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Abstract In a first experiment, a reactively sputtered
amorphous Tay,Si13Nys film about 260 nm thick deposited
on a flat and smooth alumina substrate was thermally
annealed in air for 30 min and let cooled again repeatedly
at successively higher temperatures from 200 to 500 °C.
This treatment successively and irreversibly increases the
room temperature resistivity of the film monotonically
from its initial value of 670 pQ cm to a maximum of
705 pQ cm (+5.2 %). Subsequent heat treatments at tem-
peratures below 500 °C and up to 6 h have no further effect
on the room temperature resistivity. The new value remains
unchanged after 3.8 years of storage at room temperature. In
a second experiment, the evolution of the initially com-
pressive stress of a film similarly deposited by reactive
sputtering on a 2-inch silicon wafer was measured by
tracking the wafer curvature during similar thermal anneal-
ing cycles. A similar pattern of irreversible and reversible
changes of stress was observed as for the film resistivity.
Transmission electron micrographs and secondary ion mass
profiles of the film taken before and after thermal annealing
in air establish that both the structure and the composition of
the film scarcely change during the annealing cycles. We
reason that the film stress is implicated in the resistivity
change. In particular, to interpret the observations, a model is
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proposed where the interface between the film and the sub-
strate is mechanically unyielding.

1 Introduction

Films of atomic composition Ta,,Si;3Nys reactively sputter
deposited are structurally amorphous even under high-
resolution transmission electron microscopy [I, 2]. A
remarkable property of such films is that they withstand
crystallization upon vacuum annealing for 30 min at tem-
peratures as high as 800 °C [2, 3]. One would surmise that
such a high structural metastability would warrant a good
thermal stability of the electrical resistivity of the film as
well. The present experimental study was performed to test
that idea. As will be seen, this is not the case. However, if
the film and substrate assembly are suitably pre-annealed,
the TaSiN film becomes attractive as an electronic element
exposed to harsh surroundings and/or to frequent temper-
ature cycling.

2 Experimental procedures

The film was deposited by rf sputtering in an Ar/N, dis-
charge from a 7.5 cm diameter TasSi; target onto an
electrically and thermally floating alumina substrate.
Analysis by 1.4 MeV “He™™ backscattering spectrometry
of films deposited under the same conditions on carbon
substrates established an atomic composition of
Ta:Si:N = 42:13:45 with a few atm% of argon and little
oxygen mixed in. The film is about 260 nm thick.

The substrate consisted of highly polished 1.0 mm thick
alumina 5.1 by 5.1 cm? in size. After film deposition, well-
spaced square samples of the film 9.20 x 9.20 mm? were
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formed by photoresist patterning and chemical etching.
Then, individual samples of 9.6 x 9.6 mm” each in size
were cut out with a diamond saw. A probe with four lin-
early aligned points and 1-mm spacing was used together
with absolutely calibrated volt and ampere meters to
measure the resistance of the film at room temperature.
Direct currents in the range of 4+ and —1 to 9 mA yielded
readily measurable voltages with insignificant heating of
the film and a confirmed linearity of voltage versus current
over that decade of values, and even much beyond. A linear
regression taken over voltage values measured for each mA
from —9 to +9 mA yielded the values quoted in Table 1.

Repeated readings with fixed probe position differed by
about 0.2 %. When the linear four-point probe was repo-
sitioned parallel and halfway to either pair of edges of the
square film, the measured values differed between 0.1 and
0.5 % at most. Data obtained with a diagonal centering of
the probe also fell in that range. In all, the typical pre-
cision of the readings is within +0.2 %.

Samples were thermally annealed in a tube furnace
equipped with an open ceramic tube of 4.0 mm inner
diameter and 42 cm length. The tube was heated over the
center 38 cm. The temperature profile at the center of the
tube where the sample was placed was uniform within
0.5 °C over the size of the sample. It rested in a small open
glass boat with which it was inserted in the tube and
removed from it while the temperature was held at a con-
stant value of between about 200-500 °C. The actual
temperature of annealing was determined with a chromel-
constantan (type E, Ni90Cr10-Ni55Cu45) thermocouple
made of fine 150 um wires to minimize heat losses. The
thermocouple joint and the sample rested in immediate
proximity to each other in the glass boat. The readings
were accurate within 1 or 2 °C as referenced to a couple in
an ice/water bath.

