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Abstract: Improving semiconductor equipment and components is an important goal of semicon-
ductor manufacture. Especially during the deposition process, the temperature of the wafer must
be precisely controlled to form a uniform thin film. In the conventional plasma-enhanced chemical
vapor deposition (PECVD) chuck, heating rate, and temperature uniformity are limited by the spiral
pattern and volume of the heating element. To overcome the structural limitation of the heating
element of conventional chuck, we tried to develop the planar heating chuck (PHC), a 6-inch PECVD
chuck with a planar heating element based on NiCr thin film that would be a good candidate for
rapidly and uniformly heating. The time for the temperature elevation from room temperature to
330 ◦C was 398 s. In a performance evaluation, the fabricated PHC successfully completed a SiO2

PECVD process.

Keywords: PECVD chuck; wafer heater; planar heating element; NiCr thin film

1. Introduction

Plasma-enhanced chemical vapor deposition (PECVD) is one of the major deposition
processes for fabricating various thin films such as oxide–nitride–oxide–nitride films,
amorphous carbon layers, and antireflective coatings used in three-dimensional vertical
NAND flash memory and other semiconductor devices [1–3]. The increasing demand for
memory devices with expanded storage capacity [4] has driven the need for highly stacked
uniform thin films [5], which require the precise control of the temperature of wafers during
the PECVD process. Because temperature uniformity and the ramping-up/-down rata of
the PECVD equipment critically determine yield and fabrication throughput [6–11], they
are the main evaluation criteria of the capability of PECVD equipment and wafer chucks
(or heaters).

The wafer temperature in the PECVD chamber is usually controlled by a chuck that
directly supports the wafer. Typical PECVD chucks contain a resistance heating element
constructed from a metal wire or metal thin film shaped into a spiral coil. However, as
these types of chucks are structurally constrained, they degrade the temperature uniformity
at high temperatures and heating rates. With the recent demand for high-performance
heaters with good temperature uniformity and rapid heating rates during the deposition
process, these issues have become problematic. The poor temperature uniformity problem
has been overcome using the multi-zone method, which divides the zones of the heater
and differently heats them by area [12].

Our PECVD R&D tool for dielectric deposition processing has a 6-inch wafer capacity
and the heating element consists of a spiral coil; we had suffered from the temperature
uniformity over the 6-inch wafer as well as prolonged heating time for the deposition
process. In many cases of academic research, wafer uniformity is a secondary priority
of concern because a small-sized coupon is preferable for material characterization and
device fabrication. However, whole wafer processing is necessary for the consideration of
equipment performance enhancement and semiconductor manufacturing aspect.
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To overcome the thermal disadvantages of the conventional PECVD chuck, we applied
a planar heating element to the chuck, which we called the planar heating chuck (PHC)
and which is composed of conductive materials formed into thin films. These planar
structures are advantageous in terms of rapid heating rate and uniform heating of the
wafers. Nichrome (NiCr) thin film is an excellent candidate for the heating element owing
to its high corrosion resistance, oxidation resistance, and low-temperature coefficient of
resistance [13]. Moreover, NiCr thin film can be applied in various shape and form to
improve temperature uniformity and can be rapidly heated at rates exceeding 50 ◦C/s
based on a technical report High-End Technology Co., Ltd. that provided deposition
technology of NiCr thin film in this study.

In this study, we fabricated and evaluated a 6-inch PECVD PHC with a NiCr thin film
as the heating element and doughnut-shaped electrodes for rapid and uniform heating to
300 ◦C. In the feasibility test and performance evaluations of the PHC, the temperature
distribution, heating rate, and silicon oxide deposition were evaluated after mounting
PHC on the PECVD equipment, which is a capacitively coupled plasma system, as shown
Figure 1. In our previous study, we designed a PHC with doughnut-shaped electrodes and
a disk-shaped planar heating element, as shown in Figure 2 [14]. The previously designed
resistance of the NiCr thin film was checked in a heat treatment test of the film. Based
on our previous simulation study and the measured resistance change, we verified the
performance of our fabricated PHC.

Figure 1. Schematic of the PECVD equipment.

Figure 2. PHC structures designed in our previous study [14]. ©2020 The Japan Society of Ap-
plied Physics.
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2. PHC Fabrication

The PHC structure and power were designed based on the pre-simulation results.
Similarly, the electrical interface of the bottom side of the PHC was fabricated in the same
form as the existing chuck mounting our PECVD equipment to carry out PECVD test of the
PHC. Before fabricating PHC, resistance change depending on the heat treatment condition
was analyzed to use a nichrome thin film as the planar heating element. Figure 3 shows
the process flow for PHC fabrication.

Figure 3. Process flow for PHC fabrication.

