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Abstract

®

CrossMark

As a refractory metal with a high melting temperature and large coefficient of thermal
expansion, tantalum (Ta) is of great interest as a structural material in MEMS. One of the major
issues with any freestanding structure, however, is the control of residual stress. Here, we
observe that suspended fixed—fixed beams made from Ta films under tension buckle after a
buffered hydrofluoric (BHF) acid release step, implying a large change of stress towards
compression. We find that the change in uniaxial stress is proportional to BHF exposure time
and reaches —1 GPa after 150 min. Although there are many sources of residual stress in metal
thin films, we demonstrate definitively that hydrogen (H) injection due to BHF is the major
cause of this change. We show further that the residual stress can be largely recovered by

degassing at 500 °C in a high vacuum environment.

Keywords: tantalum thin films, compressive stress, buffered hydrofluoric acid, hydrogen

injection, degas

(Some figures may appear in colour only in the online journal)

1. Introduction

Tantalum (Ta) is of interest as a structural material in MEMS
due to its unique combination of characteristics including
high melting temperature (7,, = 3017 °C), high coefficient
of thermal expansion (CTE), a passive protective oxide film,
and good mechanical properties. For example, in a biomimet-
ical cochlear implant application [1], Ta fixed—fixed beams
served as resonant gates. There, Ta was chosen because it
has a relatively low ratio of Young’s modulus E to density p
(E/p=10.7 MPa/(kgm~?)), which is 40% that of aluminum
(26 MPa/(kg m—3)). Ta has also been investigated in radio
frequency switches due to its high creep resistance [2]. Due
to Ta’s high bulk CTE, 6.3 pe/°C [3] compared to that of a
silicon substrate (2.7 pe/°C [4]), Ta thermal actuators could
operate as passive thermal switches, similar to [5].

1361-6439/20/055011+9$33.00

However, in MEMS applications, low residual stress is
often needed to achieve the required function and residual
stress control is required to accurately predict device perform-
ance. For instance, a low average stress and stress gradient
are desirable for RF switches [2]. Residual stress also affects
the dynamic response of Ta clamped—clamped beam structures
[6]. But stress control is a complex issue in metal thin films,
where residual stresses are strongly dependent on deposition
conditions and on subsequent thermal treatments [7—10].

Of particular interest in this work, a large shift, not pre-
cisely quantified but on the order of hundreds of MPa, in Ta
fixed—fixed beams towards more compressive stress was meas-
ured by Al-masha’al et al after two different release processes
[6, 11]. In the first process, the sacrificial layer was a photores-
ist, and the release process was an oxygen plasma ash. In the
second process, the sacrificial layer was silicon oxide, and the

© 2020 IOP Publishing Ltd  Printed in the UK
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release process was a buffered hydrofluoric (BHF) acid etch.
To be able to use Ta in MEMS, the underlying mechanism
responsible for this stress change must be clarified, and meth-
ods to prevent or reverse it must be found. Here, by detecting
species outgassing from BHF-treated Ta films using a quad-
rupole mass spectrometer, we determine unambiguously that
the compressive residual stress after a BHF etch arises from
atomic hydrogen incorporation into the Ta film from the weak
acid. We also demonstrate that hydrogen can be removed by a
degassing procedure, and that the original residual stress can
largely be recovered.

Although we study Ta here, this work is of general interest.
The ability to absorb hydrogen is common to many metals
[12, 13]. Absorbed hydrogen atoms occupy interstitial sites in
the host-metal crystal lattice and in most cases have a deleter-
ious influence. In bulk or thin film studies outside the con-
text of MEMS, it has been observed that material proper-
ties and parameters such as residual stress [14, 15], lattice
constant [16—18], resistivity [19], interfacial adhesion [20] or
delamination [21-23], embrittlement [24], and plastic deform-
ation [25] are all affected by H. In MEMS, exposure to BHF
will likely remove a passive oxide film that often otherwise
serves as a barrier to hydrogen incorporation [26]. As BHF is
widely used in micro- and nanofabrication, any metallic film
can potentially be affected. Therefore, the Ta/BHF interaction
serves as a model system that can lend insight to a wide range
of materials and the associated issues arising from hydrogen
incorporation.

