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Motivation rh) p_

» Lack of experimental data for flow measurements in
rectangular channels at high Knudsen numbers
(>50) to understand micropump and microvalve
performance and to validate code and models also
developed at Sandia National Labs

= Design channel such that Knudsen number
reaches similar levels seen in micro-electro-
mechanical systems(MEMS) and a chip scale
vacuum micro-pump(CSVMP) at reasonable levels
of vacuum (1 - 10 Pa)
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Thesis Overview
Design Fabrication
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Mass Flow Measurements Data Analysis
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Plena volume > 100 X channel volume




Starting Substrate Silicon On Insulator (SOI)

Device layer accurately
determined channel height

l

4 or 9-microns

buried oxide = BOx

1-micron

handle silicon

400-microns

150 mm = 1.5E5 um

*Thermal oxide has ~270 MPa compressive stress

=)

*To counteract this, 1-um thermal oxide was grown on both sides and

removed from the device side
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SOl Edge Bead Removal (EBR) ) &=,

=y= 0.25 um hump can hinder bonding
| e— around edge

-10004

Edge bead removed
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Channel Characterlzatlon ) S,

B ZYygo Surface Profile

& Manufacturer Specifications: 4 uym +
______________ 0.5umand 9 um £+ 0.5 um

+1.00000

-0.50000

= Buried Oxide Specifications: 1 um + 5%

E

£2.00000

: = EBRand Channels etched using deep
----- | | reactive-ion etching (DRIE)

1.00
Distance (mm)
Ra 1l.687

Profile Stats

White Light Interferometry

Nominal 5 um channel

measurements ranged from
4.44 ymto 4.66 um

ool 1 I TR e |

Fabrication
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Channel Lid Bonding

0, Plasma Activated Direct Bonding
» Dilute HF dip, then SC1

(H,O:H,0,:NH,OH) and
OHOHOHOHOHOHOHOHOH OHOHOHOH OH OH OH
0, plasma surface N T s

silicon

PR NN AN IO N A AN I O N
OH OHOH OHOH OHOH OHOH OHOH OHOH OH OH OH

activation create free silicon

¥

dangling bonds
consisting of silanol

= Simply bringing the

wafers into contact
forms siloxane
releasing H, and
H, 0 in the process

silicon
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Lid Bond Inspection 7 i,

using C-mode scanning acoustic microscopy (CSAM)

Laboratories

CSAM Large wafer bow, poorly bonded CSAM after compensative oxide shows

- vast majority of wafer bonded

Individual channels labeled

» for quality assurance
®
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Fitting Assembly ) ..

Align epoxy ring and fitting provided
with Upchurch part# N-133

Fasten with provided spring loaded
clamp and bake assembly in oven at
170 °C for 1 hour to cure epoxy



Leak Testing ) £,

Plug one end of channel and
pump for He leak test

» Channel-fitting assembly leak
tested down to 10~ ?(atm)cc/s
= (1.786 x 1071° kg/s) using
quadrupole mass spectrometer

1% of the lowest measured
mass flow rate
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Measurement System 1) .

£ ~ + Manually controlled

- valves used to set
starting pressures for
each test
s * Pressures used for
measurements range
from 250 kPa to 2.63 Pa

=
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Compressed
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Flow Measurements ) .

Pin

Pout

~ 5, forall experiments coinciding with (Ewart, 2007)

Mass Flow Rate calculated using

Raw data measured from the outlet tank the Ideal Gas Law:

13.66
en y = 0.0077x+ 13.504 dm  Vour dPoye
. R2=0.9997 =
o dt RT dt
T 136 =
E e Vour = 412.5¢cc + 4cc
a
E 13.56
£ 7'=296.0K + 05K
1152 Gas: Helium for all
: measurements
1348 . T T 1
0 5 10 15 20

time (minutes)




Closed-Form Equation 7 i,

Laboratories

based on Direct Simulation Monte Carlo (DSMC) models for all regimes
and any rectangular channel(Gallis and Torczynski, 2012)

| . . 6}.’)/1
M= M, (1 +_W[P1:P2])
Pm

- {(1 + bya) + (eby — (1 + bya))

