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Compared to discrete MLCC’s, thin-film BST MLC’s 

offer much designability advantage especially when 
implemented as a 2D array.  First, arbitrary capacitance 
values can be selected to optimize circuit performance in 
a given space with considerable form factor 
customization freedom. Second, tolerances are typically 
controllable to + 5% by material processing and 
patterning. Third, parasitics are low and predictable due 
to self-screening of thin-film stacks. Voltage coefficient, 
although inherently high, is quite acceptable up to 3V in 
many applications. Voltage rating is typically 10V and 
operating voltages up to 3V have rarely exhibited 
breakdowns for most practioners without the benefit of 
established derating guidelines. 

 
Reliability 
 

The major reliability advantage is in the possibility of 
monolithic integration of an array of MLC capacitors 
mechanically much simpler than MLCC’s for which 
thermo-mechanical damage in assembly and usage is the 
dominant failure mechanism. With much less reliability 
history, the main anticipated hazards for BST MLC’s are 
TDDB and voltage surge damage which can be managed 
by proper circuit design practices. Many coupling, 
decoupling, and filter capacitors, for example, operate at 
zero to 1V in microsystem circuits. 

 
3.  TECHNOLOGY DESIGN 

 
Choice of materials 
 

The choice of BST, as opposed to PZT, for the thin-
film dielectric material was based on its 
commercialization history. Platinum was preferred for its 
electrode interface which provided the lowest reported 
leakage current density. The patterning challenges of 
both BST and Pt were to be met with ion beam milling to 
minimize sensitivity to material parameters. Silicon was 
chosen as substrate material for its surface quality and 
hybrid integration potential such as in flip-chip form. 
 
Wafer scale 
 

A 100 mm silicon wafer diameter was considered 
optimum to minimize across-wafer uniformity 
requirements of both batch- and single-wafer process 
steps, especially in annealing and ion beam milling. The 
potential for substrate thinning for extremely low profile 
components is also enhanced at this small wafer scale. 
 
Generic thin-film MLC  architecture 
 

The architectural philosophy was to form all layers 
before patterning steps in order to minimize interaction 
with material and interface properties. It also allowed 
storage of multi-level blanks in manufacturing to shorten 
process cycle time upon product customization. Figure 2 

shows the generic, mesa-like MLC structure [2] 
featuring: 
 
• 1.5 µm thick thermal field oxide to minimize 

parasitic substrate capacitance 
• 20 nm Ti / 200 nm Pt bottom electrode commonly 

used in single level capacitors 
• BST film in the thickness range 100 – 200 nm to 

optimize between density and C(Vdc) dependence  
• platinum upper electrodes of the thickness range 100 

– 200 nm for tolerable sheet resistance 
• inter-layer dielectric (ILD) encapsulation 
• substrate ground contact through field oxide 
• interconnects with packaging interface 
 

Interconnects and bond pads could be implemented by 
electroplated gold in a manufacturing technology to 
minimize parasitic resistance. 
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Figure 2: Generic Mesa MLC Architecture 
 
Anticipated technical challenges 
 

The manufacturability challenges presented by multi-
level material and process interactions included: 
 
a. multi-level parametric control (under microstructure 

and stress interactions) 
b. delamination hazard (due to inherently weak noble 

metal-ceramic bonding) 
c. patterning process window (limited by photoresist 

thickness control and ion beam milling uniformity) 
d. testability and efficient feedback 
e. multi-level process economy 
f. downstream (backend and package) integration 
g. yield and reliability optimization within parametric 

limits 
 

The rest of the paper highlights the methodology 
adopted to address the first 4 challenges in feasibility 
experiments.  

4.  FEASIBILITY EXPERIMENTS 
 

The overall approach was to achieve parametric 
control and testability while circumventing patterning 
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and downstream integration hurdles in the early stages. 
Although not a fundamental requirement, equal BST 
thicknesses (145 nm) on all levels were used to keep 
feasibility experiments simple. 
 
Single-level (BST1) baseline process 
 

As a basis for MLC experiments, a generic process 
was established which produced BST properties typified 
by Table 1 and consisted at least of these features: 
 
� silicon field oxide substrate isolation by wet 

oxidation 
� sequentially deposited Ti and Pt bottom electrode by 

magnetron sputtering 
� BST deposition by MOD [3] spin-coating in xylene 

solvent, multiple hotplate bakes up to 400C in air, 
and furnace anneal to 800C in oxygen with 
additional detailed variations 

� Pt upper electrodes deposition by magnetron 
sputtering 

� Pt/BST patterning by ion beam milling 
� intermediate encapsulation by spin-on-glass (SOG) 

coating(s) annealed to 800C in oxygen after wet 
chemical patterning of contact openings 

 
The last feature was necessitated by short-term sample 

instabilities such as general premature breakdown below 
10Vdc and drifts in detailed IV characteristics over days 
in room air storage - seriously limiting testability. Dry 
storage also helped extend the useful life of coated 
samples. 
 