2. Experiment

2.1. Specimen preparation and characterization

The substrates used are 4~ (100) Si wafers with 1 pum thick
thermally grown oxide. Ta films are sputtered onto the sub-
strate to a nominal thickness of /iy = 2.5um, a typical thickness
for surface micromachining structural materials, in a load-
locked DC magnetron sputtering system (CVC Connexion
Cluster Tool) at a base pressure lower than 7 x 1078 Torr
without intentional heating or biasing. At a power of 250 W,
the deposition rate is approximately 19 nm min~' using this
standard recipe in our fabrication facility. Sputter deposition
of a 45 nm thick Cr follows, which serves as the hard mask for
Ta etch. The Cr mask is patterned using photolithography and
ion milling. The Ta film is then reactively ion etched (RIE’d).
At this point, the cross-section is schematically represented
in figure 1(a). Next, the Cr hard mask is stripped. Then the
sacrificial oxide is removed at room temperature by BHF (5
parts 40% NH4F:1 part 49% HF). Finally, critical point drying
renders the structures freestanding (figure 1(b)). The fabric-
ated fixed—fixed beams have widths of 10 or 20 m and lengths
of 100, 250, 500, 750 or 1000 pm.

The change in curvature due to the Ta deposition of each
wafer is conveniently measured during the process flow using a
Tencor Flexus tool (FLX-2320), and the biaxial residual stress
Ufl? is characterized by applying the Stoney equation [27]

b_Esihg 1 (1)
T = 6(—v)hs \R_ Ro

where Ej, vy, and hy are the Young’s modulus, Poisson’s ratio
and thickness of the substrate, respectively, and Ry and R are
the radii of curvature before and after thin film deposition,
respectively. Crystal structures are determined on separately-
deposited blanket wafers using x-ray diffraction (XRD) under
conventional reflective configurations, with a copper anode
operated at 45 kV and 40 mA (Philips X’pert Pro MRD, model
no. PW3040/60). The Young’s modulus of the blanket Ta films
is found from nanoindentation [28]. Fixed—fixed beam deflec-
tions are determined by interferometry. Resistivity is meas-
ured using a standard four-point probe configuration.

2.2. Buckling analysis

Once released, fixed—fixed beams under sufficiently high com-
pression will buckle to partially relieve their residual stress.
The critical uniaxial buckling stress for fixed—fixed boundary
conditions is [29, 30]

7T2 ]’lf 2
" = —F; = 2
Ter =3 f<L> 2

where L is the length of the beam and Ey is the film’s Young’s
modulus. The buckle amplitude A is sensitive to the compress-
ive stress, and the uniaxial residual stress o of fixed—fixed
beams before buckling can be determined by [29]

w2, (A2 h?
ag:_Tzf <4+§ 3)

The shape of buckle profile is sinusoidal according to [29]
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where w (x) is the deflection and x is the position along the
beam.

Fixed-fixed beams with lengths L = 250, 500, 750 and
1000 pm are used for stress extraction. Using equation (2),
o, stresses are calculated to be —59.9 MPa, —15.0 MPa,
—6.7 MPa, and —3.7 MPa, respectively. In this work, because
the uniaxial residual stress of compressively-stressed blanket
[-Ta films is —92.0 MPa (extracted using equation (1) and
equation (5), as shown in section 3), beams of these lengths
are all expected to buckle. At this residual stress level, the
critical buckling length is L. ~ 200 pum (equation (2)).
Equation (3) is accurate as long as beams have lengths greater
than 1.1L., [29]. Therefore, all the measured beams are expec-
ted to provide accurate results.

Consideration of the derivation of the Stoney equation (1)
leads to the conclusion that it measures the average residual
stress and is insensitive to the stress gradient. Likewise, rigid
support posts cancel stress gradient effects in buckled fixed—
fixed beams. Because the support posts in this work are relat-
ively stiff while the measured beams are significantly longer
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Figure 1. Fabrication process flow of fixed—fixed beams. (a) After Ta RIE. (b) After Cr mask strip and structure release.

than 1.1L,,, the equation (3) values are also insensitive to resid-
ual stress gradient. However, it should be noted that speci-
mens measured using equation (1) reflect an average across the
wafer, while those measured using equation (3) represent local
values. Given that the sputter target is 12" while the wafers
measured are 4", it is expected that the thickness and stress
uniformity across the wafers is high.

