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A large set of micro- and nanodevices requires hybrid vacuum packaging at the wafer level
to optimize their performance and lifetime. When the temperature of the packaging fabrication
process is limited, getter films must be integrated into the packaging cavity to obtain a low
and sustainable pressure. In this paper, gas generation and residual gases inside a wafer-level
package, as well as the main getter alloy films and multilayers investigated previously, are
reviewed. An emphasis is put on the effect of a gaseous environment on the physicochemical
mechanisms involved in getter film activation and gas sorption. A large outgassing occurs
during the packaging fabrication process. It produces a gas load larger than or similar to that
generated during the entire lifetime of the device at room temperature. The resulting partial
pressures of gases in a micropackage are quite different from those found in ultrahigh vacuum
during characterization by surface analysis techniques and when getter films are used in
accelerators. Consequently, in micropackages, activation and sorption steps can no longer
be analyzed separately and surface oxidation and/or oxygen bulk diffusion during activation
should be taken into account. It is thus recommended to use and develop complementary
characterization techniques that enable the investigation of surface and bulk phenomena at
various temperatures, pressures, and gas mixtures for the assessment of getter films for vacuum
packaging.

1. Introduction

A sustainable vacuum or well-controlled environment is required for various micro/
nanodevices to reach optimal performance and increase their lifetime. Some well-known
examples are electromechanical or optomechanical micro/nanoresonators used in quartz or Si

2.3)

MEMS oscillators," in physical resonant micro/nanosensors, in radio-frequency filters,

in optical scanners,®) in mass sensors with embedded fluidic microchannels,® or in quantum
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devices.” For these devices, a low ambient pressure is necessary to avoid squeeze®? and

slide? film vibration damping that can largely degrade the resonance quality factor and thus
the device sensitivity, resolution, and stability. This is achieved for pressures typically below
1073-1072 mbar for microresonators and for pressures up to ~20 mbar for nanoresonators.')
For other MEMS or miniaturized devices such as RF switches, nonresonant accelerometers or
miniaturized atomic clocks, a much higher ambient pressure (1-100 mbar) of inert or specific
gas is used to control damping or gas absorption, but a stable pressure and a high gas purity
must be maintained.!>!3  For thermal devices,!¥ electrothermal devices (e.g., microheaters
and microactuators), and infrared sensors, a low pressure (for example, <I0~> mbar for high-
performance uncooled microbolometers)(15) is also required to prevent thermal losses caused
by air convection and conduction. Finally, vacuum is also needed inside the reference cavity
of nonresonant absolute pressure sensors'!” as well as for tunneling devices, field emitter

(1829 and miniaturized X-Ray sources?” to avoid gas absorption, scattering, and

devices,
contamination. A large number of miniaturized devices are thus concerned by the development
of vacuum packaging technologies.

Such a vacuum environment is achieved by integrating the micro/nanodevice in a highly
hermetic vacuum encapsulation. To lower the packaging cost that represents a large part of
the final cost for MEMS devices, vacuum packaging at the wafer level (WLP) is increasingly
used. A getter-less vacuum packaging of MEMS devices can be realized,!*!422:24:26-36) ¢
it typically requires high-temperature (400—1100 °C) baking and sealing steps, and/or a long
outgassing step; otherwise, it leads to a relatively high internal pressure (Table 1). For example,
an internal pressure down to 10> mbar can be achieved by the epi-seal fabrication process?
but the process involves annealing at 1100 °C for 8 h after bonding, high-temperature baking,
at 1150 °C for cavity sealing by hydrogen annealing and silicon migration, or cavity sealing
by depositing epitaxial silicon at 1080 °C. Such high-temperature steps are, for example,

not compatible with devices fabricated by CMOS, III-V or quartz technologies or devices

Table 1
Residual pressures measured inside MEMS hermetic packages without getter.
Residual Maximum

Cavity volume

pressure after (UL Sealing technique sealing Reference(s)
sealing (mbar) uL) temperature (°C)

23.8 0.09 Silicon direct bonding 400 26
6, 10 8, ? Au-Si eutectic bonding 390 27,28
3.6 0.54 Anodic bonding 400 26

3 57? Au-In TLP bonding 200 29
2.3 7.5 Anodic bonding ~400 13
<1 1.3 Cu—Cu thermocompression 250 30
0.7 ? Anodic bonding 400 31
0.67,1.2 ? Au—Sn eutectic bonding 380, ~300 32,33
0.4 ? Anodic bonding 450 34
0.2 ? Al-Ge eutectic bonding 430 35
5x1072 0.7 Anodic bonding 400 36
22x%1072 4.8 Si direct fusion bonding High 22
1073 9 Epi-poly sealing or sealing by 10801100 24

H; annealing and Si migration
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involving materials with large differences in the coefficient of thermal expansion or prone
to interdiffusion. To reduce the thermal budget while keeping a low internal pressure, and
to extend the application range of packaging technologies, one of the common methods used
is the integration of a nonevaporable getter (NEG) material (i.e., not in situ evaporated) into
the package cavity (Fig. 1). These processes use a highly hermetic bonding process (anodic,
glass frit or metallic) of a cap die/wafer on the device wafer.(7) Eventually, to limit the effect
of outgassing during bonding, the cap can include a small aperture that is sealed only after
bonding by film deposition, by an indium ball, or by a solder alloy reflow.?>2%

It was clearly demonstrated that NEG materials, once thermally activated, can pump by
chemisorption most of the gases except noble gases inside the package cavity, and enable us to
reach and maintain a good vacuum level. The NEG material is usually located at the bottom
of the cap wafer cavity, but it can also be at the periphery of the device or cap wafer,®”) in

an adjacent cavity,!”-*®)

notably when the cap is used as an optical window, and obviously at
any other available places. Getter materials in the form of porous pills are still sometimes
used, 19 but there are now widely replaced by getter materials in thin film form to limit their
size as well as particle generation, and to allow their integration by batch processing.

The goals of this study are to reconsider the getter film pumping requirements and gaseous
environment in the packaging cavity during processing and the device lifetime, and to discuss
the effect of this environment on the activation and sorption mechanisms of alloy and multilayer

getters, and on their characterization.

