manufacture
nanodevices, and it is a chemical vapor deposition technol-
ogy [9]. It is a film growth technology with a surface self-
limiting reaction, which can accurately control the growth
of films. ALD coats the polyolefin membrane to produce a
composite membrane of nanoalumina polyolefin. There is
no ALD alumina reaction group on the surface of the poly-
olefin membrane, which results in slow growth and nucle-
ation of ALD alumina and low reaction efficiency, making
most of the final grown alumina forms clusters rather than
completely covered films. The system of ALD is very com-
plex. The whole system mainly includes a gas pipeline, pre-
cursor container, control system, reaction chamber, and
vacuum pump. The reaction chamber comprises a wafer,
vacuum chamber, and surrounding resistance wire [10].
The internal temperature control of the ALD vacuum reac-
tion chamber is nonlinear, hysteretic, and time-varying.
The materials inside the vacuum chamber should be stain-
less steel, aluminum, quartz, and graphite, which can meet
all the above requirements [11]. The basic working process
of ALD is that the bottom of the chamber is connected with
the vacuum pump to pump air inside the chamber. Then,
the precursor enters the vacuum chamber through the elec-
tromagnetic switch. Finally, the liquid in the precursor
enters the reaction chamber through the gas pipeline to
complete the reaction [12]. The reaction process of ALD is
shown in Figure 1.

Figure 1 shows that the ALD reaction system includes a
gas pipeline, a precursor container, a control system, a reac-
tion chamber, and a vacuum pump. The combination of the
control system and the vacuum pump provides power for
the whole system. The reaction completes if the liquid in
the precursor gasifies and enters the vacuum reaction cham-
ber [13]. After each ALD reaction, the chemicals generated
are rinsed with N2 to remove the determinations, and
finally, a complete deposited film is formed [14]. Figure 2
shows the circulation flow of ALD.

Figure 2 shows that the flow of the ALD process is con-
trolled by programmers (t1, Atl, 12, At2, t3, At3) to generate
2D materials. A digital control system carries out the ALD
process. In the production process of the ALD process, if
you need to improve the quality and efficiency of process
production, you can improve the cycle times of the ALD
process and keep the temperature appropriate in the cycle
process. Figure 3 shows the basic software configuration in
the ALD control system.

Figure 3 shows that each link of the ALD process can be
managed separately in the control software. The PID adap-
tive temperature control system in the ALD reaction cham-
ber can control the temperature of ALD in real time and
ensure that the liquid in the precursor can be gasified nor-
mally and enter the reaction chamber smoothly, promoting
the complete reaction in the reaction chamber [15]. And
the temperature in the ALD reaction chamber can keep high
through PID temperature control technology to increase the
number of ALD cycles and improve production efficiency.
The PID temperature control algorithm calculates and
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FI1GURE 3: Basic configuration of the software in the ALD control system.

controls the system temperature through P (proportion), I
(integral), and D (differential) parameters. The PID temper-
ature control system can only predict and adjust the system
temperature by adjusting P, I, and D parameters in real time
[16]. Figure 4 shows the basic principle of the PID tempera-
ture control system.

Figure 4 shows that when the predetermined tempera-
ture is set, the PID temperature control algorithm will adjust

the temperature through P, I, and D, making the tempera-
ture of the controlled element reach the predetermined
value. Real-time feedback will output through the feedback
system [17].

2.2. Temperature Control System and ALD Control System.
The improved ALD control system can realize the sub-
stantial increase of the total output and the
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intellectualization of the control system [18]. Usually, an
ALD control system consists of an upper computer
human-computer interaction system and a lower com-
puter, a vacuum chamber, a temperature control system,
and other modules. The upper computer can obtain and
interact with data through human operation. When the
data are input, the basic parameters of each overall control
point are also included [19]. The model of the upper com-
puter is the InTouch configuration software of Wonder-
Ware Company. The essential control of the lower com-
puter is realized through the InTouch configuration soft-
ware. Table 1 shows the basic parameters of the upper
computer.

