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Abstract

We have successfully integrated a thermally insulating silica aerogel thin film into a new uncooled monolithic thin film infrared (IR)
imaging device. We have calculated noise equivalent temperature differences of 0.04-0.10°C from a variety of Pb,Zr,Ti;_,O5; (PZT) and
Pb,La;_,Zr,Ti; O3 (PLZT) pyroelectric imaging elements in these monolithic structures. The low thermal conductivity of the aerogel films
should also result in a significantly faster temporal response as well. Fabrication of these monolithic devices entails sol-gel deposition of the
aerogel, sputter deposition of the electrodes, and solution chemistry deposition of the pyroelectric element. Consistent pyroelectric response
across the device is achieved by use of appropriate deposition and planarization techniques of these three layers. Adjusting the chemistry and
deposition process of the aerogel thin film had the greatest effect on large-scale uniformity and performance across the device. Sputter
depositing a planarization layer on top of the aerogel offered only minimal improvement in reducing surface roughness. However, using
solution chemistry to deposit multiple thin coatings of PZT for the imaging element resulted in a visible reduction in scattering and 80—100%

pixel yield. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Uncooled pyroelectric IR imaging systems, such as night
vision goggles, offer important strategic advantages in
battlefield scenarios and reconnaissance surveys. Inexpen-
sive uncooled IR imaging arrays also would be useful in
commercial applications such as emergency (fire) rescue
equipment, medical imaging systems, security surveillance
systems, and imaging systems for cars, ships and aircraft.

Pyroelectric detectors offer excellent performance at
room temperature and do not require cooling. They are
suitable for small, light-weight detection systems that are
reliable and require minimal power. Unfortunately, these
detectors have been difficult and costly to fabricate. The
pyroelectric detectors that are presently available consist
of a laser-reticulated barium strontium titanate (BST) cera-
mic that is flat-lapped to a thickness of <20 wm and then
indium bump-bonded to an integrated circuit [1]. This diffi-
cult fabrication process results in low yield, high cost and
limited spatial resolution (48 wm pixel size).

Our new monolithic pyroelectric imaging device is

* Corresponding author. Tel.: +1 505 2727609; fax: +1 505 2727304
e-mail: jaruffn@sandia.gov.

shown schematically in Fig. 1 [2,3]. A silica aerogel thin
film is deposited in order to provide effective thermal isola-
tion between an oxidized silicon substrate and the overlying
pyroelectric imaging element. The thermal isolation enables
the pyroelectric element to achieve the maximum thermal
and temporal resolution for the imaging device. An etch stop
layer is then deposited to enable subsequent processing into
a 2D array. This is followed by deposition of a bottom
electrode stack, thin film pyroelectric imaging element
and top electrode. Finally a blacking layer is deposited to
enable the conversion of thermal radiation at the appropriate
wavelengths into a heat signal (AT).

Recently, Prakash et al. demonstrated aerogel thin film
deposition, whereby 0.4-2 pm thickness silica aerogel films
with up to 98% porosity may be rapidly deposited onto
silicon wafers [4,5]. The thermal conductivity of an aerogel
has been shown to decrease linearly as porosity increases
[6]. For porosity levels of 75-98%, silica aerogels offer
better thermal insulation than stagnant air which is used as
the thermal insulation material in self-support microbridge
structures [7-9]. In addition, our monolithic stack is more
robust and easier to fabricate than the microbridge struc-
tures.

Compared to commercially available bulk BST imaging
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Fig. 1. Schematic of monolithic uncooled infrared imaging device with
silica aerogel thermal isolation layer.

elements, the thin film pyroelectric imaging element in our
monolithic device is much thinner (=1 pm compared to 20
wm) and has a lower thermal mass [1]. This results in 20-50
times faster response times and larger voltage responses.
The noise equivalent temperature difference (NETD) of
the present detector is 0.07°C compared with 0.1°C in the
BST device, indicating a 43% increase in the signal-to-noise
ratio.

The fully integrated design of the present monolithic
uncooled IR detector should enable mass production using
semiconductor processing technology. This should result in
excellent spatial resolution (4 pwm pixel size) at a greatly
reduced cost (estimated at $10-50/array).

