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ABsmCT(u) 

(u) Several precision machining techniques have been applied to barium 
strontium titanate wafers as deterministic replacements for lapping, polishing 
and reticulation. Surface finishes approaching polish quaIity have been achieved 
in less time than normally required, leading to potentially lower manufacturing 
costs for uncooled WA's. 

INTRODUCTION 

(v) Uncooled infrared imaging systems are a technology focus area with both military and commercial 
applications. In particular, the advent of low cost thermal imagers will allow faster penetration into the consumer 
sector. A promising material for these detectors is barium strontium titanate (BST) in a pyroelectric configuration. 
The current processing procedures include several rigorous grinding and polishing iterations with successively 
smaller abrasives. Additionally, laser reticulation is employed for generating pixels on the substrate. The repetitive 
nature of polishing schemes raises the end-product cost. An alternative deterministic material removal technique that 
can displace these steps is ductile regime grinding. This emerging technology is already being applied in the optics 
industry and employs ultraprecision machining to provide excellent surface fmish with minimum residual 
surfadsubsurface damage. Comparisons in material removal rates, surface fmish, subsurface damage and residual 
stresses are made among ductile grinding and conventional polishing. Alternate fmishing technologies of single 
point diamond tuning and ion beam milling are explored. 

(U) BACKGROUND 

(v) Barium strontium titanate (BST) is a Perovskite structure pyroelectric material used in pyrdetector 
applicati0ns.l The permittivity and polarization change rapidly near the cubic-tetragonal phase transition (20-22'C), 
making it the most sensitive regime for operation depending upon applied voltage? Texas Instruments has utilized 
BST as a pyroelectric in some infrared (7-12 pn) imaging night vision systems it produces. In this technology the 
pixel electrical charge changes with variations in temperature. The actual sensing mechanism is the change in 
capacitance. The detector is assembled with an infrared absorber metal which converts the incident radiation into heat 
and is bonded to an IC which detects and amplifies the generated charge change. Thermal imaging is accomplished 

1L. M. Sheppard, "Advances in Processing of Ferroelectric Thin Films", American Ceramic Society-Ceramic 
Bulletin, Vol. 71, No.1, pp 85-95, 1992. 
2R. Owen et al., 'I Producibility Advances in Hybrid Uncooled I n h e d  Devices", SPIE Conference Proceedings 
(#2225-lo), Infrared Detectors and Focal Plane Arrays 111, held Oralndo, FL, April 1994, to be published. 
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by utilizing an array of such pixels as a point in the image when placed in the focal plane of an infrared optical 
system. Texas Instruments reports an 80,000 pixel array has been achieved in a 25.4 mm square package. 

technology for finishing barium strontium titanate detector substrates to a polish quality in reduced time and at 
reduced cost. In addition, alternate precision machining technologies (single point diamond turning and ion beam 
milling) were investigated for comparative purposes. Ion beam milling is an potential candidate for pixel 
reticulation. 

(U) The purpose of this work was to investigate the feasibility of applying ductile grinding as an alternate 

PROCESSING OF BST DETECTORS 

(U) The processing of infrared detectors from BST die and wafers is evolving? We are interested in how the 
current BST grinding and polishing steps affect or limit the material as an IR detector material (due to the influence 
of subsurface damage). At present the processing scheme can be summarized as a series of pixel reticulation and 
facial planing operations. Initially, BST wafers approximately 100 mm diameter are back-ground in order to flatten 
one side prior to flipping the wafer for subsequent processing. A spincoated resist is applied to protect the critical 
frontface during handling. Stock material up to several hundred microns thick is polished to a depth beneath any 
damage layer. Laser reticulation is used to define the pixel array and a filler material is applied. The filler is then 
polished away to the BST surface and a thin metal coating (the common electrode) is applied. Additional optical 
coatings are also deposited. The BST die is then bonded to carrier glass and the back is thinned away to a thickness 
on the order of 20 p. Indium bumpbonds are deposited and the filer is etched away for application to the integrated 
chip. It is noted that tensile stresses induced in the wafer during polishing can cause the pixel array to separate as the 
material is thinned away and the stresses are relieved. 

