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=  Why Carbon based devices?

= Common approaches to CMEMS fabrication

=  Bulk film Procssing vs pre pattenred, pyrolized approach
= Variable thickness control
= Photo definable devices
= Dry etched devices

=  Micromachining carbon- Production lot scalable

= Post silicon processing integration & Multilayered CMEMS device
fabrication

= Tuning photo definable patterns for desirable characteristics
= Loading with Nano material
= Reinforcing carbon with carbon

= Discussion and Future Work




Why Carbon? -

= MEMS for harsh environments
= High temperature operation
= CMEMS fabricated at 1050C

= General radiation environments
= Radiation tolerance

= Chemically inert
= Photo-patternable materials & bulk film processing

= Ability to photolithographically define features before or after pyrolysis
makes MEMS feasible

= Can etch features out of a bulk film
=  Tunable Young’s modulus and resistivity using graphene fillers

= Conductors and other materials can be deposited and patterned on carbon
MEMS structures

= Applications: accelerometer, thermal actuator, chemical sensing,

microfluidics? 3




Faces of Carbon

» Highest elemental melting point
(sublimes at ~3900K)

* Forms ~ 10 million different compounds

* Resistant to acids, bases and all but the
strongest oxidizers

iologically compatible

sp3 bonds
sp? bonds
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Graphite
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Device and Material Development @&
= Pyrolytic Carbon

= Derived from photosensitive polymers (novalac and Epon(SUS8)).
= G. Whitesides, M. Madou, and R. McCreery
= Has electrochemical sensitivity towards Redox compounds.

= Demonstrated at Sandia to have broader capabilities. Polsky, Burkel,
Washburn, and Wheeler for 3-D engineered porous carbon.

= Carbon MEMS as structures and beams using Xenon Di-fluoride (XeF2)
silicon etch release techniques, the material has a much lower internal
stress compared to a metal of equivalent dimension.
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Rapid manufacturing simple devices®=.

RESISTORS 21

aspect ratio resistors —
Resistor behavior as a
function of frequency.

CAPACITORS
Inter-digitated

electrodes — for fringe field
capacitance modeling

INDUCTORS 4-turn
square spiral inductors
— inductance behavior.



Pre patterned vs post patterning = @&

Patterned before pyrolysis

Post pyrolysis images of PPR cantilevers patterned
prior to pyrolysis AZ9260 photoresist

Reflow deformity that occurred during pyrolysis.

Microscope image of an unreleased cantilever
structure.
SEM cross section of cantilever

SEM of Cantilevers released in XeF,

0

Patterned after pyrolysis

Thick-film carbon process: micromachining blanket
pyrolyzed photoresist films (SiO, hard mask, ICP
etch, XeF2 Si etch release) Results in controlled
geometries for mathematical approximations and
FEA modeling

7.2 pm thick cantilever

100pm long x 10pm wide cantilevers with improved
Dimensional control and vertical sidewall profile

profile of cantilevers ~8um thick carbon process
top down view of released cantilevers

Prototype of an inertial sensor shows a net
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Carbon Electrical Devices from Polymer Precursors for Harsh " Sadia

Environments

Pyrolytic Carbon from Photoresist

Carbon MEMS accelerometers and
Cantilevers

Electrically and mechanically tolerant in radiation environments

The amorphous carbon produced from pyrolysis of photoresist remained stable in
(Gamma radiation doses of 50, 100 and 150Krad exposed at 0.75-1Krad/second.
Raman surface analysis before and after suggests the SP2 to SP3 ratio was not

influenced by radiation tolerance.

Produced using commercially available photoresist
pyrolyzed at 1050°C- Heat tolerant

Demonstrated Tunable conductivity 1-150 ohms/sq
Demonstrate feasibility — Simple electrical components
and rapid prototyping cantilevers, bridge, and
accelerometer devices

Single step photolithography, a high temperature
furnace and a Xenon Difluoride etch

Variable thicknesses capable for specific tunability
.02um -7.8uym has been demonstrated

Adaptable into integrated circuits and circuit
components

— OKRad.
| ——D50KRad. |
— 500KRad.
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Blanket Carbon Films of various -
Thickness on Si

Spin coat photoresist on Si wafers followed by pyrolysis at 1050°C

Ability to adapt common CMOS tooling and micromachining processes

Thickness control for specific component needs (conductivity, rigidity, etc.)

