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ABSTRACT Dielectric thin films in nanodevices may absorb moisture, leading to

physical changes and property/performance degradation, such as altered data ; - ot A

storage and readout in resistance random access memory. Here we demonstrate
using a nanometallic memory that such degradation proceeds via nanoporosity,
which facilitates water wetting in otherwise nonwetting dielectrics. Electric
degradation only occurs when the device is in the charge-storage state, which
provides a nanoscale dielectrophoretic force directing H,0 to internal field centers
(sites of trapped charge) to enable bond rupture and charged hydroxyl formation.
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While these processes are dramatically enhanced by an external DC or AC field and electron-donating electrodes, they can be completely prevented by

eliminating nanoporosity, depositing a barrier layer, or using an oxidation-resistant electrode. These findings provide insight for understanding high-

performance memory and field-assisted degradation of nanodevices.
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hin films of dielectrics and their hy-

brids, including ones containing met-

als, are widely used in electronic and
optical nanodevices. Dielectric degradation
under ambient conditions has long been
recognized as a reliability issue, and it be-
comes especially important in nanodevices
because of nanodimensions. Thin films de-
posited by physical vapor deposition methods
such as sputtering typically are nanoporous
with densities lower than theoretical;'~* nano-
porosity can absorb moisture in the ambient
air. This may have a profound influence on
the device properties. For example, water with
arefractive index n = 1.3 can introduce optical
mismatch, hence scattering in the film. They
can also cause chemical reactions (e.g., form-
ing hydroxides that affect permittivity) or
change physical dimensions (e.g., swelling
that roughens surfaces).” Entrapped moisture
can lower the electric resistance of insulating
films, even causing electric shorts® It can also
create charge-trapping sites, thus affecting
device performance.”® Moreover, moisture
penetration may extend to the buried layers
(e.g., bottom electrodes and substrates),
leading to more extended degradation be-
yond films.

YANG ET AL.

Among dielectric nanodevices of special
recent technological interest are ones that
exhibit resistive switching properties, thus
having the potential of becoming a new class
of nonvolatile resistance random access
memory (RRAM) materials.® Most of these
devices switch by forming (soft breakdown)
conducting nanofilaments, undergoing redox
reactions, or both.'®~'® Naturally, redox reac-
tions are often moisture-sensitive,”’ ~'° but
nanoscale transport may also be environ-
ment-sensitive since gas absorption may af-
fect the energetic of ion migration and
oxygen activity may affect defect populations
that, in turn, affect n/p-type conduction in
nanodevices?®?' Indeed, for a Pt/SiO./Cu
RRAM, Tsuruoka et al. reported residual water
to affect both redox reaction thermodynamics
and ion migration kinetics."”® No such study
has been reported for charge-trapping RRAM,
however. More broadly speaking, among the
very large number of RRAM papers published
in recent years, only very few report on this
subject.'®2272 This is not entirely surprising:
many RRAM suffer from large variability in
their resistance and switching voltage char-
acteristics,”” % which can easily mask the
time-dependent effects of environment.
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Figure 1. (a) Schematic of nanometallic RRAM device. Active layer (SiO,:Pt, SisN4:Pt, or SisN4:Cr) sandwiched between top
electrode Pt and bottom electrode Mo. Light microscopy image of (b) as-fabricated 80% Si0,:20% Pt device; (c) device (b) after
1 year in ambient air; (d) device (c) after 3 h in saturated humidity; (e) 95% SisN,;:5%Pt device after 1 year in ambient air; (f)
Al,03-capped 80% SiO,:20% Pt device after 1 year in ambient air (scale bar = 250 um); (g) voltage tested cell (lower left) in 80%
Si0,:20% Pt device showing a dark ring at the cell edge; (h) voltage tested cell (center) in 80% Si0,:20% Pt device showing
bubbles on top electrode; and (i) 80% Si0,:20% Pt device in different resistance states; dark rings around HRS (lower two,

marked) but not LRS (upper two, marked) cells.

In this respect, a recently discovered RRAM based on
nanometallic films may provide an excellent platform for
studying the moisture effect® These films (5—30 nm
thick) are atomic mixtures of random insulators (SiO, or
SisN,) and metals (Pt, Cr, etc.),3° 33 with wave functions of
itinerant electrons reaching the full thickness of the films.
In the as-fabricated form, these films are conductors.
Subsequently, under a voltage trigger, Coulomb barriers
arise from trapped charge which blocks the wave func-
tions, so the film switches from the conducting state (the
low resistance state, LRS, being the “on state”) to a high-
resistance (insulating) state (HRS, being the “off state”).
This switching process is reversible, and it occurs by an
electronic (charge trapping/detrapping) mechanism
without forming any filament or Schottky barrier. Our
previous work on nanometallic RRAM (made of SiO,:Pt
with a top coat of ~4 nm Al,O3) demonstrated out-
standing uniformity of switching characteristics (resistances
of HRS and LRS, and on-switching and off-switching
voltages).>' =33 In this work, we have systematically inves-
tigated the performance of several nanometallic RRAM
under various environmental conditions to shed light
on the possible degradation mechanisms. In this set-
ting, static and dynamic electric testing is used both to
tune degradation kinetics and to probe degradation
mechanisms. Solutions to mitigate moisture-induced
degradation in these nanodevices have also been
demonstrated.