2. Experimental
2.1. Integrated device considerations

There were a number of material and processing issues
that were considered prior to design and fabrication of this
monolithic structure. In particular, the porous nature of the
aerogel thin film must be preserved. Therefore, all proces-
sing performed after deposition of the aerogel took place at
temperatures that would not cause the aerogel’s silica
framework to densify and collapse (T < 600°C). Next, an
intermediate sputter deposition step was performed to seal
the top surface of the aerogel and prevent permeation of
solutions used for subsequent depositions into the aerogel.
Finally, the aerogel surface was made sufficiently smooth by
developing appropriate deposition and planarization techni-
ques for the aerogel, electrode stack and pyroelectric
element.

2.2. Development of aerogels

Silica aerogel thin films were deposited by dip coating
and spin coating onto thermally-oxidized silicon wafers,
following the procedure described in detail elsewhere
[2,4,5]. A silicon-based aerogel was chosen for this applica-

tion because of its similar chemistry to the Si used for the
integrated circuitry.

Briefly, the preparation of the aerogel thin films consists
of the following steps:

1. Preparation of the chemical solution — stock solution,
ethanol and a base catalyst are mixed together.
2. Preparation of the gel — NH,OH is added to promote
gelation.
. Pore fluid exchange — the gel is washed thoroughly.
4. Surface derivatization — the gel is soaked in trimethyl-
chlorosilane (TMCS) in hexane and then washed.
. Sonication — the gel is ultrasonicated to redisperse sol.
6. Spin- and dip-coating depositions — oxidized silicon
wafers are coated with sol.
7. Pyrolyzing the aerogel thin film — thin film is pyrolyzed
at 450°C for 1 h.

W

9

The thicknesses and refractive indices of the aerogel films
were measured using a Gaertner L116C ellipsometer. The
volume porosity was calculated from the refractive indices
using the Lorentz—Lorenz equation. Thickness values for
preliminary samples were verified using a Hitachi S-4500
field emitter scanning electron microscope, while a Nano-
scope II atomic force microscope (AFM) was used to char-
acterize the surface structure of the aerogel thin films.

2.3. Planarization of the aerogel surface

The aerogel surface must be sufficiently smooth so that
overlying layers are continuous and uniform in thickness.
Three different techniques were used to minimize the rough-
ness within the stack: modifying the aerogel deposition
conditions, planarizing the aerogel surface using sputter
deposition techniques, and planarizing the stack using solu-
tion chemistry deposition.

First, the deposition conditions of the aerogel layer itself
were modified to reduce roughness. Initial attempts at
deposition of the aerogel thin film using dip-coating techni-
ques resulted in a ribbed pattern in which striations of vari-
able thickness ran perpendicular to the direction of pull. In
order to avoid this, we used a lower volatility solvent,
heptane, instead of hexane in the surface derivatization
and all subsequent steps. In addition, spin-coating was
used in place of dip-coating for all subsequent aerogel films.

Second, a variety of sputter deposition techniques were
used in an attempt to deposit a smooth thin film coating onto
the relatively rough aerogel surface. TiO, was chosen as the
planarization layer because of its chemical compatibility
with silica and its effectiveness as an etch stop layer for
subsequent device processing. Three different thicknesses
(100, 500 and 1000 nm) of TiO, layers were deposited in
order to test the effect of thickness on the rms surface rough-
ness. In addition, TiO, films were deposited onto biased
substrates (0, —75 and —150 VDC) in an attempt to form
smooth films on the relatively rough aerogel surface. Bias-
ing the substrate causes loosely bound atoms (e.g. those on a
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Fig. 2. Scanning electron micrographs of silica aerogel films deposited using (a) TMCS (rms surface roughness = 8.1 nm) and (b) hexamethyldisilazane (rms

surface roughness = 18.6 nm) for surface derivatization.

sloped surface) to be ejected, or resputtered, from the thin
film surface [10]. This has the effect of covering steps and
planarizing a rough surface as film growth proceeds.

