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Figure 1.1: Schematic of Knudsen pump operation. (a) Single-stage
configuration. (b) Multistage configuration. P and T are, respectively, pressure
and temperature, the subscripts Cold and Hot indicate, respectively, cold and hot
chambers, and the subscript i indicates stage number.

Figure 1.2: Progress in minimum pressures from the mid-17" century to the 20™
century [Red99].

Figure 1.3: Examples of microsensor and miniaturized analytical instruments, in
need of a vacuum micropump. (a) Microgyroscope, which demonstrated its rate
sensing performance at high vacuum [Chol2]. (b) pGC system showing the
relative size of the different components [Pot07]. (c) A single-chip micro mass
spectrometer [Hau07].

Figure 1.4: Examples of pump performance lines for specific applications

Figure 1.5: Benchmarking of previous micropumps for compression ratio,
Pour/Py, and device volume.

Figure 1.6: Schematics of selected previous micropumps. (a) Peristaltic micro
gas pump driven by electrostatic force [Kim0O7a]. (b) Micromachined
mechanical pump using six-step operation cycle [Zholla, Zhollb]. (c) Chip-
scale Penning cell arrays in sputter-ion pump [Grel3].

Figure 1.7: The first Knudsen pump studied by Knudsen himself in 1909
[Knu09].

Figure 1.8: Single-stage Knudsen pump using aerogel membrane as thermal
transpiration flow channel [Var(01].

Figure 1.9: The first fully micromachined single-stage Knudsen pump [McNO5].
(a) Microscope image of top view. (b) Cross-sectional drawing.
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Figure 1.10: Mesoscale Knudsen pumps at the University of Michigan [Gupl 1a,
Gupl1b]. (a) Exploded view of two successive stages of nanoporous ceramic
based Knudsen pump [Guplla]. (b)Photo image of a nanoporous ceramic based
multistage Knudsen pump with a final packaged volume of 25 x 25 x 7.25 mm’
[Guplla]. (c) Exploded view of a nanoporous polymer based single-stage
Knudsen pump [Gupllb]. (d) Photo image of a nanoporous polymer based
single-stage Knudsen pump with a final packaged volume of 14 x 14 x 4.5 mm’
[Gupl1b]. The arrows show the direction of gas flow through different
elements.

Figure 1.11: An example of high flow rate Knudsen pump applied to micro gas
chromatograph [Liull]. The nanoporous polymer based single-stage Knudsen
pump is used.

Figure 2.1: Schematic of a multistage Knudsen pump. (a) Perspective view of
serpentine arrangement. The hot end of one stage is connected to the cold end of
the next stage via a wide channel. Pirani gauges are used to measure the
pressure. (b) Forty eight stages operating in series. The narrow channels support
thermal transpiration driven Knudsen pumping; whereas the wide channels
support viscous flow. Thermal transpiration driven flow causes pressure rise (or
drop) in the narrow channels and viscous flow in the wide channels helps retain
the pressure rise (or drop). Hence the pressure heads across each of the stages
add up, without the need to increase the operating temperature of each of the
stages.

Figure 2.2: Modeled distribution of temperature on the top surface of the
Knudsen pump for a given input power of 28.1 mW per stage. The Knudsen
pump is designed to limit the maximum operating temperature to <450 K.

Figure 2.3: (a)-(d) The series of step involved in the fabrication of the 48-stage
Knudsen pump with monolithically integrated Pirani gauges. (e) Top and side
views of the final device; narrow channels are required for thermal transpiration;
wide channels are required to connect successive stages; and cavities are used to
increase the effective hydraulic diameter of the wide channel, and for better
thermal isolation of the heater and the leading edge of the narrow channel.

Figure 2.4: (a) Picture of the final fabricated device showing the individual
Knudsen pumping stages, the inlet of the 48-stage pump, the outlet of the 48-
stage pump, the Pirani gauges and the electrical contact pads. (b) Microscope
image of two successive stages, as indicated by the dotted circle in (a). (c) SEM
image of the XeF, access slit in the ONO-2 — used for the sacrificial etch of the
polysilicon layers. (d) SEM image of the XeF, access slit in ONO-2 after sealing
with PECVD ONO-3. (e) The left microscope image shows the fringes
generated after sealing under vacuum, whereas the right image shows cleared
fringes after the seal is opened.
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Figure 2.5: Response of the monolithically integrated Pirani gauges with the
variation in pressure. Pirani P1 is connected to the 1* stage, i.e. the outlet of the
multistage Knudsen pump. Pirani P32 is connected to the 3o stage. And Pirani
P48 is connected to the 48™ stage, i.e. the inlet of the multistage Knudsen pump.

Figure 2.6: Variation in the experimentally measured and theoretically modeled
pressures with stage number for different input power. The pressures shown here
are the pressures at the inlet of the respective stages. The pressure at the outlet of
the Knudsen pump is the pressure at the 1® stage in this plot. The horizontal
dotted lines are the Pirani calibration points which are used for interpolations for
the pressure measurements.

Figure 2.7: Variation in the pressure at the sealed inlet of the Knudsen pump
with the input power for different ambient operating pressures. For an input
power of 1.35 W the pump pumps down from 760 Torr to =50 Torr. For the
same input power, while operating at an ambient pressure of 250 Torr, the pump
evacuates the cavity at the upstream of the Knudsen pump down to =5 Torr. The
horizontal dotted lines are the Pirani calibration points which are used for
interpolations for the pressure measurements.

Figure 2.8: This work has resulted in a compression ratio of 15 (if the pump is

operated in 760 Torr air ambient) and a compression ratio of 50 (if it is operated
in 250 Torr air ambient). A comparison to the published literature suggests that
Knudsen micropumps can achieve superior compression ratios.

Figure 3.1: Schematic of a two-part multistage Knudsen pump. KHP and KLP
stages are serially cascaded. Temperature and pressure profiles are shown along
the dashed line in stages. The dot-dash lines indicate correspondence along the
flow path.

Figure 3.2: Calculated flow parameters using the designed channel heights in
Table 3.1. (a) Flow coefficient ratios, % and %,, as a function of pressure. (b) Vy
in cc/min and Vsy in sccm as a function of Py, using Eq. (3.1) and (3.2).
Narrow and wide channels, abbreviated as NC and WC, are indicated by the
dotted and solid lines, respectively.

Figure 3.3: Calculated equilibrium pressures at each stage. (a) Variation in wide
channel height in the KLP, using the fixed AT of 50 K. (b) Variation in A7,
using the fixed dimensions in Table 3.1. Narrow and wide channel heights are
abbreviated as NCH and WCH, respectively.

Figure 3.4: (a) Representative layouts of single stages for KHP (left) and KLP
(right) in a Knudsen pump. (b) Cross sections along longitudinal axes for KHP
(left) and KLP (right). (c) Layout of overall KHP/KLP. In (c), the right side
inset indicates a magnified view of a Pirani gauge. For KLP in (a) and (b), only
differences in structure from KHP are indicated.
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Figure 3.5: Temperature distribution obtained by heater simulation of the
designed KLP stage, using FEA. (a) Perspective view of a half-sliced single
stage. (b) Magnified view of the T}, position.

Figure 3.6: The five-mask single-wafer process for KHP (left) and KLP (right).
(a) Silicon wafer. (b) Deposition and patterning of (Mask 1) LPCVD ONO-1
and (Mask 2) thick LPCVD polySi. (c) (Mask 3) Deposition & patterning of thin
LPCVD polySi. (d) (Mask 4) Deposition and patterning of LPCVD ONO-2. (e)
Sacrificial etching of polySi and bulk silicon using XeF, gas. (f) Deposition of
PECVD ONO-3 and ALD Al,0Os. (g) (Mask 5) Ti/Pt metallization.

Figure 3.7: Photograph of an as-fabricated chip. The upper right inset shows a
stage, the lower right inset a Pirani gauge and the lower left inset the inlet.

Figure 3.8: Microscopic images of fabricated stages in an identical scale. (a) A
KHP stage. (b) A KLP stage.

Figure 3.9: SEM images of narrow and wide channels in KHP and KLP. (a) A
narrow channel in KHP. (b) An increased narrow channel in KLP. (¢) A wide
channel in KHP. (d) An increased wide channel in KLP.

Figure 3.10: Typical test results for the combined operation of KHP and KLP.
(a) Equilibrium pressures at 760 Torr ambient. (b) Transient responses at 760
Torr ambient.

Figure 3.11: Typical test results for the operation of KLP by itself. (a)
Equilibrium pressures at various ambient pressures. (b) Transient responses of
only P162 at each ambient pressure.

Figure 3.12: Variation in input power for the combined operation of KHP and
KLP at 760 Torr ambient.

Figure 3.13: Reliability test for 37 days of continuous operation. The subscript
n denotes the elapsed days. Each pressure difference from Pirani gauge P1 to
Pirani gauges P54, P99, and P162 is normalized to that at the beginning, 0.

Figure 3.14: Benchmarking with other pumps for compression ratio, Pour/Piw,
and device volume. The present work, for the combined operation of KHP and
KLP, achieves a compression ratio of =844 (= 760/0.9), using an input power of
0.39 W. Note that both x and y axes are log-scaled.

Figure 4.1: Schematic of a Pirani gauge.

Figure 4.2: Flow charts for pressure measurements with Pirani gauges. (a)
Using static calibration. (b) Using dynamic calibration.
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Figure 4.3: The relation between the calculated responses of two hypothetical
Pirani gauges, with varying calibration pressures from 760 Torr to 0.1 Torr. (a)
The responses of two hypothetical Pirani gauges as a function of calibration
pressure. (b) The linear regression fit of the responses of two hypothetical Pirani
gauges. Subscripts 7 and 2 indicate two Pirani gauges. The sense gap of the
Pirani gauge 2, g, is assumed to be smaller by 10% than that of the reference
Pirani gauge, g,, due to the process-induced variation in sacrificial material for
the sense gap.

Figure 4.4: The relation between the calculated responses of two hypothetical
Pirani gauges, with varying calibration pressures from 760 Torr to 0.1 Torr. (a)
The responses of two hypothetical Pirani gauges as a function of calibration
pressure. (b) The linear regression fit of the responses of two hypothetical Pirani
gauges. Subscripts » and 3 indicate two Pirani gauges. The 9;; value are
assumed to be smaller by 10% than the 9i,, value, due to the process-induced
variation in thickness for supporting membrane.

Figure 4.5: An illustrative example of the mapping of the measured Pirani gauge
to the reference Pirani gauge and the resulting residual error in pressure, using
the hypothetical data in Fig. 4.4. The values of (AR/Ry),, are linearly transformed
to those of (AR/Ry).s With linear regression model, as indicated in this graph,
and the discrepancies with (AR/Ry), are translated into the residual errors in
pressure, 4Pg.

Figure 4.6: Sample Knudsen pump and mechanical deformation of the Pirani
gauge when the interior pressure is at high vacuum relative to ambient
atmospheric pressure. (a) Schematics of multistage Knudsen pump; the left inset
shows microscopic photograph of one side of the serpentine multistage structure.
(b) Interferogram of a Pirani gauge obtained with a 407 nm laser. (c) Relative
height of the exterior surface of the Pirani gauge by interferogram program. (d)
Cross-sectional SEM photograph of a sealed access hole, when the interior is
now at an identical pressure with the exterior.

Figure 4.7: A preliminary evaluation of a Pirani gauge. The fractional change in
resistance and temperature change of a Pirani gauge are investigated as a
function of calibration pressure, with increasing current values. The squared
value of the current is approximately linear with AR/Ry, as shown in Eq. (4.6).
These values are obtained by static calibration.

Figure 4.8: The pressure levels of the Pirani gauges, using the static calibration
of Pirani gauges of P1, P54, P99, and P162. (a) Each response of the Pirani
gauges with varying calibration pressure. (b) Each estimated pressure of the
Pirani gauges with the Knudsen pump operation. The horizontal dotted lines in
(b) are the static calibration pressures which are used for interpolations.
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Figure 4.9: Mapping of the Pirani gauges, P54, P99, and P162 to the reference
Pirani gauge, P1, using linear regression. (a) The linear regression fit between
P1 and P54. (b) The linear regression fit between P1 and P99. (c) The linear
regression fit between P1 and P162. (d) Responses of each Pirani gauge after
mapping, using regression equations, as indicated in (a-c).

Figure 4.10: Determining the equalization pressures of each Pirani gauge. (a)
Scaled dynamic calibration plots; the ambient pressure is rapidly varied from 760
Torr to 0.1 Torr at about half-decade pressure intervals. (b) The equalization
pressures are determined, as indicated by the dotted arrow lines between two
bounding values of ambient pressure. Blue circles are for P162, red circles for
P99, and green circles for P54.

Figure 4.11: The generalized relation of pressure as a function of AR/R, when
the ambient pressure is 760 Torr, obtained by dynamic calibration. The isolated
points indicate the equalization pressures (Fig. 4.10b). The solid line indicates
interpolations and extrapolations between the neighboring, isolated points, for
approximately determining the pressures from any measured AR/Ryg. The
horizontal dotted lines indicate the modulated ambient pressures for dynamic
calibration.

Figure 4.12: The difference in fractional changes in the resistance of a Pirani
gauge from static and dynamic calibration methods. The solid circles are
obtained by static calibration. The solid squares are obtained by dynamic
calibration for 760 Torr ambient.

Figure 4.13: Error source analysis for static and dynamic calibration methods.
(a) From the repeatability of a Pirani gauge, in AR/R, as a function of calibration
pressure, measured with static calibration method. (b) From the mapping of the
measured Pirani gauge to the reference Pirani gauge with linear regression. (c)
The combined errors from (a) and (b). (d) The combined errors from (a) and (b)
are converted to residual errors in pressure at each calibration pressure. In (a-c),
only the highest values in o are indicated.

Figure 5.1: Perspective view of a microfabricated test structure with a circular
cavity for testing the ALD Al,O3 vacuum seal.

Figure 5.2: Analytical calculation of the deflection of a circular membrane as a
function of pressure difference, AP. The pressure difference increases from 160
Torr to 760 Torr by 300 Torr. The membrane deflection is limited by bumps on
the cavity floor, the heights of which are indicated by the horizontal dotted line.
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Figure 5.3: Surface micromachining uses two masking steps. (a) Deposition of
LPCVD ONO-1, and deposition and patterning (Mask 1) of sacrificial LPCVD
polySi. (b) Deposition and patterning (Mask 2) of LPCVD ONO-2, and XeF,
gas dry etching of polySi. (c) Deposition of PECVD ONO-3 and ALD Al,Os.
The inset in (c) is a magnified view of a sealed access slit.

Figure 5.4: Schematic illustration of a sealing process using ALD Al,O3
[Puu05]. (a)-(b) One cycle of ALD AL,Os: (a) dose of precursor Al(CH3); for 20
ms and purge for 4 s; and (b) dose of H,O for 20 ms and purge for 4 s. (c) A
sealed pore after multiple cycles of ALD Al,Os;. The figures are not drawn to
scale.

Figure 5.5: Typical images of deflected circular membranes. (a) A laser
interferogram, in which the laser wavelength is 407 nm. (b) An optical
microscope image. In (b), the dashed circle indicates the deflected area for
which the deflection is limited by the ONO-3 bump inside the cavity. These
images are typical of structures examined immediately after fabrication as well
as 12 months later.

Figure 5.6: Cross-sectional images of a sealed access slit. (a) SEM image with
the expected boundaries between layers. (b) TEM image of the circled area in
(a), together with EDS spectra for Al,Os, sealed access slit center, and ONO-3.
C-related peaks come from TEM sample preparation.

Figure 5.7: Reliability test of the cavity pressures. Microscope images of 9
sealed cavities with circular membranes at 19 months post fabrication are shown.

Figure 6.1: Schematic of a single-stage Knudsen pump with high-density narrow
channels. (a) Vertically oriented narrow channels. (b) Steady state temperature
profile (left) and thermal circuit (right). (c) Steady state pressure profile.

Figure 6.2: Calculated unit-area standard flow rate as a function of pressure
difference (pump performance line), with varying a and AT. In this calculation,
Tcora =300 K, b =120 um, and / =20 um.

Figure 6.3: Perspective view of Knudsen pump structure. The structure is
divided into three regions: 1) active pumping area; 2) lateral frame; and 3)
anchor frame (thermal ground).

Figure 6.4: ANSYS™ FEA thermal simulation of narrow channels. (a) Solid
model of a repeating unit of a narrow channel and temperature distribution,
assuming that temperatures of the heat sink and heater are 300 K and 400 K,
respectively. (b) Temperature profiles along the hot side, 7Ty, and cold side,
TCold, in (a)

XVi

98

100

101

103

104

108

109

114

116



Figure 6.5: ANSYS™ FEA thermal simulation showing the effect of the thermal
resistance of the heat sink and the lateral frame on T¢,; and Ty, (a) Thermal
distribution of one quadrant of an active pumping area of 1 cm” (square) and the
lateral frame. (b) Temperature profile of 7y, and T¢,s from the anchor frame to
center. In (b), the wy value of 0 um indicates that the lateral frame with the
designed wyr value of 360 um is replaced with Si from the SOI device layer.

Figure 6.6: Fabrication flow. (a) (Mask 1) DRIE of the SOI device layer. (b)
ALD of ALO; sidewall. (c) PolySi refilling and dry etching. (d) (Mask 2)
PECVD and RIE of ONO upper dielectric membrane. (e) (Mask 3) Cr/Pt
metallization. (f) (Mask 4) DRIE of the handle wafer. (g) ALD and RIE of
ALO;. (h) XeF, sacrificial etching.

Figure 6.7: A photograph image of an as-fabricated chip. The left-bottom inset
shows close-up microscope image on the edge of an active pumping area.

Figure 6.8: SEM image of polySi-refilled trenches in a test silicon wafer. The
DRIE recipe is tuned to result in tapering of =1°. The dotted lines indicate the
boundaries between silicon and refilled polySi.

Figure 6.9: SEM images of SOI device layer mold. (a) DRIE of the SOI device
layer, ALD Al,O3 sidewall, and polySi refilling. (b) Dry etching of overfilled
polySi. (c) PECVD of one ONO stack. (d) PECVD of two ONO stacks for
planarization.

Figure 6.10: SEM images of the XeF, etched bottom of DRIE trench in a test
silicon wafer. ALD AlLOs, thickness =1 nm, was used for protecting the
sidewall of the DRIE trench.

Figure 6.11: SEM images of the heat sink structure. (a) Before XeF, sacrificial
etching. (b) After XeF, sacrificial etching. In each SEM image, wg »s (= 40 um)
and wy; s are indicated.

Figure 6.12: SEM images of ALD Al,O; sidewalls. (a) Top view. (b) Cross-
sectional view. To minimize a charging effect in SEM, a gold layer, thickness

~10 nm, is sputtered.

Figure 6.13: Steady state pump characteristics. Highest measured flow is 211
sccm using 37.2 W.

Figure 6.14: Transient response of a Knudsen pump. (a) Air flow rate. (b)
Pressure difference. Typical response time for reaching 90% of the final state is
0.1-0.4 s.

Figure 6.15: Gas flow rate in a pumping area of reported micropumps.
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Figure 7.1: Potential candidates for sub-micrometer narrow channels for high
compression and high flow Knudsen pump operating at atmospheric pressure.
(a) Cross-sectional SEM image of deep trench etch in silicon [Lie05]. (b) SEM
image of a porous silicon photonic crystal [Man13]. 135
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ABSTRACT

SI-MICROMACHINED KNUDSEN PUMPS
FOR HIGH COMPRESSION RATIO AND HIGH FLOW RATE

by

Seungdo An

Chair: Yogesh B. Gianchandani

This dissertation focuses on Si-micromachined Knudsen pumps. Knudsen pumps
exploit thermal transpiration that results from the free-molecular flow in non-isothermal
channels. The absence of moving parts, without frictional loss and mechanical failure,
provides significantly higher reliability.

For a high compression ratio, 48 stages are cascaded in series in a single chip of
10.35 x 11.45 mm® area. A five-mask, single-wafer process is used for monolithic
integration of the designed Knudsen pump. The pressure levels of each stage are
measured by integrated Pirani gauges. Using 1.35 W, the fabricated pumps evacuates the
encapsulated cavities from 760 to 50 Torr and from 250 to 5 Torr.

Multistage Knudsen pumps are further explored using a two-part architecture. To
increase the compression ratio, 162 stages are serially cascaded. The two-part
architecture uses 54 stages designed for the pressure range of 760-50 Torr, and 108 stages

designed for lower pressures. This approach provides greater compression ratio and
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speed than using a uniform design for each stage in the 48-stage Knudsen pump. The
design has a footprint of 12 x 15 mm®. Using 0.39 W, the evacuated chamber is reduced
from 760 to 0.9 Torr, resulting in a compression ratio of 844. The vacuum levels were
sustained beyond 37 days of continuous operation.

The dynamic calibration of microfabricated Pirani gauges is explored for
increasing pressure measurement accuracy in the 162-stage Knudsen pump. Test results
demonstrated that dynamic calibration can be significantly more accurate than
conventional static calibration when Pirani gauges are embedded deep within a
microfluidic pathway.

Si-micromachined single-stage Knudsen pumps are explored for generating high-
flow rates. A high density of thermal transpiration flow channels is arrayed in parallel
for combined pumping operation. A design with 0.4 x 10° parallel channels in a footprint
of 16 x 20 mm® generates a measured 211 sccm air flow at a pressure difference of 92 Pa,
using 37.2 W.

The low-temperature atomic layer deposition (ALD) of Al,Os is investigated for
vacuum seals in wafer-level vacuum packaging applications. The conformal coverage
provided by ALD ALO; is shown to seal micromachined cavities. Lifetime tests

extending out to 19 months are reported.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Knudsen pumps, first proposed and demonstrated in 1909 [Knu09], present an
appealing method for obtaining vacuum. Knudsen pumps are motionless,
thermomolecular pumps, which do not have any moving parts. These motionless pumps
are based on the phenomenon of thermal transpiration (Fig. 1.1a) [Loe34]. If the
hydraulic diameter of a flow channel is no larger than the mean free path of gas
molecules (i.c., the flow in the channel is confined to the free-molecular or transitional
flow regimes), a thermal gradient induces gas streams from the cold end to the hot end of
the channel [Loe34, Carll]. As a result, a pressure gradient is established in the same
direction as the thermal gradient. (See Section 2.2 for principle of Knudsen pump
operation).

Micropumps targeted at a wide range of applications have been reported in
literature [Ste93, Sch94, Dar96, Cab01, Sch02, Ngu02, Las04, Kim07a, Tsa07, Kim11].
Most research efforts have been directed at motion-based pumping mechanisms [Cab0l1,
Ngu02, Kim07a, Kim11], which are prevalent in macroscale pumping instruments. The
Knudsen pumping method provides advantages over conventional motion-based pumping

techniques.
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Figure 1.1: Schematic of Knudsen pump operation. (a) Single-stage configuration. (b)
Multistage configuration. P and T are, respectively, pressure and temperature, the
subscripts Cold and Hot indicate, respectively, cold and hot chambers, and the subscript i
indicates stage number.

First, the absence of moving parts, without frictional loss and mechanical failure,
provides significantly higher reliability. Motion-based pumps include, for example,
peristaltic and rotary pumps. However, moving parts present challenges at the microscale
as the surface area to volume ratio of the components increases. To achieve large
compression ratios, it is necessary to build structures that provide relatively large
displacement at relatively high frequencies; these are not easily integrated on a microchip.

In addition, high frictional losses can compromise operational life. Such challenges from

moving parts are absent in Knudsen pump.



Second, Knudsen pumps can potentially have a small form factor [McNOS,
Mun06]. Miniaturization using lithography-based micromachining processes can enable
integration of thermal transpiration flow channels into a chip-scale device.

Third, Knudsen pumps can provide a high compression ratio using serially
cascaded configuration [Knud09, You99] (Fig. 1.1b). Viscous flow channels connect
thermal transpiration flow channels by restoring the temperature from the hot temperature
to the cold temperature with negligible change of pressure. Then, a large pressure
difference can be obtained by combining pressure differences developed at each stage.

Finally, Knudsen pumps can generate high flow rates using a parallel
configuration of thermal transpiration flow channels. Each thermal transpiration channel
has a large flow resistance because its hydraulic diameter is small such that gas flow is
confined to the free-molecular or transitional flow regimes. However, by combining a
large number of channels in a single stage, the total flow resistance can be substantially

reduced, thereby resulting in a high flow rate.

1.2 Vacuum Pumps and Applications

In Fig. 1.2, progress in minimum pressures [Red99] shows that vacuum itself and
a vacuum pump were first known in the mid-17" century. Boyle was the first one who
made a significant measurement of vacuum, ~6 Torr, which was generated by a
mechanical piston pump. Over time, various vacuum pumps, such as a liquid piston
pump, a molecular pump, a diffusion pump, and a getter or cryopump, have been
developed. The highest achieved vacuum has been increased continuously. Knudsen,

who designed and built the first Knudsen pump, performed comprehensive research on



gas flow related to collisions with surrounding walls. His work is regarded as the
beginning of vacuum physics [Jou08]. By the end of the 20™ century, the highest vacuum

was ~10"* Torr using getter and cryopump technology.
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Figure 1.2: Progress in minimum pressures from the mid-17" century to the 20™ century
[Red99].

Applications range from industry to basic science research (Table 1.1) [Jou08].
Vacuum pumps are important for semiconductor technology, in which pressure ranges
are from 107 Torr to 10° Torr. For mass spectrometers in research, pressure ranges are

from 107'° Torr to 107 Torr.