Increased sample size: small pieces/quarter 4” Si wafer to large batch 6” wafer lots

Photoresist type Spin Velocity [rpm] Post-pyrolysis thickness[um]

nLof 2020 4000 35
AZ4330 4000 70

nLof 2035 4000 .90

AZ 40XT 2000 2.50

AZ 50XT 3000 4.30

AZ 50XT 1300 7.84

nLof 2070 triple spin 3000 9.00
AZ9260 1000 9.20



Cantilever Device Development

= First attempt at free standing beams.
= Choose a Silicon oxide etch release technique.

— Photoresist
SiO,

Silicon

Low yield on carbon devices.
= 49% HF found porosity in the carbon and would etch away the full device.
= Critical bake steps in air helped maintain dimensions (lowered reflow issues).
= Adjusted the process flow on the pyrolysis step to before release.

= 80% of the starting material thickness is the final device thickness after a 3°
C/min ramp from room temperature to 1050C under a 95% Nitrogen and 5%
Hydrogen reducing atmosphere.

= Commonly start ~ 3.3 micron and finish with ~ 1.1 to 1.3 micron

10
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Device Development

= Moved to a XeF, silicon etch process (Function of Pad : Device surface
area ratio)
= Straight forward manufacturing: Simple photoresist patterning> pyrolysis>

XeF, release

<<— Photoresist

Xenon Di-fluoride

<—— Silicon

Patterned then pyrolized AZ4330 cantilever Patterned then Pyrolized AZ4330 cantilever
SiO, sacrificial material with HF release XeF2 Si etch release

11



Carbon MEMS Bridge ) .

= Developed a series of 1, 5, and 10 micron wide bridge which
are 400 microns in length.

= 4-channels on a die (4mm X 8mm)
= Each has a resistance ~ 200 ohms

= Devices tested in a parallel resistance layout (80-90 ohms)
using 3VDC.




Carbon-Carbon Process ) e,

= Use pyrolyzed carbon as the conductive layer

= This should survive a second high-temperature process when the
mechanical carbon layer is pyrolyzed

= Thick polySi sacrificial layer

= XeF, dry release process

= All processing in the Microfab
= Pyrolyze in AMPL facility

= 6” wafers

PolySi (sacrificial)

\ Pyrolyzed Carbon
Nitride on oxide

(electrical isolation)

Si Substrate

13




Carbon on carbon processing .

» SiO, hard mask grown in O,/Ar/SiH, high-
density plasma PECVD and patterned using
standard photolithography and CHF; based RIE

= Carbon cantilever etched from a blank film of
carbon derived from photoresist precursor

Carbon bottom signal/actuation pad. Small
bumps appear when using polysilicon
sacrificial layer

S4800 4.0kV x3.50k SE(M)

S4800 5.0kV x350 SE(M) um S4800 5.0kV x90 SE(M)

Carbon-on-carbon process. Pyrolyzed carbon over a conductive (non-mechanical) layer of
pyrolyzed carbon. Polysilicon was used as the sacrificial layer. This was removed by

selective Xer etching. 14



Carbon on Si. Post Si process
Integration

= Use Poly0 as the conductive layer

= SUMMIT materials undergo 1100C anneal during normal processing

= Poly0 and Sac_cut layers processed in the MDL

= Known and controlled volume processes
= Carbon mechanical layer processed in the Microfab
= Pyrolyze in AMPL facility (up to 6 x 6” diameters wafers)

= Move from processing small diameter wafers and pieces to an
all 6” wafer process

SiO, (sacrificial)

SUMMiTV{

Layers Polysilicon (poly0)

Si Substrate Nitride on oxide
(electrical isolation)

15




Si carbon mtegratlon - =

Sum ‘;]f\"'\f‘lwﬂﬂ between fina
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Images: carbon structures fabricated using the carbon-on-SUMMiTV™ process.
« SEM image of prototype of a capacitive comb-drive accelerometer

« Accelerometer prototype defining bottom contact and conductive signal routing with mechanical
carbon proof mass

« simple cantilever structures
« prototype of a capacitive thermal actuator with doped silicon feedback contacts

+ plate capacitive inertial sensor prototype 16
————




Photopatterning Loaded Photoresist®=.

