Chapter 2
MICROBOLOMETER THEORY

In this chapterthe basics ofmicrobolometer operation awvered. The
general theory of bolometer-type detectorsliscussed in some detail, a®ll as
their performance limitations. Athermal model for predicting bolometer
performance will bentroduced. This wdel and theanalyticaltheory will then be
related to the experimental results for a bismuth microbolometer.

2.1 Operation

It was pointed out in chapter that microbolometer operatiafepends on a
change in resistance as a function of temperature. To perform as a déteotor,
must be some methddr introducingthe radiation. A biasing network is also
required tomaintain currentthrough the bolometer and tgsense changes in its
resistance. Figure 2.1 shows a bow-tie antenna-coupled microbolometer. This is a
guasi-optical system in which the radiation to be detectigtisssed orthe antenna
with a hemisphericalens. The radiationpasses through botthe lens and the
substrate before reaching the antenna, where it induces a current which is dissipated
in the microbolometer. Teense changes the detector temperature, the leads on
either end of the antenna are connected to a biasing circuit. A stable current source
is provided by a battery in series with a large bias resistor. A lock-in amplifier or an
oscilloscope may be used to read the detected signal.

Whereas conventional bolometers operate by a particle or photoelectric
phenomenonradiation iselectromagnetically coupled to the planantenna. In
conventionabolometersprientation of the electromagnetic field net important.

In most planar antennas, however, the degree of coupling betineesdiation and
the antennastrongly depends onhe electromagnetic fielebrientation. If the
radiation is properly aligned with the antenna, it will induce a current, as shown in



bias battery large bias
resistor

antenna

\

bolometer

—_— substrate

v
\
f

Fig. 2.1: Bow-tie antenna-coupled microbolometer. In this quasi-optical receiver,
the radiation igocussed ornhe bow-tie antenna with a hemispheri¢éahs. The
coupled radiation is dissipated in the bolometer element, causing a tempesature
The resulting change in resistance is sensed by the biasing network.

radiation



Fig. 2.2. This currentpassesback and forth througkhe microbolometer at the
radiation frequency, and is dissipated by Joule heating.

Most of the microbolometework done sofar has utilized the bow-tie
antenna . However, coupling to the detectowith a microstrip-fed twin slot
antennahas alsdeen investigated, and this is covered in chapteOfher planar
antennas whicimay be matedvith microbolometer detectoere the vee?[?] and

the spiral {,°]. For the bow-tieantenna on a dielectric, electromagnetic radiation is
confined to within aboutwo dielectric wavelengths Xgie]) of the apex9. By

reciprocity, the antenna therefore only receives radiation within abdgieRof this
apex. This property of the bow-tie antenna allows for the extension of tharbwsv
for use as dc leads.
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Fig. 2.2: Electromagnetic radiation induces currerth@bow-tie antenna.Notice
that orientation of the electromagnetic field is important.
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A characteristic of planar antennaghat theyabsorbradiation better from
the substrate side than the air side. This is most easily understood by looking at the
antenna as a curresburce, as shown in Fig. 2.3. drrent source wildeliver
maximumpower to a shortircuitedload. Itwill therefore deliver morgower to
the lower impedance substrate than the higher impe@ancdt turnsout that more
power will flow through the substrate than to the air by aboat3(R to 1 ratio 1.
Again invoking reciprocity the antenna will therefore receive more radiafimm
the substrate side.

The signal voltage v generated by a change in temperdturea
microbolometer detector is

v = Ip (dR/AT)AT 2.1)
®
+
Zsu Vv GD Zair
°

Bow-tie antenna

Fig. 2.3: In the transmission line equivalent circuit, a bow-tiermatsees both the
substrate anéir. The substrate has a highdrelectric constant, andherefore a
higher impedance. Sindbe currentsource representintpe antenna will deliver
more power to the larger impedance, more power is coupled to the substrate.
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where p is the bias current, dR/dT is the change in resistantteediolometefor a
given change in T, amilT is the temperature change. Byaeectricalanalogy,AT

=P |4| , where the change in temperatiiie absorbed power P, amgagnitude of
the thermal impedance t|Zare analogous to voltage, current, and resistance,

respectively. Thus, responsivity r is given by

r=v/P = p (dR/dT)[Z] . (2.2)

A characteristic of a microbolometer detector is its linear relation between resistance
and dissipategoower. This property assumethat dR/dT isconstant over the
temperature rangeonsidered, andhat the temperature change in the device is
proportional to changes in its dissipafaaiver. This leads to an expressidor dc
responsivity {], (the response of a detector to a step change in dissipated power),

rdc =Ip (dR/dP) . (2.3)

The dc curve of R plotted as a function of P therefore provides emafogmation
to determine r and {[Zfor the device.