2. Gas Loading and Getter Pumping Requirements in Micropackages
2.1 Gas loading sources and simple modelling

The pressure inside a cavity of a micropackage tends to rapidly increase with time because of (i)
the outgassing of sealing rings, device materials, and internal walls during die/wafer bonding,
getter thermal activation, thermal reliability tests, and the packaged device lifetime (10-20
years), (ii) real and virtual package air leaks, and (iii) gas permeation through sealing rings,
SiO; or glass films, caps, and substrates.

Getter
film

Sealing
ring

Fig. 1. (Color online) Cross-sectional simplified drawing of hybrid vacuum packaging of a SOl MEMS device
based on low-temperature bonding of a cap wafer/die integrating a getter material in the cavity.
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These phenomena impose the getter film pumping rate required to reach and maintain the
desired vacuum level. The equation describing the variation in the internal partial pressure Pj;
of a given gas inside a packaging cavity of volume V is, in pressure-volume units,

VAR, | dt =" 7;A; + Ly, + D A7, ~PySe A, )
J i

where 7; is the rate of gas generation by permeation per unit area of walls with area 4;, L, the
total leak rate, 4; the area of internal surfaces composed of material i and z; their outgassing rate
per unit surface, S, the pumping rate per unit area of the getter film, and 4, its area.

The permeation rate per unit area of a wall depends on the difference between the external
pressure P.,; and the internal pressure P;,;, and on the wall thickness d as

”J':Ki(Pexz_Pint(t))/d’ )

where the constant K; is thermally activated.
Likewise, the leak rate in the molecular regime is proportional to the differential pressure.

LTot =B (Pext - Pinl (t)) ©)

For low internal pressures, the rates of gas generation by leaks and permeation are
approximately constant.
The net outgassing rate depends in a complex way on gas surface coverage, heating rate,

(39)

diffusion, re-adsorption, and gas trapping characteristics. It globally increases during

temperature rise, and then, after some time (typically 1 h in vacuum technology), the outgassing

rate is a decreasing function of time and can be approximated by a power law.“?

Ti = Tlhio (t/lh)ia (4)

Here, 7119 is the outgassing rate of gas i after 1 h, o = 1 for most gases and metallic surfaces,
and a = 1/2 for diffusion-controlled outgassing from the bulk (often considered for hydrogen).

Both permeation and outgassing are thermally activated and thus are highly variable with
temperature. In the ideal case of negligible outgassing, during the package lifetime at room
temperature, the internal pressure would increase from the initial pressure P;,/(0) as

K;
—A4;+B

int (t) = Pint (0) + [])ext - Pint (0)] 1- eXp _% t . (5)
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If the internal pressure remains very low with respect to the external pressure, it
approximately increases linearly with time as

i A;+Lg,
Pal0)= 1 (0)+ 22 L 2

A simple calculation shows that even with a total gas generation rate as low as 1071

3.571 the pressure variation inside a 1 puL package would increase by 0.3 mbar after ten

atm-cm
years. This clearly demonstrates that gas pumping with a getter film is required to maintain a

low pressure for the entire device lifetime.
2.2 Gas loading in a wafer-level package

To give an idea of the contribution of each gas generation term during processing and the
device lifetime, and the resulting getter pumping requirements, let us consider as an example
the case of an 8 x 6 mm? Si or glass cap with a 10-pum-deep cavity bonded at 250 °C to a Si
MEMS die with a metallic sealing ring and a getter film covering the bottom surface of the cap.
This package volume (~0.5 pL) and surface-to-volume ratio (5 x 10™* em ™) correspond to a
relatively favorable case as smaller package volumes down to 1 nL are also common.

The gas permeability of silicon and metals is only significant for light gases (H; and He) and
at a very high temperature.(4l’42) Thus, for a package technology without polymer materials, gas

@49 and through

permeation mainly occurs through existing glass or silica layers or windows,
bonding interfaces or thin parts.(45) The permeation velocity K of He through borosilicate glass
at 250 °C is about 2 x 1071% cm?® per cm?

of hydrogen.(43) The differential pressures of He and H, during vacuum bonding, and during

~s71-atm71-um71, which is about 10-fold lower than that

getter film activation under vacuum or controlled atmosphere at atmospheric pressure, are
normally low (<10"! mbar). For the considered cap dimensions and a cap made of 500-pm-thick
borosilicate glass, Eq. 2 shows that the permeation rates of He and H, are consequently also
very low (for example, 2 x 107" atm-cm®s ! for He). The permeation rates during the device
lifetime at room temperature are even lower because the partial pressures of He and Hj in air at
atmospheric pressure are 5.33 x 10> and 5.06 x 10> mbar, respectively (values at the sea level),
and the permeation velocities are about 2 orders of magnitude lower than those at 250 °C.*® In
the case of hydrogen, higher permeation rates can occur during temperature-humidity reliability
tests because the dissociative chemisorption of hydrogen on external surfaces provides an
additional hydrogen source for permeation. To limit He and H; intake by permeation, it is
thus better to coat glass and silica external or internal areas with a material of low He and H;
permeabilities.

With state-of-the-art highly hermetic bonding or welding technologies, the total leak rate

3

of vacuum packages, Lz, is in the 10751072 atm-cm>s™! range,(23’30’46’47) but leak rates up

3.1

to a few 10 % atm-cm>s~

bonding process.

remain also common notably when no liquid phase is involved in the



2830 Sensors and Materials, Vol. 31, No. 9 (2019)

In any case, there are always some amounts of He and H, entering a wafer-level package
by permeation through dielectric materials® and by leaks whatever the bonding technology.
He, similarly to other rare gases, is not pumped by getter materials, and H, sorption by getter
materials is usually reversible. Consequently, He and H» intakes by permeation and leaks can
contribute to partial pressures of He and Hj typically detected in wafer-level packages.