Table 1.1: Applications and pressure ranges of vacuum pumps [Jou0§]

Application Pres?;_x::rl)'ange

Semiconductor fabrication 107 -10°

Physical vapor deposition 10°-107

Industrial area Chemical vapor deposition 10%-10"
Vacuum metallurgy 10°-10"

Crystal growth 10°-10°

Mass spectrometers 10" -10°

Surface analytics 10" -10°

Research area = =
Plasma research 107 -10

Elementary particle physics 10" -10°®

1.3 Vacuum Micropumps and Applications

The term micropump refers to a pump with microscale functional components. It
is mostly fabricated by microelectromechanical systems (MEMS) technology. Research
on micropumps is directed at meeting challenges for certain applications that require
pumps with small size & weight and low power, together with high performance and
robustness. Micropumps are potentially useful as part of a tunable vacuum control
system in sealed cavities that contain high-Q resonators, such as micro gyroscopes [Liu09]
or timing oscillators [Beel2]. Miniaturized analytical instruments, such as micro mass
spectrometers (MS) [Hau07, ChelO] and micro gas chromatographs (GC) [Pot07,
KimO7a, Liul1], also need small vacuum pumps. Miniaturized analytical instruments are
being actively researched for portable, commercial or defense applications. One of the
challenging requirements for these compact applications is a small vacuum pump of high
performance and robustness.

The electrostatically driven comb actuator in a micro gyroscope (Fig. 1.3a)
requires a high quality factor for generating a sufficient signal response for a small
angular rate input signal of <0.1°/s. A high quality factor much larger than 1,000 is

achieved by decreased air damping in the comb actuator at low pressure levels. Typically,



the pressure levels need to be less than 5 mTorr. The present hermetic vacuum sealing
method is to bond a device wafer to a cap wafer at high vacuum. Getters are optionally
used for absorbing gas molecules, which evolve from interior surfaces. Using a
micropump integrated with a microgyroscope, the interior pressure can be controlled and
maintained at high vacuum levels, thereby retaining high performance.
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Figure 1.3: Examples of microsensor and miniaturized analytical instruments, in need of
a vacuum micropump. (a) Microgyroscope, which demonstrated its rate sensing
performance at high vacuum [Chol2]. (b) uGC system showing the relative size of the
different components [Pot07]. (c) A single-chip micro mass spectrometer [Hau07].

The micro gas chromatograph (WGC) at the University of Michigan (UM) [Pot07]
(Fig. 1.3b) is a miniaturized, portable version of conventional gas chromatographs.
Typically, conventional gas chromatographs are bulky and expensive, analytical

instruments widely used in laboratory chemical analysis. Gas analyte is carried through a

column coated with stationary phase. Gas components are separated using different



retention times related to chemical species. The uGC needs a micropump with a high
flow rate (> 2 sccm) and a high pressure difference (> 10 kPa) [Kim0O7a]. In addition,
low power (<100 mW) and small volume (< 0.5 cc) are required.

Due to the exceptional analytical performance, diverse types of miniaturized mass
spectrometers have been studied [Sym09]. Mass spectrometers electrically charge gas
analyte and measure mass-to-charge ratio. The quantitative analysis of molecular
fragments results in the determination of the chemical constituents of the analyte. A
planar integrated miniaturized mass spectrometer (PIMMS), researched at Hamburg
University of Technology in Germany, is based on electron impact ionization and a
synchronous, ion-shield mass filter. The PIMMS is microfabricated in a small size of 5 x
10 mm® on silicon-on-glass substrate [Hau07] (Fig. 1.3¢c). The vacuum chamber should
be at < 7.5 mTorr, and the desired pressure of the electron source and ion source is 0.38
Torr. The Time-Of-Flight (TOF) architecture for a micro mass spectrometer, studied by
French Alternative Energies and Atomic Energy Commission (CEA), is required to
operate at 1 mTorr [Tas11].

Specifications required for micropumps are flow rate, outlet pressure, inlet
pressure, compression ratio, size, weight, and power. In vacuum pumps, the flow rate is
inversely proportional to the pressure difference, AP, between outlet and inlet pressures.
For specific applications, a pump performance line and operating point can be determined
using a specific design procedure (Fig. 1.4). For example, the gas chromatograph
specified by UM, needs a high flow rate (> 2 sccm) and a pressure difference (> 10 kPa)
[KimO7a]. Then, the performance line for that application tends to lean toward

generating a high flow rate. In the case of a micro mass spectrometer coupled to a gas



chromatograph, (whose specification is released in a Defense Threat Reduction Agency
(DTRA) solicitation), both high flow rate and high vacuum are necessary [DTR12]. For
this application, the performance line could be designed for generating both a high flow

rate and a large pressure difference.
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Figure 1.4: Examples of pump performance lines for specific applications
1.4 Previous Efforts in Micropumps
Wide applications ranging from gas sensing and analysis [Ter79, Nag98, Zel04,
Wis04] to microfluidic movement [Mar99, Lea03, Wan05, Wan06, Abq07, Tsa07, Wu08,
Cho09] have fueled the continuing research efforts in micropumps, which has produced
increasing compression ratios and flow rates. The compression ratios achieved in
micropumps are summarized with device volume [Ste93, Ger95, Kam98, Wij00, Ngu02,
Las04, McNO5, Kim07a, Kac08, Web10, Phal0, Guplla, Gupllb, Meyl1, Bes12] (Fig.
1.5). The results of the Si-micromachined Knudsen pumps studied in the work of this

dissertation are added in later chapters (See Fig. 2.8, 3.14, 6.15).



A promising result of flow rate and pressure difference for a pump to be used in a
micro gas chromatograph was reported by Kim et al. [KimO7a] (Fig. 1.6a), using a
peristaltic 18-stage micropump driven by electrostatic force. An air flow rate of =4.0
sccm and a maximum pressure difference of =17.5 kPa were produced, using an input

power of only =57 mW. The resulting compression ratio was ~1.1.
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Figure 1.5: Benchmarking of previous micropumps for compression ratio, Poyr/Pv, and
device volume.

A compression ratio of ~4.6 was achieved by the mechanical pump by Zho et al.
[Zhol1la, Zhol1b] (Fig. 1.6b). It is not shown in Fig. 1.5 due to the un-published actuator
volume located beneath the MEMS structure (Fig. 1.6b). The volume of its MEMS
structure only is 1,144 mm’. The device is designed to be driven by pneumatic actuation

using a six-step operation cycle. It achieved 164 Torr at atmospheric ambient pressure.

The pressure approaches equilibrium at =100 minutes, using the test volume of =1 cc.
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Figure 1.6: Schematics of selected previous micropumps. (a) Peristaltic micro gas pump
driven by electrostatic force [Kim07a]. (b) Micromachined mechanical pump using six-
step operation cycle [Zholla, Zhol1b]. (c) Chip-scale Penning cell arrays in sputter-ion
pump [Grel3].

Another interesting pump that demonstrated pumping at sub-Torr pressure is the
sputter-ion pump (SIP). It uses Penning cell arrays [Grel3] (Fig. 1.6¢). In a SIP, the
continuously sputtered titanium getter layer absorbs ionized gas, resulting in a vacuum in
the chamber. This requires a voltage of 450-600 V for plasma ignition. The Penning cell
sustains the ionizing efficiency at low pressure levels by trapping the electrons in long
orbits, using the Lorentz forces provided by crossed magnetic + electric fields. It

demonstrated pressure reductions from 1 Torr to < 200 mTorr and from 115 mTorr to

<10 mTorr. This SIP can operate at a starting pressure as low as 1.5 pTorr.
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1.5 Previous Efforts in Knudsen Pumps

Martin Knudsen demonstrated the first functional Knudsen pump in 1909
[Knu09] (Fig. 1.7). He used narrow glass tubes (diameter 0.374 mm) for thermal
transpiration flow and wide glass tubes (diameter 10.2 mm) for viscous flow channels.
Using a platinum wire heater, a thermal gradient was applied to the glass tubes, which
were configured as multiple stages operating in series. However, the challenge of
fabricating sufficiently narrow channels for operation at atmospheric pressure has limited
widespread adoption.

Tooa=273K T =373K

Gas ;
flow 5cm 5cm Pt wire heater

|—>—> ¢
OUTLET
INLET

—=/ "N
Narrow Wide
glass tube glass tube

(¢=0.374 mm) (¢=10.2 mm)
Figure 1.7: The first Knudsen pump studied by Knudsen himself in 1909 [Knu09].

With advancements in microfabrication techniques, this technology has received
more attention [Var99, VarOl, Mun02, McNO05, Col05, Ale06, Kos08]. The past two
decades have seen several efforts demonstrating the use of bulk micro- or nano-porous
materials for thermal transpiration driven Knudsen pumping [Var0l, You05, Han07,
Gup08, Guo09, Gupl0, Phal0, Guplla, Gupllb]. However, achieving high thermal
isolation and generating high pressure heads using this approach remains a challenge.

The Muntz group at the University of Southern California used porous aerogel
material for thermal transpiration [Var99, VarOl, Mun02]. Its pore size of 20 nm is

smaller than the mean free path of air molecules at atmospheric pressure, =70 nm.
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Therefore, the porous aerogel allows Knudsen pumping (i.e., thermal transpiration) at
atmospheric ambient pressure by imposing a thermal gradient across the aerogel
membrane, which has a thickness of 520 um (Fig. 1.8). Using N, as the working gas, the

resulting pressure difference was =1 kPa using =2 W at 760 Torr ambient [Var01].
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Figure 1.8: Single-stage Knudsen pump using aerogel membrane as thermal transpiration
flow channel [Var01].
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Figure 1.9: The first fully micromachined single-stage Knudsen pump [McNO5]. (a)
Microscope image of top view. (b) Cross-sectional drawing.

1.6 Previous Efforts in Knudsen Pumps at the University of Michigan
Research of the Gianchandani group at the University of Michigan has resulted in

several microscale and mesoscale Knudsen pumps that are appropriate for a wide range
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of applications. Using recent advances in microfabrication technologies, efforts were
directed toward high flow and high vacuum Knudsen pumps for operating at atmospheric
pressure. There has been a decade of research, including the work of this dissertation.

The first fully micromachined Knudsen pump with a compact footprint of 2 x 1.5
mm’” was reported in 2003 (Fig. 1.9) [McNO5]. This pump was targeted at chip-scale
cavity pressure modulation related applications. The calculated temperature of the heater
was ~1,100°C, using an input power of 80 mW and a high thermal isolation of 1.4 x 10*
K/W. The estimated maximum pump speed was 1 pcc/min. The Knudsen pump could
pump down a cavity from 760 Torr down to 345 Torr using an input power as low as 80
mW. The resulting compression ratio was ~1.9; this is the highest value in micropumps,
as shown in Fig. 1.5.

A mesoscale Knudsen pump targeted at precision sample movements in
microfluidic assays was reported in 2009 [Gupl1a] (Fig. 10a, 10b). It was a nanoporous
ceramic based 9-stage Knudsen pump. It had a footprint of 25 x 25 mm®. While
operating at 55 K above room temperature, the pump provided a maximum pressure
difference exceeding 12 kPa at its sealed outlet, or a gas flow rate of 3.8 pL/min. against
a pressure head of 160 Pa. This pump was operated continuously for more than 10,000
hours without any deterioration in its performance.

In 2010, a nanoporous polymer based Knudsen pump, foot print 14 x 14 mm?,
was demonstrated to achieve a gas flow rate of =1 sccm — the highest ever reported for a
Knudsen pump [Gupl1b] (Fig. 10c, 10d). Porous materials enable high flow rates due to

a large number of channels, operating in parallel. The pore diameter of the nanoporous
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polymer was ~25 nm. This pump operated continuously for more than 6,000 hours

without any significant deterioration in its performance.
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Figure 1.10: Mesoscale Knudsen pumps at the University of Michigan [Gupl1a, Gupl1b].
(a) Exploded view of two successive stages of nanoporous ceramic based Knudsen pump
[Guplla]. (b) Photo image of a nanoporous ceramic based multistage Knudsen pump
with a final packaged volume of 25 x 25 x 7.25 mm’ [Guplla]. (c) Exploded view of a
nanoporous polymer based single-stage Knudsen pump [Gupl1b]. (d) Photo image of a
nanoporous polymer based single-stage Knudsen pump with a final packaged volume of
14 x 14 x 45 mm’ [Gupllb].  The arrows show the direction of gas flow through
different elements.

By applying Knudsen pumps to pGC, a nanoporous polymer-based Knudsen
pump was integrated with a pGC system and demonstrated its capability to separate and

detect gas mixtures [Liull] (Fig. 1.11). Using a six parallel Knudsen pump (KP) array,
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flow rates of 1 mL/min and 0.26 mL/min were achieved for helium and dry air carrier
gases, respectively. As shown in the test set-up for the pGC system, the Knudsen pump
pulls the analyte gas from the injection module to the gas-separating pcolumn and the
Fabry-Pérot (FP) optical-detector module. As a result, the pGC prototype system

obtained a high resolution detection of 5 alkanes of different volatilities within 5 min.
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Figure 1.11: An example of high flow rate Knudsen pump applied to micro gas
chromatograph [Liul1l]. The nanoporous polymer based single-stage Knudsen pump is
used.

Although porous materials provided high flow rate, detailed analyses showed that

the porous materials have defects that compromise pressure difference and gas flow rate

[Guplla]. In addition, polymer materials withstand limited temperature differences.

1.7 Organization of Dissertation
The following six chapters comprise the balance of this dissertation.
Chapter 2 presents the Si-micromachined multistage Knudsen pump designed for

high compression ratio. The 48 stages, operating in series, are monolithically integrated,
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using a five-mask fabrication process. The test result shows substantial increases in
compression ratio compared to other pumps reported in the literature.

Chapter 3 introduces the two-part architecture into the multistage Knudsen pump
design. A two-part architecture is explored for customizing pump stages in order to
enhance the compression ratio and the pumping speed over a wide pressure range. The
number of stages is increased from 48 stages (as described in Chapter 2) to 162 stages.
54 stages are designed for a pressure range of 760-50 Torr and 108 stages are designed
for a lower pressure range. The performance test resulted in a higher compression ratio,
using more efficient power. This Knudsen pump is capable of a pressure reduction from
atmospheric pressure to sub-Torr pressure.

Chapter 4 introduces a dynamic calibration method for Pirani gauges embedded
in fluidic networks. This method is used for enhancing accuracy in pressure
measurement in the 162-stage Knudsen pump. This method can be extended to measure
vacuum levels in other microsystems, where Pirani gauges are embedded deep within a
microfluidic pathway.

Chapter S describes low-temperature vacuum sealing of micro cavities using
atomic layer deposition (ALD) of Al,O;. This technique is used for leak-proof sealing of
flow channels in the 48-stage and 162-stage Knudsen pumps, and is very promising for
retaining vacuum seals for micro devices.

Chapter 6 presents the Si-micromachined single-stage, Knudsen pumps designed
for high flow rates. It explores a large number of parallel vertical flow channels
integrated in a silicon-on-insulator (SOI) wafer.

Chapter 7 concludes this dissertation and discusses future work.
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CHAPTER 2

A SI-MICROMACHINED 48-STAGE KNUDSEN PUMP
FOR ON-CHIP VACUUM

This chapter' describes a monolithic 48-stage Knudsen pump. To achieve a high
compression ratio, 48 stages are designed and are cascaded in series in a single chip. A
five-mask, single silicon wafer process is used for monolithic integration of the Knudsen
pump. It has a footprint of 10.35 x 11.45 mm®. The pump has several monolithically
integrated Pirani gauges to experimentally measure the vacuum pumping characteristics
of the pump. For an input power of =1.35 W, the fabricated pump evacuates the
encapsulated cavities from 760 Torr to =50 Torr, resulting in a compression ratio of 15.

It also pumps down from 250 Torr to =5 Torr, resulting in a compression ratio of 50.

2.1 Introduction

For Knudsen pumps to achieve high compression ratios, one major challenge is
that it is necessary to pack a large number of stages (operating in series) into a small
footprint. Micromachining technologies are suitable for integrating these stages in a
small area using lithography-based batch fabrication processes. ~While mesoscale
(multistage) Knudsen pumps have demonstrated compression ratios of ~1.2 [Guplla,

You03], the first fully micromachined on-chip single-stage Knudsen pump, reported in

! This chapter describes joint work with Naveen Gupta
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2005, achieved a compression ratio of =1.9 [McNO5]. This single-stage micromachined
Knudsen pump used a six-mask, two-wafer process.

This chapter reports on a 48-stage micromachined Knudsen pump with integrated
Pirani gauges, using a five-mask, single-wafer structure. Using a serially cascaded
multistage design, this pump achieves substantially higher compression ratios. A
pressure drop in excess of 700 Torr is achieved in an air ambient at atmospheric pressure.
The pump is operational over a range of ambient pressure starting from atmospheric
pressure to less than 10 Torr. The principle of operation of Knudsen pump is described
in Section 2.2. The design analysis for the device has been presented in Section 2.3. The
details of device fabrication process and results are discussed in Section 2.4-2.5, followed

by a discussion of experimental results in Section 2.6.

2.2 Principle of Operation

Knudsen pumps combine thermal creep flow and viscous flow [Loe34]. An
imposed thermal gradient results in thermal creep flow along the channel walls from the
cold end to the hot end. The pressure gradient induced by the thermal creep flow results
in viscous flow in the reverse direction. The Knudsen number, defined as the ratio of the
mean free path of gas molecules to the hydraulic diameter of a flow channel, is used to
identify the relative contribution of the thermal creep flow and the viscous flow. In a
narrow channel, if the Knudsen number is larger than =1, a pressure gradient is
established in the same direction as the thermal gradient. This is the phenomenon of
thermal transpiration. In contrast, a wide channel is dominated by viscous, pressure-

driven (Poiseuille) flow.
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In a multistage Knudsen pump (Fig. 2.1), a single stage includes a narrow channel
and wide channel. The narrow channel generates a forward pressure difference, AP;,
under the imposed thermal gradient along the intended forward path. In contrast, the
wide channel, by connecting neighboring narrow channels, is intended to restore the
temperature from the hot temperature, T, to the cold temperature, 7,4, without a large
drop in pressure. At equilibrium, the net pressure difference in a stage, APs, can be stated

as:
AP; = AP, — AP. (2.1)

where AP, is the unintended, reverse transpiration pressure difference that could be
developed in the wide channel at low pressures, at which the flow is not entirely viscous.

A serial cascade increases the compression ratio; AP, =P, —P, ZZIAPS o where

Pour and Pjy are the pressures at the outlet and inlet, respectively, and i denotes the stage
number.

Analyses of thermal transpiration flow suggest that the mass flow rate, M, along a
narrow rectangular channel subjected to a longitudinal temperature gradient is [Sha98,

Sha99, Jou08]:

P I \2k,T, 2.2)

Avg Avg vg

P [QTAT B QPAPJaZbPAVg m

T
where a, b, and / are, respectively, the height, width, and length of the channel; m is the
mass of a single gas molecule; kp is the Boltzmann constant; AT and 74, are, respectively,
the temperature difference and the average temperature of Ty and Two;; AP and Py, are,

respectively, the pressure difference and the average pressure of the cold and hot

chambers; and Qr and Qp are, respectively, the thermal creep flow and Poiseuille flow
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coefficients. Here, Qp represents the viscous flow. Note that the terms in A7 and AP

have opposite signs to indicate that the viscous flow balances the thermal creep flow.

Pirani JN'—ET
Gauges ~ Direction
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Figure 2.1: Schematic of a multistage Knudsen pump. (a) Perspective view of serpentine
arrangement. The hot end of one stage is connected to the cold end of the next stage via a
wide channel. Pirani gauges are used to measure the pressure. (b) Forty eight stages
operating in series. The narrow channels support thermal transpiration driven Knudsen
pumping; whereas the wide channels support viscous flow. Thermal transpiration driven
flow causes pressure rise (or drop) in the narrow channels and viscous flow in the wide
channels helps retain the pressure rise (or drop). Hence the pressure heads across each of
the stages add up, without the need to increase the operating temperature of each of the
stages.

The values of Qr and Qp are obtained by Sharipov’s calculation, which
appropriately represents direct simulation Monte Carlo (DSMC) [Mas07]. Sharipov

[Sha99] numerically solved the linearized Boltzmann transport equation (BTE), for
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extracting Or and Qp from rarefied gas flow. Each flow coefficient was tabulated for the
variations in ratio of a to b (= a/b), and the rarefaction parameter. The rarefaction
parameter is defined as the inverse of Knudsen number, which is pressure-dependent.
For parameters that are unlisted in [Sha99], the values of Or and Qp can be determined
from interpolations of the tabulated values.

The pressure difference across a channel, AP, depends upon the flow rate, as
indicated in Eq. (2.2). When the pressure difference is zero (i.e., there is no pressure
head), the flow rate takes the largest value. Over time, when evacuating a blind cavity,
gas flow approaches equilibrium (i.e., no net flow), where the thermal creep flow due to
AT is completely balanced by the viscous return flow due to AP. The resulting
equilibrium pressure difference, APg, is given by:

AT
APEq = 7T_PAvg (2-3)

Avg
where yis the flow coefficient ratio, defined as Q7/Qp, indicating the relative ratio of the
thermal creep flow to Poiseuille flow coefficients in a channel [Sha98]. In the free-
molecular regime where the Knudsen number is larger than 10, ¥ takes its largest value
of 0.5 for a/b ratio of 1 (square) to 0.44 for a/b of 0 (plate); in the viscous flow regime,
where the Knudsen number is smaller than 0.01, y takes its smallest value of 0 [Sha99].
In the transitional regime, where the Knudsen number is between 10 and 0.1, yis
determined from [Sha99]. (See Fig. 3.2a for determined yvalues.)

In the viscous flow regime, where [Sha99] does not fully cover, the Poiseuille

equation [Bru08] can be used for describing the flow rate as:
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VvV, =
where Vpos is the volume flow rate of gas in the viscous flow regime and 7 is the

dynamic viscosity of gas. The Poiseuille equation is obtained by analytically solving the

Navier-Stokes equation (NSE) for incompressible fluids.

2.3 Design Analysis

A 48-stage Knudsen pump with monolithically integrated Pirani gauges is
designed for the purpose of this study. Sacrificial polysilicon is used to define narrow
channels. Bulk silicon cavities are used to define wide channels. Thin film silicon

dioxide/silicon nitride layers are used to encapsulate the wide and narrow channels.

Narrow Wide 28.1 mW

channel channel | Hydraulic connection |
| >

Structural supports

— | — | —

300.0 3282 356.3 384.4 412.6
Figure 2.2: Modeled distribution of temperature on the top surface of the Knudsen pump
for a given input power of 28.1 mW per stage. The Knudsen pump is designed to limit
the maximum operating temperature to <450 K.

Finite element analysis (FEA) is used to investigate the thermal behavior of the
device. Figure 2.2 shows the modeled thermal response of each of the stages of the

Knudsen pump for ambient temperature of 300 K. For FEA, natural air convection
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cooling is ignored and thermal conduction across material layers is considered. A 110 K
rise in heater temperature is expected for an input power of 28.1 mW. The thermal map
suggests that the temperature gradient is steepest along the narrow channel, indicating
that the primary heat loss is along the narrow channel. This temperature gradient is the
driving force for gas pumping from the cold end to the hot end. Since the hot end of the
narrow channel has about half of the temperature rise of the heater (Fig. 2.2), 355 K is
used for T, in the following performance estimation. The wide channel from the heater
to the cold end of the next narrow channel restores the temperature from 7y, to T, With
negligible change of pressure. The gas flow in this channel is in the viscous regime.

The Sharipov calculation results of Or and Qp [Sha99] are used to estimate the
pressure ratio generated across each of the stages based on the simulated thermal
distribution of the device, using Eq. (2.1-2.3). For a Knudsen pump with 30 um height of
wide channel and 0.15 um height of narrow channel with the hot end at 355 K and the
cold end at 300 K, 48 stages are expected to pump down from 760 Torr to 97 Torr.
Using the same number of stages, the pressure can also be reduced from an ambient
pressure of 250 Torr to 18 Torr. The mean free path of the air molecules at 18 Torr is
about 3 pm at 350 K. Hence, for the reduction of pressure to about 18 Torr, the wide
channels are required to have hydraulic diameter significantly larger than 3 pm to limit
the backflow at low operating pressures.

The operating pressure levels are used to estimate the separation between adjacent
structural supports for the diaphragms over the wide and the narrow channels. These
structural supports (Fig. 2.2) are required to limit the deflection of diaphragms during the

Knudsen pump operation, which would otherwise obstruct the gas flow. A finite element
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model is used to estimate the separation of the structural supports for the diaphragms over
the polysilicon channels. The device can accommodate a 760 Torr ambient pressure
level. Under these operating conditions, the worst-case deflection of the diaphragm is
expected to occur at the 48" stage (i.e. the pump inlet). The pressure above the
diaphragm is 760 Torr and the pressure under the diaphragm, in the wide and the narrow
channels is set to =0 Torr for simulation of the maximum deflection. For these operating
conditions, the structural supports in the narrow channel are located at 50 um spacing,
limiting the deflection of diaphragm to <7 nm. Similarly, the structural supports in the
wide channel are located at every 125 pm, limiting the deflection of diaphragm to <0.1
pm.

For the purpose of this study, the Knudsen pumping stage located furthest
downstream, i.e. at the pump outlet, is termed the 1% stage of the 48-stage Knudsen
pump. Similarly, the most upstream stage, i.e. at the pump inlet, is termed as the 48"
stage. The Pirani gauges are identified by the stage number of the Knudsen pumping
stage to which they are connected. For example, if a Pirani gauge is connected to the 48"
stage, it is named P48. Similarly, if a Pirani gauge is connected to the 1% stage, it is
named P1.