The microbolometer is a thermal detectits;thermal mass is todarge to
permit temperature changes from following thgh frequency>100 MHz) signal.
However, the thermalmass is s@l enough forthe microbolometer tdollow a
slower modulation frequency(<l MHz). The next sectionshows how
microbolometer responsivity is a function of modulation frequency.

2.2 General Theory

The general theory behind bolometer operati@s firstdescribed indetail
by Jones 9 in 1953. Otherworks have emerged since thavhich clarify the
theory [°,*!]. To aid in a discussion of this theory applied to a microbolometer, the
variables used are summarized in Table 2.1.

The general case of a current biased bolometer will be treated. By choosing
a current bias, current dependent resistance can be excluded from the derivation.



a radius of hemphere reresentig| T temperature of the bolometer
area of contact between the
bolometer and the substrate

C thermal capacity of bolometer ol ambient temperature

Cs specific heat of the substrate % voltage across the bolomete

G thermal conductance betweeitVg radiationpower disgpated ly the
bolometer and surrounding bolometer
thermal environment

Iy bias current through  theg AT change in temperature
bolometer

lc critcal current for thermalATp | peak change in temperature
runaway

r responsivity Ps density of the substrate

R resistance across the bolometer t time constant of the bolometer

Rp bias resistance of the bolometer wm 2t times the chpping (or

modulation) frequency

Table 2.1: Variables associated with microbolometer theory.

Such a dR/dI term has been included in a similar derivatioMiday andStrandberg
[*?]. The voltage to be detected across the bolometer is

V=R (2.4)

The resistance will change as a function of temperature,ttargl of absorbed
power. With no radiationapplied,temperature of the bolometer governed by
Joule heating fromthe bias current, andhe conductance of heaut of the
bolometer, as given in the heat balance equation

G(T-To) = Ib® Ro . (2.5)
Here it is assumed thermal conductance accounts for all the heaNloasincident
radiation is applied, and chopped at a modulation frequeggysuchthat radiation

dissipated by the bolometer W is

W = Wg sinwmt (2.6)
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where W is the unmodulated radiatiggpwer. For aconventional bolometer, this

dissipated power ithe product of radiation incident otine detector area and the
detectorabsorptivity. Forantenna-coupled microbolometers, W depends on the
antenna cross sectiothe antenngain, and the impedanamatchbetween antenna
and detector'f]. The heat balance equation wilbw include heatrom absorbed
radiation, anaccumulation term dependent on the change in the bolometer
temperature and the thernapacity, and éatfrom the change in resistance of the
bolometer for change in T. The new heat balance equation is

cd(T +AT) ;AT) + G(T +AT - Tg) = I2(R +AR) + Wsin et 2.7
where the first term othe leftrepresents dataccumulation, theecondterm is the
heat flow out of the bolometer, and the termgtanright represertteatflowing in.
Equation (2.7) reduces to

dAT . = 2(dR i 2.8
C ot GAT = 1§ (d_I_)AI + W, Sin mt (2.8)
or
dAT , Ge _Wo 2.9
ot + C AT c SN Wt (2.9)

where Gis an effective thermal conductance ,
- 2dR
Ge=(G- i ﬁ) | (2.10)

Equation(2.9) is alinear first order differential equation of thédorm andgeneral
solution

g—i + f(X)y = r(x) (2.11a)
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(
y(x) = eh[ ehr dx + % (2.11b)

J

where hzjr () dx . (2.11¢)

