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Motivation and Approach rh) feees,

Use AM techniques to improve energy storage capabilities
through development of ‘3-D’ capacitors

« Explore additive manufacturing (AM) techniques for the
production of polymer dielectrics for capacitors

« Understand origin of performance differences
— Compare performance of AM films to solvent cast lab-made films
— Compare both groups to commercial films
— Differentiate between process and scale contributions to performance




Additive Manufacturing ) s,

Advantages
« fewer design constraints
« easily customized/adaptable

« potential to fit capacitor to
available space

Syringe Pump
and Syringe

Disadvantages Ultrasonic

. . Spray Nozzle
* deposition quality | _
« morphology/surface roughness 3 B o-oosition

Substrate

« defect density T

Heated X-Y

 application to dielectric polymers . Motion Stage




Additive Manufacturing h) i,

AM Spray

« Sonotek ultrasonic spray
nozzle

- staggered overlay

AM Syringe

« 250um syringe tip

« 250um above substrate
« 1passinXandY




Solvent Casting h) i,

« Lab-made solvent cast films will be produced by doctor blade or
spin-coating

— >
deposited polymer film
on Au spread into thin
coated Si layer with
wafer doctor blade
bolymer cast film is
. _ dried (or cured)
dlssollvedt in A depending on
solven chemistry
6.3mm Au LCR Meter
electrodes Amplifier

<€
electrical gold electrodes
testing evaporatively
/‘f performed on deposited with 5
fabricated

shadow mask

Au backing ‘minicapacitors’




Dielectric Testing ) e,

* K/Dg: measure permittivity and
loss from 100 Hz to 1 MHz

* breakdown strength (Eg):
immerse film in Fluorinert and
test ramp-to-fail DC breakdown,
at ramp rate of 500 V/s
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POIyimide r.h E‘E;E%ries

Polyimide: Polyimides are solvent cast or AM deposited as a solution of the
polyamic acid. They must be thermally cured to be converted to the polyimide.

SA PI: poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic acid

2ex 00t - fxrbo-of

Sigma-Aldrich 575828, 15wt% in NMP/aromatic hydrocarbons

UTD PI: UT Dots PI1-AJ polyimide precursor, in ethanol, proprietary formulation,

Commercial Pl: Kapton® HN, 50G, American Durafilm




Data Analysis: Weibull Distribution )&=,

Weibull distributions are used to analyze dielectric breakdown strength or
lifetime data. Samples are tested to failure and the time to failure is the
measured value upon which the distribution is calculated.

Weibull cumulative distribution function:
_(t—_V)B
F(t)=1—e \«

o parameter (scale): The a parameter is the
value below which 63.2% of the sample
population has failed.

B parameter (shape): The 3 parameter
describes the shape of the Weibull
distribution. For >1 a higher value indicates
a narrower dispersion.

y parameter (threshold): The y parameter
indicates a value below which no failures
occur (not used in 2-parameter Weibull).
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a P
~— (3000, 10)

— (3000, 20)
— (3000, 5)
067 — (6000, 10)

0.3~
0.18-

0.9~

0.08 -

0.035-
0.02-

0.009-

0.004-

0.0016 -

600700 1000 2000 3000 4000 5000 7000
breakdown strength (kV/cm)

8



Experimental Details ) s,

Thick M t
Group No. | N_ thickness ickness Measurements
(x/Df) | pm (st. dev.) « Wyco NT9800
AI\gAs%rlay 44 6 9.7 (2.5) * Filmetrics F20 or F50-UV
» DektakXT contact profilometer
AS"TEPI';?V 85 2 6.6 (1.8)
k/Df Measurements
AMS?’:;TQE 99 2 | 37.3(14.7) . Agilent E4980 LCR Meter
solvent cast « shorts excluded from analysis
SA Pl 104 0 16.1 (6.2)
Breakdown Measurements
solvent cast
UTD PI 53 11 2.6 (0.9) - Agilent E4980 as DC source
_ « Trek 30/20A amplifier
commercial 90 0 13.3 (0.2)
« 500 V/s ramp rate (50V step)

e current trip, TmA
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Kapton® HN — with increasing RH

Dielectric Constant

increase in k/DF

decrease in Eg

Permittivity
0 2|0 4I0 BIO BIO 10C
Relative Humidity, %
>

% relative humidity

Dissipation Factor

Humidity Control

RH% ('f{zci'?) DF
0 3390 3.0 0.0015
30 3150 3.3 0.0017
50 3030 3.5 0.0020
80 2800 3.4 0.0027
100 2680 3.8 0.0035
Loss (DF) AC Dielectric Strength
0_0010 L ! L . ) 1575 | l | l 4000
* " Relative Humidity % ‘;’" R ’:
% relative humidity % relative humidity

Sandia
National
Laboratories

AC Dielectric Strength, V/mil
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Humidity Control: k/DF ) i,

Test films under ‘nitrogen blanket’ (<5% RH) and at ambient.