The planarization layers were sputter deposited onto
silica aerogel films using previously described parameters
[3] in a UniFilm PVD-300 Multi-Source Sputter System
with a base pressure of 4 X 10~ °Pa. The aerogel thin films
were heated to 250°C in vacuum for 1 h prior to deposition
in order to drive off water from the porous aerogel structure
and to enhance adhesion of the overlying sputtered coatings.
The planarization layer and bottom electrode stack consist-
ing of titanium/platinum/and Laj;SrysCoO3;(LSCO) then
were deposited at ambient temperature. The rms surface
roughness of the resultant layers was measured using an
AFM.

Finally, the solution deposition of the pyroelectric
imaging elements was used to fill the low spots in the mono-
lithic structure, thereby planarizing its surface. Following
the concept of other solution—deposition work used to
planarize rough surfaces [11], multiple thin coatings of
PZT were deposited by use of more dilute 0.1 M solutions.
Individual layers were heated on a hot plate to 300°C
between depositions, and crystallized by heating to 550°C
for 30 min after every three to four layers.

2.4. Deposition and testing of pyroelectric imaging elements

Integrated ferroelectric thin films possess high pyroelec-
tric coefficients and small thermal masses which make them
attractive for infrared imaging applications [12,13]. The
pyroelectric imaging element used in these devices was
selected on the basis of its pyroelectric response over the
operational temperature range (~0-40°C) of the sensor.
Lead zirconate titanate (PZT: Pb,Zr,Ti;—,O;) and lead
lanthanum zirconate titanate (PLZT: Pb,La, ,Zr,Ti; ,O5)
were the materials of choice. The pyroelectric response of
these materials can be optimized by adjusting the composi-
tion, and both can be pyrolyzed at temperatures that do not
adversely affect the underlying silica aerogel thin film
(T < 600°C). PZT and PLZT compositions offer good pyro-

electric responses and have been investigated extensively
[14].

PZT thin films were deposited by solution deposition
using a method described by Schwartz et al. [15]. Solutions
of 0.4 M concentration were spin coated at 3000 rev./min
onto substrates such as platinized silicon. It was possible
reproducibly to deposit 100 nm thick high quality PZT
films. For deposition on the electroded aerogels, however,
modifications were necessary to address film stress and elec-
trode smoothness issues. Typically, multiple layers of 0.1 M
solutions were spin coated on the electroded aerogel
substrates, with hot plate treatments to 300°C between
each layer, and crystallization at 550°C for 30 min every
third layer. Films of 100400 nm thickness were produced
by repeating this cycle.

Samples then were electrically characterized for dielec-
tric and ferroelectric properties using a Hewlett—Packard
4284A precision LCR meter and a Radiant Technologies
RT-66A test unit, respectively. Pyroelectric measurements
were obtained using the Byer—Roundy method, using a
computer-controlled Signatone hot stage for linear heating
and cooling ramp rates, and a Keithley 236 source measure
unit to monitor current. Samples were poled at 300 kV/cm
for 30 s, and held 15 min after poling before pyroelectric
measurement. Pyroelectric measurements were repeated
three times on heating and cooling to avoid any current
transients associated with the film poling process. From
these measurements, the noise equivalent temperature
difference (NETD) of an imaging array was calculated
[16,17]. NETD is defined as the thermal signal required to
equal the inherent electronic noise in a detector (i.e. signal-
to-noise ratio = 1). For device applications, high sensitivity
may be expressed as a low NETD.

3. Results and discussion
3.1. Performance and planarization of the aerogel surfaces

The adhesion of the silica aerogel thin films to the under-
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Table 1

Rms surface roughness values for various layers within multilayered structure for different planarization layers

Planarization layer (nm TiO,) Bias voltage (VDC) Aerogel rms roughness (nm) Planarization

Pt rms roughness (nm) LSCO rms roughness (nm)
layer rms
roughness (nm)

100 0 11.1
500 0 ~11
1000 0 11.6
1000 =75 13.7
1000 —150 11.9

9.7 8.9 10.3
8.9 9.4

22.3 232 26.7
9.3 10.9
10.3 10.6

lying oxidized silicon wafer was highly dependent upon the
initial substrate cleaning procedure. Oxidized silicon wafers
that were simply rinsed in a stream of ethanol for 1 min prior
to aerogel deposition would delaminate at the aerogel/
substrate interface during the subsequent anneal of LSCO
to 550°C. Cleaning the oxidized wafers in a UV ozone oven
for 30 min prior to aerogel deposition greatly improved
adhesion and survivability during all subsequent processing
steps in this monolithic thin film structure. The improve-
ment in adhesion can likely be attributed to the effectiveness
of the UV ozone cleaning process in removing organic
contaminants from substrate surfaces [18,19].

