Analytical tool for electro-thermal modelling of microbolometers
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In the paper, we thoroughly describe such a maadkd! a
validate it against results obtained using FEM $aton.
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y ' and different materials in the electrical, thernaid

user can freely changg the Input _parameters suph F%Supled electro-thermal domain. The validation ésdil
dimensions and material properties and |mmed|ate(¥

obtain output parameters such as responsivity,ntaler (Ln comparing the transient thermal response olttaine

Abstract

. rom Ansys and from our model. The presented
time constant etc. Moreover, the tool can be used .
omparisons show than the model correctly prediots

compute the transient therm_al_ response  of .tr}%ermal behaviour of the device for a wide rangénptit
microbolometer for a given radiation power and b'asarameters. Based on this validation, weak poifthe

current. The model was validated against the msuﬁlodel are identified and corrective measures apieah
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response was found to be only 3%. With special emphasis put on the need for incofpuga

the mechanical domain into the model.

- :\;I]'tc:%dbuoﬁg?nneters are an example of M'croelectroz' General microbolometer architecture
' xamp ! The description of the structure of a microbolomete

clectromagnetic ractaion. The operation princileite. 12 be found in lierature [4-6], 5o only a sharonary
9 : P P P will be presented here. Various microbolometer

f(la?izlt;?e r?_?ct:ngl)a:SV\g;h Of!gg tf?}%e?ﬁé%rﬁ]iﬁoﬁm'? implementations vary in shape, but a general device
P 9 A strnucture always remains the same: a square-shaped

heats up and therefore changes its resistance. S%Cnd e suspended over the substrate. supported b
resistance change can be then measured and the pbwe g P ' PP y

the incoming radiation can be calculatedrelatlvely thin legs. Thin supports are necessasy t

) ; thermally separate the bridge from the substrate. A
Microbolometers are mostly used to measure infrared. . iy :

L : . . microbolometer contains two specific type of matisri
radiation in thermal imaging. Currently, many

one active material with a high TCR, and an insulat
manufacturers offer thermal cameras based

n . . . .
; e quuaIIy the thin layer of active material is lodhte
microbolometer arrays [1-3]. Nevertheless, thigdfistill etween two membranes made from insulator. To
needs research so that cameras can have a be

. . . . R
resolution and work with higher frame rate. Therefa Bximize the resistance change of the thin acayer

multi-domain simulation of phenomena occurring i due to temperature, itis sometimes serpentineeshgee
. : P 9 r‘|:ig. 1). The insulating membrane allows increading
microbolometers is necessary.

. . receptive area of the device and at the same tirdees
Finite Element Method (FEM) — based tools lik b

ot change its electrical behaviour. It also stteegs the
ANSYS[8] and COMSOL[9] are commonly used forg,c4re from the mechanical point of view.
simulating such devices. However, very often durting

earlv desian phase the exact device dimensionsesha The specific microbolometer structure which is
y gn p pe analyzed in this paper is shown in Fig. 1. Althowgh

even used materials are not yet known and it isdleof dimensions are treated like input parameters invark,

the designer to find the optimal/desired parameterfsr the model validation (see section 5) it wasuasad

Therefore, it may be very time consuming to use FE'ﬁzat the general structure remains the same. Qkepthe

analysis a this stage, especially if the Qevicenwry fact that the model was not validated for otheretypf
has to be repeatedly changed and transient anaiytis .structure does not mean that it will not work incisu

many time points has to be used. Hence the nesdsari .
y P . cases; simply, the model would need to be tuned to
for simpler and, more importantly, faster modelaiiks . .
o ) . adequately describe the new device shape.
to such a model, it is possible to rapidly sweapugh a Let d ibe the struct d i th
wide range of parameters, obtain preliminary resaitd, el us now describ€ the struclure and specily the
parameters which will be later used as inputs to ou

in general, significantly reduce the design space, i . ) .