YANG ET AL.

RESULTS AND DISCUSSION

Physical Appearance. In the as-fabricated device (Figure 1a),
films of ~20 nm thick 80% Si0,:20% Pt film on Mo
(bottom electrode)/SiO,/Si (substrate) had a light tan
appearance when photographed under natural light,
with the Pt top electrode areas appearing white
(Figure 1b). After kept at room ambient conditions for
1 year, the appearance changed to that of Figure 1c,
showing dark green films with ring-like features around
cells. The evolution of appearance was accelerated by
placing the device in a chamber of saturated humidity:
the green appearance emerged followed by a violet one
after a few hours. This also occurred in films already
exposed to air for 1 year: moisture in the chamber of
saturated humidity produced the appearance shown in
Figure 1d. Such violet color is consistent with the color of
Mo0,,** which like many other nonstoichiometric MoO,
compounds is a conductor (x < 3)3*** In contrast,
devices made of SisN4:Pt showed no change in appear-
ance when left at room ambient conditions: in Figure 1e
isa 1 yearold device which looks just like a new one. The
SiO,:Pt device can also become immune to changes if
protected by a ~4 nm Al,O3 capping layer, as shown in
Figure 1f, after 1 year storage. Likewise, when SrRuOs;
was used as the bottom electrode, the SiO,:Pt device too
became immune to change during storage over several
years (figure not shown). During electric testing, the
(uncapped) SiO,:Pt device exhibits additional changes
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Figure 2. Density of SiO,:Pt film at various Pt concentration.
Data from RBS (red) and XRR (blue). Line: theoretical density
fowppe + (1 — forpsio,(ppe = 21.46 g/em?, psio, = 2.64 g/cm’).

in appearance. Figure 1g shows the outer edge of a
tested cell (lower left) turning dark after one voltage
sweep cycle (0to —5 to 0 to 5 to 0 V); meanwhile, nearby
untested cells were unaffected. Such darkening typically
occurred during the positive voltage sweep. In addition,
these changes sometimes varied from device to device
and from cell to cell. For example, some cells experi-
enced “bubble formation” during testing (Figure 1h);
these cells could not be switched anymore. If a cell
survived the test without change in appearance, during
storage, it could still change if left in the HRS, which
contains trapped charge. One example is shown in
Figure 1i, in which the HRS cells are surrounded by a
dark ring and the LRS cells are not. In contrast, SiO,:Pt
films with the same Pt top electrodes but with SrRuO;
bottom electrodes showed no changes during testing
(see refs 30 and 31).

Density. According to transmission electron micro-
scopy,®° all of the films studied here are amorphous,
showing no evidence of porosity (low electron density
regions). However, density data of SiO,:Pt films mea-
sured by both RBS and X-ray reflectometry, which are
consistent with each other as shown in Figure 2, are less
than the theoretical ones suggesting nanoporosity.
Without incorporating any Pt, sputtered SiO, films have
adensity of ~2.16 g/cm?, which is 82% of the theoretical
silica density of 2.64 g/cm®3% This confirms similar
reports of low density for sputtered SiO, films.3” Hybrid
SiO,:Pt films also have a lower density than the theore-
tical one, taken as

Ptheoretical — fPtth + (1 - fPt)pSiOz

where fis the atomic fraction of metal, and theoretical
densities of pure substances (psio, = 2.64 g/cm?for silica
and pp;=21.46 g/cm? for Pt metal) are used. The relative
densities of all of the Pt-containing films in Figure 2 are
around 0.5, indicating a highly porous structure, which
was also reported for other oxide-metal hybrids.3® On
the other hand, sputtered SisN, films had a density of
3.48 g/cm?, close to that of fully dense SisN, ceramic in
the literature.3® The density of 93% SisN,:7%Cr films, to
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Figure 3. IR spectroscopy of 80% Si0,:20% Pt and 95%
Si3N4:5% Pt film from 400 to 4000 cm . Strongest Si—N and
Si—O stretching bands are labeled. See other band assign-
ments in Table 1.

