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ABSTRACT: The emergence of new technologies, such as
whole genome sequencing systems, which generate a large
amount of data, is requiring ultrahigh storage capacities. Due
to their compactness and low power consumption, probe-
based memory devices using Pb(Zr,,Tiys)O; (PZT) ferro-
electric films are the ideal candidate for such applications

where portability is desired. To achieve ultrahigh (>1 Tbit/in?) storage densities, sub-10 nm inverted domains are required.
However, such domains remain unstable and can invert back to their original polarization due to the effects of an antiparallel
built-in electric field in the PZT film, domain-wall, and depolarization energies. Here, we show that the built-in electric-field can
be tuned and suppressed by repetitive hydrogen and oxygen plasma treatments. Such treatments trigger reversible Pb reduction/
oxidation activity, which alters the electrochemistry of the Pb overlayer and compensates for charges induced by the Pb vacancies.
This tuning mechanism is used to demonstrate the writing of stable and equal size sub-4 nm domains in both up- and down-
polarized PZT films, corresponding to eight inverted unit-cells. The bit sizes recorded here are the smallest ever achieved, which

correspond to potential 60 Thit/in® data storage densities.
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D ue to their fast, electrically switchable polarization, single
crystalline Pb(Zr,,Tig5)O; (PZT) ferroelectric oxide
have been extensively used as write-and-read media in
ferroelectric-random-access memory (FeRAM)“* and ultra-
high-density (>1 Tbit/in*) probe-based memory devices.”~"" In
the latter case, a short electrical pulse is applied on the
ferroelectric medium through a conductive atomic-force-
microscope-like cantilever probe.>~'" The highly concentrated
electric field between the probe and the bottom electrode can
invert the polarization of a local medium volume, resulting in a
nonvolatile ferroelectric domain that is the basis of data
recording. Our group has recently developed an ultrahigh
density probe memory device based on microelectromechanical
system (MEMS) technology (Figure 2a),"' whereby 35000
cantilever probes (Figure 1b,c), with sub-50 nm tips and spaced
at a 150 ym pitch, can be used in parallel to write and read data
on an integrated nonvolatile PZT medium."" The probe array is
integrated with standard complementary metal—oxide—semi-
conductor (CMOS) substrates and is controlled by a MEMS
mover with sub-nanometer precision over >150 pm strokes. As
shown in Figure 1d, this writing mechanism can generate
densities as large as 3.6 Tbit/in” with 8-nm inverted domain
sizes.

For this technology to be viable, single-digit nanometer
inverted domains, which are required for ultrahigh-density (>1
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Tbit/in*), have to remain stable over the device lifetime. Our
group has recently demonstrated that such domains can remain
stable only if they are fully inverted through the entire
ferroelectric film thickness, which is dependent on a critical
ratio of electrode size to film thickness.'> Under full inversion
condition, the forces exerted by the depolarization (electro-
static) and domain-wall energies are reduced. Since such small
domains can only be obtained using ultra sharp probe-tips,
thinner ferroelectric films are required to enable their
stability.'” Such thin films are also required to meet the
demands for high speed-switching and data reads. However,
there is a critical film thickness limit below which the
ferroelectric film properties vanish due solely to the
depolarization (electrostatic) field."* This thickness has been
estimated to be around 1.2—5 nm for both PZT'*' and
BaTiO;'*'7'® films. Therefore, there is a limit to the PZT film
thickness, although it was shown recently that highly strained
BaTiO; films may retain their ferroelectric properties down to 1
nm thickness, that is, below the critical thickness limit.®
Moreover and due to their high partial pressure, Pb atoms can
readily evaporate during PZT film growth,19 creating vacancies
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Figure 1. Ultrahigh density MEMS probe memory device fabricated on a CMOS substrate and integrated with a PZT ferroelectric medium. (a)
Schematic of the MEMS probe memory device in writing mode. (b) Schematic of probe memory device architecture. The inset shows cantilever
probe architecture interfaced with vias and CMOS readout circuitry (see ref 11 for more details). (c) Scanning electron microscope (SEM) image of
a cantilever probe. (d) A 3.6 Tbit/in’ checkerboard writing on the PZT film with 8-nm inverted domains.

that act like acceptor impurities, that is, as grown PZT films act
as p-type semiconductors. This, in turn, induces an antiparallel
built-in electric field (E,) due to trapped negative charges
originating from these vacancies that are mainly at the exposed
surface. Thinner PZT films can, therefore, cause an increase in
the density of Pb vacancies and thus increasing Ey. This
increase exacerbates the effects of sub-10 nm inverted domain
instability in probe-based storage'****' and media fatigue in
FeRAMs.>