Ambient humidity varied from 11-37% during test period.

Permittivity vs Relative Humidity

7,
(o)
. °* <5% RH
6, [ ]
+ ambient
5 . +
H . +*
ﬁ 4 +-H" .. ++ ! +f+ +
~ M + 9 + P
» + ;’ ’ ;} G * f
e + °
° * .‘.0 i s ++ - et
3 .‘ +.|1_ .O N L J ++
o° N ° +
° [}
2,

1-
<5% RH ambient <5% RH ambient <5% RH ambient <5% RH ambient <5% RH ambient
AM spray SAPI AM spray UTD PI AM syringe SA PI commercial solvent cast SA PI

Small differences but negligible compared to sample-to-sample variability
except for commercial films 11
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Humidity Control ) i

Permittivity
» Did not use any RH control for k/DF testing

e Store and test at ambient

Breakdown Strength
» Use RH control for best 3 parameter measurement
* Dry films at 50 °C overnight

e Store in desiccator

» Test under Fluorinert immediately on removal from desiccator




Permittivity @ 1kHz ) i,

exclude shorts from all permittivity analysis

7]
8]
7]
T 6 :
> , Es
N ' 3y :
4- g . .’%' ¥ -
3 £ i ’:{' - L3 }_'.
2- k3 .. H
1 . - . . . .
AM spray AM spray AM syringe commercial solvent cast solvent cast
SA PI UTD PI SA PI SA PI UTD PI
3.25 3.05 3.94 3.25 3.64 3.25
(0.63) (0.77) (1.26) (0.02) (0.47) (0.64)
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DF @ 1kHz )i,

exclude shorts from all permittivity analysis

9.0e-2
8.0e-2-
7.0e-2-
6.0e-2-
5.0e-2-
4.0e-2-
30e-2 :
2.0e-2

* ]
1.0e-2- . 1, .
0.0e+0 1 - &- . walas ?&' a2 o

DF-1kHz

AM spray  AM spray AM syringe ‘commercial solvent cast solvent cast
SA PI UTD PI SA PI SA PI UTD PI




DF @ 1kHz )i,

exclude shorts from all permittivity analysis

DF-1kHz

le-2- f

[ 4
le-2- *

5e-3- L : "’;;.' ;
_ " ok [Pe . 4 =
Oe+0

AMspray AMspray AM syringe commercial solvent cast solvent cast

SA PI UTD PI SA PI SA PI UTD PI




DF @ 1kHz )i,

exclude shorts from all permittivity analysis

7e-3- .
6e-3- 3
Se-3- ?
¥ oes | 3
ﬁl 46-3'_ | : 2 ?
L. ® s
a) 3e-3- . % o
] ;‘ = N %ae. 8
2e-3- TV : -3 "R
] — ¥ dY
le-3-
Oe+0

AM spray ~AM spray AM syringe “commercial solvent cast solvent cast
SA PI UTD PI SA PI SA PI UTD PI

0.0058 0.0021 0.0080 0.0021 0.0020 0.0036
(0.0141)  (0.0005)  (0.0058)  (0.0004)  (0.0005)  (0.0005)
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k-1kHz

Permittivity @ 1kHz
Sample-to-sample variability

AM Spray UTD PI AM Syringe SA PI
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Permittivity @ 1kHz ) i,

Sample-to-sample variability

Commercial Solvent Cast SA PI
5.5+ 5.5+
5.0- 5.0-
N 4.5 N 4.5
T : T _
= 40 > 40
v ' v '
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1 So @ o, Sl 1
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Expt Name Expt Name




DF-1kHz

Loss @ 1kHz ) s,

Sample-to-sample variability

AM Spray UTD PI
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DF-1kHz

Sandia
National _
Laboratories

Loss @ 1kHz

Sample-to-sample variability

Commercial Solvent Cast SA PI
3.0e-3 3.0e-3
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}’ . L: N
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Permittivity/Loss @ 1kHz ) i,

Sample-to-sample performance in both permittivity and loss is fairly

consistent in all groups.

Permittivity
All films have much higher dispersion in permittivity than commercial
* Thickness variation

« Solvent trapping/poly(amic acid) conversion?