Table 1 shows an advanced host computer operating sys-
tem, which requires comprehensive upgrading of CPU, a
memory card, a hard disk, a graphics card, a system, a pro-
gram, and a server to obtain more accurate data. In the
ALD process, the parameters of all control components are
set through the upper computer calculated. The airflow in
the vacuum pump is calculated as [20]

Lypc = (K‘;px)’ (1)

where V' represents the electrical frequency signal, p, repre-

sents vacuum density, T represents time, Ly represents the
gas flow, and K represents the vacuum parameter in the
ALD process reaction chamber.The dynamic pressure inside
the vacuum chamber is calculated as

pv = "R,
M

~—

RT [*
P,-P= VM) (Lntec = Lypump ) dt, (2

RT {*
P=P,- WJ (AL)dr,
0

where ¢ is the time, V is the volume inside the chamber, P is
the air pressure inside the chamber, M is the molar mass of

the gas, R is the molar constant of the gas, T is the temper-
ature in the reaction chamber, and AL represents the gas
flow difference in the reaction chamber [21]. The calculation
equation of temperature control voltage is

U= (1) Uas G)

where t is the time, T is the cycle time of the voltage pulse,
and U,y represents the average voltage of the pulse. For
the temperature test inside the reaction chamber, the tem-
perature of the reaction chamber wafer needs to be mea-
sured, and the calculation method adopts the least square
method [22]. The calculation equations are as follows:

m

18]15 = Y w(X)[S(X,) - F (X)) (4)

i=0

) ={(x:), (), =0, 1, -, m}, (5)

81=S<x<i) y, (6)

0; = 8(x;) = ¥i> S(%) = Aoy (x) + @y, (x) 4+ +a,¢,, (%),
(7)

where f(x) represents the data set and S(x) represents the
fitting curve. x; and y, represent the dataset of two sets of
data, respectively. If the linear independent group of the
space where s (x) is located is ¢, (x), ¢, (x), ---, ¢,,(x), the cal-
culation equation of the least square method is
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TaBLE 1: Basic parameters of the upper computer.

Components Parameters

CPU Morethanthe3G
Main memory Morethanthe2G
Hard disk Morethanthel00G
Graphics card 2GDiscretegraphicscard
System WindowsXPSP3
Program Intouch9.6
Server OPCLink8.0

Equation (9) is used to calculate the minimum value,
which is recorded as

(0r94) =

(f’(Pk):A

3

@(X;)@;(X) i (X)), (10)

i
o

Mz

W(X)f (X)pp(X,) = dy (11)

I
S

=

G= (‘Pk’ (Pj) > (12)

T
)

where Ga = d. If orthogonal polynomials are used for least-
squares fitting, G is a nonsingular matrix and satisfies the
following equations:

m 0,j+k
(?’j’ ‘Pk) = Zw(xi)(Pj(xi)(Pk(xi) = {AJ> 0] . (13)
i=0 k ] =
* _ (faq)k)
= ((pkv(Pk), (1)

where a; represents the final calculation result. The PID
temperature control algorithm controls the temperature of
the ALD reaction chamber by changing the initial tempera-
tures, the pressure, and the time gradients. And it is compre-
hensively studied by comparison [23]. Table 2 shows the
conditions for temperature measurement of the ALD reac-
tion chamber.

Table 2 shows that the temperature of the ALD reaction
chamber is measured under different initial chamber tem-
peratures and different channels. The time change is as fol-
lows: change the initial temperature, last for one hour and
record the information; change the initial pressure, last for
15min; and record the relevant information. And the com-
monly used stainless steel and aluminum reaction chambers
are analyzed in six channels of the ALD reaction chamber.
The two reaction chamber materials are compared to deter-
mine what materials fit the PID temperature control system.
The PID temperature control system is adjusted to make it
suitable for more materials and promote its application

TaBLE 2: Temperature measurement conditions of the ALD
reaction chamber.