Here, we show that the built-in electric-field is mainly due to
near-surface trapped negative charges and can be tuned and
suppressed by repetitive hydrogen and oxygen plasma treat-
ments. Such treatments trigger reversible Pb reduction/
oxidation activity, thereby altering the electrochemistry of the
Pb overlayer, which compensates for charges induced by the Pb
vacancies. Here, the term “Pb overlayer” commonly refers to Pb
in the surface layer of the PZT film. The charge compensation
and the vacancy doping mechanisms at the PZT surface are
confirmed with electrical and X-ray photoelectron spectroscopy
characterizations of the PZT films. Furthermore, this tuning
mechanism is used to demonstrate the writing of stable and
equal size sub-4 nm domains in both up and down-polarized
PZT films, corresponding to eight inverted unit-cells. The bit
sizes recorded here are the smallest ever achieved, which
correspond to potential 60 Tbit/in* data storage densities.

In principle, compensating for these trapped negative charges
will reduce E,. Impurity doping mechanisms have already been
proposed for vacancy charge compensation in ABO; ferro-
electric materials.>> These include Fe, Mn, Cu, and Gd.*
However, such dopant ions can be incorporated simultaneously
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on A- and B-sites,”® which does not provide a robust way to
precisely tune and suppress E,. Moreover, this mechanism
affects the conductivity and dielectric constant of the
ferroelectric materials.”®

The formation of defects including lead vacancies (V) and
O vacancies (V{) under oxygen-rich (oxidizing) and oxygen-
poor (reducing) environments has recently been investigated
theoretically using ab initio studies for PbTiO;**™*° and
PbZrO,.%° Note that PbTiO; and PbZrOj are the two systems
that compose the PZT material. Under the oxygen-poor
(reducing) conditions, both O and Pb vacancies possess
negative formation energies. Therefore, both vacancies are
susceptible to form under these conditions. The creation of
large density of O vacancies under oxygen-poor conditions will
affect the initial p-type conductivity of the PZT film. It will also
reduce, suppress, or even change the direction of the built-in
electric field if the O vacancies exceed the Pb ones. On the
other hand, O vacancies possess highly positive formation
energy and are not stable under oxygen-rich (oxidizing)
conditions.** Therefore, the Pb vacancies cannot be compen-
sated for. In fact, any O and Pb vacancies that might have been
present will be filled by O atoms, thereby oxidizing Pb. Such a
mechanism will exacerbate the effect of the built-in electric field
and will increase the acceptor doping density. Ti and Zr
vacancies also possess very highly positive formation energies
and are not susceptible to form in either conditions.>*~>¢

To create oxygen-poor and oxygen-rich conditions, we use
hydrogen (H,) and oxygen (O,) plasma treatments,
respectively. During the H, plasma treatment, near PZT
surface oxygen reacts with hydrogen to create O vacancies and
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reduce Pb, whereas during the O, plasma treatment, vacancies
are filled with O atoms. Our study is performed on atomically
smooth, single crystalline PZT films deposited on single
crystalline SrRuO;—SrTiO;(100) substrate systems using
metal—organic chemical vapor deposition (MOCVD). The 50
nm thick perovskite SrRuO; (SRO) intermediate film is used to
facilitate the heteroepitaxy and is epitaxially deposited on
SrTiO4(100) (STO) single crystal substrate at ~650 °C with a
DC sputtering approach (with O,/Ar at 10 mTorr) in which
SrRu was used as sputtering target. It also serves as a
conducting bottom electrode for piezoresponse force micros-
copy and electrical characterization of the PZT films.

The PZT film is then deposited at a 605 °C temperature
under a 5 Torr pressure with Ti and Zr precursor fluxes
maintained at 0.07 mL/min and 0.025 mL/min. To obtain
atomically smooth PZT surfaces, the Pb flux has to be
maintained at an optimum value of 0.165 mL/min, whereby a
two-dimensional, that is, layer-by-layer, growth mode is
obtained with root-mean-square (RMS) roughness of 0.17—
0.21 nm. Increasing or decreasing the Pb flux away from this
optimum value results in a rough (RMS roughness 0.6 nm),
three-dimensional growth (see Supporting Information for
further details). Figure 2a shows an atomic force microscopy

Figure 2. Atomically smooth, two-dimensional PZT ferroelectric film
grown at the optimized Pb flow rate using the MOCVD technique. (a)
Large (4 X 4 um®) AFM topographic height image of a 17 nm thick
PZT film. Inset shows a higher resolution 1 X 1 um® topographic
height image. (b) Cross-sectional transmission electron microscopy
(XTEM) image of the same film.