Dielectric Loss
* AM methods with SA Pl have very high dispersion in the loss measurements

» Other groups have similar dispersion to the commercial films

21




Permittivity vs. Frequency ) i,

3.40 .
Commercial

335

3.30

3.20 i

315 R ,
le+2 le+3 le+4 le+5 le+6
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3.40
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®
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Permittivity vs. Frequency ) e,

3.40 400 .
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DF

Loss vs. Frequency

] Commercial
2.5e-2
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Loss vs. Frequency ) s,

AM Spray SA i
35¢2 pray SA PI 3 500] AM Syringe SA PI
3.0e-2- 3.0e-2-
l*
2.5e-2" 2.5e-2-
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Dielectric Breakdown Strength (g,

Weibull a .
— AM spray SA PI Group N1 kviem) | VeibullB
— solvent cast UTD PI AM spray SAPI | 47 | 1110 0.8
—_ AM spray UTD PI solvent cast UTD Pl | 54 2060 1.0
— AM syringe SA PI AM spray UTD PI 69 2402 1.5
solvent cast SA PI AM syringe SA PI 101 3835 2.1
— commercial solvent cast SAPI | 103 4072 3.8
commercial 89 4891 13.0
.. 0.920-
0.650
> 0.350-
° ° P 08 656 &6 CRIBHUBETBD D E 0.2007
o]
8 0.090-
o0 . B GRS W — © e
o 0.040-
69 L 2 o 4 "SIOEID-CBOERED 60)-9- 0.0227
0.010
0.004
34610 20 40 199 300 1ggQ 3000 34610 20 40 190 300 10p0Q 3000

breakdown field (kV/cm) breakdown field (kV/cm) 26



Experiment Number

W2101 o o v wamm
W1402 Wka T 04 L *  cmesms

Dielectric Breakdown Strength
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Sample-to-sample variability

AM Spray UTD PI

35 1020 40 1099 300 7QQQ 3000 8000
breakdown field (kV/cm)

Experiment Number

AM Syringe SA PI

i éﬁ’\\
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W2803- s
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W1003 . ...

35 7020 40 190 300 10pQ 3000 8000
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Experiment Number

Dielectric Breakdown Strength

Sandia
National

Sample-to-sample variability

Solvent Cast SA PI Commercial
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0
£
W0901 - 3 i
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E “‘\
Qo |
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2030 50 160 200 400 'i(v)‘OO 13000 7000
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Dielectric Breakdown Strength (@)=,

Single best film comparison

Weibull a .
| Group (kVicm) Weibull
commercial o comm
AM spray
UTD P 4659 3.7
solvent cast SA PI . R Y _
syringe
SA P 2894 4.5
AM syringe SA PI- . e - T
SA P 4482 5.2
AM spray UTD PI- ve esees e
commercial 4778 14.9
500 600 800 iOOO 2000 3000 4000 5000 7000

breakdown field (kV/cm)
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Origin of Performance Differences [i)&=.,

Measurement Contributions
* thickness variability/measurement

« sample-to-sample variability

Sample Contributions

« surface roughness

« small molecule/solvent trapping

Films 5-6um thick have avg. surface

« deposition homogeneity roughness of 2.4um




Origin of Performance Differences ().
SEM images of AM Spray UTD PI film

% . & 95 . sl %

— EHT = 5.00 kV WD=119mm  Signal A= SE2 Width = 510.0 pm a1
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Origin of Performance Differences (i),

SEM images of AM Spray UTD PI film

5 T )
LA & i 5
1 Hm ) .
|_| EHT = 5.00 kV/ WD = 6.5mm Signal A = InLens Width = 12.59 pm -
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Origin of Performance Differences @&,
SEM images of AM Spray UTD Pl film

EHT = 5.00 kV WD = 9.2 mm Signal A = SE2 Width = 538.3 pm
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Conclusions rih) Yo

* The ‘solvent cast SA PI' group performed the best of the lab-made films

 The ‘AM spray SA PI" and ‘solvent cast UTD PI’ performed the worst

 this may be partly due to mismatch between formulation/process

 The ‘AM syringe SA PI' method performed the best of AM methods, in
terms of breakdown strength, but had very high permittivity and loss.

Furthermore it is not applicable to deposition on non-planar substrates.

« The ‘AM spray’ method seems the most promising method, but film quality

will need to be improved

34




Future Work and Challenges ) s,

5

Improve film deposition quality
« surface roughness
 film homogeneity

« conversion/cure @ g

AM deposition of electrodes

0 EHT=1000k/  WD=482mm  Signal A= SE2 Width = 232.1 pm Aj
« 3-D deposition (challenging!) SEM images of defects in AM
deposited Au electrodes
« topography ; U ot e
: « . - ¥
- field enhancement £ .
» Other polymers (challenging!) L@ e © ¢
+ BOPET e &
o P & 2 .
. e _ , L -
BOPP s T e
‘ 200 EHT=1000ky ~ WD=488mm  Signal A= SE2 Width = 1.973 mm ‘
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