3 Results

Table 1 gives the timeline of the experiment in row 1. The
aim of this sequence of annealing steps is to subject a

Table 1 Temporal sequence of measurements and results

sample to sequentially higher temperatures, or repeated
temperatures, up to 500 °C and then follow with annealing
below 500 °C. The numbers in that row indicate on what
day after the beginning of the experiment an annealing step
was executed, always on the same sample. The annealing
step (row 2), its duration in minutes, unless stated other-
wise (row 3), and the annealing temperature (row 4) are
specified. After each annealing step, the sample was left to
cool to room temperature and stored at room temperature.
At least 30 min elapsed after an annealing step before a
next measurement was performed. Tests verified that
beyond that cooling period, the readings were constant.
Sometimes measurements were repeated just prior to the
next annealing step to verify that long-term effects during
storage at room temperature were absent. Row 5 reports the
result of a measurement obtained after the corresponding
annealing step. R is the result of a linear regression analysis
of the ratios of the voltage measured between the inner pair
and the currents passing through the outer pair of the four-
point probe taken over the range of £9 mA of probe cur-
rents. Step 12 was taken after a period of 15 days during
which the sample had rested at room temperature. Step 16
gives data recorded at room temperature after the film had
been stored at room temperature for 3.8 years past the last
annealing of step 15. Annealing durations lasted 30 min for
steps 1-8; subsequent annealing steps lasted (much) longer.

To visualize the results of Table 1, the annealing tem-
peratures in row 4 are plotted for each step in Fig. la.
Figure 1b gives values of R recorded after the indicated
heat treatment. Multiplying R by 7/In2 yields the sheet
resistance pg in Q/square of the film. This quantity is shown
on the right ordinate of Fig. 1b. That multiplication
assumes that the film extends much beyond the size of the
four-point probe. This condition is not satisfied with the
9.20 mm? sample size and the 3 mm wide linear four-point
probe.

Smits [4] has calculated the correction that should be
applied when the extent of the film is commensurable with
the width of the four-point probe. For the present case, the
sheet resistivity reported in Fig. 1b should thus be reduced
by about 7 % to get its actual value. This correction was

Annealing Day 1 5 7 8 9 12 13 +15 29 30 +3.8 years
Step 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Duration (min) 30 30 30 30 30 30 30 30 150 360 330 15days 120 150 60 3.8 years
Temperature (°C) rt 190 300 298 394 396 392 490 490 350 348 395 rt 301 394 396 rt

R (Q) = 6.00+ 0.09 0.13 0.18 020 023 029 030 038 041 041 045 042 042 0.42 046 042 0.39

Data on the sequential annealing steps in air of the amorphous Ta,,Si;3Nys film. First row day on which a particular annealing step took place
after the start of the experiment. Second row numerical order of the sequential annealing steps. Third row duration of a particular annealing step
in minutes, unless noted otherwise. Fourth row temperature of a particular annealing step. Fifth row value of R measured after a particular
annealing step. R is the ratio of the DC voltage measured between the two inner probes and the DC current passing through the two outer probes

of the linear four-point probe
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applied to arrive at the values reported in the abstract. A
corresponding correction for the finite thickness of the film
versus the point separation of 1 mm of the four-point probe
is negligible [4, 5].

The general trends revealed by the two plots are as
follows:

e Thermal annealing raises the room-temperature resis-
tivity of the film irreversibly.

e A second or third annealing cycle at the same
temperature and duration has a progressively smaller
or no effect on the room-temperature resistivity (steps 2
vs. 3; steps 4 vs. 5 vs. 6; steps 7 vs. 8).

e Annealing at a temperature below the highest preceding
one affects the resistivity insignificantly (steps 9 to 15
vs. 8), even for durations up to 12 times as long (steps
10 vs. 8).

Amorphous reactively sputtered films of tantalum, sili-
con, and nitrogen are part of a large class of amorphous
ternary materials that all display high crystallization tem-
peratures and structural stability [6]. One may therefore
surmise that the irreversible rise of the resistivity reported
here for the case of TaSiN applies to the whole class of
reactively sputtered amorphous ternary films (such as
TiSiN, WSIN, and WBN etc).

