Fabrication of thermal-based vacuum gauge
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The fabrication and evaluation of a wide-range vacuum gauge for monitoring the pressure level inside an infrared focal plane array and a wafer-
level packaging (WLP) are reported. The proposed vacuum gauge has a microbolometer structure produced using the conventional surface
micromachining process to achieve thermal isolation and high sensitivity. This structure has other advantages such as fast response time, a
wider measurement range and easier integration to a Si substrate compared with other pressure sensors. The evaluation results show that
the fabricated vacuum gauge has a linear dynamic range and a sensitivity of 107> to 10° K/W/torr for vacuum pressures ranging from 10~°
to 760 torr. Also, the response time to vacuum change is reduced from 0.11s at 10™>torr to 15ms at 100 torr. Therefore, the
microbolometer-based vacuum gauge has good potential for application in WLP, and it is possible to hermetically seal it with various

read-out integrated circuit substrates.

1. Introduction: Since the development of the Pirani gauge in the
early 1900s, many gauges have been developed for measuring
pressure in the range of 107> to 1000 torr [1—4]. Among these,
the micro Pirani gauge can easily measure the pressure levels
inside a hermetically sealed packaging, and it is fabricated using
a simple process. Compared with other mechanisms for pressure
detection in microstructures, such as the Q-factor, resonance and
helium leak test, the Pirani gauge has the advantages of low
cost, high sensitivity and effective integration. However, it has
some disadvantages, such as high thermal loss, narrow dynamic
range, external shock waves and short life because the sensors
consist primarily of wires, ladders and membranes [5-8].

To overcome these drawbacks, a vacuum gauge with better
performance and wider dynamic range compared with conventional
sensors is needed. A microbolometer-based vacuum gauge has
many advantages, such as faster response time, smaller size and
higher sensitivity, over conventional MEMS gauges. Furthermore,
a microbolometer-based vacuum gauge does not need an additional
chip fabricated by a different process for pressure monitoring
because the microbolometer pixel itself can be used as a tempera-
ture sensor, IR sensor and vacuum gauge [9].

In this Letter we discuss the characteristics of the
microbolometer-based vacuum gauge fabricated by the same
method used for an IR detector. The gauge is also integrated and
measured with the read-out integrated circuit substrate. Finally,
we assess its application in vacuum measurement and its long-term
stability in wafer-level packaging (WLP).

2. Design: The microbolometer-based vacuum gauge is fabricated
using conventional surface micromachining technology with a
thermally isolated structure. Fig. 1 shows a schematic of the
proposed device. The vacuum gauge consists of two parts — a
highly sensitive membrane and a micro-machined floating
structure. The operation of the vacuum gauge designed here is
identical to a conventional vacuum gauge.

To verify the thermal property of the structure, thermal simula-
tion was performed using a CoventorWare simulator, as shown in
Fig. 2. In the simulation, by applying a bias ranging from 0 to 1
V in a metal pad, the change in solid thermal conductance per leg
length was estimated and optimised. According to the heat
balance equation, the power input to the vacuum gauge is equal
to the heat lost by the heater to the surroundings. Solid conduction
(Gs), gas conduction (G,) and radiation (G;) mechanisms contribute
to the total heat transfer. Each parameter depends on the isolation
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structure, leg length and membrane area. To determine the pressure
level, first, the radiation mechanism is derived as [10]

G, = 2e0A(T* + T) +(T+T,) (1)

Here, o is the Stephen-Boltzmann constant, € it the emissivity, T’
and 7, are the temperatures of the floating membrane and
ambient, respectively, and A4, is the gauge active area. The second
mechanism of gas conduction can be expressed as [11]

P P
Gg: (4 GaAs< 11 + ] )
2-¢ P+Py PH+Py @)
273.2\'?
a=n(7)

Here, ¢ is the accommodation coefficient of gas; G, and A are the
free molecular conductivities at 7, and 273 K, respectively; A is the
floating membrane area; P is the gas pressure; and P, and P, are,
respectively, the transition pressures on the lower and upper sides of
the floating membrane, which are inversely proportional to the ef-
fective separation between the membrane and the heat sinks.

Figure 1 Schematic structure of the proposed vacuum gauge
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Figure 2 Simulation results of thermal isolation structure against the vacuum gauge geometry (leg length split)
a 25 um(1x)
b 50 um(2x)
¢ 100 um(4x)
d 250 um(10x)

Third, the mechanism of solid conduction is derived as [11]

[ 1 (B A7
Gs_[m<z>+5x10] 3)

Here, £ is the thermal conductivity, and d is the effective thickness
of the leads and the spreading resistance close to the lead ends.
Fig. 3 shows the numerical simulation of the vacuum gauge using
the heat balance theory [12]. Using (1)—(3), the total thermal con-
ductance is calculated as follows: Ag is 0.079 W/em?°C, and the
parameters ¢, P, and P, are 0.9, 30 and 0.3, respectively [12].
When the pressure is close to 100 torr, the value of G, is approxi-
mately several tens of times that of G, and it is linearly saturated.
Moreover, each transition pressure is determined with 1073 torr as
the low-pressure point and 100 torr as the high-pressure point.
Numerical geometry design and simulation processes were carried
out to obtain better performance. As a result, the experimental
results of the vacuum gauge closely match the calculated numerical
curve. As fewer atoms exist in a gas at lower pressures and the mean
free path of the atom is much longer than the distance between the
atoms, heat is mostly absorbed by collision with the floating
membrane.

