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Resistive switching (RS) phenomenon in the HfO2 dielectric has been indirectly observed at
device level in previous studies using metal-insulator-metal structures, but its origin remains
unclear. In this work, using the enhanced conductive atomic force microscope (ECAFM), we
have been able to obtain in situ direct observation of RS with nanometric resolution. The
ECAFM measurements reveal that the conductive filaments exhibiting the RS are primarily
formed at the grain boundaries, which were shown exhibiting especially low breakdown voltage
C 2012 American Institute of Physics.
due to their intrinsic high density of the oxygen vacancies. V
[http://dx.doi.org/10.1063/1.3697648]
Resistive random access memory (RRAM) technology
is one of the most promising for a variety of the information
storage applications due to its simple structure, high switching speed, low operating voltage, and excellent scalability.1–4
The RRAM principle of operation is a change of the resistance between the two electrodes of a metal-insulator-metal
(MIM) structure, which is known as resistive switching
(RS).5 To improve performance of these devices, it is essential to provide accurate knowledge about the switching
mechanism. Recent studies have shown that the switching
mechanism observed in some high-k dielectric is based on a
conductive filament (CF) through the insulator stack that can
be created/destroyed depending on the applied voltage,6
which shows strong similarities with the current limited reversible dielectric breakdown (BD).7,8 In this work, the RS
phenomenon in the HfO2 films is studied at the device level
using the MIM structures and at nanoscale by using both the
conductive atomic force microscopy (CAFM) and the
enhanced CAFM (ECAFM).9 High resolution of these techniques (10 nm) allow for studying the electrical properties
of a single CF and identifying the local dielectric properties
assisting the RS phenomenon.
Two sets of samples have been analysed by CAFM. The
first set (sample A) consisted of a 10.6 nm thick Hf layer deposited by sputtering (and followed by a 600  C annealing in
O2 ambient for 30 min to form a HfO2 dielectric) on a Pt/Ti/
SiO2/Si substrate. Then, a 100 nm thick TiN top electrode
was deposited at room temperature using the shadow mask,
thus defining MIM capacitors of 100  100 lm2. X-ray diffraction measurements show that the HfO2 layer is polycrystalline with grain sizes in the range of 130 nm. Moreover,
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the integrity of the structure after the annealing has been corroborated from cross-sectional transmission electron microscopy images, which also revealed a thickness increase of the
deposited Hf layer: from 10 nm (as grown Hf) to 15–17 nm
(HfO2 after annealing). The second set of samples includes a
3 nm thick HfO2 layer sputtered in situ (from a HfO2 target)
onto a 3 nm PVD Zr reactive metal, which was deposited on
a PVD TiN metal film (bottom electrode) without a vacuum
break. To ensure crystallization of the HfO2 film, some of
the samples were subjected to a 400  C anneal in the N2 ambient (sample B1) while others, without annealing, were kept
as reference (sample B2). Device level electric tests were
performed with the 4156 C semiconductor parameter analyzer (SPA). The local electrical properties of the HfO2 layer
of both sets of samples were studied at the nanoscale (resolution of 10 nm) using CAFM and ECAFM.9 The CAFM was
used to obtain topographic and current maps and the
ECAFM was used to obtain large current dynamic range IV
curves. Note that the standard CAFM current window is only
three orders of magnitude, while the ECAFM can measure
up to nine orders of magnitude (from 1 pA to 1 mA), making
possible the observation of the set/reset curves. To enable a
bipolar RS, the CAFM measurements were performed in the
N2 environment to avoid anodic oxidation when the electrons were injected from the tip.10 Electrical measurements
were also performed on the MIM devices fabricated using
both sets of the above stacks.
The set A MIM capacitors show the I-V characteristics
typical of a MIM structure during the application of a ramp
voltage stress (RVS): the current gradually increased until a
dielectric BD, at V ¼ 5.5 V in this case, has been reached
(the maximum measured current corresponds to the current
compliance limit, CL, set by the parametric analyzer), Fig.
1(a) (curve #1). The BD, which location is determined by the
weakest (electrically) site in the stressed area11,12 results in
the MIM switching to the Low Resistive State (LRS) (curve
#2). After the BD, when a negative bias is applied (curve
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FIG. 1. Forming process and the first reset operation (a) and typical resistive
switching behavior (b) observed on
the MIM structures of the sample A.
Note that the current signal is the sum of
the current though each single location
of the total stressed area, including CFs
and tunneling current through the rest of
the gate area.