(U) PRECISION TECHNOLOGY FOR DUCTILE REMOVAL OF BRITTLE MATERIALS 

The concept of ductile grinding is applicable to brittle materials and is driven by stringent maintenance 
of a critical “depth of cut” or chip thickness during machining. Such requirements dictate use of ultraprecision 
fabrication techniques employing high stiffness platforms with nanometer positioning accuracy. Research has 
shown that for many brittle materials, machining on a scale smaller than the critical dimension induces energetically- 
favorable material removal by plastic shear rather than brittle fracture. The result is improved surface finish (order of 
c1WA RMS), reduced damage and residual stresses, and with more controllable levels of removal. This technique 
has now been applied to BST substrates for use in pyroelectric sensors. Additional benefits of this machining 
technique include precision flatness, parallelism and control of wafer thickness variations. 

Such materials (e.g. glass, ceramics and certain metals) are not ductile and will not machine by plastic flow when cut 
with a single point diamond tool. Tool wear becomes excessive and the resulting surface reflects both surface 
roughness and subsurface microdamage. In addition, brittle removal tends to occur by microcrack propagation, crack 
intersection and spalling. These mechanisms are not conducive to predictable and repeatable “deterministic” removal 
(ie. the material removed is the exact volume prescribed by the tool’s path through the part). 

(U) The conventional form of material removal in brittle substances is by fracture, on some small scale. 

0 Consequently an alternate mechanism is mandated for brittle materials that is amenable to good surface 
finish and minimal damage. Such an enabling technology is being developed in the form of ductile regime grinding, 
plastic flow grinding or shear-mode grinding. The driving principle behind ductile removal in brittle materials is the 
greatly reduced scale of machining, where the energetically favorable mode become one of plastic shear. Below some 
material-dependent critical dimension, the brittle-toductile transition occurs. This dimension is often denoted as dc 
and is called the critical depth of cut or infeed. In reality though, consideration of the critical dimension applies to 
more than just the downward thickness of the chip. It can also involve the chip size in the crossfeeding direction. 
Importantly, the critical dimension can be modeled as a function of the machining parameters and of the mechanical 
properties of the material. For glass-like substances such as fused silica and borosilicates, this dimension is on the 
order of 10 nanometers (nm). It grows to about 100-200 nm for silicon carbide, a popular engineering ceramic. 

3Personal telecommunication with D. Witter and S. Casey, Texas Instruments, Dallas, TX, June 1992-July 1994. 





Clearly, the base machinery for performing these operations must exhibit a high degree of dimensional stability, 
high stiffness (low deflection under form), nanometer-level position accuracy and ultraprecise control. 

(U) Over the past few decades, the technology was developed hgely for glass grinding but has shown even 
greater promise for ceramics, especially silicon-based compounds. A significant body of work is being generated on 
the ductile grinding of silicon carbide for reflective optics with excellent results in terms of finish, figure accuracy, 
scatter and minimal/zero subsurface damage. Additionally, ductile grinding can be applied to the generation of 
transmissive optics from IR materials like zinc selenide and zinc sulfide (window materials, which are diamond- 
turnable) or sapphire (domes). Further, engineering ceramics such as silicon nitride are being considered for 
spacecraft bearings and other structural uses. The ability to manufacture seeker/surveillance components to precision 
tolerances without residual micro-fracture damage is important for mechanical strength integrity under launch loads 
and cryogenic temperatures. 

0 MATERIAL CHARACTERIZATION 

(U) The morpohology of the BST is revealed in the scanning electron microscopy of a finely ground 
specimen which illustrates significant porosity and apparent surface roughness (Fig. 1). BST does not appear to be a 
two-phase material. Rather, the SEM indicates porosity and/or ruptures (10 pm) and smaller inclusions of unknown 
origin. 