Number  Heater =~ Pumpline Purgel  Purge2  Hottrap
1 50 150 100 100 400
2 70 150 100 100 400
3 100 150 100 100 400
4 150 150 100 100 400
5 200 150 100 100 400
6 250 150 100 100 400
7 300 150 100 100 400
8 350 150 100 100 400
9 400 150 100 100 400
10 450 150 100 100 400
11 500 150 100 100 400
12 550 150 100 100 400

and development. The comparison between PID and other
temperature control algorithms is shown in Table 3.

Table 3 shows that the PID temperature control algo-
rithm is more suitable because of its flexibility, convenient
debugging, and high control accuracy.

2.3. PID Temperature Control Algorithm. The PID control
algorithm comprises a PID regulator, an actuator, and a con-
trolled object [24]. The general calculation equation is as fol-
lows:

v(t)=Kp [e(t)+ T%Je(t)dHTD%} (15)

where v(t) represents the output value of the controller, e(t)
represents the error of the control system, Kp represents the
proportional coefficient, T is the integral constant, and T,
is a constant. When the PID control algorithm is operated
by a computer [25], the calculation equation is as follows:

k
v(kT) = Kp{e(kT) + %Z e(iT) + ? [e(kT) — e(KT - T)] }

7 (16)

where v(kT) represents the output value when the system is
controlled by a computer, and other parameters have the
same meaning in Equation (15). The results can also be cal-
culated by an integral coeflicient and differential coefficient
[26]. The calculation equations are as follows:

K, - KT%T (17)

Kp= KPTTD, (18)
k

u(k)=K,e(k) +K; ) e(j) + Kple(k) —e(k—1)].  (19)
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TaBLE 3: Advantages of the PID temperature control algorithm.
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FIGURE 5: Basic framework of the dual-cavity ALD system.

In Equations (17), (18) and (19), (16), and (17) are the
calculation equations of integral coefficient and differential
coeflicient, respectively. And the three equations are used
for calculating discrete positions. After a simple calculation
is performed, the following equation is obtained [27]:

=K

u(k-1) b

e(k—1)+ Tkie i) + Ip e(k—1)—e(k-2
(k=1) 7,2 () + = le(k=1) —e(k=2)] o,
(20)
where (k—1)is the same as the parameter in the above
equation, and it is the sampling times in the test process.
The following equation is obtained by sorting out Equations
(19) and (20) [28]:
u(k) —u(k-1)
= Kp{e(k) —e(

_b

TT le(k) - 2e(k— 1) +e(k - 2)]}.
(21)

k-1)+ %e(k)+

The final calculation equation can be obtained, and it is
as follows:

u(k)=u(k-1) +KP{[e(k) —e(k-1)]+ Tlte(k)

TD
T

(22)

+ 2L [e(k) = 2e(k— 1) + e(k - 2)]}.

After Equation (22) is simplified, this can be obtained as

u(k)=u(k—1)+aje(k) —ae(k—1) +ae(k-2). (23)

The position calculation equation of PID in the com-
puter control system is obtained, and the final result needs
to be fuzzified. If the input value is defined between [-x, x]
and the fuzzy value is a value in {-m,-m+1,---,0,---,m —
1, m}, the quantization factor of the fuzzy value can be cal-
culated [29]. The calculation equation is

I=—,

i (24)
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where t represents the quantization factor of the fuzzy value.
The amount of fuzzy control can also be calculated [30]. The
calculation equation is as follows:

V = (Rx RB)eT, (25)
where V represents the amount of control fuzzy, R repre-
sents the fuzzy number of input values, T is the fuzzy coeffi-
cient, x represents the direct operation of fuzzy values, ande

the synthesis operation of fuzzy values [31]. The discrete
domain calculation equation of the fuzzy value is

- 2 vit(vi)
i)