TABLE 1. IR Absorption Bands of 80% Si0,:20% Pt

location (cm ") assignment
463 Si—0—Si rocking
795 Si—0—Si bending
1057 Si—0—Si stretching
1632 bending of free H,0 and/or H,0 H-bonded to silanol
234 (0, vapor
3225 free/H-bonded H,0
3450 stretching of H,0 bound to silica network
3600 OH stretching of H-bonded silanol groups

be used for device study later in this work, had a density
of 3.62 g/cm?, which is only 3% lower than pyeoretical
(osin, = 344 g/cm® pc, = 7.19 g/cm?). This means that
SisN4:Cr films are almost free of pores. Other evidence of
different nanoporosity in different films came from
atomic force microscopy (Figure S1 in the Supporting
Information). When area (10 x 5 um?) scans of surface
topography are compared, SiO:Pt film exhibits much
larger roughness (1.8 nm rms, consistent with the data
in the literature®®) than SisN,:Cr film (0.29 nm rms).

IR Spectroscopy. Transmission FTIR spectra of ~100 nm
films deposited on KBr substrates are shown in Figure 3.
(These films were left at room ambient conditions for a few
days after removal from the sputtering chamber.) The
spectra of 80% Si0,:220% Pt from 400 to 4000 cm ™'
contain peaks listed in Table 1, in which the three lowest
wavenumber ones are Si—O—Si vibration modes while
the rest are all environment (H,O, CO,) related.***' Simi-
larly, in the 95% Si3sN4:5% Pt spectra, two characteristic
Si—N—Si peaks are identified at lower wavenumbers,
while all of the higher wavenumber peaks are probably
environment related. (Very similar data were obtained for
93% SisN4:7% Cr, shown in Figure S2, confirming that the
peaks are due to Si—N—Si and environmental species and
not affected by atomically dispersed metals.) Relative to
the strongest characteristic peak (1057 cm ™" for Si—O—Si
stretching and 870 cm ™! for Si—N—Si stretching), most of
the environment-related peaks are more prominent in the
SiO,:Pt film, suggesting more H,O absorption.
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Wetting. On sputtered 80% SiO,:20% Pt nanometal-
lic films (~200 nm, without the top electrode) water
wetting is remarkably complete (wetting angle <3°), as
shown in Figure 4a: as soon as the water droplet
touched the film, it immediately spread out. This is
surprising since SiO, is not known to be wetting.
Indeed, a presumably dense thermal oxide SiO,
(~200 nm, formed by oxidation of a Si wafer) had a
contact angle of ~50° (Figure 4b), which is consistent
with the reported data for silica in the literature.*> Such
huge difference in the wetting behavior between
sputtered SiO,:Pt films and dense SiO, films is known
to occur: a highly porous surface of a hydrophobic
substance can become superhydrophilic.** Since no
visible porosity was found in our films according to
microscopy, it must be nanoporosity that causes both
lower density and apparent wetting. Similarly, we
compared the wetting angles of our sputtered 95%
SisN4:5% Pt film (47° in Figure 4c) and a dense hot-
pressed SiAION (in which Aland O partially substitute Si
and N in the SisN4 network) ceramic (60° in Figure 4d),**
observing a similar, though less drastic, increase in
wettability in the film, presumably also due to nano-
porosity. In contrast, when 80% Si0,:20% Pt is capped
with a AlLO3 ALD film (~4 nm), it shows a wetting angle
(52°, Figure 4e) close to that of a dense sintered
alumina ceramic (50°, Figure 4f), suggesting that the
ALD Al,Os film is rather dense. Lastly, 93% Si3N,:7% Cr
films have the same wetting property (~49° as SisN4:Pt
films. These results are summarized in Table 2.

Electric Characterization of 80% Si0,:20%Pt Films. As-fab-
ricated devices were all in a conducting state with an
initial resistance R between 10% and 10° Q. A typical
current—voltage (/I-V) and R—V cycle are shown in
Figure 5a, having the following characteristics. When a
forward bias voltage is applied, the current suddenly
drops at a certain voltage (~4 V), which transitions the
cell to the HRS (the “off” state in RRAM). The cell is
“nonvolatile” and “bipolar” in that the HRS is main-
tained at 0 V and that a reverse bias is required to
switch it back to the LRS (the “on” state) through a
series of current increases indicating a multistep process.
This is in agreement with our previous findings:*°~%3
when Pt is used as top electrode and Mo or SrRuOs as
bottom electrode, the switching direction is counter-
clockwise in the R—V hysteresis, changing from LRS to
HRS at a positive bias and vice versa at a negative bias.

Devices made of SiO,:Pt with Mo bottom electrode
and without capping are not stable at the room
ambient conditions in the sense that its resistance
(especially HRS) changes with time and external volt-
age. Figure 5b shows the results of a retention test for a
device at the HRS (kept at room ambient conditions
with a relative humidity 10—15%.) In this experiment,
several fresh cells were first switched to the HRS with
Rugrs ~ 81 kQ. The resistance of one cell (named cell A)
was periodically monitored using a small voltage (0.2 V),
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Figure 4. Wetting by static sessile water drop on (a) sput-
tered 80% Si0,:20% Pt film; (b) thermally oxidized SiO; film;
(c) sputtered 95% SizN4:5% Pt film; (d) hot-pressed SizN,
ceramic; (e) ALD Al,Os-capped 80% SiO,:20% Pt film; and
(f) sintered Al,03 ceramic. Calculated wetting angles listed
in Table 2.

