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ABSTRACT

Cobalt (Co) and ruthenium (Ru) have been proposed for novel metallization schemes to replace copper in next generation BEOL systems that will use ultra-thin oxide
layers. Using TDDB measurements performed on planar capacitors we evaluated the performances of the two metals: both CVD Co and CVD Ru are affected by metal
drift, differently to previously reported results for ALD and PVD Ru that showed no sign of metal drift. We believe that not oxide scaling, but the deposition conditions
used for our CVD process are responsible for the different behaviour of Ru. In particular, the CVD precursors used for Ru deposition lead to the incorporation of
impurities that made the Ru bonds easier to break and thus CVD Ru is more susceptible to ionization processes occurring at the metal/dielectric interface. Moreover,
our data show also an impact of the SiO, deposition technique on these processes because PECVD and PEALD lead to different oxide surface conditions. Finally, an
increase in acceleration factor was observed at low field values for both Co and Ru, as predicted by the filament formation and growth model, confirming the need to

test BEOL systems in a wide range of test conditions for reliable lifetime estimations.

1. Introduction

The continuous scaling of features size dictated by advanced tech-
nology nodes requires the development of novel metallization ap-
proaches for both Middle-of-Line (MOL) and Back-End-of-Line (BEOL).
A degradation of performances is expected to accompany the scaling of
interconnects, primarily an increase in resistivity for scaled copper lines
because the contribution of electron scattering to the resistivity in-
creases as feature size decreases [1,2]. Moreover, in aggressively scaled
copper systems the percentage of the interconnect line utilized by the
barrier/liner increases thus further augmenting the resistance. It is es-
tablished that Cu requires a barrier to avoid metal drifting into the
dielectric, a phenomenon that poses a serious threat to interconnect
reliability. To address such issues, alternative metallization schemes
with thinner barrier/liners have been proposed to maximize the volume
of the metal line [3,4]. Alternatively, Adelmann et al. [5] suggested that
metals with melting temperatures higher than Cu, such as Ru and Co,
might be less sensitive to electromigration and metal drift. Moreover,
Dutta et al. [6,7] have shown that the resistivity of both Co and Ru is
less sensitive to scaling and in features smaller than 10 nm their re-
sistivity is comparable to Cu. Hence, Ru and Co are both promising
candidates for ultra-scaled interconnect systems. In particular, Ru is
expected to be suitable for barrierless integration schemes. In fact, in a
previous study, Varela Pedreira et al. [8] have shown that Co drifts in
thick SiO, whereas no metal drift has been observed for ALD and PVD
Ru for the same test conditions (SiO, thickness, field, temperature, etc.).
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In this study the reliability of Co and Ru, both deposited by
Chemical Vapor Deposition (CVD), in ultra-thin SiO, layers is eval-
uated. In fact, in ultra-thin oxides (~10nm), that will be used in next
generation BEOL systems, different conduction mechanisms regulate
the current driven degradation of oxide films; as the thickness is re-
duced direct tunnelling rather than the Fowler-Nordheim regime be-
comes relevant [9]. We show that metal deposition method and oxide
surface condition are influencing the behaviour of Co and Ru. More-
over, at low fields, intrinsic breakdown competes with metal-drift in-
duced failure as ultimate failure mechanism, according to the metal
formation and growth model proposed by Wu et al. [10] for BEOL and
MOL. The experimental data confirm that for a proper characterization
of the system, a wide range of test conditions are necessary.

2. Experimental
2.1. Test vehicle and method

Metal-Insulator-Metal (MIM) planar capacitors (p-caps) [11] were
used to investigate metal drift induced failure. A schematic of the test
vehicle is shown in Fig. 1a. Two series of devices were fabricated:
13 nm-thick SiO films were deposited into 100 um X 100 um cavities
using low-temperature Plasma Enhanced Chemical Vapor Deposition
(PECVD) and Plasma Enhanced Atomic Layer Deposition (PEALD). The
two techniques produce different oxide films in terms of density, im-
purities, etc., because of the distinct process parameters [12-14] that
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Fig. 1. (a) Schematic of a MIM p-cap. The metallization includes the Co or Ru TE (red), the TaN/Ta barrier (black) and the final Cu fill (yellow). (b) Two breakdown
mechanisms can be studied using the test vehicle under different bias polarities: metal drift induced failure when a positive bias (POS) is applied to the top electrode
and intrinsic breakdown when a negative bias (NEG) is used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 1
Dielectric constant (k) and intrinsic breakdown field (Epp) for the various p-
caps systems.