AZ 4330 Photoresist: loaded with Nano-materials

Photo-patterning of a loaded photoresist

Blending techniques to optimize quantity of materials, material size and
suspension times, opens up a whole new filed of study.

Carbon can be tuned to provide specific performance behaviors.

Immmmm—— cONtrol sample of carbonized patterned
polymer with no Nano material loading

patterned carbonized polymer with 1%
Graphene loading

carbonized polymer loaded with 3%



Tuning using Graphene Nano-fillers @,

= Reduced graphene oxide (RGO)
= RGO suspended in photoresist; patterned and released cantilevers
= Using laser doppler vibrometry (LDV) — material oroperties observed
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Tunable Young’s Modulus in Carbon MEMS using Graphene-based Stiffeners
Cody Washburn*, Jill Blecke, Timothy N. Lambert, Danae Davis, Patrick Finnegan, Brad Hance, and Jennifer
Strong
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Tuning photo-definable carbon via nano material®) &

= Nano material loading into novolac photoresist precursor
results in changes in Young's modulus and resistivity

-=-  300um0.0%|| Tune carbon with carbon
~10°} ---RGO 300um 0.5% | . ideal material properties while
% —RGO 300um 1.0% maintaining a high degree of
s |, | RGO 300um 2.0% flexibility for design and
g processing.

O

§ « Tunability of Young’'s Modulus

S Tuned devices also displayed a

Z high fracture toughness under
loading (stress vs. strain) with a
less abrupt failure mode than

10 0 30 40 50 silicon crystals.
Frequency (kHz)

19
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Discussion and Future Work

= Brief history overview of SNL carbon device work
= Demonstrated releasable Carbon Bridge Devices:

= Carbon on carbon platforms
= Carbon integration on Si platforms.

= Demonstrated tunable electro-mechanical properties.

= Recently showed graphene fillers with 5 and 10 wt.% loadings
are possible to resolve.

= Future: Micromachining of nanomaterial loaded blanket films

= Acquire test data from manufactured devices




Questions?
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Synthesis Route to Amorphous Carbon: (@)=,
Pyrolysis of Organic Polymers

Organic Polymer—p Pyrolysis =MAmorphous Carbon

Surface
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Typical Photopatternable Organic Polymers
Polymethyl Methacrylate Epoxide Resist Phenol formaldehyde resin

(PMMA) (SU 8) (novolac photoresist)
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Down select of sensor options

Frequency
Generator

= Temperature dependence on signal.

= Crystalline material choice (direction) and operating f,.\ v. Roshehupkin and Michel Brunel
= Expensive electronics and challenging to scale.

= MEMS/ NEMS Resonators

= Temperature dependence.

= Multi-step MEMS processing becomes costly.

= Qperating frequency drives design and electronics.
= Chemiresistor based

= Coating dependent drives performance.

= How about a carbon based Chemiresistor and incmeasermnkg nagtiom, ofeeler 08’
the surface area?

= Decrease Temperature dependence and use DC electronics to lower

cost.

25
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Surface Termination ) 2=

= Oxygen bonding to the carbon surface will increase resistance
and lower conductivity.

= Nitrogen bonding to the carbon surface will in theory
decrease resistance and increase conductivity.

= N-type dopant to Carbon Nanotubes, Graphene , and Amorphous
carbon.

H
H—I>I 0 =————> O N e, N
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Carbon Surface Carbon Surface Carbon Surface




Hermetic Packaging Lk

= Question: Why is the resistance not Stable?

= Answer: Water and Oxygen needed to be removed from the films in
order to reach steady state.

= Can the resistance be stabilized by hermetic sealing?

= Packaging process
= 24-pin DIP, HTCC packages
= Ribbon bond resistors
= Vacuum bake — 150C, 4x10* Torr for 2 hours

= Belt furnace in AMPL - N, ambient, 80/20 Au/Sn lid seal (280C melting point)
ouO




Hermetic Packaging — Typical Resu 8.

Monthly testing for 6 months

170

nLof2035 Photoresist - Device R1

Series 1 = 50 x 200 [um?]
Series 2 = 100 x 400 [um?]
Series 3 = 150 x 600 [um?]
Series 4 = 200 x 800 [um?]
Series 5 = 250 x 1000 [um?]
Series 6 = 300 x 1200 [um?]