(AFM) scan of the PZT surface where ordered arrays of
terraces separated by one-unit-cell atomic steps area revealed.
Figure 2b shows a transmission electron microscopy (TEM)
image of the 17 nm thick PZT film grown at the optimized
conditions in which the single crystallinity of the film is seen.
Moreover, X-ray 0—260 scans of the PZT/SRO/STO system
reveal only diffraction peaks from the substrate and (001)
reflections from the heterostructure. No reflections that would
be indicative of second phases were observed (see Supporting
Information).

Electrical characterization of the 17 nm thick PZT film is
performed by depositing 25 nm thick Pt pads (25 X 25 ym? in
size) on the PZT films to serve as top electrodes (see
Supporting Information). Pt is used to avoid oxygen vacancy
formation at the PZT surface due to exposure to oxidizing
metal pads such as Ti, which in turn can affect the electrical
characteristics of the film, thereby compensating for the Pb
vacancies and providing wrong estimates of the actual built-in
electric field and equivalent doping densities of the PZT film.
Moreover, Pt and SRO possess almost the same work function
(Do = 5-3 eV and Pysro) = 52 eV), which reduces the
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system asymmetry. Note that previous studies have shown that
Pt electrodes could react with Pb near the PZT surface to
create a stable Pb,Pt,_, phase.”” This reaction appeared to
cause the formation of nonferroelectric layer at the PZT/
electrode interface. However, such a reaction was only seen in
polycrystalline PZT films where a Pb rich carbonate-like surface
layer is known to form.*® This is very likely due to the
segregation or trapping of Pb atoms in grain boundaries close
to the surface during deposition. This, however, has not been
reported for single-crystalline PZT films.

Figure 3ab shows the capacitance—voltage (C—V) and
polarization—voltage (P—V) hysteresis loops. Very good
butterfly-like capacitance variation and square-like hysteresis
loop with high switching speeds are observed. +V, and —V are
the positive and negative switching biases that describe the
transition of reverse junction capacitance from the bottom-to-
top and top-to-bottom Schottky contacts. +P, and —P, are the
positive and negative remnant polarizations at the bottom and
top contacts. It is clearly seen from the C—V hysteresis loop
that +V, and —V; switching biases are different, which is a
departure from the ideal back-to-back Schottky diode model.
This phenomenon strongly supports the presence of a remnant
polarization originating from negative trap charges giving rise to
a parallel shift of the C—V curves associated with bias direction.
The remnant polarization is independent of the bias except
within the reverse polarization regime as shown in the
polarization hysteresis loop (Figure 3b). The cross point
(positive voltage shift) of the butterfly C—V curve, X, is a
measure of Ey induced by the Pb vacancies. The flat-band
voltage shift due to these trap charges can be fully described by
Gauss’s law (see subsequent sections). Note also that the
switching speed of down (~201.4 uC/V cm®) and up (~250.2
UC/V cm?) polarization are different as shown in the P—E
curve (Figure 3b). This is consistent with the fact that the
remnant polarizations —P, and +P, lead to different positive and
negative switching biases as observed in the C—V curve (Figure
3a).

To understand the charge compensation and the vacancy
doping mechanisms at the PZT surface that enable E, tuning
proposed in the subsequent section, we have developed a C—V
model for the metal—ferroelectric—metal (MFM) system. The
validation of this model is facilitated by the ideal properties of
the two-dimensional single crystalline structure of thin PZT
films used in this study. Moreover, the use of polycrystalline
PZT films to validate most models failed to fully capture the
electrical characteristics of such films. This is due to the
nonhomogenous structure, defects from grain boundaries, and
misfit domains in such films. This model allows us to determine
the equivalent acceptor doping density, N,, due to Pb vacancies
(Vig). The model is based on similar models applied for
metal—ferroelectric Schottky contacts that, however, do not
take into account the voltage shift.”"~>>