Therefore, the pressure is less sensitive to membrane area and
more sensitive to the isolation structure of the leg support. To
verify the characteristics of the isolation structure at low pressure,
various geometric designs were simulated. Fig. 4 shows the
results of the simulation for isolation structure lengths of 25 um
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Figure 3 Numerical modelling as a function of the total conductance with
proposed device parameter
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(L1X), 50 um (L2X), 100 um (L4X) and 250 um (L10X); width
of 1 um; and gap of 2.3 um. The simulation predicted that L10X
has higher sensitivity at lower pressures, resulting in a wider
dynamic range of operation. Therefore, a short and narrow leg struc-
ture was used in the design for reducing thermal loss.

3. Fabrication: Fig. 5 shows a schematic of the fabrication process
for the proposed MEMS-based vacuum gauge. The fabricated wafer
in the vacuum gauge is of 720 um thickness and of 8 inch diameter.
First, a 3000 A PECVD oxide layer was deposited as an electrical
passivation layer. A pad metal (Ti/AI/Ti/TiN) layer was then
deposited by the PVD method and patterned by dry etching. For
uniformity wafer morphology, a 1.4 um-thick oxide film layer
was deposited and etched by a chemical mechanical polishing
process with a three-step standard process. Also, an added etch
back process was applied to obtain an improved flat surface.
Then, a very thin oxide layer with 100 A of thickness and
2 um-thick non-photosensitive material was used as a sacrificial
layer to form the gap distance. To improve the conventional
stiction and deformation phenomenon, this process was
introduced for easy dry-release with a amorphous sacrificial layer
which was compatible with the CMOS process. Then, the
membrane layer was deposited with a 2000 A-thick SiNx layer.
For the anchor structure, a via etch process was performed in a
careful condition because the sacrificial layer diffuses to the
lateral direction during the plasma etching period. Next, a
1500 A-thick TiN layer was deposited and patterned by dry
etching in order to be connected from the bottom pad electrode to
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Figure 4 Numerical simulation as a function of the leg length split with
proposed device parameter
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Figure 5 Process sequence flow of the proposed vacuum gauge

the anchor. Then, a Ti absorption layer and a 1000 A-thick
amorphous Si layer were deposited as a sensing material, and
then they were patterned by dry etching. A top SiNx layer
passivation layer with 2000 A of thickness was deposited and
patterned. Finally, the proposed device structure was released by
oxygen ashing for 5 to 10 min, see Fig. 6.

Previously, vacuum gauges were fabricated by MEMS techno-
logy using polyimide material and bulk micromachining.
However, a polyimide layer has drawbacks, such as the fine
removal of residual polymer. In addition, conventional MEMS
technology with wet etching and a lift-off process can cause
serious yield problems, including membrane stiction and deform-
ation. To overcome these problems, we developed a superior dry
etching process compatible with the CMOS process. Moreover, it
is a low-cost and on-chip process as the gauge is fabricated with
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Figure 6 SEM image of the proposed vacuum gauge
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2. pad metal deposition
and patterning

5. anchor metal deposition
and patterning

3. gap fill oxide deposition
and patterning

6. absorption layer
deposition and patterning

8. cantilever etch and
release

the same process as the IR sensor to monitor the pressure level
inside the packaging in real time. WLP is a promising three-
dimensional (3D) packaging technology for achieving low cost
and a small size chip for the microbolometer and it is readily avail-
able to the market. However, determining hermeticity inside WLP
is difficult. The most conventional test methods for pressure moni-
toring are membrane deflection, cumulative helium leak detection,
the Pirani gauge and the quality factor test. Among these methods,
Pirani gauges have been widely used to measure the pressure level
in vacuum circumstances and have the advantages of low power,
small size, fast response time and a wide operating range.
However, as Pirani gauges have a large size for applying the
WLP structure, we fabricated a new vacuum gauge for monitoring
the vacuum characteristic, reliability inside the WLP structure for
the purpose of evaluating the vacuum level of microbolometer,
gyroscope, accelerometer and so on (Fig. 7).

4. Results and discussion: The response characteristics of the
microbolometer-based vacuum gauge were measured using the
setup shown in Fig. 8. The device was kept inside a vacuum
chamber with a 4-point probe and was tested with a
semiconductor parameter analyser to measure the pressure-
dependent resistance. Vacuum pressure was obtained using a
general rotary pump along with a DH Co. turbo pump with
which it was possible to obtain a vacuum state of under 107 torr.