The integral term in (2.11b) has a solution found from the integral tables,

f 9% sin ox dx :iz(g SINGX - W COSWX) . (2.12)

g+ w

Using these formulas, the solution for the change in tempeisiuse

AT = L(Gesin Wit - WnC coswmt) + ¢ ex;ﬁ'G—et) . (2.13)
G + WiC? <

This is somewhat simplified using a right angle identity to get

AT :V\/osir(%t-tanl(wm C)) +C ex;" et) : (2.14)
2c2 C

VGe2+00m Ge

The exponential term i(2.14) isimportant. If G is zero or negative, the

temperature will rise indefinitely, leading to a thermalaway conditiorknown as
‘bolometerburnout’. Formaterialswith a negativea (such as Bi and Te), &sas
given in (2.10) will always be positive and\T will decay with time constant
T = C/Ge. For superconducting materials, howewers positive andcan be quite
large, and @ could conceivably be negative. In tloigse,the temperaturevould
rise until the devicewas nolonger operating in théigh a transitionregion. A
critical current ¢ that marks the onset of instability can be determined. Seting G

0 in (2.10),
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Thermalrunawaycan be avoided by limitingplto a fraction of the value ofl

(2.15)

Typically, a value of 0.5 is used.
Assuming G is positive,AT is now a sinusoidal responsett® chopped

radiation, with a peak amplitude

ATp=— Wo (2.16)

V62 +wic? |

The detected voltage across the bolometer will fluctuate by

v=1pdR AT, (2.17)
so that
o= o (@Rgw, (2.18)
4/GeZ + wﬁ%cZ

The responsivity is this v divided by yVor

1o(MR4r) | (2.19)
No2+o c?

From (2.2) and (2.19), the thermal impedance is determined to be

r =

Z =[G& +w2 c? 12, (2.20)

The thermal conductance term can be expanded as
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Ge= Gs+ Gg+ Gm - Ip2 dR/AT (2.21)

where G, Gg and Gn correspond tdhermal conductanciom the bolometer into

the substrate, airand netal antenndeads,respectively T¥]. For atypical 4 um x
4 um antenna-coupled microbolometerg (S much smaller than eithers®r Gmn

(Ga< .1% G, so it is neglectedThe change indoule heatingterm, ©2dR/dT,
cannot be neglected since it is within an order of magnituderpf G
The thermal conductivitythrough the metal leads, Gn, is considered

frequency independent; a fairly valid approximation given takatively high

conductivity of the antenna metal. Therm for thermal conduction into the
substrate gis frequency dependent. Hwaegal.[14] calculated (g as a function

of frequency, modeling the microbolometer as a point source of heat, and found
Gs = 2rksa(1 + allg) (2.22)

where k is the substratethermal conductivity. The term a is theadius of a

hemisphere representing the bolometesitbstratecontactarea. For convenience,
2ma2 = A, where A is the actual contact areaid.a complex heat diffusion length

L= (j wﬁcs)l/ ? (2.23)

where (gis the substrate heat capacity.

The complex thermal impedance term can be expressed as

Z,=(Gs + Gy, - |b2fjﬁR+jwcb)'l . (2.24)

Now, following Neikirk ['°], the frequency independent terms are lumped together
into a single dc conductance terrg&sand the magnitude ot %5
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Z, = [G 2 + 2Gya2( 2kep o> + ArPatkepsCod (2.25)

+ 2Mma2Cy 2kspsCsw?2 + C2032] 12

Equation (2.25) may be inserted into the responsivity equation (2.2) in order
to estimatevalues of r as a function dfequency. The advantage ofuch an
equation is the ability to quicklgalculate theesponsivity behavior as a function of
substrate and bolometsraterialparameters, andevicesize. Howeverpoth Gjc
and a arechosen as adjustable parametersnatch the analytical model to
experimentablata. Also, thiequationdoes not considethe effect of the thermal
conductivity of the detector materiaFor the Bi microbolometers manufactured by
Neikirk [8], values of a = 1.3Am and Gjc=1.5x10°W/K gave best fit to data.