When exposed to heat from room temperature to
490 °C, the electrical resistivity of pure tantalum increases
by 165 %. Upon cooling back to room temperature, the
tantalum’s electrical resistivity reverts to its initial room-
temperature value. That of the amorphous Tay;Si;3N5q film
investigated here does not, as the present results show. This

irreversibility clearly must stem from an effect that differs
from that of the ordinary temperature dependence of the
electrical resistivity of metals.

4 Possible causes for the observation

Three obvious possibilities come to mind as causes for an
irreversible change of the TaSiN film resistivity: changes
(1) in film structure, (2) by chemical reaction of the film
with the ambient, and (3) of the film stress.

4.1 Amorphous structure

The film is amorphous and is metastable with respect to
crystallization. In electrically conducting amorphous
structures, crystallization would typically decrease the
electrical resistivity. However, the high metastability of
TaSiN films mentioned initially [1-3] was established for
annealing in vacuum, not in air. We present results that
show that even after annealing in air, changes in the
amorphous structure are undetectably small in the dura-
tion—temperature range considered here.

Figure 2 presents transmission-electron micrographs that
were taken on films of the same batch of samples discussed
in Sects. 2 and 3. The annealing in air of the analyzed film
was performed twice at 500 °C for 30 min. The micrographs
show that after this annealing, the structural changes are
undetectably small (Figs. 2a vs 2b), even at high resolution
(see Figs. 2c vs 2d). The electron diffraction rings (Figs. 2e
vs 2f) confirm that the films are structurally amorphous
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Fig. 2 Cross-sectional transmission electron micrographs and dif-
fraction images. Left as-deposited Tay,Sij3Nys film. Right TasSiys.
Nys film after thermal annealing in air at 500 °C for 60 min. Top
figures cross-sectional transmission electron micrographs. Central
figures high-resolution cross-sectional transmission electron micro-
graphs. Bottom figures diffraction images of the films

initially and that they remain amorphous during the heat
treatment. Furthermore, these micrographs are indistin-
guishable from those displayed in Ref. [3] for samples of a
similar composition (Taz¢Si14Nsq) deposited in different
sputtering systems and on different substrates. These results
confirm once more that within a given composition range,
the microstructure of reactively sputtered amorphous TaSiN
films depends much less on the deposition conditions and on
the composition ratios than is typically the case for the
microstructure of polycrystalline films of alloys.

4.2 Chemical composition

The resistivity of the studied Tay,Si;3Nys films could also
change upon thermal annealing by some chemical
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Fig. 3 Secondary-ion mass profiles. Left as-deposited Tas»Sij3Nys
film. Right Tay,Si;3Nys film after thermal annealing in air at 500 °C
for 60 min. Sputtering beam: Cs; analyzing beam: Ga. There is no
perceptible penetration of oxygen into the films upon annealing. Only
the surface oxidizes

interaction with air. Analyses by secondary-ion mass
spectrometry of a pair of samples similar to those analyzed
above show that the surface oxide thickens by less than
10 nm upon annealing in air at 500 °C twice for 30 min
and that oxygen penetrates only imperceptibly into the bulk
of the film (Fig. 3). In the process, the resistivity of the film
rises by an amount consistent with the rise expected from
Fig. 1. The results of the present secondary ion mass
spectrometry analyses are consistent with previous inves-
tigations of the subject [7-10]. These studies all agree that
at 500 °C TaSiN films in the composition range investi-
gated here will minimally react with oxygen in air.

4.3 Stress state

If neither the structure nor the composition of the film
change detectably upon thermal annealing in air, the third
likely possible cause for an irreversible change of the film
resistivity could be an irreversible change of the film stress.
The following experiments demonstrate that the film stress
does indeed change upon thermal annealing.

Reid has investigated experimentally how the com-
pressive stress in reactively sputtered TazgSij4Nso films
evolves during thermal annealing in air as a function of
temperature [3]. Films about 400 nm thick were reactively
deposited on polished 5 cm diameter (111) Si wafers
350 pm thick at an estimated temperature of about 100 °C.
The stress in the film was then derived by tracking the
radius of curvature of the sample as it was slowly heated in
air at a rate of 3 °C/min from room temperature to 500 °C,
kept there for 30 min, and was then allowed to cool again
to room temperature.

