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The collective effect of injection charges constructed in a dot array using scanning probe
microscopy (SPM) in BaTiOj; ferroelectric thin films was investigated with Kelvin force microscopy
(KFM). Unexpected charges were observed in the SPM tip paths where poling bias was zero. The
analysis of the array with different poling biases shows that the collective effect of the injection
charges in the dot array induced a potential difference between film and tip, which in turn injected
unexpected charges. The calculated potential difference distribution along the tip’s paths correlates
well with KFM images of the unexpected charges. © 2010 American Institute of Physics.

[doi:10.1063/1.3499749]

High-density nonvolatile memories that are based on
modifying ferroelectric domains by scanning probe micro-
scope (SPM) technique have been widely investigated due to
their superior lateral resolution, nondestructiveness, and easy
manipulation for polarization.k3 Generally, the polarization
states are manipulated by applying a dc poling bias between
the film and the conductive tip of the SPM. During this pro-
cess, considerable charges can be injected into the film. The
field induced by these injected charges will disturb the nor-
mal polarization states and can generate serious deleterious
effects on memory performance: antiparallel polarization,
which leads to bit error in memories*™® and polarization fa-
tigue which shortens memory lifetime.”®

The effects of injection charges during the polarization
process using the SPM technique have been intensively in-
vestigated using electric force microscopy (EFM) (Ref. 4)
and Kelvin force microscopy (KEM).’ Most research has fo-
cused on disturbances in the polarization state on a single
logic bit caused by the injection charges. However, in real
SPM-based high-density ferroelectric memory there are a
large number of logic bits and injection charges may exist in
all of them. Therefore, it is necessary to investigate the col-
lective effect of all the injection charges in a bit array.

KFM can measure surface potential distribution with mi-
crometer resolution,lof12 and has been widely used to ob-
serve surface charges in ferroelectric thin films."*'* There-
fore, KFM can directly observe the spatial distribution of
injection charges in a ferroelectric memory array, providing a
useful tool to study the collective effect of injection charges
in the array. In this paper, an array of injection charges in
BaTiO; (BTO) ferroelectric thin film was constructed by
SPM and the collective effect of the injection charges in the
array was investigated with KFM. Some unexpected charges,
which may affect the performance of ferroelectric memory,
were observed in the movement paths of the SPM tip where
the poling bias was zero. In addition, the generation mecha-
nism of the unexpected charges were discussed.
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The bottom electrodes of the samples used in this study
were prepared by depositing LaNiO; films on SiO,/Si(100)
substrates using a chemical solution technique as described
by Wang et al’ Polycrystalline BTO films, approximately
120 nm thick, were deposited on the bottom electrodes by
spin coating of the BTO sol.'® The local electric poling and
the surface potential measurement were performed on a mul-
tifunctional SPM (Seiko, SPA400) in ambient atmosphere.
The conductive tip of the SPM was grounded. For the local
poling, a dc bias was applied to the bottom electrode. For the
surface potential measurement, KFM was performed using
an active trace mode. '’