The MFM structure used for the electrical characterization of
the PZT films can be modeled as a superposition between
surface charges from a remnant polarization and a back-to-back
Shottky diode whereby two interface (top and bottom)
capacitors are superpositioned on a bulk ferroelectric capacitor,
as shown in Figure 3¢,d. The PZT film is modeled as a wide
bandgap p-type semiconductor with a ~3.7 eV band§ap as
determined from experiments and ab initio calculations.”* The
p-type characteristics of the film are due to the Pb vacancies,
which act as acceptor impurities in the film. The defect reaction
can be written as follows:

dx.doi.org/10.1021/nl302911k | Nano Lett. 2012, 12, 5455—5463
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Figure 3. Electrical characterization of the 17 nm PZT film and back-to-back Schottky diode model. (a) Capacitance—voltage hysteresis loop. (b)
Polarization—voltage hysteresis loop. (c) Schematic drawing of the metal—ferroelectric—metal (MFM) system. (d) MFM equivalent circuit including
the depletion charge (Cg), polarization charge (CP), and interface-trap charge (C,) capacitances. The indices t and b refer to top and bottom

electrodes.

Pby, < Pb + Vi + 24" (1)

where Pby, denotes lead in the lattice whereas V¢ denotes the
Pb vacancy in the PZT crystal. As mentioned previously, Pb has
a high partial pressure and can readily evaporate from lattice
sites leaving vacancies behind. These vacancies are the origin of
the near surface concentration of negative trapped charges,
which induce the remnant polarization that causes the built-in
electric field.

In Schottky metal—semiconductor contacts, the deg)letion
capacitance (Cy) from a small AC signal is defined as:*

A
e

e A

(VLi - VA)

Cd=

268,
N, (2)
where ¢, is the dielectric constant of the PZT film, ¢, is the
permittivity of the free space, A is the electrode area, N, is the
equivalent acceptor doping density, V}, is built-in potential of
the Schottky barrier, V, is the applied bias, and q is the charge.
The built-in potential for the Schottky barrier is defined as:**

V{)i=@+( ]_@
3)

q 1
where ypz1, Ecpzr), and Egpzry are the affinity, conduction
band, and Fermi energies of the p-type PZT film, whereas ¢ is

Ecwzry = Erezn)
q
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the metal work function of the top/bottom electrode. As the
bias is varied, the total capacitance of the back-to-back Schottky
diode will be composed of reversed and forward biased junction
capacitances corresponding to up and down polarizations,
respectively. When the remnant polarization is saturated in one
direction, the interface capacitance (C,) of polarization charges
within an ultrathin layer from the metal electrode, referred to as
dead layer 6, will remain the same without polarization reversal:
€A

P ) 4)

The equivalent circuit for the back-to-back Schottky diode is
shown in Figure 3d. The C, and Cy of the forward biased
junction are much larger than those of the reverse biased
junction and can thus be ignored in series. An additional
interfacial capacitance C; originating from interface traps can
coexist in parallel with Cy if reactive (oxidizing) metals such as
Ti are used as electrodes.

The flat-band voltage shift due to these trap charges is given

by Gauss’s law:
3
/ xp(x)dx]
0 ©)

av= - _ _L[l
where p(x) is the charge density per unit volume, Q; is the

G, G Lo
polarization in the interface regime between the metal and PZT
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films, and C, is the polarization capacitance. AV} is sensitive to
the exact position of the polarization. Ideally, polarization
charges are located in the homogeneous interface regime near
the metal contact region as assumed in this model. For
instance, the negative remnant polarization charge (=P,) is
equivalent to an added negative applied bias to the semi-
conducting PZT film and vice versa for +P,. Therefore, an
additional positive (negative) bias can achieve the same original
band-bending. The difference in positive and negative switching
biases (Figure 2a) can be fully described by AV;in eq S.

Furthermore, the total capacitance at reverse polarization
gives rise to a discontinuity at the capacitance peaks around the
+V, and —V; switching biases. In this regime, the thickness of
the depletion layer in the bulk PZT film is almost the same as
the dead layer thickness 6. Hence, 6 can be extracted from this
regime for both the top and the bottom contacts. The proposed
model captures well the electrical characteristics of the ideal
ferroelectric material where fast switching behavior is described
by a fully rectangular polarization hysteresis loop with a
constant remnant polarization charge and extremely sharp
discontinuities in the C—V peaks indicating a zero dead layer
thickness.

By applying this model to the C—V curve, the equivalent
acceptor doping density N, due to Pb vacancies (Vp) can be
determined. N, is found to be (1.62 + 0.26) X 10" cm™ for
Jozr =35 eV, ¢y = 5.3 eV, and Py spo) = 5.2 €V.>° This is
in very good agreement with Hall measurements performed on
the same PZT film where a doping density of 1.47 X 10" cm™
was found. The reported variation in N, represents the standard
deviation of measurements across various electrodes.