The evolution of the stress of the film is depicted in
Fig. 4. As deposited, the film on the silicon substrate
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Fig. 4 Stress evolution of TazSij4Nsq films on (111) Si and (100)
GaAs substrates. The solid lines describe how the compressive stress
of reactively sputtered amorphous TazsSij4Nso films deposited on
(111) Si and (100) GaAs substrates at about 100 °C changes as (1) the
temperature slowly rises at a rate of 3 °C/min from room temperature
to 500 °C, (2) the temperature remains steady there for 30 min, and
(3) the sample cools down to room temperature again. On subsequent
heating and cooling cycles, the system retraces the cooling curve,
proving that the system responds elastically from then on up to
<500 °C. The vertical lines indicate the total stress relaxation taking
place at any given temperature during the first annealing cycle. Solid
lines silicon substrate and dashed lines GaAs substrate. The solid
lines for the silicon substrate (and the corresponding lines for the
GaAs substrate) are experimental results published in Ref. [3]

(heavy lines) is under high isotropic compressive stress of
about 600 MPa, a condition that is common in films
deposited by sputtering. That stress is generally attributed
to the peening process during sputter deposition [11]. One
can distinguish four segments of stress changes in Fig. 4.
When the temperature starts to rise, the compressive stress
climbs first above its initial value of 600 MPa. This first
segment can be explained by assuming that the Ta3¢Si14N5o
film expands thermally more than the silicon substrate does
while their interface is mechanically locked. There follows
a second segment of steady relaxation of the compressive
stress of the film. At the temperature, maximum of 500 °C,
the compressive film stress is roughly halved. During this
third segment, the temperature remains steady at 500 °C
for 30 min and the stress diminishes slightly by about
30 MPa (~ 10 %). During the fourth segment of cooling,
the film stress decreases monotonically and actually turns
to a slightly tensile value at room temperature. This decline
can again be explained by a dominant contraction of the
film over that of the substrate. A quite revealing additional
observation is that in a subsequent similar heating and
cooling cycle, the stress—temperature response retraces that

of the fourth segment of the initial cycle, as indicated by
the two oppositely pointing arrows. The film-substrate
system evidently responds elastically now and from then
on. Another informative observation is that the slope of the
initial rise of the compressive stress in the first segment of
the initial annealing cycle matches closely that of the final
segment. An extension of that initial rise of stress (dashed
heavy line in Fig. 4) actually almost parallels the trace of
the forth segment. This similarity leads to the idea that the
interface between film and substrate actually remains
mechanically locked during the whole annealing cycle. It
then follows that the total compressive stress relaxed up to
any temperature in the second segment of the initial cycle
is that indicated by the length of the vertical solid line in
Fig. 4. On the basis of these findings, it can also be
understood that during any subsequent thermal cycling of
the system that would not exceed the 500 °C of the first
annealing cycle, the system will respond elastically and no
further stress will relax. The initial climb of the compres-
sive stress in the first segment of the first annealing cycle
up to about 120 °C also makes sense. The film was
deposited at about that temperature. As it subsequently
cooled to room temperature, its stress decreased as it does
when the system responds elastically.

Dauksher et al. [12] have also investigated the stress
at room temperature in reactively sputtered amorphous
TagSi;7N; films 500 nm thick deposited on silicon
wafers [12]. Their films had an initial compressive stress of
400 MPa and must have had a stress—temperature response
closely resembling that for the Tay,Sij3Nys film on the
silicon substrate in Fig. 4. They report that zero residual
stress at room temperature is achieved after an annealing
temperature of about 450 °C. That outcome is nicely
compatible with the result of Fig. 4 considering that the
deposition temperature of the films is not reported.

