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In situ and ex situ crystallized polycrystalline StRuO; (SRO) thin-film electrodes are fabricated by dc magnetron sputtering at a
substrate temperature of 550 and 350°C, respectively, followed by postannealing for application as bottom electrodes of metal-
lorganic chemical-vapor-deposited Pb(Zr,,Tiy5)O3 (PZT) thin films. The in situ crystallized SRO electrode shows a negligible
change in film composition during the subsequent annealing and works as a good electrode for the ferroelectric PZT films.
However, the ex situ crystallization by postannealing largely decreases the Ru content in the SRO film and consequently the PZT
film grown on top has a poor ferroelectric performance. In addition, the Zr component in the PZT film initially reacts with the
excessive SrO in the electrode, resulting in a deposition of PbTiO; at the initial stage of the PZT deposition which largely
deteriorates the ferroelectric performance. Therefore, it is crucial to have in situ crystallized SRO for a reliable electrode of a PZT

capacitor.
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Confirming the long-term reliability of ferroelectric Pb(Zr, Ti)O3
(PZT) thin film capacitors, including fatigue (loss of the ferroelectric
switching property by repeated polarization switching) and opposite
state retention (OSR) loss (switching back of one polarization state
to the opposite state after a long stay at the opposite polarization
state), has been one of the major issues for their application to
ferroelectric random access memories (FSRAM).I Although metal-
lorganic chemical vapor deposition (MOCVD) of PZT thin films has
reduced the problems compared to other techniques, such as sol-gel
or sputtering,2 further improvements are required as the FeERAM
integration density increases. One effective method to improve the
reliability challenges is the adoption of conducting oxide electrodes,
such as IrO, ° and SrRuO; (SRO),* which is effective in suppressing
the defect generation (probably oxygen vacancies) and migration.
Among the various conducting oxide electrodes, the SRO electrode
recently attracts large attention due to its structural compatibility
(pseudocubic perovskite structure) with PZT and therefore an
eventual improvement of the ferroelectric performance of PZT
capacitors.

In conjunction with the epitaxial ferroelectric layers on top, epi-
taxial SRO electrodes fabricated on SrTiO; single crystals have been
extensively studied during the past decade.”” Although these epitax-
ial systems have served as good model systems to understand the
fundamental properties of ferroelectric thin-film capacitors, such as
the ultimate thickness for ferroelectricity6 and strain effects on the
ferroelectric properties,5 these systems are of limited application to
FeRAM integration due to a missing technique for an integration in
the Si-based device structure. All the reported highly integrated de-
vices have polycrystalline ferroelectric capacitors based on the
capacitor-under-bit-line or capacitor-on-bit-line structure. Therefore,
the structural investigation of a polycrystalline SRO (poly-SRO)
electrode and its interaction with the MOCVD PZT film grown on
top are of crucial importance when considering the FeRAM
application.

Two fabrication processes for poly-SRO electrodes are possible:
in situ crystallization by adopting a high growth temperature
(>500°C) and ex situ crystallization by adopting a low growth
temperature (<400°C) during the SRO film deposition followed by
high-temperature postdeposition annealing (PDA) at temperatures
>600°C. Sputtering of an SRO electrode at such a high temperature
(>500°C) on large wafers (>8 in. diam.) is a rather difficult pro-
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cess and requires high production costs. Therefore, a low growth
temperature is preferred when considering mass production of Fe-
RAM devices.

Aggarwal et al. reported the variations in the ferroelectric perfor-
mance of sol-gel derived Pb(Nb,Zr,Ti)O5 thin films on poly-SRO
electrodes depending on the growth temperature of the poly-SRO
electrode (550-850°C).% Aoki et al. also reported the crystallization
and ferroelectric behaviors of sol-gel-derived PZT thin films on a
sputtered in situ crystallized poly-SRO electrode which was grown
at 600°C.” Cross et al. reported the crystallization and ferroelectric
behaviors of sol-gel-derived PZT thin films on ex situ and in situ
crystallized poly-SRO electrodes fabricated by sputtering on Pt elec-
trodes at room tem}])erature followed by annealing at 600°C and
600°C, respectively. 0 They reported that the in situ crystallized
poly-SRO electrode was more beneficial in obtaining better ferro-
electric performances, as in the present report. However, they did
not show the detailed characterization results on the ex situ crystal-
lized SRO films, such as the film composition variation and their
influence on the PZT film properties. In addition, the results in Ref.
8 and 9 are from the sol-gel-derived PZT films which have a limited
usefulness in high-density FeRAMs. More relevant data must be
found from MOCVD films. A research group at Tokyo Institute of
Technology has reported many experimental results on the MOCVD
PZT/SRO and SRO itself with epitaxial and polycrystalline film
structures. Some of them are included in Ref. 11. For the MOCVD
SRO case, the in situ crystallization was also crucial in obtaining
reliable ferroelectric PZT thin films.""