2.1. Heating Element

The NiCr thin film as a heating element was formed using the sputtering deposition
method on the bottom side of the aluminum nitride PHC substrate. The deposition
thickness was a few hundred nanometers. In a heater that precisely regulates temperature,
we must control the resistance of the heating element. However, the resistance of the NiCr
thin film is sensitive to the following heat treatment conditions: temperature, time, and
atmosphere of the treatment. In fact, the resistance (or resistivity) of films with thicknesses
of several hundred nanometers can be changed by other factors, such as oxidation and
crystal structure change [15,16]. To control the resistance, the deposited thin film should be
treated at a temperature higher than the operating temperature of the PHC [13,17,18]. We
thus measured the sheet resistance dependence of the NiCr thin film under different heat
treatment conditions.

The heat treatment conditions are shown in Table 1. We prepared 20 mm × 20 mm
diced specimens from a 6-inch silicon oxide wafer sputter-deposited with the thickness
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of 50 nm of NiCr thin film. The NiCr was deposited using a customized sputtering
system. To observe the changes in the sheet resistance over a wide range of heat treatment
temperatures, we divided the heat treatment temperature into 200 ◦C intervals. During the
heat treatment, the oxidation of the NiCr thin film was minimized by nitrogen purging. To
reduce the time and cost of the process, we used a silicon oxide wafer for the substrate of
heat treatment test instead of the aluminum nitride substrate of PHC. The surface oxidation
of the nickel and chrome undesirably increases the resistance of the NiCr thin film by
reducing the thickness of the conductive layer and by reducing the number of nickel and
chrome atoms, which participate in electric conduction [19]. Heat treatment was performed
in a tube, and the sheet resistance was measured by a four-point probe. For the thermal
treatment of the NiCr thin film, the specimens were positioned in the furnace tube, as
shown in Figure 4.

Table 1. Heat treatment test conditions.

Temperature (◦C) Hold Time (min) Atmosphere Heating Rate (min/◦C) Cooling

As-deposition None

400

15
N2 purge

(40 cc/min) 5
Furnace cooling (using

Fan below 500 ◦C)
600

800

Figure 4. Placement of specimens in the furnace tube. Specimen positions in the tube furnace are indicated by (A–E). (E) is
placed near the cap, and (A) is inside.

Figure 5 shows the measured changes in the NiCr sheet resistance. The specimens
heat-treated at the same temperature showed different sheet resistances, probably because
they were heated to different temperatures in the tube furnace with poor temperature
uniformity. The specimens at position A, located near the innermost part of the tube, were
heat-treated to a higher temperature than those placed at position E near the cap (Figure 4).
As shown in Figure 5, the sheet resistances of the specimens heat-treated at 800 ◦C were
high and widely variable. It was assumed that the parts of the NiCr thin film were severely
oxidized at 800 ◦C despite N2 purging. Consequently, the NiCr thin film was unsuitable
as a heating element at temperatures around 800 ◦C. After heat treatment at 600 ◦C, the
sheet resistances were reduced from those of the as-deposited specimens. This result was
assumed to be the dominant recrystallization of the NiCr thin film (which reduced the
resistance) over oxidation (which raised the resistance). During heat treatment, N2 purging
minimizes the oxidation. The same trend was observed at positions D and E at 800 ◦C
(Figure 5), which actually have been heat-treated to below 800 ◦C. The resistance of the
NiCr thin film certainly decreased until around 600 ◦C.
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Figure 5. Resistance variation of NiCr thin films after different heat treatment temperatures.

2.2. Electrode

Among various candidate materials, silver paste is suitable for the PHC electrode
material, because it has high-temperature oxidation resistance and good conductivity at
high temperatures and is easily formed into the desired shape [20–23]. Considering the
heat treatment temperature of the planar heating element, we selected silver paste sintered
at 550 ◦C as the electrode material, which has been commercially proven by outsourcing.
Accordingly, the heating part of the PHC prototype, comprising the aluminum nitride
substrate, planar heating element, and electrodes, was heat-treated at 550 ◦C (see Figure 6
for the finished product). After the heat treatment, the resistance between the electrodes
was measured to be 0.46 ohms.

Figure 6. Heating part of the PHC prototype heat-treated at 550 ◦C.

2.3. Housing Assembly

Figure 7 shows the parts and assembled form of the PHC. Figure 7a shows the
electrical connection of the planar heating element, electrodes, and wires. A silver paste
was printed on the surface of the planar heating element and then fired to form electrodes.
Taps were placed on the substrate to couple the O-ring type terminal (connected with
wire) to the electrodes with ceramic bolts. The housing part consists of a metal body
containing shafts, a cooling path, heater connector, and a thermocouple, as shown in
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Figure 7b. The substrate and housing of the PHC were fixed with a stainless steel band
during the performance test due to a design error. The PHC substrate was aluminum
nitride, which has various advantages as a substrate material [24], including high thermal
conductivity, which improves the temperature uniformity, as shown in Figure 7c. To carry
out PECVD process test of PHC, PHC was fabricated in the same shape as the existing
heater of our PECVD equipment, as shown in Figure 7d. The thermocouple connected to a
power supply was contacted with the center of the PHC substrate, as shown in Figure 2.
The power supply controls the temperature using the proportional integral derivative
(PID) method.

Figure 7. PHC assembly and mounting form.

