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Abstract. This work focuses on the basic suitability assessment of polymeric materials and the correspond-
ing technological methods for the production of infrared (micro-) bolometer arrays. The sensitive layer of
the microbolometer arrays in question is composed of an electrically conductive polymer composite. Semi-
conducting tellurium and vanadium dioxide, as well as metallic silver, are evaluated concerning their suit-
ability as conductive filling agents. The composites with the semi-conducting filling agents display the higher
temperature dependence of electrical resistance, while the silver composites exhibit better noise performance.
The particle alignment — homogeneous and chain-shaped alike — within the polymer matrix is characterized
regarding the composites’ electrical properties. For the production of microbolometer arrays, a technology
chain is introduced based on established coat-forming and structuring standard technologies from the field of
polymer processing, which are suitable for the manufacture of a number of parallel structures. To realize the
necessary thermal isolation of the sensitive area, all pixels are realized as self-supporting structures oy means
of the sacrificial layer method. Exemplarilyx2 arrays with the three filling agents were manufactured. The
resulting sensor responsivities lie in the range of conventional microbolometers. Currently, the comparatively
poor thermal isolation of the pixels and the high noise levels are limiting sensor quality. For the microbolome-
ters produced, the thermal resolution limit referring to the temperature of the object to be detected (NETD) has
been measured at 6.7 K in the superior sensitive composite layer filled with silver particles.

1 Introduction individual pixels have to be realized as self-supporting struct

tures. This is necessary to ensure a high thermal insulatio

Microbolometers belong to the group of thermal infrared de-Of the sensitive area and thus great thermal and electrical r¢

tectors and are used as sensor arrays primarily in thermafPOnsivity. The high cost of microbolometer production is

imaging devices. In accordance with Planck’s law, the meaStill limiting their widespread use, particularly civilian use,

suring of infrared radiation permits passive target analysis a

well as non-contact temperature measurements of solid bodgearch of alternative, economically viable materials and th

ies, thus opening a large number of possible applications?o”eSpO”ding technical methods for the production of mi-

In microbolometer detectors, the absorbed infrared radiaSroPolometer arrays. o
The focus of this contribution is on polymer-based ma-

tion causes a change in temperature, triggering a local alter-

ation in resistance within the sensitive area (thermoresistivd€'1a!S, as they possess advantages over conventional ing
effect). Conventionally, sensitive resistor elements included@nic materials with regards to both the wider and more cosf
vanadium oxide (V§), amorphous silicon (a:Si) and ceramic €fficient material range, and the large number of simple an
semiconductors (YBCO), which are not usually used in semi-parallel processing possibilities. A number of _publlcatlon_s
conductor production and arefiiéult to deposit (Ambrosio ~ SU99est this approach. Kaufmann et al. describe a possib
et al., 2010). Additionally, such microbolometer arrays aremethod for the manufacture of electrically conductive sen;

manufactured in an elaborate technological process chain, agtve olometer layers consisting of ion-implanted polymer
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which is highly price-dependent. This motivates the basic ref
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128 A. Nocke: Polymer composite based microbolometers

Figure 1. Scanning electron microscope (SEM) views(aj synthesized tellurium needled) vanadium dioxide particles, ar{d) silver
particles.

layers (Kaufmann et al., 1996). The electrical properties of2 Experimental
the modified polymer layer depend on the ion dose, the ion
energy and the ion current density. Liger et al. describe ar2.1 Materials

approach in which the sensitive layer is formed by pyrolyz- When selecting the materials to be used, the essential tech-

ing the parylene C polymer (Liger, 2006). The pyrolysis of nological and electrical requirements of the polymer-based

the pre-deposited parylene layer is performed in two Stage%’nicrobolometer arrays have to be taken into account. For the
at temperatures ranging from 660 to 8@and causes a sensitive polymer composites, individual conditions appl
share of the benzene rings contained in the parylene C (Liger, poly P ' PPy

2006) to transform into graphite-like areas. The resistancpfor both the polymer matrix and the filling agents. Further-

T . N more, both components have to be chemically compatible in

of the pixel is determined by the rate of graphitization, and ) .
d A - " order to form a stable suspension at least for the duration of

thus by the temperature during pyrolysis. Liger (2006) gives [0ceSSin
a calculated noise equivalent temperatuffedénce (NETD) P g
value for his microbolometer pixels of 31-109 mK. In these
works, polymer-based technologies for the manufacture o.1.1 Filling materials
self-supporting bolometer-pixels are presented. The consid-. . . . . .
erable enerav inputs reauired for the manufacturin methodsCrumal criteria for material choice are the electrical param-
described Ii?r)]/itsghe a qlication spectrum articul%rl with eters resistivity and temperature fid@entar of resistance.