2?-”/1 [?91 + bzP;L]}

@lp1pa] = P1-P2 |P2 t+ b2pa

Pt D P =p_i

Barameters;

= b, gives the correct free-molecular limit

"= by = 3.26224 for channel with 9.67 um height and 3.76031 for channel
with 4.5 um height




Limiting Forms of Model kS

Flow characteristics depend on the Knudsen number, Kn,, = 7%

2WH3?pm(p1—D2)
3muc?L

P 0 < Kn<0.001, continuumregime M. =

= 0.001 < Kn < 0.1,slip flow M =M, (1+ —ws) J@y =Z2(1+ bya).

: . (6p 2-a
= Kn > 10, free-molecular Mr =M, (v—’le) , wp = —¢b,
_ O 2D slip
é i 3D Free-molecular
E =
=
2
=
1E-12 E
1E-12

: —— — : t
1E+1 1E+2 1E+3 1E+4 1E+5

Inlet Pressure (Pa)
I ———————



Channel: 9.67 um X 10 mm @&,

Knudsen number

1E+2 1E+1 1E+0 1E-1 1E-2
. . 18
« Channel similar to g
Ewart et al.(2007)
Channel: 10 um x 10 mm, Gas: Helium
Pin/Pout=5,a=0.9, £ = 0.676
* matchesthe closed- = 40-3.27537,b2-0.194
form e(q uation i Ewarts th. Cont.
— i == losed form, Eq.
“!I.. QG Fxperimenl, Thesis
gW-m L ¢ Experiment, Ewart
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Channel: 9.67 um X5 mm @,

Knudsen number

1E+2 1E+1 1E+0 1E-1 1E-2
1I:_8: r rrrr T T T rrrr 1 1 171 r rrrr T T rrrov o 11 T 1
Channel: 10 um x 5 mm, Gas: Helium
Pin/Pout=5,a=0.9,£=0.676
b0=3.27537, b2 =0.55
1E-© T
O Fxperiment, CSVMP
Closed Form Eq
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Inlet Pressure (Pa) -



Channel: 4.5 um X 10 mm @&,

Knudsen number

1E+2 1E+1 1E+0 1E1 1E 2
P8 . e e
Channel: 5 um x 10mm, Gas: Helium
Pin/Pout=5,a=0.9,£=0.95
-9 |
. b0 =3.76031, b2=0.1
O Experiment, CSVMP

— Closed Farm Eq.
Q110 ¢
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Inlet Pressure (Pa)
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i oo
ational
Channel: 4.5 um X5 mm
Knudsen number
1E+2 1E+1 1E+0 1E-1 1E-2
1E—8:||| T TTT T T T T T T TTT 17 T TT T T T T T T TTT T T T T T T
1£0 Channel: 4.5 pym x 5 mm, Gas: Helium
- PinfPout=5,a=09,e=1
- b0=3.76031,b2=0.1

TF-10 O Experimentl, CSYMP
E E Closed Form Eq.
b
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1E-15 = ey g ey

TF+1 TF+7 TF+3 TF+4 TF+5
Inlet Pressure (Pa) 21



Calculated Error ) i,

AQ, AV AT Aa

+—+
Q, V T a

ATIT, accounts for the non-isothermal effects evaluated at +2%
(Graur, Méolans et al. 2005).

AVIV is the uncertainty of the volume measurement, +2%.

Aala is the error on the coefficient a in (5) and is evaluated at
1+0.5% at the higher pressures, but increases to £1% at the lower
pressures.

Combining these gives us a maximum percent error of £5% at
anytime.
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Conclusions

|sothermal helium mass flow for a very wide Knudsen range
from 0.001 to 550, well into the free-molecular range

Flows measured were on the order of 10-13 kgs-' (300 years to
accumulate 1 gram of helium).

Data set valuable for validating model and further predicting
free-molecular flow for engineering applications MEMS such as

micropumps, microvalves.