In this paper, the structural and electrical properties of in situ and
ex situ poly-SRO films grown by dc magnetron sputtering are in-
vestigated and their influence on the crystallization and ferroelectric
performance of MOCVD PZT films grown at 550°C is systemati-
cally studied. For that purpose, three types of substrates were used
for the SRO film deposition: 10 nm thick Ta,Os/Si (type I), 100 nm
thick Ir/50 nm thick IrO,/100 nm thick SiO,/Si (type II), and 20 nm
thick Ru/100 nm thick SiO,/Si (type III) substrates. The Ta,O5 film
was grown by MOCVD and the Ru, Ir, and IrO, films were depos-
ited by sputtering. Type I substrates were used to investigate the
basic deposition properties and changes during PDA of the SRO
films. Type I substrate was also used for checking the variation in
electrical property of the SRO layer as a function of postannealing
temperature and atmosphere. In integrated capacitor structures using
Ru electrodes Ta,Os5 layer works as a good adhesion and nucleation-
enhancing layer. % Therefore, testing the SRO layer on top of the
Ta,05 layer is important under the assumption that the SRO layer
replaces Ru electrodes in integrated device.
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Type III served as the major substrate for PZT film capacitor
fabrication. As shown later, the in situ crystallized poly-SRO elec-
trode was chemically stable and showed almost no change during
the subsequent processes. The amorphous SRO electrode (or ex situ
crystallized poly-SRO electrode) was chemically unstable and its
chemical composition changed with the PDA temperature and con-
dition as shown below. Therefore, it was necessary to check the
SRO film cation composition during processing, which precludes
the Ru bottom layer because the Ru layer adversely interferes with
the routine cation composition measurements using X-ray fluores-
cence spectroscopy (XRF). Ir was selected as the bottom layer for
the ex situ poly-SRO film growth (type II substrate). An IrO, layer
improved the adhesion between Ir and SiO,. In addition to that
reason, it was considered that the crystallization behavior of the
amorphous SRO film may depend on the crystal structure of the
underlying layer. Therefore, an Ir layer was adopted because this is
the most commonly adopted bottom electrode layer for the MOCVD
of PZT films in integrated FeRAM devices.'*'’SRO has a too high
resistivity to be used as a bottom electrode of highly integrated
FeRAMs. For the fabrication of FeRAMs with a higher density
(>32 Mbit) a lower height of the capacitor stack is necessary due to
the difficult etching of the stack with a vertical side wall shape.14
Therefore, a lower electrode thickness is necessary, but SRO single
layers can hardly be used due to the high resistivity (bulk resistivity
of ~110 pQ) cm).'” A metal electrode, such as Ir or Ru, is still
preferred as main electrode and the thin SRO layer works as buffer
layer Therefore, the investigation of the crystallization behavior of
amorphous SRO on an Ir electrode is of vital importance.

Experimental

SRO thin films were grown by dc magnetron sputtering using a
sintered SRO ceramic target. The SRO deposition power and cham-
ber pressure were 100 W and 30 mTorr, respectively. The SRO
thickness was changed from 5 to 40 nm. SRO films (40 nm thick)
were deposited on type I substrates at 350, 450, and 550°C, respec-
tively. An in situ crystallized poly-SRO electrode was fabricated on
a type III substrate by depositing the SRO films at 550°C. Ex situ
poly-SRO layers were grown on type Il substrates at 350°C, fol-
lowed by PDA at 600°C in N, or O, atmosphere. PDA was per-
formed using a conventional furnace or rapid thermal annealing
(RTA) process. Some of the SRO layers were heat-treated under the
O3 or O, atmosphere considering the generally low oxygen partial
pressure of the sputtering process.

On the various amorphous- and poly-SRO electrodes, PZT thin
films were grown using an 8 in. scale dome-type liquid-delivery
MOCVD reactor at a substrate temperature of 550°C. A schematic
diagram and detailed features of the dome-type MOCVD system
were  reported prev1ously Bis-tetramethylheptanedionato-
Pb [Pb(THD),], tetrakis 1-methoxy-2-methyl-2-propoxy-Zr
[Zr(MMP),], and tetrakis 1-methoxy-2-methyl-2-propoxy-Ti
[Ti(MMP),] dissolved in an ethylcyclohexane (ECH) solvent (con-

Before anneal

After anneal

centration of 0.1 M) were used as Pb, Zr, and Ti precursors, respec-
tively, and O, was used as an oxidant. The typical PZT film thick-
ness was 70 nm.

The film thickness was measured by both field-emission scan-
ning electron microscopy (FESEM) and ellipsometry, which was
calibrated by cross-sectional high-resolution transmission electron
microscopy (HRTEM). The cation composition of the films was
measured by XRF (Spectrace, Quan-X). The error in the quantitative
film composition measurement was estimated to be < ~ 2%. The
film surface morphology was investigated using SEM and atomic
force microscopy (AFM). Auger electron spectroscopy (AES) was
used to obtain depth profiles. 6-26 mode X-ray diffraction (XRD)
was used to investigate the crystalline structure. The chemical bind-
ing status of the films and the substrate surfaces were investigated
by X-ray photoelectron spectroscopy (XPS). For the electrical mea-
surements, 80 nm thick Pt electrodes with a diameter of 0.3 mm
were fabricated at room temperature by electron beam evaporation
through a metal shadow mask. The accurate area of each measured
capacitor was obtained by optical microscopy. The top electrodes
were annealed in ambient atmosphere at 600°C for 30 min. An aix-
ACCT TF-2000 analyzer at a frequency of 100 Hz was used to
measure the ferroelectric parameters. During the ferroelectric
hysteresis measurements, the bias voltage was applied to the top
electrode.