The aerogel films deposited using heptane are uniform in
thickness with a maximum variation of about 10%. They are
completely free of visible striations and AFM analysis indi-
cates that the rms roughness is =10 nm for these films. The
films are ~0.8 pwm thick with a porosity of approximately
83%. A typical aerogel surface is shown in Fig. 2a. More
recently, researchers have developed a new surface deriva-
tization process using hexamethyldisilazane instead of
TMCS in the surface derivatization step which results in
thicker and more uniform aerogel films with porosities of
90%. The microstructure of aerogels deposited using the
new process is shown in Fig. 2b. Although the rms surface
roughness is higher than for those deposited using TMCS
(18.6 nm compared with 8.1 nm), the greater thicknesses,
higher porosities and better overall large-scale uniformity
across the wafer make this a promising new technique for
aerogel deposition [20].

We were able to sputter deposit multilayered thin film
stacks directly on top of silica aerogel thin films. The sput-
ter-deposited planarization, adhesion, and electrode layers
effectively sealed the porous top surface of the aerogel and
enabled subsequent solution chemistry deposition of the
pyroelectric imaging element. To our knowledge, this repre-
sents the first successful integration of aerogel films with
these two other deposition techniques. The resultant mono-
lithic structures proved to be robust for processing tempera-
tures of up to 550°C.

TiO, thin films of various thicknesses and processing
conditions were deposited directly onto aerogel layers in
order to determine their effectiveness at sealing and planar-
izing the aerogel surface. The resultant rms surface rough-

nesses for the planarization and overlying platinum and
LSCO layers are summarized in Table 1.

The measured rms surface roughnesses of all aerogel
films were nearly equal as expected. The surface roughness
of the TiO, planarization layer was found to be highly
dependent upon its thickness. Increasing the thickness
from 100 to 1000 nm resulted in over twice the rms rough-
ness (from 9.7 nm to 22.3 nm). Applying a bias voltage
(=75 VDC) to the substrate significantly reduced the rough-
ness of the much thicker samples (from 22.3 nm down to 9.3
nm). Increasing the bias voltage to —150 VDC did not
reduce the roughness further, suggesting that charging of
the substrate may have occurred for the higher bias voltage.
The surface roughness of the uppermost LSCO layer was
found to be ~10 nm for most samples measured over a 20 X
20 wm scan area. While sputter deposition of the TiO, layer,
even onto a biased substrate, did not reduce the overall
surface roughness significantly, it did result in a sufficiently
smooth surface for subsequent solution chemistry deposi-
tion of the pyroelectric imaging element. In addition, sputter
deposition of the TiO, layer and bottom electrode layers
effectively sealed the aerogel layer, thereby preventing
permeation of the PZT and PLZT solutions into the porous
aerogel structure.
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Fig. 3. Hysteresis loops for 200 nm PZT 40/60 on LSCO//Pt//substrate for
MgO, aerogel and Si substrates.
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Table 2
Measured PZT-based thin film pyroelectric values

a

Thin film Substrate p(pClem’K) Fy(cm%C) NETD(calculated) (°C)
PZT 85/15 P/Si 0.012 95 0.17

PZT 30/70 PU/Si 0.034 184 0.09

PLZT 4/50/50 PYSi 0.040 196 0.08

PLZT 3/30/70 PU/Si 0.060 272 0.06

PTaZT 4/50/50 P/Si 0.064 313 0.05

PLZT 5/30/70 LSCO/PY/MgO 0.071 475 0.04*

PZT 40/60 LSCO/Pt/aerogel/Si 0.030 219 0.07

* Measured on first heating of film.