Figure 1 shows the topography (a) and surface potential
(b) images of the BTO thin film obtained simultaneously by
KFM after the poling of nine 0.5X0.5 wm? squares with
various negative poling biases. The tip scanned in contact
mode with a constant loading force (scan speed of 10 Hz,
256 lines) for the poling of each square. As shown in Fig.
1(b), the surface potential of all the poled squares displays
bright contrast compared with the unpoled region and the
bright contrast gradually increases with the absolute value of
poling bias. In the surface potential image, the bright contrast
represents the higher surface potential induced by positive
charges. On the other hand, the dark contrast represents the
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FIG. 1. (Color online) (a) Topography image and (b) surface potential image
of the BTO film obtained after the poling of nine 0.5X 0.5 um? squares
with various negative biases.
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lower surface potential induced by negative charges. When
the negative poling bias is applied to the bottom electrode,
two types of charges can be induced at the surface of the
poled region:14’17 the first is negative polarization charges in
the BTO film surface; the second type is free charges, includ-
ing positive injection charges, internal charges and/or
charges from the ambient, which can be transferred to the
BTO film surface and be trapped in the poled region. When
the positive injection charges are dominant, the surface po-
tential of the poled square is higher than that of the unpoled
region and gradually increases with the absolute value of the
poling bias.'® Therefore, the positive charges in the poled
region in Fig. 1(b) are dominated by the injection charges.
Figure 2(a) shows the surface potential image of a nine-
dot array measured by KFM immediately after poling by the
conductive tip in contact mode. The sketch map of the poling
process is shown in Fig. 3(a). As the tip moved to the posi-
tions marked as solid dots numbered 1 to 9 [Fig. 3(a)], a
—9.9 V pulse bias of 10 s was applied at the bottom elec-
trode. The tip subsequently moved to the next dot along the
arrow. The poling bias was turned off when the tip moved
between two dots along the path marked as a line with an
arrow [Fig. 3(a)]. The tip scanned using the contact mode
during the entire poling process, where the loading force and
the tip speed were kept constant at 1 nN and 0.1 um/s,
respectively. Here, P, is defined as the movement path
from dot m to dot n. As mentioned in Fig. 1(b), the bright
contrast of the nine dots in Fig. 2(a) corresponds to the posi-
tive injection charges induced by the —9.9 V pulse bias.
However, unexpected clear dark contrasts are observed in all
of the tip’s movement paths where poling bias was not ap-
plied, indicating the presence of negative charges. A similar
phenomenon is observed when the nine-dot array was poled
with a positive pulse bias. In this situation, the negative in-
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FIG. 3. (Color online) (a) Sketch map of the poling process. The solid dots
denote the locations of poling bias application and the lines with arrows
denote the movement paths of the tip without poling bias. (b) The calculated
potential distributions along the nine movement paths by the positive injec-
tion charges in the dots.
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FIG. 2. (Color online) Surface poten-
tial images of the BTO film after the
poling of a nine-dot array shown in
Fig. 3(a). The pulse biases of the nine
dots in 2(a) and 2(c) are —9.9 V and
—6 V, respectively. In 2(b), the pulse
bias of the first three dots is 0 V,
and for the following six dots, bias is
—99 V.

jection charges are shown in the nine dots and positive
charges are observed unexpectedly in the tip’s movement
paths [see Ref. 19]. Clearly, the unexpected charges have an
opposite polarity to the injection charges in the correspond-
ing dot array. The control experiment with different tip
movement paths further confirmed that the unexpected
charges always appear in the movement paths of the tip [see
Ref. 19]. To distinguish between the injection charges in the
dots caused by the poling pulse bias and the charges in the
movement paths, the corresponding charges in the movement
paths where poling bias was not applied are referred to as
unexpected charges.

Figure 2(b) shows the surface potential image of a dot
array poled with the same poling parameters as those indi-
cated in Fig. 2(a), with the exception of the first three dots
(dots 1-3) whose poling pulse bias was set at 0 V. In Fig.
2(b), no injection charges were present in dots 1-3 where
0 V pulse bias was applied and unexpected charges were not
observed in the corresponding tip movement paths (P; 5, P, 3,
and P5,). After the positive charges had been injected by a
—9.9 V pulse bias in dot 4, the negative unexpected charges
were observed again in the following tip movement paths. In
the two poling processes in Figs. 2(a) and 2(b), the loading
force between the SPM tip and the film is the same. There-
fore, the unexpected charges were not caused by the loading
force, but by the injection charges in the dots.

In the poling process of the nine-dot array, the charges in
the dots were injected along the tip movement paths. These
injection charges induced the potential and caused the poten-
tial difference between the film and the grounded tip. With
this potential difference, the free charges could be injected
into the film by the grounded tip during the tip movement.
Therefore, the potential difference between the film and the
grounded tip, induced by the injection charges in the dots,
might be the main reason for the generation of the unex-
pected charges. In Fig. 2(a), the positive injection charges in
the dots induced a positive potential around each dot, caus-
ing a positive potential difference between the film and the
grounded tip. With this positive potential difference, the
negative charges were injected into the film during the tip
movement. These charges correspond to the dark contrast
areas in the tip movement paths of the KFM image.