The H, and O, plasma treatments, used to modify E,, are
performed in a plasma enhance chemical vapor deposition
(PECVD) system (see Supporting Information). The plasma
power and sample temperatures are kept constant at 500 W and
350 °C, respectively. On the other hand, gas type, gas flow, and
pressure are varied. Table 1 summarizes the various treatment
conditions.

Table 1. Gas Flow Rates and Pressures for Surface
Treatments of PZT Films in the PECVD System

case gas type gas flow (sccm) pressure (Torr)
I He with 4% H, 1000 0.5

1I He with 4% H, 1000 1

I 0, 100 0.5

v 0, 500 5

Figure 4a shows the C—V hysteresis loop curves before
(reference curve) and after the various H, plasma treatments, in
which the pressure was varied while the flow rate was
maintained at 1000 sccm (see Table 1). Under such oxygen
poor conditions, the reduction reaction of Pb film can extract O
atoms from the PZT top surface, and O vacancy formation is
very stable.”* The positive charges induced from the formation
of O vacancies compensate for the already existing negative
charges induced by the Pb vacancies. This, in turn, reduces
(case I: 0.5 Torr pressure condition) and even suppresses (case
II: 1 Torr pressure condition) the built-in electric field, making
the X, & 0 V (initially X, & 0.25 V).

Note also that the positive switching bias +V, (0.6 V)
remained unchanged after the H, plasma treatments
irrespective of the treatment pressure. The negative switching
bias =V, on the other hand, shifted negatively as the pressure
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was increased, which indicates that it is strongly proportional to
the amount of O vacancies created as the pressure is increased.
The O vacancies are thus compensating for the initial
polarization to account for the observed negative shift in —V.
In fact, at the 1 Torr pressure condition, that is, X, = 0V, the
magnitudes of +V, (0.6 V) and —V, (—0.5 V) switching biases
are almost equal to one another, which strongly suggests the
return to quasi-symmetry of the MFM system. The 0.1 V
difference between +V, and —V, switching biases is very likely
due to the 0.1 eV work-function difference between Pt and
SRO electrodes. Therefore, this difference still induces an
intrinsic asymmetry (although mild) that affects the switching
behavior of the system and makes the behavior in up and down
polarization cases mildly different even after Pb vacancy
compensation. This is in agreement with ab initio studies on
Pt-ferroelectric/dielectric-SRO*”** and SRO-ferroelectric-SRO
systems””* whereby such a small work-function difference can
affect the system behavior.

The above observations indicate that the H, plasma
treatment mainly reacted with the PZT surface. In other
words, O vacancies were mainly formed at the PZT surface.
Therefore, the positive charges induced by the O vacancies
compensated for the negative charges induced by the Pb
vacancies, which, as previously mentioned, would form only at
the surface due to the high Pb partial pressure. This confirms
that the built-in electric field problem is a surface chemistry
problem that can be mitigated via a Pb redox process. Note that
the H, plasma treatment can also trigger OH™ ions as
previously seen in LiTaO, films.*' However, such ions would
positively shift the C—V curves and increase the built-in electric
field shift which is opposite to what we have observed.
Therefore, OH™ ion formation is excluded from our study.

Figure 4b shows the C—V hysteresis loop curves before
(reference curve) and after the various O, plasma treatments, in
which both pressure and gas rate where varied (see Table 1). As
seen from the previous section, under such oxygen-rich
conditions, the formation energies of O vacancies are highly
positive and are thus unstable. The O, plasma treatments
oxidize Pb in the PZT film, thereby filling the O vacancies that
might have already existed in the film. This leads to an increase
of negative charges induced by the Pb vacancies, which in turn
shifts the C—V curve and hence increases the built-in electric
field (Xpt moved from 0.25 V to 0.30 V). Increasing the
pressure and gas flow increases further the built-in electric field,
thereby exacerbating its effect (case III to case IV). Unlike the
H, plasma treatments, however, both +V, (0.8 V) and —V;
(=02 V) switching biases have shifted positively, which is
indicative that the oxidation process taking place was
throughout the PZT film and not just at the surface as
concluded for the H, plasma treatments.