Single-mask MLC experiments 
 

Earlier MLC experiments attempted to expose lower 
levels for preliminary measurements by single-mask 
milling through multiple levels but was often frustrated 
by massive delamination especially beyond two levels. 
However, with occasional success, such experiments did 
promise parametric feasibility as inferred from series-
connected, multi-level measurements which proved to be 
a valuable technique for fast experimentation. 
 

Keeping the number of single-mask patterned levels to 
no more than two, a control experiment was designed to 
better explore parametric feasibility by probing various 
combinations of levels as shown in Figure 3. Wafer 
sample A carried single-level (BST1) capacitors but was 
subjected to the remainder of high temperature anneals in 
the 4-level (4MLC) process, thus simulating some 
aspects of BST1 in an actual 4MLC structure which 
would not be accessible by single-mask patterning. 
Sample B was a 3MLC to gain access to BST2 through 
series connection with BST3. Sample C was a 4MLC 
with only BST4 accessed, and Sample D a 4MLC with 
series-connected BST3 and BST4. Probe access was 
provided through via holes in triple-coated SOG but 
without interconnects for simplicity. Comparisons among 

these samples proved to be quite revealing despite the 
simplicity. 
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Figure 3: Single-mask MLC experiment. Sample A: 
BST1 with all 4MLC anneals. Sample B: BST2, 3 in 
3MLC. Sample C: BST4 in 4MLC. Sample D: BST3, 4 
in 4MLC. 
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Figure 4. C(V) characteristics of various single-mask 
patterned capacitors and combinations. 

 
Figure 4 shows general C(V) functionality for all 4 

levels with proportional capacitance densities between 
single and double level cases as expected from similar 
films. The C(T) characteristics for BST1, 3 and 4 showed 
only subtle differences indicating relative insensitivity of 
microstructure to multi-level interactions in this regard. 
Figure 5 compares single- (BST4) and double-level 
(BST3 in series with BST4) j(V) in both polarities 
indicating characteristic behaviour [4] familiar in the 
baseline process with 2X voltage scaling expected of 
similar films, thus establishing 4-level MLC feasibility in 
this regard. The j(t) for at +3V for BST4 at room 
temperature showed well-behaved relaxation but 
suggested a subtle polarity asymmetry despite identical 
electrode materials. 
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Figure 5: j(+V) characteristics for BST3, BST4, and their 
series combination for 500 µm dia. 4MLC’s. 
   

Dielectric dispersion and dissipation factor were 
normal for all samples, and BST4 showed a large AC 
signal effect (∆C/C) of +5.7% from 50 mVrms to 1Vrms 
- quite similar to the baseline process. The next step was 
to directly access all levels for detailed verification. 
 
Multi-masked, interconnected 4MLC experiments 
 

In realizing the interconnected 4MLC mesa structure 
(Fig. 2), a problem was encountered in the process 
window imposed by the inherently low selectivity of ion-
beam milling and commonly achievable uniformity (5 - 
10%). This was overcome by detailed process design 
experiments. Next, an experiment was conducted to 
demonstrate thin-film (200 nm) Pt interconnected 4MLC 
with device sizes up to 1500 µm sq. using a test pattern 
that allowed detailed access to capacitors at various 
levels individually, in parallel, and in series. 
 

Although obscured by Pt interconnect resistance for 
higher frequencies, dielectric dispersion and dissipation 
factor were found to be consistent with the baseline 
process. The C(V,T) data up to 160C were quite similar 
for BST1 and 3, for example. 
 

Figure 6 shows j(V) for a parallel-connected 4MLC 
averaged over 1000 µm sq. device area. In view of the 
fact that the current was contributed by all four levels 
under alternating bias polarities, the current density data 
which were about 4X that of single-level (BST4) values 
(Fig. 5) clearly demonstrated 4MLC parametric 
feasibility in this regard. Also shown is the j(V) for a 
series-connected 4MLC exhibiting approximately 4X 
voltage scaling as expected. Other j(V) data at 80C 
showed essential similarity between BST1 and BST3 for 
the same 4MLC site, thus demonstrating BST1 integrity 
under MLC processing in this regard. 

 
Table 2 shows preliminary yield statistics for capacitor 

sites taken level-by-level and as composite 4MLC’s. 
Yield was primarily limited by short-mode faults (at no 
bias) for this experiment. However, no interpretation of  
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Figure 6: j(V) characteristics for parallel- and series-
connected 4MLC’s, size 1000 µm sq. 
 
inter-level effects and fault density distribution proved 
meaningful until optimization experiments involving 
larger sample sizes were performed to address this 
technical challenge (Item g. of  Section 3). 
 
Table 2: Preliminary yield statistics for 117 4MLC sites 
on a 100 mm dia. wafer. Mean level C/A = 31 fF/µm2. 
 

CAPACITOR 
SIZE 

LEVEL 
YIELDS (%) 

COMPOSITE 
YIELD (%) 

1000 µm sq. 71 – 87 55 
1500 µm sq. 48 – 80 29 

 
5.  CONCLUSIONS 

 
A multi-level thin-film ferroelectric capacitor 

technology featuring a mesa structure had been realized 
in the Pt/BST(70/30)/Pt system and parametric feasibility 
demonstrated up to four levels over device areas > 1 
mm2. Key manufacturability issues had been explored 
and articulated.  
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