Outgassing inside a package is difficult to evaluate because published outgassing
experiments of silicon, MEMS materials, and WLP sealing materials are very

scarce(12’26’48’50’51)

and only few of them allow the estimation of the outgassing rate per unit
surface. In addition, the outgassing rate of a given material can vary by several orders of
magnitude according to elaboration and cleaning conditions, pumping time, gas, and outgassing
temperature. Monocrystalline silicon has a high purity and is dense without grain boundaries.
Its outgassing is mainly due to surface contamination by molecular compounds and water vapor.
Water vapor should readily be desorbed during temperature rise up to the wafer/die bonding
temperature, and, if well cleaned, single crystal silicon parts should not desorb large amounts
of hydrocarbons.®? It is therefore expected that internal silicon surfaces generate a negligible
long-term outgassing when compared with polysilicon,(5 D polycrystalline metals, silica, silicon
nitride and other layers of the device and sealing rings. From the investigations of Savornin
et al,® the total outgassing rate of silica films at 250 °C is approximately in the 1 x 1078
— 6.6 x 10" atmrem>s -cm 2 range and is mainly due to hydrogen, nitrogen, hydrocarbons (notably
methane), and CO,. Thus, for the rough estimation of the pumping requirements and gaseous
environment of the getter film during processing, let us consider the outgassing rate of the

3.1

device area to be equal to 6.6 x 1077 atm-ecm®s ~cm 2 at 250 °C. For the package dimensions

considered above with a device area of around 0.5 cm?, the total outgassing rate would be around 3.3
x 1077 atmem®s™'. This value is actually much lower than the outgassing rates measured
by Tominetti and Della Porta® during the bonding of a MEMS package for automotive
application. In addition, in the case of the anodic bonding of glass on Si, a large amount of O,
is known to be released®® and electroplated or solder sealing rings are also a significant source
of outgassing. Thus, we can safely consider that the outgassing rate is much higher than state-
of-the-art total leak and permeation rates. This clearly shows that outgassing is the main source
of gas generation inside a micropackage notably because an enhanced outgassing occurs during
wafer bonding and the thermal activation of the getter film. In addition, some significant
outgassing could also occur during thermal cycles performed for reliability tests.?”)

Thus, starting from the initial pressure P;,(0) when the package cavity becomes hermetic
during wafer bonding, no pressure rise would occur if the getter film initial pumping rate of the
released gases is higher than the outgassing rate (see Eq. 1).

For the package dimensions considered above, an initial pressure of 1073 mbar (~10_6 atm),
and a temperature of 250 °C, Eq. 1 shows that an initial pumping rate of 0.3 cm>s ! would be
needed. This can be compatible with a 0.5 cm? getter film. However, the maximum sorption

capacity of getter films is usually low (10 °°-10~* atm-cm®cm 2)®>-37)

and the getter films
would be very rapidly saturated in a few seconds to a few minutes. An efficient outgassing of
the cap and device wafer is thus mandatory before sealing to reduce the outgassing rate by 2

orders of magnitude or more. Outgassing during getter film activation can also be reduced by
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local heating through joule heating, by a laser® or by any other means. Then, after cooling to
room temperature, because outgassing is thermally activated, the outgassing rate is expected
to largely decrease. There is no data on the activation energy of the outgassing of MEMS
materials but, to give an idea, the stainless steel outgassing rate at room temperature is 300
times lower than that at 250 °C. Thus, if we assume a similar decrease for packaging and
device materials, a decrease in outgassing rate by two orders of magnitude or more is expected
after cooling. In addition, the outgassing rate is time-dependent (see Eq. 4) and can decrease by
orders of magnitude in few days. Therefore, after some days and during the subsequent package
lifetime, the outgassing and leak rates might become similar and can both limit the vacuum

3.571 could then be sufficient for

level. A getter film pumping rate in the range of a few 107% cm
maintaining the required vacuum level during the device lifetime at room temperature.

Several authors reported the residual gas analysis (RGA) of the internal atmosphere
inside micropackages with or/and without a getter film (122231493860 quch an analysis can
be performed by punching the cap and measuring the released gas with a high-performance

mass spectrometer.(u’sg)

The main residual gases are most often H, N;, CHs and other
hydrocarbons, CO and CO», and noble gases. Despite the potential large release of H,O during
bonding,'? the partial pressures of O, and H,O are typically low or not detected for bonded
packages with prior outgassing. This might partly originate from re-adsorption on internal
walls. Nevertheless, as shown below, a very low partial pressure of oxidizing gases can produce
a significant oxidation of getter films. Argon is also observed when the getter film or other
films are deposited by Ar sputtering.®? It was observed that the annealing of a sputtered getter
film prior to bonding only partially minimizes argon release.*" Another solution is to use

krypton©®?

or xenon instead of argon as the sputtering gas for the getter film (and other films).
Indeed, as well known,®? the noble gas content in sputtered films is reduced by using a heavier
sputtering gas. To prevent noble gas release by getter films, evaporation instead of sputtering
was used in our previous works for the deposition of various getter multilayers and alloys.(63’69)

In the ASTM 798-97 standard,”” the getter film sorption capacity is defined as the quantity
of sorbed gas beyond which the gettering rate decreases to 5% of its value 3 min after the start
of the test. Since the getter pumping rate requirement during the few hours of the outgassing,
wafer bonding, and getter film thermal activation steps is expected to be >10° higher than that
after few days at room temperature, using this getter capacity definition is not very appropriate
in the case of getter films for wafer-level packaging. Depending on outgassing conditions
before bonding, the gas load during processing can be higher or lower than that during the

package lifetime of 10—20 years (8.6 % 10%-1.7 x 10 h) at room temperature.

3. Nonevaporable Getter Materials

The NEG materials used in WLP processes are single reactive metals (mainly Zr, V, Ti, Hf,
and Nb) or alloys based on reactive metals eventually coated with a passivating or sacrificial
layer. Some useful physicochemical data of the main reactive metals used in getter films are
gathered in Table 2.
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Table 2
Some properties of reactive metals used in getter films. Data of columns 2-5, 6, and 7—8 are respectively from Refs. 71,
72, and 73 except  from Ref. 74, ® from Ref. 75, © from Ref. 76, and ¢ from Ref. 77.