To confirm that the redox/vacancy activity is at the origin of
the built-in electric field change, we also performed a XPS
characterization of the same PZT film after O, and H, plasma
treatments. The XPS technique is surface-sensitive with a
probing depth in the range of 2—5 nm and therefore can only
provide information at the near surface of the PZT film. This,
however, should provide ample information as the redox/
vacancy activity is mainly at the PZT surface as concluded by
the electrical C—V characterization. Figure 4c,d shows XPS
spectra after H, and O, plasma treatments, respectively. From
these curves, the percentage of reduced Pb is 3.5% of the total
Pb after the H, plasma treatment. On the other hand, the
reduced Pb percentage after the O, plasma treatment decreased

dx.doi.org/10.1021/nl302911k | Nano Lett. 2012, 12, 5455—5463
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Figure 4. Effect of H, (a) and O, (b) plasma treatments on C—V hysteresis loop curve. (a) E, decreased after each treatment up to full suppression

(Xpt

shifted from 0.25 to 0 V), which is indicative of Pb reduction or O vacancy formation. The inset shows a zoom-in of the C—V curve to better

visualize the shift in —V, from —0.35 V to —0.5 V after H, plasma treatment (case II). +V; did not shift during the treatment. (b) Ey, increased after
each treatment (X, shifted from 0.25 to 0.30 V), which is indicative of Pb oxidation or O vacancy filling. Both +V; (from 0.6 to 0.8 V) and -V
(from —0.35 to —0.2 V) shifted to the right after O, plasma treatments. Treatment conditions for each case are given in Table 1. (c) XPS spectra of
PZT films after H, plasma treatment. (d) XPS spectra of PZT films after O, plasma treatment (case IV). After the H, plasma treatment, the
percentage of reduced Pb was 3.5% of the total Pb. It then reduced to 1.3% of the total Pb after the O, plasma treatment.

down to 1.3% of the total Pb. Moreover, the O/(Pb+Ti+Zr)
ratio after the O, plasma treatment is measured to be 2.4%,
whereas after the H, plasma it reduced down to 1.8%. Note
that, despite all of the above observations, we cannot
categorically refute the creation of O vacancies in the bulk
during the H, plasma reduction treatment, especially given the
thin (17 nm) PZT films used here. We, however, believe it to
be minimal.

The C—V model is also used to extract the equivalent doping
density of the PZT film for case I (1000 sccm of He with 4% H,
at 0.5 Torr) and case III (100 sccm of O, at 0.5 Torr) (see
Table 1 for details). For case I, the p-type doing density
reduced from 1.62 X 10" cm™ to 7.45 X 10" cm™. This is
strongly indicative that charge compensation via O vacancies
has occurred, thereby diluting the acceptor carriers and
reducing the p-type doing density. For case II, on the other
hand, the acceptor doping density increased from 1.62 X 10"
cm™ to 3.14 X 10", This increase confirms that the oxygen-
rich environment provided by the O, plasma treatment fills any
existing O vacancy that might have compensated for the
positive charges from the already existing Pb vacancies. The
change in doping densities associated with the H, and O,
plasma treatments is also indicative of changes in film
conductivity.

5460

The preceding facts strongly support the conclusion that the
redox/vacancy activity at the surface is at the origin of the built-
in electric field change. Shifts in C—V curves after H, and O,
plasma treatments demonstrate the fact that Pb and O
vacancies can be regarded as trapped charges that compensate
for the total polarization of PZT films. These treatments can be
used to modulate and suppress the built-in electric, thereby
enabling the writing of stable and equal size sub-10 nm
domains in upward and downward polarized PZT ferroelectric
films (see next section). Moreover, the negative switching bias
—V, on the top Schottky contact is shown to be a strong
function of the Pb redox process, which can also be modulated
via these plasma treatments to restore quasi-symmetry to the
MEFM system.

Finally, we would like to point out that we performed
electrical characterization on the MFM systems after ~24 h of
each plasma treatment without seeing any noticeable effects
from the initial C—V curves, which were also taken ~16 h after
the treatments. In addition, the XPS analysis was performed a
few days after the treatments, which clearly captures the Pb
redox and compensation processes. This confirms that the
redox process induced by these treatments is not transient and
can provide long-term stability that is needed in actual probe-
based memory technologies. This is also in agreement with ab
initio studies where the formation of Pb and O vacancies is
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Figure S. Effects of H, and O, plasma treatments on bit writing. PFM phase images of inverted domains written on up (top image) and down
(bottom image) polarized sections of the same PZT film in its (a) as-received conditions, (b) after 3 min of O, plasma, (c) after 2 min of H, plasma,
and (d) after 4 min of H, plasma. The pulse bias was increased by small increments along the width of the sections to determine the threshold
(smallest) voltage at which stable bits are written. The green arrows highlight the threshold voltage writing location. The insets to the right of each
section are zoom-in views of the smallest stable bits written at these threshold voltages. See text for details.