Obviously, after finding the optimal/desired paraene tthdel' F|rst_,d:2e agt't\f lr(naterlgl layer is qstsumféeeigve

using the simpler model, the obtained results shdad Ote}]sarpe Wi ant |cdness_k|J|_'1 ev;ahr_y p}om 0 o (t:el

validated using detailed FEM simulation. ther two parameters describing this fayer areata
size and the size of its inner serpentine part. (Big
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Wieg s FEM-based simulation, it will be shown in sectiorthat

l 11 the resulting error is quite small. In exchange, thodel

leg has the advantage of allowing the designer to tinally

calculate the temperature of the microbolometezvaty

lgap time point. Let us now describe in detail how alkput
parameters of the microbolometer are obtained.

T
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Fig. 1. Shape of the active layer (left) and the

TO
insulating membrane (right).

Fig. 2. Microbolometer modelRy — radiation power,
fPJ — Joule heat poweRy, — thermal resistanc€y —

Note that it is also assumed that the number o .
thermal capacity

serpentine turns stays the same. The necessaryiahate
properties of active layer are its electrical nigity, . ]
thermal conductivity and TCR. Second, the insutatin  Electrical domain.

membrane is assumed to cover the entire struchdea We assume here that the resistivity of the insuleto
have gaps along supporting arms. It is describedtsoy much higher than that of the active material.
total size, gap width and length and arm width (arreonsequently, the bias current only flows throupk t
length is supposed to be equal to the total menebrafctive layer and only in this body Joule heat isegated.
size). The necessary material properties of insgdayer The main parameter in this domain is the resistafitee
are its thermal conductivity, density and spediféat. All active layer. To obtain this parameter, it is finscessary

above-mentioned parameters and their symbols aged | to calculate the total length of active layer using
in this paper are summarized in Table 1. appropriate dimensions from the Table 1. Once total

. ) ) length is calculated, the electrical resistance lwaeasily
Table 1. List of geometrical and material paran®ter gptained using the well-known formula:

Name Symbol

Active layer size 11 |

Active layer inner size 12 R=r—2 @
Active layer width w w,h,

Active layer height h

Leg length lieg wherer is the resistivity of the materidl, is its lengthw,
Leg width Wieq is its width andh, is its height. From the electrical
Leg height Nieg resistance and assuming the bias current is knowe,
Membrane size S can derive the Joule heat dissipated in the adtiyer
Top membrane height he using_P=I_2R relationship. Thus, the first paramet®¥)(of
Bottom membrane height hy the circuit presented in Fig. 2 is obtained.

Gap length lgap )

Gap width Woep | Thermal domain.

Arm width Warm The calculation of thermal parameters is more
Electrical resistivity of active material r complex because both active and insulating layertba
Thermal conductivity of active material  «, be taken into consideration. Fortunately, there smme
Temperature coefficient of resistance ¢f q assumptions than can be made which greatly simfiiy
active material following analysis. L_et us look at t_he results kné_steady-
Thermal conductivity of insulating K state thermal analysis performed in ANSYS (Fig. 3).
material

Density of insulating material 0

Specific heat of insulating material c

3. Microbolometer model

The purpose of our model is to allow fast analysis
the early stage of the design process, allowing the
designer to sweep across a wide range of parameters
Therefore, it was decided to use a simple RC etpriva

circuit model [7] (see Fig. 2). Although such ampagach Fig. 3. Steady-state thermal simulation of a
constitutes a significant simplification with respeto microbolometer performed in ANSYS.
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We can see that the temperature of the substrate is C,, =pcV ()
practically equal to the ambient temperature. Téwosd
observation is that the temperature of the membiane
distributed almost uniformly in the membrane. Tlere,
the temperature drop only occurs along the supmprti
arms. In other words, the thermal resistance ohthes is neglected. Consequently, only the volume of mendsan
much higher than the thermal resistance of the maneb needs to be calculated. Again, we use the georaktric
and the substrate. Therefore, in the model, only th i '

: . dimensions from the Table 1 to calculate the total
thermal resistance of arms is necessary. Note éheld :
. ; membrane volume. Thus, we obtain two other paramete
arm is composed of three layers: bottom membran

. &t the model, the thermal resistariRg, and the thermal
active layer and top membrane. .
capacityCqy.

