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Abstract — Currently, the development of uncooled IR
microbolometer arrays based on SOl structures attracts
significant attention of researchers, due to their high speed
and temperature sensitivity compared to other bolometric
and thermocouple sensor elements operating in the IR
wavelength spectrum. An important parameter of such SOI-
based IR microbolometers is the useful area of the dielectric
(SiO,) membrane that absorbs IR radiation and its high
thermal insulation, which  requires technological
optimization of the sacrificial layer (Si) etching modes
through a matrix of holes (windows) in the SiO, membrane.
In this work, TCAD simulation of the gas-phase etching of
the sacrificial Si layer was carried out, taking into account
both its thickness and the size of the windows. It was shown
that a decrease in the window size from 120 to 80 pm? leads
to a twofold decrease in the etching time (from 480 to 240
seconds) and provides an effective increase in the useful
surface of the microbolometer sensing element, which is
heated by IR radiation. The obtained results can be useful in
the process of working out technological operations for the
fabrication of IR microbolometer arrays based on SOI
substrates.
Keywords —  MEMS technology, uncooled IR
microbolometer, SOI structure, chemical etching, TCAD
simulation, thermocouples, thermal sensor, sacrificial layer,
dielectric membrane.

. INTRODUCTION

The potential capabilities of modern silicon technology
make it possible to use a class of uncooled thermal sensors
for detecting infrared (IR) radiation, the operation of which
is based on various physical effects. In particular, among
them are thermoresistive IR bolometers [1], IR bolometers
based on the thermoelectric Seebeck effect [2], pyro- and
ferroelectric IR sensors [3, 4], IR sensors based on
chalcogenide glasses [5], IR sensors based on quantum
dots [6]. The world's leading electronic companies
(Honeywell (USA), Raytheon (USA), BAE Systems (Great
Britain), Lynred (France), Leonardo DRS (USA)) are
making serious efforts to set up and conduct research and
development in order to determine the most effective ways
to implement such IR thermal sensors. The results obtained
in this direction have made it possible to create multi-
element IR receivers with thermal sensors based on the

Micro-Electro-Mechanical Systems (MEMS) technology,
the operation of which is based on the use of
thermoresistive and thermoelectric effects [7]. By their
physical nature, these effects are independent of the
composition of IR spectrum. Accordingly, in contrast to
quantum IR receivers, the sensitivity of thermal IR sensors
generally does not depend on the wavelength. At the same
time, the spectral range of sensitivity of the thermal IR
sensors can be adjusted by selecting corresponding
materials that are responsible for efficient heat absorption
in the sensitive elements. Serious interest in thermal
sensors arose when thermal IR image detectors began to
overcome the sensitivity barrier corresponding to the value
of the noise equivalent temperature difference (NETD) at
the level of about 100 mK [8, 9]. The first commercial
thermal photodetectors with bolometric arrays with a
degree of integration of 320x240 pixels and a pixel size of
about 50 pm already had a NETD significantly lower than
100 mK [10, 11].

The manufacturing technology for all types of thermal
sensors that can be integrated into multi-element IR
receivers is based on the MEMS technology for the
fabrication of nano-sized dielectric membranes with highly
efficient heat-absorbing coatings from materials such as
black absorbing materials (Au, Pt, Si, C) [12-14], SiNyx
[15], or from metamaterial perfect absorbers in the IR
region based on metal-dielectric-metal  periodic
nanostructures [16]. The membrane in such thermal IR
sensors is suspended above a silicon substrate on consoles
that poorly conduct heat, and therefore it has good thermal
insulation. Having a low thermal mass, the membrane
structure is able to quickly heat up under the action of IR
radiation. A main advantage of the MEMS fabrication
process is that it can be easily integrated into standard
CMOS technology. The most impressive progress in the
development of thermal array detectors has been achieved
using thermoresistive MEMS-based sensitive elements
(microbolometers) as thermal sensors [17]. The
development of the design and technology of
microbolometric array detectors in recent years has mainly
been directed to the implementation of pixels with small
(down to 12 um [18]) sizes while maintaining their high
sensitivity. Advances in miniaturization have made it
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possible to create ultra-large IR arrays with high resolution
thermal imaging [19]. Modern technology for creating
microbolometric thermal sensors demonstrates the
possibility of creating IR arrays with the number of
elements up to 2048 x 1536 [20].