Results and Discussion

Variations in the SRO electrode properties with growth tempera-
ture.— Figure la and b shows the variations in the cation composi-
tion ratio (Ru/Sr) and resistivity, respectively, of SRO films grown
on type I substrates before and after PDA at 600°C for 1 min in O,
or N, atmosphere. Here, the SRO films were grown at a growth
temperature (7,) of 350, 450, and 550°C, respectively. It can be
observed that the Ru/Sr ratio of the as-grown films is ~1.05 irre-
spective of T,. However, the resistivity of the as-grown film
drastically increases with decreasing 7, (~1 m{ cm at 550°C
and ~20 m{) cm at 350°C) which is due to the amorphous-like
nature of the SRO film grown at a lower 7,. The estimated resistiv-
ity of the SRO film is higher than that of bulk SRO
(~110 pQ cm)'” even for the film grown at the highest tempera-
ture. Okuda et al. reported that the resistivityof the SRO film grown
by MOCVD at 750°C on single crystalline LaAlO; substrate
was ~280 nQ) cm."! The polycrystalline nature and small grain size
of the SRO film in the present experiment may have resulted in high
resistivity. In order to improve the crystallinity of the as-grown
films, and thus decrease the resistivity, the SRO films were PDA-
treated. The Ru/Sr ratio of the films shows large variations depend-
ing on T, and the PDA atmosphere. When 7, is low (350°C) and the
PDA atmosphere is oxygen, the Ru/Sr ratio largely decreases,
whereas the SRO film grown at 550°C shows a negligible change.
The reduction in the Ru concentration of the films grown at a lower
T, is attributed to the formation of volatile RuO3 or RuO, during
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PDA in O, atmosphere.18 The nonvarying Ru/Sr ratio of the film
grown at 550°C suggests that the formation of RuO5 or RuQ, by the
reaction of crystallized SRO with O, is not probable. Conversely,
the constituent elements in the amorphous as-deposited films loosely
bound with each other. During the PDA of the amorphous SRO film,
the crystallization and reaction with O, forming the volatile compo-
nents simultaneously occur, as shown by XRD later. The remaining
SrO is amorphous or nanocrystalline as no XRD peak corresponding
to SrO is detected. However, it is interesting to note that the resis-
tivities of the three films grown at three different 7, after PDA in O,
atmosphere are almost identical, as shown in Fig. 1b. The resistivity
of the SRO film grown at 550°C shows a negligible change, while
that of the film grown at a lower T, shows a large decrease. This
suggests that the in situ crystallized film (grown at a T, of 550°C)
experiences almost no change in structure and cation composition
during PDA in O, atmosphere. However, the amorphous as-
deposited film undergoes a rather serious structural and cation com-
position change during PDA. However, the almost identical resistiv-
ity of the SRO film grown at 350°C after PDA in O, atmosphere to
that of the in situ crystallized film suggests that the crystallized SRO
parts are rather large, so that they percolate to form fluent electrical
conduction paths. However, as shown in the next section, these ex
situ crystallized poly-SRO films are not proper as the electrode for
the ferroelectric PZT film deposition.

PDA in N, atmosphere induced a negligible change in the cation
composition of the SRO films irrespective of T,. This supports the
hypothesis that the reduction in the Ru content during PDA in O,
atmosphere is due to the formation of volatile RuO; or RuO,. Un-
fortunately, PDA in N, atmosphere does not lead to crystallization
(see Fig. 3) of the amorphous as-deposited SRO films. Accordingly,
the resistivity of the SRO film grown at 350°C still remains at a
higher value (Fig. 1b). The resistivity of the in situ crystallized SRO
film shows a negligible change by PDA in N, atmosphere too.

Figure 2a shows the SEM surface morphology of the SRO films
grown at a T, of 350, 450, and 550°C, respectively, and b and ¢
show the surface morphologies after PDA in O, and N, atmosphere,
respectively. As T, increases, the size of clusters (for an amorphous
layer) or grains (for a crystalline layer) of the as-deposited SRO
films increases. PDA in O, atmosphere largely increases the average
grain size of the SRO film grown at a lower T, but almost no
change is observed for the film grown at 550°C. The root-mean-
squared (rms) roughness measured by AFM is ~0.5 and ~4 nm,
respectively, for the as-grown film grown at 350°C and after PDA.
Along with the roughening of the SRO film grown at a lower T,
many small pores are formed mainly at the grain boundaries, which
might be closely related to the loss of Ru. When the PDA atmo-
sphere was changed to N, a negligible change in the cluster or grain
structure is observed. XRD analysis was performed to investigate
the variations in the crystal structure of the SRO film grown at
350°C with PDA temperature. Here, the SRO film was grown on
type II substrates with different thicknesses of 5, 20, and 40 nm. The
reason for adopting type Il substrates has been explained above.

Figure 3a and b shows the XRD patterns of 5, 20, and 40 nm
thick SRO/type 11 substrate samples after PDA using a conventional
furnace for 30 min at 600°C in O, and N, atmosphere, respectively.
In addition to the XRD peaks from the type II substrate (Ir and IrO,)
a (110) peak corresponding to pseudocubic SRO is observed for a
thicker film (>20 nm) when PDA was performed in O, atmosphere.
When N, atmosphere was used during PDA, no peak corresponding
to SRO was observed. Figure 3c shows the XRD patterns of an
as-deposited 40 nm thick SRO film grown on a type III substrate at
a T, of 550 and 350°C, respectively. The SRO film grown on a type
IIT substrate at 350°C is also amorphous, whereas the film grown at
550°C is in situ crystallized with a pseudocubic 110-preferred
growth direction.