Reid repeated his experiment with the same amorphous
reactively sputtered Ta,,Si;3Nys film deposited on a (100)
gallium arsenide wafer 475 pm thick and 5 cm in diameter
[3]. The stress—temperature curves for the corresponding
experiment performed on that system are reported in Fig. 4
as well (light dotted and dashed lines). The curves are
qualitatively similar to those obtained with a silicon sub-
strate, but with one noticeable difference. Below the
deposition temperature of about 100 °C, the slopes of both
the first and the fourth segments of the initial stress—tem-
perature trace are positive and smaller in value than with
silicon as a substrate. The difference can readily be attrib-
uted to the thermal expansion coefficient of gallium arse-
nide (6.8 x 107%°C at 27 °C) that presumably exceeds that
of the film but is closer to it than is that of silicon
(2.6 x 107%/°C). Corresponding experiments with films of
W36S114N50 on both silicon and gallium arsenide wafers
yield results quite like those of the TazSi;4Nsq film [3].
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The linear thermal expansion coefficient of alumina is
yet larger than that of gallium arsenide (between 6 and
8 ppm/°C depending on its density). The shape of the
corresponding stress—temperature plot of the Ta;,Sij3Nys
film on an alumina substrate that is investigated in Sect. 3
will therefore resemble that of gallium arsenide in Fig. 4,
assuming that the interface between film and substrate is
again mechanically locked.

The elastic yield segments of the stress—temperature plot
will then be steeper than those observed with the gallium
arsenide substrate. Under such circumstances, it becomes
unlikely that upon thermal annealing, an initially com-
pressive stress would ever reverse to a tensile stress at
room temperature.

5 Discussion

The way the resistivity of the amorphous Taz6Si14Nsq film
changes at room temperature upon thermal annealing on an
alumina substrate (Fig. 1) and the way the stress of the film
changes at room temperature upon thermal annealing on a
silicon and gallium arsenic substrate (Fig. 4) are strikingly
similar. Both the resistivity and the stress change irre-
versibly upon thermal annealing above the deposition
temperature. The new values remain unaltered as long as
the temperature of any subsequent heat treatments does not
exceed that of the previous annealing. If it does, both stress
and resistivity at room temperature change irreversibly
again. This same yet unusual pattern of behavior strongly
suggests that stress and resistivity are two directly coupled
phenomena in this reactively sputter-deposited amorphous
TaSiN film. Stress is indeed commonly known to influence
the resistivity of materials. In addition, the experimental
data reported in sect. 4 identify film stress as the parameter
most likely to affect the film resistivity during thermal
annealing. However, the data presented here do not defin-
itively establish that it is the relaxation of the film stress on
the alumina substrate that alters the resistivity of the film
because the stress evolution of the film has not been
measured. Conversely, the change of stress of the film on
silicon and gallium nitride has been tracked without
simultaneously recording the change of the film resistivity.
Yet we believe that this parallel and unusual behavior of
stress and resistivity is unlikely to be simply coincidental.
Instead, we claim that the reported evidence is convincing
enough to posit that it is indeed the change of the film
stress that alters the film resistivity. To establish a direct
proof of that claim, the experiment that should follow this
initial study should be to re-measure the changes of resis-
tivity and of stress of the film on one and the same substrate
at room temperature after thermal annealing. Until this
proof exists, the present claim stands as a conjecture.

@ Springer

After the compressive stress is relaxed up to a given
temperature (500 °C in the case of Fig. 4), the stress—
temperature behavior becomes reversible up to that tem-
perature. Within that temperature range, it is presumably
the difference between the thermal expansion coefficients
of the film and of the substrate that determines how the film
stress—and hence the film resistivity—changes with tem-
perature. When the substrate and the film expand thermally
equally, the film resistivity would become temperature
independent.

The model used here presumes that the interface between
the film and the substrate is mechanically unyielding
throughout the annealing process, i.e., the compressive
stress relaxes within the bulk of the film, not at the interface
between film and substrate. By our conjecture, the model
applies equally to highly polished substrates of alumina,
silicon, and gallium arsenide. Sputter deposition of films is
an energetic process. Are the mechanically rigid interfaces
inferred here a consequence of the particular procedure used
to deposit the film? This is another provocative question
raised by the present study. If it is so, the reactive sputter
deposition procedure employed to synthesize the amor-
phous TaSiN film also affects the outcome of the present
experiment. Insight could come from experiments executed
with amorphous films deposited differently. Films of TiSiN
[13, 14], of WBN [14, 15], and of WSIiN [14], for example,
have been formed by chemical vapor deposition. No mea-
surements of the stress and of the resistivity as a function of
temperature have been made on these films. Future exper-
iments are required to clarify this issue.