#3), the conduction is reduced at around 2.5 V, and the device reaches the High Resistive State (HRS) (curve #4). The
subsequent positive bias voltage ramp switches the device
back to the same LRS (when using the same current compliance limit). The repeatable switching between the LRS and
HRS (Fig. 1(b)) indicates a partial recovery of the insulating
properties of the HfO2 dielectric. Note that the current measured by the SPA in Fig. 1 is the sum of the total current
through the polarized area, which not only includes the current through different filaments that can coexist in both HRS
and LRS, but also the contribution of tunneling current
(Fowler Nordheim and/or direct tunneling) at the rest of gate
area. Therefore, the observation of RS in these analyses is
indirect and there is no way to study the details of the electrical properties of the CFs. To investigate the nature of this reversible conduction phenomenon at a single location,
samples A, B1, and B2 have also been analysed at the nanoscale using CAFM and ECAFM.
Ramped voltages have been applied by the CAFM tip
on the HfO2 layer at different locations of the sample A (24
sites), B1 (21 sites), and B2 (20 sites). In sample A (polycrystalline), the in situ recorded I-V curves clearly show two
different behaviors (Fig. 2(a)). Most of the I-V curves (21
locations) show larger forming voltages (Fig. 2(a), squares),
while the others (only 3 locations) exhibit a lower BD voltage (Fig. 2(a), circles, VBD  4 V), which is comparable to
that measured at the devices in Fig. 1(a). After the CF formation, an additional I-V cycling was performed to determine

the electrical properties at each location. Only those sites
which exhibit lower VBD values in Fig. 1(a) (red circles)
demonstrate a typical bipolar RS (Fig. 2(b)) similar to that in
the MIM structures (Fig. 1(b)), with comparable magnitudes
of the LRS and HRS currents. The sites with larger VBD
(most of them) do not show the RS, meaning that an irreversible breakdown is induced by the forming process. Similar
ECAFM measurements were performed on multiple sites in
sample B1 (polycrystalline) and B2 (amorphous) subjected
to the RVS (Figure 2(c)). The sample B1 demonstrates the
characteristics similar to those of the sample A: 3 sites experienced BD at small voltages (4–6 V, see inset in Fig. 2(c),
red circles) while most of the sites (18) exhibited BD at
much larger voltages (inset in Fig. 2(c), black squares). On
the contrary, the I-V curves measured on the sample B2
(inset in Fig. 2(c), green triangles) are more homogeneous,
with high forming voltages comparable to those obtained on
the high-VBD sites in sample B1. Finally, as in sample A,
only low-VBD locations in sample B1 showed RS (Fig. 2(c),
B1_ grain boundary (GB), red solid line) while in the highVBD locations of sample B1 and all locations of sample B2
(Fig. 2(c), B1_NC&B2, black dotted line, which also showed
a high-VBD) the RS was not observed at any of the probed
sites. The backward voltage sweep after the forming process
revealed that reversible filaments (Fig. 2(c), B1_GB #2) are
less conductive than the irreversible ones (Fig. 2(c),
B1_NC&B2 #2), indicating that a much harder BD took
place at the latter in spite of a similar current compliance