TABLE 2. Wetting Angles of Various Films and Ceramics

sample setting angle (deg)
sputtered Si0:Pt <3
thermal Si0, 50
sputtered Si;N4:Pt 47
hot-pressed SizN, 60
Al,03-capped Si0,:Pt 52
sintered Al,0; 50

while other cells (cells B, C, etc.) were used as surrogates
for evaluating switchability. (We assume cell A and its
surrogates behave similarly as long as they are not
disturbed by a voltage sweep cycle required for the
switchability test) After 6 x 10° s (~7 days), the cell A
resistance had gradually increased to 116 kQ but the
device remained switchable (according to the test on
surrogate cells B, C, etc.). After that, the cell A resistance
dropped rapidly, indicating a “loss of memory”. Even-
tually, failure occurred in the sense that the cell could no
longer be switched to the LRS (again, according to the
switchability test on another virgin surrogate cell D) after
2 x 10° s (~23 days). It should be noted that the
resistance change only occurred when the cell was kept
in the HRS; a cell kept in the LRS showed no change in
resistance when held at room ambient conditions (see
the lower branch data in Figure 5b).

As mentioned already, during the above retention
test, cell A was not disturbed by the voltage sweep
cycle; the switchability was established through testing
the surrogates. If instead the same cell is periodically
disturbed and tested for switchability, then its Rugs
increase is much faster, and the failure comes sooner.
Figure 5¢ shows such a cell having an initial Rygs ~ 51 k2
at 0.2 V, which increased to 1.2 MQ after 15 days during
which it was switched merely 3 times. When checked on
day 20, the cell already lost its memory and was not able
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Figure 5. (a) Current (/)—voltage (V) and resistance (R)—voltage (V) characteristic of 80% SiO,:20% Pt nanometallic device. (b)
Resistance retention (read at 0.2 V) in ambient air for HRS (blue) and LRS (red); HRS rolls off at around 10° s. (c) Cell held in HRS
and switched 3 times (switching R—V curves shown) during first 15 days; failure after 20 days. (d) Exponential increase of HRS
resistance during consecutive 60 switching cycles (OV—5V—6V— —5V—0V, cycle duration At ~ 1 s). Inset: R—V curves of
1st and 50th cycle, respectively. (e) Degradation factor ng vs pulse duration At. Negative slope ~1 indicates that degradation
depends on total time under electric loading. (f) Switching voltages (V¢ and V,,) remain constant during consecutive

switching cycles.

to switch to the HRS after on-switching. This indicates
that repeated switching, even just a few times, can cause
much more degradation if the cell is held in the HRS. To
further investigate the effect of repeated switching, we
conducted the voltage sweep cycle without interruption
in the so-called fatigue or endurance test. As shown by
the R—V curves in the inset of Figure 5d, the HRS of the
first cycle differs significantly from that of the 50th cycle.
(The switching voltages are relatively constant: off-
switching at 4 V and on-switching at —1V, as is the LRS
remaining at 420 Q. The Ryrs increased (Figure 5d)
exponentially with the number of cycle n: Rygs = Ry X
exp(n/ng) with ng = 27, meaning doubling Rygs every 19
cycles. To investigate whether the HRS degradation is
dependent on the voltage sweep period At, we repeated
the fatigue test at other At and analyzed the results in
terms of ny used in the exponential “law”. As shown in
Figure 5e, a faster pulse yielded a larger nq and vice versa.
However, since the initial slope of log nqg versus log At is
close to —1, meaning ng At ~ constant, the HRS degrada-
tion (at least during fast switching) is dependent on the
total time (nAt) only, following Ryrs = Ry X exp(t/t,) with
to ~ 10" s. This result may be regarded as representative
of “dynamic” degradation caused by both an internal field
(due to the trapped charge in the HRS) and an external
field (due to the voltage sweep). Compared to “static”
degradation in Figure 5b (t, ~ 1.8 x 10°s) caused by only
an internal field without an external field, dynamic degra-
dation is much faster. Lastly, in contrast to the exponential
rise of Rurs (Figure 5d), switching voltages (Vo and Vi)
remained unchanged during sweeping cycles (Figure 5f).
This is unlike the case of Tsuruoka et al., in which large
variations in switching voltage with environment were
found for the Cu/SiO,/Pt and Cu/Ta,0s/Pt cells.'®

YANG ET AL.