Figure 1. (U) SEM of precision ground BST specimen (looOX) 

(U) DETERMINATION OF CRITICAL MECHANICAL PROPERTIES 

(U) As a preliminary step some important mechanical properties of BST were determined, including 
hardness and elastic modulus. Finely ground specimens of BST were indented with a Nanoindenterm. The 
Nanoindenter utilizes a Berkovich diamond tip and fine control piezoelectric actuators to acquire time-dependent 
surface properties under indenter loads. Results are calibrated against fused silica which provides repeatable load- 
displacement behavior. The indenter is highly sensitive to surface roughness of the specimen and results can be 
skewed for non-polished surfaces. The mean hardness of BST was estimated to be about 10 GPa and the mean elastic 
modulus was estimated at approximately 225 GPa However, the summary statistics reveal significant error bars 
that cast doubt on these values (Figs. 2 and 3). 
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Figure 2. (U) Mean hardness of BST as 
function of indenter Ioad 

Figure 3. 0 Mean modulus of BST 
as function of indenter load 

0 Taken together, the hardness and brittleness of BST drive its characteristic removal in the brittle regime 
using conventional techniques. The critical chip thickness dc can be computed using the e~pression:~ 

dc = 0-15(E/H)(KIc m2 
(U) The critical chip thickness of BST could not be confidently determined from the scatter in the hardness 

and modulus data. The Evans method can be employed to extrapolate the other material constants from the observed 
microhardness, notably fracture toughness. However, even using a nominal assumed value of .43 MPa-mlR for K I ~  
(typical of GaAs) yields a starting number for dc of approximately 6 nm. This places BST in the same class as 
many glass materials, an unlikely probability. Failing a better estimate for &, critical machining parameters were 
taken at the 1 micron order of magnitude. 

(U) COMPARISON OF MATERIAL RESPONSE TO FINISHING TECHNIQUES 

(U) Texas Instruments previously looked at schemes including alumina and cast iron laps, pellon pads, 
pitch laps, napped pad with ZOX, colloidal chemical polish, and SPDT.5 The indentation study permitted 
estimation of critical depth information which was employed in several material removal studies including ductile 
grinding, single point diamond turning, and ion milling. 

(U) Results are presented in terms of material removal me and surface finish. Additional information on 
important figures of merit like flamess/parallelism and subsurface damagekesidual stresses are possible using 
sophisticated techniques such as Raman spectroscopy and X-ray diffraction. In practice though, the most meaningful 
performance is related to the production floor capability to thin BST wafers rapidly and with little residual damage. 
~ 

4T. G. Bifano, T. A. Dow, and R. 0. Scattergood, "Ductile-Regime Grinding: A New Technology for Brittle 
Materials", Journal of Engineering for Industry, Transactions of the ASME, Vol. 113, May 1991, pp. 184-189. 
5P. 0. Johnson, "Grinding and Polishing of BST for Uncooled Focal Plane Arrays", Proceedings of Optics MODIL 
12th Industrial Briefing, June 24-25,1992, Center for Applied Optics-Univ. of Alabama, Huntsville, AL,. (ORNL 
Internal document - UNCLASSIFIED). 





0 CONVENTIONAL POLISHING 

(U) Polishing is used as the baseline for material removal comparisons. No polishing studies were 
performed at ORNL and values given were provided by Texas Instruments based upon their experience. In polishing, 
successively smaller abrasives are used beginning with 1 p grit and decreasing to submicron slurries. Final 
polishing is with a chemical colloid. The chemicals which effectively etch BST are not disclosed. In several hours 
of polishing, resulting surfaces are characterized as approximately 50% area exhibiting ductile removal and 50% 
showing brittle pullouts. Polishing with 0.05 p alumina particulates and pellon pads have generated surfaces of 
about 75 A RMS and 950 A P-V. 