The footprint for each of the stages of the Knudsen pump is 0.3 x 1 mm®. The
wide channel is =300 pm wide and =750 pm long; the narrow channel is =100 pm wide
and =250 um long, whereas the cavity is 280 um wide and 250 um long. The footprint of
the Pirani gauge is 250 x 250 pm®.

The 48 stages are laid-out in a serpentine fashion with eight Knudsen pumping

stages in a row. (Note that not all the intermediate stages have integrated Pirani gauges.)
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For the ease of testing, the heaters for all the Knudsen pumping stages are connected
together so that they could be powered simultaneously using only two contact pads. The
serpentine arrangement allows the heaters to be connected in eight parallel branches with
six heaters, connected in series, in each branch. The positive and the negative terminals
of these eight branches are connected to two contact pads located at the top and the

bottom of the chip.
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Figure 2.3: (a)-(d) The series of step involved in the fabrication of the 48-stage Knudsen

pump with monolithically integrated Pirani gauges. (e) Top and side views of the final

device; narrow channels are required for thermal transpiration; wide channels are

required to connect successive stages; and cavities are used to increase the effective

hydraulic diameter of the wide channel, and for better thermal isolation of the heater and
the leading edge of the narrow channel.



2.4 Fabrication Process

The fabrication process selected for the 48-stage Knudsen pump and the
monolithically integrated Pirani gauges offers simplicity and high yield. Three important
features are: 1) thin (sacrificial) polysilicon is used to define narrow channels; 2) thick
(sacrificial) polysilicon is used to define hydraulic interconnects between successive
stages; and 3) a cavity is etched in bulk silicon to increase the hydraulic diameter of the
viscous flow paths (i.e., wide channels). The walls of the channels are fabricated by
stress-compensated low-pressure chemical vapor deposited (LPCVD) oxide-nitride-oxide
(ONO) layers.

The microfabrication process begins with deposition and patterning of the first
ONO (ONO-1) layer, which is 1.25 pum thick. The pattern defines openings, which are
used for etching cavities in the bulk silicon (Fig. 2.3a). The ONO-1 film stress is =120
MPa.  Sacrificial polysilicon of thickness ~1.95 pm 1is used for the hydraulic
interconnects, and for the height of the air gap for the Pirani gauges [Dom11] (Fig. 2.3b).
A second sacrificial polysilicon layer, thickness ~0.15 um, is used to define the narrow
channels (Fig. 2.3b). A second ONO (ONO-2) layer, thickness 1.17 um, encapsulates the
sacrificial polysilicon layers (Fig. 2.3¢c). The ONO-2 film stress is =80 MPa. Structural
supports (Fig. 2.2) for ONO-2 are defined at regular intervals by patterning rectangular
pockets in the polysilicon layers. An array of slits, 1 x 10 pum?, are dry etched by reactive
ion etching (RIE) of the ONO-2 layer to define access slits for etching sacrificial
polysilicon. XeF, gas is used to etch the thin/thick polysilicon and 30 um deep cavities
in the bulk silicon (Fig. 2.3d). The cavity is =30 um deep and the XeF, gas etches under

the narrow channel by the same extent. Two layers of plasma enhanced chemical vapor
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deposited (PECVD) ONO (ONO-3) with an intermediate nitride layer, total thickness of
3.12 pum, are used to block the XeF, access slits in ONO-2 (Fig. 2.3e¢). The ONO-3 film
stress is =25 MPa. An atomic layer deposited (ALD) Al,Os layer, thickness 0.58 pum, is
used to hermetically seal the pinholes in ONO-3. The ALO; film stress is =300 MPa.
Finally, lift-off is used to define the Ti/Pt layer, total thickness ~0.13 um, for the heaters
and the Pirani gauges. The same Ti/Pt layer is used to define the electrical interconnects,
and contact pads. Figure 2.3e shows the sectional view of the final device, together with
the top view. The diaphragm at the most downstream end is punctured to define the
outlet for this 48-stage Knudsen pump, whereas the inlet is left sealed. The measured

thickness and residual stress of each layer are summarized in Table 2.1.

Table 2.1: Measured thickness and residual stress of each layer.

Layer Thickness Residual stress
(km) (MPa)
LPCVD ONO-1 1.25 +120
LPCVD ONO-2 1.17 +80
PECVD ONO-3 3.12 +25
Thin / thick polySi 0.15/1.95 B
ALD Al,04 0.58 +300
Ti/Pt 0.030/0.1

The use of ONO diaphragm instead of oxide-only diaphragm results in higher
thermal conduction loss because the nitride has an order of magnitude higher thermal
conductivity than oxide. However, stress compensation is critical to avoid unexpected
curling/warping of the suspended structures. The ONO dielectric stacks are stress
compensated to have mild tensile stress, to avoid buckling of the suspended diaphragm
due to compressive stress. The increase in parasitic heat loss due to the additional
dielectric layers is compensated by increasing the thermal isolation of the heater from the

silicon substrate.
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Figure 2.4: (a) Picture of the final fabricated device showing the individual Knudsen
pumping stages, the inlet of the 48-stage pump, the outlet of the 48-stage pump, the
Pirani gauges and the electrical contact pads. (b) Microscope image of two successive
stages, as indicated by the dotted circle in (a). (c) SEM image of the XeF, access slit in
the ONO-2 — used for the sacrificial etch of the polysilicon layers. (d) SEM image of the
XeF; access slit in ONO-2 after sealing with PECVD ONO-3. (e) The left microscope
image shows the fringes generated after sealing under vacuum, whereas the right image
shows cleared fringes after the seal is opened.
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Cavities are used to increase the hydraulic diameter of the (wide) channels,
interconnecting successive Knudsen pumping stages depending on the desired operating
pressure range of the Knudsen pump. The mean free path of the gas molecules is
inversely proportional to the pressure. If the hydraulic diameter of the wide channels is
not large enough, the wide channels will start supporting (reverse) thermal transpiration
flow after attaining a certain vacuum level. The cavities also serve to thermally isolate
the heating element for each of the Knudsen pumping stages. The heating elements for
each of the stages are located on the diaphragm suspended over the cavity to minimize
the parasitic heat loss into the substrate through the wide channel. The cavities are
designed to undercut the narrow channel partially, such that the heated end of the narrow
channel is suspended. This partially suspended architecture of the narrow channel is
necessary to sustain high temperature gradient along the narrow channel. High
temperature gradient along the narrow channel translates into high pressure gradient
along the narrow channel.

Figure 2.4a shows the picture of the fabricated 48-stage Knudsen pump. It has a
footprint of 10.35 x 11.45 mm®. Figure 2.4b shows the close-up view of two successive
stages, which are located on the side of the Knudsen pump. The etched cavity under
narrow channel is indicated by the XeF, lateral undercut profile. Figure 2.4c shows the
SEM image of one of the 1 x 10 pm? slits in the ONO-2 diaphragm for XeF, gas etching
of the sacrificial polysilicon layers. Figure 2.4d shows the SEM image of a slit, similar to
that shown in Fig. 2.4¢, after PECVD ONO-3 sealing step. Figure 2.4e shows one of the
diaphragms after ALD ALO; sealing. The optical fringing in the diaphragm in the left

microscope image in Fig. 2.4e symbolizes the hermetic sealing of the diaphragm under

29



vacuum in the ALD tool. The fringing is because of the out-of-plane deflection of the
diaphragm due to the vacuum created during ALD deposition of Al,Os;. The structure
retains the fringe pattern for several days, demonstrating that the diaphragm is perfectly
sealed and allows no leakage of air. The fringe pattern disappears only after the seal is
opened intentionally, as shown in the right microscope image in Fig. 2.4e. Although the
SEM image in Fig. 2.4d shows (visually) that the XeF, access slits are sealed, acetone
liquid seeps into the diaphragm during the lift-off process without the deposition of an
ALD AlO; layer. This suggests the presence of pinholes in ONO-3 even after the
deposition of a >3.8 pum thick, seven layered, ONO-3 dielectric stack. ALD Al,Os is
effective in sealing the pinholes in ONO-3 layer (See Fig. 5.6 for cross-sectional images

of a sealed access slit).

2.5 Experimental Procedures and Results

The fabricated chip is evaluated in a test chamber to permit the control of ambient
pressure. The chip is wire-bonded for electrical connections from measurement tools to
Ti/Pt metal pads. The Knudsen pump is mounted in an electronic package (Part#:
SQ1000-190-12GC by Sinclair Manufacturing Company, MA) for the purpose of testing.
Silver grease (AIT Electro-grease ELGR8501) is used to enhance the thermal coupling
between the chip and the electronic package for thermally grounding the chip to the room
temperature in laboratory environment. The thermal conductivity of the grease is >8.6
W/m/K. The operating medium is laboratory air. The inlet of the Knudsen pump is

sealed, while the outlet is open and vented to the test chamber. The pump is operated by
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providing a constant voltage to the Ti/Pt heater. The input power levels, as indicated in
test results (Fig. 2.6 and 2.7), are for the heated resistances at equilibrium pressures.
Ambient pressure is controlled by a rotary pump (Edwards™ E2M30) and
monitored, using a commercial calibrated pressure sensor (Adixen'” AHC-2010) located
within the test chamber, volume ~185 L. The test chamber has several electrical feed-
throughs, which are used to make electrical connections to the electronic package and
hence to the device. These electrical feed-throughs are used to power the Knudsen pump
and the Pirani gauges, and to record the signal from the Pirani gauges. Three Agilent™
34401 A multimeters are used to read the output signal from the three Pirani gauges.
These multi-meters are further connected to a computer operating a LabVIEW™

program, through a National Instruments GPIB-USB-HS data transfer cable.

2.5.1 Pirani Gauge Characterization
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Figure 2.5: Response of the monolithically integrated Pirani gauges with the variation in
pressure. Pirani P1 is connected to the 1* stage, i.e. the outlet of the multistage Knudsen
pump. Pirani P32 is connected to the 32™ stage. And Pirani P48 is connected to the 48"
stage, i.e. the inlet of the multistage Knudsen pump.

The Knudsen pumping stages are maintained in off state during the initial

calibration of the Pirani gauges. The Pirani gauges of interest are connected in series,
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and a constant current of 5 mA is provided. The voltage drop across each of them is
recorded as a function of pressure in the test chamber. The resistance of each Pirani
gauge is =155 Q. The power consumption for each of these Pirani gauges is 3.9 mW,
and varies in less than 10 percent with changes in pressure levels. Figure 2.5 shows the
fractional change in the resistances of the Pirani gauges with pressure (See Section 4.2.1
for Pirani gauge theory). The Pirani gauges are sufficiently sensitive to allow the
detection of the pressure changes from 760 Torr down to sub-Torr levels. Using these
calibration points, the measured pressures are obtained using interpolations between the
neighboring points. Hence, the maximum error range in each measurement from

interpolation is between the neighboring points in Pirani calibration.

2.5.2 Knudsen Pump Operation
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Figure 2.6: Variation in the experimentally measured and theoretically modeled
pressures with stage number for different input power. The pressures shown here are the
pressures at the inlet of the respective stages. The pressure at the outlet of the Knudsen
pump is the pressure at the 1m stage in this plot. The horizontal dotted lines are the Pirani
calibration points which are used for interpolations for the pressure measurements.
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The inlet of the Knudsen micropump is sealed and the outlet is opened to the 760
Torr ambient pressure. Figure 2.6 shows the variation in the pressure in different stages
of the Knudsen pump for different input powers. For an input power of 1.35 W, the
pressure is reduced from 760 Torr to =50 in experiment and to =98 Torr in theory at its
sealed inlet with air as the operating medium. In Fig. 2.6, the isolated points represent
the experimentally measured data, whereas the continuous line represents the theoretical

estimate of the pressure along each of the stages.
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Figure 2.7: Variation in the pressure at the sealed inlet of the Knudsen pump with the
input power for different ambient operating pressures. For an input power of 1.35 W the
pump pumps down from 760 Torr to =50 Torr. For the same input power, while
operating at an ambient pressure of 250 Torr, the pump evacuates the cavity at the
upstream of the Knudsen pump down to =5 Torr. The horizontal dotted lines are the
Pirani calibration points which are used for interpolations for the pressure measurements.

The fabricated devices are also tested at the ambient pressures of 500 Torr and
250 Torr to evaluate the performance that may be possible with the use of separate
roughing pumps. Figure 2.7 shows the variation in the (steady state) vacuum generated
by the device, at its sealed inlet, with input power, for different ambient operating
pressures. For an input power of 1.35 W, the pump typically evacuates from 760 Torr to

~50 Torr, resulting in a compression ratio of 15, and from 250 Torr to =5 Torr, resulting

in a compression ratio of 50. Hence, two such chips can be potentially integrated in
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series to design a Knudsen pump that can pump down from 760 Torr to <5 Torr pressure

levels.

2.5.3 Discussion

The plots comparing the models and measurements (Fig. 2.6) suggest that, for the
stages that are more upstream, at 0.19 W and 0.69 W, the experimentally measured
pressure is higher than the idealized theoretical estimates. At 1.35 W, the measured
pressures show smaller deviations from the idealized theoretical estimates. One of the
possible reasons of larger deviations at 0.19 W and 0.69 W could be smaller fractional
changes in the resistance of the Pirani gauge at the high pressure range from 760 Torr to
250 Torr (Fig. 2.5). This could result in larger errors in measurements at the high
pressure range than those in measurements at the low pressure range, where the fractional
changes in resistance are considerably larger. Another source of mismatch could be chip-
to-chip and stage-to-stage variations of the suspended length of the narrow channel
formed by XeF, gas etching of the bulk silicon. These variations could result in errors in
the temperature estimations of the hot end of the narrow channel at an applied power,
because the hot end of the narrow channel is located at a halfway point from the heater to
the thermal ground. The variation in the suspended length of the narrow channel in a
wafer is approximately £20% of the average length of 30 pm, which results in £10%
error in the temperature estimation of the hot end of the narrow channel.

The primary thermal conductance path is from the Ti/Pt heater and the suspended
narrow channel, where the silicon substrate is the heat-sinking thermal ground (Fig. 2.2).

The relatively high power budget of the device is mainly due to the high thicknesses of
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the PECVD ONO-3 and ALD Al,Os3 layers in the thermal conductance path for hermetic
sealing of the XeF, access slits. In this fabrication attempt, the thicknesses are not tuned
to find the minimally required thicknesses for sealing. In future generations of Knudsen
pump, higher thermal isolation could be obtained with lower thicknesses of the layers for
lower thermal budget. The suspended length of the narrow channel can also be increased

for additional thermal isolation.
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Figure 2.8: This work has resulted in a compression ratio of 15 (if the pump is operated
in 760 Torr air ambient) and a compression ratio of 50 (if it is operated in 250 Torr air
ambient). A comparison to the published literature suggests that Knudsen micropumps
can achieve superior compression ratios.

Benchmarking illustrates a 24 times improvement in the gas compression ratio
compared to the other micropumps [Ste93, Ger95, Kam98, Wij00, Ngu02, Las04,
McNO5, Kim07a, Kac08, Web10, Phal0, Guplla, Gupllb, Meyl1, Besl2] previously

reported (Fig. 2.8). The integration of 48 stages into one silicon chip, using the simple
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silicon-based micromachining and effective channel design, enabled substantially higher
performance.

The type of pump described in this paper is intended for applications such as
cavity pressure modulation and tunable vacuum control. These applications typically
require the maintenance of a certain level of vacuum, or a limited amount of pressure
modulation; repeated pump-down from atmospheric pressure is not anticipated. Hence,
the pumping rate is not a dominant consideration. For the design implemented in this
work, the total dead volume of gas that must be evacuated is 1.7 x 10 cm’, distributed
over 48 stages. The theoretical mass flow rates, calculated using Eq. (2.2), at the high-
pressure end (760 Torr) and the low-pressure end (50 Torr) are 8.4 x 10" kg/sec and 1.4
x 107" kg/sec, respectively. The resulting theoretical pump down time is 20 min. The
increase in the mass flow rate at the low-pressure end compared to that at the high-
pressure end improves the overall pumping rate. Broadening the narrow channel for the
low-pressure stages can increase the mass flow rate without compromising the
compression ratio per stage, because the mean free path of gas molecules increases as the

pressure decreases.

2.6 Conclusion

A five-mask process is described to fabricate a single-wafer Knudsen pump
structure with 24 times better gas compression capability than other micropumps reported
in the literature. This single-wafer structure is instrumental in mitigating yield problems.
This effort demonstrates the feasibility of Knudsen pump with monolithically integrated

Pirani gauges for high-vacuum pumping applications. The calibration of Pirani gauges is
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used to measure pressures from 760 Torr to 1 Torr pressure level. The 48-stage Knudsen
pump with monolithically integrated Pirani gauges has a footprint of 10.35 x 11.45 mm?®,
For an input power of 1.35 W, it pumps down 760 Torr to =50 Torr and from 250 Torr to
=5 Torr with ambient air as the operating medium. The study suggests that the thickness
of the ONO-3 and the ALD Al,O; layers could be reduced to limit the power budget of

the device without affecting its compression performance in the compression ratio.
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CHAPTER 3

A SI-MICROMACHINED 162-STAGE TWO-PART
KNUDSEN PUMP FOR ON-CHIP VACUUM

This chapter investigates a two-part architecture for a Knudsen vacuum pump.
For further increasing the compression ratio, the previous 48 stages in Chapter 2 are
increased to 162 stages. The two-part architecture utilizes 54 stages designed for the
pressure range from 760 Torr to =50 Torr, and 108 stages designed for lower pressures.
This approach provides greater compression ratio and speed than using a uniform design
for each stage as in the 48-stage Knudsen pump. Finite element simulations and design
analyses are presented. A five-mask single-wafer fabrication process, studied in Chapter
2, is used for monolithic integration of the two-part Knudsen pump. The Knudsen pump
has a footprint of 12 x 15 mm®. The pressure levels of pumping stages are measured by

integrated Pirani gauges.

3.1 Introduction

A monolithic Si implementation that used one stage was reported in 2005 and
demonstrated a compression ratio of =1.9 [McNO5]. The compression ratio can be
increased to a limited extent by increasing the operating temperature. However, a more
effective and scalable way to increase compression ratio is to cascade stages.
Miniaturized multistage Knudsen pumps have been reported in the past [Gupl1la, Gupl1b,

You05], but the early efforts were limited in scope because they did not utilize
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lithographic fabrication. As described in Chapter 2 in this dissertation, a monolithically
fabricated 48-stage Knudsen vacuum pump was studied, resulting in a high compression
ratio of 15 at atmospheric ambient pressure.

Together with the compression ratio, the pumping rate in a multistage Knudsen
pump can be increased by adjusting the channel hydraulic diameter for the steady state
operating pressure of each stage. An increased hydraulic diameter provides lower
hydraulic resistance (i.e., higher pumping rate) as long as gas flow is confined to the free-
molecular or transitional flow regimes for Knudsen pumping. The Knudsen pump
described in Chapter 2 used a uniform design for 48 stages, demonstrating the evacuation
of on-chip cavities from 760 Torr to <50 Torr. The hydraulic diameter of the channels in
this pump was designed to ensure the free-molecular or transitional flow at atmospheric
pressure. For pumping to lower pressures, the hydraulic diameter of the upstream stages
must be increased in order to increase the pumping rate. The compression ratio is not
sacrificed because in steady state these upstream stages maintain relatively low cavity
pressures at which the mean free path is much longer than at atmospheric pressure.
However, the larger hydraulic diameter cannot sustain pumping in downstream stages.
For this reason, a multistage Knudsen pump intended for a wide pressure range should be
partitioned, so that both pumping rate and compression ratio can be enhanced for
different parts of the pressure range.

In this context, this chapter explores two-part customization of stages for a
micromachined Knudsen pump. Section 3.2 describes the two-part multistage

architecture of a Knudsen pump, the heater design, and the Pirani pressure gauge.
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Section 3.3 details microfabrication processes and results. Test methods and results are

presented in Section 3.4, followed by conclusions in Section 3.5.

3.2 Design

3.2.1 Two-Part Multistage Architecture

Narrow  Wide

channel channel

(thermal (viscous

transpi- flow) Extra
(negative) ration)

AP, APg
region
AP,
(pOSitive\ \ l Pour
M
=

Pressure
*Ssure .

,Tgmggw

Height

(108-stage) 5 4}_(5’;‘; 0

Figure 3.1: Schematic of a two-part multistage Knudsen pump. KHP and KLP stages are
serially cascaded. Temperature and pressure profiles are shown along the dashed line in
stages. The dot-dash lines indicate correspondence along the flow path.

The proposed two-part architecture (Fig. 3.1) is intended to enhance both
pumping rate and compression ratio within an operating pressure range for each part. 1)
The Knudsen high-pressure part (KHP), located downstream, is customized for the range
from atmospheric pressure to 50 Torr; the KHP is similarly adapted from the 48-stage
Knudsen pump described in Chapter 2. 2) The Knudsen low-pressure part (KLP), located
upstream, is intended for the range from 50 Torr to sub-Torr pressure. The KHP and the
KLP are comprised of serially cascaded single-stage Knudsen pumps, using 54 and 108

stages, respectively. The number of stages in the KLP is double that in the KHP,
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reflecting the larger compression ratio in the KLP than that in the KHP. In principle, the
narrow and wide channels for each stage can be designed to provide the highest
compression for the intended steady state operating conditions of that stage. However,
this amount of dimensional diversity can significantly increase the manufacturing
complexity. In this effort, two types of stage designs are pursued, as a compromise.

The following flow equation, which is obtained by dividing Eq. (2.2) by mass
density, describes the volume flow rate of gas, Vy, from the cold end to the hot end in a

long rectangular channel:

(3.1)
P l 2kBTAvg pAvg

Avg Avg

v, = (QTAT _ QPAPjaszAvg m_ 1

T
where pug 1s the mass density at Py, and T4, Instead of the volume flow rate, the
standard flow rate, Vs, can be used to comprehend molecular flow through a multistage
Knudsen pump where each stage is at a different pressure. To obtain Vg, the mass
density, pavg, on the right side of Eq. (3.1), is substituted with the mass density at

standard conditions, pPs4, provided by:

mFy,

Psia = @ (3.2)

where Pg;, is the standard pressure of 760 Torr and T, is the standard temperature of
273.15 K. The standard flow rate allows easy comparison of molecular counts, whereas
the volume flow rate is indicative of the swept volume. In Eq. (3.1), the subscript X in Vy
denotes non-standard conditions defined by P4,; and T4, In a given narrow channel, as
pressure decreases, the standard flow rate naturally decreases as well. However, the

volume flow rate increases because Qr increases relative to Qp. This is reflected in Eq.

(3.1) and (3.2).
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Figure 3.2: Calculated flow parameters using the designed channel heights in Table 3.1.
(a) Flow coefficient ratios, %, and ,, as a function of pressure. (b) Vy in cc/min and Vi
in sccm as a function of Py, using Eq. (3.1) and (3.2). Narrow and wide channels,
abbreviated as NC and WC, are indicated by the dotted and solid lines, respectively.

Table 3.1: The designed channel heights, number of stages and the mean free path, A, of

100

10"

Payg (Torr)
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N, gas for KHP and KLP in a pressure range of 760-0.1 Torr.

10

Narrow Wide Number A
Part channel | channel of Pressure | (FM)
height | height (Torr) at
stages 300
(um) (um) K
KHP 760 0.07
(760Torr 0.1 30 54 200 0.28
-50Torr)
50 1.12
KLP
1.0 100 108 1 49
(<50Torr)
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3.2.2 Selection of Channel Dimensions

Channel dimensions selected for the narrow and wide channels are summarized in
Table 3.1. At 760 Torr, a narrow channel height of 0.1 um in the KHP is similar to the
N, mean free path of 0.07 um (Table 3.1); the resulting 7, value of 0.22 provides a
reasonable forward pressure difference in the narrow channel (Fig. 3.2a). At 50 Torr, the
% value in the KHP increases to 0.37. However, at 50 Torr, in the KLP, where the
narrow channel height of 1 um is similar to the mean free path of 1.12 pm, the resulting
% value is 0.27, which is smaller than the §, value of 0.37 for the KHP at the same
pressure. While the loss in the APy due to the diminished ¥, value from 0.37 to 0.27 is
small, the standard flow rate of 6 x 10 sccm at 50 Torr in the KLP is 30 times larger
than 2 x 107 sccm at 50 Torr in the KHP and even 3 times larger than 2 x 10°sccm at
760 Torr in the KHP (Fig. 3.2b). The significantly larger value of the standard flow rate
in the KLP is due to the quadratic dependence of the flow rate on the channel height, a, as
shown in Eq. (3.1).

In the KHP, the wide channel height is 30 um, considerably larger than the mean
free path of 0.07 um at 760 Torr; the ¥, value of 0.00 sufficiently suppresses the AP, (Fig.
3.2a). In the KLP, the wide channel height is 100 pm, considerably larger than the mean
free path of 1.12 um at 50 Torr. This reduces the magnitude of AP,, as shown in the plots
of ¥, (Fig. 3.2a). The wide channel height in the KHP is sized smaller than that in the
KLP to reduce the dead volume represented by the wide channels, thereby resulting in

faster pumping time with a negligible loss in suppressing the AP,.
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In this manner, the two-part design is accomplished by customizing the narrow
channels for higher standard flow rate and the wide channels for smaller dead volume,

while achieving high compression ratios in both KHP and KLP stages.