Temperature Dependence of R, s;, and tan 6. The DC
resistance and lower-frequency dielectric spectra of
the HRS of a SiO,:Pt film shown in Figure 6 all display a
pronounced temperature dependence. As-fabricated
devices in this study had a Rygrs ~ 200 k€2, which
degraded to ~1 MQ after three months. This change
is reversible: as shown in Figure 6a, it decreased to
35 kQ at just above 100 °C. Ryrs continued to gradually
decrease when the cell was heated above 100 °C,
reaching ~20 kQ at 175 °C. After cooling, it recovered
the as-fabricated resistance. The above behavior sug-
gests a two-stage process: the first stage (the low-
temperature part) is related to the loss of water; the
second stage (the high-temperature part) reflects the
negative dR/dT property (i.e., increased conductivity)
common to all insulators. Relative dielectric constant
(the real part, &n Figure 6b) also appears to undergo a
large decrease above 100 °C as water evaporates,
especially at low frequency. The much stronger fre-
quency dependence below 100 °C signals a contribu-
tion of a polar species, presumably H,O or OH, that
undergoes relatively slow dielectric relaxations com-
pared to intrinsic ionic and electronic contributions.
The influence of water is too implicated in Figure 6¢ by
the large tan 9, which can arise from both dielectric loss
and conductivity loss. At low temperature and high
frequency (100 kHz), it already reaches 0.5 even though
the DC resistance is still high (>1 MQ, Figure 6a); most
likely, the dominant contribution here comes from
dielectric relaxation of water. Remarkably, as the tem-
perature increases, tan 6 continues to increase at least
up to 100 °C despite the expected evaporative loss of
water which should reduce tan §. This suggests that
the thermally activated dielectric relaxation of H,O
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Figure 6. Temperature dependence of (a) HRS DC resistance, (b) real part of dielectric constant e',, and (c) tangent loss (tan o)
of 80% Si0,:20% Pt device during heating; before the test, the device was in ambient air for 3 months. Red triangle in (a): data
of as-fabricated device, which coincide with the extrapolation of resistance data above 100 °C.
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Figure 7. Robust devices made of 93% Si3N,:7% Cr showing (a) resistance retention with extrapolated HRS and LRS resistance
to 10 years; (b) R—V curves of 1st and 50th cycles over consecutive 50 cycles, and (c) R—V curves taken over 365 days, with
almost identical curves in (b) and (c). Likewise, robust devices made of Al,03-capped 80% Si0,:20% Pt showing (d) resistance
retention over 10° s; (€) R—V curves of 1st and 50th cycles over consecutive 50 cycles, and (f) R—V curves taken over 180 days,

with almost identical curves in (d) and (e).

molecule is much more temperature-sensitive than
water evaporation. (A drop in tan O reflecting the water
loss eventually occurs at ~100 °C in the spectra of 10
and 100 kHz in Figure 6c.) Lastly, above 120 °C, tan o
increases again at all frequencies in coincidence with
the decreased DC resistance, which is consistent with
our earlier suggestion of the negative dR/dT property
(i.e., increasing conductivity) common to all insulators.
The “intrinsic” background dielectric constant may be
taken as & ~ 10 seen in the high-frequency, high-
temperature limit, which is considerably higher than
that of porous SiO, (3.8 for fused SiO,) because of the
metal content. In the literature, other water-containing
SiO, films are also known to have a higher dielectric
constant than pristine silica; this is generally attributed
to the easily polarizable OH groups (such as Si—OH)
that populate the films.*®

Robust Devices. Robust electric characteristics were
observed using 93% Si3N4:7% Cr films, 95% SizN,4:5% Pt
films, Al,Os-capped 80% Si0,:20% Pt films, and 80%

YANG ET AL.

Si0,:20% Pt films with SrRuO; bottom electrodes.
Retention data in Figure 7a of a 93% Si3N4:7% Cr cell
show that HRS degradation is largely avoided. (If the
data are extrapolated to 10 years, they can easily fulfill
the requirement for data storage of a good memory.)
Supporting evidence also came from R—V loops shown
in Figure 7b: the 50th loop is indistinguishable from the
first loop. Indeed, even after 1 year, the R—V curve
hardly changed despite the fact that the cell had been
periodically tested, as shown in Figure 7c. Likewise, a
capped SiO,:Pt device showed the same robust be-
havior: no HRS change in retention (Figure 7d) and no
change in the R—V loops in either cycle tests (Figure 7e)
or during storage (Figure 7f). (The Al,O3 capping layer
was deposited over the film and the top electrode.
Before electric testing, the capping layer was poked by
the probe tip under a small voltage to establish electric
contact to the top electrode.) Similar data for 95%
Si3N4:5% Pt with Mo bottom electrode and for SiO,:Pt
with SrRuOs bottom electrode showing no degradation
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are provided in Figures S3 and S4 of the Supporting
Information.