Figure 4a and b shows the variations in the Ru/Sr composition
ratio of the 5, 20, and 40 nm thick SRO/type II substrate samples
after PDA at 600°C by RTA and furnace, respectively. For the PDA

2)350°C 5500C

Figure 2. SEM surface morphology of SRO films grown at a T, of 350, 450,
and 550°C (a) at the as-deposited state, and after the PDA at 600°C under the
(b) O, and (c) N, atmospheres.

using RTA the atmosphere was O,, and for the PDA using the fur-
nace the atmosphere was O, or N,. The initial Ru/Sr ratio of the
films was measured to be slightly higher (~ 1.1) than that on type I
substrates (~ 1.05). However, the trends in variation of the Ru/Sr
ratio of the film with PDA were almost identical to that on type I
substrates shown in Fig. 1. As the SRO thickness becomes smaller,
the relative variation becomes large due to the relatively larger por-
tion of surface layer where the loss of Ru is more serious. For the
case of PDA in O, atmosphere using a furnace, the variation with
the annealing time saturates depending on the SRO thickness, which
suggests that the Ru loss from the film becomes less active as the
film crystallizes. Figure 4c shows the variation in rms surface rough-
ness of the 5, 20, and 40 nm thick SRO/type II substrate samples
measured by AFM under various PDA conditions. The roughness
generally increases with increasing Ru loss and degree of
crystallization.

Figure 5 shows the AES depth profile results of the 40 nm thick
SRO/type II substrate sample grown at 350°C (a) at the as-deposited
state and after RTA at 600°C in (b) O, and (c) N, atmosphere. For
an easy comparison, only the Ru profiles are collected in Fig. 5d. It
can be confirmed that PDA induces the Ru loss, especially in O,
atmosphere. The Ru loss is most serious near the film surface, but
the film bulk also looses Ru.

Figure 6a and b shows the Sr 3d XPS spectra of the amorphous
(T, of 350°C) and crystalline (7, of 550°C) SRO films, respectively.
The Sr 3d peak of the in situ crystallized SRO film can be deconvo-
luted with two components centered at binding energies (BE) of
132.1 and 132.9 eV, which may correspond to pseudocubic STRuO;
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Figure 3. XRD patterns of 5, 20, and 40 nm thick SRO/type II substrate
samples after PDA using a conventional furnace for 30 min at 600°C in (a)
0, and (b) N, atmosphere, and (c) XRD patterns of an as-deposited 40 nm
thick SRO film grown on a type III substrate at a 7, of 550 and 350°C.

and SrRu,0y, respectively.19 However, the Sr 3d peak of amorphous
SRO seems to be composed of two BE components located near a
BE of 133.0, which might be related to amorphous SRO, and
134.2 eV, which is close to the BE of metallic Sr.

Therefore, it can be understood that amorphous SRO has a less-
stable chemical binding status compared to in situ crystallized SRO.
This results in an unstable PZT MOCVD behavior, as shown later.

Growth and ferroelectric properties of PZT films on amorphous
or ex situ poly-SRO electrodes (type Il substrates).— PZT thin films
were grown on SRO/type II substrates. The SRO film was grown
at a T, of 350°C. Figure 7a and b shows the variations in
the Pb/(Zr + Ti) (Pb ratio) and Zr/(Zr + Ti) (Zr ratio) concentration
ratio (measured by XRF) of a ~15nm thick PZT film as a
function of the precursor input ratio [PIR, Pby/(Zr + Ti),, where
Pb, and (Zr + Ti), are the Pb and (Zr + Ti) solution precursor
flow rates, respectively], grown on as-deposited SRO electrode.
The Pb and Zr ratios of the same films grown on Pt and Ir
electrodes are also shown in Fig. 7.
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Figure 5. AES depth profile of a 40 nm thick SRO/type II substrate sample
grown at 350°C (a) at the as-deposited state and after RTA at 600°C in (b) O,
and (c) N, atmosphere.

Although MOCVD of multicomponent oxide thin films is quite
complicated in general, MOCVD of PZT at a high enough deposi-
tion temperature (>550°C) has a crucial merit in film cation com-
position control to the stoichiometric value (Pb/(Zr + Ti) ~ 1) due
to the presence of self-regulation (SR).”**! Within the SR growth
window, the film cation composition ratio remains stoichiometric
irrespective of PIR due to the active re-evaporation of excessively
adsorbed Pb and less active oxidation of Pb compared to Zr and
Ti.>*! The SR behavior in Pb concentration is clearly observed in
Fig. 7a. The reason for the slightly higher Pb ratio of the PZT films
on Pt electrodes is due to the formation of a Pb Pt, alloy. This was
reported in detail in a separate paper.22 ”

The variation in the Zr ratio depending on the types of electrodes
should be noted (Fig. 7b). Because the Zr and Ti precursors are
mixed in a single cocktail solution, the Zr/Zr + Ti precursor input
ratio (Zr,¢/Ti, = 0.2:0.8) cannot be changed. On the Pt and Ir elec-
trodes, the Zr ratio of the PZT film is almost identical to the input
Zr/Ti ratio but it is almost double of the other films on amorphous
SRO. Therefore, it can be expected that the rather unstable nature of
the amorphous SRO film may cause a selective adsorption of Zr ions
during the initial stage of the PZT MOCVD.

The variations in the Zr ratio of the PZT films grown on amor-
phous SRO, Pt, and Ru films for two deposition times were inves-
tigated by XRF. It was found that the Zr ratio of the PZT film on
amorphous SRO decreases with the increasing deposition time (0.39
at 5 min and 0.24 at 20 min), whereas that of the film on Pt and Ru
is almost independent of deposition time (0.17). This result clearly
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Figure 4. Variations in the Ru/Sr composition ratio of 5, 20, and 40 nm thick SRO/type II substrate samples after PDA at 600°C by RTA and furnace.
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Figure 6. Sr 3d XPS spectra of (a) amorphous (7, of 350°C) and (b) crys-
talline (7, of 550°C) SRO films.

elucidates that there is a reason for the higher Zr incorporation dur-
ing the initial stage of PZT MOCVD only on amorphous SRO.