In spite of the low rms surface roughness, the LSCO//Pt//
aerogel//Si substrates appeared to exhibit longer-range
surface roughness as suggested by diffuse reflection of back-
ground light. Initial use of 0.4 M solutions to deposit 100—
400 nm PZT layers on the electroded aerogels gave rise to
low yields and extensive shorting of PZT film capacitors.
Following the concept of other solution-deposition work
used to planarize rough surfaces [11], multiple thin coatings
of PZT were deposited by use of more dilute solutions. The
resultant PZT thin films exhibited little specular scattering,
and displayed 80-100% pixel yield as a result of increased
uniformity.

3.2. Performance of pyroelectric imaging elements

A composite PZT//LSCO//Pt//aerogel//silicon structure
was fabricated by this process. A 0.4 mm thick PZT film
was produced by firing at 550°C for 30 min on the elec-
troded 0.4 wm aerogel film. The PZT film is characterized
by a 0.3 pm grain size and appears to be single phase
Pb(Zry 4Tio )O3, without evidence of pyrochlore or fluorite
phases. The fine grain size suggests monodomain PZT
grains may result, which would be advantageous if orienta-
tion can be controlled.

Ferroelectric properties of these thin films on LSCO//Pt//
aerogel//Si substrates were compared with identically -
processed PZT layers deposited on LSCO//Pt//Si substrates
and LSCO//Pt//MgO substrates to gain an understanding of
substrate stress effects on ferroelectric properties [21,22].
We observed that PZT films deposited on high thermal
expansion coefficient oxide substrates such as MgO and
Al,O; are in compressive stress on cooling to room tempera-
ture, inducing c-axis orientation and square hysteresis loops
with a large P; as shown in Fig. 3. In contrast, films depos-
ited on platinized silicon substrates are typically in tensile
stress, resulting in a-axis orientation and flatter hysteresis
loops. It was hoped in the current research that use of an
aerogel thin film might elastically decouple the PZT film
from the underlying silicon substrate, resulting in enhanced
ferroelectric and pyroelectric properties. The hysteresis loop
for the aerogel-coated silicon substrate shown in Fig. 3
indicates an intermediate ferroelectric response. While
some modest stress decoupling may be responsible for the

shape of the hysteresis loop on the aerogel, the overall shape
is more akin to PZT in tensile stress on silicon. Thin film X-
ray diffraction indicated the film to be dominantly a-axis
oriented atop the aerogel, further confirming this possibility.

Pyroelectric measurements were obtained for a variety of
PZT-based compositions on platinized silicon and MgO,
and for Pb(Zr4Tip)O3 on the aerogel structure. Pyroelec-
tric measurements (p), voltage Fig.s of merit (F,) and calcu-
lated NETD values for several compositions are shown in
Table 2. Films of Pb(Zr, 4Tiy6)O3 on the electroded aerogel
displayed a pyroelectric coefficient of 30 nC/cm’K, and a
calculated NETD of 0.07°C, assuming f/1.0 optics, G = 5 X
10® W/K thermal conductance, and a 50 wm pixel size. The
thermal conductance value used, typical of air-gap struc-
tures, is probably conservative, since aerogels potentially
offer even lower thermal conductivity. Several other PZT
compositions appear to show promise for achieving similar
NETD values as well.

4. Conclusions

We have fabricated several monolithic structures for
uncooled infrared imaging that utilize silica aerogel thin
films as thermal isolation layers for the first time. We
were able to implement other deposition processes, includ-
ing sputtering and solution chemistry, with the aerogel thin
films to build monolithic stack structures. The resultant
structures showed excellent pyroelectric response with an
NETD value of 0.7°C. This represents a 43% increase in the
signal-to-noise ratio offered by commercially-available
uncooled infrared imaging systems. In addition, the ability
to fabricate this device using standard thin film deposition
techniques and to process the device into a fully integrated
2D imaging array using standard semiconductor techniques
promises to reduce the cost and increase commercial avail-
ability of these sensors dramatically.
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