predicted to affect the polarization properties without any
significant effect on the fatigue properties of PZT crystals.*>*
This phenomenon was also observed experimentally.***

The E, tuning mechanism is also used to enable the writing
of stable and equal size sub-10 nm domains in up and down
polarized PZT films. This is very important for ultrahigh
density probe-based memory devices using ferroelectric media.
The films are 17 nm thick with an atomically smooth surface
(0.20 nm RMS roughness), possess an initial built-in electric
field of 2.3 X 107 V/m, and are initially up-polarized. Figure Sa
shows piezoresponse force microscopy (PFM) phase images of
inverted domains written on up (top image) and down
(bottom image) polarized sections of the same PZT film in its
as-received conditions, that is, prior to any treatment. The
initially down-polarized section of the film was obtained by
poling the film at a very high positive bias applied continuously
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to the probe-tip as it was scanning the surface of the section. A
matrix of inverted domains was then written (see Supporting
Information for procedure) on both sections of the sample by
applying bias pulses varying from 0 to 6 V for the up-polarized
section and from 0 to —6 V for the down-polarized section. The
pulse bias was increased by small increments along the width of
the sections as depicted in Figure Sa. In what follows, the
threshold voltage is defined as the smallest applied pulse bias at
which a stable bit is written which will not invert back to its
initial polarization.'” The definition of threshold voltage used
here is only from a “technology-enabling point of view” and
might differ from definitions used by other researchers.

For the up-polarized section where the built-in electric field is
antiparallel to bit writing, the threshold voltage was 5 V. Under
this bias condition, the bit is 8 nm in size. For the down-
polarized section, on the other hand, the threshold voltage was
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Nano Letters

only —3.5 V with a bit size of 24 nm. In this case, the built-in
electric field is in the same direction as the applied electric field
and is therefore added to it, enabling very large bits to be
written at relatively low biases.

The 8 nm bit obtained in the up-polarized section under the
5 V threshold voltage is predicted to be energetically stable
under the effects of ferroelectric depolarization field (respon-
sible for the critical thickness mentioned previously), domain
wall energy, and built-in electric field. The prediction is
obtained by a procedure we previously developed,'> which
combines electrostatic simulation and energetic analysis. The
procedure consists of estimating the speed of inverted domain
evolution which is proportional to the energy driving force, that
is, the total free energy reduction rate with respect to the
change in domain size. The change in energy associated with
the introduction of a 180° inverted domain or inclusion, €, in a
ferroelectric material is given by:'>*

ar=-1 f/ EP*dv — f/ E’PFdv + ['(x, y, 2)y
2 Q Q
(

where E is the electric field applied in the absence of inclusion,
and E, is due to the spontaneous polarization prescribed in the
inclusion. P¥ is the spontaneous polarization within the
inclusion, which is equal to —2Pg, where By is the spontaneous
polarization within the uniformly polarized ferroelectric ma-
terial. I" is the surface area of the inverted domain, and y is the
surface energy per unit area of the domain wall. The size and
shape of the inverted domain, €, are determined by the
modeling of the electric field component along the polarization
axis using the COMSOL-MULTTIPHYSICS package. The
probe-tip is modeled as a metallic wire in contact with the PZT
film on a grounded metallic electrode. The properties of the
PZT films determined experimentally are used in the
simulations. The experimental bias is applied to the electrode
and fixed charge, and fixed field assumptions are adopted. Axial
symmetry is also assumed in the model. For the inverted
domain to remain stable, the free energy reduction rate
associated with the spherical domain, f = —(0AT/0a), has to be
positive. More information about the stability prediction
analysis can be found in ref 12.

The sample was then treated using O, plasma for 3 min
generated at S0 W of power and under a 0.5 Torr pressure.
Under these O, plasma conditions, the built-in electric field is
increased as discussed in previous sections. After such a
treatment, the same writing procedure was repeated on up- and
down-polarized sections of the PZT sample (Figure Sb). Only
this time the bias pulse was varied from 0 to 7 V to
accommodate for the high (6 V) threshold voltage that enabled
stable bit writing on the up-polarized section. Although, the size
of the bit was 8 nm, it was written at a higher bias. This is as
expected due to the larger Ey present in the film. For the down-
polarized section, the threshold voltage remained the same at
—3.5 V. However, the smallest written bit increased to 35 nm,
with bits merging with each other for higher pulse biases, which
is indicative of the large E, increase.