(U) Texas Instruments utilizes Strasbaugh polishers which can process multiple l00mm wafers. Reported 
throughput is on the order of 18 wafers per machine per shift. 

(U) DUCTILE GRINDING 

(U) Ductile grinding was performed on a retrofitted diamond-turning machine using a 30 micron grit wheel 
with resin bond and a 4/8 micron grit wheel (Type 1FF1). The grinding geometry was a vertically-oriented grinder 
spindle and wheel against a vertically-chucked sample. Flat BST die specimens were f l i e d  to quartz mounts and 
held by vacuum chuck. Specimens were ground approximately 50 mm off-axis, making the cut interrupted. Wheels 
were trued to -10 p runout before use. Grinding coolant was 98% water and 2% emulsified oil (Exxon Kutwell 
50). With the part rotated at 100 RPM and the grinding wheel speed of 6300 SF'PM, initial coarse grinding was 
performed at 2 p depth of cut and 12 mm/min crossfeed rate. Final coarse grinding was conducted with a 0.5 p 
depth and at 2mm/min crossfeed. Following these steps, a 4/8 p grit wheel was used at the same conditions as the 
final coarse grinding. The final part finish was achieved with this wheel and 0.25 p depth of cut at 1 mm/min 
feedrate. The surface roughness of the BST specimen was measured at 476 A RMS on a Talystep profilometer. The 
flatness error profile was measured interferometrically at 0.623 waves P-V (visible). 

(U) In a second effort, a BST specimen was prepared off-axis with a 30 p grit abrasive at a wheel speed of 
SO00 RPM and part speed of 200 RPM. The crossfeed rate was 3.8 mm/min and depth of cut was 5 p. Ten 
passes were taken to completely surface the die specimen (16.57 mm x 20.54 mm x -1.2624 mm thick). Four 
finishing passes were taken with a 9 p grit abrasive at the same part and wheel velocities, but with a crossfeed rate 
of 0.25 mm/min and 0.5 pn depth of c u ~  The as-received roughness of the BST specimen was 606 A RMS. 
Results are described in Table 1. 

TABLE 1. (U) RESPONSE TO DUCTILE GRINDING 

Cut Depth of cut (pn) Feedrate (mm/min) Surf. finish (laser) Mat1 rem'vl rate 

1 5 3.8 n/a 0.49 (mm3/min) 

2 0.5 0.25 642 A RMS 0.003 (mm3/min) 

(U) SINGLE POINT DIAMOND TURNING 

(U) In earlier Texas Instruments work, diamond turning was shown to yield surfaces competitive with 
polish quality finish (order of 100 A Ra) but at the cost of rapid tool wear. Our single point diamond turning study 
was performed on a Rank Pneumo Nanoform 600 using a natural diamond tool of 0.060 in. radius. As the BST was 
expected to wear the diamond tool, before and after plunge cuts were taken in clean, fine-grained copper-clad blanks to 
imprint the nose profile. 





(v) The BST specimen was cut in several series. The roughing in cuts were performed at 10 mm/min 
crossfeed rate. using a repeated depth of cut of 2 p and decreasing crossfeed rates of 10,5 and 2.5 mm/min. Part 
rotation was fixed at 1200 rpm and the specimen was cut on axis. The rectangular shape of the specimen 
(approximately mm x mm) forced some interrupted cutting. 

with finer cuts using the abovedescribed diamond turning approach. Excessive tool wear on the final cut degraded 
the finish. predictably, material removal rate is linearly diminished with slower feedrates at constant depth of cut. 

0 The stylus profilometer was a Dektak 8000 using a 12.5 pm tip. Scans were 10 mm in length over the 
smoothest visible area of the specimen. Resolution was 0.667 pm/sample and scan speeds were approximately 
200 cun/sec. Stylus force was 20mg. No filtering was employed. The laser profilometer was a Chapman 
Instruments 2000 and used a 20Xobjective. It was operated in the same area of the specimen and with the same scan 
orientation as the stylus scans. The resolution was 1 Cun/sample and a 0.667 p high band filter was used. A scan 
length of 17 mm was used. 