3.2.3 Calculated Equilibrium Pressures

The equilibrium pressures at each stage for the KHP and the KLP are
theoretically calculated using Eq. (2.3) (Fig. 3.3). The intended design for the Knudsen
pump (Table 3.1) results in the upstream pressures of 65 Torr for the KHP and 0.39 Torr
for the KLP, using AT of 50 K and T, of 300 K (represented by blue solid lines in Fig.
3.3). All calculations assume that the KHP vents to a downstream pressure of 760 Torr,
whereas the KLP has a downstream pressure of 50 Torr. The possible variations in wide
channel height for the KLLP and AT for both KHP and KLP are separately calculated as
explained below.

First, using the fixed AT of 50 K, the effects of the increasing wide channel
heights from 30 um to 400 pm for the KLP on pressures are calculated (Fig. 3.3a). The
upstream pressure for the KLP improves from 0.96 Torr for a wide channel height of 30
pum to 0.39 Torr for 100 pm, and further to 0.22 Torr for 400 um. The hypothetical case
in which AP, is neglected is also plotted in Fig. 3.3a. This shows that the AP, is
increasingly noticeable at sub-Torr pressure as the wide channel height is decreased.

Second, using the fixed channel dimensions listed in Table 3.1, the effects of the
increasing values of AT from 50 K to 150 K on pressures for both KHP and KLP are
calculated (Fig. 3.3b). For the KHP, by increasing values of AT from 50 K to 100 K and

to 150 K, the upstream pressure decreases from 65 Torr to 6 Torr and to 2 Torr,
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respectively. For the KLP, the upstream pressure decreases from 0.39 Torr to 0.08 Torr
and to 0.04 Torr, respectively, but by smaller ratios than those for the KHP. The
response for larger AT, especially at sub-Torr pressure, illustrates that the ability to
reduce pressure by increasing A7 is neutralized by AP,.

KHP KLP

< »
< »

AT =50 K
WCH = 30 um
<—50 Torr l 100 pm

S

Pressure (Torr)

100 150
Stage number

Pressure (Torr)

_ENCH =30 um WCH =100 um
10- t 1 1 1 1 : 1 1 1 : 1 1 1 1 : 1 J
1 50 100 150
(b) Stage number

Figure 3.3: Calculated equilibrium pressures at each stage. (a) Variation in wide channel
height in the KLP, using the fixed AT of 50 K. (b) Variation in A7, using the fixed

dimensions in Table 3.1. Narrow and wide channel heights are abbreviated as NCH and
WCH, respectively.

3.2.4 Heater Design and Pirani Gauge

The layout of a single stage in the Knudsen pump is illustrated in Fig. 3.4. The
narrow channel is formed by dielectric thin films located on the surface of the device,
whereas the wide channel extends into a cavity in the wafer. A thin film metal trace

serves as the heater integrated into each stage. The heater is suspended on a dielectric
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membrane at the boundary between the narrow channel and the wide channel.

This

location provides the maximum useful temperature gradient.
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Figure 3.4: (a) Representative layouts of single stages for KHP (left) and KLP (right) in
a Knudsen pump. (b) Cross sections along longitudinal axes for KHP (left) and KLP
(right). (c) Layout of overall KHP/KLP. In (c), the right side inset indicates a magnified
view of a Pirani gauge. For KLP in (a) and (b), only differences in structure from KHP

are indicated.
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Table 3.2: DOE method for low power heater design. Twelve design factors of arbitrary
low and high values are used to find AT for an input power of 2.4 mW. The four main
factors, which are boxed, are fine-tuned for final dimensions. In the 48-stage Knudsen
pump, as described in Chapter 2, the narrow channel length, ONO-3 thickness, Al,O3
thickness, and heater width are 30 um, 3.8 um, 0.5 um, and 100 um, respectively. These
values are changed in the 162-stage Knudsen pump for saving input power.

Input 2-level Output Final
Factors Low | High AT |(KHPIKLP)
(pm) | (um) (K) (um)
Width 300 | 400 | -0.02 300
Wide Length | 250 | 350 | 0.06 250
channel
Height 30 200 0.38 30/100
Width 100 | 120 | -0.05 22/12
lﬁé‘éﬁ Length | |[ 30 ||[200]|[ 9.23 ]|[ 100 ]
Height 0.1 0.2 0.04 0.1/1.0
ONO-1 1.2 15 -0.22 1.2
Insulator
ihokiees | LONO-3 | |[ 1.3 ||[ 38 |[[-1075 || 1.0 |
[ ALOs ||[oo]|[05]|[ 614 ||| 02 |
Length 25 50 -0.10 25
Heater || width ||| 50 ||[ 100 ||| -372 |[[ 25 |
Thickness 0.1 0.2 -0.59 0.1

The input power for the Ti/Pt heater is minimized by increasing thermal isolation,
using a design of experiments (DOE) method [Ant03]. Using 12-factor, unpaired, 2-level
DOE, finite element analysis (FEA) is performed, allowing each structural factor
(parameter) to vary arbitrarily. Four primary dependencies are established by evaluating
the impact on A7. The dimensions are then fine-tuned: 1) the narrow channel length; 2)
the thickness of the oxide-nitride-oxide (ONO) layer (ONO-3); 3) the thickness of the
ALOj; layer; and 4) the heater width. For an imposed input power, a temperature increase
for KHP can be regarded as similar to that for KLP because impacts of differences in
height and width for the fabricated wide channel (described in Section 3.3) are small, as

can be seen from Table 3.2. Using the final values in Table 3.2, an input power of 2.4

47



mW can achieve 331.4 K if the lower surface of the device is held at 300 K (Fig. 3.5).
For the 162-stage pump that is experimentally evaluated in Section 3.4, the resulting

power is 0.39 W.

Ti/Pt lead

Ti/Pt heater

Hot end of
narrow channel

Temperature [N i | i
(K) 300.0 3084 3156 3240 3312

(b) 2.4 mwW
Figure 3.5: Temperature distribution obtained by heater simulation of the designed KLP
stage, using FEA. (a) Perspective view of a half-sliced single stage. (b) Magnified view
of the T}, position.

Integrated Pirani gauges, located adjacent to pump stages at the perimeter of the
array, are used to measure the vacuum levels (Fig. 3.4c). The Pirani gauge converts

pressure within a sense gap into a fractional change in electrical resistance of a localized
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Joule heater; this is caused by a change in the thermal conductance change of the sense
gap with pressure [Mas91]. Four Pirani gauges, connected to stages 1, 54, 99, and 162,
are selected for representing the pressure distribution in the overall KHP/KLP layout.
These gauges are named P1, P54, P99, and P162, respectively. To enhance the
sensitivity for a range from 760 Torr to 1 Torr, the sense gap is designed to be =1 um
[DomO05]. This sense gap is identical to the narrow channel height in the KLP, so their

fabrication steps are identical.

3.3 Fabrication

To implement the Knudsen pump, a single-wafer five-mask fabrication process is
used (Fig. 3.6).  The important aspects in the channel fabrication are: 1) the narrow
channels for the KHP are defined by a thin (sacrificial) polySi layer (Fig. 3.6b), whereas
the narrow channels for the KLP are defined by both thin and thick (sacrificial) polySi
layers (Fig. 3.6b, 3.6¢); 2) cavities for wide channels are formed by partially etching the
bulk silicon (Fig. 3.6e); and 3) the walls of the narrow channels are composed of stress-
relieved oxide-nitride-oxide (ONO) layers. The (sacrificial) polySi layers are also used
for hydraulic connections between KHP and KLP and between Pirani gauges and nearby

stages.
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Figure 3.6: The five-mask single-wafer process for KHP (left) and KLP (right). (a)
Silicon wafer. (b) Deposition and patterning of (Mask 1) LPCVD ONO-1 and (Mask 2)
thick LPCVD polySi. (c) (Mask 3) Deposition & patterning of thin LPCVD polySi. (d)
(Mask 4) Deposition and patterning of LPCVD ONO-2. (e) Sacrificial etching of polySi
and bulk silicon using XeF, gas. (f) Deposition of PECVD ONO-3 and ALD ALOs. (g)
(Mask 5) Ti/Pt metallization.

The microfabrication process is initiated by deposition and patterning of the low-
pressure chemical vapor deposited (LPCVD) first ONO layer (ONO-1) which is later

used as a mask for the cavity etch of the single-crystal silicon substrate (Fig. 3.6a). The
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process continues with the deposition and patterning of a thick LPCVD polySi layer of
~0.7 pm (Fig. 3.6b), followed by the deposition and patterning of a thin LPCVD polySi
layer of =0.1 pm (Fig. 3.6¢). After deposition of the LPCVD second ONO layer (ONO-
2), an array of slits, 2 x 10 um? are patterned using reactive ion etching (RIE); these are
intended to provide XeF, access in the next step (Fig. 3.6d). Then, the sacrificial polySi
layers are etched away by XeF, dry gas; the bulk silicon is partially removed in this step
(Fig. 3.6e). The next step is to seal the access slits with the third ONO layer (ONO-3)
that is =1.9 um-thick. It is deposited by plasma-enhanced chemical vapor deposition
(PECVD) because, with a deposition temperature of 380°C, it provides lower thermal
stress to the released membrane than LPCVD, which is typically performed at >800°C.
This is followed by a =~0.2 um-thick atomic layer deposited (ALD) ALO; layer that
provides a hermetic seal (Fig. 3.6f). Finally, a metal layer of Ti/Pt (25/100 nm) is
patterned, using lift-off process (Fig. 3.6g). This is used for heaters, Pirani gauges, and

wire bonding pads.

Table 3.3: Measured thickness and residual stress of each layer.

Layer Thickness Residual stress
(pm) (MPa)
LPCVD ONO-1 0.5/0.2/0.5 +42.5
LPCVD ONO-2 0.5/0.2/0.5 +42.5
PECVD ONO-3 0.7/0.5/0.7 +42.1

Thin / thick polySi 0.1/0.7 -
ALD Al,O, 0.2 +304
Ti/Pt 0.025/0.1

At each step in the process, the thickness and residual stress of each layer are
monitored (Table 3.3). The oxide and nitride layers in each ONO layer are thickness-
controlled to have a mild tensile residual stress of ~42 MPa to avoid a buckling of the

suspended membrane due to compressive residual stress. The total thickness of

51



sacrificial polySi layers for the narrow channel in the KLP is =0.8 um, lower than the
design value of 1 pm in Section 3.2. The fabricated chip has a footprint of 12 x 15 mm®.
The KHP, KLP, individual stages, inlet, outlet, and Pirani gauges are shown in Fig. 3.7.

The fabrication yield is typically 60-80% with the available tool set.

Individual
7 stages

Figure 3.7: Photograph of an as-fabricated chip. The upper right inset shows a stage, the
lower right inset a Pirani gauge and the lower left inset the inlet.

During fabrication, the main differences between the KHP and the KLP regions of
the chip (Fig. 3.8) are: 1) the areal density of XeF, access slits is eight times larger in the
KLP than that in the KHP; and 2) the narrow channels are formed by sacrificially etching
the thin polySi layer for the KHP and the thin and thick polySi layers for the KLP. The
height and the lateral undercut of the wide channel are controlled by the areal density of
the XeF, access slits and etching time. Hence, the wide channel in the KLP is etched
deeper than that in the KHP, and the XeF, lateral undercut profile in the KLP is wider

than that in the KHP.
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Figure 3.8: Micros(cczpic images of fabricated stages in an identical scale. (a) A KHP
stage. (b) A KLP stage.

The cross sections of the narrow and wide channels in the KHP and the KLLP are
examined with scanning electron microscope (SEM) images (Fig. 3.9). The difference
between the cross section of narrow channel in the KHP and KLP is evident from Fig. 3.9.
The KHP uses a narrow channel that is 0.1 um in height and 22 pm wide, whereas the
KLP uses this, further enhanced by an opening that is nominally 0.8 pm in height and 12

pum wide. In the wide channel (Fig. 3.9¢, 3.9d), the eight times larger areal density of

XeF; access slits in the KLP produces a height of 108 um compared to that of 36 pm in
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the KHP. The larger density also produces a wider channel width of 422 pm in the KLP
than that of 358 pm in the KHP, evident as the silhouette of the undercut in the top view
(Fig. 3.8); the defined width of the cavity opening in the photomask (Fig. 3.6a) is only

300 pm in both KHP and KLP.

Figure 3.9: SEM images of narrow and ide ls in KHP a KLP. (a) A narrow
channel in KHP. (b) An increased narrow channel in KLP. (¢) A wide channel in KHP.
(d) An increased wide channel in KLP.
3.4 Test Results
3.4.1 Methods

The fabricated chip is evaluated in a test chamber, as described in Section 2.5.1.
The pump is operated by providing a constant voltage to the Ti/Pt heater; the total input
power to 162 stages is 390 mW and the input power in a stage is =2.4 mW. The
temperature increase of the heater is calculated by dividing the fractional change in
resistance by the thermal coefficient of resistance, ¢« The input power levels, as

indicated in test results (Fig. 3.10-3.13), are for the heated resistances at equilibrium

pressurces.
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For measuring the vacuum levels at evacuated stages, a constant current of 4 mA
is provided to each Pirani gauge and the measured fractional change in resistance is
correlated to pressure. The input power level for the heated resistance is ~2.5 mW, which
is modest relative to 390 mW for the Knudsen pump heater.

The Pirani gauges are calibrated by a special method, named dynamic calibration,
which accommodates the reduced interior pressure and the ambient exterior pressure of
the Pirani gauge during pump operation; this is described in Chapter 4 in detail [An13b].
Here, the method is briefly illustrated for P162 and P1; P54, and P99 follow the case for
P162. The method uses the response of P162 and P1 under rapid modulation of ambient
pressure. 1) P162 provides a response that represents the combined effect of modulated
exterior ambient pressure and nearly unchanged interior pressure; this is due to the
relative slowness in pressure variation in the interior, as compared to the rapid
modulation of the ambient pressure. 2) P1 provides a response that always represents the
rapidly modulated ambient pressure because the interior, together with exterior, of P1 is
directly exposed to ambient pressure. The multistep-modulation of the ambient pressure
yields an equilibrium pressure for which the calibrated responses of P162 and P1 are
equal. This equilibrium ambient pressure is exactly equal to the interior pressure of P162.
Process-induced variations in responses of P162 and P1 are fitted by a linear regression
model. In evaluating the pump performance, the measured pressure values are indicated
with error bars for £20 (where o'is the standard deviation), obtained by error analyses of
the residual non-linearity in the regression model, together with repeatability of Pirani
gauge sensors. The error bars for =20 represent a 95.4% confidence interval, assuming

normal (Gaussian) distribution [Kre06].
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3.4.2 Pumping Results

Two sets of tests are performed to evaluate the fabricated devices. The first test
evaluates the combined operation of the KHP and KLP. For this test the inlet at stage
162 remains sealed, while stage 1 serves as the outlet. The second test evaluates the KLP
by itself. For this test, stage 162 remains as the sealed inlet, while stage 54 serves as the
outlet. In order to facilitate this, the supporting membrane at P54 is broken to allow it to

vent to the ambient. Therefore, this is a destructive test.
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Figure 3.10: Typical test results for the combined operation of KHP and KLP. (a)
Equilibrium pressures at 760 Torr ambient. (b) Transient responses at 760 Torr ambient.

The unheated resistances are =126 Q for the Knudsen pump heater and <140 Q

for the Pirani gauge. The experimental value of «ris 2,314 ppm/K for the Ti/Pt material
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used in both heaters and gauges. The temperature increase of the Pirani gauge from the

typical fractional increase in resistance of 0.12 at 0.1 Torr is =52 K.

For the first set of tests (Fig. 3.10a), 0.39 W was applied to the heater at

atmospheric ambient pressure. The temperature increase of the heater was typically =56

K; this increase is twice that of the theoretical estimate using FEA (Fig. 3.5). The

pressure at P162 was 0.9 Torr, which corresponds to a total compression ratio of ~844.

The equilibrium pressures at intermediate stages were 258 Torr for P54 and 7.8 Torr for

P99.
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Figure 3.11: Typical test results for the operation of KLP by itself. (a) Equilibrium

pressures at various ambient pressures.
ambient pressure.

(b) Transient responses of only P162 at each

For the second set of tests (Fig. 3.11a), an input power of 0.29 W was applied.

The temperature increase of the heater was typically =68 K. The equilibrium pressures of
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P162 were measured at various ambient pressures to mimic various downstream
conditions for the KLP. At atmospheric pressure, the equilibrium pressure at P162 was
48 Torr. At ambient pressures from 200 Torr to 3 Torr, the equilibrium pressures ranged
from 3.4 Torr to 1.5 Torr, respectively. At an ambient pressure of 0.95 Torr, the pressure
reduced to 0.6 Torr.

The pre-equilibrium transient behavior was also evaluated during the two sets of
tests. Using a LabVIEW™ program, the transient response was automatically recorded
every 30 seconds after applying the input power. For the first set of tests at atmospheric
ambient pressure, P162 took =25 hours to achieve equilibrium (Fig. 3.10b). P54 typically
took =50 hours, i.e., twice as long. Once the heater was turned off, the pressure at P162
returned to the ambient value in =10 hours, 5 times shorter than the evacuation time of
~50 hours for P54. The transient response for the second set of tests was measured at
ambient pressures of 760 Torr, 200 Torr, 60 Torr, and 20 Torr (Fig. 3.11b). To achieve
equilibrium, P162 took =5 hours, =2 hours, =1 hour, and =0.5 hour, respectively.

The impact of varying input power was investigated using the first set of tests at
atmospheric ambient pressure (Fig. 3.12). The input power was increased to 0.41 W,
0.69 W, and 1.08 W. The temperature increases of the heater went up to ~68 K, =120 K,
and =174 K, respectively. The equilibrium pressures for P54 were 96.8 Torr, 9.3 Torr,
and 4.7 Torr, respectively. The pressures for P162 were 0.90 Torr, 0.80 Torr, and 0.84
Torr, respectively. The highest compression ratio was approximately 760/0.80, i.e., 950,

for 0.69 W. For the higher power of 1.08 W, the compression ratio was lower.
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Figure 3.12: Variation in input power for the combined operation of KHP and KLP at
760 Torr ambient.

3.4.3 Reliability Tests
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Figure 3.13: Reliability test for 37 days of continuous operation. The subscript # denotes
the elapsed days. Each pressure difference from Pirani gauge P1 to Pirani gauges P54,
P99, and P162 is normalized to that at the beginning, 0.

To investigate the reliability of a micromachined Knudsen pump, one sample of
the full 162 stage Knudsen pump was continuously operated for 37 days, at an input
power of 0.46 W. Figure 3.13 shows that the evacuation levels for each of Pirani gauges
P54, P99, and P162 remained within 1% of the value on the first day. Since mechanical

failure is unlikely because of the absence of moving parts, the primary failure mechanism

could stem from the heating of the Knudsen pump. However, the thermal degradation of
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the various layers is expected to be very modest because the temperature increases by
only 71 K, i.e., to about 96°C, at 0.46 W. In contrast, the deposition temperature of the
various thin films used in the fabrication were 910°C for LPCVD oxide, 802°C for
LPCVD nitride, 380°C for PECVD oxide, 380°C for PECVD nitride, and 250°C for ALD
AL Os. In case of Ti/Pt metal, annealing at 600°C for 5 hours stabilizes electrical
properties [QuO0].

Hence, the Knudsen pump, without any substantial failure

mechanism, can provide high reliability and long term operation.
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Figure 3.14: Benchmarking with other pumps for compression ratio, Pour/Pv, and

device volume.

The present work, for the combined operation of KHP and KLP,

achieves a compression ratio of =844 (= 760/0.9), using an input power of 0.39 W. Note

that both x and y axes are log-scaled.

3.5 Discussion and Conclusion

The compression ratio and device volume are benchmarked with other previously

reported pumps [Ste93, Ger95, Kam98, Wij00, Ngu02, Las04, McNO05, Kim(07a, Kac08,
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Webl10, Phal0, Guplla, Gupllb, Meyl1, Bes12, Gup12]. Using an input power of 0.39
W, the compression ratio of =844 (= 760/0.9) exceeds the highest previous compression
ratio reported in Chapter 2, by a factor of =17, with 3.5 times better power efficiency (Fig.
3.14). This performance over the other pumps is enabled by: 1) the monolithic
integration of 162 stages into one silicon chip, using silicon-based micromachining
processes; 2) the two-part design, separately customizing stages into the KHP and the
KLP; and 3) the heater design obtained by DOE and FEA.

The effect of AP, at high vacuum was evident when using varying levels in input
power (Fig. 3.12). For P162, the measured pressure remained between 0.9 Torr and 0.8
Torr without noticeable reduction, when the AT increased from 68 K to 174 K. In
contrast, for a similar AT of 50 K to 150 K, the theoretically calculated pressure reduced
from 0.39 Torr to 0.04 Torr, which is a larger ratio than that of the measurement. The
measured results suggest that the unintended AP, in the KLP wide channel fully
neutralizes the AP, in the narrow channel at pressures less than =1 Torr. For the
theoretical calculation of Q7 and Qp, it was assumed that 77, gradually decreases to T¢,
along the wide channel (Fig. 3.1). However, in the pressure range of 1 Torr to 0.1 Torr,
the corresponding mean free path from 49 um to 511 um (Table 3.1) encompasses the
wide channel length of 250 um. Therefore, air molecules could be transported from the
hot to cold end without collision, resulting in hot molecules entering the cold end of the
next narrow channel, and vice versa. This collisionless transport, which could break from
the assumed gradual temperature change in the wide channel, could explain why the

performance was less than predicted using theoretical calculations. For this reason, a
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more advanced level of design and experimentation at these low pressures is necessary
for further improvement of compression.

The AP, at high vacuum was also evident from the pressure response of P54.
Using similar input powers of 0.39 W and 0.41 W (Fig. 3.10a, 3.12), the pressures of
258.4 Torr and 96.8 Torr at P54, respectively were reduced to =0.9 Torr at P162. The
different pressures at P54 might be caused by sample-to-sample variations in channel
dimensions. Figure 3.11 also shows similar P162 pressures of 3.4 Torr and 3.2 Torr
when the initial pressures are 200 Torr and 60 Torr, respectively. It appears that the
pressure at P54 bottoms near this level because of AP, in the wide channel.

The pre-equilibrium transient behaviors at different levels of ambient pressure
were consistent with the trends anticipated in Section 3.2.1. For example, when the KLP
was tested by itself, lowering the ambient pressure reduced the time needed for achieving
equilibrium. Additionally, when the pump was tested as a whole, upstream stages
achieved equilibrium before downstream stages.

In summary, a two-part (KHP and KLP) architecture has been investigated for the
162-stage Knudsen pump. A five-mask single-wafer process was used to fabricate the
pump in a small footprint of 12 x 15 mm®. Most notably, the high compression ratio of
~844 was achieved at atmospheric ambient pressure; the input power was limited to
~0.39 W; and the pump was reliable, with sustained operation over 37 days. Subsequent
analyses suggest that at sub-Torr pressure AP, in the wide channel neutralizes further
evacuation. At the cost of additional masking steps in the fabrication process, the
architecture may be extended to more than two partitions to improve pumping rate and

compression ratio.
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CHAPTER 4

A DYNAMIC CALIBRATION METHOD FOR PIRANI GAUGES
EMBEDDED IN FLUIDIC NETWORKS

This chapter describes in situ dynamic calibration of microfabricated Pirani
gauges, which are commonly used to measure vacuum levels in microsystems that may
include pumps, valves, and other pressure modulation elements. Calibration is
accomplished with a configuration where two sides of the supporting membrane of a
Pirani gauge are at different pressures: an interior pressure within the microsystems and
an exterior ambient pressure that can be directly controlled. This particular configuration
is increasingly common as Pirani gauges are embedded in complex fluidic pathways such
as those found in micro gas chromatographs and multistage gas pumps. In the dynamic
calibration the ambient pressure is rapidly modulated, while the interior pressure in the
sense gap of the Pirani gauge remains relatively unchanged. The exterior pressure that is
equal to the interior pressure is determined by a regression model. The dynamic
calibration procedure and subsequent error analysis are illustrated by application to a
162-stage monolithic Knudsen vacuum pump presented in Chapter 3. For this device,
dynamic calibration improves the estimate of the upstream pressure from 30 Torr (as
suggested by uncorrected static calibration) to 0.9 Torr, with a 95.4% confidence interval
from 0.7 Torr to 1.1 Torr, assuming normal (Gaussian) distribution. Dynamic calibration
can be significantly more accurate than conventional static calibration for certain types of

devices.
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4.1 Introduction

Pirani gauges, which transduce gas pressure into changes in electrical resistance
[UbiS1a, Ubi5S1b, Wil04], have been widely used in microsystems [Her87, Mas9l,
Wen94, Cho97, ElI00, Sta03, Cha05, Dom05, Mit08, Xiall, Sanl1]. Typically, the
Pirani gauge has a resistive heating element that is suspended on a thermally isolated
membrane. The heat generated in the operation of the Pirani gauge flows across a sense
gap beneath the membrane, to a substrate, which serves as the heat sink. As the vacuum
level or gas pressure changes in the sense gap, the resulting change in thermal
conductance causes a change in the temperature of the membrane (or alternatively, a
change in the power level necessary to maintain it at a fixed temperature). The change in
temperature can be detected by the resistive heating element, or alternatively by another
resistor. The structure and operation of a typical Pirani gauge are illustrated in Fig. 4.1.
Pirani gauges are favored as embedded sensing elements within microfluidic systems and
micromachined pumps in [Dom07] and Chapter 2-3, because of simple fabrication

requirements that are relatively easy to integrate into other manufacturing processes.

