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Abstract: We propose a wafer-type ion energy monitoring sensor (IEMS) that can measure the spa-
tially resolved distribution of ion energy over the 150 mm plasma chamber for the in situ monitoring
of the semiconductor fabrication process. The IEMS can directly be applied to the semiconductor
chip production equipment without further modification of the automated wafer handling system.
Thus, it can be adopted as an in situ data acquisition platform for plasma characterization inside
the process chamber. To achieve ion energy measurement on the wafer-type sensor, the injected ion
flux energy from the plasma sheath was converted into the induced currents on each electrode over
the wafer-type sensor, and the generated currents from the ion injection were compared along the
position of electrodes. The IEMS operates without problems in the plasma environment and has the
same trends as the result predicted through the equation.

Keywords: wafer-type sensor; monitoring sensor; ion energy; plasma diagnosis; in situ monitoring;
ion current

1. Introduction

The plasma process has become widely used in manufacturing semiconductors, dis-
plays, and electronic devices as semiconductor manufacturing technology has advanced.
Plasma has an anisotropic property that helps it form narrow and deep patterns [1]. As
a result, interest in dry etching capable of anisotropic etching for high integration and
miniaturization has grown, and plasma has emerged as a key component of semiconduc-
tor processing technology. On the other hand, specifications for plasma damage, etch
selectivity, critical dimension control, and etch uniformity have become more demanding
and challenging.

Plasma etching is essential in semiconductor fabrication to reduce device size and
increase the aspect ratio of etched features. Plasma uniformity has become the most critical
variable in ensuring the reproducibility and stability of the process and increasing yield as
plasma has become the leading technology of the semiconductor manufacturing process.
The ion current in the plasma parameters affects etching uniformity, and the ion energy on
the substrate surface determines etching selectivity and rate [2–5]. Plasma damage caused
by high-energy ion bombardment, on the other hand, may cause substrate damage. Such
damage reduces the device’s reliability and lifetime [6–8]. As a result, precise control of ion
energy is required to achieve optimal process results.

The importance of technology for diagnosing process state grows in direct proportion
to the difficulty of the process and the degree of integration required. Several studies
have been conducted to assess the current state of the semiconductor process. The most
common process diagnostic techniques are optical, electrical, and chemical methods. One
of the optical diagnostic methods, optical emission spectroscopy, can monitor the plasma
state by separating the plasma state into wavelengths [9–11]. It is primarily used in the
etching process for end-point detection. Furthermore, the optical plasma monitoring system
(OPMS) [12,13] is a diagnostic method for monitoring the total amount of plasma light at

Sensors 2023, 23, 2410. https://doi.org/10.3390/s23052410 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s23052410
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-9568-8458
https://orcid.org/0000-0002-2983-9905
https://orcid.org/0000-0002-6576-690X
https://doi.org/10.3390/s23052410
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23052410?type=check_update&version=1


Sensors 2023, 23, 2410 2 of 12

high speed. This optical process diagnostic method, on the other hand, optically measures
the total distribution of plasma. A chemical diagnostic method, the quadrupole mass
spectrometer, evaluates the state of a process by analyzing the amount of residual gas
generated after the process [14–16]. The VI Probe measures impedance within the chamber
by connecting the sensor to the semiconductor radio frequency (RF) generator, matcher,
and chamber [17–19]. Because the above four types of sensors have limitations, measuring
the process distribution in the wafer state in an actual plasma process is difficult.

By inserting the LP’s probe directly into the chamber, plasma parameters can be
measured position by position [20–22]. The disadvantage, however, is that the process gas
is limited to Ar and the probe must be directly inserted into the chamber, which acts as
a limitation that is difficult to apply to the actual process [23,24]. Furthermore, because
the actual process is performed on a substrate, the development of process monitoring
technology on the substrate is required.

A wafer-type sensor, called on-wafer sensor, has been researched and developed for
this purpose to measure process uniformity on the wafer surface [25]. A sensor that can
diagnose and measure process parameters in the same shape as a real wafer is known as an
on-wafer sensor. By inserting the sensor inside the wafer or manufacturing the sensor in
the form of a wafer, this enables process diagnosis and data acquisition under the same or
similar conditions as the actual process wafer. KLA’s SensArray® and Impedans’ Semion
RFEA are two current on-wafer sensor vendors (Retarding Field Energy Analyzer). As
the importance and demand for semiconductor process diagnosis sensors grow, research
is being conducted on an on-wafer platform that combines two or more types of sensor
technologies, rather than just one.

We fabricated a wafer-type ion energy-monitoring sensor (IEMS) in this study. The
wafer-type IEMS is a sensor that monitors ion energy and is designed in the form of a wafer.
By inserting it into semiconductor manufacturing equipment, it is possible to monitor the
ion energy generated in the same environment as the actual semiconductor manufacturing
process. Furthermore, unlike previous probe-type measurement equipment, it can be
inserted into a plasma bulk to improve plasma interference and diagnose a substrate on
which an actual process occurs.