0 Material removal rate was calculated according to depth of cut and feedrate information. An attempt was 
made to corroborate material removal rates by measured thickness and weight changes at each cut, but was 
unsuccessful due to the small magnitudes involved. 

0 Material response values are listed in Table 2. The surface roughness was generally observed to decrease 

TABLE 2. 0 RESPONSE TO SINGLE POINT DIAMOND TURNING 

Cut Feedrate (mm/min) Surf. finish (stylus) Surf. finish (laser) Mat1 rem'vl rate 

1 10 (high depth cuts> 1533 A Ra 779 A RMS >> 

360 A Ra 623 A RMS 0.517 ( mm3/min) 2 10 ( 2 p d e p t h )  

3 5 (2pm depth) 257 A Ra 516 ARMS 0.258 ( mm3/min) 

2.5 (2 pm depth) 546 A Ra n/a 0.129 ( mm3/min) 4 

0 Tool wear, as evidenced by edge recession, was qualitatively measured with UBAC copper (udalyte 
bright acid) cladded blanks into which singular plunge cuts were taken with the diamond tool. The tool angle was 
rotated after each BST cut to present a fiesh diamond edge, and the copper plunge cuts were taken before and after 
each BST cut. The soft copper accurately replicates the tool profile and (ideally) can be used with high resolution 
profilometry to measure tool edge wear as a result of machining. The technique has been described elsewhere? Tool 
wear is evident in Figs. 4 and 5 which illustrates the edge recession which occurred during Cut #1. However, the 
technique requires an accurate tool edge reference point from cut to cut. The inability to resolve such a feature on the 
tool prevents wear quantification. A subjective statement of wear results appears in Table 3. 

~ 

6A. C. Miller, Jr. , "Diamond Turning of Silicon-Cladded Silicon Carbide Mirrors", ORNL/OMIS- 93/13,1993. 





Figure 4. (U) Tool edge profile before Cut #1. Figure 4. (U) Tool edge profile after Cut #l. 

TABLE 3. DIAMOND TOOL WEAR 

cu t  Feedrate Angle No.passes Toolwear 

1 lO(mm/min) 0' 5 High 

2 10 -30' 4 Mod. 

3 5 +15' 2 Mod. 

4 2.5 +30' 1 High 

(LJ) ION BEAM MILLING 

The use of ion beam milling as a replacement technology for laser-based reticulation of pixels is under 
consideration. The energized ion beam represents an effective etching technique when used in conjunction with 
proper masking. However it has been demonstrated that the technology works best for amorphous materials with 
indiscernible grain structure. The latter tend to etch preferentially along different orientations resulting in surface 
roughening. Additionally, residual surface damage from previous "machining" operations (including polishing) can 
provide crack sites for ion-etch damage to propagate from. The nature of this phenomena is believed to be associated 
with reflected ion milling and/or redeposition of material along the sidewalls of the cracks or fiom oblique beam 
incidence. The important issues are the etch rate of the BST material and evolution of damage under ion 
bombardment. 

0 In published work by Bache et al., thermal detectors with large pixel counts at fine pitch were fabricated 
using ion beam milling as the pixel reticulation technique? The material was modified lead zirconate titanate (€2") 
and the intent was to mitigate image degradation due to lateral thermal spread on the sensing array. The technique 
involved creation of thermal breaks between adjacent elements. It was noted that the etch rates of 0.8 micronhour 
were observed for the FZT detector substrate. 

7R. A. C. Bache, C. O'Hara, A. D. Parsons, N. M. Shorrocks, and D. J. Pedder, "Ion beam milling of pyrwIectric 
ceramics for advanced thermal detector arrays", Journal of Vacuum Science Technology, A 7 (5), pp 2988 - 2991, 
Sept./Oct. 1989. 