Figure 4.1: Schematic of a Pirani gauge.
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For the accurate measurement of pressure with a Pirani gauge, its resistance
variation must be calibrated over the operating pressure range. This is necessary because
process-induced sample-to-sample variations in dimensions and material properties can
cause variations in the response. A Pirani gauge is typically calibrated by varying the
pressure in the sense gap. In most cases, the structure is designed so that the heat loss
from the suspended heating element is dominated by thermal conduction through the
sense gap; i.e., the heat losses to the exterior of the structure, and the conductive heat
losses along membrane on which the Pirani gauge is suspended, are relatively small.
During calibration, the interior of the membrane and the exterior of the membrane are
both at a common pressure controlled by a calibration pump. In this method, the
dominance of the heat loss through the sense gap is retained, and the thermal losses to the
exterior [Kad85, Sail0] are accommodated in the calibration (Fig. 4.2a). For the purpose
of this paper, this calibration procedure is named static calibration. In contrast, when the
Pirani gauge resides on a thermally-insulating membrane which completely separates the
underlying sense gap from the exterior environment as in Chapter 2-3, static calibration is
likely to be inaccurate because of the lack of direct access to — and control of the pressure
in — the sense gap. Further, if the interior pressure is low, the heat losses to the exterior

could represent a significant un-calibrated component.
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Structures in which the Pirani sense gap is inaccessible are increasingly common

in microsystems with complex or tortuous fluidic pathways, such as micro-gas

chromatographs and multistage gas pumps [
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describes a dynamic calibration method used to calibrate Pirani gauges embedded in such
structures (Fig. 4.2b). This method exploits the relative slowness of the pressure
variation in a sense gap that is embedded deep within a microfluidic pathway, as
compared to the speed with which the exterior pressure can be modulated. The value of
the (directly controlled) exterior pressure that is equal to the interior pressure (which is
not directly controlled) is determined by a regression model that is fitted to a reference
Pirani gauge.

The dynamic calibration method is demonstrated using a Si-micromachined,
monolithic 162-stage Knudsen pump described in Chapter 3. Pirani gauges are
embedded within the pump to provide in sifu pressure measurement at various
intermediate points within the flow channel. Each Pirani gauge is positioned next to a
pump stage to be measured. The pressure in the sense gap of each Pirani gauge is
determined by the Knudsen pump operation, whereas the exterior is at ambient pressure,
which is controlled by a calibration pump.

The theoretical operation of the Pirani gauge, the dynamic calibration concept,
and the linear regression model are described in Section 4.2. Section 4.3 describes the
test setup and methodology, followed by the experimental results from the calibration of
the sample Knudsen pump by both static and dynamic methods. The possible errors are

addressed in estimating the pressure. Conclusions are presented in Section 4.4.

4.2 Theoretical Background

This section describes the theoretical considerations for a Pirani gauge in the

context of a differential pressure across the supporting membrane. The dynamic
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calibration is described, followed by the linear regression model of Pirani gauge

responsces.

4.2.1 The Pirani Gauge

As pressure is reduced in the sense gap, the decrease in the density of gas
molecules causes an increase in its thermal resistance [Wil04, Mas91, Wen94]. The
temperature of the supporting membrane and electrical resistance of the temperature-
sensing resistor increase as a fixed input current is supplied to the resistive heating
element. This development follows the particular case that the heating resistor is also the
temperature-sensing resistor, which is the case for the Knudsen pump demonstration of
the dynamic calibration method. In this situation, there is an increase in resistance
associated with the heating caused by the current used to operate the Pirani gauge.
Calibration is specific to the ambient pressure at which it is performed. Therefore, the

total electrical resistance, Ry, can be expressed as:
Ry =R, + RO,Rgf' (Ia Ref )+ AR(L Fe. ) 4.1)

where [ is the current; Pg. is the reference ambient pressure; Pcy is the calibration
pressure, the pressure of interest lower than Pg.s; Ry is the unheated resistance; Ry geris the
increment in resistance at Pr.s; and AR is the further increment in resistance at Pcy. For
the purpose of this paper, / and Pg.s are fixed at 4 mA and 760 Torr, respectively, for
reasons explained in Section 4.3. In constant current mode, the total electrical resistance,

Ry, is provided by [Sen01]:

RT _RO — alzROS){th (4 2)
R, (1 - aIZROEth ) .
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where 9y, is the equivalent thermal resistance of the Pirani gauge, which is a function of
pressure. The temperature coefficient of the heating/sensing resistor is denoted by ¢ for
a 25/100 nm Ti/Pt thin film, such as used in the sample Knudsen pump, its value is 2,314
ppm/K. The thermal resistance, I, is the parallel combination of the constituent

thermal resistances:

R, =R, +R, R, (4.3)

where J; is the thermal resistance of the supporting membrane, %, is the pressure-
dependent thermal resistance of the sense gap and 9, is the equivalent thermal
resistance to exterior ambient. However, ..’ can be neglected, assuming 9., is large
relative to 9, and I, Using the thermal conductivity equation in [Dom07], the %, is

written as:

1 g+24(2/a, 1)
R =
- y (4.4)

th,air ,0

heater

where Oy 4ir,0 18 the thermal conductivity of air in viscous flow regime, 0.026 W/m-K
[Ste85], ar is the thermal accommodation coefficient (0.75 for air on bright platinum at
280 K [Gri46]), A is the mean free path of air molecules, which is proportional to
temperature and inversely proportional to pressure [Vin75], g is the Pirani sense gap
between the supporting membrane and the heat sink, and Ajeq.- is the area of the Ti/Pt
metal heater. If the pressure within the sense gap is high, 4 << g, 9, becomes nearly
equal to . In contrast, if 1 >> g, I, becomes nearly equal to 9;. Between these two
limits, the fractional change in resistance, caused by the variation in 9, with pressure, is

experimentally characterized in calibration and is used for pressure measurement. At the
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reference pressure, assuming that the mean free path of the gas molecules is small, i.e. 4
<< g, the 9y, is approximately equal to the thermal resistance of the sense gap:

1 g+24, (2/a,-1)
A

SRth,Ref = 4.5)

(o)

th,air 0 heater
where 9 rer is the thermal resistance at the reference pressure and Az is the mean free
path of air molecules at the reference pressure (=0.07 um).

The response of greatest interest is AR/Ry, which can be correlated to the

calibration pressure. Based on Eq. (4.1-4.2), it can be written as:

2 2
ARJR, =2 ReRy O Ry (4.6)
(1 - O(IZRO%M) (1 —od ZROmth,qu )

where the second term on the right side is Ry z./Ryp. When the applied current, 7, is small
(i.e, the denominators on the right side of Eq. (4.6) are close to 1), the AR/R, is linearly
proportional to the increment in thermal resistance from 9, z.,. However, as the applied
current is increased, the drop in the values of denominators introduces non-linearity in
AR/Ry. This non-linearity affects the linear relation of AR/R to the increase in thermal

resistance with pressure, and varies between different Pirani gauges; this is addressed in

Section 4.2.4.

4.2.2 Mechanical Deformation Caused by Unequal Pressures

If the pressure in the sense gap is smaller than the ambient pressure, it may lead to
a deflection of the supporting membrane that decreases the sense gap, thereby decreasing
I, as indicated by Eq. (4.4). The ensuing smaller fractional change in electrical

resistance indicates higher pressure than the true pressure in the sense gap. The error
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would be increased by any mechanical contact of the supporting membrane to the
substrate as a result of the deformation. The mechanical deformation of the supporting

membrane in the sample Knudsen pump is addressed in Section 4.3.

4.2.3 Dynamic Calibration

Figure 4.2b describes the steps in the dynamic calibration of a Pirani gauge. The
Pirani gauge to be measured and calibrated is assumed to be embedded deep within a
microfluidic pathway, well-separated from the outlet (see Fig. 4.6a). Its supporting
membrane separates the Pirani sense gap from ambient pressure. In the steady state
condition, an internal pump — a Knudsen pump in this example — maintains the pressure
in the sense gap, and an external calibration pump controls the ambient pressure. A
second Pirani gauge, the reference gauge, is designed such that both sides of its
supporting membrane are at ambient pressure. The rapid modulation of the ambient
pressure across a series of values is used to identify an ambient pressure (the equalization
pressure) at which the responses of both Pirani gauges are equivalent. In the 162-stage
Knudsen pump, a Pirani gauge located at the outlet of the pump is used as the reference
gauge.

During calibration, the ambient pressure is modulated in multiple steps. Each step
provides a response from the reference gauge that is either greater or less than the
responses from the gauge to be calibrated. By interpolating between responses from both
gauges through successive modulation steps, the ambient pressure is found at which the

Pirani gauges have equivalent responses. At this equalization pressure, the thermal

71



resistances of the two Pirani gauges, i, are also identical, and the membranes are
undeflected.

In practice, the Pirani gauge responses may vary even under identical pressure
conditions because of minor manufacturing variations. This can be corrected using a

linear regression method that is explained next.

4.2.4 Mapping of the Response of Pirani Gauges with Linear Regression in Dynamic
Calibration

Since the responses of the measured and reference Pirani gauges are compared to
each other in dynamic calibration, the response of each Pirani gauge to be calibrated is
first mapped to the response of the reference Pirani gauge. This mapping, performed
using linear regression, is used to account for the process-induced sample-to-sample
variations in the responses. Process-induced variations in the metal width, film thickness
or material properties can cause the sample-to-sample variations in Ry, I, or . The use
of linear regression is justified by showing that the responses with pressure change,
AR/Ry, are linearly related between gauges. Two cases for the process-induced variations
are analyzed: variation in the baseline electrical resistance, Rp; and variation in the

thermal resistances.
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Figure 4.3: The relation between the calculated responses of two hypothetical Pirani
gauges, with varying calibration pressures from 760 Torr to 0.1 Torr. (a) The responses
of two hypothetical Pirani gauges as a function of calibration pressure. (b) The linear
regression fit of the responses of two hypothetical Pirani gauges. Subscripts 7 and 2
indicate two Pirani gauges. The sense gap of the Pirani gauge 2, g, is assumed to be
smaller by 10% than that of the reference Pirani gauge, g,, due to the process-induced
variation in sacrificial material for the sense gap.

4.2.4.1 Variation in R,

The unheated resistance, Ry, varies typically from 130 Q to 150 Q, even within
one Knudsen pump. Using Eq. (4.6), if the 2™ term on the right side is ignored for
simplicity by assuming that I, at low pressure values is much larger than Iy g, the
ratio of 4R/R, between two Pirani gauges can be simply stated as the following Taylor
series expansion:

%=7{1—(1—7)(AR/R0),+(1—7)2(AR/R0),2~'} (4.7)

where the subscript m indicates the Pirani gauge of interest, the subscript » indicates the

reference Pirani gauge and 7y is the proportionality constant, defined as Rj./Ry,. By
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substituting (4R/R), with 0.12, which is a typical maximum value in the test of Pirani
gauges that are further described in Section 4.3, and y with 0.87, which is the ratio of 130
Q to 150 Q, the 2™ order and 3™ order terms become 1.6% and 0.02% of the 1* order
term, respectively. Because the non-linear terms are relatively small, the relation
between the responses of two Pirani gauges with slightly different unheated resistances

can be regarded as approximately linear.

4.2.4.2 Variation in %y, and Iy

The process-induced variations from 9, and 9, are evaluated separately.
Consider a hypothetical situation in which the Pirani sense gap is 1 wm, the area of the
heater, Ajearer, in Eq. (4.3-4.4) is 150 x 150 um?, and the value of 9, is 21,826 K/W.
These values are representative of the Knudsen pump example that is described in
Section 4.3. This hypothetical Pirani gauge, denoted as the reference gauge, is compared
with another, denoted as gauge 2, in which the sense gap is 10% smaller. As shown in
Fig. 4.3, the pressure responses of both devices are almost identical, and the relationship
between the fractional changes in resistance (4R/Ry), and (4R/Ry), can be represented by
a straight line with a slope of 1.0072. This fit (Fig. 4.3b) has an R’ value of 1.0000 over
the pressure range of 0.1 Torr to 760 Torr, indicating that a linear regression model can
be used for mapping of the response of a Pirani gauge to that of the reference Pirani
gauge in the same chip. Another hypothetical case, in which the thickness of the
supporting membrane is increased by 10%, thereby reducing 9, is shown in Fig. 4.4.
Once again, the relation between (4R/Ry); and (4R/Ry), is approximately linear, as

evidenced by the R’ value of 0.9992 and slope of 0.8918, over the pressure range of 0.1
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Torr to 760 Torr. In practice, the process induced variations are even lower because the
variation in sense gap and supporting membrane thickness is generally <3% rather than
the variation of 10% assumed in the hypothetical examples. The modest nature of the
variation is supported by the small size of the device; for the Knudsen pump, the die size
is 12 x 15 mm®. Therefore, the relation between nearby Pirani gauges can be assumed to

be linear.
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Figure 4.4: The relation between the calculated responses of two hypothetical Pirani
gauges, with varying calibration pressures from 760 Torr to 0.1 Torr. (a) The responses
of two hypothetical Pirani gauges as a function of calibration pressure. (b) The linear
regression fit of the responses of two hypothetical Pirani gauges. Subscripts » and 3
indicate two Pirani gauges. The %, ; value are assumed to be smaller by 10% than the
i, value, due to the process-induced variation in thickness for supporting membrane.

The linear transformation of the response of each Pirani gauge to the equivalent

response of the reference pressure sensor results in the following relationship:
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logIO(PCal,i) - 10g1o(PCa1,i—1)
(AR/R,),,—(AR/R))

logIO(Pm,S,i) = logl()(PCa],i) + ((AR/RO)m,S,i - (AR/RO)r,i) (4.8)

ri—1

where P, s; is the value converted from the linearly transformed (or scaled) response of
the measured Pirani gauge, (AR/Ry)ns;; i denotes an index value of the calibration
pressure, Pc,; or the fractional change in resistance, AR/Ry; and the subscripts » and m
indicate the reference Pirani gauge and the measured Pirani gauge, respectively.  The
residual error in pressure, AP, is defined as the difference between the scaled response
and the calibration pressure:

AP,

E,i

=FB, s~ Fea (4.9)
The linear transformation of each Pirani gauge response to the equivalent response of the

reference Pirani gauge is provided by:

(AR/R,),s; = S(AR/R,),,, (4.10)

where S is the first-order coefficient (or slope).
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Figure 4.5: An illustrative example of the mapping of the measured Pirani gauge to the
reference Pirani gauge and the resulting residual error in pressure, using the hypothetical
data in Fig. 4.4. The values of (AR/Ry),, are linearly transformed to those of (AR/Ry)m s
with linear regression model, as indicated in this graph, and the discrepancies with
(AR/R), are translated into the residual errors in pressure, 4Pg.
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A practical example of the linear transformation of the response of a measured
Pirani gauge to the equivalent response of the reference pressure gauge is illustrated as
follows. Using the hypothetical data in Fig. 4.4, the un-scaled value of 5.6 Torr (i.e.,
Pcai of 5.6 Torr) is transformed to the scaled value of 6.0 Torr. As illustrated in Fig. 4.5,
first, the (AR/Ry)n; value is linearly transformed to the (AR/Ry)nm,s; value, using Eq. (4.11).
Second, the (AR/Ry)m s value is converted to the P, s; value of 6.0 Torr by finding the
horizontal intercept from (AR/Ry)ns; to the interpolated curve for (AR/Ry),, which is
represented by the red dotted line in Fig. 4.5. This process, which is the graphical

equivalent of solving Eq. (4.8), results in a residual error in pressure of 0.4 Torr.

4.3 Experimental Validation

The experimental validation of the calibration procedure is performed using a
162-stage Knudsen pump, where each stage generates gas flow in the direction of the
thermal gradient (Fig. 4.6a) (See also Fig. 3.4). Pirani gauges are located at stages 1, 54,
99, and 162, and are named P1, P54, P99, and P162, respectively. Stage 1 is the outlet to

the ambient, whereas stage 162 is a blind cavity that is to be evacuated.
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Figure 4.6: Sample Knudsen pump and mechanical deformation of the Pirani gauge
when the interior pressure is at high vacuum relative to ambient atmospheric pressure. (a)
Schematics of multistage Knudsen pump; the left inset shows microscopic photograph of
one side of the serpentine multistage structure. (b) Interferogram of a Pirani gauge
obtained with a 407 nm laser. (c) Relative height of the exterior surface of the Pirani
gauge by interferogram program. (d) Cross-sectional SEM photograph of a sealed access
hole, when the interior is now at an identical pressure with the exterior.

The deflection of the supporting membrane of the Pirani gauge is analyzed by

interferograms and scanning electron micrographs (Fig. 4.6). The deflection due to the

78



pressure difference of more than 700 Torr between the interior and the exterior is
measured by a laser interferogram (Olympus™ LEXT OLS3100) (Fig. 4.6b, 4.6c). Each
Newton ring (bright or dark) represents about a half integer multiple of the laser
wavelength (407 nm) in the sense gap (Fig. 4.6b) [Al06, Smi07]. From the relative
height of the supporting membrane surface (Fig. 4.6¢), the sense gap in the B region
along the A-B line above Ti/Pt metal, after deflection caused by the pressure difference,
is =0.3 um. This is smaller than the sense gap of ~0.8 um, as shown in the SEM image
of the supporting membrane, in the absence of a pressure difference (Fig. 4.6d).
However, this sense gap of =0.3 um is nearly identical to the bump that is created by the
sealing layers as they are deposited into the access slits for the sacrificial dry etchant (Fig.
4.6d) (See also Fig. 2.3 and 3.6). This bump height suggests that the deflected membrane
may contact the bump surface so the equivalent thermal resistance of the sense gap could
further decrease. The fractional change in resistance caused by the mechanical strain of

Ti/Pt metal is negligible in the deflected membrane.

4.3.1 Set-Up and Methodology

To select the operating conditions for the Pirani gauges, a preliminary evaluation
is performed by varying calibration pressure and input current, using the static calibration
method (Fig. 4.7). A constant current is provided to the Pirani gauges that are connected
in series. From the change in AR/R, with varying calibration pressure, at each current
level, it is evident that the responses from 1 Torr to 100 Torr show greater sensitivity than
those from 100 Torr to 760 Torr and from 0.1 Torr to 1 Torr. As the current varies from

2.83 mA to 4.90 mA, the AR/R) and the AT are increased, as anticipated by Eq. (4.6).
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The fractional change in resistance is approximately proportional to the square of the
current. The maximum values of AT are 23.4 K for 2.8 mA, 49.9 K for 4.0 mA, and 68.2
K for 4.9 mA. Of these, the current of 4.9 mA provides the highest sensitivity in AR/R,,
as can be seen in the plots (Fig. 4.7). However, in order to reduce the likelihood for
thermal aging of the resistor, drift in resistance and non-linearity in fractional change in
resistance, an operating current of 4 mA is selected. It is applied to the nominal R of 140
Q in this test and also to all of the Pirani gauges in the Knudsen pump sample, where the

value of R, varies from 130 Q to 150 Q on a wafer-to-wafer basis.
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(&) _ 60 ©
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Calibration pressure (Torr)
Figure 4.7: A preliminary evaluation of a Pirani gauge. The fractional change in

resistance and temperature change of a Pirani gauge are investigated as a function of
calibration pressure, with increasing current values. The squared value of the current is
approximately linear with AR/Ry, as shown in Eq. (4.6). These values are obtained by
static calibration.

Using the measured « value of 2,314 ppm/K and the variation in 4R/R with the
current of 4 mA, the I, value can be estimated for the low pressure limit, with Eq. (4.6).
The second term on the right side of Eq. (4.6) is characterized as 10.3x107, providing the

i rer value of 2,002 K/W. At 0.12 Torr, the 9, value is nearly identical to the 9, value

of 21,826 K/W.
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4.3.2 Pressure Estimation Using Static Calibration

In static calibration (Fig. 4.8a), the responses of each Pirani gauge with variations
in calibration pressure are obtained, while the Knudsen pump is off (Fig. 4.8a). For
exposing both sides of the supporting membrane in each Pirani gauge to equal ambient
pressures, perforations are created close to the calibrated Pirani gauges, thereby enabling
the interior pressure to be controlled by the calibration pump. It is that this calibration
process is destructive because of the need of these perforations, and is consequently
performed after the pumps are tested. As a practical matter, pumps within close
proximity are expected to perform similarly, so only a limited number must be sacrificed
for calibration.

Each pressure level (Fig. 4.8b) is calculated by interpolation between the
neighboring points in static calibration data (Fig. 4.8a). Interpolation is performed using
straight lines with calibration pressure in log-scale and AR/R; in linear-scale. To reduce
the error from the straight line between the neighboring points, the calibration pressures
are closely spaced at half-decade intervals. The AR/R; value of 4.3 x 107 of P54 is
mapped to 430 Torr, the AR/R, value of 28.2 x 10” of P99 to 53 Torr, and the AR/Ry
value of 37.7 x 10” of P162 to 30 Torr. The pressure at P1 is 760 Torr because it is open
to atmospheric ambient pressure. The method for evaluating the error bars is described in
Section 4.3.4. As explained in Section 4.1, the true pressures are lower than the

inaccurately estimated pressures obtained by this method.
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Figure 4.8: The pressure levels of the Pirani gauges, using the static calibration of Pirani
gauges of P1, P54, P99, and P162. (a) Each response of the Pirani gauges with varying
calibration pressure. (b) Each estimated pressure of the Pirani gauges with the Knudsen
pump operation. The horizontal dotted lines in (b) are the static calibration pressures
which are used for interpolations.

4.3.3 Pressure Estimation Using Dynamic Calibration

The following four sequential steps describe how to process the measured data

and estimate the attained pressures (Fig. 4.2b).
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Figure 4.9: Mapping of the Pirani gauges, P54, P99, and P162 to the reference Pirani
gauge, P1, using linear regression. (a) The linear regression fit between P1 and P54. (b)
The linear regression fit between P1 and P99. (c) The linear regression fit between P1
and P162. (d) Responses of each Pirani gauge after mapping, using regression equations,
as indicated in (a-c).

The first step is to obtain the regression equations for mapping the responses of

each measured Pirani gauge to that of the reference Pirani gauge (Fig. 4.9a-4.9¢), using
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the static calibration data (Fig. 4.8a). Since P1 is the reference Pirani gauge, each of the
responses of P54, P99, and P162 is scaled to that of P1. For each regression equation
with the offset of zero, the first-order coefficients are 0.9646 for P54, 0.9905 for P99, and
1.0179 for P162. The values of R’ for mapping P54, P99, and P162 to P1 are 0.9972,
0.9980, and 0.9980, respectively. As can be seen in the plots of the scaled responses of
the measured Pirani gauges and the reference Pirani gauges (Fig. 4.9d), the deviations of
the fractional changes in resistance with pressure are smaller than those in Fig. 4.8a.

Ambient pressure (Torr) 0.39 W
760 0.9 0.3 0.12 7.5 75 760
1 I i

P1_25 25 270
1201 0
)
880+
n\:o
% 40-
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120 .

AR/R, (1/1000)

10" 10° 10" 10° 10°

(b) Ambient pressure (Torr)
Figure 4.10: Determining the equalization pressures of each Pirani gauge. (a) Scaled
dynamic calibration plots; the ambient pressure is rapidly varied from 760 Torr to 0.1
Torr at about half-decade pressure intervals. (b) The equalization pressures are
determined, as indicated by the dotted arrow lines between two bounding values of
ambient pressure. Blue circles are for P162, red circles for P99, and green circles for P54.
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The second step is to apply the linear regression equations obtained by the first
step to the measured dynamic calibration plots. The dynamic calibration plots provide
equalization pressures at half-decade intervals from 0.12 Torr to 760 Torr. To ensure that
the pressure levels in each stage are in a steady state (Fig. 4.10a), the dynamic calibration
is performed after 50 hours of Knudsen pump operation. The steady state response of P1
before modulation is zero in the dynamic calibration plots. During modulation, the
temporal response of P1 represents the varying ambient pressure, whereas the temporal
responses of P54, P99, and P162 represent both interior pressure and exterior varying
ambient pressure. The response of P1 reflects the ambient pressure, and matches the
static calibration. However, the plots of P54, P99, and P162 in Fig. 4.10a have been
corrected, using the regression equations.

The third step is to determine the pressures within the Pirani gauges. As the
ambient is rapidly modulated from the original value (which is 760 Torr in this case), the
response of P1 is compared to those of P54, P99, and P162. Measurements are taken at
the end of each modulation in order to provide the maximum settling time for each
reading. The modulated ambient value at which P1 indicates pressure that is higher than
the mapped response of any Pirani gauge represents the lower bound of the pressure at
that gauge. Similarly, the modulated ambient value at which P1 is lower than the mapped
value of any gauge represents the upper bound of the pressure at that gauge (Fig. 4.10a).
The equalization pressure of each gauge is calculated using interpolation between these
two bounding pressures (Fig. 4.10b). For P162, the upper bound pressure, at which the
response of P1 is lower than that of P162, is 0.9 Torr. The lower bound pressure, at

which the response of P1 is higher than that of P162, is 0.3 Torr. For P99, two bounding
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pressures are 25 Torr and 7.5 Torr. For P54, two bounding pressures are 270 Torr and 75
Torr. The equalization pressures are ~0.9 Torr for P162, =7.8 Torr for P99, and =258.4

Torr for P54.