DISCUSSION

Itis obvious that (a) moisture is connected to the film
and device degradation; (b) the severity is influenced
by the intrinsic physicochemical nature of the film
and/or nanoporosity; (c) the moisture effect can be
“blocked” by having a dense capping layer; (d) electric
fields, both internal and external, accelerate degrada-
tion; and (e) bottom electrode, being Mo or SrRuOs, has
a decisive influence on the degradation effect. In the
above, (a—c) are strongly correlated to wetting: all
three nondegrading devices described in Figure 7
and Figure S2 (in Supporting Information) have rela-
tively high wetting angles on the films, whereas rapidly
degrading SiOy:Pt films are nearly completely wetting.
The measured intrinsic water wetting angles 6. of
dense dielectrics studied here are only slightly differ-
ent, increasing from 50 to 60° in the order of SiO,,
Al;O3, and SizN,. Intrinsic wetting properties reflect the
physical chemistry of the materials pair (water and
dielectric) in contact.***” In our case, ionic characters
of both Si—0O and Al—-O bonds make SiO, and Al,O3
relatively hydrophilic; meanwhile, Si—O bonds very
likely are also present on the surface of SisN,, making
it too similarly hydrophilic. This suggests that intrinsic
physicochemical nature is similar for all films in the
present study, thus it is not a differentiating factor for
degradation.

On the other hand, the relatively small difference in
0. can be overwhelmed by the influence of surface
roughness, caused by nanoporosity, which varies greatly
between films. Porosity (volume fraction P) increases the
effective contact area by a (roughness) factorr=1+ 2P > 1
(see Supporting Information). According to the Wenzel
equation

cos 67 = r cos B

r> 1leads to a smaller wetting angle 6, on a porous rough
surface than that on a dense smooth surface. For SiO,:Pt
films with P = 0.5, we estimate r = 2, which predicts
complete wetting. Nearly complete wetting was indeed
observed in Figure 4a. For other films, nanoporosity is too
small to significantly affect wetting, which is also in
agreement with our observations in Figure 4b—f. There-
fore, we may conclude that, in our study, it is nanoporosity
that is the direct cause for degradation. Moreover, since
some nanoporosity always exists even in nondegrading
films, we believe it is interconnected nanoporosity which
penetrates deep inside the films that causes degradation.
In addition, films with a small P probably do not have such
penetrating nanoporosity, hence they do not suffer from
moisture-induced degradation. This scenario is also con-
sistent with the outcome of surface capping: once the
surface is capped by a dense film, moisture penetration
apparently stops.
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We next examine the possible mechanisms via
which moisture aided by an internal or external electric
field can cause Rugs to increase when the bottom
electrode is Mo but not when the bottom electrode
is SrRuOs. Note that this occurs without any significant
change in Rgs and switching voltages. The latter
observation rules out any effect on the interface since
any rise in the interface resistance must be reflected in
a corresponding rise in the switching voltage, as the
actual voltage across the film to trigger switching must
become less due to voltage sharing by the interface
resistance.3’ This leaves distributed degradation
throughout the film the more likely cause for the Rygs
increase. We propose this occurs in two steps: (1) H,O
attraction to the film interior via dielectrophoresis,*®
and (2) H,O-mediated Mo oxidation and silicic acid
formation, creating negative charge centers (OH)™.
Concerning step (1), in dielectrophoresis, an object
(such as H,O molecule) that has a higher dielectric
constant than the surrounding experiences a force in
the direction of increasing field (absolute) magnitude.
If there is only an internal field E;, the force is propor-
tional to the gradient of E;,.*, so H,O should migrate
toward the centers of this field, which are located
inside the film at trapped charges (electrons) at the
so-called negative-U centers.3? (In nanometallic mem-
ory, filling these negative-U centers by trapped charge
is responsible for the LRS-to-HRS transition. Conversely,
emptying these centers by detrapping is responsible
for the HRS-to-LRS transition.) When a uniform AC/DC
external field E.,, is added, the net force is proportional
to the gradient of E2 = (Fint + Eext)”, that is, the gradient
of Ein® + 2EmFex.”® So it always enhances dielectro-
phoresis along some direction of E;.;, pointing to the
center of E;.: the trapped charge. Therefore, an ex-
ternal field merely amplifies the dielectrophoretic force
and accelerates moisture-caused degradation without
otherwise altering the direction.

Concerning step (2), we envision a H,O-mediated
redox reaction resulting in electron transfer from Mo to
SiO; in the following reaction: Mo + SiO, + 2H,0 =
Mo™ + [Si(OH)4] ™. Here, Mo oxidation with attendant
SiO, reduction is aided by hydroxyl formation. More-
over, we believe it is further aided by either a mechan-
ical stress due to hydrolysis strain, or Ei + Eext, both of
which deform the SiO, network, thus facilitating
Si—0—Si bond rupture***° followed by hydroxyl for-
mation. (Obviously, E.,: accelerates this reaction. Also,
the stress/strain/field gradient is generally larger at the
rim of the cell, which may be the reason for the dark
ring appearance in Figure 1i) Indeed, the negative-U
center itself is often a site of strained bond, which
relaxes upon capturing an electron via electron—
phonon interaction. The net result of steps (1) and (2)
is an additional trapped electron at the center of E.,
which is already the location of a previously trapped
electron as mentioned above. The combined E;,; of
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these two trapped electrons increases the Coulomb
barrier that impedes the movement of free electrons,
hence a higher Ryrs. Note that the “half-cell reactions”
(using the term in electrochemistry) in the above
overall redox reaction generally do not occur at the
same site: the Mo/Mo™ reaction occurs at the electrode,
whereas the SiO,—H,0/[Si(OH),4] ™~ reaction occurs at the
strained Si—O—Si site or negative-U center. The overall
reaction involves both half-cell reactions and electron
transport between the two sites, which are separated at
a distance no more than the film thickness of ~10 nm.