) pplica P » partl y Semiconducting materials with a comparatively higk of
regards to flexible polymeric substrates. Additional works, _(2-5) %K-! as well as metallic materials with exception-
addressing in particular the production and characterization . ; -
of polymer-based sensitive bolometer layers, examine thé"IIIy good noise performance show great potential as filling

LA . ' materials. Another requirement results from the individual
suitability of the intrinsically conductive polymer Poly(3,4- ijé?e?e?nentgt gomeec![trj eiveen tb etshuet:en(;itivte IZ e(rj’s ri:i
ethylenedioxythiopheng)oly(styrenesulfonate) (Son et al., P g Y9 y Y

: : . imum layer thickness, which should be as small as possible
2009) and of carbon nanotubes with (Aliev, 2008) and with- X : : -
out (Zeng et al., 2012) surrounding matrix polymer. Best (<2um) to achieve the required low heat capacity of the mi

- . .~ “~"crobolometer pixel. Therefore, only ffigiently small filling
sensor performance for these sensitive materials is giver articles, which are also synthesizable in the desired geomet-
by Zeng et al. (2012) with a calculated detectivily of P ' y g9

1.09x 107 em HA2 W-1. ric form while still meeting high quality standards, can be

. o - . used. Considering these criteria, particles composed of tel-
In this work, sensitive layers consisting of electrically con-

ductive polymer composites composed of an insulating ma-Iurlum (Te), vanadium dioxide (V&) and silver (Ag) have

trix polymer and a conductive filling material are used. When been used within the framework of this research (Fig. 1).

. . . : Monocrystalline tellurium is a semiconductor with an
using such polymer composites, the mechanical, chemical . T A .
. - o anisotropic trigonal crystal structure, giving it a predominant
and electrical properties of an individual layer can be ad-

justed and optimized separately. Especially chemical anci;.rowth direction along the main axis, with the tellurium par-

thus technological properties are determined by the pol mer'deS growing as needies. Anotheffet of its anisotropic
. 9 brop . - Yy IN€ POYMELy cture is an anisotropic behavior of electrical conductiv-
matrix, as long as the proportion of the filling agent is small

. . . ity, which iso. = 2 S cnT! along the main axis at room tem-
enough. The electrical properties are given by the type, struc- erature. while being lower by maanitudes along the other
ture and distribution of the conductive filling material. P ’ g y mag g

axes (Nussbaum, 1954). Te-needles were synthesized using
chemical reduction of telluric acid @TeG;) with hydrazine
(N2H,4) as presented by Mayers and Xia (2002). The chosen
synthesis procedure leads to a clean surface of the patrticles,
which is desired for good electrical contacts. The resulting
tellurium needles display a homogeneous size distribution at
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A. Nocke: Polymer composite based microbolometers 129

Table 1. Electrical properties of the examined materials at room temperature (300 K): baii;,gemperature cdcienter of resistance
and resistivityp.

Material EgleV] ar[%K™Y p[Qcm]  Reference

Te (c axis) 0.33 -2.45 2.0 Loferski (1954)

VO, 0.65 -4.19 ~ 100 Berglund and Guggenheim (1969)
Ag - 0.41 15x10°% Ashcroft and Mermin (2001)

diameters of 200—250 nm and length of w6. The parti-
cles’ aspect ratio, therefore, is ca. 25.

Polycrystalline vanadium dioxide particles with a size dis-
tribution from a few hundred nanometers to caut® are
commercially acquired with a purity of 99.9% based on
trace metals analysis, according to manufacturer informatior , um
(manufacturer: Aldrich). By means of a sedimentation pro-
cess, particles are separated depending on their size. The r
sulting particles have a maximum size qfi®, as can be seen
in Fig. 1b), and thus meet the above-mentioned geometricaligure 2. _Geometrictarget parameters for the microbolometer pixel
requirements of filling material. to be realized.