Work Oxide heat of O)Fygen }.1eat. of . O?<ygen Oxygen
Electro- . . Entropy dissolution in  diffusion length solubility at
Element .. function formation - 1 o
negativity V) (kJ/mole) (JK " mol ) pure metal at 250 °C-2 h 250 °C
(kJ/mol) (nm) (%)
Ba: 62.48
Ba 0.89 2.35 Bﬁg?-_ 65238 ;  BaOi727
2 ’ BaO,: N.A.
Y:44.4
Y 1.22 3.1 Y,03: —1905.31 Y,05: 99.08 3300 0.33
TiO: ~519.7 Ti: 30.72
TiOy: ~966 1i0: 50
Ti 1.54 43 S TiO;: 50.62 —560.66 <0.1 33
T1203: —1520.9 .
TiOw: 24504 TiyO3: 78.8
s ' TiOs: 129.3
Zr:39.0
Zr 1.33 4.05 Zr0,: —-1100.6 2:05: 50.36 619.23 0.14 29
Hf: 43.56
Hf 1.3 3.9 HfO,: —1144.7 HfO,: 593 552.29 0.016 17
VO: -431.8 V: 28.94
VO: 39
VO,: —716.6
Vo0 —1218.8 VO,: 61.5
\% 1.63 43 2 : V,03: 98.3 ~422.46 66 3.5
V7,04: —1427
V,04: 103
V,0s5: —1550
V1O« —1933 V2052 130
35' V30s: 163
NbO: —405,8 ﬁg. 168'41
Nb 1.6 43 NbO;,: —796.2 C —386.18 370 0.33
NbyOs: —1899.5 NbO;: 64.5
e ~  NbOs: 137.3
FeO: 272 Feo: 50.75 —155.6 (Fea)
Fe 1.83 4.5 Fe;03: —824.2 Fe,03: 874 —174.39 (Fey) <0.1% <0.1°
Fe304: —118.4  Fe304: 14527  —155.6 (Fed)
Co: 30.0
Co 1.88 5.0 (g(())% 1—3879Z CoO: 53 —72.42 <0.1° <0.14
o Co304: 102.5
La 11 30 LaOy-17937 L4969 - 0.3¢

LayOs3: 127.32

NEG films are initially inactive and have to be activated to enable the sorption of
surrounding gases. This is achieved by removing the passivating surface layer by thermal
annealing in vacuum, in order to obtain a fresh and reactive metallic surface. In WLP
processes, the getter material should ideally be activated during wafer/die bonding,(29) but the
thermal activation step is also commonly performed before cap sealing.®7®® A reactivation
of the getter after bonding can also be implemented to increase the getter sorption lifetime.
Thermal activation with a low thermal budget is a desirable characteristic for a getter film. For
ultrahigh vacuum applications, a low activation temperature (<300 °C) is sought to allow a
wider range of materials and tolerate a long activation time. Instead, in WLP processes, both
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the activation time and the temperature must be limited to reduce the processing time and cost,
and to be compatible with encapsulated devices. This is the reason why the values extrapolated
at 250 °C were chosen for the oxygen diffusion length and solubility given in Table 2.

In most published works, cathode sputtering is used as the deposition technique. Deposition
conditions leading to a columnar structure with a high density of grain boundaries, and to a
high surface roughness, are widely used. This increases the specific area for gas adsorption
and promotes diffusion processes during getter activation and gas sorption. To obtain high
activation and sorption performance, a getter material should also be highly reactive, should
have large diffusion lengths and solubilities for lights atoms, and should be able to decompose
hydrocarbons and form stable hydrides. As these conditions are difficult to fulfill with a single
film, alloy films or multilayers are commonly used.

Many binary, ternary, and even quaternary alloys have been studied as getter films in the
literature. Among them, zirconium-based alloys, notably Zr,V,, Zr,Ti,, Zr,Ti,V., Zr,V,Fe,, and
Zr,Co,RE,, where RE is a mixture of rare-earth metals (La, Ce, and Nd), are the most widely
examined and applied. (84365760788 Eor example, Zr,T1,V; is the getter film used in many
accelerators worldwide to improve the vacuum level.

The use of multilayers is another way to improve getter film characteristics. Getter
multilayers are typically single or alloyed getter films with a top passivating or sacrificial layer
deposited in situ, or/and with a sublayer. Table 3 provides a non-exhaustive survey of the main
single films and getter multilayers investigated previously with some of their characteristics.
The motivation for the use of a sublayer and/or a top layer on a getter film is briefly summarized
below.

Ni, Cr, Pt, and Ru were used as sublayers for Ti getter films, mainly to modify the Ti film
structure in order to obtain a columnar structure with small grains that, as mentioned above,
is known to highly promote the activation and sorption characteristics. Cr can also reduce
the native oxide on Si. Au, Pt, Pd, Pd—Ag, Cu, Ni, Al, and Mg were used as top layers. Au,
Pt, and Pd do not react with oxygen and are thus efficient passivation layers. Pd, Pd—Ag, and
Ni are hydrogen catalyzers and were used to increase hydrogen intake while passivating the
getter films and limiting poisonous effects on hydrogen sorption. Cu and Ni were selected as
sacrificial layers on Ti likely because they are not easily oxidized when compared with getter
materials, but the activation mechanism was not investigated and remains unclear. Mg and
Al are materials with low melting points of 650 and 660 °C, respectively. They were coated
on Ba getter films to form alloy getters with high performance characteristics.*¥ All these
works showed that the activation temperature of single getter films can be reduced, and/or their
sorption performance characteristics can be improved, by adding a suitable top or sublayer.