2. IEMS
2.1. Principle of IEMS and Ion Energy

The wafer-type IEMS is a sensor that detects plasma states by converting ion current
generated during the plasma process into ion energy. The current flowing on the substrate
is detected by the magneto-impedance (MI) sensor when current is generated in the plasma
process with the data compared using the LP, a sensor that can calculate the ion current, to
calculate the ion current from the current measured in the IEMS (Figure 1).

Ion energy may be calculated by measuring electron density and ion density in the
bulk plasma through the Langmuir probe (LP). Measure the current by placing the sensing
pad and LP’s tip of IEMS on the same x-axis. Through this process, a constant for converting
the current generated in the plasma into an ion current is obtained.

The ion current measured by the IEMS is as follows:

Ji = 0.6ene

√
kTe

mi
→ αIC (1)
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Figure 1. Components of plasma for calculating ion energy.

In collisionless RF plasma sheaths, the shape of the IED is determined by the ratio of
ion transfer time to the RF cycle. The ion transfer time is the time it takes for the ion to
cross the sheath, which can be calculated using the Child–Langmuir law. First, to calculate
the ion transfer time, the thickness of the coating is calculated as follows [26]:

s =
2
3

(
2e
Mi

) 1
4
(

ε0

Ji

) 1
2
Vs

3
4 (2)

where e is the electronic charge, Mi is the ion mass, ε0 is the vacuum permittivity, and Ji is
the ion current density in the sheath. The pressure range, where the etch process is mainly
performed is the collisionless section where the ion distribution is determined by the τi/τr f .
The ion transit time is then obtained using the following equation [6,27]:

τi = 3s
√

Mi

2eV̂s
(3)

Combining the above formulas, the ion energy can be calculated as follows [28]:

∆E =
2eVpp

π

(
τr f

τi

)
(4)

2.2. The Design of IEMS

To minimize plasma interference, a wafer-type IEMS was designed as a printed circuit
board (PCB) of the same size as a 6-inch wafer and consists of four layers. This improves the
issue of being inserted directly into plasma and does not damage the measuring component.
Since the IEMS is located in the chuck where the plasma process occurs, it does not directly
affect plasma properties and conditions. Furthermore, if it meets the same thickness
and impedance requirements as silicon wafers, it is possible to collect data in the same
environment as the actual process.

IEMS includes a sensing section, a control section, and a charging section. When data
measurement is initiated, the current signal is detected by the MI sensor in the sensing
section. A built-in amplifier and analog-to-digital converter convert the current signal
detected by the sensing unit into a digital signal. The microcontroller unit (MCU) controls
the sensor signal via the I2C protocol of the sensing unit, acquires the data, and stores them
in the flash memory. After the data collection is completed, the IEMS can be removed from
the process chamber and the flash memory data can be analyzed via PC communication.
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We utilized the Origin application to visualize measured data using line graphs and contour
maps. The IEMS block diagram is depicted in Figure 2.
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Figure 2. Block diagram of IEMS.

The IEMS was created utilizing the layout tools of Autodesk’s EAGLE PCB design
software. The EAGLE logic tool was employed to design the IEMS circuit. Before drawing
the circuit diagram, the actual environment and operational functions were considered
when selecting the components. This includes an MCU for system-wide operation control,
a charging circuit for charging the battery, and a data transmission and reception circuit.
Figure 3 illustrates the circuit diagram of the IEMS.
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IEMS employs EMI sheets to ensure stable operation within the plasma chamber. To
protect circuits from electromagnetic waves, EMI sheets are inserted into each layer. To
prevent metal oxidation and increase conductivity, the surface of the sensing component’s
circuit is coated with gold.

Here, 19 sensing units are evenly distributed to ensure uniform measurement of the
ion flux on the PCB’s surface. Six additional sensing units were placed around the central
sensing unit on the PCB to provide information on the measurement uniformity of the
current. In addition, as the size of the wafer increases, controlling the ion flux in the edge
area has a substantial effect on the process yield; therefore, 12 sensing units are positioned
to measure the ion flux in the edge area.
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As the sensing component, coreless current sensors are typically shielded to prevent
measurement errors caused by external magnetic fields. Because the two sensors built
into the sensor can simultaneously detect the magnetic field and cancel out the external
magnetic field, only the target magnetic field can be detected. The structure of the sensing
unit for measuring the ion energy distribution is depicted in Figure 4, while the hardware
structure of the IEMS is depicted in Figure 5.
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3. Experiment Detail
Experiment Setup

Using the proposed wafer-type IEMS, ion currents were measured, and data were
compared with LP for sensor reliability and validation. In the experiment, the results were
compared based on radial position changes while adjusting the LP’s position, as depicted
in Figure 6. Furthermore, we calibrated every sensor. Due to the structural limitations of
the LP in use, radial position measurements were limited. Therefore, data were acquired
at the center, 30 mm and 60 mm of the IEMS with the sensing unit. Table 1 shows the
experimental conditions.
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Table 1. Experimental conditions for radial position change.