Metal SiO, k Egp [MV/cm]
Co PECVD 3.9 £ 0.1 —13.0 = 0.3
PEALD 4.8 = 0.1 —10.7 = 0.3
Ru PECVD 4.2 = 0.0 —-12.7 = 0.3
PEALD 43 = 0.1 —13.3 = 0.8

we expect to influence the ionization processes at the metal/dielectric
interface. For the bottom electrode (BE) a 10 nm-thick TiN layer, an
inert material that does not drift into the dielectric, is used. The top
electrode (TE) is designed to assess metal drift with a not-fully closed
TiN adhesion layer interposed between the dielectric and the metal. A
10 nm-thick layer of either CVD Co or CVD Ru was deposited and
capped using a TaN/Ta layer whereas the rest of the cavity is filled with
Cu to minimize deposition time. The two resulting metallization
schemes were thus Co(10 nm)/TaN/Ta/Cu and Ru(10 nm)/TaN/Ta/Cu.
Planar capacitors were also fabricated using 40 nm-thick PECVD SiO,
and are used as reference. In our MIM p-caps the failure mechanism is
affected by using positive and negative bias stresses for metal drift in-
duced failure and intrinsic dielectric degradation, respectively (Fig. 1b)
[11]. For this study, Time Dependent Dielectric Breakdown (TDDB)
[15-17] tests were performed at 25 °C, 100 °C and 200 °C for both po-
sitive and negative stress voltages. At each temperature, various electric
fields were used to stress different structures till failure; the Weibull
scale parameter tg3 29, (TTF 63.2%) was obtained for each condition
and the experimental data were fitted using the power law model
(tes.200~E™) to extract the field acceleration factor (m) [18-20]. The
failure criterion was defined as an abrupt change in the leakage current.
A difference in the acceleration factor extracted from TDDB

measurements for positive and negative stress voltages is considered to
be a sign of metal drift, indicating different failure causes for the two
polarities.

TDDB at 200 °C was used to stress the test vehicles at low fields,
while maintaining a reasonable testing time (< 10° s/device). Based on
the model proposed by Wu et al. [10] metal drift occurs in two different
regimes. At high fields the metal filament rapidly grows into the di-
electric leading to a rapid failure of the system and it is characterized by
low acceleration factors. The filament formation regime, dominating at
low fields, is characterized by high acceleration factors and a very steep
TTF vs. E relation. The incubation time for the formation of the filament
is potentially very long and it strongly depends on dielectric thickness,
barrier continuity and electric field. As a consequence, even though
metal drift occurs it might not be the ultimate cause of failure; at low
fields it might be preceded by the intrinsic breakdown. However, only
under specific test conditions such a regime could be observed; conse-
quently, standard TDDB at 100 °C are not sufficient and TDDB at 200 °C
and low stress fields are needed.

2.2. Dielectric properties

All metal-SiO, combinations were first characterized to extract the
dielectric constant and the intrinsic breakdown field; the values, which
were extracted using nominal film thicknesses (13 nm), are reported in
Table 1. The p-caps with Ru metallization show similar dielectric con-
stant and breakdown values for PECVD and PEALD SiO, films and are
consistent with those previously reported for thicker films [8].

On the other hand, the values extracted from Co-based devices show
a sizeable difference not only when compared to Ru-based devices but
also when comparing PECVD to PEALD oxide. A ~10% deviation of the
effective thickness from the nominal one (~1.5nm), caused by wafer-
to-wafer process variability, would account for such a variation of the
extracted values.
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Fig. 2. Current density recorded at 25 °C, 100 °C and 200 °C before TDDB measurements for p-caps with (a) Co/PECVD SiO,, (b) Co/PEALD SiO2, (c) Ru/PECVD SiO2

and (d) Ru/PEALD SiO2.