Figure2.4 showsseveralr-f plots whichhighlight the sensitivity oflevice
performance to several parameters. The material pararfetepsartz (1Q,CQ,pQ)
and for bismuth(dR/dT, Bj, andppj) are values takefrom the literature[15-
161719 Figure 2.4ashows that the dc conductance termy&effects the low

frequency response dfie device. Higher responsivitieare obtainedor minimal
Gdc This observation prompted Neikirk to construct an air-bridge microbolometer,

whereeachend of the device contacts the antenna metal, but the detector is not in
direct contactwith the substrate 'f]. Ggc is therefore minimized, and dc
responsivities roughly 5 times higher than those from substrate-supported
microbolometers were obtainedhe air bridge structuralso makeghe substrate
contact radius a essentially zero, resulting in a much sharper kneerihglag. In

Fig. 2.4b, reducing a makes the knsbarper. This plot alsoshows that high
frequency performance can be improved by makingd#éhece, and therefore a,
smaller. A smaller device will also have a loweattapacity, resulting in a speed
improvement ashown in Fig. 2.4c. This figure alsoshowsthat low frequency
performance is not effected by the detector heat capacity.
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Fig. 2.4: Responsivity vs
frequency curves show
sensitivity of performance
on the parameters (a) 46
(b) a, and (c) 6i.

Defaultparameters
(bold lines)

Ipias= 1.0 mA
Gdc= 1.5 x 10° W/K
a =1.35um

length = width = fim
thickness = 1000A

Quartz:
kQ = 0.014 W/cm-K

CqQ = 0.18 cal/(g-K)
pPQ =220 g/cn3

Bi:

dR/dT =-0.3Q/K

Cgij = 0.027 cal/(g-K)
PBi = 9.8 g/cn$
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2.3 Noise

The true measure of a detector’s performance is how well it extracts a signal
from the surrounding noise. eésitivity is therefore expressed @@ise equivalent
power, or NEP. NEPcan be defined as that amountpmiwer absorbed by the

detectorwhich gives a signal-to-noisatio of 1. From (2.2), substituting noise
voltage \f, for the signal voltage v, and NEP for the absorbed power P,

Y%
NEP =Tn : (2.26)

A receiver circuit is vulnerable to a host of noise souréesplifier noise is
significant for the far-infrared spectnagion,and infact may limitperformance in
some applications’]. At the detectotevel, the most significantsources of noise
are flicker noise, Johnson noise, and temperature noise.

Flicker noise, als@alled 1/f noise andcontactnoise, provides anotivation
for chopping or otherwise modulating the incoming radiation at as high a frequency
as possible. In generdl/f noise depends othe cleanliness or quality of the
contactinterfaces. This is whynultiple metallayer devices have bettaroise
performancewhen they are fabricatedn-situ, rather than in several vacuum
evaporatiorsteps [8]. This type of noise appears to less afactor for artenna-
coupled devices with low current bias and high responsivity [13].

Johnson noise iassociated with bolometeesistance, and is a result of
random movement of charge carriers inresistor. Since electron movement
increases with temperaturdphnson noise isalso called thermalnoise ['].
Johnson noise voltage may be written

Vj2 = 4KTRAf (2.27)

where \'f2 is the meamoisevoltagesquared, k iBoltzmann’s constant, T is the
temperature, R is the bolometesistance, andf is thebandwidth. This kind of

noise decreases as the square of responsavit theNEP resulting fromJohnson
noise (NEFh) is given by
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Like 1/f noise, Johnson noigeay be relatively smafor antenna-coupled devices

with high responsivities.

The fundamentalimit for bolometer detectors is temperatureise (also
called phononfluctuation nose), which arises frommandom thermal fluctuations
between the bolometer and its surroundif§$’]. For devices wherdeattransfer
is by conduction only, the standard form of the temperature noise is

ATZ — 4kT2GAf

C;2 + (DZCZ (229)
where AT2 is the squared meantemperature fluctuation. For most
microbolometers,C<<G for modulation frequencies les@an 1MHz, and (2.29)
becomes

AT2 = 4KT2Af (2.30)

G

This temperaturenoise can be converted into aoise power by usinghe NEP
relationship

v (2.31)

NEP =

-1/2
f
r

where \, is the temperaturaoise voltage for the device. This noisevoltage is
simply related to the temperature fluctuation by

Vp = |b(<?'ﬁR)AT . (2.32)
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Considering the responsivity relation
- {dR) 1
=G (2.33)
the NEP resulting from temperature noise (MWBan be written
(NEP), = | 4kT2G . (2.34)

The squared NEP terms may be added arithmetically to obtain total squared NEP.
In section 2.5, the NRR calculatedrom (2.34) will be compared with the

NEP of an actual Bi microbolometer.