N o

Joule heat
K Warm harm

To calculate the volum¥ in Eq. 3, we assume in our
model that the volume of the active layer is sigaifitly
smaller than that of insulating membranes andasctiore

‘ Radiation H Temperature ‘

In this case, the total resistance of three laysrs
obtained by first calculating the thermal resistaoteach
layer (see Eqg. 2) and then deriving the total ttarm
resistance as a parallel connection of three iddadi
resistances. The appropriate dimensions of the arms
needed for Eq. 2 are calculated based on the pteene
shown in Table 1.

When it comes to thermal capacity, necessary for
transient simulation, it can be calculated using th
formula Eq. 3:

Temperature

Fig. 4. Coupling between electrical and thermal
domain based on one iteration step

Material properties Inputs Outputs
Active material Radiation power 8 U Active length 224 um
2275

Electrical resistivity 1 6e_006 | Omm 4 | »|  Amlength ) um
. Bias current amplitude 100 uf, Membrane velums 6852 um3
Thermal conductivity| 22 Wim K 7 | | R | Electrical resistance  2.584 kOm

TCR 1K Thermal rezizgtance  0.15453 e6 KAV
0.0038 Bias current time 100 us . chq cc
- = Thermal capacity 1501.55 e-12 JIK
lsolating material 4 ’_ | 3 |

- Thermal time constant0.2320 ms
HEE Lo 30 Wim K jiiathme L me Max temp rise (current) 5.5384 K
Specific heat 700 Jikg K b | | 4 | Max temp rise (radiation) 1.2368 K

Max temp rise (current) with coupling 568 K
Responsivity 210460 VW

Density | 3290 | kg/m3

Dimensions 245 T T T T T T T T T
Active material
Size 25 um
| | d
Width 1 um
Jd | 4
Height 100 nm
| | d
Innersize 19 um 3
T | 3
Leg length Leg width Leg height g
4 |um 2 um 2 um =
@
o
Isolating material =
i
Size 26 um
4 | d
Height (top) 0.5 um
| | d
Height (bottom) 0.5 um
| | d
Gap width Gap length Arm width
05 um 24 um 25 um 0 I I I 1 1 I 1 1

1
0 01 0.2 0.3 04 05 0.6 07 0.8 0.9 1
Time [ms]

Fig. 5. A screenshot of the modelling tool devetbpeMatlab.
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A careful reader may have noticed that so far in opresent the analysis for five sample devices, whose
model we ignored the coupling between thermal angarameters are given in Table 2.
electrical domain. Note that the thermal domain

influences the electrical domain because the sexist of Table 2. Parameters of five simulated devices

the active layer is a function of temperature. Hifect in Parameters

principle cannot be neglected because the materisd 11=25 pm,[2=19 umw=1 pm,h=100 nm,

in microbolometers have relatively high TCR which ligg=4 LM Wieg=2 PM,hieg=2 um,s=26 pm,

means that the resistance can change significavitly h=0.5 pm,h;=0.5 pm,lgp=24 UM, wgap=0.5 pm,
temperature. Typically, in complex tools this pehl is 1 | Wanm2.5 um, r=1.6e-6 Qm, k=22 Wni'K™
solved iteratively, however, after thorough analysit 0=0.0038 K!, k=30 Wni'K™" , p=3290 kg/m,
was discovered that in the case of a microbolometss c=700 Jkg'K*

iteration step already gives acceptable results. fEason l5ias=100 PA touse=100 psPr=8 pW

is that the temperature change of the device e unall, All dimensions from device 1 scaled 2x, matefial
in the range of severgl degrees. T_hus, such aragipr | 2 | properties without change,

(shoyvn in Fig. 4) was |m_plement_ed in our modelshort, 15ias=200 UA tpe=200 USPr=10 uW

we first calculate the resistance in room tempegatoext 11=25.5 um,12=15.5 um,w=1.5 pm, h=50 nm,

the temperature change due to current and radidsion
calculated. This new temperature is then used ltlcte

a new value of electrical resistance, which isuim tused
to calculate the final temperature.