Parameter (Unit) Value

Radial position (mm) 0 30 60
Pressure (mTorr) 50
RF power (W) 100
Ar flow rate (sccm) 30

As depicted in Figure 7, the experiment was conducted on a 6-inch ICP etcher. IEMS
lithium polymer batteries generally expand in a vacuum. In this experiment, electricity was
supplied externally through a vacuum feedthrough to ensure safety. Figure 8 illustrates the
results of the experiment.
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Figure 8. Comparison of the ion current using LP and IEMS. All data were acquired 30 s after plasma
generation for stabilization.

The results of ion current measurement according to the changes in radial position
using IEMS and LP are similar. Moreover, as the radial position moved away from the
center, the measured ion current tended to decrease. These results are identical to those
of prior studies [29]. This demonstrates that the IEMS is operating normally in a plasma
environment and that the experimental results for LP are accurate. Based on the results of
this experiment, additional tests were conducted.

4. Results and Discussion

To confirm that IEMS can detect changes in ionic current caused by pressure and
RF power, additional experiments were conducted. The pressure impact experiment was
conducted by maintaining the RF power at 100 W and the Ar gas flow rate at 30 sccm,
while increasing the Ar gas pressure from 30 mTorr to 70 mTorr in 20 mTorr increments.
In addition, the experiment was conducted by increasing the RF power from 100 W to
400 W at 50 mTorr pressure and 30 sccm Ar flow rate. Tables 2 and 3 illustrate the two
experimental conditions.

Table 2. Experiment conditions for pressure change.

Parameter (Unit) Value

Pressure (mTorr) 30 50 70
RF power (W) 100
Ar flow rate (sccm) 30

Table 3. Experiment conditions for RF power change.

Parameter (Unit) Value

Pressure (mTorr) 100 150 200 250 300 350 400
RF power (W) 50
Ar flow rate (sccm) 30

As shown in Figure 9 and Table 4, the experimental results were visualized only for
the results measured on the middle axis and center of the IEMS.
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Table 4. Radial position of IEMS sensing unit at middle axis and center position.

Parameter (Unit) Value

Radial position (mm) −60 −30 0 30 60

Figures 10 and 11 show the experimental results according to the pressure change
using IEMS.
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As a result of the experiment, the IEMS can detect the change in ion current according
to the change in pressure and RF power. We explain the calculation of the ion energy
in Section 2.1. Among them, through the sheath thickness calculation equation, as the
pressure increases, the sheath thickness decreases, and the ion current increases, and the
ion current increases as the RF power increases. Through this, it was possible to predict
the trends of the ion current, and the result was the same. Furthermore, the IEMS operates
normally in a plasma environment and is not damaged. This allowed us to confirm the
validity and reliability of this sensor.
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sure increases, the sheath thickness decreases, and the ion current increases, and the ion 
current increases as the RF power increases. Through this, it was possible to predict the 
trends of the ion current, and the result was the same. Furthermore, the IEMS operates 
normally in a plasma environment and is not damaged. This allowed us to confirm the 
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(b) 150 W, (c) 200 W, (d) 250 W, (e) 300 W, (f) 350 W, and (g) 400 W. All data were acquired 30 s after
plasma generation for stabilization.

5. Conclusions

A wafer-type IEMS capable of measuring the spatial distribution of ion energy in a
plasma chamber measuring 150 mm in diameter has been developed. IEMS can measure
the distribution of ion current on a substrate, and the measurement result can be visually
analyzed to determine the distribution of the ion current.

The IEMS was fabricated on a PCB. The IEMS does not necessitate any modifications
to the chamber or chuck. Moreover, the system design does not necessitate semiconductor
manufacturing processes. This results in relatively low manufacturing costs. In addition, it
is simple to customize and expand the circuit.

In this experiment, the distribution of ion current in relation to varying Ar gas pressure
and RF power was monitored and measured. To confirm the validity of the proposed
sensor, the trends were compared to the LP. Validity was thus confirmed. In addition,
IEMS functions normally in a plasma environment and detects ion current according to
the process conditions. Through previous experiments, we confirmed the stability and
effectiveness of this sensor. We will improve the completeness by supplementing some
problems, and we will expand it to 300 mm wafer size so that it can be applied to various
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processes. If this sensor is applied in the actual manufacturing process, it will bring positive
results to yield improvement and process prediction.
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