Another realization is that to evaluate the properties of
materials like reactively sputter-deposited amorphous Ta-
SiN films, it is necessary to first sever the film from its
substrate. The experiments described here do not provide
such information.

It is instructive to evaluate how sensitive a reactively
sputtered amorphous TaSiN film is to change in mechani-
cal stress. Figure 5 plots the (irreversible) rise of the sheet
resistivity at room temperature of a Tas»Sij3Nys film
deposited on an alumina substrate against the stress
induced by thermal annealing of a TazeSi4Nso film
deposited on a (100) GaAs wafer. Notice firstly that the two
films differ slightly in composition. It is well established
that the properties of amorphous reactively sputter-depos-
ited films are insensitive to slight changes in composition.
Secondly, the rise of the sheet resistivity was measured on
a film deposited on an alumina substrate while the changes
in film stress upon annealing were recorded for films
deposited on silicon and on gallium arsenide wafers
(Fig. 4). As mentioned in sect. 4, the stress—temperature
plot for a reactively sputtered TaSiN film on an alumina
substrate will resemble that of the same film on a gallium
arsenide wafer. For that reason the abscissa of Fig. 5 is a
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Fig. 5 Rise of the sheet resistivity (/area) at room temperature of a
Tay»Si13Nys film deposited on an alumina substrate as a function of
the relaxed amount of stress induced by thermal annealing of a
Ta365114Ns0 film deposited on a (100) GaAs wafer. The relaxed
amount of stress is that labeled “plastic” at any given temperature in
Fig. 4 for the case of the GaAs substrate. This value is that which
would have been measured had the sample temperature been lowered
to room temperature at that point in annealing process. The error bars
indicate an estimated uncertainty of the reported values of the sheet
resistivity in Fig. 1b

fair substitute for the case of an alumina substrate. Figure 5
thus approximates how stress and sheet resistivity relate to
each other at room temperature for the case of a reactively
sputtered amorphous TaSiN film on an alumina substrate.
By our conjecture, this figure thus shows how changes in
film stress affect the film’s sheet resistivity at room
temperature.

As can be seen, a positive stress raises the sheet resis-
tivity of the film. This is so because a positive stress actually
reduces the high initial compressive stress of the film. The
stress affects the sheet resistivity monotonically, but non-
linearly +100 MPa raise the sheet resistivity by +0.2 Q/
area, but the effect is about 5 times larger at +400 MPa. A
model how the stress and the electrical resistivity evolve in
amorphous reactively sputter-deposited TaSiN films is
required to interpret this observation. That is another
interesting topic raised by the present investigation. But
data from of stress and resistivity performed on the same
film/substrate combination must first exist.

6 Relevance of the results
The demonstrated high structural and chemical invariance

of the TaSiN films makes them attractive as electronic
elements exposed to harsh surroundings and/or to frequent

temperature cycling. The results obtained here demon-
strate, however, that the resistance of the film will stay
reproducible only after the film has been pre-annealed
above any anticipated future temperature exposure. This
annealing process eliminates the deleterious role of the
compressive stress accumulated in the film during its
sputter deposition. For the present amorphous TazgSi;3Nys
film, the demonstrated useful range after pre-annealing is at
least 500 °C and hours of operation in air.

7 Conclusion

It is conjectured that a change in the stress of reactively
sputter-deposited amorphous TaSiN films (and presumably
of any film of similar ternary composition) generates a
change in the film’s resistivity. Specifically, as the stress of
the film declines irreversibly, the electrical resistivity of
the film rises, also irreversibly. How these changes evolve
depends on both the film and the substrate. The demon-
strated high structural and chemical resistance of these
films in air makes them attractive as electronic elements
exposed to harsh surroundings and/or to frequent temper-
ature cycling. However, a reproducible resistivity of the
film as a function of temperature will only be assured after
the film has been pre-annealed above any anticipated future
temperature exposure.

We cannot compare our results with data from the open
literature. To our knowledge, similar information on the
resistivity and the stress of amorphous reactively sputter-
deposited films as are presented here do not exist.
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