The above two-step mechanism is consistent with
the observation that a positive voltage polarity causes
cell darkening (Figure 1g) since it corresponds to a
negative voltage on Mo bottom electrode, which
favors electron donation by Mo. The mechanism is also
consistent with the observation of no degradation with
SrRuO; as the bottom electrode. This is because Ru**"
having the low-spin 4d* electron configuration is rela-
tively stable;”'>? therefore, even though H,0 may still
enter the SiO,:Pt film, there is no redox reaction with-
out electron donation from SrRuQs.

Further insight may be gained from scrutinizing the
evolution of Ryrs and switching voltages in light of the
above picture. To begin with, we note that increase of
Rurs With time was also observed in amorphous chal-
cogenide phase-change memory due to structural
relaxation.>® Characteristically, such relaxation decele-
rates with time and asymptotically approaches satura-
tion. This is in contrast with the behavior of Figure 5b,
which shows acceleration in the log—log plot with no
evidence of saturation before a relative sudden drop
leading to failure. According to our mechanism, the
Rugrs increases because of water-facilitated increase in
trapped charge and possibly trap sites (negative-U
centers). However, water is also known to cause loss
of insulating properties of dielectrics, even creating
electric shorts.® Such water-induced electric degrada-
tion is expected to worsen as the internal electric field
increases. In our picture, a higher Ryrs corresponds to a
state of higher internal field, so degradation of the SiO,
matrix can explain the eventual loss of Rygs after an
initial increase. (Another possibility is increased leak-
age of trapped electrons through tunneling or Frenkel—
Poole hopping, which is aided by the increasing den-
sity of trapped charge and facilitated by the matrix
degradation. Such leakage does not occur in the
absence of water infiltration—see Figure 7d and the
retention data elsewhere.>2) After failure, the HRS cell
may not be switchable anymore if trapped electrons
are stabilized by the water-altered environment, where
local bonding could have changed dramatically. (This
process can again be aided by the internal electric/
mechanical field). So the cell becomes “stuck at the
HRS". Alternatively, a failed cell may be returned to the
LRS, then becomes “stuck at the LRS” because the
dielectric matrix is too leaky to withstand the switching
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voltage, making it impossible to switch. (The HRS-to-
LRS transition requires very little current, so it could
precede the above event.) These failure modes have
both been described in the previous section. Lastly, the
fact that switching voltages in Figure 5f are not chang-
ed (until the cell fails) despite the progression of Ryrs
implies that the additional trapped charge/trapping
sites created by water-induced reactions still largely fall
into the same energy-level distribution as for the
original population. This is because switching in nano-
metallic RRAM is voltage-controlled depending on the
actual voltage in the film and independent of film
thickness, area, and temperature.3°~3* For trapped
charge/trapping sites of the same energy level, the
critical voltage for detrapping/trapping is the same.

In filament-conducting RRAM, moisture was also
shown to cause degradation by altering the redox
state of the filament-forming species (e.g.,, Cu/Cu™):
the additional electrochemical driving force in the Pt/
H,0/Cu/Cu™ “cell” lowers the threshold voltage for
filament formation and dissolution, hence the switch-
ing voltages.'® This mechanism is not applicable to
our study, which witnessed no change in switching
voltages when altering environment or temperature.
Indeed, the present study supports our claim that nano-
metallic RRAM is a charge-trapping-controlled switching
system,**~3 unrelated to redox-controlled switching
mechanisms and/or filamentary mechanisms that oper-
ate in many RRAM.'"® On the other hand, moisture-
related reliability issues no doubt can arise in other
dielectrics which serve as the active layer in most fila-
mentary RRAM: by affecting breakdown, changing carrier
concentration, and altering defect thermodynamics'” 2’
and moisture-induced charge trapping occurring at
resistance-critical junctions of broken filaments could
cause a drift of Ryrs. However, since charge trapping is
not considered important in filamentary RRAM, to the
extent that the switching layer indeed has no stored
charge, the lack of any internal field could imply less
severe moisture-induced problems than observed in
our study.