7/30/2014 9/18/2014 11}7/’2014 12/27[2014 2['15/'2015 4}'6/2015

160
# Series1
150
M Series2
140 A Series3
¢ ¢ o ¢ ¢ * ¢ ® Series4
130 A Series5
l ’ : : : I l ® Series6
120
110
7/30/2014 9/18/2014 11/7/2014 12,/27/2014 2/15/"2015 4,!'6/2015
170
AZ4330 Photoresist - Device R1
160
# Series1
150
MW Series2
140 A Series3
® Series4
130 A Series5
350 * & P ® Series6
110

1mA test current — simulations indicate
negligible resistor heating due to the test

current

Note: The packaging process caused a large
decrease in the resistance of all devices

160 \ /
120 | \/  IEEEEE

100 ‘
6/10/20147/30/. 0119/18/201411/7/20142/27/2014/15/20154/6/2015

&
«Xr n

/)N nLof2035 PR - Dev.

# Series1
M Series2
A Series3
X Series4
t Series5

® Series6

Pre-packaging resistance

R1
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Interferometric Lithography

Propagation
Vector
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Reinforced carbon-carbon using @,
interference lithography

Nano-

filled i
e
polymer \

Fully Cross-

Using a 3D carbon matrix formed
using interference lithography
provides a reinforcement structure
that can be back-filled.

Reinforces carbon like re-bar in
concrete for strength to mitigate
torsional stress




Sub-Micron 3D Resist Patterns Via ()
Interferometric Lithography




Conversion of 2-D Resist Structure to (A=,
2-D Carbon Structure

Resist
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Conversion of 3-D Resist Structure to (i),
3-D Carbon Structure
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Interferometrically Patterned Carben
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Thermal Coefficient of Resistance® .

= 24-pin HTCC DIP exposed to ambient

(no lid)

= Part cycled from RT to 500C in tube

furnace with N, ambient

= Resistance was initially high, but

dropped after cycling

= Non-linear temperature dependence
over large temperature range

= Comparable to resistance obtained by

hermetic packaging

Resistance (C2)

4330 Original R3

Pin1-12
Pin 13-24

C\\;\

— [ T=11E. 086:4-0.0000T1 1.0014=-5T (£
#  Pin 112 (Rund)
¥  Fin 12-24 [Run2)

—5— Fin 1-12 (Runl)

—5— Fin 12-24 (Rur’)

Approximately -1Q |

Temperature (C)

RyT)=116-(1-339x 107" T+155x 1077 -TH[0] Tin[C]

Sample Temperature Range a, [ 1/°C] 2b [1/°C]J?
PPR — Cody RT to 250C -3.73 x 104 Linear
PPR — Kent1 RT to 500C -3.39 x 104 1.55 x 107
PPR — Kent2 RT to 500C -3.53 x 104 1.57 x 107
Glassy Carbon — Strojnik (2006) RT to 800C 414 x 10 Linear

Data referenced to T = 0 °C
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Material Development ) s,

Comparing Raman results. HOPG ~1582 cm-1, Diamond ~ 1332 cm-1

/ /J.Non Cryst Solids 396 (2001) 36-43
Cure1200 Pads Cure1150 Pads
140 200 — . .

/ 1344 e’ 1591 cn! <— HOPG

120

~1360 cm-1 1367 cor! 1622 em! <~

150

80
D 100
60
40 sof
20 [itiries
0 0 -
500 1000 1500 2000 500 1000 1500 2000
Raman Shift, cm-1 Raman Shift, cm-1 \
Cure1100 Pad Smoothed Mean Spectra 1000°C
140 160 050°C.
~1582 cm-1 120 ]M
o 800°C
G . W
B 700°C
40 )
s _ 600°C
0 500 1000 1500 2000 500 1000 1500 2000 . . :
Raman Shiﬁ, cm-1 Raman Shiﬂ, cm-1 800 1000 1200 1400 1600 1800

Raman shift (cm™)

G peak - Defines how structured the carbon lattice is becoming more graphitic due to heat.
D peak — Defines the number of graphitized layers present on the surface.

2D- Defines the sheet stacking of the graphitized layers (graphene and/or graphite) -