Interpolated lines

Extrapolated

line

10°

Pressure (Torr)

100 + o0 -9

AR/R, (1/1000) @ 760 Torr ambient pressure
Figure 4.11: The generalized relation of pressure as a function of AR/R, when the
ambient pressure is 760 Torr, obtained by dynamic calibration. The isolated points
indicate the equalization pressures (Fig. 4.10b). The solid line indicates interpolations
and extrapolations between the neighboring, isolated points, for approximately
determining the pressures from any measured AR/R,. The horizontal dotted lines indicate
the modulated ambient pressures for dynamic calibration.

The final, fourth step is to generalize the correlation of pressure and fractional
change in resistance at the specific ambient pressure. Using the equalization pressures
determined in the third step, any value of AR/R, provided by the Pirani gauges can be
mapped to a calibrated value of interior pressure. This value is determined using the
closest points from the set 760 Torr, 258.4 Torr, 7.8 Torr, and 0.9 Torr and the
corresponding AR/R, of 0, 4.3 x 107, 28.2 x 107, and 37.7 x 107, respectively (Fig. 4.11).
However, this calibration is valid only for an exterior ambient pressure of 760 Torr. For
other values of ambient pressure, the rapid pressure modulation and the second, third, and
fourth steps of the procedure must be repeated (Fig. 2b). The method for evaluating the

error bars is described in Section 4.3.4.
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Figure 4.12 compares the fractional change in resistance as a function of pressure
obtained by dynamic calibration (Fig. 4.11) to that obtained by static calibration (Fig.
4.8a). As the pressure is reduced, dynamic calibration shows smaller fractional changes

in resistance than static calibration.
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Figure 4.12: The difference in fractional changes in the resistance of a Pirani gauge from
static and dynamic calibration methods. The solid circles are obtained by static
calibration. The solid squares are obtained by dynamic calibration for 760 Torr ambient.
4.3.4 Typical Errors in Calibration

The two dominant sources of error are analyzed: the repeatability of Pirani gauge
sensors and the mapping of the Pirani responses using linear regression. These are used to
calculate the standard deviation, o, of the calibrated response. The uncertainty is
represented by an error bar that indicates a range of +2¢ (indicating a total span of 40),
which correspond to a 95.4% confidence interval for normal (Gaussian) distribution
[Kre06].

The repeatability of the sensor is a source of error for the static and dynamic
calibration. The output may vary because of the measurement tools or human factors.
Error bars that identify the possible readout fluctuation can be defined for each
measurement of the Pirani gauge. To evaluate this uncertainty, one Pirani gauge is

repeatedly measured, using identical measurement tools, test chamber, and operator
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method, over a period of time. Using the repeated measurements of the AR/R, the mean
values and the error bars for +20 are plotted for a range of calibration pressures (Fig.
4.13a). In a preliminary sample set of 6 measurements, the highest value of the standard
deviation, o, was 1.6 x 10>, at 0.12 Torr. The +20 error bars in AR/R, are converted into
the error bars in pressure by using the two closest neighboring calibration points, using
Eq. (4.8). Here, (AR/Ry)n s is replaced by [(AR/Ry), = 20] and P, s by the resulting
pressure. The resulting residual errors in pressure, APg, for the calibration pressure of
=30 Torr are -3 Torr and +3 Torr, which are indicated as the error bar for the pressure at
P162, obtained by static calibration (Fig. 4.8b).

Another source of error is the linear regression performed for dynamic calibration.
To estimate this, the responses of multiple Pirani gauges are collected, using identical
calibration pressures, measurement tools, test chamber, and operator method. Then, each
response is mapped by linear regression to the mean response at every pressure — i.e., the
mean is assumed to be the reference response. For a preliminary data set with 12 Pirani
gauges, the first order coefficients, as shown in Eq. (4.10), were 0.9482, 0.9152, 0.9397,
0.9657, 0.9482, 0.9152, 0.9657, 1.1412, 1.0766, 1.0795, 1.09121, and 1.0818. The mean
and the error bars for £2 ¢ are plotted, with varying calibration pressure (Fig. 4.13b). The
highest o value in AR/Ry was 1.4 x 107 at the pressure of 0.9 Torr. This error is assumed

to be representative of the errors due to linear regression in dynamic calibration.
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Figure 4.13: Error source analysis for static and dynamic calibration methods. (a) From
the repeatability of a Pirani gauge, in AR/Ry as a function of calibration pressure,
measured with static calibration method. (b) From the mapping of the measured Pirani
gauge to the reference Pirani gauge with linear regression. (c) The combined errors from
(a) and (b). (d) The combined errors from (a) and (b) are converted to residual errors in
pressure at each calibration pressure. In (a-c), only the highest values in o are indicated.
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The two sources of error are uncorrelated, so the total error, E;.2, is [E1100, Bel99]:

E,,=\E’+E} (4.11)

where the subscripts / and 2 indicate two independent variables, £, is the standard
deviation from the repeatability of responses of each Pirani gauge and E is the standard
deviation from the mapping of the response of the measured Pirani gauge to that of the
reference gauge with linear regression. The total error is plotted in Fig. 4.13c. The
highest value of the total error in AR/Ry is 2.1 x 107 at the calibration pressure of 0.12
Torr. The resulting residual errors in pressure, APg, for the calibration pressure of 0.9
Torr are -0.2 Torr and +0.2 Torr (Fig. 4.13d); these errors are indicated as the error bar

for the pressure at P162, obtained by dynamic calibration (Fig. 4.11).

4.4 Discussion and Conclusions

The Knudsen pump example demonstrates that dynamic calibration can be
significantly more accurate than conventional static calibration for certain type of devices.
The pressure of P162 was 30 Torr by static calibration (Fig. 4.8b) and 0.9 Torr by
dynamic calibration (Fig. 4.10b). As the interior pressure decreases, the response of a
Pirani gauge that has one side exposed to ambient pressure becomes smaller than that of a
Pirani gauge for which both interior and exterior are both at the same pressure (Fig. 4.12).
A significant contribution to this effect is due to the mechanical deflection of the
supporting membrane that contacts the bump surface at the sense gap (Fig. 4.6d). As a
result, the smaller fractional change in resistance is mapped to higher pressure than the
true value. In dynamic calibration, this error is removed by modulating the ambient

pressure around the interior pressure of the Pirani gauge until the responses of both
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gauges are equal indicating that the supporting membrane is detached from the bump
surface.

It is evident from Fig. 4.10a that, when the ambient pressure is returned to 760
Torr after modulation, each AR/R, returns back to its initial value. The pressure in the
sense gaps in stages 55, 99, and 162, located upstream and far from the outlet do not
respond to rapid variations in ambient pressure. The effects of the rapid variations in
ambient pressure on those interior pressures can be ignored. Therefore, the equalization
pressures in dynamic calibration are valid.

One transient response shown in the dynamic calibration plots (Fig. 4.10a) is a
large increase in the responses of P99 and P162 when the ambient pressure changes from
760 Torr to 0.9 Torr. This is caused by the supporting membrane detaching from the
bump surface resulting in a large change in . After detaching, different ambient
pressures, such as 0.9 Torr, 0.3 Torr, and 0.12 Torr, are expected to cause negligible
changes in the responses. This is because the pressures in the sense gaps are unchanged
and %, is insensitive to changes in membrane deflection at low pressure in the range 1-
10 Torr, where A >> g, as anticipated by Eq. (4.4).

After detaching, the responses of P99 and P162 increase in two ways: 1) from
each successive step, 760 Torr to 0.9 Torr, 760 Torr to 0.3 Torr, and 760 Torr to 0.12
Torr, the responses show an initial noticeable increase; and 2) within each modulation
step the responses show a gradual increase (Fig. 4.10a). These responses after detaching,
which are unexpected from changes in membrane deflection, result from the combined
effects of the Knudsen pump heater, which slowly increases pump chip temperature as

ambient pressure decreases, and the time it takes for the calibration pump, =23 cfm, to
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achieve full vacuum (>17 s). However, these two effects affect all Pirani gauges equally
without changing the found equalization pressures. Therefore, the equalization pressures
in dynamic calibration are valid.

The error contributed by measurement uncertainty and the regression model is
relatively small near atmospheric pressure, but significant at low pressures, as shown in
Fig. 4.13d. The small sensitivity of AR/R, at low pressure relative to that at higher
pressure amplifies the impact of errors in AR/R,, resulting in larger equivalent errors in
pressure, especially at 0.12 Torr. These errors may be reduced by increasing the input
current to the Pirani gauges at low pressures.

In summary, dynamic calibration has been investigated for the pressure estimation
of the pressure modulating devices, with the integrated Pirani gauges. It provides
superior accuracy to static calibration by accommodating the impact of the exterior
ambient pressure, which is different from the interior pressures of the evacuated stages.
The dynamic method is used to determine the interior pressure by rapid modulation in
ambient pressure. Using four sequential steps for processing the calibration data, more
accurate estimates for the interior pressures are obtained. For the sample Knudsen pump
that is experimentally evaluated, the upstream pressure is 0.9 Torr, with a 95.4%
confidence interval from 0.7 Torr to 1.1 Torr, assuming normal (Gaussian) distribution.
In comparison, static calibration suggests the pressure of 30 Torr, with a 95.4%

confidence interval from 27 Torr to 33 Torr.
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CHAPTER S

VACUUM SEALING
USING ATOMIC LAYER DEPOSITION OF AL,O; AT 250°C

This chapter describes the use of low-temperature atomic layer deposition (ALD)
of Al,O3, for vacuum seals in wafer-level vacuum packaging and other applications. This
technique is used for vacuum sealing of flow channels in the 48-stage and 162-stage
Knudsen pumps. The pin-hole free and highly conformal coverage provided by ALD
AlLyOj; is shown to seal circular micromachined cavities in this chapter. The cavities are
0.8 wm in height, 400 um in diameter, and are capped by porous plasma-enhanced
chemical vapor deposited (PECVD) dielectrics that form a membrane. The ALD AL,O;
film, of thickness ~0.2 um, is deposited at a temperature of 250°C on this membrane.
The retention of vacuum is indicated by the deflection of the membrane. Lifetime tests

extending out to 19 months are reported.

5.1 Introduction

Vacuum sealing is indispensable for many microsystems applications and is
commonly used for performance enhancement and device protection. For example,
vacuum encapsulation is required for the high quality (high-Q) factor operation for micro
resonant sensors and actuators, such as gyroscopes [Liu09], pressure sensors [Ike90], and
timers [Beel2]. Miniaturized analytical instruments, such as gas chromatographs [Liull]

and mass spectrometers [Hau07], together with micro pumps [Kim08] for the instruments,
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also need pressure-controlled gas flow in microfluidic channels or cavities. In addition,
the techniques for achieving and maintaining vacuum seals can be extended to humidity-
sensitive electrostatic devices [Kes98, Wu06].

For vacuum sealing, wafer-scale encapsulation [Esa08] is favored over die-level
packaging because it offers greater process compatibility, higher throughput, and smaller
form factor. In particular, thin-film sealing [Ike90, Guc84, Guc89] is a natural extension
of surface micromachining processes and is preferred to wafer-bonding in many contexts.
Typically, an encapsulating membrane is deposited over a patterned sacrificial layer.
Holes in this membrane provide access for a gas phase or liquid phase etchant that
removes the sacrificial layer. Another thin film is then used to seal the access holes in the
membrane. An alternative method is to bond another wafer above the device separated
by a spacer layer. Although this circumvents the deposition of a sacrificial layer, it can
compromise size and cost, and complicate lead transfer.

Thin-film sealing has been studied for wafer-level vacuum packaging for
micromachined resonators [Liu09, Ike90, Beel2, Lin98, TsuOl, Can06, Chi06, LiO8,
Yonl0]. It has also been explored for sealing micro-fluidic channels in neural probes
[Wis08]. These efforts routinely used common dielectrics, such as silicon oxide or
silicon nitride. The films were, in many cases, deposited at temperatures >800°C, using
low-pressure chemical vapor deposition (LPCVD). For lower temperature deposition,
plasma-enhanced chemical vapor deposited (PECVD) nitride layers at 450°C [Li08] and
350°C [Liu99] were used. However, with the decrease in deposition temperature, the
deposited films were as thick as 2.7 pm and 4.6 pm, respectively. Sputtered AlCu of 1.5

um thickness, deposited at 350°C, was also reported for sealing porous poly-SiGe
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capping membranes [Guol2]. Achieving a vacuum seal with a thin film that is deposited
at modest temperatures remains a challenging prospect for conventional deposition
methods because of the existence of pinholes in deposited films, as well as limitations to
the conformality of the deposition.

Atomic layer deposition (ALD) of films is appealing for low temperature sealing.
Sequential, self-limiting surface reactions enable the coverage of topographic variations,
with film thickness precisely controlled by the number of deposition cycles [Puu05,
Geol0]. The last decade has witnessed increasing efforts to exploit ALD for various
sealing purposes that prepare the stage for vacuum sealing. Plasma-enhanced ALD SiO,
was used to seal mesoporous silica for interlevel dielectrics [Jia06], and ALD TiO, was
used to seal nanochannel trenches [Nam10]. The deposition temperature of ALD ranges
from 25°C to 300°C [Puu05, Geol0, Jia06, Nam10, Wil05, Car09, Linl10, Leell, Zhall,
Keul2, Dicl2, Carl2]. ALD AlLO; was deposited on Kapton, other polymers, and
organic light emitting diodes (OLED) at temperatures as low as 25-125°C to provide a
gas diffusion barrier [Wil05, Car09, Linl0, Keul2, Dicl2, Carl2]. By 2011, it was
recognized that ALD layers may be useful for wafer-level vacuum packaging of nano-
and micro-electromechanical systems (N/MEMS) [Leell]. Although the deposition of
ALD AlL,O3 on polymer presented major leakage concerns [Zhal1], in 2012, the pressure-
induced deflection of an ALD Al,0O; membrane with a thickness of only 2.8 nm was
reported, indicating that the integrity of the film is sufficient to withstand a pressure
differential [Wan12]. In addition, it was reported that a thin film barrier of 20-40 nm
ALD Al,O; suppresses the water vapor transmission rate to be on the order of 10° gm’

*day” [Keul2], which is four orders of magnitude smaller than 100 nm PECVD SiO;
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[Cocl2]. These results suggest that ALD Al,Os3 could be used potentially for vacuum
sealing [Keul2, Wanl2]. In this context, this chapter describes an ALD Al,O; low-
temperature thin-film vacuum seal for wafer-level vacuum packaging. Section 5.2
describes the test structure. Section 5.3 details the fabrication process. The test methods,
results and discussion are presented in Section 5.4. Concluding remarks are presented in

Section 5.5.

5.2 Test Structure

XeF,
access slit

Cavity
(height = 0.8 um)

Figure 5.1: Perspective view of a microfaﬁricated test structure with a circular cavity for
testing the ALD Al,O3 vacuum seal.

To determine the vacuum sealing capability of the ALD ALO; film, a
microfabricated test structure is used in this study (Fig. 5.1). It is composed of a cavity of
height =0.8 um and an encapsulating membrane. The membrane is deflected by the
pressure difference between the interior cavity and the ambient atmosphere. Interference
patterns, which are caused by the light rays reflected from the upper and lower surfaces
of the cavity, present alternating dark and bright fringes as a function of membrane
deflection [Al06]. For the deflection to be easily observable, the diameter of the

membrane is as large as 400 um. The membrane deflections for 160 Torr, 460 Torr, and
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760 Torr are estimated using analytical equations in [Gia06] (Fig. 5.2). These estimates
take into account the residual stresses of a membrane (which are described in Section 5.3).
Although the cavity height is 0.8 um, deflection is limited by bumps on the lower surface
of the cavity (described in Section 5.4). Most fringes are expected to be near the edge;
the deflection-limited center region is almost flat. The deflection limit is encountered
when the cavity pressure is lower than atmospheric ambient pressure by hundreds of Torr;

this provides an indication of the retention of vacuum.
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Figure 5.2: Analytical calculation of the deflection of a circular membrane as a function
of pressure difference, AP. The pressure difference increases from 160 Torr to 760 Torr
by 300 Torr. The membrane deflection is limited by bumps on the cavity floor, the
heights of which are indicated by the horizontal dotted line.
5.3 Fabrication Process

The test structure is fabricated by a surface micromachining process, using two
masking steps (Fig. 5.3). The microfabrication process begins with the LPCVD of the
first stress-relieved, dielectric oxide-nitride-oxide (ONO-1) stack on a silicon wafer (Fig.
5.3a). The ONO-1 stack is composed of one nitride layer, thickness =0.2 um and residual
stress ~1.2 GPa, sandwiched by two oxide layers, thickness ~0.5 pm and residual stress
~-185 MPa. The oxide and nitride layers are deposited at approximately 910°C and

800°C, respectively. This is followed by the deposition of the sacrificial LPCVD

polycrystalline silicon (polySi) layer, of thickness ~0.8 pm, at 585°C, which is
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subsequently patterned (Fig. 5.3a). The cavity height (Fig. 5.1a) is determined by the
thickness of the polySi layer. Another LPCVD ONO-2 stack, which is identical to ONO-
1, is deposited over the sacrificial polySi layer (Fig. 5.3b). Slits, 2 x 10 pm?, are
patterned in ONO-2 to provide access for the sacrificial etch. The sacrificial polySi layer
is etched away by XeF, dry gas (Fig. 5.3b). Following this, a third stack, ONO-3, is
deposited to seal the access slits. The ONO-3 stack, which is deposited by PECVD at
380°C (Fig. 5.3c¢), is composed of one nitride layer, thickness ~0.5 pm and residual stress
~300 MPa, sandwiched by two oxide layers, thickness ~0.7 pm and residual stress ~-50
MPa. Even though the PECVD step is performed at =1 Torr pressure, the cavities return
to atmospheric pressure because the deposited ONO-3 stack is porous. Finally, an ALD
AlL,Os layer, with thickness =0.2 um and residual stress <304 MPa, is deposited at =300

mTorr to seal the pores inherent in ONO-3 (as shown in the inset of Fig.3c).

/ONO-Z

PolySij ONO-1
N E——

N
<a>- (b),

ALD Al,O
N

Figure 5.3: Surface micromachining uses two masking steps. (a) Deposition of LPCVD
ONO-1, and deposition and patterning (Mask 1) of sacrificial LPCVD polySi. (b)
Deposition and patterning (Mask 2) of LPCVD ONO-2, and XeF, gas dry etching of
polySi. (c) Deposition of PECVD ONO-3 and ALD Al,Os;. The inset in (c) is a
magnified view of a sealed access slit.

The ALD ALOs film is deposited using Oxford™ Instruments OpAL [Oxf13].

Two process options are available: a thermal ALD process performed at 250°C, which

uses water vapor; and another ALD process that uses O, plasma. The former is selected
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because it provides better conformal coverage of topological variations [Puu05]. For this,
the base pressure of the ALD process chamber is <25 mTorr and the chamber pressure
during growth cycles is maintained at <300 mTorr using Ar gas flow. In each cycle for
the growth of one atomic layer, the ALD recipe alternates the pulsing of a precursor gas,
Al(CHs);, and water vapor, H,O, to create metal oxides [Puu05] (Fig. 5.4). The overall

reaction chemistry in a cycle is described by two half reactions [Puu05, Geo10]:

AlOH" + Al(CH3); — AIOAI(CHs),” + CHy (5.1

AICH;" + H,O — AIOH" + CH,4 (5.2)

where the asterisk denotes the surface species. The first step in a cycle is to provide a
dose of the precursor to the processing wafer for 20 ms for one layer of AI(CHs),, as
shown in Eq. (5.1) (Fig. 5.4a). Then, the gaseous by-products or unreacted precursors are
purged for 4 s (Fig. 5.4a). The second step is to provide a dose of the H,O vapor for 20
ms for the creation of one OH layer on the AI(CHs), layer, as shown in Eq. (5.2) (Fig.
5.4b). Again, the gaseous by-products or unreacted H,O are purged for 4 s (Fig. 5.4b).
In the first step of the next cycle (Fig. 5.4a), the Al atom within the precursor binds to the
O atom by displacing the H atom in the surface adsorbed OH group, as indicated in Eq.
(5.1). Locations where the Al-O attachment did not occur in the first cycle are covered in
the second cycle [Puu05].

By repeating multiple cycles, the pores in PECVD ONO-3 are sealed with
multilayered Al,Os; (Fig. 5.4c). However, it is notable that during this process the
precursor or H,O gas molecules might be trapped in the cavity. The total number of
cycles for =0.2 pum-thickness Al,O3is 1727, in which the growth per cycle (GPC) is

~0.12 nm; each cycle takes ~15 s.
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Figure 5.4: Schematic illustration of a sealing process using ALD Al,O3 [Puu05]. (a)-(b)
One cycle of ALD ALOs: (a) dose of precursor Al(CH3); for 20 ms and purge for 4 s; and
(b) dose of H,O for 20 ms and purge for 4 s. (c) A sealed pore after multiple cycles of
ALD AlL,Os. The figures are not drawn to scale.
5.4 Test Results and Discussion

As noted previously, optical interference leads to Newton’s rings [Al06]; each
ring represents a half integer multiple of a laser wavelength, which is 407 nm for the
interferogram. When the 1* bright fringe is assumed to represent no deflection, the 1*
dark fringe corresponds to ' wavelength (=203.5 nm); the 2™ bright fringe corresponds
to 1 wavelength; etc. Although the cavity height is =~0.8 pm, the membrane ceases

further deflection when it touches the ONO-3 bump formed on top of the ONO-1 layer

inside the cavity (Fig. 5.6a); this bump is deposited to a height of =0.4 um through an
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access slit during the ONO-3 filling process (Fig. 5.3¢c). The membrane deflections were
analyzed by laser interferogram (Olympus™ LEXT OLS3100) (Fig. 5.5a). The
membrane deflection was also clearly identifiable by visual inspection in an optical
microscope with a light source (Fig. 5.5b). In some cases, the deflected state was further
confirmed by intentionally releasing the vacuum (through a nearby perforation); this

flattens the membrane and completely removes the fringes.

400 um
1st
bright fringe —
(0 nm)
2nd
bright fringe
(407 nm) XeF,
ond access
dark fringe l slits

(610.5 nm)

1st

dark fringe

(a) (203.5nm) |
400 um
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Fully access
deflected slits

area

(b)
Figure 5.5: Typical images of deflected circular membranes. (a) A laser interferogram,
in which the laser wavelength is 407 nm. (b) An optical microscope image. In (b), the
dashed circle indicates the deflected area for which the deflection is limited by the ONO-
3 bump inside the cavity. These images are typical of structures examined immediately
after fabrication as well as 12 months later.

Structures that were not covered with ALD Al,O; showed no deflection,
indicating the cavities were at atmospheric pressure after PECVD dielectric deposition.

At the end of the fabrication process, after cavity etch, ALD sealing, and dicing, typically
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~69% of the 26 samples in a 100-mm diameter wafer had membranes that were well-
formed and appropriately deflected (Fig. 5.5b).

The cross section of a seal was examined by scanning electron microscope (SEM)
and transmission electron microscope (TEM), and by energy-dispersive X-ray
spectrometry (EDS) (Fig. 5.6). The XeF; access slit is clearly closed by the ONO-3 and
ALD Al,Os5 layers, as shown in the SEM image (Fig. 5.6a). The boundary of Al,O; and
ONO-3 is not evident in the SEM image. However, the boundary is clearly visible under
the magnification provided by the TEM image (Fig. 5.6b). The chemical components in
the sealed slit were examined by EDS spectra. The ALD Al,O; spectrum is shown in the
first inset of Fig. 5.6b, indicating Al- and O-related peaks, without a Si-related peak. The
spectrum of the silicon dioxide in ONO-3 is shown in the third inset of Fig. 5.6b,
indicating Si- and O-related peaks, without an Al-related peak. The spectrum of the
central zone, as shown in the second inset of Fig. 5b, indicates an Al-related peak,
together with Si- and O-related peaks. Such Al peaks are also seen in spectra taken on

interior surface of the membrane.

102



Sealed pore by ALD Al,O,

ALD A0, \

Al Al Si
?'é-‘
>
e
&
>l O
E c? Si o
E M—.

0 1 2 0 1 2 0 1 2
(b) Energy (keV) Energy (keV) Energy (keV)

Figure 5.6: Cross-sectional images of a sealed access slit. (a) SEM image with the
expected boundaries between layers. (b) TEM image of the circled area in (a), together
with EDS spectra for Al,Os, sealed access slit center, and ONO-3. C-related peaks come
from TEM sample preparation.
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Membrane deflections were examined over 19 months while the devices were
stored in a clean room. Of the 9 membranes that were examined, each one maintained its
deflection without any noticeable change (Fig. 5.7).

The membrane deflection described here is similar to pressure-induced deflection
used for bulge tests of deposited films in the past [Wan12]. In contrast to past work, for
this paper the cavity was sealed in vacuum and the resulting deflection in the ALD Al,O3
membrane was maintained over 19 months.

The growth temperature for ALD ALO; could be potentially decreased below
250°C to further reduce the thermal budget if necessary. Deposition temperatures less
than 100°C for ALD Al,Os have been reported in [Wil05, Lin10, Zhal1l, Keul2, Dic12].
However, it is possible that the quality of the vacuum seal might be compromised. In

addition, the image in Fig. 5.6b suggests that the thickness used for this film might be

more than necessary.