In order to understand the change that happens during the PZT
film growth, XPS data of the PZT films deposited for two different
times grown on Pt and amorphous SRO electrodes are obtained.
Figure 8a and b show the Zr 3d XPS spectra of a PZT film on Pt and
amorphous SRO electrodes, respectively. The positions of the XPS
peaks are calibrated using the adventitious C 1s signal. The Zr 3d
XPS spectra of the PZT film on a Pt electrode shows a negligible
change with deposition time, suggesting that the growth behavior
was under steady state from the beginning. The Zr 3d peaks were
deconvoluted assuming that there are two Zr binding states, one
from the perovskite PZT structure (BE near 181.5 eV) and the other
from residual ZrO, (BE near 182.5 eV).2 However, the PZT film
grown on the amorphous SRO film for 5 min shows quite a different
Zr 3d XPS spectrum. The deconvolution reveals that most of the Zr
binding status is quite different from perovskite PZT shown in Fig.
8a. The major component of the peak locates near a BE of 181.0 eV
with a minor ZrO, component. Although the origin of the Zr 3d
peak near a BE of 181.0 eV is not clearly understood, this peak
might originate from the Zr ions which have reacted with Sr and O.
This canbe confirmed from the following two reasons: as discussed

amorphous SRO electrodes, respectively. Although a detailed decon-
volution of these peaks was not attempted, it can be observed that
BE of the Ti 2p peak is almost independent of the PZT deposition
time and types of electrodes. Therefore, it can be understood that the
Ti component of PZT does not react with underlying layers.

Now, it can be anticipated that the growing film on top of the
amorphous SRO layer is mostly constituted of PbTiO3 (PT) and not
PZT, because most of the Zr component from the Zr precursor reacts
with the underlying Sr or SrO. This can be confirmed from the XRD
analysis shown in Fig. 10, where the XRD spectra of a PZT film,
grown on a 5, 20, and 40 nm thick (a) as-deposited SRO film (7, of
350°C), and PDA-treated SRO film at 600°C for 30 min in (b) O,
and (c) N, atmosphere using a furnace, are shown. Here, the PZT
deposition time was 20 min, which corresponds to a nominal film
thickness of 50 nm. The PZT films grown on top of the PDA-treated
SRO electrodes do not show any crystalline peak due to the poor
crystallization of the films on these PDA-treated SRO films irrespec-
tive of the SRO thickness and PDA atmosphere. The PZT film si-
multaneously grown on an Ir electrode shows a relatively good crys-
tallization behavior with a 100- and 001-preferred growth direction
(data not shown). However, the film grown on the amorphous SRO
electrode shows a peak at 26 of 39.1°, which corresponds to the PT
(111) plane. As the amorphous SRO film becomes thicker, the peak
intensity increases. There is no other peak corresponding to
Sr—Zr-O compounde so that these compounds have an amorphous
structure. This is a reasonable result considering the easier crystal-
lization of PT compared to PZT during MOCVD.* The assignment

T L3 a i b
50 Ti2p, of PZT/Pt £ (@) Ti2p,,,of PZT/SRO_.-__ (b)
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Figure 7. Variations in the (a) Pb/(Zr + Ti) and (b) Zr/(Zr + Ti) concentra- Binding energyleV] Binding energyleV]
tion ratio (measured by XRF) of ~ 15 nm thick PZT films as a function of
the precursor input ratio, (PIR, Pbpf/(Zr + Ti)pf on Pt, Ir, and SRO elec-

trodes.

Figure 9. Ti 2p XPS spectra of a PZT film (5 and 20 min) on (a) Pt and (b)
amorphous SRO electrodes.
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of the peak at 26 of 39.1° in Fig. 10a as a PT(111) peak was further
confirmed in the following way. A few PT films were grown using Ti
precursor instead of the Zr + Ti cocktail solution with the same Pb
solution during MOCVD at the same temperature for the same time
(20 min). XRD spectra from the PT/as-deposited SRO and PZT/as-
deposited SRO are almost identical (strong peak at 26 of 39.1°),
confirming that PT and not PZT is deposited on amorphous SRO.
Therefore, it can be concluded that the amorphous SRO and ex situ
crystallized SRO by PDA are not proper electrodes for the ferroelec-
tric PZT film deposition by MOCVD. The XRD pattern of the PZT
film deposited for 35 min is similar to that of the PZT film grown on
an Ir electrode. It is interesting to note that the PT(111) peak disap-
pears after a PZT film growth of a longer time (35 min). This sug-
gests that the PT film serves as a seed layer for the PZT film crys-
tallization during the later stage of PZT MOCVD and they react
with the lately growing layer to form a single layer of PZT. Similar
behavior has been reported carlier.”

