








frequency f. (-3 dB frequency) of 469 Hz, the responsivity and normalized
detectivity attain 70 % of their value when the IR source radiation modulation
frequency is 0 Hz. It is evident that, at low frequencies, the detector responsivity is
inversely proportional to the thermal conductance of the heat link; and at high
frequencies, the detector responsivity is inversely proportional to the thermal
capacitance and falls off inversely with the frequency of the optical signal. As can
be seen in Figure 4.27, NEP increases linearly with modulation frequency of the IR
source.

The responsivity and normalized detectivity can be enhanced by increasing
the bias voltage, but it will also increase the Joule heating. The normalized
detectivity achieves values of 108 which is comparable to many commercial

devices.

Figure 4.26 Calculated R, as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness 0.290 um).
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Figure 4.27 Calculated NEP as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness 0.290 um).
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Figure 4.28 Calculated D* as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness 0.290 ym).

87



Table 4.10 Parameters of Modified Proposed Microbolometer

p-Si thickness (um) 0.097 0.145 0.290
Resistance Rj,; (kQ) 150 100 50
Thermal conductance G, 5.101x106 5.101x10% 4.261x10®
(WK™)

Thermal capacitance Cy, 2.054x10® 2.054x10® 1.779x10°8
(JKD)

Thermal time constant z,, 4.027 4.026 4.176
(ms)

Cut-off frequency f, (Hz) 248 248 239
Noise bandwidth Af (Hz) 39.53 39.53 38.12
Johnson noise V; (V) 3.134x10” 2.559x107 1.777x10°7

4.6.1 Figures of Merit of Improved Microbolometer

Figures of merit calculation for the modified structure show increase in R, and D*,
with a decrease in NEP ; which is a significant improvement over the original
proposed structure. The small increase in 7, still allows the microbolometer to

operate at frame rates in the standard range of commercial imaging systems. The

changes in the figures of merit are a direct result of the increase in G,.

Figures of merit were calculated for the proposed three two-level multilayer
structures. The structure with p-Si thickness of 0.290 um results in the highest
values of R, and D*, and with the lowest values of NEP. Figures 4.33- 4.35 show
these figures of merit as function of modulation frequency of radiation source (0O-

10000 Hz) with a bias voltage applied to the microbolomer of 1, 2 and 3 volts for

the modified microbolometer with p-Si thickness of 0.290 pm.
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Figure 4.33 Calculated R, as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness= 0.290 um).
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Figure 4.34 Calculated NEP as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness= 0.290 um).
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Figure 4.35 Calculated D* as function of applied bias voltage and modulation
frequency w of IR source (p-Si thickness= 0.290 pum).

4.6.2 NETD of Improved Microbolometer

Figures 4.36-4.38, show the NETD for the improved microbolometer with p-Si
thickness= 0.290 um, as function of modulation frequency of IR source and applied
bias voltage to the microbolometer for focal number equalto 1, 2 and 3 .

The NETD results from Figure 4.36 show that at f/#zl and at all bias

voltages considered, the NETD is lower than 100 mK for sources with modulation

frequencies under 239 Hz. Figure 4.37 shows that at f/#:z and at bias voltages

of 2 and 3 V, the NETD is lower than 100 mK for sources with modulation

frequencies under 239 Hz. Figure 4.38 shows that at f/#=3 and at bias voltages

of 3, the NETD is lower than 100 mK for sources with modulation frequencies under

239 Hz.
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Figure 4.36 Calculated NETD as function of applied bias voltage and modulation
frequency w of IR source at f/#:l (p-Si thickness 0.290 pum).
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Figure 4.37 Calculated NETD as function of applied bias voltage and modulation
frequency w of IR source at f/#:z (p-Si thickness 0.290 um).
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Figure 4.38 Calculated NETD as function of applied bias voltage and modulation
frequency w of IR source at f/#:3 (p-Si thickness 0.290 pum).

4.6.3 Summary
The initial proposed microbolometer structure does not achieve the NETD values
required by the imaging industry. Therefore, in order to meet the standard
performance parameters of the IR imaging industry, the initial proposed
microbolometer structure had to be modified. Increasing the length of the support
arms of the microbolometer increases the thermal conductance. This results in an
increase in the responsivity and the normalized detectivity, while the thermal
response time increases to 96 %. The noise equivalent power decreases as the
modulation frequency of IR source increases.