Figure 5.7: Reliability test of the cavity pressures. Microscope images of 9 sealed
cavities with circular membranes at 19 months post fabrication are shown.
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5.5 Conclusion

Wafer-level vacuum packaging is essential for the performance and protection of
many important and widely-used micro-scale devices such as micro-gyroscopes and
pressure sensors. However, achieving and sustaining vacuum with films deposited at
modest temperatures has been a persistent challenge. Lower temperatures provide
compatibility with the fabrication processes used for the devices, which may generally
include CMOS electronics. Thin films of ALD Al,Os, which are pin-hole free and highly
conformal, are very promising for retaining vacuum seals. The results described in this
paper demonstrated that =0.2 um-thick ALD Al,O3 at 250°C is sufficient to provide a
seal to vacuum cavities that are ~0.8 pm in height, 400 um in diameter, and are capped
with PECVD dielectrics that are otherwise porous. The sealed cavities retained vacuum
for a period exceeding 19 months.

Future efforts can be directed at further reducing the thermal budget of the
process. Additional efforts may be directed at using embedded sensors for quantitative

analysis of cavity pressures.
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CHAPTER 6

A SI-MICROMACHINED SINGLE-STAGE KNUDSEN PUMP
DESIGNED FOR HIGH FLOW RATE

This chapter” explores single-stage Knudsen pumps that generate high flow rates.
These pumps are designed for meeting high flow rate requirements of micro gas
chromatographs and micro mass spectrometers. Using Si-micromachining, a high density
of thermal transpiration flow channels is formed in a single chip. It has a footprint 16 X
20 mm®. A combined operation of all flow channels produce more than 200 sccm air

flow rate.

6.1 Introduction

Prior work on high flow rate Knudsen pumps was primarily based on thermal
transpiration through polymer membranes [PhalO, Gupllb]. High-density nano-sized
pores in the polymer membranes act as narrow channels (i.e., thermal transpiration flow
channels) at atmospheric ambient pressure. Imposed thermal gradients across the
membranes resulted in 0.4-0.8 sccm air flow [PhalO, Gupl1b]. Pharas et al. [Phal0]
used an input power of 8.6 W in a pump area of 49 mm” and Gupta ef al. [Gup11b] used
an input power of 1.4 W in a pump area of 104 mm”. However, performance was limited

by defect-induced leakage in the polymer membranes [Gup11b].

> This chapter describes joint work with Yutao Qin
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In additional prior work, instead of polymer membranes, the narrow channels
were integrated in a silicon substrate, using lithography-based batch microfabrication
[McNO5, Gupl2]. It provided deflect-free narrow channels, which were placed in
parallel with the substrate surface. The height of the narrow channels was defined by gap
between polySi and glass (Fig. 1.9) [McNO5] or sacrificial etching of deposited polySi
(Fig. 2.3) [Gupl2]. Although the fabricated narrow channels in the multistage
configuration provided a compression ratio up to ~844 at atmospheric ambient pressure,
air flow rate was limited to =1 psccm due to a limited density of narrow channels
(Chapter 3) [Anl3a]. For substantially increasing the density of narrow channels that
can result in a higher flow rate of at least 1 sccm, a new challenge to array narrow
channels perpendicular to the silicon substrate must be met.

In this context, this chapter explores the monolithic integration of high density of
narrow channels in a single-stage Knudsen pump designed for high flow rates. Section
6.2 presents the design of narrow channels, a heater, and a heat sink. Section 6.3 details
the microfabrication processes and results. Test methods and results are described in

Section 6.4, followed by discussion and conclusion in Section 6.5.

6.2 Design
This section describes the concept and the structure of the single-stage Knudsen
pumps that are designed for high flow rates. Calculation results based on ideal structure

is described, followed by the designed structure.
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6.2.1 Concept of Knudsen Pumps Designed for High Flow Rates

6.2.1.1 Single-Stage Knudsen Pump with High-Density Narrow Channels

The required components of a single-stage Knudsen pump are narrow channels, a
heater, and a heat sink. Narrow channels are arrayed in parallel in a rectangular matrix
(Fig. 6.1a). In each narrow channel, gas molecules are bounded by dielectric sidewalls.
The shorter period and longer period of the sidewalls are named the narrow channel
height, a, and the narrow channel width, b, respectively. The distance between the heater
and the heat sink is named the narrow channel length, /. The names for a, b, and / follow
the naming conventions in Section 2.2. By applying an input power to the heater, the
temperature difference, A7, is generated between the heater and heat sink (Fig. 6.1b).
The heater and heat sink are at the hot temperature, 74,,, and the cold temperature, T,
respectively. Due to thermal transpiration flow in narrow channels, the pressure

difference (pressure head), AP, is established (Fig. 6.1c).
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Figure 6.1: Schematic of a single-stage Knudsen pump with high-density narrow
channels. (a) Vertically oriented narrow channels. (b) Steady state temperature profile
(left) and thermal circuit (right). (c) Steady state pressure profile.
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The standard flow rate in a channel, Vs, is largest at a pressure difference of 0 Pa
(i.e., no pressure head); whereas the standard flow rate is 0 sccm at an equilibrium
pressure difference, APg, (See Section 2.2 and 3.2 for equations). Since a large number
of narrow channels are designed in this single-stage Knudsen pump, the total standard

flow rate, Vsia rota1, 1S Written as:

VSzd,Total = VsV rorai (6.1)

where Vs, is the standard flow rate in a narrow channel and Ny, is the total number of

narrow channels. Here, Nz, is given by:

A ra,
NTotal = ;Ubl (6.2)

where A7, 1s the total area of narrow channels (active pumping area). The pressure

difference is unrelated to the number of narrow channels, as shown in Eq. (2.2).

6.2.1.2 Steady State Pumping Performance
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Figure 6.2: Calculated unit-area standard flow rate as a function of pressure difference
(pump performance line), with varying a and AT. In this calculation, T, = 300 K, b =
120 pm, and / =20 pm.
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The relation of AP and Vs, (pump performance line) due to variation in @ and AT
are theoretically calculated using Eq. (2.3, 3.1, 3.2) (Fig. 6.2). Due to microfabrication
constraints, b and / are selected as 120 pm and 20 um, respectively. The narrow channel
height, a, is varied in two values, 2 um and 1 um. For each a, AT is varied in two values,
100 K and 200 K. The T, value is 300 K. The unit-area standard flow rate is obtained
by division of Vs by the product of @ and b. By decreasing a or increasing AT, AP at a
standard flow rate increases. At an identical A7, the differences in the largest standard
flow rates (AP = 0) between different a values are small. Due to lithographic limitations
in available tool sets, the design value of a is selected as 2 pm.

Joule heating is applied to the heater. The resulting heat is dissipated mainly
through narrow channels to the heat sink (Fig. 1.c). To minimize power consumption in a
Knudsen pump, the thermal resistance needs to be maximized. By Fourier’s law, the

steady state temperature difference, A7, for an input power, 4, is written as:

AT =R 0 (6.3)
where 9y, is the thermal resistance. Here, I, is the parallel combination of the
constituent thermal resistances:

R =R, T+R, (6.4)
where I, .. is the thermal resistance of the narrow channels, which are composed of air
molecules and dielectric sidewalls, and I, cony 1S the thermal resistance of the natural
convection cooling to exterior ambient. The $y, cony 1S given by:

1 1
EKth,conv = h (65)

conv ,air Total
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where /con,qir 18 the natural convection coefficient of air (10 x 10°® W/K-mm? [Sail0]).
The unit-area iy, con is 1 X 10° K/W-mm?®.
The value of Iy, is given by:

1 [
R =
th,nc e A (66)

Total
where Oy, 1s the equivalent thermal conductivity of narrow channels. Here, it is written

as the weighted sum:

tﬁ\ o-th, v +(a_tAw)O-h, ir
O e == e (6.7)

a

where £, is the sidewall thickness; Oy, s 1s the thermal conductivity of the sidewall; and
Om,air 18 the thermal conductivity of air molecules in the narrow channel, 0.026 K/m-W
[Ste85], assuming viscous flow regime (See Section 4.2.1). The sidewall material in this
chapter is an amorphous Al,O3 layer (Gisw =1.4 W/m-K at =270 K [Sta93]). When the
sidewall thickness is 0, the unit-area thermal resistance of the narrow channels is 770
K/W-mm?®. The sidewall thickness is selected as 10 nm, as a tradeoff between the
thermal resistance and microfabrication constraints. The calculated unit-area thermal
resistance, Iy, for the selected sidewall thickness of 10 nm is 608 K/W-mm?. The
Hinconv In Eq. (6.4) is neglected because Hy conv 1S two orders of magnitude larger than
i ne-

From the performance line (Fig. 6.2), where a is 2 pm, / is 20 um, and A7 is 100
K, the calculated results can be summarized as follows: first, the equilibrium pressure
difference is 284 Pa and the largest unit-area standard flow rate (AP = 0 Pa) is 14.1

sccm/mm?; and second, the unit-area input power values for the Al,O; sidewall
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thicknesses of 0 nm and 10 nm are 0.13 W/mm?® and 0.16 W/mm?, respectively. The
ALOj; sidewall thickness of 10 nm in narrow channels contributes only 0.03 W/mm?® to
the unit-area input power. Using these results based on unit area, the largest standard
flow rate and the input power can be calculated. However, these calculated values
represent only ideal values. Practically designed structures present performance-reducing

factors, which are described in the next section.

6.2.1.3 Transient Pumping Performance

For estimating the transient response of the Knudsen pump, both the thermal time
constant and hydraulic time constant must be considered. Physically, the time constant
represents the time for a system to reach 63.2% of its steady state response. As shown by
calculations in this section, both the thermal time constant and the hydraulic time
constant are much less than 0.1 s.

The thermal circuit (Fig. 1c) includes thermal capacitance that is connected in

parallel with thermal resistance. The resulting thermal response is written as:
AT(1)= AT, (1-¢"") (6.8)

where AT is expressed as a function of time, #; ATy is the final steady state value of AT;
and 7, is the thermal time constant.
The thermal time constant for the Knudsen pump heater, which considers only

heat dissipation through narrow channels, is given by:
Tlh = ERlh,nc(jth,nc (69)

where Cy, . is the thermal capacitance of the narrow channels, which are composed of air

molecules and dielectric sidewalls. The value of Cy, . is given by:
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Clh,nc = clh,ncpncATotall (6 10)
where ¢, and p,. are, respectively, the equivalent specific heat and mass density of
narrow channels. Here, using weighted sum, ¢4 .. and p,. are, respectively, written as:

tc, +(a—t )c, .
— sw th,sw ( sw) th,air (6 l l)
a

Cth,nc

t +(a—t .
pm. — swpsw (a sw)pazr (612)

a

where ¢y, 5, 1S the specific heat of the sidewall (755 J/kg-K for alumina sidewall [Mun97]);
cm,qir 18 the specific heat of air molecules (1.01 J/kg-K [Jou08]); psw 1s the mass density of
the sidewall (3984 kg/m’ for alumina sidewall [Mun97]); and pu;- is the mass density of
air molecules (1.2929 kg/m’ [Jou08]). The calculated unit-area thermal capacitance for
the selected sidewall thickness of 10 nm is 2.0 x 107 J/K-mm®. Therefore, using the
calculated unit-area thermal resistance of 608 K/W-mm?, calculated examples of thermal
time constant are 1.2 x 10 s for an area of I mm? and 0.012 s for an area of 100 mm”.
The hydraulic time constant for gas flow in narrow channels [Roj13] can be
directly derived from Eq. (2.2). Using the ideal gas law and including A7,., Eq. (2.2)

can be written as the following first-order differential equation:

2
dAP(t) —_ kBTCold QT AT — QP AP(I) a bPAVg m ATotal (6 13)
dt mV, \ T e e / 2k, T e ab ’

where AP is expressed as a function of time, ¢, and Vi, is the volume at the cold
chamber. For simplification, Or, Op, and P, are regarded as time-independent variables
because they change by negligible amounts. Then, the solution of Eq. (6.13) takes the

following form:
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AP(1)= AP, (1-¢ ™) (6.14)
where 74,4 is the hydraulic time constant. Here, 4,4 is given by:

/ 2k.T

T Cold Q B~ Avg (6.15)
Hyd kBTCGId : ATotal m

Calculated examples of hydraulic time constant are 0.2 ms when Vg 1s 1 mm’ and A7,

1s 1 mmz, and 2 ms when Ve,i1s 1,000 mm° and Atpiar 18 100 mmz,

6.2.2 Designed Structure

1) Active 2) | ateral
Upper — pumping )frame 3) Anchor

dielectric area frame
membrane
Al,O4
Metal .
sidewalls

heater

SOl .
handle wafer Si heat sink device layer

Figure 6.3: Perspective view of Knudsen pump structure. The structure is divided into
three regions: 1) active pumping area; 2) lateral frame; and 3) anchor frame (thermal
ground).

The Knudsen pump structure in this chapter is designed using a silicon-on-
insulator (SOI) wafer (Fig. 6.3). The SOI device layer, thickness of 20 pm, is used for
the vertically oriented narrow channels. The SOI handle wafer, thickness of 380 pum, is

used for the heat sink. The upper dielectric membrane and the metal resistive heater are

placed on the hot end of the narrow channels. The Joule heat is dissipated through
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narrow channels and then through the heat sink to the anchor frame that is thermally
grounded to ambient temperature.

Although sidewalls are arrayed in the SOI device layer continuously, the upper
dielectric membrane and the heat sink partially block gas flow through narrow channels.

To account for the unblocked gas flow paths, fill factors, f, are defined as:

w
o = —2 (6.6)
R,udm
w .
Sy = —2 (6.7)
R.,hs
+ /.
fro =L (63)

where f.qn and fj are the fill factors for unblocked gas flow paths in the upper
dielectric membrane and the heat sink, respectively; f4., 1s the average fill factor of f,m
and fis; Wr uam 18 the width of the repeating unit in the upper dielectric membrane; wyp yam
is the unblocked width of the repeating unit in the upper dielectric membrane; wg ; is the
width of the repeating unit in the heat sink; and w, ;s is the unblocked width of the
repeating unit in the heat sink (Fig. 6.3).

The sub-unity fill factors for unblocked gas flow paths represent the compromise
in pump performance. First, the standard flow rate is reduced by the average fill factor,
favg, as an approximation. Second, the actual temperature difference in the unblocked
width is reduced. Finite element analysis (FEA) simulation of a minimum repeating
block of narrow channels shows temperature distribution in the unblocked gas flow path
(Fig. 6.4a). The heater temperature is assumed to be 400 K and the heat sink temperature

is assumed to be 300 K. The average values of T, and T¢,y in the unblocked gas flow

115



path are 392 K and 318 K, respectively (Fig. 6.4b). The resulting temperature difference

is 74 K out of the input AT of 100 K. This translates into #26% of input power loss.

Top view of
Knudsen pump

dielectric
membrane

Silicon [

ALLO
heat sink 23

sidewall

THot
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solid model
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thermal distribtiom
(@ 300K 350 K 400 K
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o
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Figure 6.4: ANSYS™ FEA thermal simulation of narrow channels. (a) Solid model of a
repeating unit of a narrow channel and temperature distribution, assuming that
temperatures of the heat sink and heater are 300 K and 400 K, respectively. (b)
Temperature profiles along the hot side, Tx,;, and cold side, T, in (a).
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Figure 6.5: ANSYS™ FEA thermal simulation showing the effect of the thermal
resistance of the heat sink and the lateral frame on T¢,y and Tw,. (a) Thermal
distribution of one quadrant of an active pumping area of 1 cm” (square) and the lateral
frame. (b) Temperature profile of 7y, and Ty from the anchor frame to center. In (b),
the wyr value of 0 pm indicates that the lateral frame with the designed wy, value of 360

um is replaced with Si from the SOI device layer.

The heat sink is intended to cool the cold end of the narrow channel to ambient
temperature using a high thermal conductivity of silicon. However, the distance from the
active pumping area to the anchor frame contributes thermal resistance that increases
Tcoa to a value that is larger than ambient temperature. Moreover, the fill factor of the
heat sink affects the equivalent thermal conductivity of the heat sink, which is given by:

O =Osi (1= 1) (6.9)
where oy, s; 1s the thermal conductivity of crystalline silicon (oy,si = 149 W/m-K). As
shown by FEA thermal simulation (Fig. 6.5), T¢,s increases from the anchor frame to the

center of the active pumping area, whereas A7 remains almost the same. The resulting
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pressure difference is nearly unaffected, as anticipated by Eq. (2.3), whereas the resulting
flow rate decreases due to increase in 74,4 in Eq. (3.1).

The lateral frame is formed in the SOI device layer between the active pumping
area and the anchor frame. The width of the lateral frame is denoted by wy in Fig. 6.3
and 6.5. Although narrow channels are formed in the lateral frame, gas flow is
completely blocked by the upper dielectric membrane. The lateral frame prevents a drop
in Ty, at the edge of the active pumping area: the resistive heat dissipates through the
lateral frame and partially through the heat sink to the anchor frame (the case of w; = 360
pum in Fig. 6.5b). If the lateral frame is replaced with Si from the SOI device layer, a
rapid drop in Ty, would appear at the edge of the active pumping area, causing the heat
to dissipate through the device silicon layer directly to the heat sink (the case of w; =0
pum in Fig. 6.5b). This rapid drop in Tx, compromises thermal transpiration, thereby
resulting in a smaller flow rate and a smaller pressure difference, as anticipated by Egs.
(2.2, 2.3). The Tcoa values are unaffected by the width of the lateral frame (7'c,s for wy =
360 and 0 um in Fig. 6.5b).

For estimating pump performance, average temperatures of ¢y and Ty, in the
active pumping area (Fig. 6.5) are used. Then, to reflect the actual temperature difference
in the unblocked widths of the upper dielectric membrane and the heat sink (Fig. 6.4b),
Tcoua 1s increased by 0.18 x AT and Ty, is decreased by 0.08 x AT, where AT is the
difference of the average temperatures of 7¢,; and Trp;.

The final Knudsen pump design is summarized in Table 6.1. It includes designed
values and fabricated values together. The Knudsen pump is composed of four sub-

blocks. The active pumping area in each sub-block is 6 x 4 mm”. These sub-blocks are
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sized rectangularly (6 x 4) and are separated by an anchor frame for lowering the increase
in Tcoq due to the thermal resistance of the heat sink (Fig. 6.5). The combined total
active pumping area in the Knudsen pump is 96 (= 4 x 6 x 4) mm’. Calculated
performance based on FEA thermal simulations (Fig. 6.4 and 6.5) using fabricated
dimensions are summarized in Table 6.2. For a unit-area input power of 0.16 W/mm?,
the largest unit-area standard flow rate (4P = 0 Pa) decreases from 14.1 sccm/mm?” to 4.4
scem/mm” due to design compromises. The next section describes the microfabrication

of the Knudsen pump.

Table 6.1: Summary of dimensions of designed and fabricated structures.

Designed Fabricated Reference
Items i’
value (um) value (um) figures
Height, a 2 2
Narrow Width, b 120 120 Fig. 6.2,
channel Length,/ 20 20 Fig. 6.12b
Sidewall thickness, t.., 0.01 0.0107
Upper Unblocked width, Wy, ugm 12 12 Fig. 6.3
dielectric Width of the repeating unit, wg uim 40 40 Fig. .6.1.2a
membrane Fill factor, fum 12/40 12/40
Length, I 380 340
Heat sink Unblocked width, Wy ss 22 26 F.ig' 6.3,
Width of the repeating unit, wg s 40 40 Fig. 6.11
Fill factor, fus 22/40 26/40
Average fill factor, fa g 17/40 19/40 -
Lateral frame width, wy 360 >140 FF'igg'_ °3,

Table 6.2: Calculated pump performance using the fabricated dimensions in Table 6.1.
The ambient room temperature is assumed to be 300 K. A unit-area input power of 0.39
W/mm? corresponds to the input power of 37.2 W in Section 6.4 (See Fig. 6.13).

Items Calculation results
Unit-area input power 0.16 Wmm®> | 0.39 W/mm?
Active pumping area, Arota 4 x 6 x 4 (=96) mm’
Number of narrow channels, Nro 0.4 x 10°
. Average Teoq 314.3K 334.6 K
in the active pumping area
. Average Tyo 405.6 K 555.6 K
in the active pumping area
. Average AT 91.3K 221.0K
in the active pumping area
Vsio, 7ot at AP = 0 Pa 424.5 sccm 903.6 sccm
Unit-area Vs rom at AP =0 Pa 4.4 scem/mm’ 9.4 sccm/mm’®
APEQ ("/StdyTgta[ =0 SCCm) 197.5 Pa 555.8 Pa
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6.3 Microfabrication

A SOI wafer and four-masking step process is used for microfabrication of the
Knudsen pump. The important features include: 1) a SOI device layer mold, formed by
channel etching using deep reactive ion etching (DRIE) and conformal refilling using
Al,Os sidewall material and a polySi sacrificial layer; 2) a Cr/Pt resistive heater on upper
oxide-nitride-oxide (ONO) membrane; and 3) a heat sink, formed by backside DRIE of
the SOI handle wafer. In the SOI wafer, the device layer thickness is =20 um, the buried
oxide thickness is =0.5 um, and the handle wafer thickness is ®380 um.

The process begins with DRIE of trenches for vertical channels, which is in a
two-dimensional array of 2 x 118 um” with spaces of 2 um (Fig. 6.6a). The buried oxide
of the SOI wafer acts as a DRIE etch stop layer. The trenches are covered by ALO;
sidewalls, thickness ~10 nm, using a highly conformal atomic layer deposition (ALD)
method (Fig. 6.6b). The process is followed by trench refilling using a low-pressure
chemical vapor deposited (LPCVD) polySi layer, thickness 1.5 pm. Voids (or gaps)
could exist in the polySi refilled trenches. The overfilled polySi on the SOI device layer
is dry etched until the ALD Al,Os is fully exposed, using an isotropic silicon etching
recipe (Fig. 6.6¢c). The etching recipe does not etch Al,Os;. The voids may become
widened at this step. The upper dielectric membrane is formed by two stacks of PECVD
ONO, total thickness =~3.0 um. Height differences, which are generated during the
previous dry etching step (Fig. 6.6c¢), are planarized by the relatively thick nature of these
ONO stacks. Each ONO stack, thickness =1.5 um, is composed of one nitride layer,
thickness ~0.7 um, sandwiched by two oxide layers, thickness ~0.4 pm. The RIE of

ONO follows (Fig. 6.6d). A lift-off process, using image reversal photoresist (AZ5214),
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patterns Cr/Pt resistive heaters and traces, evaporated thickness =25/100 nm (Fig. 6.6e).
Both Cr and Pt are resistant to XeF, sacrificial etchant.

Until the last process step on the front side of the SOI wafer, the backside of the
SOI handle wafer is covered with Al,Os, thickness 10 nm, and polySi, thickness =1.5
um. They are etched in reverse order from the backside of the SOI wafer using RIE and
an etching mask of SPR220-7.0 photoresist, thickness 10 um. The SOI handle wafer is
etched through using DRIE; the SOI buried oxide layer acts as an etch stop layer. The
process is followed by RIE of the SOI buried oxide layer, thickness ~0.5 pm. This RIE
recipe continuously etches the ALD Al,Os; on the bottom of SOI device layer mold (Fig.
6.61). Al,Os, thickness =10 nm, is conformally deposited using ALD, and etched by RIE.
The anisotropic characteristic of RIE enables a higher etching rate of Al,O3 on the trench
bottom than the sidewall; this process is adapted from [Sun04]. The Al,Os, using its
chemical inertness to XeF, sacrificial etchant, protects the handle wafer during the next
sacrificial etching step (Fig. 6.6g). The device silicon and refilled polySi in the SOI
device layer mold are sacrificially etched away using XeF, dry gas, thereby providing the
thermal transpiration channels. The top and bottom views are shown for clarifying the
etched patterns. The side view is along the dashed lines from A to A’ in the top view and

from B to B’ in the bottom view.
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Figure 6.6: Fabrication flow. (a) (Mask 1) DRIE of the SOI device layer. (b) ALD of
ALOj; sidewall. (c) PolySi refilling and dry etching. (d) (Mask 2) PECVD and RIE of
ONO upper dielectric membrane. (e) (Mask 3) Cr/Pt metallization. (f) (Mask 4) DRIE
of the handle wafer. (g) ALD and RIE of Al,Os. (h) XeF; sacrificial etching.

Knudsen pumps are fabricated using a 4” SOI wafer. The foot print is 16 x 20

mm’ (Fig. 6.7).  The thickness and residual stress of each layer are monitored and

summarized in Table 6.3.

122



1) Active 3) Anchor

pumping 2) Lateral frame

area
(6 x4 mm?2)

frame Cr/Pt pad

Figure 6.7: A photograph image of an as-fabricated chip. The left-bottom inset shows
close-up microscope image on the edge of an active pumping area.

Table 6.3: Measured thickness and residual stress of each layer.

Layer Thickness (um) | Residual stress (MPa)
SOl device layer 20 -
SOl buried oxide 0.5 -
SOl handle wafer 380 -
LPCVD PolySi 1.5 -
PECVD 0.4/0.7/0.4 +56
two ONO stacks +0.4/0.7/0.4
ALD Al,0, 0.0107 +304
Cr/Pt 0.025/0.1 +967

To minimize voids in polySi-refilled trenches, DRIE of the SOI device layer is
tuned to provide a tapering angle using the Bosch process in STS™ PEGASUS tool. The
Bosch process achieves vertical trench etching using repeated cycles of passivation layer
deposition and isotropic silicon etching. For tapering, substrate chuck temperature is
cooled down to 10°C from 35°C (in the standard recipe). This lowered temperature
increases the thickness of passivation layers [Jo05] and results in tapering angle of =1° in

the vertical trenches (Fig. 6.8).
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Figure 6.8: SEM image of polySi-refilled trenches in a test silicon wafer. The DRIE
recipe is tuned to result in tapering of ~1°. The dotted lines indicate the boundaries
between silicon and refilled polySi.