Figure 11 shows the ferroelectric P—V hysteresis loops of the
70 nm thick PZT (actually PT) films grown on (a) as-deposited
amorphous and (b) PDA-treated (RTA in O, atmosphere) 5 nm thick
SRO/type II substrate samples, respectively, and (c) and (d) corre-
spond to (a) and (b) except for a thicker SRO layer (20 nm). When
the SRO thickness was 40 nm, all the PZT films were so leaky that
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the P-V loops could not be measured. It can be understood that the
thicker amorphous SRO film made the P-V loop less stable due to
the high leakage current. When the SRO thickness was as small as
5 nm, reasonable P-V loops were obtained. However, the P-V loops
on the as-deposited SRO film show a slanted and nonsaturating P-V
behavior. When the SRO layer was O,-RTA-treated before the PZT
MOCYVD, the P-V loops improved slightly, as shown in Fig. 11d,
but they are still unsatisfactory for FeRAM application. Therefore,
PZT films are grown on in situ crystallized SRO electrodes as shown
in the following section. Before the PZT data on the in situ crystal-
lized SRO are discussed, the reason for the higher leakage of the
PZT film on the amorphous SRO film is further studied by XPS.
Figure 12a and b shows the Pb 4f and Sr 3d spectra of the PZT
film deposited for 1 min (to obtain a Sr 3d signal from the SRO
layer) on amorphous SRO and in situ crystallized SRO
(Tg = 550°C) electrodes, respectively. The Sr 3d spectra of these
two samples were also shown in Fig. 6. Regarding the Pb 4f spectra,
deconvolution shows that Pb has two oxidation states (Pb;O, and
PbOz)26 when the film is grown on amorphous SRO, whereas the

Figure 11. Ferroelectric P-V hysteresis loops of 70 nm thick PZT (actually
PT) films grown on (a) an as-deposited amorphous SRO/type II substrate
sample and (b) a PDA-treated 5 nm thick SRO/type II substrate sample (RTA
in O, atmosphere); (c) and (d) correspond to (a) and (b) except for a 20 nm
SRO layer.
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Figure 12. Pb 4f and Sr 3d XPS spectra of a PZT film deposited for 1 min
(to obtain a Sr 3d signal from the SRO layer) on (a) amorphous SRO and (b)
in situ crystallized SRO (7, = 550°C) electrodes.
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Figure 13. Ferroelectric hysteresis loop of a 70 nm thick PZT film on an (a)
as-deposited and in O, in situ crystallized poly-SRO/type III substrate at (b)
550, (c) 600, and (d) 650°C.

oxidation state of Pb in the film grown on crystalline SRO is almost
exclusively composed of Pb;O,. In addition to the variation in the
binding status of Pb ions the Sr 3d signal also shows differences
after the PZT deposition, depending on the crystallinity of SRO. As
discussed in Fig. 6, the Sr state in amorphous SRO is less stable and
vulnerable to chemical reactions with incoming Zr during the sub-
sequent PZT deposition. The BE of the Sr 3d peak of amorphous
SRO shifts into a lower energy direction after the PZT deposition.
This might be due to the reaction with Zr, but the Sr 3d peak posi-
tion of Sr—Zr—O compounds has not been reported. However, the
peak location (~132.5 eV) is quite similar to that of crystalline
SrTiO; (132.7 eV). Considering the similar chemical structure of Zr
and Ti ions, it might be reasonable to assume that the peak shift in
the lower BE direction is due to the formation of Sr—Zr-O com-
pounds. This supports the previous hypothesis that Zr ions react with
Sr and O on top of the amorphous SRO film during the initial stage
of PZT MOCVD. It has to be noted that the molar standard forma-
tion energy of SrZrO; (—1514.717 kJ/mol) is lower than those of
SrTiO; (—1419.698 kJ/mol) and PbTiO3 (-941.332 kJ/mol) at
900 K.’ This may constitute one of the reasons for the formation of
Sr—Zr—O compounds during the initial stage of film growth on the
relatively unstable SRO electrode. When the Sr-Zr-O phase is
formed, the remaining Pb, Ti, Ru, and O may have a high chance to
form Pb-Ti(Ru)-O and Pb—Ru—O compounds, which are believed
to be electrically leaky. This may constitute one of the reasons for
the high leakage current.

The location of Sr 3d in the in situ crystallized SRO is not no-
tably changed after PZT deposition, as shown in Fig. 12b. Only the
relative ratio of the two component peaks is changed, suggesting the
better stability of this material compared to the amorphous SRO.

Growth and ferroelectric properties of PZT films on in situ poly-
SRO electrodes.— As discussed previously, in situ crystallized poly-
SRO films on type III substrates are quite stable in chemical and
structural aspects compared to amorphous SRO or ex situ crystal-
lized SRO electrodes. Therefore, it is expected that the PZT film
deposited on an in situ crystallized SRO electrode produces good
ferroelectric properties. Figure 13a shows the ferroelectric hysteresis
loop of a 70 nm thick PZT film on in situ crystallized poly-SRO/
type III substrate. It can be observed that ferroelectric hysteresis was
obtained but the loop shapes are largely distorted, possibly due to

the high leakage current and charge traps. This was assumed to be
due to the still-unstable PZT/SRO interface. In order to improve the
interface property, the in situ crystallized poly-SRO/type III sub-
strate samples were heat-treated in two different oxidizing atmo-
spheres before the PZT MOCVD: O3 atmosphere (O3 concentration
of 250 g/m3 with a total pressure of 1 Torr) at 300°C for 30, 100,
and 300 s, respectively, and O, atmosphere at 1 atm using a furnace
for 30 min at 550, 600, and 650°C, respectively. As will be shown
later, the O5 treatment was too harsh to the underlying Ru layer, so
that the electrode stack became very rough by the oxidation of Ru,
and thus, the PZT film grown on the Oj-treated substrates became
very leaky and no P-V hysteresis loop was obtained. However, the
furnace O, treatment was a proper method to improve the surface
state of the in situ poly-SRO film as shown by the much better P-V
loops shown in Fig. 13b-d, which correspond to the furnace O,
treatments at 550, 600, and 650°C, respectively. The remanent po-
larization (P,) of the PZT film on the furnace O,-treated in situ
poly-SRO electrode is as large as 35.5 wC/cm? at an applied voltage
of 3 V. This is almost twice as large as that of the same film directly
grown on an Ir electrode. This clearly shows the merit of adopting
an SRO buffer layer in spite of the additional complexity of fabri-
cating an optimized SRO film. However, the coercive voltage (
~1.5V) is quite high considering the relatively thin
(~70 nm) thickness of the PZT film. The origin of this high coer-
cive voltage is under investigation now.