The phenomena involved in thermal activation and gas sorption depend on temperature, the
materials used, and the gaseous environment. In the following, we will examine the two cases
of uncoated NEG films passivated by native oxide after air exposure and of NEG materials
coated in situ with a thin passivating or sacrificial layer.
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Table 3
Survey of getter single films and multilayers previously investigated for vacuum packaging.
Getter Thickness (nm) Drer?;;tt)l(;m Activation and/or sorption Experimental method Ref.
Single layer
Ti 450 Evaporation Sorption detected after 400 °C - 1 h Glass ampogle sealing 82
technique
Ti 2000 Sputtering Sorption detected after 200 °C - 4 min MEMS integration 29
. . Residual pressure of 0.5 mbar in a package . .
Ti 1000 Evaporation sealed at 400 °C - 1 h 30 min MEMS integration 31
. . Sorption capacity of 107° mbar-L/cm? .
Ti 600 Evaporation after 300 °C - 1 h Vacuum annealing 83
Partial activation and some pumping can be
Zr ? Sputtering observed after heating to Vacuum annealing 84
140°C-24h
. Activation energy for oxygen diffusion of .
Zr 50000 Foil 50.4 kI/mol Vacuum annealing 85
. Sorption capacity of 2 x 10”7 mol/cm? .
Zr 200 Evaporation after 300 °C - 1 h Vacuum annealing 86
. Sorption capacity of 2 x 10”7 mol/cm? .
v 200 Evaporation after 300 °C - 1 h Vacuum annealing 86
. Sorption capacity of 10® mol/cm? .
Y 200 Evaporation after 300 °C - 1 h Vacuum annealing 88
Sublayer
Ti/Cr 450/60 Evaporation Sorption detected after 325°C-1h Glass amp01'11e sealing 82
technique
Ti/Pt 450/60 Evaporation Sorption detected after 350°C - 1 h ~ O1ass ampoulesealing o,
technique
Lower activation rate than without Ru. N,
Ti/Ru 300/60 Evaporation sorption capacity = 107 mbar-L/cm? Vacuum annealing 83
after 300°C-1h
Initial N, sorption rate 107" L's'em ™. Best
Z1/Ti/Ru Evaporation N; sorption capacity (3 x 107> mbar-L/cm?)  Vacuum annealng 83
after 250 °C - 1 h activation
Top layer
. . Sorption capacity of 10~* mol/cm? .
Au/Ti 5/100 Evaporation after 300 °C - 1 h activation Vacuum annealing 63
. . Residual pressure of 0.07 mbar in a package . .
Au/Ti 30/1000 Evaporation sealed at 400 °C - 1 h 30 min MEMS integration 31
. . Sorption rate of 0.028 1/s measured .
Pd/Ti 50/1300 Evaporation after 133 °C - 12 h activation Vacuum annealing 89
- . Residual pressure of 0.04 mbar in a package . .
Ni/Ti 30/1000 Evaporation sealed at 400 °C - 1 h 30 min MEMS integration 28
. Sorption capacity of 2 x 10~° mol/cm? .
Au/Zr 20/100 Evaporation after 300 °C - 1 h activation Vacuum annealing 65
Au/V 5/100 Evaporation Vacuum annealing 65
. Sorption capacity of 4 x 10”7 mol/cm? .
V/Zx 20/100 Evaporation after 300 °C - 1 h activation Vacuum annealing 68
Nb/Ti 1500/1000000 Evaporation Sor.ptlon detected at 200 °C Vacuum annealing 90
during a ramp rate of 14°C/s
PA/Ti_Zr High sticking coefficient for H, of Pd and
. 2/500 Sputtering large H, sorption capacity of Ti—Zr. No Vacuum annealing 91
and Pd—-Ag/Ti-Zr L . .
thermal activation required for H; sorption
In pure Hj, Pd coating improves
. . T N
Pd/Zr_V_Fe Electropla.tmg /arc hyfirogenat{on rates of Zr V-Fe by 31% Vacuum annealing 92
melting without losing the maximum hydrogen
absorption capacity
Pd—Ag makes Zr-based alloy activation
Pd-Ag/Ti-Zr-V Electroplating/ arc  easier, accelerates hydrogenation kinetics, Vacuum annealin 93
or Zr-V-Fe melting and slightly decreases the hydrogen g
sorption capacity
Mg or Al/Ba Evaporation Low activation temperature (150 °C) and 94

high sorption capacity
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4. Thermal Activation and Sorption of Getter Films
4.1 General considerations

The thermal activation of getter films proceeds by the in-depth diffusion of atoms of the
surface layer. In polycrystalline NEG films at low temperatures (<0.5 7,, where T, is the
melting point), thermal diffusion is expected to be largely dominated by diffusion along grain
boundaries. According to Fick’s laws of diffusion, the diffusion length varies exponentially
with the temperature and square root of time.

L oc/Dt with D =D, exp(—E, / kT) (7

Here, L is the diffusion length, ¢ the annealing time, D the diffusivity, Dy the diffusivity at
infinite temperature, £, the thermal activation energy, k the Boltzmann constant, and 7 the
absolute temperature.

The temperature dependence of the thermal activation step is thus determined by the
activation energy of surface atom diffusion. However, the activation energy is not often
measured in published works and, instead, an activation temperature is given. When surface
analysis techniques are used to characterize the thermal activation, the initial activation
temperature can be defined as the temperature beyond which the surface atom concentrations
of the diffusing atoms are found to decrease. Likewise, the temperature of a full thermal
activation can be defined as the temperature above which no further decrease in the
concentration of diffusing surface atoms is observed. However, in a general way, comparisons
of activation temperatures can be misleading if not clearly defined and not performed with the
same analysis technique, annealing time, and ambient conditions.

Once activated, NEG films are able to pump gases, except noble gases, with good
performance characteristics for HyO, O,, Hy, CO, CO», and possibly N», and often with low or
very low performance characteristics for hydrocarbons. Similarly to thermal activation, gas
sorption can proceed by diffusion into the film bulk after the dissociation of molecules at the
surface and sorption at surface sites. During outgassing, wafer bonding, and thermal activation
steps, diffusion can be the limiting step, while at room temperature, the gas sorption process
mainly depends on the initial pumping speed and surface coverage.(73) The pumping speed
per unit surface for a given gas S is related to the impingement rate of molecules and the gas
effective sticking coefficient.

ng—a ®

Here, P, m, and T are respectively the pressure, molecule mass, and temperature. The
effective sticking coefficient a takes into account all phenomena that enhance or inhibit atom
trapping. At room temperature, the sticking coefficient is largely governed by the surface
coverage, while at higher temperatures, diffusion and reactions must be taken into account.
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In the case of hydrogen, the sorption process is generally reversible because few metals
form stable hydrides. Hydrogen is then in solid solution with an atomic concentration xy at
thermodynamical equilibrium and the pressure Py, given by Sieverts’ law.

xy =K PHZ ©)

Here, K is thermally activated.
Hydrogen molecules can then be partially released by a diffusion- or recombination-limited
mechanism. This can be used to estimate the amount of sorbed hydrogen.