2.3. TDDB measurements

Before performing TDDB measurements, the leakage current density
was recorded on each device and the J-E curves are plotted in Fig. 2.
The leakage current at low fields is approximatively the same for all
devices for both positive and negative applied voltages up to 100 °C. For
positive stress voltages, a considerable degradation of the breakdown
field with temperature is observable across the four different scenarios
and it is likely induced by metal drift. PECVD oxide is less impacted
than PEALD oxide for which the breakdown field is, on average, 2 MV/
cm lower. The effect is visible for both Ru and Co suggesting that metal
drift occurs for both metallization schemes. In addition, an increase in
leakage current can be noticed at 200 °C for p-caps with PEALD oxide
for both Ru and Co metallization schemes. Such a variation is partially
caused by thermally activated defects that affect PEALD SiO, more than
PECVD SiO,. On the other hand, the variation of the intrinsic break-
down field as temperature is increased is negligible for all cases except
for the Co/PEALD SiO, (Fig. 2b), consistently with the results reported
in the previous section. The role played by the oxide is discussed in
detail in the next section.

The TDDB data gathered at 25 °C, 100 °C and 200 °C for all the de-
vices are plotted in Fig. 3. Consistently with what was observed in the J-
E curves discussed above, the intrinsic breakdown (NEG) changes very
little with temperature and, as expected, it is independent of the metal
used for the TE. A more diverse scenario was instead observed for po-
sitive stress voltages with no match between positive and negative data
points, hence confirming that metal drift occurs not only for Co, for
which it was expected, but also for CVD Ru, differently to what pre-
viously reported for ALD and PVD Ru [8].

It should be emphasized that a different deposition technique as
well as thinner oxide films were used for this study. We believe that
CVD process conditions are responsible for the different behaviour here
observed for CVD Ru with respect PVD and ALD Ru. In particular, the
methyl precursors used for the CVD process lead to the incorporation of
carbon impurities into the metal film, making the Ru bonds weaker by
lowering the cohesive energy of the material [5]. The H, annealing
performed after the deposition to remove the impurities is not sufficient
for the 10 nm-thick Ru film. In addition, the CVD Ru film is extremely
rough at the metal/dielectric interface because it does not nucleate
uniformly on the not-fully closed TiN adhesion layer; the surface
roughness might result in a local enhancement of the electric field. CVD
Ru is thus more susceptible to ionization at the metal/dielectric inter-
face and more likely to diffuse into the dielectric under an applied
electric field compared to its ALD and PVD equivalents, for which the
high cohesive energy of the Ru reticle is preserved. By optimizing the
deposition recipe, the performances could be improved in order to
obtain for CVD Ru the same performances of ALD and PVD Ru.

Established that metal drift occurs for all metal/oxide combinations,
to confirm that metal drift is caused by the characteristics of our CVD
Ru and not by the oxide thickness, TDDB at 100 °C and 200 °C were also
performed on a 40 nm-thick PECVD SiO, and compared to the experi-
mental data from [8] (see Fig. 4). In fact, one could expect a significant
impact of the oxide thickness on metal-drift induced failure, not only
for the different conduction mechanisms that characterize ultra-thin
oxides [9]. First, according to the model proposed by Wu et al. [10] to
describe metal drift induced failure in BEOL and MOL systems, the time
needed for the metal filament to form strongly depends on barrier
continuity (here the same for all samples) and oxide thickness. In
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Fig. 3. TDDB data gathered at 25 °C, 100 °C and 200 °C for p-caps with (a) Co/PECVD SiO2, (b) Co/PEALD SiO2, (¢) Ru/PECVD SiO2 and (d) Ru/PEALD SiO2. The
power-law model (ttf63.2% ~ E-m) was used to fit the data. A clear increase in m at 200 °C is observable in (a).

addition, a higher defectivity could be expected in ultra-thin oxides
grown at low temperatures, especially for PEALD oxide, that could af-
fect both intrinsic and metal drift induced breakdown. Whereas the
TDDB data for negative stress voltages (intrinsic breakdown) do not
depend on the Ru deposition technique and oxide thickness, metal drift
is instead clearly visible for positive stress voltages only for CVD Ru.
Consequently, we can conclude that metal-drift induced failure ob-
served with our CVD Ru is caused by the recipe used to deposit the film
and not by the oxide thickness.