However, the furnace O, treatments at higher temperature
(>600°C) are not desirable compared to the same annealing at
550°C. The P-V loop shapes become leaky as the annealing tem-
perature increases >600°C. The reasons for the large improvement
in P-V performance by the furnace O, treatments at 550°C of the
in situ poly-SRO film and degradation for the cases of the O, treat-
ment at higher temperatures are investigated. The changes in the
structures of the in situ poly-SRO/type III substrates by the O5 treat-
ments are also investigated. This was attempted to show the reason
for the degradation by the O treatment although O; is also a strong
oxidant.

Figure 14a and b show the XRD patterns of a PZT film grown on
an O3-pretreated in situ poly-SRO/type III and furnace O,-pretreated
in situ poly-SRO/type III substrates, respectively. When the PZT
film was grown on the nontreated in situ poly-SRO electrode, the
XRD peaks corresponding to the PZT (100), (001), and (110),
SRO(110), and Ru(002) planes are observed, suggesting that there
was no substantial change in the stacked electrode structures. How-
ever, as the Os-pretreatment time increases, the Ru(002) peak inten-
sity largely decreases and finally becomes negligible after a treat-
ment for 300 s. The SRO(110) peak intensity also decreases with
increasing pretreatment time. It can be observed that a peak near 20
of 28° appears after a pretreatment for >100 s, which corresponds
to the RuO,(110) plane. Along with the changes in the crystalline
structure in the electrode stack, the PZT peak intensity slightly de-
creases with increasing O5 pretreatment time.

When the PDA condition was changed to furnace O, pretreat-
ment, similar changes in the XRD patterns of the electrode stack are
observed with increasing annealing temperature, but the degree of
change is smaller than in the case of O3 pretreatment. An appre-
ciable Ru(002) peak intensity was still observed after annealing at
650°C. Accordingly, the degradation in the SRO and PZT peak in-
tensities with increasing annealing temperature is less than that with
increasing Os-pretreatment time. These changes in the structures of
the electrode layers are confirmed by the SEM observations shown
in Fig. 15 and 16. Figure 15a-d shows the surface morphology of the
as-deposited in situ poly-SRO/type III substrates and after
Ojs-pretreatment for 30, 100, and 300 s, respectively. The as-
deposited in situ poly-SRO film surface is smooth (rms roughness of
~0.6 nm) and is comprised of uniform SRO grains with an average
size of ~20 nm. Cross-sectional SEM shows that the electrode stack
is composed of a ~40 nm thick poly-SRO layer and a ~25 nm
thick Ru layer. The initial Ru thickness was 20 nm, suggesting that
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Figure 14. XRD patterns of a PZT film
grown on (a) Os-pretreated in situ poly-
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Figure 15. SEM surface morphology of (a) as-deposited in situ poly-SRO/
type III substrates and after Oz pretreatment for (b) 30, (c) 100, and (d)
300 s.
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the SRO sputtering process at such a high 7, (550°C) already
slightly oxidized the Ru layer. However, the O3 pretreatment largely
degrades the surface morphology of the electrode layer with the
formation of a large irregular region. This irregular region might be
the SrO-rich area, as is shown by the surface composition analysis
using XPS. The underlying Ru layer becomes a bilayer structure
with increasing Oj-pretreatment time. Considering the XRD data
shown in Fig. 14a, this bilayer must be RuO,/residual Ru, suggest-
ing that the high oxidation potential of O3 oxidized the underlying
Ru layer in addition to inducing a chemical composition change in
the SRO layer. It was noted that the total thickness of the bilayer
does not increase with increasing O;-pretreatment time, suggesting
that some of the oxidized Ru evaporated during the O pretreatment
(39, 32, and 35 nm for 30, 100, and 300 s, respectively). It is be-
lieved that during the Oz pretreatment Ru diffused into the SRO
layer and formed volatile RuO; or RuO, along with nonvolatile
RuO, by the reaction with the inward-diffused oxygen. This ex-
plains the changes in the XRD patterns shown in Fig. 14a, where the
decrease in the Ru(110) peak intensity was not accompanied by an
increase in the RuO,(110) peak intensity. These degradations in the
surface state of the poly-SRO electrode by O3 pretreatment appear
to be the origin of the failure of the ferroelectric performance of the
PZT films grown on the Os-pretreated SRO electrode.

Figure 16a-c shows the SEM surface morphology of the in situ
poly-SRO/type III substrates after furnace O, pretreatment at 550,
600, and 650°C, respectively. The surface morphology does not
show such a large change as in Fig. 15 but a slight increase in
roughness (data shown later). However, the cross section shows a
different modification with increasing furnace O,-pretreatment tem-
perature (data not shown). The poly-SRO thickness was almost in-
variant but the thickness of the underlying Ru layer increases from
~25 nm before the furnace O, pretreatment to ~45 nm after the
furnace O, pretreatment at 650°C, without showing a distinctive
bilayer structure. The XRD data shown in Fig. 14b did not show a
large increase in the RuO, peak, suggesting that the increased un-
derlayer is RuO, (x < 2).
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Figure 16. SEM surface morphology of in situ poly-SRO/type III substrates
after furnace O, pretreatment at (a) 550, (b) 600, and (c) 650°C.