2.4 Finite Element Thermal Model

Thermal models for the bolometer structures studied inatbi& are useful
for understandingdevice operation, givingthe experimentalist aood physical
understanding of the device and a better understanding of its limitatamther, a
model might point thevay toimprovements in devicdesign. Asimpleanalytical
modelwas used irsection2.2 topredict the performance of aubstrate-supported
bolometer [14]. The model was fainpracticalsince assumptions could beed to
simplify device geometry. Mre complicatedstructures like the composite
microbolometer cannot be simpiypodeled. Instead, anite difference type of
approach can be used.

The bow-tie microbolometer structurghown in Fig. 2.5awill be used to
demonstrate the finite differeneg@proach. Since the device is symmetrical, only
one-half of the structure will be treated. The pottion now restagainst a perfect
insulator(Fig. 2.5b). The thermal model device profile ofg- 2.5b is shown in
Fig. 2.6. Only atwo dimensional model is considered; effects in the y-direction
will be neglected. Figur2.6 showsthe devicebroken up into a grid ofows and
columns, with nodes chosenthe center of eachlement. To reduce complication
in the calculations, the detector and antepogionsare considered to occupy a
single row.
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Fig. 2.5: Abow-tie antenna-coupled microbolometer (a) is symmetrical about the
center. The thermal model therefomdnsiders onlyhalf of thedevice, where the
‘cut’ portion of the microbolometer rests against an insulator (b).

For a sngle element, properties of interest #ne thermal capacitance, the
thermalresistances ithe x and zdirections, and fothe detector regioonly the
electricalresistance in the x-directio(see Table 2.2). A further simplification
assumes electrical resistance of the antenmars and thesubstrate has anfinite
electricalresistance. The heat generation in the detector elemenist also be
considered. An electricalnalog to the thermal model shown in Fig. 2.7 for
severalcases. In Fig. 2.7ahe thermal resistance betwesvo nodes is just the
sum of 1/2 the resistance of each of the two elements. Figures 2.Zbh7asthow
the cases for an element adjoining an insulator and a heat sink, respectively.

Using this model, the steady state (dc) operation isékainined in section
2.4.1. This is useful for predictings and forgenerating isothermallots. Then,
in section2.4.2, the timedependent case discussed. The program forthe finite
element thermal model is listed in appendix A.



ROW
(z direction)
COLUMN:12,11,10,9 ,8 .7 6 .5,4 .3 .2 ,1
(x direction)  pr e o 1
177 ] S P
i % -. ANTENNA N4
| /A ______________ SF_ 5
v Ui s
/// """"""""" Hr
1 1 . .'.'.' 7
/ ------------ AL
/;; _____ Gy
7 I o] s
//ﬁ _______ 10
¢ 1 1 it
1 1 1 1 1 1 1 11
B o I
s //// /// Z
GG e
HEAT SINK
at Tamb.

Fig. 2.6: The thermal model profilor the bismuth microbolometeshowncut in
half in Fig. 2.5b. The grids define elements used in the Gauss-Seidel iteration.

Thermal Resistance: |, _  AX s = Az

(KIW) * kay Az * KAy Ax

Electrical Resistance: R. = Ax R.= Az
X~ z—

Q) oAy Az o Ay Ax

Thermal Capacitance: |mC =p CAx Ay Az

(cal/K)

Table 2.2: Thermal properties of interest for a single element in the thermal grid.
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1 1
2 e
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(a) Ri,=5 R+ 3Ry
(b) Ri2= o
ground
® R = LR
(c) 1 1-2= 2 ™1
element: 1 2

Fig. 2.7: Electrical analog dhe thermal modethows howresistancdelectrical or
thermal) is calculatedbetween element-centeratbdes. In (a),the resistance
between nodes 1 and 2 is just the sum of half the node 1 resistance and half the node
2 resistance. In (bglement 2 is aimsulator, sothe total resistance between the

two nodes is infinite. Irfc), element 2 is a thermébr electrical)ground, and the
resistance between the two nodes is just half the resistance of element 1.