2.3. Degassing

A UHV chamber is used to measure H, degassing with mass
spectrometry. The system base pressure is 1 x 10~8 Torr,
while the operating pressure below 1x 10~7 Torr. A
1 x 1 cm? piece is cleaved from a blanket Ta wafer and serves
as the specimen. It can be heated and actively cooled in the
temperature range 100-900 K by resistive heating and liquid
N, cooling. The temperature is measured using 0.01" K-
type thermocouples. The specimens are heated from 300 K
to 873 K at 0.25 K s~! while H, desorption is recorded by a
Dycor quadrupole mass spectrometer (MA200MFG).

Degassing of fixed—fixed beams is performed in a Kurt J.
Lesker sputter system (Model # PVD75) at 500 °C. The sys-
tem base pressure is 5 x 107 Torr. The pressure at 500 °C is
1.9 x 107 Torr.

3. Results and discussion

3.1 j-Ta fims are used to show that hydrogen is responsible
for a large residual stress change

Ta films with various initial residual stresses, spanning both
tension and compression, are deposited by varying the Ar pres-
sure. This is a well-known technique to adjust o of sputter-
deposited films as the sputter pressure can change the energetic
particle bombardment intensity [31]. After release, fixed—fixed
beams made from Ta films originally under compressive stress
buckle, as expected because the compressive stress is beyond
o.r. However, similar to Al-Masha’al et al [11], it is found that
beams made from fensile-stressed films also buckle. Figure 2
shows buckled beams that were deposited under a moderate
tensile stress of 21 MPa. Therefore, the residual stress changes
during the fabrication process.

Given the fabrication process flow as shown in figure 1, we
assume the stress change takes place either during dry etch of
the Ta films or structure release. It is known that in a typical
RIE, ion bombardment is an important physical process that

removes etch inhibitors and enhances the etch rate. It is shown
in [32] that Ta films exposed to ion bombardment can exhibit a
stress change towards compression. The stress change depends
on the bombardment intensity, and a large change of approx-
imately up to —3 GPa was reported [32]. To test whether ion
bombardment affects the residual stress here, the same RIE
process is conducted on a 2.5 pym thick blanket Ta film covered
by a 45 nm thick Cr. This mimics the environment that the
unetched Ta areas experience. The change in o of the blanket
film, from 460 MPa to 456 MPa before and after RIE, respect-
ively, is negligible. This is likely because the bombardment
only affects near-surface atoms, which is significant for the
50 nm thick film reported in [32], but negligible for the much
thicker film in this work.

The above result leads us to suspect that the stress change
is caused by the release process. However, BHF is usually
considered compatible with the Ta metal as it is much less
aggressive than concentrated HF and the etch rate of Ta in
BHF is known to be slow or zero [33]. But it is also known
that Ta can absorb a significant amount of hydrogen (over 40
atomic % H in Ta at room temperature in an Hj pressure of
1 x 107 Torr [34]), and a limiting composition is TaH; o [35].
Known routes to introduce hydrogen into Ta include exposure
to Hy gas environment [17, 18, 25, 34, 36, 37], electrochem-
ical charging [14-17, 22, 25, 38-41] and H; plasma [23]. If
Ta does absorb hydrogen during BHF release, a compressive
stress can be expected due to constrained lattice expansion.

To investigate whether hydrogen is absorbed during the
release process, we expose blanket Ta films to BHF for
increasing times and measure 0';] before and after BHF treat-
ment. The uniaxial stress,

of = af (1-1y), (5)

where 1/ is film Poisson’s ratio, of 6 wafers exposed to BHF
for 10, 35, 60, 90, 120 and 150 min, is calculated. Based on
24 nanoindentation measurements, the Young’s modulus in
the as-deposited condition is 181 £ 1.3 GPa. After 150 min
exposure to BHF the same modulus was measured. The stress
change increases almost linearly with BHF treatment time, and
the stress increases towards compression up to 490 MPa after
150 min. The results are plotted in figure 3(a) (blanket 3-Ta
film, red), where a negative stress change means an increase
in the compressive stress.

Similarly, longer immersion in BHF also results in a higher
compressive stress in fixed—fixed beams. However, for the
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100 um

Figure 2. (-Ta fixed—fixed beams that were deposited under tension buckled after fabrication (the contrast on pads is an SEM artifact).