[

(26)

where v, is the accuracy of the output value and v; represents
the variable of the output value. In addition, the calculation
equations of three control parameters P, I, and D are [32]

Kp=Kpy + {Ei, ECi},, (27)
K, =K, + {Ei,ECi},, (28)
Kp=Kp, + {Ei+ ECi}, (29)

where Kpy, Ky, and K, represent the initial values of the
three control parameters P, I, and D, respectively. Through
the adjustment of the PID temperature control algorithm,
the results of the final three parameters can be calculated
as Kp, K, and K, [33].
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2.4. Modeling of PID Based on ALD Reaction Chamber. The
PID temperature control algorithm based on the ALD reac-
tion chamber is studied, and the specific equipment used is
the dual cavity ALD system. Figure 5 shows the basic struc-
tural framework of the dual cavity ALD system.

Figure 5 shows that the PID temperature control algo-
rithm can be compared with different materials with strong
responses in the dual cavity ALD system. After that, the
PID temperature control algorithm can automatically select
ALD chamber materials and improve its performance
through the feedback of different materials [34]. The PID
temperature control algorithm is studied by recording and
analyzing the reaction chamber temperature in the ALD
process system [35]. Figure 6 shows the basic process of
using the PID temperature control system to control the
reaction chamber temperature in the ALD process system.
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Figure 6 shows that at the beginning, the reaction cham-
ber of the ALD process needs to be heated, and the temper-
ature should reach the initial temperature required by the
experiment. Then, the initial temperature of the chamber is
detected to judge whether the temperature meets the stan-
dard. If the temperature does not meet the standard, the
reaction chamber needs to be heated again. If the tempera-
ture meets the standard, the next step is continued. The
PID temperature control algorithm is used to control the
temperature in the reaction chamber. During the control
process, it is necessary to change the chamber temperature
regularly and then detect whether the temperature meets
the standard. If it does not meet the standard, it needs to
be reheated. If it meets the standard, go to the next step to
judge whether it is time to record. If the temperature cannot
be recorded, continue maintaining the temperature by PID.
If it is recorded, the temperature is recorded and adjusted
in real time, and the research results are analyzed according
to the recorded data.

3. Research Results

3.1. ALD Reaction Chamber. According to the above
research methods, the PID temperature control algorithm
is studied based on different materials of the ALD reaction
chamber. Figure 7 shows the research conditions of other
chamber materials.

Figure 7 shows that the chambers of the two materials
are experimentally studied under the same conditions, in
which the pressure changes are 0.05, 0.1, 0.15, 0.2, 0.25,
0.3, 0.35, 0.4, 0.45, 0.5, 0.55, and 0.6, respectively, and the
temperature changes are 50, 70, 100, 150, 200, 250, 300,
350, 400, 450, 500, and 550°C, respectively. The research
under different pressures and temperatures can reflect the
temperature tolerance of the two materials and test the
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influence of the two materials on the temperature tolerance
under different pressure conditions

3.2. PID Research and Analysis Based on ALD. Through the
research on the PID temperature control test for reaction
chambers of different materials under different conditions,
the heat resistance and pressure resistance of other materials
are analyzed, which can reveal the service status of the PID
temperature control algorithm. This verifies the perfor-
mance of the PID temperature control algorithm through
different materials and improves the authenticity and feasi-
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FiGure 12: Comparison of the errors of temperature control
systems.

bility of the research. Figure 8 shows the temperature
recording results.

Figure 8 shows that when the results of the PID temper-
ature control records are 50°C, 70°C, and 100°C, the temper-
ature of the stainless steel chamber is at 100°C with an error
of about £5°C. The temperature of the aluminum chamber is
at 50°C, which is maintained at about 30°C, and the error is
about +3°C.

Figure 9 shows that when the results of the PID temper-
ature control algorithm are 150°C, 200°C, and 250°C, the
temperature of the stainless steel chamber is at 250°C with
an error of about +2°C. The temperature of the aluminum
chamber is at 150°C with an error of about +1°C.