2.4.1 Steady State Case
At steady-statethe temperature at eaolde iscalculatedusingthe Gauss-
Seidel iteration:
Tj
2)

g+ Z
212,

T =
i

(2.35)
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where T and T are the temperatures tife ith and jth element,; gs heat generated

in the ith element, and;iZis the thermal resistance between theaitd jth element.

In our calculations, the heat generation term in a detector element will depend on the
bias current applieddjk9 and the electrical resistance of the elemgns®

G = Ibias”® Ri - (2.36)

A bolometric detectomworks by changing resistance iresponse to changes in
temperature. The dependenceld resistance of aslement Rto the temperature
Tj is given by

Ri = Rio (1 +a(Tj - To)) = Rio + (AR/AT) AT . (2.37)

Thus, for agiven ambient temperaturand a chosen bias curreitiie iterative
procedure for steady-state is as follows:

1) determine thermalesistances in botthe x and z direction$or all elements.
These are assumed constant for our degree of temperature change.

2) determine electricalesistances foall detector elements in the x-direction at
temperature iTusing (2.37). Initially, all elements are at ambient temperature.

3) determine gfrom (2.36).

4) Use (2.35) to determine a new set of temperatyres T

5) Cycle through steps 2-4 until the changes; iaré small.

This iterative technique has been applied to the Bi microbolometer detailed in
Fig. 2.4. Anisothermal plot of the device at steady statshewn in Fig.2.8.
How far the isothermal linedescend intdhe substrate dependdirectly on the
substratethermal conductivity. ldeally,the isotherms will be bunched near the
surface, and not much heat will be lost to the substrate.
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Fig. 2.8: Isothermal plotfor the bismuth microbolometedetailed in kg. 2.4.
Ambient temperature is 300 K.

2.4.2 Time Dependent Case

To predicthow the microbolometewould perform as a detector, aahrf
power is applied. The thermal capacitancej @f each element isiow very

important. The new equation is

p+l
T

a+ 5[0z, it

Z(]/Zij)+ Ci/ar

j (2.38)

TP =

where TP is the temperature of an element at a spedifie, and TP+l is the
element temperature a tirhe later.

The heat generation term in each elenmaw also depends dhe rf power
applied. Adding an rf current gives

27
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ltot = Ibias+ Irf cosfuct) (2.39)

where } is the magnitude ang. is the carriefrequency, andhe heat generation
term becomes

gi = kotRi . (2.40)
Inserting (2.39) into (2.40) and integrating the current over one rf cycle,
gi = (Ibia? + (IR . (2.41)

In the time dependent case, we are really interested in determining the signal
voltage produced by a given amount of inpatver,andhow this responsivity is
related to modulation frequency of the input pow€hus, the magnitude of 4 will
be modified by a modulation frequen@yfor a sinusoidally varying appligoower,
If(1/2(1 + coswt)). The voltage that can be measured across the detector is

V = IpiaRdet (2.42)

remembering that the gower isconfined to within about 3 of the region of the
detector for a bow-tie antenna. The detected signal is ther-Wmin -
The time increment, fixed by stability arguments, is

Ci
< .
Sz (2.43)
j

min

AT

Examination of this criterion for several worst cases are shown in Tabl®&latige
that At is on theorder of picoseconds whehe antenna gtal is considered since
the thermal conductivity is sbhigh. Such a sall time incrementwould require a
very long run time for the time dependent prograrfowever, steady state analysis
shows the temperature of the silver next to the detector to be very
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Table 2.3: “Worst-case” situationsused todetermine the maximum timetep
If the silver antenndead is

@

©)

allowedfor stability with each elemer®.2 um long.

considered a perfect ground, thte quartz element at tlwdrner of athermalsink

(#3) is the limiting case.

close to ambient. Thus, the antenna leads are treated as thermal grounds.
The approach is to determine'de’ response by findinghe steadystate
voltage difference between a steadily applied rf current and a tofalf current.

center Bi Ag Quartz
element:
C(UW-sec?K) | 984 x 109 | 295x 16° | 487 x 106°
Zy 0.1724 775x 106 | 0.256
Z; 0.0431 436 x 106 | 0.401
AT (nsec) 451) 76 x 103(2) | 2503)
Q.
Ag| Bi | Bi sink] Ag | Ag Q. | Q.
0. Q. sink;
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Since frequencies below 100 kHz woultjuire an exorbitant amount of computer

time, data will be limited to only a few data points above 100 kHz.