Since the use of high-tech single-crystal silicon with its
high Seebeck coefficient (up to the level of 1 mV/K and
higher [21]) is attractive as a material for thermocouple
elements, the silicon-on-insulator (SOI) structure seems
very promising as the functional material for uncooled IR
microbolometer arrays [22, 23]. In this regard, one of the
important technological problems in the design of
microbolometric arrays based on SOl structures is to
provide good thermal insulation of the sensitive membrane
layer while maintaining a large usable area that absorbs IR
radiation. In turn, this requires the selection of optimal
modes of local etching of the sacrificial silicon (Si) layer
under the membrane to form a cavity in the SOI structure.
For this purpose, as a rule, holes are formed in the
membrane, the shape, size and number of which will affect
the final relief of the cavity bottom and the corresponding
rate/time of etching of the sacrificial layer. In this work,
the technology computer-aided design (TCAD) tool is used
to simulate the etching process of the sacrificial layer in the
proposed structure of the sensitive element of an IR
microbolometer sensor operating on the thermoelectric
effect in a matrix of series-connected thermocouples on a
suspended membrane with a set of holes (Fig. 1).

Such a theoretical analysis of the technological process
of etching the SOI structure of a microbolometer through a
perforated membrane meets the current needs of
developers of modern heat-detection equipment to increase
the performance of IR optoelectronic systems based on
thermal detector arrays.

Il.  DESIGN OF THE IR MICROBOLOMETER ELEMENT

The proposed design of the matrix element of an IR
microbolometer sensor with lateral dimensions of 112 x
112 pm? is schematically shown in Fig. 1. The sacrificial
layer is a hidden layer of silicon (Si) in the SOI structure
(shown in blue), while the thermosensitive element
belongs to the single-crystal Si layer of SOI substrate
(shown in green) and determines the IR heating
temperature of the dielectric (SiO,) membrane (shown in
gray) with the top SiNy layer (shown in purple). Readout
circuits can be formed in a single-crystal Si layer, for
which it is initially used in an SOI structure.

The SOI structure is used as a substrate in a matrix
element due to the fact that single-crystal Si is one of the
widely used and technologically promising materials for
micro- and nanoelectronics.

The cross section of the corresponding element of the
microbolometer matrix with a set of thermocouples is
shown in Fig. 2. As shown in the figure, a thin-film SiO,
membrane suspended on elastic consoles has a set of holes
designed to etch the sacrificial Si layer in the SOI substrate
in order to form a cavity for thermal insulation of the
membrane. The SiNy layer that covers the central part of
the membrane is used to increase the efficiency of the

absorption of IR radiation. According to Fig. 2, n+/p+
poly-Si (Si*) thermocouples are located on the periphery of
the membrane to read the heating temperature of the
membrane structure of the matrix microbolometer element
and then convert it into an electrical signal (thermo-
voltage).
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Fig. 1. The design of the sensitive element of the
microbolometer IR sensor based on the SOI structure: (a)
the model of the element in a CAD-oriented software
package (COMSOL MultiPhysics), (b) the topology of the
element

sifiEz] sio, Il povy-Sin+ SiNg [ Al-1%si

poly-Si p+

Fig. 2. The cross section of the sensitive element of
microbolometer IR array based on the SOI structure with a
sacrificial Si layer and a set of n+/p+ Si* thermocouples



Table 1 summarizes the parameters of the layers of the
selected design of the microbolometer matrix element,
in accordance with the with the

which were taken
developed process flow for fabrication of the experimental

samples of the sensor. The thickness of the sacrificial Si
layer and the depth of the cavity formed under the
membrane were taken by default to be 1 um.

Table 1
Parameters of the layers of the microbolometer IR matrix element with series-connected thermocouples
Structure elements Thickness, um Resistivity Material
Name of the layer Symbol
Si/SiO,/Si
50| substrate HO 1.0/2.0/675 12 Q-cm Si doped with
boron (B) —(100)
Insulating groove H1 1.0 - SiO;
Dielectric H2 0.10+0.01 - SiO;
- <o
N-type poly-Si (Si*) H3 0.25:0.05 100 kQ/sq. Si*
(thermistor)
N+-type poly-Si* H4 0.25+0.05 80 Q/sq. Si*
Temperature sensitive Hs 0.6040.05 i SiNx
membrane
Protective dielectric H6 0.15+0.01 - SiO,
P+ sub-doping H7 0.25+0.05 100 Q/sq. Si
Metallization HS8 1.0+0.1 0.04 Q/sq. Al-1%Si
Sacrificial Si layer . .
(SOI device layer) H9 1.0+0.01 12 Q-cm Si

IIl.  DESCRIPTION OF THE PROCESS OF TCAD

SIMULATION

To perform the simulation of the process of gas-phase
(plasma-chemical) etching of the sacrificial Si layer of SOI
substrate in XeF,, commercial Silvaco TCAD software
package was used [24]. The initial stage before the
simulation was to select a fragment (pattern) of the
topology of microbolometer sensitive element, which is
shown in Fig. 3.