Figure 17. Variations in the rms surface roughness of in situ poly-SRO/type
III substrates according to the (a) O; pretreatment and (b) furnace O, pre-
treatment conditions.
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Figure 18. Changes in the surface chemical composition of a poly-SRO film
monitored using XPS according to the (a) O pretreatment and (b) furnace
O, pretreatment conditions.

Figure 17a and b show the variations in the rms surface rough-
ness of the in situ poly-SRO/type III substrates according to the
Os-pretreatment and furnace O,-pretreatment conditions, respec-
tively. The Oj pretreatment largely increases the surface roughness
in spite of the relatively low treatment temperature. The furnace O,
pretreatment also increases the roughness, but the degree of increase
is much less than that of the O3 pretreatment.

The changes in the surface chemical composition of the poly-
SRO film was monitored using XPS according to the Oj pretreat-
ment and furnace O, pretreatment conditions, and the results are
shown in Fig. 18a and b, respectively. It can be understood that the
pretreatments of the poly-SRO films in oxidizing atmosphere gener-
ally increase the O concentration and decrease the Ru concentration
with a negligible change in Sr concentration. However, the degree of
change is much more excessive for the case of O; pretreatments.
The relative concentrations of each element shown in Fig. 18 are not
accurate values because the XPS tool was not calibrated for quanti-
fication, so that only relative variations have relevance. Therefore, it
can be understood that the usual oxygen diffusion by furnace O,
pretreatments do not modify the electrode structure so largely,
whereas the Oj pretreatments largely degrade the electrodes.

The surface oxygen concentration increases with increasing fur-
nace O,-pretreatment temperature up to 600°C and then saturates. It
can be assumed that the initial surface oxygen concentration of the
as-deposited poly-SRO layer was lower than the equilibrium value
due to the low oxygen partial pressure during the sputtering process.
Therefore, the furnace O, pretreatment recovers the equilibrium
oxygen concentration. From the saturation behavior of the oxygen
concentration over the pretreatment temperature of 600°C, the oxy-
gen concentration after the pretreatment at >600°C corresponds to
the equilibrium value.

It has been reported that the work function of SRO depends on
the oxygen concentration of the material.”® The fully oxidized SRO

O; 30sec

O; 100sec

0, 550°C 0,600°C

O, 300sec

has a work function of ~5.0 eV, whereas the oxygen deficient ma-
terial has ~4.6 eV.?® Although the work function of the electrode is
not the sole factor that determines the interfacial potential barrier
height, which is the major controlling factor for the leakage
current,”’ a higher work function of the electrode generally produces
a higher potential barrier at the ferroelectric/electrode interface.” -

Therefore, the better ferroelectric P-V performance of the PZT
film on the furnace O,-pretreated poly-SRO electrode shown in Fig.
13b must be due to an improved interfacial potential barrier at the
PZT/SRO interface. If the work function was the sole factor that
determines the leakage current, the P-V performance of the PZT
film on the furnace O,-pretreated poly-SRO electrode at 600 and
650°C should have been better. This suggests that the surface rough-
ness also influences the leakage and P-V behavior.

Figure 19 shows the SEM surface morphology of 70 nm thick
PZT films grown on Os-pretreated and furnace O,-pretreated poly-
SRO electrodes under the various conditions. It is interesting to note
that the surface morphology of the PZT films grown on the various
SRO electrodes is not so different in spite of the largely different
electrical measurement results. This shows the large influence of the
PZT/electrode interface states on the electrical performances of the
thin (<100 nm) ferroelectric PZT films.

Conclusion

Structural and electrical properties of in situ and ex situ crystal-
lized polycrystalline SRO thin-film electrodes fabricated by dc mag-
netron sputtering at a substrate temperature of 550 and 350°C, re-
spectively, followed by postannealing for application as bottom
electrodes of MOCVD PZT thin films are investigated. The in situ
crystallized SRO electrode shows a negligible change in the film
composition during the subsequent annealing and works as a good
electrode for the ferroelectric PZT films. However, the ex situ crys-
tallization by post annealing of the amorphous as-deposited SRO
film largely decreases the Ru content in the SRO film, and conse-
quently the PZT film grown on top has a poor ferroelectric perfor-
mance. In addition, the Zr component in the PZT film initially reacts
with the excessive SrO in the electrode, resulting in a deposition of
PbTiO; at the initial stage of PZT deposition. The structurally and
chemically unstable properties of amorphous and ex situ crystallized
SRO electrodes largely degrade the ferroelectric performance of the
PZT thin films. The better structural and chemical stability of the in
situ crystallized poly-SRO results in a reasonable ferroelectric per-
formance of the PZT films. However, the oxygen-deficient surface
composition of the as-deposited in situ poly-SRO electrode is the
origin of an unsatisfactory ferroelectric performance. The pretreat-
ment of the in situ poly-SRO electrode in O, atmosphere using a
furnace at temperatures ranging from 550 to 600°C recovers the
oxygen stoichiometric composition of the SRO layer, which results

Figure 19. SEM surface morphology of
70 nm thick PZT films grown on (a—c)
Os-pretreated  and  (d-f)  furnace
O,-pretreated poly-SRO electrodes under
various conditions.

0,650°C
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in a large improvement in the ferroelectric performance of the PZT
film. The 70 nm thick PZT film grown on this properly pretreated in
situ poly-SRO electrode shows a saturation P, of 35.5 wC/cm? at an
applied voltage of 3 V. However, too much oxidation of the SRO
electrode using O3 treatment was very harmful to the electrical

property.

Seoul National University assisted in meeting the publication costs of this
article.
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