0 The investigation of ion milling BST at ORNL used the conditions shown in Table 4. Results 
obtained from ion milling a polished specimen and a ground specimen are tabulated in Tables 5 and 6. Through step 
profilometry of masked and unmasked regions, we observed step height changes which reflected the magnitude of 
material removal. Importantly, in each sample the surface roughness progressed higher with the greater amount of 
material removed. The damage evolution with the ductile ground specimen was more pronounced than the polished 
specimen. Additionally, the ground specimen exhibited a color change which suggested a preferential etching of 
phases or constituents. Improvement in flatness of the detector substrate was not measured for the small die 
specimens used in this study. We conclude that beam rastering across 100 mm diameter wafers could be used to 
improve minor wafer parallelism prior to masking and reticulation. 

TABLE 4. 0 ION MILLING PARAMETERS FOR BST 

source: Kaufman-type , Argon ions 

Beam voltage: lo00 eV 

Beam current: lOmA 

Incidence: Normal 

Distance to target: 120 mm 

TABLE 5. (U) RESULTS OF ION BEAM =LING OF POLISHED BST 

Parameter Start 30 min. 1 hour 

Surface roughness 135A RMS 175A RMS 246A RMS 

Step height change nla 345 nm 

Mat1 Rem'vl rate ( p h r )  nla 0.69 0.787 

787.4 nm 

TABLE 6. (U) RESULTS OF ION BEAM MILLING 
OF DUCTILE GROUND BST 

Parameter Start 1 hour 

Surface roughness 627 ARMS 927 A RMS 

Step height change d a  601 nm 

Mat'l Rem'vl rate ( p h r )  nla 0.6 

0 ANALYSIS OF RESULTS AND CONCLUSIONS 

roughness and damage. However, reduction of per wafer costs would appear to be limited by quantities which can be 
mounted on polisher stations. 

0 Polishing as a baseline for BST appears to offer the best performance in terms of minimized surface 





(U) The precision grinding technique is a closer approximation to polishing. However, the grit size of the 
fixed abrasive used may fundamentally limit the best surface roughness which can be achieved at these conditions. 
Additionally, it is evident that ductile removal was not dominant. 

(U) Single point diamond turning does appear limited in it's utility due to excessive tool wear. Alternate 
diamond tools (e.g. CVD diamond cladded onto diamond) are becoming available and may offer improved machining 
performance. The interrupted nature of cutting multiple wafers on a large fixture is inherently detrimental to tool 
life. Diamond turning at a 2 pm depth of cut is recognizably large and perhaps may be optimized for wafer thinning. 

(U) Ion milling proceeds too slowly for wafer thinning and may be deployable for improving large wafer 
flatness and parallelism with little damage and change to stoichiometry. More appropriately, it can be effectively 
used as a reticulation technique. Additional information is needed on the ion milling performance of BST with 
resists appIied. 

(U) Importantly, there appears to be no immediate method for evaluating the worthiness of a semifinished 
detector wafer without carrying it through to a pixel reticulation (i.e. detector product). Evaluation of the detector 
generally involves measuring responsivity dE/dT or with blackbody testing which looks at capacitance, both in the 
pixel region and at the solid edge of the detector. Optical microscopy is a currently used go/no-go test for polished 
wafers which employs simple techniques (Nomarski) to assess surface damage and cracks. Transmission electron 
microscopy can be used on thin samples as these to reveal subsurface damage, but may be destructive. Hence the 
techniques which examine surface mechanical conditions are perhaps of the most practical use to fabricators in 
assessing performance versus processing time. 

(U) Several precision machining techniques have been applied to barium strontium titanate wafers as 
potential deterministic replacement for lapping and polishing. Surface finishes of 100 nm RMS have been achieved 
in less time than normally required, leading to potentially lower manufacturing costs for uncooled focal plane arrays. 
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