4.2 Thermal activation of single and alloy getter films
4.2.1 Thermal activation of single and alloy getter films in UHV

When exposed to air, single or alloy NEG films become passivated with a layer mainly
containing oxides or hydroxides as well as a small amount of carbon due to contamination. In
UHYV, the removal of this superficial layer by thermal annealing mainly relies on the diffusion
of surface species in the film bulk and on the outgassing of hydrogen and possibly of remaining
water vapor. The thermal desorption of the oxide(s) can be safely neglected. In the case of
a single element material, if the total Gibbs free energy is reduced, the diffusion of surface
atoms in the film bulk is expected to occur until the solubility limit is reached. This occurs
when the Gibbs free energy for oxide formation per mole is larger (less negative) than that of
solid solution per oxygen mole.”™ This is true for the reactive metals used in NEG films at
any temperature or at sufficiently high temperatures. Then, the activation kinetics is driven by
diffusion.

As detailed in Sect. 5, the thermal activation of single and alloy getter films is most
often characterized in ultrahigh vacuum by surface analysis techniques. The getter film
activation is then detected from the decrease in oxygen surface concentration and the increase
in the concentration of getter film atoms in metallic state. This is illustrated in Fig. 2 for
a co-evaporated ZrsgCos, film before and after in situ UHV annealing for 1 h at different
temperatures.

It clearly shows the decrease in oxygen surface concentration and the increase in the surface
concentration of cobalt and zirconium atoms in metallic state for annealing temperatures above
300 °C. A detailed analysis showed that the native oxide after air exposure is mainly a mixture
of ZrO,, CoO, and CoO;, oxides and that, at 7> 400 °C, no more cobalt oxide is found, while
some ZrO, is still present. This is consistent with the thermodynamics data shown in Table
2 and is typical of getter alloys with a superficial oxide composed of a mixture of oxides with
different thermal stabilities. A similar analysis could be performed for carbides, nitrides, and
hydrides.

A full and detailed in situ XPS analysis of the kinetics of activation and gas sorption kinetics
of a sputtered ZrgoCoisREs film where RE is a mixture of rare-earth metals (Ce, La, and Nd)
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Fig. 2. (Color online) XPS measurements of surface concentrations of oxygen, cobalt in metallic state, and
zirconium in metallic state of a co-evaporated ZrsgCosp film as functions of UHV annealing temperature.
Annealing time: 1 h. Pressure during annealing: ~1 x 10~ mbar. Metallic Co and Zr atomic concentrations detected
at room temperature originate from the ZrCo film below the native oxide.

was reported in Ref. 80. The authors found a reduction in the intensity of the Ols peak (mainly
bonded to Zr) and an increase in the intensity of the Zr3d peak as a function of annealing
temperature [Fig. 3()].%” The results shown in Fig. 2 are in agreement with this study.
However, in Ref. 80, the onset of activation was found at ~200 °C [Fig. 3(a)] instead of about 300
°C for the co-evaporated Zrs3Cos; film (Fig. 2). The full activation temperatures are about 350
and 400 °C, respectively [see Figs. 2 and 3(a)]. This demonstrates the need to clearly define the
activation temperature used in getter film investigations. The lower initial and full activation
temperatures of the ZrgoCojsREs film can be attributed both to its larger Zr content, to the rare-
earth doping that is often added for this purpose,®® and possibly to its different structure. The
corresponding activation energy for oxygen diffusion from the surface to the bulk, estimated
from an Arrhenius plot, was found to be 0.21 ¢V.®Y Such a low value is expected for a
diffusion occurring mainly along grain boundaries. Finally, Fig. 3(a) shows an increase in Cig
concentration above 200 °C, which is attributed to hydrocarbon decomposition at the surface.®”
This decomposition is likely promoted by the catalytic effect of the cobalt content in this alloy.(%)
The authors also reported in Ref. 80 in situ measurements of the kinetics of the activation
process of this film. Such measurements are largely missing in published works. The measured
decrease in superficial oxide thickness during activation [Fig. 3(b)] and other data in Ref. 80
show that the ZrgoCoisREs film activation is initially fast, then followed by a slower regime
attributed to the formation of a diffusion barrier near the surface.
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Fig. 3. (Color on line) (a) Atomic concentration as evaluated by XPS measurement of C Is, O 1s, and Zr 3d
orbitals as a function of temperature (+1%). (b) Oxide thickness variations as functions of UHV annealing time at
different temperatures. Results for a sputtered ZrgoCojsRes film. Adapted with permission from Ref. 80. Copyright
2019 from American Chemical Society.

4.2.2 Thermal activation and sorption of single and alloy getter films in secondary or
primary vacuum

In UHYV, gas sorption during activation is negligible or low, and the sorption process can be
separately analyzed by surface analysis techniques and gas sorption kinetics measurements. A
higher background pressure may have a significant effect on the thermal activation and sorption
of getter films. This can be inferred from in situ XPS or/and ellipsometry experiments of
pure Zr and Ti films exposed to very low partial pressures of oxygen.®”*® These experiments
showed that, even for an oxygen pressure as low as 2-3 x 10~° mbar, a fast oxidation occurs at
temperatures below the activation temperature of getter films (Fig. 4). At higher temperatures,
the oxidation and dissolution rates can become similar and, as demonstrated for Zr, this stops
oxide growth.®” Thus, the surface oxidation of a getter film very likely occurs in wafer-level
packages during the outgassing, bonding, and thermal activation of getter films. Consequently,
activation, gas sorption, and oxidation are not clearly separated and the onset of decrease or
saturation of surface concentrations of oxygen and other species can no longer be simply used to
define activation temperatures. Instead, the beginning of gas pumping, or better the activation
energy of total oxygen intake, should be used whatever the mechanisms involved. A similar
issue could also be examined for nitriding and carbonizing gases, but their effects should be
lower than those of oxidizing gases.