llg=6 UM, Wieg=1.5 pum, heg=2 pm, s=26.5 pm,
h=0.3 um,hy;=0.3 pum,lgx=24 um,wy,=2.5 um,
3 | Warm=2.5 um, r=1.6e-6 Qm, k=22 Wm'K?
0=0.0038 K', k=30 Wm'K™ , p=3290 kg/ni,
c=700 Jkg' K™

The tool which uses the model described in t kil‘i"sg_loo uA,tpwsfe:lO(()j “S_PRZS MW
previous section was written in Matlab. The screehsf Imensions from _fv'_‘l:e ' N
the program is shown in Fig. 5. A user has the ipiisg 4 | 1=36-6Qm, k=40 Wm'K™, a=0.01 K7,

4. Modelling tool

P

to choose all material properties (like electrieistivity, k=15 Wm'K™*, p=2000 kg/n, c=500 Jkg'K™
thermal conductivity, specific heat, TCR, etc.) aaii lbias=50 PA, touse=100 psPr=10 pW
geometrical dimensions of the device (total sizethaf All dimensions from device 3 scaled 1.5x,
device, the size of particular layers, the sizetegé and r=3e-6Qm, k=40 Wm'K?, 0=0.01 K%,
arms, etc.). He can also define simulation inpliss( | ° k=15 Wm'K ™, p=2000 kg/nfi, c=500 Jkg'K*

current, current pulse time, radiation power, etBjsed lias=150 YA tse=100 pSP=15 pW
on these data, the tool calculates output paramesterh - -
as electrical resistance, thermal resistance, thlerm It should be emphasized that version 14 of ANSYS
capacity, thermal time constant, responsivity, eed, Workbench that we used does not directly support
most importantly, shows the microbolometer's transi transient coupled electro-thermal simulation, so a
temperature response. Therefore, it is possible f¥forkaround was necessary. The detailed descripifon
example to quickly see what will be the maximunPur approach is however beyond the scope of thpepa
temperature reached by the microbolometer for @rgiv In short, we performed iterative transient theranadlysis
radiation power, current pulse amplitude and curre@nd for each step the inputs were calculated mbnual
pulse time. Note that for the reason of convenigencfased on the outputs from the previous step. Theds 6
sliders were added to the tool to control some tisppu @1d 7 show the results of the performed simulatiusth
since outputs and the graph are updated on-the-figer N Matlab using our model and in ANSYS. The

can rapidly assess the influence of a parameteugout comparison was performgd for a constant radiat'mmqn
values just by moving the slider. and a short pulse of bias current. On the y adis, t

maximal temperature rise (with respect to the antpiis
N . . . shown.
5. Validation of the model against FEM simulation It can be seen that the model is quite accurae: th

Since the model comprises many parameters, it WoUldaximal encountered error was equal to 3%, in tsec
be difficult to compare the model with ANSYS foméde ot gevice 5. After a thorough analysis of all siatidns
range of all parameters. Therefore, it was decitied (oqyits, it was discovered that the main sourcerafr is
perform  the —comparison for several  specifiGyopaply the simplified calculation of the thermal
microbolometer structures. The transient tempegatUfegistance of supporting arms. Thus, if neededntbeel

response was chosen as a method of comparison. Wgg likely be improved by implementing a more
designed different geometries in ANSYS, used vaioyomplex thermal resistance modelling. A potential
material properties and simulation inputs (bias@wand jyprovement might consist of using two thermal
radiation power) and ran transient thermal simaf&ifor yegistances with slightly different values, oneistesice
each device. Then, the same devices were modelearin o calculating the temperature rise caused by hiaes

tool and the results were compared. Although wgyrrent and the second one for calculating the ezatpre
performed the simulations for many structures, heee |ice from incoming radiation.
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° Fig. 7. Comparison of our model with ANSY'S for
/[\X devices 4 (top) and 5 (bottom)
a
/ E‘ In the future, the model will be expanded to inelud
% s &‘% the mechanical domain which will allow the useassess
£ the structural integrity of the device under meétarand
E; thermal stress.
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