-200

Stress
recovery
from
degassing

400}

-600
(¢) a-Ta fixed-
fixed beam

-800 1

Stress change (MPa)

-1000

&R

(cll) a-Ta beam after
degassing

(a) Blanket |
/ p-Ta film

/

(b) p-Ta fixed-
fixed beam

0 20 40 60 80 100 120 140 160
BHF exposure time (min)

Figure 3. Stress change of blanket Ta films and fixed-fixed beams as a function of BHF exposure time. (a) Blanket 3-Ta film, (b) 8-Ta
fixed—fixed beam, (c) a-Ta fixed—fixed beam, (d) a-Ta beam after degassing. Vertical dashed arrows denote residual stress recovery due to
degassing. Note: the biaxial stress of blanket films is extracted using Stoney equation (1), which is then converted to uniaxial stress using
equation (5). The uniaxial stress of fixed—fixed beams is extracted using equation (3).

same amount of time, BHF has a larger effect on beam struc-
tures than blanket films, which will be explained later. The uni-
axial stress variation of fixed—fixed beams ((3-Ta fixed—fixed
beams, blue) is also shown in figure 3(b), where the range
indicates one standard deviation as measured from ten beams.
The 10 min and 35 min data are absent as the beams are not

released. Figure 3 summarizes the most important results of
this work and will be expanded upon below.

We present an example of the fixed—fixed beam stress
change extraction. The buckle amplitude of an L = 500 pm
beam after 60 min BOE exposure is measured as 15.31 pm.
Using hy = 2.5 pm, equation (3) gives a uniaxial residual stress
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Figure 4. XRD diagrams of (a) as-deposited 5-Ta films, (b) 5-Ta
films after 2.5 h BOE exposure, (¢) 3-Ta films after anneal at 500 °C
for 20 min and (d) as-deposited «-Ta films on a Cr seed layer.

of —434 MPa. Before the beam fabrication process, the biaxial
residual stress of the as-deposited blanket 5-Ta film is extrac-
ted to be —139 MPa using the Stoney equation (1), which
corresponds to a uniaxial residual stress of —92.0 MPa using
equation (5). Therefore, the uniaxial residual stress change
after BOE exposure is —342 MPa.

X-ray diffraction of an as-deposited blanket Ta film indic-
ates the metastable S-phase, which has a tetragonal unit cell
[42-44]. A resistivity of 172 uf) cm is measured, also in
good agreement with the known relatively high resistivity of
170-210 p£2 cm for 3-Ta [44]. A 2.5 h BHF treatment does not
lead to a phase transition or a change in texture. This observa-
tion is made by comparing figures 4(b) and (a).

However, the diffraction peaks move towards smaller dif-
fraction angles with increasing BHF exposure. This lends sup-
port to the idea that hydrogen has been incorporated, as it
expands the crystal lattice and increases the out-of-plane lat-
tice constant. Comparison of high angular resolution plots
of the (002) plane for five specimens before and after 10 to
150 min BHF exposure clearly shows that the diffraction angle
0 becomes smaller and that the shift increases with exposure
time, as seen in figure 5.

To conclusively demonstrate that hydrogen is injected into
the Ta film during BHF exposure, degassing is performed on
a blanket film submersed in BHF for 2 h. Another specimen
without BHF exposure is also analyzed. H, desorption from
the acid-treated specimen begins at 400 °C, reaches a max-
imum at 500 °C and becomes negligible at 570 °C, as indic-
ated by the black line in figure 6. The BHF-treated specimen
is reheated to check whether there residual H, remains. The
minimal amount of H, desorption reveals that little further H,

(a)
TN 150 min
T N ] 120 min_
~ P J/ //’ \\ \\ min
= NN .

. 7 N e 35 min_|
S e S 10min
B mmmommm oo

2| (b)

2 —/\ 150 min

= /\ 120 min
60 min
35 min
10 min

335 34
2 0 (deg.)
Figure 5. XRD diagrams of (002) plane (a) before and (b) after

10-150 min BOE exposure. This experiment was carried out on five
individual wafers.

325 33 345 35

Table 1. Curve fitting of figure 3 stress change as a function of BHF
exposure time.

(a) Blanket 3-Ta film
(b) B-Ta fixed—fixed beam
(c) a-Ta fixed—fixed beam

Acog = —3.641t + 51.16
Aog = —7.35t + 130.00
Aog = —13.07t 4+ 398.40

desorbed during the second thermal cycle (figure 6, red line).
The rate of H, degassing for the specimen not exposed to BHF
(figure 6, blue line) at 400 °C is 300 times less than the max-
imum rate for the specimen exposed to BHF, which occurs
at 500 °C. The integrated amount over the temperature range
from 27 °C to 600 °C of H, degassing from the specimen
without BHF treatment is 1.4% of the amount from the BHF-
treated specimen.