3. PHC Performance Verification

The temperature distribution was measured at 17 points on the wafer surface with a
contact thermometer (TES-1300, TES Electrical Electronic Corp., Taipei, Taiwan), and the
results are displayed in Figure 8. The temperature of wafers on the PHC was measured
by opening the chamber 5 min after the temperature of PHC reached to 300 ◦C. The
average and standard deviation of the wafer temperatures were 304.1 ◦C and 3.1 ◦C,
respectively. Figure 9 compares the results of a prior simulation study and the temperature
measurements on the PHC wafer. As the measured average temperature was 304.1 ◦C, we
raised the temperature in the simulation (originally set at 300 ◦C) by 4.1 ◦C for a proper
comparison. Figures 8 and 9 show the temperature distribution results of a higher difference
than the simulation. This seems to increase the error when measuring the temperature due
to non-uniform thermal contact resistance by the pasting condition. Because the employed
PHC is a prototype, the wafer cannot be clamped like an electrostatic chuck. This causes
different thermal resistance between the PHC and wafer depending on the pressure of each
measurement point. The thickness uniformity of NiCr thin film by sputtering deposition
also determines the temperature uniformity of the PHC. As a result, large temperature
measurements error may occur. These issues need to be solved in further studies.
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Figure 8. Measured temperature distribution across the wafer.

Figure 9. Comparison of horizontal temperature variation between a previous simulation study in
solid lines and the present measurements in dotted points.

As our PECVD equipment was under PID control, only the PHC heating parts (ex-
cluding the housing part) were tested using a power supply and transformer. The results of
the heating rate test are shown in Table 2. At 80% of the maximum power (approximately
1250 W), the PHC heating part was heated from 25 ◦C to 330 ◦C in 6 min and 38 s (a
heating rate of approximately 45.9 ◦C/min). The cooling rate was measured using the
PECVD equipment. The designed cooling path of the PHC (see Figure 1) was the same
as the original equipment manufactured heater. The cooling capacity of the chiller was
1.46 kW, and the setting temperature of the coolant was 19.8 ◦C. The cooling rate of the
PHC, measured in a 40 mTorr vacuum chamber, while the PECVD equipment monitor
of the heater fell from 300 ◦C to 100 ◦C, was 4.1 ◦C/min. Actually, the heating/cooling
rate of a heater is influenced by various factors such as allowable power, heating/cooling
system, heater structure, heating element materials, and parts material like the substrate.
In this study, since PHC was designed for the main purpose of the feasibility test during
PECVD process, the heating rate of the PHC was insufficient compared to the heating rate
of the nichrome thin film. There are various ways to improve the heating rate to heating
rate of nichrome thin film by changing PHC structure, substrate dimension, heating parts
structure. In future studies, the goal is to improve the heating rate of PHC to about the
heating rate of the nichrome thin film.
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Table 2. Heating rate test of the PHC heating part.

Item Section 1 Section 2 Total

Temperature division (◦C) 25→30 30→330 25→330

Power (W) 625 1000 625→1000

Spending time (sec) 69 329 398

Heating rate (◦C/min) 4.3 54.7 45.9

The feasibility of the PHC was measured in a SiO2 process with the PECVD equipment.
The deposition thickness of the SiO2 film was measured using a reflectometer (ST2000-DLX,
KMAC Co., Ltd., Daejeon, Korea) after the PECVD process. Figure 10 presents the thickness
changes of SiO2 over position and time. We indirectly checked the functional operation
and uniform heating of PHCs with different deposition thicknesses (varied by changing
the processing time). Any problems related to the structure and material of the PHC can
change the temperature uniformity, manifesting as significantly increased deviations in the
deposition thickness. The average deposition thickness obviously increased with process-
ing time, and the average thickness differences were similar to those of a regular chuck
during operation (data not shown). The standard deviation of the thickness was greater at
180 s than at 60 s, possibly because of the partial defects in the PHC. Such deviations can
also be caused by factors such as the condition of the showerhead and equipment and the
function of the chuck. Additional experiments are needed for accurate evaluation.

Figure 10. Deposition thickness changes in SiO2 at different process times.

4. Conclusions

This study investigated our PHC with a planar heating element, which can heat a
wafer to a uniform temperature at a rapid heating rate. The PHC successfully completed
a PECVD process with a heating rate of 45.9 ◦C/min. The temperature of the heated
wafer deviated between 301 ◦C and 310 ◦C, averaging 304.1 ◦C. To test the NiCr thin film
as the planar heating element of the PHC, we measured the NiCr resistance response
to different heat treatment conditions. The sheet resistance tended to decrease until the
temperature reached 600 ◦C and then rapidly increased. This change was attributed to
various causes, such as recrystallization, oxidation, and the formation of an oxide layer
on the surface. To accurately control of resistance of the nichrome thin film (used as the
planar heating element of PHC), mechanism analysis on the resistance change depending
on the heat treatment condition is the topic of ongoing research. In this study, we focused
on confirming the possibility of PHC in operation. Thus, further studies are planned to
prove essential factors to use PHC as commercial PECVD heaters.
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