The flatness of the floated membrane is a very critical parameter
in the bolometer and pressure sensor surface. Fig. 6 shows a 3D sur-
face the profile of the fabricated vacuum gauge with an 8 X 6 um
sensor array and was measured by the Zygo 3D surface profiler.
The y-axis shows the flatness deviation of height from the bottom,
whereas the x-axis is scanned at the horizontal distance. The meas-
urement result shows that the released plate is not deflected and is
maintained uniformly by the anchor structure. Also, the surface
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Figure 7 3D profile analysis of surface flatness of the proposed vacuum gauge

deviation of the membrane was measured from 40 to 110 nm rough-
ness with a nine edge point of the wafer.

The change in resistance as a function of pressure plays an im-
portant role in the determination of sensitivity and dynamic
range, which are strongly dependent on the thermal resistance of
the gauge material. This change in thermal resistance is propor-
tional to the difference between the resistor values. To increase
the performance, the vacuum gauge needs to be carefully designed

Figure 8 Measurement setup of the proposed vacuum gauge
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and fabricated with a larger leg length, a greater membrane area and
a smaller gap. A measurement method using the resistance change
of the vacuum gauge is also introduced. Fig. 9 shows the resistance
curve as a function of the low and high voltage of the vacuum gauge
with respect to leg length in the vacuum probe station. Joule heating
at low bias voltage is too small to affect the resistance change. The
reference value for low voltage is fixed at 0.1 V through repeated
resistance measurement. However, resistance at high voltages is
affected by Joule heating, which increases with bias voltage. An ap-
propriate high voltage of 0.7 V was determined by varying the input
voltage from 0.2 to 1 V in a breakdown test of the device through
in-situ monitoring of the vacuum gauge morphology. In the break-
down test, the gauge was destroyed by leg deformation for a bias
greater than 0.7 V. The normalised pressure—resistance calibration
curve obtained using the low and high voltage method is shown
in Fig. 9. To verify the relationship between the rate of change in
resistance and total thermal conductance, the temperature increase
AT was determined from the resistance value of the Si thin film,

reference voltage : 0.1 V (black)
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Figure 9 Resistance curve as a function of low and high voltage of
fabricated vacuum gauge
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Figure 10 Resistance change as a function of pressure for proposed
vacuum gauge with split of leg length

which is [1]
Ry=R,[1+ ay(T —T,)] )

Here, R; is the resistance and a, is the temperature coefficient of the
resistance of the active layer at temperature 7,. The results match
the resistance change obtained in the numerical calculation. The
experimental data for thermal conductance as a function of pressure
is shown in Fig. 10.

Fig. 10 also shows the change in resistance as a function of
pressure for leg lengths L1X, L2X and L4X in the range 107 to
100 torr. The measurement results show that the resistance
against pressure change curves for the four leg lengths are
sigmoid and operate in different pressure zones, illustrating that
the vacuum gauge can be used particularly for detecting pressure
levels under 107> torr, which is related to the thermal conductance
and the length and width of the a-Si/SizN, lead. Fig. 11 shows the
thermal conductance as a function of pressure for the proposed
vacuum gauge. The result indicates that the vacuum gauge can be
used to measure pressures ranging from 107> torr to 10 torr with
high sensitivity. However, at pressures below 107 torr, the sens-
itivity of the gauge decreased. Hence, to detect ultra-low vacuum
pressures, additional process revision was performed with simula-
tion and parameter tuning. Finally, Fig. 12 shows the experimental
result matched with the numerical calculation to verify the conform-
ity of the measured values. We derived from 107 to 1000 torr nu-
merical calculation (green line; Gyy) of the fabricated device
according to the equations which include the proposed device
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Figure 11 Thermal conductance as a function of pressure for proposed
vacuum gauge
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Figure 12 Experimental result which is fitted to the numerical calculation
model to verify conformity of measurement value

material value of the G, G, and G, parameters. We also evaluated
the total conductance experimentally according to the relationship
of the equation G(T—T,) = V?/Ry =1V, where T, is the ambient
temperature, V'*/R; is the electrical bias power on the sensor Ry
and V is the corresponding voltage drop. Temperature rise 7'— 7,
(AR) and TCR was measured from the resistance value of the
sensor amorphous film at 0.7 V bias voltage. Finally, the measured
data was converted to total thermal conductance per pressure level
and fitted to the numerical modelling graph. The tolerance of the
theoretical model and the measured value was within 5%.
Moreover, the trend seems uniform in a whole pressure region.
Therefore, the proposed vacuum gauge can be applied for monitor-
ing the pressure level inside a package device.

5. Conclusions: A microbolometer-based vacuum gauge has
been designed and fabricated after simulation and theoretical
modelling in order to achieve a thermally isolated structure and
high sensitivity. To obtain a wide dynamic range and high
sensitivity, the leg length and membrane area of the gauge are
tuned based on numerical calculations. It is encapsulated in a
ceramic package to avoid external interference. Experimental
results show that the fabricated vacuum gauge has a wider
dynamic range as well as higher sensitivity to measure pressures
ranging from 107° to 760 torr. It also provides linear real-time
monitoring. In addition, a preliminary study of the WLP using
the vacuum gauge was performed. Hereafter, we will be precisely
estimating vacuum characteristics and long-term stability inside
the WLP.
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