The silver particles used (manufacturer: Aldrich) were
also acquired commercially and have a silver content of a§mjdes are very stable against most solvents and high ten
least 99 % and a diameter of ca. 150 nm, according to manuperature strains{300°C) (Fukukawa and Ueda, 2008) and
facturer information. The particles have a high defect structherefore suitable for use as permanent, structuring carrig
ture and internal energy, causing a metastable, energetic, agayers, which are created in the first process step of the m
tivated powder, which may form agglomerates of a size ofcropolometer array manufacture.
approximately 1-am. Other polymers used in this work are the heat-cured two

The electrical properties of these materials are summagomponent Sylgard 184 (manufacturer: Dow Corning), with
rized in Table 1. the silicone polydimethylsiloxane (PDMS) being the main

component, and a p&ta wax purchased from Aldrich, with
a melting range of 70-8TC.

Carrier layer
\ Sensitive layer

Substrate

2 um

=

2.1.2 Polymers

The aspired requirement of realizing the individual sensor2-2 Technology

structures with just a few simple process steps is most easily technology chain was developed for the production of mi-
gttained by using filled photoresists. The structure transfet opolometer arrays whose sensitive layers are made from
is performed by UV exposure through a photomask. The ré+ectrically conductive polymer composites. As the therma
spective process step is reproducible and applicable in largg,sation of the sensitive area s key, any pixels have to be rd
scale. Furthermore, many photoresists can be cross-linkedji;eq as self-supporting structures. The construction scheme
making them chemically stable against solvents and givingys 5 self-supporting pixel is portrayed in Fig. 2.
them higher mechaljical solidity. The cross-linking reaction ko, the cost-fective production of microbolometer ar-
takes place either directly under UV exposure or by subsetays  established coating and structuring standard technolp
quentheatinput. ~_ gies for polymer processing were used, all of which are suit
One photoresist with the above-named properties is thgype for the simultaneous creation of several structures. In

AZ 1514 positive photoresist by Clariant, with the polymeric particular, the following aspects had to be considered fof
main component being Novolak. This photoresist is usetage polymer technologies:

as the polymer matrix of the microbolometer pixel’'s sensi-
tive layer. The special suitability of the AZ 1514 photoresist
stems from its capability to be thermally cross-linked into a
phenolic resin in the temperature range 120-16@fter its
lithographic structuring (Roy et al., 2003), which gives it ex-
tremely stable mechanical and chemical properties.
Another structuring polymer used is the Pyralin 2722 pho-

— Itis necessary that the individual polymer layers can beg
coated homogeneously in the desired thickness range
and easily structured laterally.

— The solvents and developers to be used must not dig
solve or macerate the previously produced layers.

toresist by HD MicroSystems. It is a negative photoresist
with polyimide (PI) for its polymeric main component. Poly-

WWW.j-sens-sens-syst.net/2/127/2013/

— The thermal stability of existent polymer layers has to
be ensured at any exposure to heat, which often occur
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130 A. Nocke: Polymer composite based microbolometers

1. Carrier polymer coating, 2. Sacrificial layer coating by 3. Removal of silicone mold
structuring (UV lithography) special molding technique = planar surface:
and thermal curing: (Micromolding in capillaries):
uv
bod ViV _ . e G
M NN NN\ Y e lver (gt
4. Thermal evaporation and 5. Coating with dissolved polymer- 6. Particle alignment by |—| Substrate
structuring of electrodes composite: dielectrophoresis:
(Lift-Off-Technique): I cicctrodes (Au)
Silicone mold
(PDMS)

7. Adjusting the sensitive layer 8. Structuring of sensitive layer by 9. Dissolution of sacrificial layer : acriﬁ;ial layer
thickness by spin-coating: UV lithography & thermal curing: by hexane: * (paraffin)
uv wlr wL Jx \lr \lr ~l( Sensitive layer

N

M "

Figure 3. Schematic portrayal of the individual process steps for the manufacture of microbolometer arrays under principal use of polymeric
materials and technologies; UV — ultraviolet, PDMS — polydimethylsiloxane.