Figure 6 confirms that the compressive residual stress arises
from hydrogen absorption during BHF treatment. This also
explains why BHF influences the stress of fixed—fixed beams
more than that of blanket films. Namely, while hydrogen
atoms can diffuse into blanket films only through the top sur-
face, they can diffuse into fixed—fixed beams through the bot-
tom surface as well as through their side walls. Therefore,
fixed—fixed beams develop a higher compressive stress than
blanket films for a given amount of time, while longer BHF
exposure enlarges this difference. This is seen by compar-
ing the stress changes of 3-Ta fixed—fixed beams (blue curve,
figure 3(a) to blanket films (red curve, figure 3(b) as a function
of BHF exposure time. We observe that the slope of the former
is almost twice that of the latter, as quantified in rows (a) and
(b) of table 1. This also indicates that fixed—fixed beams absorb
approximately twice as much as hydrogen as blanket films.
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Figure 6. H, desorption rate from Ta thin film heated at 0.25 °C s~'. The threshold for significant rate is set at 4-107'!,

As hydrogen has been identified as the origin of stress
shift towards compression, one interesting topic is its distri-
bution through the film thickness. It is likely that the hydrogen
concentration is rather uniform as the diffusion coefficient of
hydrogen in Ta is on the order of D7 = 10~®cm?s~! at room
temperature [37], which means that hydrogen diffuses through
the film thickness in (hf)2 /D~ 0.06 s. However, defects
such as grain boundaries, dislocations and vacancies can be
trap sites for hydrogen atoms, which can therefore change
the local hydrogen affinity and concentration [45]. A detailed
experimental measurement of the hydrogen profile would be
an interesting subject for future work.

Our data suggests that the shift to compressive stress in Ta
measured by Al-masha’al et al [11] when using a PECVD
Si0O, sacrificial layer and a BHF release results from hydro-
gen injection by the acid. In their other release process, the
authors use 8 pm of a polyimide sacrificial layer and oxygen
plasma ashing and also reported a large shift towards com-
pressive stress [11]. We hypothesize that this is due to one of
two effects. First, the oxygen plasma may release hydrogen
atoms in the thick polyimide, which is subsequently absorbed
by Ta films. Second, oxygen from the plasma diffusing into
the film is known to generate compressive stress [46].

3.2. «-Ta fims are used to show that the hydrogen effect is
largely reversible

Thus far, the work we report has been conducted on /3-Ta films.
If the film deforms only elastically during hydrogen absorp-
tion, the residual stress should be recovered after degassing.
However, a confounding factor is that the metastable 5-Ta

transforms to the stable a-phase with a BCC unit cell starting
at temperatures as low as 300 °C. This transformation com-
pletely relaxes the intrinsic compressive stress and eventually
results in a tensile stress [47, 48]. Knepper et al [48] attributed
the increase in tensile stress to film densification due to dif-
ferences in the 5- and a-phase densities and to grain growth.
The XRD diagram of 3-Ta films after annealing at 500 °C for
20 min, confirms that the §-Ta partially transforms to the «
phase, as seen in figure 4(c). As shown in figure 6, hydrogen
desorption begins just above 400 °C and peaks at 500 °C, so
the phase transition makes it impossible to independently isol-
ate the effect of hydrogen degassing on residual stress.

Although sputter-deposited Ta films usually assume the
tetragonal [-phase [42], they can nucleate and grow in the
a-phase on certain seed layers [44, 47, 49-51]. We choose
a 10-nm thick Cr seed layer to produce a-Ta. The unit cell
of as-deposited a-Ta seeded by Cr is confirmed by XRD, as
shown in figure 4(d). In this way, the stress change induced
by the phase transition can be avoided. To stabilize the micro-
structure and avoid any stress evolution due to thermal treat-
ment during degassing, the blanket o-Ta film is next annealed
at 600 °C for 30 min. The biaxial residual stress is —358 MPa
after anneal. A residual stress near 0 MPa is achievable in prin-
ciple by adjusting the sputter pressure, but stress optimization
has not yet been conducted.