2.4. Metal filament formation and growth model

In Fig. 5a and Fig. 5b the acceleration factors extracted from the
various data sets are plotted.

As expected, negative acceleration factors are quite high (m > 20),
especially at 25 °C. However, whereas for Ru mygg is approximatively
the same for PEALD and PECVD oxide, in the case of Co quite a large
difference is visible when comparing the values for the two kinds of
oxide as already observed for the k value (Table 1). Despite the large
drop as the temperature is decreased, the negative acceleration factors
remain high even at 200 °C.

On the other hand, positive acceleration factors are lower than the
corresponding negative values, even at 25 °C, for both Co and Ru me-
tallization schemes, indicating that both metals are significantly af-
fected by metal drift. However, the plots in Fig. 5 clearly show an in-
crease in the acceleration factor at 200 °C in all cases but for Co/PEALD
SiO,; the increase is particularly large in the case of Co/PECVD oxide
for which mpog almost doubles. Such an increase is characteristic of the
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Fig. 4. TDDB data at 100 °C and 200 °C measured on p-caps with CVD Ru and
40 nm PECVD SiO2 show that CVD Ru drift does not depend on oxide thickness.
TDDB data from [8] (also in the inset) for ALD and PVD Ru are shown for
comparison.

filament formation regime [10] since at low fields, as those used for
TDDB measurements at 200 °C, the time required for a critical mass
amount of metal ions to accumulate at the metal/dielectric interface
and penetrate the dielectric could be very long.

Fig. 5c and Fig. 5d show the P value extracted from the Weibull
distributions. The values for positive stress voltages are very low, sup-
porting the conclusion that metal drift occurs in all the characterized
metal/dielectric combinations. It is worth noticing that for the case of
Co/PEALD SiO, f is quite low for both voltage polarities and all tem-
peratures suggesting a particularly low quality of the oxide film that
could also explain why no increase in acceleration factor was observed
for this specific case.

Microelectronics Reliability xxx (xxxx) xxxx

2.5. The role of SiO»

Overall, a difference in performance could be observed between
PECVD and PEALD oxide films, with the latter exhibiting lower per-
formances. Such a difference is particularly evident when metal drift
occurs; with all other things being equal, Co and Ru are more likely to
ionize when in contact with PEALD oxide. The difference can be ex-
plained by considering the deposition conditions of low temperature
PEALD SiO,, for which oxygen plasmas are used to promote the growth.
Consequently, extra O, might be present at the top interface onto which
the metal is deposited [14] thus favouring the ionization processes at
the metal/dielectric interface. On the other hand, it has been reported
in literature that metal drift is partially hindered by the positive charges
that are usually present in PECVD oxide films; the positive charges
repulse part of the metal ions, reducing the fraction entering the oxide
to form the filament [12,13].

3. Conclusions

In this study we evaluated metal drift induced failure in ultra-thin
oxides with Co and Ru metallization schemes, both deposited by CVD.
In particular, we investigated the impact of oxide thickness and de-
position technique as well as Ru deposition conditions on metal drift.
We found that, differently to PVD and ALD Ru, CVD Ru is affected by
metal drift. We concluded that carbon impurities are incorporated in
the Ru film as a consequence of the precursors used in the CVD process.
Carbon impurities lower the cohesive energy of Ru and compromise its
resilience to metal drift. Furthermore, for both Co and Ru, the oxide
thickness is not the determining factor for metal drift. In addition,
consistently to what reported in literature, we also observed better
performances with PECVD SiO, than with PEALD SiO, because of the
positive charges present at metal/dielectric interface in the case of
PECVD SiO, that hinder the migration of metal ions into the dielectric.
Finally, experimental data confirmed the validity of the metal forma-
tion and growth filament model since we clearly observed an increase
of the acceleration factors at low fields.

Fig. 5. Acceleration factor for (a) Co and (b) Ru p-caps extracted from TDDB data in Fig. 3. In (c) and (d) the B-slope of the Weibull distributions for Co and Ru,
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