in the coating of inorganic materials (e.g., the deposition2.3 Characterization

of electrodes). . .
) Electrical measurements were performed using the Elec-

The derived technology chain consists of seven elementarjrometer 617 with the testbox 8002A (manufacturer: Keith-
process steps (Fig. 3). Additional information can be foundley), which is well suited for high ohmic samples. For
in Nocke (2011). The technological process is based primartemperature-dependent measurements, a climate chamber
ily on the sacrificial layer technology, in which the sacrifi- HC0020 (manufacturer: Voetsch) with additional humidity
cial layer is removed during the final process step, creatingcontrol was used. All measurements were performed at 0%
the self-supporting structure. The micromolding in capillar- relative humidity to minimize humidity influence. Noise and
ies (MIMIC) stamping technology was chosen for layer for- responsivity characteristics were measured with the lock-in
mation and simultaneous structuring of the sacrificial layeramplifier 7265 DSP (manufacturer: EG&G Instruments). In
(Moonen et al., 2012). The sacrificial layer of heated, liquid order to establish the sensor parameters of a microbolome-
pardfin wax fills a pre-structured channel network, owing to ter pixel, the frequency-dependent responsiRgywas mea-
capillary action. Due to its low surface tension and viscos-sured metrologically by detecting the voltage response of a
ity, molten par&fin wax is particularly suitable for this struc- modulated IR radiation source (manufacturer: DIAS infrared
turing process. Furthermore, it displays favorable solubility System CS 500 with chopper wheel) with the lock-in ampli-
properties, as it is only soluble in alkanes and few other solfier 7265 DSP. The measurement was performed in an evac-
vents. Therefore, it barely limits the choice of possible or- uated measuring chamber at an ambient pressure lower than
ganic materials in the next process steps. 10Pa.

The electrically conductive networks in the sensitive poly-
mer composites are realized by means of a dielectrophoretig  Results and discussion
alignment of the filling particles. Thisflect is based on the
particles’ polarization in electrical fields and the resulting The main quality parameters of a microbolometer are the
electrostatic force. In inhomogeneous electrical fields andvoltage) responsivityr,, the detectivityD* and the noise
under suitable conditions, the resultant force causes the desquivalent temperature fterence (NETD) (Gerlach and
sired formation of particle chains between the field-forming Budzier, 2010). The responsivity of a sensor is defined by
electrodes (Pohl et al., 1978; Nocke et al., 2009). The aimthe change in its output in proportion to the change of the in-
of such an alignment is the creation of a conductive networkput parameter and therefore should preferably be high. For a
between appropriate electrodes at a preferably low filler load-microbolometer, these parameters are the output volirge
ing (here: 0.1 wt. % in relation to the polymer matrix), which and the radiation fluxbs, respectively. According to the re-
is essential for a technological malleability of the polymer lation
composite. dUo

a/a/RUB
R =
V" dos

1)
2

Gih+/1+ ngm
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Figure 4. (a) Temperature cdlicientar of resistance an¢b) spectral noise voltage densityg, (measured at 52 Hz) ar(d) influence on
detectivityD* o |ag| Ug /Urn Of @ microbolometer, calculated according to Eg. (3) in dependence on the resRafrtbe examined polymer
composites with homogenous particle distribution (hom.) and particles aligned by dielectrophoresis (Dep.).

Figure 5. Optical microscopic pictures of dielectrophoretically aligned particles between elect(ajiésiurium needles(b) vanadium
dioxide, and(c) silver particles.

with
Tth = Cin/Gih, 2 \/KPRV 1
the responsivityRy of a microbolometer depends on the ab- = ~ Urn “NETD’ ©)

sorption coéficienta, on the temperature cfieient ag of

resistance, on the bias voltagky, on the thermal conduc- wherefir, is the spectral noise voltage density aklis the
tanceG between the sensitive area and the surrounding mepjxel| size.

dia, on the heat capacity, of the microbolometer pixel, on

ws. The detectivityD* and the noise equivalent temperature filling particles as well as for composites with particles
difference (NETD) are sensor parameters typically used tgigned between the electrodes by dielectrophoresis (Fig. 5

characterize the overall sensor performance by taking into  Stemming from the temperature dependence of the resi<.

account its ratio of measurement and noise signal. The cortance behavior (Fig. 4a) and additional measurements of th
responding basic relation is given by current-voltage characteristics (Nocke, 2011), the respectiv

WWW.j-sens-sens-syst.net/2/127/2013/ J. Sens. Sens. Syst., 2, 127-135, 2013
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132 A. Nocke: Polymer composite based microbolometers