4.3 Thermal activation of getter multilayers
4.3.1 Thermal activation of getter multilayers in UHV
The thermal activation of multilayer getter films can proceed either by the solid-state out-

diffusion of the getter films through the top layer, the in-diffusion of the top layer, both of them,
or the dewetting of the top layer (Fig. 5).
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Fig. 4. Oxidation kinetics of pure Zr and Ti films at 2-3 x 10™® mbar oxygen pressure. Data extracted from Refs.
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Fig. 5. (Color online) Principle of activation of a AB multilayer getter film by out-diffusion of the getter film, in-
diffusion of the top layer, interdiffusion of top layer and getter film and alloy formation, and dewetting of the top
layer.

Getter activations by out-diffusion and dewetting are respectively illustrated in Figs. 6(a) and
Fig. 6(b) by SEM cross sections after the thermal annealing and air exposure of an evaporated
Au/Ti multilayer(63’65) and of an evaporated Au/Zr film.©>

Solid-state dewetting is a less common case and will be first briefly discussed. The
dewetting of very thin films occurs at temperatures below the melting temperature when the
total energy of surfaces and interfaces is reduced by the nucleation and growth of voids. It
depends on many factors including film thickness, temperature, deposition technique, film
stress, grain size, grain growth, and grain boundary energy.®>!%? It is considered to be driven
either by the surface diffusion®” (100)

When no dewetting occurs, the activation process is driven by the out-diffusion, in-diffusion

or interdiffusion of the top layer and getter film. At high temperatures, solid-state diffusion
(101)

or self-diffusion of the film at the interface.

in metals can occur in the lattice, in the extended defects, and along grain boundaries
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Fig. 6. SEM cross sections after air exposure of (a) a Au(5 nm)/Ti(100 nm) multilayer annealed at 350 °C for
16 h (backscattered electron imaging mode) and (b) a Au(20 nm)/Zr(100 nm) multilayer annealed at 250 °C for 1
h showing Au dewetting with formation of Au islands on the surface (top: backscattered electron image; bottom:
secondary electron image).

with eventually the migration of grain boundaries,"? but it is largely admitted that, for
low-activation-temperature getter films, diffusion is mainly governed by that along grain
boundaries. In UHYV, diffusion is expected to vanish when the atom concentrations of the getter
film at the top and bottom interfaces of the coating become similar.

4.3.2 Thermal activation of getter multilayers in primary and secondary vacuum

For the reasons discussed below, as for getters passivated by natural oxide, the activation and
sorption processes of getter multilayers are expected to be very different under UHV conditions
and at pressures found in wafer-level packages.

The thermal activation of a getter multilayer by top layer dewetting can be changed by
the gaseous environment because, according to Kosinova ez al.,'°? dewetting can depend on
annealing atmosphere through changes in the surface anisotropy of materials.

In the more common case of thermal activation driven by diffusion, at pressures found
in wafer-level packages, the getter atoms out-diffused through the capping layer are rapidly
oxidized, and carbides or nitrides might also form. This may provide a sink for further out-
diffusion of the getter atoms. Oxygen can also eventually diffuse through the top layer and
oxidize the interface and reduce diffusion. More generally, according to the surface potential
model,"% the out-diffusion process can be enhanced if the top layer is more electronegative
than the getter film, and its work function is decreased by gas species adsorbed at the surface.
This is the case for a Au/Ti multilayer exposed to oxygen. The out-diffusion process can also
be enhanced if the top layer is less electronegative than the getter film, and its work function is
decreased by adsorbed species. This is the case of Pd/Ti exposed to oxygen. In the two other
cases, the rate of out-diffusion is reduced. An example is Au/Ti exposed to hydrogen or CO.
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This model can also be applied in the case of the in-diffusion of the top layer by reversing the
role of the materials. In the presence of a gas mixture or interdiffusion, surface potential effects
are competing and more difficult to predict.(103) These experiments reviewed in Ref. 103 were
mainly performed at high temperatures and their validity at moderate temperatures should
be examined. Nevertheless, they show that, similarly to uncoated getters, the activation and
sorption of multilayer getters can be largely modified by a gaseous environment.

5. Characterization Requirements for Getter Films Used in WLP

Because of the small thickness of the passivating oxide layer (a few nm), the activation of
NEG materials was very often characterized in UHV by surface characterization techniques.

),(55’61’65’78’80’104) which allows for the

For example, X-ray photoelectron spectroscopy (XPS
quantification and identification of bonds, and less commonly used Auger electron spectroscopy
(AES)(SI) have been used. Both techniques were eventually combined with ion beam etching
for depth profiling. These techniques have analyzing depths in the 5-7 nm and 0.5-2.5 nm

(105)

ranges, respectively. Secondary ion mass spectrometry was also used, notably to investigate

the case of hydrogen, as well as UHV elastic recoil detection analysis (ERDA) for oxygen depth

profiling.(54)

Although some artefacts due to electron-induced oxide reduction and oxygen
sorption,®) carbon contamination, ion mixing during profiling, and the matrix effect can
occur, these surface analysis techniques are well suited for a thorough analysis of the getter
film activation process in ultrahigh vacuum. The activation process is then characterized by
the variations in oxygen, carbon nitrogen, and metal peak intensities as functions of time and
temperature.

The getter gas sorption is usually characterized by gas sorption kinetic measurements
that provide, for a given gas, the initial gettering rate and getter capacity of the getter

(53-57) Unfortunately such measurements require specific and rather sophisticated
(55,106,107)

film.
UHV equipment

temperature with CO and H; gases as representatives of irreversibly and reversibly pumped
(55)

which are not widely spread. They are typically performed at room

gases respectively to comply with the ASTM standard,’” and sometimes with N, CO,,
and hydrocarbon gases.’> Very few experiments were performed with gas mixtures. It was
however demonstrated that poisoning effects can largely modify the sorption performance
characteristics notably for hydrogen.®>>1%) The activation energy of getter films could also be
characterized from the initial gas sorption rate at different temperatures, but sorption kinetics
setups usually do not allow such experiments. For all these reasons, a multichamber UHV setup
allowing the in situ characterization of the activated getter films and their sorption kinetics for
various gases (Hp, CO, O3, Ny, dry air, and CHy4) at various temperatures is under construction
in our laboratory.