After dry etching of overfilled polySi, the height differences are planarized using
two stacks of PECVD ONO (Fig. 6.9). This planarization prevents metal disconnections
in the next metallization process, which uses an evaporated Cr/Pt metal for lift-off. As
compared between Fig. 6.9¢ and Fig. 6.9d, two ONO stacks are necessary rather than one
ONO stack for planarization.

In the two ONO stacks of the upper dielectric membrane, thicknesses for nitride
and oxide layers are adjusted to provide a mild tensile stress level of 56 MPa. In each
ONO stack, a tensile stressed nitride layer, residual stress 236 MPa, is sandwiched by
two oxide layers, residual stress ~-101 MPa. This stack is preferred to a tensile nitride-
only layer because an oxide layer is considerably resistant to XeF, sacrificial etchant,

relative to a nitride layer.
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F(ig)ure 6.9: SEM images of SOI device laye(r )rnod. (a) DRIE of the SOI device layer,
ALD Al,O;5 sidewall, and polySi refilling. (b) Dry etching of overfilled polySi. (c)
PECVD of one ONO stack. (d) PECVD of two ONO stacks for planarization.

The sidewall of the backside DRIE trench is protected by ALD Al,Os. To
investigate the validity of Al,O; as a protective layer during XeF, etching, a test silicon
wafer is etched, depth =350 um, using DRIE and photoresist as an etching mask. Then,
the photoresist is ashed, followed by 10 growth cycles of ALD Al,O; at 150°C, resulting
in =1 nm in thickness. Al,Os is etched using a fluoride-based oxide RIE recipe; the etch
rate of Al,O; is =10 times lower than that of oxide. By exposing the test wafer under

XeF, dry gas, the protection of the sidewall of the DRIE trench and the unprotected etch

to the bottom of the DRIE trench are clearly differentiated (Fig. 6.10). Although a
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thickness of =1 nm works, the actual process used a thickness of =10 nm, for sufficient

protection of the sidewall.

DRIE
of silicon
=350 um

Sidewall

protected

by Al,O4
Silicon

Etched

/' by XeF,

Figure 6.10: SEM images of the XeF, etched bottom of DRIE trench in a test silicon
wafer. ALD AlOs, thickness =1 nm, was used for protecting the sidewall of the DRIE
trench.

Figure 6.11 compares the heat sink structures before and after XeF, sacrificial
etching. Before XeF, sacrificial etching, sidewalls near the bottom of the SOI handle
wafer are partially damaged by DRIE. It appears that the passivation layer is partially
penetrable by SFg etching gas, which eventually erodes silicon sidewalls. During the
subsequent anisotropic RIE of Al,Os, the AL,O; in the eroded region is etched away

because it is similar to Al,Os in the trench bottom. The silicon at the eroded region is

exposed to XeF, sacrificial etchant. This reduces the length of heat sink structure from
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380 um to =340 um. The other regions of heat sink structures are effectively protected

by the Al,Os layer, and therefore are unaffected by XeF, sacrificial etchant.

SOl device layer

(a)

SOl device layer

(b) e
Figure 6.11: SEM images of the heat sink structure. (a) Before XeF, sacrificial etching.
(b) After XeF, sacrificial etching. In each SEM image, wg s (= 40 um) and w,, ;s are
indicated.
Fabricated narrow channels were examined using scanning electron microscope
(SEM) images (Fig. 6.12). The thickness of the ALD Al,Os layer is measured as 10.7 nm,
using a NANOSPEC™ tool. ALD AlO; sidewalls are released and vertically oriented

without noticeable deformation or damage.
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Figure 6.12: SEM images of ALD Al,O; sidewalls. (a) Top view. (b) Cross-sectional
view. To minimize a charging effect in SEM, a gold layer, thickness =10 nm, is
sputtered.

6.4 Test Results

The bottom of the anchor frame of the fabricated Knudsen pump is attached to an
external Al block that serves as a thermal ground to ambient room temperature. The Al
block is a thin plate, volume ~3 x 3 x 1 cm’. For gas flow to the inlet of the Knudsen
pump, the Al block has a machined hole, diameter *4 mm and length =15 mm. A

commercial flow meter (Alicat Whisper'™: 1 slpm and 400-500 Pa at full-scale flow, 10
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ms response time) and pressure sensor (Freescale™ MPX 5010: 1 ms response time) were
used to monitor the inlet of the Al block. The outlet of the Knudsen pump was open to
the ambient.

The Knudsen pump generated a measured 211 sccm air flow at a pressure
difference of 92 Pa, using an input power of 37.2 W; it also generated a maximum AP of

351 Pa (Fig. 6.13). The projected largest flow rate (AP =0 Pa) is 287 sccm.

1.70 W
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< A 620W
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1004 °» 37.2W

Air flow rate (sccm)
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0 260 i 4(I)0
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Figure 6.13: Steady state pump characteristics. Highest measured flow is 211 sccm
using 37.2 W.
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Figure 6.14: Transient response of a Knudsen pump. (a) Air flow rate. (b) Pressure
difference. Typical response time for reaching 90% of the final state is 0.1-0.4 s.
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The transient responses were tested by using a commercial switch (Panasonic™
AQW 215: 0.6 ms response time) to regulate the input power to the Knudsen pump. A
customized LabVIEW™ program was used to control the switch and to read the flow
meter and pressure sensor. Typical transient flow and AP responses are plotted (Fig.
6.14). Typical response time for achieving 90% of the final state is 0.1-0.4 s, which is

=100 times faster than prior polymer-based Knudsen pumps [PhalO, Gup12b].

6.5 Discussion and Conclusion
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Figure 6.15: Gas flow rates in pumping areas of reported micropumps.

To benchmark various technologies, the flow rates in pumping areas of reported
micropumps [Ste93, Cab01, Kim07a, Tan08, Kim10, Phal0, Gup08, Gupl1b, Bes12,
Son13, Bes13] are compared to the Knudsen pump in this chapter (Fig. 6.15). The unit-
area gas flow rate in this chapter is 2.2 sccm/mm’. Knudsen pumps have shown >10*x

increase in unit-area flow rate since 2008. The flow rate of 211 sccm, together with the
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unit-area flow rate of 2.2 sccm/mm’, are the highest values among micropumps in the
literature.

The present design selected 2 um as the narrow channel height due to fabrication
constraints. However, this compromised the pressure difference to a value that is less
than 1 kPa (Fig. 6.2). To design a performance line that covers more than 10 kPa that is
required for a micro gas chromatograph (Fig. 1.4), the narrow channel height needs to be
decreased to sub-micrometer. This can be explored using advanced lithography tools and
scaling efforts of the present design in future work.

In summary, monolithic single-stage Knudsen pumps have been investigated for
generating high flow rates. A high density of vertically oriented narrow channels was
integrated in a single chip of 16 x 20 mm?® area, using an SOI wafer and a four-masking
step process. A notable result was the measured 211 sccm air flow rate at a pressure
difference of 92 Pa, using an input power of 37.2 W. Using higher lithographic
resolutions and scaled design, the pressure difference can be increased to a higher value

at atmospheric ambient pressure.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This PhD research explores higher pump performance using advanced design,
fabrication, and test methods. The findings advanced the practical application of
Knudsen pumps for use in miniaturized analytical instruments such as micro gas
chromatographs and micro mass spectrometers. The essential outcomes are summarized
as follows.

The previous, first, fully micromachined Knudsen pump which was reported by
McNamara et al. [McNO5] used a single-stage structure and a six-mask two-wafer
process. In this work, a five-mask single-wafer process is utilized for fabricating a 48-
stage Knudsen pump (Chapter 2), and a 162-stage Knudsen pump (Chapter 3). Pirani
gauges are monolithically integrated with Knudsen pump for in situ pressure
measurement.

For the 48-stage Knudsen pump, the footprint is 10.35 X 11.45 mm’. The
performance test results in compression ratios of =15 at 760 Torr, and =50, at 250 Torr
ambient pressures using an input power of =1.35 W. The compression ratio of =50 is
24x better than other micropumps reported in the literature.

For the 162-stage Knudsen pump, the footprint is 12 X 15 mm®. The pressure at

the sealed inlet is reduced from atmospheric ambient pressure to ~0.9 Torr using an input
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power of =0.39 W. The resulting compression ratio is ~844, which is =17x larger with
3.5x% better power efficiency than the previous 48-stage Knudsen pump.

The two-part architecture is first introduced to the multistage design of the 162-
stage Knudsen pump. This architecture enhances both the compression ratio and the
pumping speed in a wide pressure range, from atmospheric pressure to sub-Torr pressure.
KHP and KLP are customized for their operating pressure ranges. The design,
fabrication, and test for KHP and KLP are demonstrated.

In studying the 162-stage Knudsen pump, a dynamic calibration method for
microfabricated Pirani gauges is first explored (Chapter 4). It is used for measuring
accurate pressure levels of encapsulated stages in the 162-stage Knudsen pump. For this
device, dynamic calibration improves the estimated upstream pressure from 30 Torr (as
suggested by uncorrected static calibration) to 0.9 Torr, with a 95.4% confidence interval
from 0.7 Torr to 1.1 Torr, assuming normal (Gaussian) distribution. The dynamic
calibration can be extended to other certain type of devices, whose Pirani gauges are
embedded deep in microfluidic networks.

In studying both the 48-stage and 162-stage Knudsen pumps, a low temperature
vacuum sealing method using atomic layer deposition (ALD) of Al,Os is investigated
(Chapter 5). Lower temperatures provide compatibility with the fabrication processes
used for the micro devices. Thin films of ALD Al,Os, which are pin-hole free and highly
conformal, are found to be very promising for retaining vacuum seals. Lifetime tests of
19 months are reported.

The previous high flow rate Knudsen pump used nano porous materials [Gupl 1a,

Gupllb]. However, the previous study results show that these materials have defect-
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induced leakage. In this dissertation, a large number of parallel thermal transpiration
flow channels are integrated directly in the silicon-on-insulator (SOI) device layer
(Chapter 6). Deep reactive ion etching (DRIE), channel sidewall deposition, trench
refilling by polySi, and subsequent sacrificial etching of silicon and polySi, form a high
density of vertical narrow channels in a monolithic manner. The footprint is 16 % 20
mm®, and the active pumping area is 96 mm®. As a result, the flow rate of 211 sccm at a
pressure difference of 92 Pa is achieved, using 37 W. The flow rate of 211 sccm,
together with the unit-area flow rate of 2.2 sccm/mm?, are the highest values among

micropumps in the literature.

7.2 Future Work

Monolithic, multistage, high compression ratio Knudsen pumps (Chapter 2-3) and
monolithic, single-stage, high flow rate Knudsen pumps (Chapter 6) can be combined for
future work. Then, a single monolithic, chip-scale Knudsen pump with both high
compression ratios and high flow rates can be fabricated.

The narrow channel height in Knudsen pumps needs to be similar to the mean free
path of gas molecules for efficient generation of compression in a stage. The mean free
paths of air molecules are 0.07 pm, 0.7 um, and 7 um at 760 Torr, 76 Torr, and 7.6 Torr,
respectively. The lithography technology used in this work is capable of providing
pattern resolutions of >1 um. Therefore, when this technology is used, future Knudsen
pumps can provide both a high compression ratio and a high flow rate near 76 — 7.6 Torr.

For a Knudsen pump to generate a high compression ratio and a high flow rate at

atmospheric pressure, two possible approaches for meeting sub-micrometer narrow
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channel height can be considered. First, a nanolithography technique such as e-beam and
an RIE technology could provide sub-micrometer narrow channels (Fig. 7.1a). Then, the
present design of a high flow rate Knudsen pump (Chapter 6) could be scaled down.
Second, using a porous silicon technique, a sub-micrometer narrow channel height could
be also possible (Fig. 7.1b). In near future, one of these two techniques or other new
advanced techniques could enable a high compression ratio and a high flow rate Knudsen

pump at atmospheric ambient pressure.

—» |<£2 um

4 um

s e,

P TS T
e .‘oggzgo:#:o:c::
|eaesaegedestessste

Sresiseiisiens

90%:0 %% %
S SeSSeses s b
(b) rn.'! 3’.‘.‘.‘:.‘:#.‘9@’

Figure 7.1: Potential candidates for sub-micrometer narrow channels for high
compression and high flow Knudsen pump operating at atmospheric pressure. (a) Cross-
sectional SEM image of deep trench etch in silicon [Lie05]. (b) SEM image of a porous
silicon photonic crystal [Man13].
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APPENDIX

THERMOELECTRIC EFFECT
USING KNUDSEN PUMP THEORY

This appendix describes the thermoelectric effect using Knudsen pump theory.

Calculation results are presented, followed by conclusion.

A.1 Knudsen Pump Theory

This section briefly reviews background of gas flow regimes and transport
equations. Viscous flow and thermal transpiration flow, respectively, for wide channel
and narrow channel in a Knudsen pump are described. For simplicity and practicality, it

is assumed that the ideal gas law governs in all flow channels.

A.1.1 Gas Flow Regimes and Transport Equation
Gas flow patterns are classified into three flow regimes [Jou08, Laf98]. They are
identified using the Knudsen number, defined as the ratio of the mean free path of gas

molecules to the hydraulic diameter of a flow channel:

A

dHyd

Kn=

(A.1)

where dpq is the hydraulic diameter (or characteristic length) of the channel and A is the

mean free path of gas molecules. Here, A is written as:
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(A.2)

where dc,; s the collisional diameter of gas molecules. First, when Kn is larger than 10,
the flow is in a free-molecular flow (or single-particle motion) regime. In this regime,
molecule-to-wall collisions are dominant over molecule-to-molecule collisions. Second,
when Kn is smaller than 0.01, the flow is in a viscous flow (or continuum flow) regime,
where molecule-to-molecule collisions are dominant over molecule-to-wall collisions.
Third, when Kn is between 0.1 and 10, the flow is in a transitional flow (or Knudsen flow)
regime. It is between the free-molecular and viscous flow regimes.

The Boltzmann transport equation (BTE) is regarded as the fundamental transport
equation that describes the behavior of gas molecules in all flow regimes. It is written as

[KavO08]:

wﬂ)g ~fo(x,p,t)+F-fo(x,p,t)=W

coll (A'3)

where f(x,p,t) is the particle probability distribution function, whose position and the
momentum are x and p at the time t; v, is the velocity; V, is the spatial gradient; F is the
applied force; V, is the momentum gradient; and df{x,p,?)/dt|..; on the right side is the
collisional term, which is the time rate of change of f{x,p,#) due to collisions. Due to
dimensional curse — seven-dimensional space for one particle — in the BTE, the BTE is
usually simplified using boundary conditions.

The Navier-Stokes equation (NSE) describes the behavior of gas molecules in the
viscous flow regime. The NSE can be derived by applying Newton’s second law to fluid
motion or can be derived from the BTE in the viscous flow regime limit. For

compressible fluids, it is written as:
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v, 5 1
P, +(v,-V)v, [=-VP+1Vv, + FUANS V(V-v,)+F, (A.4)
where p is the mass density; 17 and { are the viscosity and second viscosity, respectively;

P is the pressure; V is the del operator; and Fj is the body force. For incompressible

fluids, Eq. (A.4) is simplified as:

avg 2
p[ -~ +(vg~V)vg):—VP+77V v, +F, (A.5)
A.1.2 Viscous Flow

In the viscous flow regime, the Navier-Stokes equation (NSE) is used for
describing gas behaviors. A channel, where gas flow is confined to the viscous flow
regime, is named a wide channel in a Knudsen pump. Due to dominant molecule-
molecule collisions over molecule-wall collisions in the viscous flow regime, gas flow is
directed toward uniform (kinetic) energies of gas molecules. Since the energy is only a
function of temperature, uniform energies of gas molecules are equivalent to uniform
pressure distribution, as anticipated from the ideal gas law. Here, since the energy refers

to the kinetic energy, the energy density can be expressed as:
E.,=n,—mv (A.6)

where ng and m are, respectively, the number density and the mass of gas molecules.

As a result of energy balance, different pressures drive gas flow such that the
pressures become uniform; this flow is called Poiseuille flow or pressure-driven flow.
Re-distribution of gas molecules occurs such that the product of n, and v,” becomes

uniform. A non-uniform temperature distribution in a wide channel also causes re-
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distribution of gas molecules. This could be in a form of pressure-driven flow, until

uniform pressure distribution is attained.

A.1.3 Thermal Transpiration

The Knudsen pump exploits the phenomenon of thermal transpiration in a narrow
channel, where gas flow is confined to the free-molecular or transitional flow regimes.
Due to dominant molecule-wall collisions over molecule-molecule collisions in those
regimes, gas flow in the narrow channel between the cold chamber and hot chamber is

determined by gas flux. It is given by:

=8 (A.7)

where I is the gas flux defined as the number of collisions with a surface per unit area
and time. Note that, when the gas is composed of single molecules, gas flux balance is
equivalent to momentum balance.

As a result of gas flux balance, a temperature difference between the cold
chamber and hot chamber causes the re-distribution of gas molecules that are directed
toward equal fluxes — the product of n, and v, — from both chambers. Note that, the re-
distribution in the viscous flow regime is related to the product of n, and v,”. Therefore,
the equilibrium, where opposing fluxes from the cold chamber and the hot chamber are
equal, must result in a pressure difference or energy difference. The equilibrium pressure

ratio, (Pro/Pcoid) Eq can be written as:

4
PHt THI
ot | | ot A8
[PCo[d ]Eq (TCold ] ( )
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where 7 is the flow coefficient ratio, defined in Section 2.2 [Sha96]; and T,z and Ty, are,

respectively, the temperatures at the cold and hot chambers.

A.2 Gas Transport to Electron Transport

Gas flow described in the previous section can be similarly applied to electron
flow as long as the free electron gas model [Kav08] is used for describing electron
transport in solid metal and/or semiconductor. In this case, pressure and flow rate in gas

transport are replaced by voltage and current, respectively, in electron transport.

A.3 Electron Transport Theory
Calculation of electron flow in an imposed thermal gradient requires electron

number density, average energy, and average velocity.

A.3.1 Electron Number Density

Electric current is proportional to electron number density. Although one or two
electrons in the outermost shell in an atom are available to electric conduction, not all
electrons in the conduction band are counted to electron number density. The electron
number density at energy level from E to E+dE, n(E), is obtained by the product of

density of states, D, and Fermi-Dirac distribution function, f, as [Lun00]:
n(E)=D(E) f(E)dE (A.9)

where E is the energy level. The electron number density, 7, is calculated by integration

at all energy levels as:
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n= TD(E) f(E)E (A.10)

The density of states in 3D, 2D, and 1D are given, respectively, by:

_(em)” (A1)
DsD(E)—W (E-E.)
D,y (E)=""c_ (A.12)
7th
1 2m,
DID(E)—% (E-E) (A.13)

where m, " is the effective mass of electron; & is the Plank’s constant divided by 2, and

E¢ is the lowest energy level in the conduction band, which is set to zero in this Appendix.

The differences in density of state among 3D, 2D, and 1D originate from quantum

mechanical confinement of conduction electrons to 2D (plate) and 1D (line or nanowire).
The Fermi-Dirac distribution function, f; is given by:

1
f(E)=
1+exp(E—EFJ (A.14)
k,T

where Er is the Fermi energy level, kp is the Boltzmann constant, and 7" is the
temperature. Since the value of E¢ is set to zero, Er for silicon is negative; whereas Er

for most of metal conductors, such as Al, Cu, is positive.

A.3.2 Average Energy

Using Dsp(E), Dap(E), Dip(E), and f(E), average energy of an electron can be

given by:
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A.3.3 Average Velocity

(A.15)

(A.16)

(A.17)

An energy value of an electron can be simply converted to a velocity value, v, as:

(A.18)

Using Dsp(E), Dap(E), Dip(E), and f(E), average velocity of an electron can be given by:

[ |25 D, ) s (ENE
_o\m

e

Vpgsp = =
[ Do (E) f(E)IE
[ 25D, ) f(EME
v Sy R
[ DB S(EME
[ 25D, (E) f(EXE
v oV
[ Dy (E)f(E)E

142

(A.19)

(A.20)

(A.21)



A.4 Thermoelectric Effect
Using Eq. (A.9-A.21), generated voltage values in an imposed temperature can be
calculated. The Seebeck coefficient, S, is defined as [Lun13]:

_AY

S =
AT

(A.22)

where AV is the voltage difference and AT is the temperature difference.

A.4.1 Bulk or 3D Solid
The Seebeck coefficient of bulk or 3D solid material can be obtained by

determining the change of Er, AEF, that satisfies the following energy balance equation

using D;p(E):
EAvg,3D (EF5 T )”3D (EF’ T ) = EAvg,3D (EF —AE, Ty, )nw (EF —AE., Ty, ) (A.23)

In the case of most metals, Er is positive. For Al, using Er of 11.6 eV, T¢ya of 300 K,
and Txo of 301 K, the calculated S is -0.94 uV/K, which is similar to the experimentally
measured S of -1.8 uV/K [Kas05]. In the case of silicon, Er is negative. For the n-type
silicon, Er ranges from 0 eV (heavy doping) to -0.55 eV (intrinsic Si). For Si, using Er
of -0.1 eV (n++ doping), Tc.a of 300 K, and 7w, of 301 K, the calculated S is -551.3

UV/K, which is similar to the experimentally measured S of -200 uV/K to -500 uV/K.

A.4.2 Plate or 2D Solid
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The Seebeck coefficient of plate or 2D solid material can be obtained by
determining the change of Er, AEr, that satisfies the following momentum balance
equation using Dp(E):

EAvg,ZD (EF’ T )nzz) (EF’ T ) = EAvg,ZD (EF —AE., Ty, )nZD (EF —AE., Ty ) (A.24)

For Al, the calculated S is -0.31 uV/K, which is three times lower than that in 3D solid.

For Si, the calculated S is -463.8 WV/K, which is very similar to that in 3D solid.

A.4.3 Nanowire or 1D Solid

The Seebeck coefficient of nanowire or 1D solid material can be obtained by
determining the change of Er, AEr, that satisfies the following momentum balance
equation using Dp(E):

EAvg,lD (EF’ T )”m (EF’TCOM ) = EAvg,lD (EF —AE., Ty, )”w (EF —AE., Ty ) (A.25)

For Al, the calculated S is 0.0 uwV/K, which is many times lower than that in 3D solid.

For Si, the calculated S is -420.5 wV/K, which is also very similar to that in 3D solid.

A.4.4 3D Solid versus 2D Solid

The differences between 3D and 3D solids are large when EFr is positive (as in Al)

and small when EF is negative (as in Si), as shown in Fig. A.1.
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Figure A.1: Seebeck coefficient as a function of £y for 3D solid and 2D solid.

In the case of gas molecules in multistage Knudsen vacuum pump, the pressure is
lower at the cold end than at the hot end in the narrow channel; whereas the pressures are
equal at both cold and hot end in the wide channel.

In the case of electronic transport, the voltage increases at the hot end in both 3D
and 2D solids when the majority carrier is electron. This is because the electron in the
hot end moves to the cold end, thereby resulting in electron depletion in the hot end.

When the majority carrier is hole, the voltage increases in the cold end.

A.S. Potential Applications
A.5.1 Thermoelectric Voltage Using Multistage Design

For silicon, the differences in S between 3D and 2D are very small. Therefore, a
serial cascade of narrow and wide channels provides only a small voltage.

For Al, the differences in S between 3D and 2D are large. Therefore, a serial
cascade of narrow and wide channels combines voltage values at each stage. This

combination can be achieved without using a serial cascade of differential materials. An
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interesting thing is that a thin metal is analogous to a wide channel in a Knudsen pump;
whereas a thick metal is analogous to a narrow channel in a Knudsen pump. A
disadvantage of Al as a thermoelectric material is that the S value of Al is 2 orders lower

than that of Si.

A.5.2 Thermoelectric Cooling
For comparison of cooling efficiency between various materials, the ZT figure of

merit (FOM) is used. It is defined as [Lunl3]:

(26)

where o, is the electric conductivity and xj, is the thermal conductivity. Most efforts in
research are focused on lowering & while maintaining o, Examples include silicon
nanowire or bulk silicon plate with holes. These examples reduce thermal conductivity
by confining phonon in small dimension or by inducing phonon scattering while
maintaining the silicon electric conductivity. The thermal conductivity of crystalline
solid could be reduced to the thermal conductivity of amorphous silicon dioxide thermal
conductivity of 1.4 W/mK, which is close to theoretical limit in solid.

As shown in example calculations of Si, the difference in Seebeck coefficients of
3D and 2D solids is small. Therefore, if the thermal conductivity of a thin silicon film
can be lowered, ZT FOM value is increased. For example, as in the high flow rate
Knudsen pump (Chapter 6), vertically oriented (n-doped) polySi layers, which are trench
refilled in parallel, could provide good electric conductivity. The thermal conductivity of
a thin layer of polySi could be reduced due to phonon scattering and confinement, similar

to nanowire. Parallel array is for high conductivity, but quantum confinement of density
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of states as in Dyp(E) needs to be considered for possible reduction in electric

conductivity.

A.6 Conclusions

1) Thermoelectric effects are calculated assuming free electron gas model.

2) Momentum balance is used for calculating thermoelectric voltage in 2D and 1D
solids.

3) Metal conductors, such as Al, can be used for obtaining thermoelectric voltage,
using a cascade of thin and thick metal. Si cannot be used for such multistage design.

4) PolySi thin layers can be used for thermoelectric cooling, using parallel array.

This needs more calculations for theoretical estimates.
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