Ag
particles

Figure 6. Microscopic pictures of the polymer composite based microbolometers realized: SEM-vidajstioé 2x 2 array, andb) a
magpnified individual pixel with a sensitive layer containing aligned silver particles, view of the structures at a tilting anglaaioss the
top view; optical microscopic pictures of individual pixels with aligrejitellurium needles(d) vanadium dioxide patrticles ar{g) silver
particles in the sensitive polymer composite.

composites could be connected to individual dominant con-
duction mechanisms:

— Intellurium composites, the electric conductivity is con-
siderably influenced by potential barriers between the
particles. The related hopping conductivity mechanism
exhibits a characteristic exponential relation of the re-
sistanceR and its temperature cficientag (Mott and FREET
Davis, 1979).

— In vanadium oxide composites, the measured temper-
ature cofficient ag corresponds approximately with
the value of the filling material, which igryvo, = Figure 7. Confocal microscopic view of the surface topography
-4.19% K1. Therefore, the total conductivity of these of a microbolometer pixel with a sensitive layer containing aligned
composites is determined largely by the semiconductingtellurium needles.
properties of the vanadium dioxide.

— The electrical properties of silver composites are char-Process is reproducible, independent of the filling material
acterized by the metallic conductivity mechanism of Used. The square pixel surface approz)(lm.ately conforms to
the particles, which exhibit a positive and, relative the specified measurements ofX480um=. Figure 6a and b

to amount, small temperature d¢beient of resistance ~Shows tilted scanning electron microscope (SEM) pictures of
Rrag Of 0.41% KL, the microbolometer pixels filled with silver particles, prov-

ing the self-supporting nature of these structures. The rough-

The noise spectra of all composites display significaift 1 ness of the contact arms is caused brdction dfects oc-
dependence. The noise levels of silver composites are loweturring during the photolithographic process. The character-
by magnitudes compared to those of composites with semiistics of the surface topography are examined in the example
conducting filling particles (Fig. 4b). The resulting influence of a pixel with aligned tellurium needles (Fig. 7). The pixel
on detectivityD* (Fig. 4c) is greater than thefteérences in  has the desired layer thickness ofr2 and runs above the
the temperature cdiécient of resistancexg. The detected trench without significant bending. The trench has a depth of
electrical behavior of the polymer composites has provenca. 4.5um.
largely independent of the variety of particle distribution. Table 2 shows the application-relevant electrical and ther-

Microscopic pictures of the produced2 microbolome-  mal sensor properties (see also Nocke, 2011). The relevant
ter arrays with the dielectrophoretically aligned filling ma- thermal parameters of the microbolometer arrays, thermal
terials tellurium needles, vanadium oxide and silver parti-conductanceGy, between the sensitive area, and the sur-
cles are shown in Fig. 6. They verify that the technological rounding carrier layer and heat capady; of the sensitive

4,44
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Table 2. Electrical and thermal properties of realized polymer composite based microbolometers; calculation of sensor resg&paivities
detectivitiesD* according to the Egs. (1) and (3); assumed absorptiofiicieaita = 1.

Filling material Te needles VEparticles  Ag particles
Bolometer resistandgs (293 K) [Q]* 75+1.6x10° 28+10x10° 820+200
Temperature cdBcientag of resistance (293K) [%0K]* -1.4+0.1 -39+0.1 051+0.02

Bias voltageUg [V]* 9 9 0.5

Thermal conductand8y, [W K 1] 46x10° 46x10° 46x10°

Heat capacityCi, [J K™ 6.1x10° 6.1x107° 6.1x10°
Thermal time constant, [s] 1.3x10°3 1.3x10°3 1.3x10°%/1.1x 10
ResponsivityR, (f = 50 Hz) [V W] 25x 10 7.6x 10 4.8x107/2x 107
Spectral noise voltage densiig, 1.7x10°3 8.1x10° 85x10%

(f =50 Hz) [V HZ ¥?]*

Detectivity D* (f = 50 Hz) [cm HZ/2W~1] 59x 10 35x10° 21x10

NETD [K] (Nocke, 2011) 2Ax 108 41 6.7

* Measured values; statistical values refer to the four pixels of the respective array.