There is a significant improvement in the figures of merit and the
performance of the modified proposed microbolometer with respect to the initial
microbolometer structure proposed, while the fill factor decreases from 64.1 % to

51.0 %.
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The noise equivalent temperature difference results show that the modified
microbolometer structure, with twice the length of the arms, meets the

requirements of the standard imaging industry, achieving values lower than 50 mK

at f/#:l in comparison with the initial structure that achieves higher values at the

same focal number and applied bias voltage. The thermal time constant increases
from 2.129 ms to 4.176 ms; this allows the imaging system to operate at a standard
range of 9-80 Hz. The increase in the thermal time constant decreases the cut-off

frequency from 469 Hz to 239 Hz.
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CHAPTER 5

MICROBOLOMETER FABRICATION PROCESS

5.1 Method of Microbolometer Fabrication

The most common manufacturing approach for microbolometers is monolithic
integration [113-115]. Monolithic integration process is a cost-efficient and well-
established post CMOS process in which the read-out integrated circuit (ROIC)
can be efficiently placed underneath the microbolometer suspended membrane.
This is in contrast to the bulk-micromachining manufacturing method in which the
ROIC is placed besides the microbolometer, reducing the fill factor [116]. In the
monolithic integration microfabrication process, the ROIC is pre-manufactured and
the microbolometer material layers are subsequently deposited and patterned on
top of the substrate wafer. A stable high-temperature material is used as the
sacrificial layer. In the final step of the microfabrication process, the sacrificial layer
is removed in an oxygen plasma to obtain the free-standing, thermally isolated
microbolometer two-level structure [117].

The proposed microbolometer is fabricated using standard microfabrication
techniques. The substrate considered is an industrial standard silicon wafer with a
diameter of four inches and thickness of 525 pm.

A method of fabrication of the two-level suspended IR microbolometer is
described in detail. The fabrication approach considered is monolithic integration,
in which thin film layers are deposited and patterned; this process is cost effective

and is an established post CMOS process. The design and fabrication of this
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device has six photolithography steps (photomask) throughout the fabrication
process. The layers may be patterned by various photolithography and etching
techniques.

The fabrication process is shown in Figure 5.1 (Process flow of two-level
micro-bolometer). Figure 5.1 shows the fabrication process (cross- section view)
for the initial proposed microbolometer structure and this process flow can be used
in the fabrication of the modified microbolometer structure with twice the length of
the arms. The fabrication method starts with the deposition of a thin dielectric layer
over a single side polished silicon wafer (substrate), that acts as a dielectric
insulator between the substrate, the reflective gold layer and the ROIC metal pad.
The thin dielectric layer may include SiO2 or SisNs4, and may be deposited by
thermal oxidation, chemical vapor deposition (CVD), or physical vapor deposition
(PVD) techniques. An IR radiation reflective layer of gold (Au) and the ROIC are
deposited over the dielectric layer. They are deposited by sputtering, chemical
vapor deposition (CVD), or physical vapor deposition (PVD) techniques. The ROIC
metal pad materials may be Au, Al, NiCr, or Pt. The use of two masks, to define
and transfer the IR radiation reflective gold layer and the ROIC, is required in this
first fabrication step (Figure 5.1a).

In the next step of the fabrication method, a sacrificial layer is deposited
over the lower level structure, with a thickness corresponding to the gap resonant-
cavity required. The sacrificial layer may be comprised of various materials such

as polyimide, or photoresist; and may be formed by suitable deposition techniques,
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such as spin coating, chemical vapor deposition (CVD), or physical vapor
deposition (PVD) techniques (Figure 5.1b).

After the sacrificial layer is deposited over the lower level structure, an IR
radiation absorber layer of SisN4 is deposited on top of the sacrificial layer through
a low pressure chemical vapor deposition (LPCVD), to achieve the low residual
stress thin film required by the suspended micro-bridge (Figure 5.1c).

The p-Sithermosensing layer is deposited on top of the SisN4absorber layer
by plasma enhanced chemical vapor deposition (PECVD) technique using 10%
SiHa and 90% Ar as precursor, with B2He (diborane) as p-type doping gas. The use
of a mask to pattern and transfer the thermosensing structure is required in this
fabrication step (Figure 5.1d).

Next, a plurality of cavities via holes is defined on the sacrificial layer, and
etched to deposit the pillars that electrically couple the p-Si thermosensing material
and the ROIC metal pad. The plurality of cavities (holes), defined to deposit the
pillars that anchor the upper level to the lower level structure, are etched by
reactive-ion etching (RIE) technique to achieve the anisotropic etch required. The
pillars may be comprised of electrically conducting materials such as Al, Au, Pt, or
NiCr; that may be deposited by sputtering or chemical vapor deposition (CVD)
techniques. The use of a mask to define the cavities to deposit the pillars is
required in this fabrication step (Figure 5.1e).

Subsequently, an interconnection layer is deposited over the
thermosensing material and the arms to connect the thermosensing element and

the pillars. The interconnection, Al, is formed by sputtering or chemical vapor
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deposition (CVD) techniques. Al forms an Ohmic contact to the low doped p-type
Si thermosensing layer, without the necessity of an additional high doped layer of
p-type Si. The use of a mask to pattern and transfer the interconnection layer is
required in this fabrication step (Figure 5.1f).

In a subsequent step, a top SisNa4 thin dielectric layer for passivation is
deposited on top of the upper level structure, by low pressure chemical vapor
deposition (LPCVD) or plasma enhanced chemical vapor deposition (PECVD)
techniques (Figure 5.19).