Figure 10 shows that when the results of the PID temper-
ature control algorithm are 300°C, 350°C, and 400°C, the
temperature of the stainless steel chamber is at 400°C with
an error of about +1°C. The temperature of the aluminum
chamber is at 300°C with an error of about +3°C.

Figure 11 shows that when the results of the PID temper-
ature control algorithm are 450°C, 500°C, and 550°C, the
temperature of the stainless steel chamber is at 550°C with
an error of about +3°C. The temperature of the aluminum
chamber is at 450°C with an error of about +5°C. Figure 12
shows the difference between the predicted error and the
actual error of the two materials.

Figure 12 shows that the maximum difference between
the prediction error of the cavity temperature of stainless
steel and its actual error is about 3°C. In contrast, the maxi-
mum difference between the prediction error of the cavity
temperature of aluminum and the actual error is about
5°C. Therefore, the PID temperature control system is rea-
sonable for error control.

Figures 8-11 show that the temperature changes of the
two materials are not significant by applying the PID tem-
perature control algorithm to the reaction chambers of the
two materials under different conditions. It is concluded that
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the pressure has little effect on the temperature resistance of
the ALD reaction chamber. Still, the temperature of the reac-
tion chamber varies significantly at different initial tempera-
tures. When the initial temperature is 50°C, the temperature
difference between the two materials is not significant, main-
taining at about 20°C. Therefore, the reaction chambers of
these two materials are suitable for temperature regulation
with a temperature control system above 50°C. With the ini-
tial temperature increase, the temperature difference
between different materials begins to increase gradually
under the PID temperature control algorithm. The tempera-
ture difference has risen to about 50°C under the condition
of 70°C. At 550°C, the reaction chamber gap of the two
materials reached the maximum, maintaining at about
320°C. However, when the change of the reaction chamber
of the two materials under the PID temperature control
algorithm is analyzed, it is found that the temperature
change of stainless steel is more significant than that of the
aluminum chamber. The temperature tolerance of the reac-
tion chamber made of stainless steel is sensitive. When the
heating temperature increases, the temperature of the stain-
less steel reaction chamber increases rapidly, while the tem-
perature of the aluminum reaction chamber decreases. This
proves that the temperature tolerance of the aluminum reac-
tion chamber is high. Still, the overall temperature of the
reaction chamber made of different materials does not
change much under the PID temperature control algorithm,
and the performance of the PID temperature control system
is also stable under different pressures. The curve remains
stable and in an ideal state. This shows that the PID temper-
ature control algorithm can be used under different temper-
atures and pressures.

4. Conclusion

The PID temperature control algorithm is used to analyze its
application to the ALD reaction chamber. The test is taken
in the reaction chamber with different materials, different
reaction temperatures, and different pressure changes. The
simulation experiment found that the reaction chambers
with different materials have different tolerance sensitivity
to different temperature changes. Among them, the temper-
ature sensitivity of stainless steel is more significant than alu-
minum, and the difference between the two is very large.
Then, the temperature changes of the two materials under
different pressure conditions are compared. The results
show that the pressure changes have little effect on the tem-
perature changes of the reaction chamber of different mate-
rials. Finally, it is concluded that different temperature
changes and different pressure changes have little influence
on the PID temperature control algorithm. This proves that
the PID temperature control algorithm can be used normally
in reaction chambers with different materials, temperatures,
and pressures. The optimization of the traditional PID algo-
rithm found that the error of the optimization algorithm is
fewer in the temperature control process, and the maximum
difference between the prediction error and the actual error
is 3°C and 5°C. The optimization results of the PID temper-
ature control algorithm are ideal. Although this study pro-

Journal of Sensors

vides a lot of research data, the sample size used in the
comparison is still small. The size will be expanded in the
future, and the practical application of the PID temperature
control algorithm will be strengthened.

Data Availability

The labeled dataset used to support the findings of this study
are available from the corresponding author upon request.
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