10 10 10
- R,
b g,y
L o
= N,
~ I
'—'c £
= 9,
5
\ Q
..
]
| —
= . |
+10 10
10° 10° 10’ 108 10° 10°
a) fIHz1 b) 1[Hz]

Figure 8. (a) Measured responsivifg, and spectral noise voltage dendity and(b) calculational derived detectivit* for a microbolome-
ter pixel with a sensitive polymer layer containing dielectrophoretically aligned silver particles; bias w#age.5 V, bolometer resistance
Rs = 820Q.

layer are determined from the pixel dimensions and the re-dioxide composites display the greatest responskitydue
spective material parameters. The calculated thermal parante their high temperature cfiicient of resistancer.

eters results in a thermal time constantrgf= 1.3 ms. The The sensor characteristics of a microbolometer pixel in
responsivitiedy of the produced microbolometer arrays are terms of responsivity and spectral noise voltage density wer
calculated according to Eqg. (1), using the electrical param-measured exemplarily on a pixel structure filled with silver
eters of bolometer resistan&g, temperature cdicient of particles (Fig. 8a). At low frequencies, the detected respon
resistancerg, and bias voltagéJg determined in practice, sivity is approximately frequency-independent with a value
as well as calculated thermal parameters. The responsivitgf ca. Ry = 2x 10° VWL, The distinct low-pass behavior
values of the composites filled with tellurium and vanadium sets in at a critical frequency of ca. 1.5kHz, corresponding
oxide filling materials are approximately two orders of mag- to a (thermal) time constant of, = 0.11 ms. The subsequent
nitude above those of sensitive silver composites. Tliisdi  detectivity of the measured pixel was calculated according
ence results from the smaller (according to amount) temperto Eqg. (3). As can be seen in Fig. 8b, it shows a strong
ature cofficient of resistancer and the lower bias voltage frequency-dependencéfacted by the Af noise character-
Ug for the values with silver composite. istic and the dynamic behavior of the responsivity.

For the given similar geometric structures, the relation of While the measured responsivity is in a range comparabl
the individual distinctive sensor parameters results from theto the previously calculated one, the measured time constant
electrical properties of the respective polymer compositess approximately one order of magnitude smaller than the cal
shown in Fig. 4. Thus, the silver composites, due to their little culated one (Table 2). The deviations can be traced back to
noise behavior, have highest detectivity and therefore the  erroneous estimates of thermal influences or the presumptign
smallest NETD. The microbolometer arrays with vanadium

M

D
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134 A. Nocke: Polymer composite based microbolometers

of an optimum wavelength-independent absorptionffcoe pixel structures. Thus, future inquiries will have to aim at fur-
cient. ther optimization of the polymer-based manufacturing pro-
In comparison to values from the relevant literature, cess for microbolometer arrays described herein. Concerning
which places conventional microbolometers’ NETD values the reduction of noise levels in the composites with semicon-
at around 30-100 mK (Gerlach and Budzier, 2010), funda-ducting filling particles, the number and energetic height of
mentally higher NETD values were observed. One essentiapotential barriers within the conductive network have to be
reason for this lies in the higher thermal conductances of theeduced, as they are major factors in the noise behavior be-
contact arms of the design presented here. Furthermore, theveen particles. One possible approach to this is to perform
noise levels of polymer composites with semiconducting fill- the chemical synthesis (of the sensitive semiconductors) in
ing particles are higher than those of semiconducting senthe vicinity of the microbolometer pixels themselves, lead-
sitive layers in conventional microbolometers. The same re-ding to barrier-free conducting paths with reduced bolome-
lation holds true with regards to the organic sensitive layerter resistances. An alternative iffered by depositing the
consisting of pyrolyzed parylene C (Liger, 2006). The NETD thermoresistive layer in a separate step below or above the
value comparison of microbolometers with metallic sensi- self-supporting polymer layer. With such a constructional ap-
tive layers shows the smallestigirences: NETE 500 mK proach, the simple technology chain developed in this project
(microbolometer with sensitive titanium layer: Mansi et al., could be used for the manufacture of self-supporting polymer
2003) as opposed to NETH6.7 K (microbolometer pixel layers. Thanks to the relevant photoresist’s great temperature
with silver composite). These metallic sensitive layers arestability for organic materials, conventional deposition meth-
distinguished by their very low noise levels. ods known from CMOS technology could be used, as appli-
cable.
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