Fig. 3. A pattern of the topology of the sensitive element of
the microbolometric IR array with two windows (holes in
SiO2 membrane for etching the sacrificial Si layer)

The selected pattern of the topology has two windows —
holes in the form of an octagon in the SiO, membrane
layer of the sensing element for etching the sacrificial Si
layer located under the membrane. To select the optimal
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sizes of windows (holes) in the membrane layer for etching
the sacrificial layer, their area was varied. To illustrate the
etchin% process, the following window areas were taken:
40 pm?; 80 pm?; 120 um?. As a result, three patterns of the
topology of the sensing element were formed. The
topology patterns were imported into the lithographic mask
design module (Maskviews) included in the Silvaco TCAD
software package (Fig. 4).

Based on the imported files, masks for simulating the
Si gas-phase etching process were created, which exactly
repeated the patterns of the selected fragments.
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Fig. 4. Image of a lithographic mask built on the basis of a
topology pattern with two windows (holes) and loaded into
the Maskviews module



The simulation of the process of gas-phase etching of
the sacrificial Si layer in the XeF, atmosphere was carried
out in the Victory Process module of the Silvaco TCAD
software environment. The cross-sectional model of the
structure of the sensitive element of the microbolometer
was formed from four alternating layers of Si and SiO,
using the operation of ideally conformal layer deposition.
The thickness of each of the layers of the structure was set
according to Table 1, except for the bottom Si layer, the
thickness of which was chosen to be 1 um to simplify the
simulation, since this layer does not affect the etching
process of the top sacrificial Si layer. The width of the
structure was limited by the width of the imported patterns
of the device topology (~52 pum). The structure obtained in
the Victory Process module after opening windows in the
SiO, membrane layer for the purpose of subsequent
etching of the sacrificial Si layer is shown in Fig. 5. To
carry out the process of gas-phase etching of the sacrificial
Si layer, an ideal isotropic etching model was chosen. The
rate of isotropic etching of Si was set on the basis of the
technical documentation for the operation of the Xactix
gas-phase etching module [25]: 2 um/min for etching Si
through narrow slots in the masking layers.
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Fig. 5. Layer-by-layer structure of the sensitive element of
the microbolometric IR array after the stage of opening
windows in the SiO, layer, obtained in the Victory Process
module of the Silvaco TCAD software environment

Due to the rather large width of the model (52 um) and,
as a result, the insufficiently high resolution of the
computational grid to reproduce fine details of the etching
relief, as well as the high selectivity of SiO, to Si etching
(1000:1), the SiO, etching rate was taken equal to 0.

IV. RESULTS

The corresponding profiles of the structure formed
after etching the sacrificial Si layer for the selected three
fragments of the topology of the microbolometer matrix
element with different window areas in the SiO, layer of
the membrane (40 pm?; 80 pm? 120 pm?) are shown in
Fig. 6-8. To illustrate the process of formation of the relief
of each structure, different values of the time of the etching
process were set.

Fig. 6. Etching profiles of the sacrificial silicon (Si) layer of
the sensitive element of the IR microbolometric array for two

windows with an area of 40 pm?. Specified etching time: (a)
120's; (b) 240's; (c) 480 s

Based on the data obtained, the dependence of the gas-
phase etching time of the sacrificial Si layer on the window
area was calculated (Fig. 9).

Fig. 7. Etching profiles of the sacrificial silicon (Si) layer of
the sensitive element of the IR microbolometric array for two
windows with an area of 80 pm?. Specified etching time: (a)
105s; (b) 210's; (c) 420 s

Fig. 8. Etching profiles of the sacrificial silicon (Si) layer of
the sensitive element of the IR microbolometric array for two
windows with an area of 120 pm?. Specified etching time: (a)

60 s; (b) 120s; (c) 240 s
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Fig. 9. Calculated time of gas-phase etching of the sacrificial
Si layer in XeF2 as a function of the area of the windows in
the SiO, membrane layer of a single element of the IR
microbolometer array



According to Fig. 9, the etching time of the sacrificial
layer with a thickness of 1 pm increases non-linearly with
the increase in the area of windows (holes in SiO2 layer
(membrane) of SOI substrate), while the choice of a
smaller diameter of the windows makes it possible to
achieve efficient etching and provide a large useful surface
area of the microbolometer that absorbs IR radiation.