FIG. 2. In situ direct observation of RS at each single location using ECAFM. (a) Nanoscale forming processes at 12 different positions of the HfO2 layer of
sample A. (b) Typical bipolar RS behavior obtained in sample A only at those locations where the VBD during the forming process was remarkable lower (red
circles in figure a). (c) Typical I-V curves observed in samples B1 and B2 after the forming process (which is shown in the inset). GB, NC, and (#) refer to
grain boundary, nanocrystal and ramp number, respectively. For all samples, only in the tests performed at the GBs of polycrystalline stacks (which showed a
low-VBD during the forming) the RS was observed.
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FIG. 3. Current maps obtained when
scanning the surface of samples A, B1,
and B2 with the tip of the CAFM by
applying the minimum voltage to measure current above the noise level in
each case. Note that a granular structure
is observed in samples A and B1, with
GBs being more conductive than grains.
Sample B2, which is amorphous, shows
a more homogeneous leaky sites
distribution.

used in all cases. From these results one can conclude, first,
that the RS observed at the device level is controlled by a
very small area featuring higher current and sufficiently
lower BD voltage values. Moreover, since the major difference between the samples B1 and B2 is the degree of crystallization of the high-k dielectric (from polycrystalline to
amorphous), RS is strongly linked to the crystallinity of the
HfO2 film: RS is observed only in the polycrystalline samples A and B1, specifically, in the electrically “weak” sites
exhibiting higher currents and lower BD voltages.
Current images of the HfO2 films in the samples A, B1,
and B2 were also collected with the CAFM to identify the
RS positions. Fig. 3 presents typical current maps obtained
in each samples type. Note that lower currents are measured
in sample A. Although the effect of thickness fluctuations of
the HfO2 film cannot be ruled out as a possible origin of
leaky sites, the observation of granular structures, which
include non-conductive areas (150 nm, dashed circles) surrounded by the conductive borders, suggests that the conductive borders can be attributed to the grain boundaries,
consistent with the earlier reports.13,14 This assumption is
further supported by the fact that the non-conductive grains
are in the same size range as the crystal grains measured by
XRD. Analysis of the sample B1 (Fig. 3(b), also polycrystalline) yields similar results,14 however, in these case, the
nanocrystals seem to be smaller than in sample A, which
should be expected due to smaller thickness of sample B1.
Note that in samples A and B1, the probability of probing a
GB by the CAFM tip at a randomly selected location, and
therefore observing the RS, is much smaller than contacting
a grain, which explains a low count for the RS sites in our
measurements. On the contrary, in the amorphous sample B2
(where no RS-sites were detected), such granular structure is
not observed, while the conduction is much more homogeneous. In this sample, the leaky sites are probably related to
dielectric thickness fluctuations and/or presence of randomly
distributed defects.
The above results demonstrate that only the polycrystalline HfO2 dielectrics exhibit the RS phenomenon, which is
basically registered at the GBs. Earlier reports have suggested that higher conductivity of the GBs comparing to that
of the grains is related to an excess of the oxygen vacancies
at the GBs, which were shown to control the trap assisted
tunneling current through the dielectric:15 Higher currents
are associated with lower breakdown voltages along the current paths, as observed in Fig. 2(a). Lower forming voltages
ensure smaller cross-sections of the created CFs, in part by

limiting the overshoot current during the transient BD event,
which is too fast to be controlled by the compliance limit set
on the electrical tester.16,17 The CF with a smaller radius is
easier to reoxidate during the re-set operation thus enabling a
transition to the HRS and subsequent switching.18
In conclusion, the RS phenomenon in the amorphous
and polycrystalline HfO2 films has been analyzed at the
nanoscale and device levels. The results show strong similarities between the device and nanoscale RS features suggesting that the RS in RRAM devices is controlled by a localized
process taking place at the nano-size area of the dielectrics.
The local IV curves obtained with the ECAFM point out that
RS is only observed at those CF which were formed at sufficiently low voltages at the electrically leaky sites located at
the grain boundaries in the polycrystalline samples. This
result is consistent with the previously reported high concentration of the oxygen vacancies at the GBs, which are responsible for higher observed leakage currents along the GBs.
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