As discussed above, the unexpected charges were in-
jected by the potential difference between the film and the
grounded tip, induced by the injection charges in the dots.
The quantity of injected charge increased with the absolute
value of the potential difference between film and tip. There-
fore, with the increase in quantity of injection charge in the
dots, the corresponding absolute value of the potential differ-
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ence between film and tip should increase. Conversely, with
the decrease in quantity, the absolute value should decrease.
The unexpected charges injected in the tip movement paths
should increase or decrease accordingly. Figure 2(c) shows
the KFM image of another nine-dot array in which the poling
bias was —6 V. The other poling parameters are the same as
those indicated in Fig. 2(a). Compared with Fig. 2(a), the
absolute value of the poling bias in Fig. 2(c) is lesser and, as
a result, the quantity of injection charge in the nine dots and
the quantity of unexpected charge injected in the tip move-
ment paths decreased in a consistent manner with the rela-
tionship between injection charge in the dots and unexpected
charge as discussed above.

In each of the experiments, such as those shown in Figs.
2(a) and 2(c) and the control experiment [see Ref. 19], the
nine-dot arrays were constructed by a constant poling bias
following the poling process indicated in Fig. 3(a). In most
of the experiments, the quantity of unexpected charge in Pg 5
and Py 5 is higher than in the other tip movement paths. This
path-related behavior of the unexpected charges is attributed
to the different potential differences in different tip move-
ment paths. The potential difference in any tip movement
path is induced by the collective effect of all the existing
injection charges around this movement path. In addition, for
different movement paths, the distribution of the existing in-
jection charges in the dot array is different. For example, the
injection charge in the first dot (dot 1) is the only injection
charge that affected the potential difference between the film
and tip in P, ,, while for Py 5, injection charges were present
in all nine dots. Therefore, the absolute value of the potential
difference in Pg 5 was higher than that of P, ,, resulting in a
higher quantity of unexpected charge injected into Py 5 com-
pared with that of Py ,.

Due to the grounded tip, the resulting potential differ-
ence between film and tip was equal to the corresponding
potential. To verify the path-related behavior, we calculated
the potential distributions induced by the collective effect of
the injection charges in the dots along the different tip move-
ment paths as indicated in Fig. 3(a). The potential distribu-
tion of P, is defined as V, ,(x), in which x denotes the
distance from dot m to any position in P, ,. According to the
construction process, Vy, ,(x) was attributed to the superpo-
sition of potentials induced by the injection charges in the
dots marked with numbers 1 to m. The potential calculation
was based on Coulomb’s law, the injection charges in the
dots were assumed to be an ideal positive point charge, and
the quantity of injection charge was assumed equal in every
dot of the array. The detailed calculations of the potential
distributions are shown in Ref. 19. Figure 3(b) shows the
corresponding calculated potential distributions, drawn ac-
cording to the calculated expressions in Ref. 19, in which “ a
” denotes the distance between two adjacent dots. It is clearly
indicated that Vg 5(x) and V¢ ;(x) are higher potentials than
the ones seen in the other movement paths. These results are
in agreement with the experimental results, confirming the
path-related behavior of the unexpected charges. Remark-
ably, for a real poling process, the quantity of injection
charge in the dots and the quantity of unexpected charge in
the tip movement paths could be affected by other factors,
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such as nonuniformity in thickness, particle size in the film,
and contact quality between tip and film, etc. In addition, the
unexpected charges can also weaken and disturb the potential
distribution along the tip movement paths. Their effects on
the quantity of the unexpected charge need further investiga-
tion.

In summary, the collective effect of injection charges in
the dot arrays during the poling process of ferroelectric thin
films was investigated. Path-related unexpected injection
charges were observed by KFM in the movement paths of
the SPM tip where the unexpected charges were observed to
have the opposite polarity to the injection charges in the dots.
These unexpected charges are attributed to the collective ef-
fect of the injection charges in the dots, as confirmed by the
calculation result of the potential difference distribution
along the tip movement paths. Obviously, this effect must be
taken into account during the scan-writing process in high-
density ferroelectric memory based on SPM technology be-
cause the effect directly limits memory density. Moreover,
understanding path-related unexpected injection charges will
help minimize or avoid this effect by optimizing tip paths,
thus increasing memory density.
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