Next, the upper structure to form the arms and the suspended final upper
structure of the bolometer is patterned and etched. The patterned structure may
be etched by ion milling or reactive-ion enhanced (RIE) etching techniques to
achieve the anisotropic etch required to achieve the suspended square-shaped
microstructure. The use of a mask to pattern the upper structure to form the arms
and the suspended final upper structure of the bolometer is required in this
fabrication step (Figure 5.1h).

After the suspended micro-bridge is patterned and etched, the wafer
(substrate) is diced to form individual microbolometer devices or microbolometer
array. The individual microbolometer device or microbolometer array is processed
by removing the sacrificial layer, forming the cavity by removing the sacrificial layer

by plasma O2/CF4 etching process, or chemical wet etch (Figure 5.1i).
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Figure 5.1 Fabrication process flow of two-level microbolometer (cross-section
view). (Continued)
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Figure 5.1 Fabrication process flow of two-level microbolometer (cross-section
view). (Continued)
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Figure 5.1 (Continued) Fabrication process flow of two-level microbolometer
(cross-section view).
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions
In this study, p-Si as a thermosensing active element, in combination with a SisN4
layer as IR absorber material, has been proposed for uncooled IR
microbolometers. The maturity of the silicon processing technology makes p-type
silicon a viable material to be considered as a thermosensing element with easy
integration and compatibility with standard CMOS fabrication processes.

A simulated evolution of absorptance, transmittance and reflectance as
function of thin film thickness, of various common dielectric materials has been
presented in the above study. Results show that the optical properties of the
dielectric materials considered exhibit thickness dependence throughout the
spectral wavelength range (1.5-14.2 ym), and corroborates the high absorptance
of SisNs4 in the spectral range of 8-14 ym. This study provides theoretical
information of radiative properties of common dielectrics to be considered and to
facilitate the design and fabrication of IR band-pass filters and lenses with
applications in the infrared spectrum range of 1.5-14.2 ym.

This study provides information on the radiative properties of common
dielectrics that can be considered to facilitate the design and fabrication of IR
optical band-pass filters and lenses with applications in the infrared spectral range
of 1.5-14.2 ym. The knowledge of the radiative properties of dielectric materials, in

the range of NWIR (near-wave IR) to FWIR (far-wave IR), gives the ability to
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choose an appropriate infrared absorber material for pyrometers, real time thermal
imagers and other such instruments with capability to measure, map and control
the manufacturing process temperature.

A two-level suspended, thermally isolated, microbolometer square-shaped
multilayer structure (SisNa/p-Si/SisNa/Vacuum/Au/Si) is proposed in this research.
Low doped p-silicon is presented as an alternative in order to reduce the standard
high element (pixel) resistance, noise and fabrication costs. Its radiative properties
are modeled and optimized in the wavelength spectral range of 8-14 pm
(atmospheric transmission window) at room temperature, utilizing a matrix method
(Multi-Rad simulation package) of representing the optical properties. The
proposed two-level multilayer structure is optimized as a function of thin film
multilayer and resonance cavity thickness, and exhibits a total infrared
absorptance of more than 80% over the spectral range considered.

Results show that the combination of a resonant cavity with a reflective gold
layer results in the enhancement of the IR radiation absorptance with a negligible
IR radiation transmittance. Total values of radiative properties, as a function of the
wavelength range and radiative properties for the specific wavelength range, have
been simulated and calculated.

The performance of the proposed microbolometer is predicted with the
numerical calculations of figures of merit as function of applied bias voltage,
modulation frequency of the radiation source (blackbody) and focal number of the

optical system. Two microbolometer structures are proposed and compared
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obtaining significant improvements in the figures of merit for the modified
microbolometer structure.

Even though the low doped p-Si thermosensing layer has low TCR, the
normalized detectivity D* achieved values of 108 are comparable with the state-of-

the—art commercial devices.

The NETD values lower than 50 mK at f/#:l and the low thermal time

constant z, of 4.176 ms show that the modified microbolometer structure is suitable
for imaging systems with a video frame rate of 10-80 Hz.

The proposed microfabrication process is based on standard lithography
microfabrication techniques. The monolithic fabrication approach is a cost-
effective process due to the well-established post CMOS and can reduce the cost
of the microbolometer fabrication.

The results obtained are critical in the design and fabrication of uncooled
two-level microbolometer structures. In summary, the simulated results of the
radiative properties and numerical calculations of figures of merit suggest the
possibility to consider low doped p-type Si and the proposed two-level multilayer
structure in the design and fabrication of uncooled infrared imaging arrays with a

reasonable performance and low cost.

6.2 Future Work
This study shows that it is possible to implement low doped p-type Si as an
alternative to the traditional thermosensing materials in the fabrication of uncooled

infrared sensors and uncooled infrared imaging systems.
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The high IR radiation absorptance (8-14 um) and the results of numerical
calculations of the performance of the proposed microbolometer two-level
structure allows to continue with the process of fabrication and performance
measurements of the proposed microbolometer, and to compare them with the
performance of standard uncooled microbolometers that are commercially
available. Efforts towards prototyping and technology transfer are in progress in
collaboration with the ASRC (nanofabrication lab) at the City University of New

York (CUNY).
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