The sample was further treated using H, plasma for 2 min
generated at S0 W of power and under a 0.5 Torr pressure.
Under these H, plasma conditions, Ey, decreases as discussed in
previous sections. The same writing procedure as with the as-
received sample was repeated on up- and down-polarized
sections of the PZT sample (Figure Sc). The threshold voltage
that enabled stable bit writing on the up-polarized section

6)
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returned down to the initial 5 V value, which is indicative of a
lesser E,, effect. At this bias, the size of the stable bit was again 8
nm. For the down-polarized section, on the other hand, the
threshold voltage increased to —4.5 V. This is also indicative of
a decrease in Ej, as a larger applied electric field was applied to
compensate for this decrease. The bit size written at the
threshold voltage decreased compared to the previous two
cases and was only 16 nm.

Ideally, both up- and down-polarized sections should possess
the same magnitude of threshold voltage, enabling the writing
of equal size bits in the two sections. This case can only be
achieved when Ey is suppressed. To reach this state, we
performed an additional 2 min of H, plasma treatment under
the same power and pressure conditions. The same writing
procedure was repeated again (Figure Sd). The threshold
voltage on the up-polarized section was further reduced down
to 4.9 V for which bits as small as 3.2 nm were written, that is, 8
unit-cell size. Such a domain size corresponds to potential 60
Thit/in? storage densities, which, to the best of our knowledge,
is the smallest stable inverted volume ever written on
terroelectric films. For the down-polarized section, the
threshold voltage increased to —4.6 V, which is about the
same voltage on the up-polarized section. The bit size at this
bias also reduced down to 3.6 nm, which is also about the same
size on the up-polarized section. This is strongly indicative that
the zero Ej, state was achieved.

We have also investigated creep effects related to the sub-10
nm inverted domains achieved in this study by rereading the
domains after 24 h. Creep is due to competition between the
elastic energy of the propagating interface and a pinning
potential that might affect domain size or stability.*” However,
we have not observed any significant size change, which is in
very good agreement with previous studies*”*® where creep was
only observed for inverted domains written under bias pulse
widths larger than 20 us; that is, the creep effect depends on the
pulse duration. In the current study, the write operations were
performed at a bias pulse width of only 500 ns. Therefore, the
switching time associated with the propagating interface of the
nanodomain is directly related to the pulse width, which has to
be optimized to prevent nanodomain creep. Moreover, the
radius of all probe-tips used in this study was also maintained at
20 + 3 nm. These small probe-tips enable the confinement of
the electric field to a very small area, which would limit the
creep effect as also noted in ref 47. In addition, previous studies
have shown that, under large and concentrated electric fields,
such as those applied in the writing of the sub-10 nm inverted
domains, O vacancies in perovskites films become highly
mobile through the film thickness.*” Therefore the O vacancies
created by the H, plasma treatments are very likely to
redistribute through the film thickness during the writing
process. This redistribution phenomenon improves the stability
of the inverted domains. This is because an O vacancy can
lower its energy when it coincides with the inverted domain
wall without causing film fatigue,‘u’Ar3 actin% as a pinning site for
the wall as predicted by ab initio studies,” thereby providing
increased stability to inverted domains.>"

In summary, we have demonstrated that the built-in electric
field in high quality, atomically smooth, single crystalline PZT
films is due to near-surface trapped negative charges. We have
used O, and H, plasma treatments to oxidize/reduce the PZT
surface, thereby altering the electrochemistry of the Pb
overlayer. These treatments compensate for the negative
charges induced by the Pb vacancies and thus reduce the
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built-in electric field. By varying the plasma conditions, the PZT
surface was oxidized or reduced in small increments to allow
fine-tuning and suppression of the built-in electric field. This
tuning mechanism was verified by electrical and XPS
characterizations of the treated PZT films. Finally, this tuning
mechanism was used to demonstrate the writing of stable and
equal size sub-4 nm domains in up and down-polarized PZT
films, which is an important milestone toward the development
of ultrahigh density probe-based memory devices using
ferroelectric media. Such portable and low power storage
devices will be ideal for emergent technologies, such as DNA
sequencing systems,”> which generate a large amount of data
and that ultimately can become portable.
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