In Fig. 2.9, the Bi microbolometer default case of Fig. 2.4 ispeoed with
thermal model data in Besponsivity-frequency plot.
parametersg; and lgj are adjusted to give a steady state resistant®®f, and a

dc responsivity of -16 V/W.

Fdhe thermalmodel, the
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Fig. 2.9: Comparison ofanalytical model(solid line) andthermal model (black
squares) fothe bismuth microbolometedetailed in kg. 2.4. Inaddition to the

properties listed in i§. 2.4, from the thermal modetgj = 980 Q-cm)1, and
kBj = .015 W/(cm-K).

2.5 Bismuth Microbolometer

Bismuth microbolometers have been fabricated and téstedomparison
with the theoreticamodels. The use of bismuth as detector material asell as
microbolometer fabrication will be discussed in more detail in chapter 3.

Figure 2.10 showsthe resistance of the Rilement plottedrersus power
dissipated irthe element.From the slope of this plotthe dcresponsivity (from
(2.3)) is calculated as -6.3 V/W at a bias voltage of 50 mV.

Figure 2.11 shows thimeoreticalresponsivity compared witthe measured
responsivity forthe Bi microbolometewith the properties listed.The solid line is
theoretical responsivity usingthe analyticalmodel, andthe square points are
theoreticalpoints found usinghe thermalmodel. The experimentapoints were
obtained by reading the peak-to-peak signal voltagessthe bolometer resulting
from a modulated 220 MHz signal fed to thetector. This technique tiscussed
in chapter 3 for a composite microbolometer. The numbéresial modepoints
are rather limited because of computation time constraints. Also, at high
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Bias 0.05V
ambient Temp. 300K
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Fig. 2.10: Bismuth microbolometer resistance is plottesisus power dissipated.
The dR/dP slope is used to calculage r

frequencies, the thermal model predicts significantly larger responsivities. The most
likely reason for this disparity idbecause the finite-element model tiwo-
dimensional, and does not considee extra thermamassthat exists inthe y-
direction.

The noisevoltage is plotted in i§. 2.12. Noise measurements over a
bandwidth of 10% othe selected center frequensgre nadeusing a PAR124A
lock-in amplifier with a 117 preamp. The experimental NEP pointsgn Z13 are
calculated by dividing the noise from Fig. 2.12 thg responsivity from k. 2.11.

A comparison is @de with the theoreticalNEP determined fromthe analytical
equation(2.34) assumingnly temperaturenoise. This theoreticalNEP sets the
upper limit for microbolometersensitivity. Best measured performance was
obtained at 5 kHz, where NEP = 4.3 x4®WA/Hz . In Fig. 2.13, it is seen that

at lower frequencies the NEP is limited by 1/f noise, while at higher frequencies the
NEP increases because of a drop-off in responsivity.
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Parameters: Gdc=2.3E-5 W/K
Vbias=0.05V a =1.0um
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kgi = .015 W/(cm-K)

Fig. 2.11:Responsivity as a function of frequenfity a Bi micro-bolometer with
the properties listed at a bias 6f05V. Analytical theory (solidline) is compared
with the thermal model (stars), and with experiment (squares).

2.6 Conclusions

In this chapterthe general theory of microbolometer operatitas been
reviewed, leading to an analyticamodel. A thermal modelhas alsobeen
introduced. Unlikehe analyticamodel,the thermal model can hesed toanalyze
more complicated devicgeometries. Alsothe fitting parameters arall basic
material properties, whereashe analytical modefrequiresthe rathernebulous
thermal conductance and effective contact radius terms. The drawbacknmdeis

is the lengthy computatiotime required, corpared to thevery quick results
available from the analytical model.
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Fig. 2.12: Noise voltage measured for the Bi microbolometer biased at 0.05 V.
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Fig. 2.13: Frequency dependent NEPtfoe Bi microbolometer of i§. 2.5. NEP
from the analytical model (solid line) is compared with experiment.
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