As discussed above in Sects. 4.2.2 and 4.3.2, the gaseous environment can have a large
effect on the thermal activation and gas sorption of getter films. Thus, for getter films intended
for WLP, other procedures and/or characterization techniques must be considered. First, it
is desirable to analyze the variations in both the surface and bulk compositions before, after,
or better during annealing and under partial pressures of air or gases found in WLP. Ideally,
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such measurements should be nondestructive and performed in situ with a controlled gaseous
atmosphere. Cross-sectional SEM and TEM measurements or surface analysis techniques with
ion beam profiling allow in-depth composition analyses, but they generally cannot be performed
in situ during annealing in primary vacuum and are destructive. A better option is the use
of ion beam analysis techniques such as Rutherford backscattering or proton X-ray emission
for heavy elements, and elastic recoil detection analysis or nuclear reaction analysis for light

elements,(54’86’87’88)

although all these techniques require a particle accelerator.

A technique that enables the in sifu characterization of single, alloy or multilayer getter films
at pressures found in WLP is four-probe sheet resistance measurement.®” Its main advantages
are, beside its simplicity, sensitivity, and rapidity, its ability to detect both surface layer and
film bulk variations. A major counterpart is its indirect nature, i.e., the lack of chemical
identification. Indeed, various physico-chemical phenomena can lead to a sheet resistance
increase or decrease as a function of thickness and temperature. They can be the variations in
the degree of electron scattering with thickness, grain size, densities of grain boundaries, defects
or impurities, and the degree of surface or bulk oxidation, hydration, and so forth. 198114
addition, transition metals have multiple possible oxidation states with highly variable electrical
properties. Nevertheless, for a sufficiently thick film and a not very high temperature, electron
scattering is no longer thickness-dependent, grain growth is weak, and surface and/or bulk
oxidation can be detected as oxides have a much higher resistivity than pure metals and metallic
alloys. This is illustrated in Fig. 7, which shows the time variations in the sheet resistances of
evaporated Ti, Zr, and V metals during vacuum annealing at 250 °C. These measurements were
performed on films with their native oxide and for background pressures equal to 10®and 1073
mbar, the latter one being generated by an air leak. In all cases, a sheet resistance increase was
observed at a higher rate when the background pressure was higher. In the case of Zr,V, films,
complementary analyses by Rutherford backscattering (RBS) showed that this can be attributed
to oxygen intake by bulk diffusion and surface oxidation.®®) Conversely, when annealing
was performed under UHV (<10~° mbar), RBS analyses showed that only the bulk diffusion
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Fig. 7. (Color online) Relative variation in sheet resistance versus time at 250 °C for 10~® and 10~ mbar.
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of oxygen from the native oxide is observed.®” As expected, the sheet resistance variation is
much larger for V than for Ti and Zr because of the much larger oxygen diffusion length in this
metal (see Table 2).

These experiments clearly show the effect of low partial pressures of oxidizing gases during
getter film activation. The observed increase rate of sheet resistance with pressure can reflect
either the decrease in underlying metallic film thickness due to surface oxidation or the increase
in its resistivity due to bulk oxygen dissolution or both. These two phenomena are competing,
are both dependent on temperature, and have similar time dependences. As discussed in Sect. 4.2.2
in the case of Zr, oxygen dissolution is expected to dominate above a certain temperature.

Another interesting electrical property of metallic films is their temperature coefficient of
resistance (TCR). The room-temperature TCR is related to the structural disorder in a film, and
thus to the grain boundary density, which is a key factor for an activation at a low temperature.
According to the empirical Mooij rule, '™ the TCR becomes negative for metallic films with a
resistivity higher than 150 pQ-cm. Figure 8 shows the TCR values of various getter films as a
function of resistivity (Mooij plot). It highlights separate groups for pure elements, Zr-Ti, Zr—
V, and Zr—Co alloys. These groups exhibit low to high global disorders in their structures, with
negative TCR films being amorphous. We found that the less activated getter films at 250 °C
are the films with the highest structural order (pure films), as well as the films with the lowest
structural order (amorphous films).®” This result confirms that the in-depth diffusion of
surface species is promoted in a crystalline film with a high density of grain boundaries, i.e., a
columnar structure with fine grains. Thus, for single and alloyed getter films, the TCR can be a
good indicator of their oxygen gettering ability.

In conclusion, to take into account effects of the gaseous environment on getter films leading
to oxidation, activation, and sorption, new experiments allowing the characterization of getter
films in the pressure range found in wafer-level packages should be devised in the future.
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Fig. 8.  (Color online) Mooij plot of some getter films. Squares: evaporated or co-evaporated 200-nm-thick films.
Circles: Zr,Cojgo.y films from Refs. 116—-118.
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6. Conclusion

The analysis of gas generation sources inside a micropackage fabricated by wafer or chip
bonding shows that outgassing during processing and reliability tests is the main cause of
pressure rise inside a micropackage cavity. The gaseous environment and pressure inside
the package cavity are clearly very far from UHV conditions and both the thermal activation
and gas sorption of getter alloys and multilayers can be largely affected. For example, despite
the low partial pressures of oxygen and water vapor found by RGA analyses in wafer-level
packages, surface oxidation and/or oxygen sorption very likely occur during getter activation
and all phenomena are competing. Poisonous effects are also expected to be highly significant.
This has also important consequences on the characterization of getter films, which is often
performed in ultrahigh vacuum. Thus, while theoretical investigations and measurements in
UHYV remain essential, new experiments allowing measurements under conditions similar to
those found in wafer-level packages will have to be devised to obtain the reliable evaluation and
prediction of getter film performance characteristic for wafer-level vacuum packaging.
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