Following a similar process flow to figure 1, fixed—fixed
beams made from «-Ta are fabricated and released in BHF for
40 min, 60 min and 75 min (a longer exposure than 75 min to
BHF leads to beam delamination of a-Ta). The stress change,
Ac}, after release of o-Ta beams is determined from the
effective uniaxial stress in the blanket film. It is higher than that
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of 3-Ta, as plotted by the green line, figure 3(c). This is likely
because the more closely packed crystal structure of o-Ta [48]
is more sensitive to hydrogen incorporation. The curve fitting
for a-Ta fixed—fixed beams is also shown in table 1. Degassing
is performed at 500 °C for 20 min, and Aa,’% is also plotted as
indicated by the purple points in figure 3(c) (green line). The
final change in stress is below —60 MPa after degassing, indic-
ating that the residual stress is largely recovered, as indicated
by the vertical dashed black arrows in figure 3.

It was shown in [52] that above 375 °C, interstitial oxygen
from a Ta,Os surface layer diffuses into Ta. In [48], it was
observed that native TayOs increases the compressive stress
upon annealing at 375 °C. Therefore, a possible reason for
the remaining stress is that oxygen in the thin (~2 nm) tan-
talum oxide layer that forms in air on the surface of fixed—fixed
beams after release diffuses interstitially into the beams during
degassing. Alternatively, a minimal amount of deeply-trapped
residual hydrogen remains due to the high affinity of Ta to
hydrogen [35]. A third possibility is that the remaining stress is
actually due to residual deformations induced by residual plas-
ticity in regions of high local strain and high hydrogen concen-
tration. However, beams of different lengths recover the same
amount of stress. Therefore, this possibility seems unlikely.

To show the direct effect of hydrogen degassing on
a-Ta fixed—fixed beam deflections, representative interfero-
grams were taken. Comparison of a buckled beam after 1 h
BHF release and after hydrogen desorption indicates fewer
fringes and a lower buckle amplitude after degassing, corres-
ponding to a relaxation of compressive stress to a level nearly
commensurate with the as-deposited blanket wafer. This is
seen by comparing figures 7(a) and (b), and the associated
beam deflection curves are seen in figure 7(c).

At 500 °C, this degassing temperature is relatively low
compared to 1000 °C which is typically used to anneal stress in
polycrystalline silicon MEMS [53]. With careful attention to
initial deposition stress of a-Ta films and subsequent degass-
ing under high vacuum, it should be possible to achieve low
residual stress Ta films. The results may apply to other metals
that are exposed to BHF.

4. Conclusions

This work demonstrates that the stress shift of §-Ta films
towards compression after a release step by BHF arises from
hydrogen injection. The hydrogen can be degassed at 500 °C
in an UHV environment. By using a-Ta films to exclude the
phase transition effect, it is proved that the hydrogen effect
is largely reversible and the residual stress is substantially
recovered by degassing. The evidence provided supports the
following conclusions:

e While RIE has little or no effect on the residual stress
of thick Ta films, BHF release increases the compressive
stress and results in buckling of originally tensile-stressed
Ta fixed—fixed beams (figure 2).

e For both blanket Ta films and fixed—fixed beams, the
increase in compressive stress is linear with BHF expos-
ure times; the biaxial stress changes are up to —490 MPa

Before
degassing

degassing

50 100 150 200 250
Position (um)

¢ 0

Figure 7. Fixed-fixed a-Ta beam interferograms (a) after 1 h BHF
release, (b) after high temperature degassing and (c) the associated
deflection curves.

and —1 GPa after a 2.5 h exposure, respectively. fixed—fixed
beams experience a doubling in the stress change compared
to blanket films because the exposed area is approximately
doubled (figure 3). An increase in the lattice constant of
blanket Ta films further indicates the presence of injected
hydrogen atoms in the Ta crystal lattices (figures 4 and 5).

e H, desorption starts at 400 °C, peaks around 500 °C and
becomes negligible at 570 °C. Hydrogen desorption dur-
ing the second thermal cycle is minimal. The maximum
H; desorption rate for the specimen not exposed to BHF is
more than 300 times less while its integrated total amount
of desorption is only 1.4% of the BHF-treated specimen
(figure 6).

e [3-Ta films partially transform to a-Ta after annealing at
500 °C for 20 min. A 10 nm Cr seed layer nucleates the
BCC a-Ta. The biaxial stress change of «-Ta is more sens-
itive to hydrogen incorporation compared to /3-Ta and can
be substantially recovered after degassing (figure 3).

The understanding gained in this work represents a useful
step potentially leading to the more widespread use of Ta as a
MEMS structural material in applications such as those men-
tioned in the Introduction [1, 2, 5, 6].
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