Finally, we return to the observation of nanoporosity
formation in these films. As commonly reported in the
literature,* 83738 sputtered dielectric films deposited
on an unheated substrate are nanoporous because of
sluggish surface diffusion. This situation is exacerbated
by co-sputtering of metal species, which may have
faster kinetics but are insoluble in dielectrics. Such
metal atoms are likely located on the surface of nano-
pores, like metal catalyst situated on a nanoporous
support. As a result, the probability of metal clustering
increases with P. Since nanometallicity arises from
delocalized electrons placed in an environment of
random potential,?'*** metal clustering compared
to atomic dispersion is actually detrimental to nano-
metallicity because it increases the spacing between
electron providers (atomically dispersed metal atoms
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or metal clusters). This is consistent with our experience.
As the amount of nanoporosity increases, the required
metal content for resistance switching increases (see
Figure S5 in Supporting Information). In this respect,
the most “efficient” nanometallic films having the lowest
metal content requirement should also be the most
moisture resistant—they have the lowest nanoporosity.

CONCLUSIONS

This study has determined the following. (1) When
electron-donating Mo is used as the bottom electrode,
moisture induces physical and electric/dielectric
changes in SiO,:Pt nanometallic RRAM, including de-
coloration and increases in dielectric constant and
Rurs, but not R gs. However, unlike filamentary RRAM,

EXPERIMENTAL METHODS

Device Fabrication. All devices were fabricated on SiO,/Si
substrates (Figure 1a). Substrates were cleaned by acetone
and isopropyl alcohol followed by heating at 150 °C in vacuum
for 30 min in a sputter chamber (vacuum level: 3 x 1077 Torr).
After cooling to room temperature, a bottom Mo electrode was
deposited by DC sputtering before a nanometallic film was
deposited by RF magnetron co-sputtering using targets of a
metal (Pt or Cr) and an insulator (SiO; or SisN,4) (DC power =300 W;
RF power =200 W for insulator SiO; or SisN4; 10—30 W for Pt or
Cr; no vacuum break between these steps). Next, top Pt
electrodes were RF sputter-deposited (RF power = 30 W) and
patterned (having a circular area of various sizes) lithographi-
cally or by a shadow mask. On some devices, a capping layer of
4 nm thick Al,O; was deposited after device fabrication, by
atomic layer deposition (ALD) under the following condition:
precursor, trimethylaluminum; oxidant, H,O; wafer tempera-
ture, 150 °C. For a comparative study, another set of samples
used in a previous research,>*" with the same SiO,:Pt composi-
tion and Pt top electrode but SrRuOs (SRO) bottom electrode
deposited by pulse laser deposition, was also investigated.

Characterization. For density determination, nanometallic
films on MgO substrates were studied by Rutherford back-
scattered spectrometry (RBS, NEC Minitandem lon Accelerator),
and the composition and density distributions were obtained
using the simulation software (SIMNRA). Density was also
confirmed using X-ray reflectometry (Bruker D8 Discover) using
films on Si wafers. DC electric measurements were conducted
using a semiconductor parameter analyzer (SPA, Keithley 237),
while AC impedance spectroscopy was studied using an im-
pedance analyzer (Gamry G750). For these studies, samples
were placed on a probe station (Signatone S1160) and a voltage
was applied between the top and the bottom electrodes.
(Current flowing from the top electrode to the bottom electrode
is considered positively biased.) A homemade electric hot plate
was used to heat the sample with the temperature monitored
by a thermocouple nearby. For IR spectroscopy, nanometallic
films were deposited on IR-transparent KBr substrates and
measured using a Nicolet Nexus 470 FTIR spectrometer. Static
contact angles of water were measured on various films/materi-
als, without patterned top electrodes, by a rame-hart goniometer
(model 200) using 2.0 uL droplets and averaged over several
locations. Unless otherwise noted, characterization was con-
ducted in air at room temperature.
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switching voltages remain unchanged in these devices.
(2) Moisture penetrates via nanoporosity in the films,
which can become almost completely water wetting due
to nanoporosity-caused surface roughening. (3) Internal
electric fields attract H,O molecules via dielectrophoresis,
and motivate redox reaction causing Mo oxidation and
SiO; reduction, which traps electrons at Si—OH, providing
increasingly stronger Coulomb repulsion, thus a higher
Rurs. This process is greatly enhanced by an external field.
(4) With lower nanoporosity or a dense capping layer,
wetting, decoloration and device degradation can be
avoided, rendering robust switching and memory reten-
tion readily feasible in nanometallic RRAM. The same can
also be achieved by replacing Mo with an oxidation-
resistant electrode such as SrRuOs.

Supporting Information Available: A quantitative estimation
of nanopore size and roughness—including atomic force mi-
croscopy, IR spectra of 93% SisN4:7% Cr, device properties of
95% Si3N4:5% Pt (Mo BE) and 80% Si0,:20% Pt (SrRuOs), and
schematic effect of film density on optimal metal concentration
and film thickness. This material is available free of charge via
the Internet at http://pubs.acs.org.
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