V. CONCLUSIONS

The TCAD simulation of the etching of the sacrificial
Si layer through windows (holes) in the sensitive SiO2
membrane of the microbolometer array was carried out. It
was shown that a decrease in the window size from 120 to
40 pm2 leads to a decrease in the layer removal time by
almost a factor of 2 (from 480 to 240 s) at a given etching
rate (2 pm/min), which can be used to achieve a larger
usable membrane area for effective absorption of incident
IR radiation.
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[IprOOpPHO-TEXHOTOTUYECKOE MOJICTUPOBAHUE TPABICHUS
YKEPTBEHHOTO CJI051 B YYBCTBUTEIBHOM JJIEMEHTE
MukpooosiomeTpudeckoit UK matpuibl Ha 6aze KHU cTtpykTyphl
n.J. EBCI/IKOBl, I'. . I[eMHHl, H.A. I[IO)KeBl, E.A. CI)eTI/ICOBl'Z, P.3. Xa®H3032’3

1HauI/IOHaJH,HbeI HCCIIEIOBATENbCKUM YHUBEPCUTET «MOCKOBCKUIM HHCTUTYT 3JICKTPOHHON TEXHUKI
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Annomayua — B HacTosiliee Bpemsi 00/1bLIOe BHHMAaHHe
HccliejoBaTesieil NMpUBJIeKaeT Pa3padoTka HeoXJIakKIaeMbIX
MK maTpuyHbix Mukpo0ooMeTpoB Ha 0aze KHU crpykryp,
4yr0 00YyC/I0BJIEHO MX BBICOKMM ObICTpOAeiicTBHEM U
TeMIEPATYPHOHi YYBCTBHUTEJLHOCTBI0 110 CPABHEHHIO C
JPyTUMH 00;I0MeTpHIeCKHMH " TepMONAPHBIMHI
CEeHCOPHbIMM 3jieMeHTaMH, padoraromumu B UK cnexrtpe
JUIMH ~ BOJH. Baxubim  mapamerpom  Takux KHH
MHKP000;10MeTPOB SIBJIsIETCS noJiesHast MJIOIAAb
auaaexrpudeckoit (SiO;) memOpanbl, norjomawmeii UK
H3JIy4YeHHUe, U ee X0PoIlasi TeNJI0Basi H30JISILMsA, YTO TpedyeT
TeXHOJIOTH4eCKOI0 noadopa Pe:KMMOB TpaBJIeHHs
JKePTBEHHOT0 ¢.J1031 (Si) Yepe3 MaTPUILY CKBO3HBIX OTBEPCTH i
(oxon) B SiO, memOpane. B paGore mposexeno TCAD
MoJeJHpoBaHue ra3opa3sHOro TpaBieHHs KEPTBEHHOro Si
¢J10s1 ¢ YY4€TOM ero TOJIIMHBI M pa3mepa okoH. Iloka3zaHo,
4TO yMeHbIIeHHe pasmepa okoH or 120 g0 80 MKM?
NPUBOIUT K CHHKEHHIO B 2 pa3a BpeMeHH TpaBjeHHs (0T
480 no 240 cexyna) u obOecrnieunBaer 3I¢dekTUBHOE
yBeJIMYeHHe TII0J1e3HOH NOBEPXHOCTH YYBCTBUTEIBHOIO
3J1eMeHTa MHKP000/10MeTpa, KoTopasi pasorpesaercsa ot UK
u3iaydeHus. IlosydyeHHble pe3yJbTaThl MOTYT ObITH NOJIE3HBI
B IIpomecce OTPA0OTKH TEXHOJOIMYEeCKHX omepaunuii
usrorosjieHust UK mukpoOosioMeTpHyecKMX MaTpull Ha
KHMH nomiioxkax.

Knrouesvie cnosa — MOIMC TexHOJI0rHsl, HEOXJArKIAaeMblii
UK wmukpodosomerp, KHHU crpykrypa, XuMHYeckoe
TpaBiaenne, TCAD moneaupoBaHue, TEPMONApPbI, TEMI0BOMH
CEHCOop, KePTBEHHBIH CJI0M, TUITeKTPpUUYeCKass MeMOpaHa.
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