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Bi,Tis0y, (BIT) thin films with TiO, anatase buffer layer were deposited on the It/Ti/Si0,/Si substrates
by metalorganic chemical vapor deposition using Bi(CH;); and Ti(i-OCsHy), sources.  The BIT thin film
with TiO, buffer layer exhibited highly - and b-axes-oriented BIT single phase. The as-deposited BIT
thin film with TiO, buffer layer exhibited the ferroelectricity without postannealing. The ferroelectricity
depends on the flow rates of Ti(i-OCsH7), and Bi(CHs); source. When the flow rates of Ti and Bi were
fixed at 90 and 20 sccm, respectively, the as-deposited BIT thin film with TiO, buffer layer on Ir/Ti/Si0,/Si
substrate exhibited a good P-E hysteresis loop.
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1. INTRODUCTION

Ferroelectric BigTi30y; (BIT) has a spontaneous
polarization in the g-c plane at an angle approximately
4.5° with the g-axis, and exhibits two independently
reversible components along the ¢- and g-axes [1-4], It
shows coercive fields (E.) of 3.5 kV/om and 50 kV/em,
and remanent polarization (P) values of 4.0 and 50
uC/cmz, and dielectric constants of 160 and 130 along
the c-and g-axes, respectively. The BIT thin films are
expected for application to nonvolatile ferroelectric
memory (NV-FeRAM) devices with nondestructive
readout operation. Therefore, BIT thin films have been
prepared by several deposition techniques such as
sol-gel [5-7], metalorganic chemical vapor deposition
(MOCVD) [8-25], metalorganic decomposition (MOD)
[26,27], and RF magnetron sputtering [28-32].
However, it is difficult to prepare the perfect undoped
BIT thin film. This is because mterdiffusion occurs
between the electrode and the poly-Si-plug during
ferroelectric film formation at high temperature.

In recent years, Nakamura ef al. has prepared the BIT
thin films with a TiO, anatase buffer layer on the
PUTYSION/Si substrates by MOCVD [22-25].  The BIT
thin film with the TiO, anatase buffer layer prepared at
500°C exhibited highly - and b-axes-oriented BIT
single phases, although the BIT thin film with no buffer
layer exhibited a c-axis orientation. The interface
between the BIT thin film and the substrate was very
smooth. The BIT thin film consisted of small grains
and exhibited a good P-E hysteresis loop. The
ferroelectricity of the BIT thin film with the TiO,
anatase buffer layer strongly depends on the thickness
ratio of the BIT thin film to the TiO, anatase layer,
indicating that the Ti0, anatase buffer layer acts not as
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barrier layer but as an initial nucleation layer of the BIT
thin film. When the thickness ratio is fixed at
[BITY(TiO,)] =15, the remanent polarization (P,) and
the coercive field (£} were 2Pr=81.6 uC/om® and
2E=250 kV/cm, respectively. The dielectric constant
(s, was 160. The above results originate to the effect
of Ti0O, buffer layer [25]. Such an effect is also
expected for BIT thin film on It/Ti/Si0,/Si substrate.

In this study, we have prepared the undoped BIT thin
films with TiO; anatase buffer layer on the
(L1 DI/TY/SI0/Si substrates by MOCVD. MOCVD is
the most promising practical preparation method
because it enables realization of high thickness and
composition uniformity over large film areas. TiO,
layer can be prepared at a low substrate temperature of
350°C by MOCVD uwsing a Ti(-OCH3;H;), source
[24,25]. Therefore, we believe that the TiO, anatase
buffer layer is very effective for low-temperature
fabrication below 500°C and for inducing interdiffusion
between the BIT thin film and the Ir substrate. In this
paper, we present the structural and ferroelectric
properties of the BIT thin films with a TiO, buffer layer
and discuss about the mechanism of TiO, buffer layer.

2. EXPERIMENTAL

The TiO, Anatase buffer layers were prepared on
(11DI/TVSION/SI substrates by MOCVD.
Tetra-isoproxy titanium[Ti(i-OCH3H;),l, which was
supplied by TRI Chemical Laboratory Inc., was used as
the Ti source of MOCVD. The pressure in the reaction
chamber was fixed at approximately 5 Torr. The
Ti(i-OCH;Hy), vaporized in a separate stainless-steel
babbler was maintained at 40°C. The substrate
temperature (Ts) was approximately 350°C.

BIT thin films were deposited on the TiO, anatase
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buffer layer prepared on I/T¥/Si0O/Si substrates by
MOCVD using an apparatus having a vertical
cold-wall-type reaction chamber. Trimethyl bismuth
[Bi(CH;),] and Ti(i-OCH;H7),, which were supplied by
TRI Chemical Laboratory Inc., were used as Bi and Ti
sources of MOCVD. The Bi(CHs); and Ti(i-OCH;Ho),,
vaporized in separate stainless-steel bubblers were
maintained at 0°C and 40°C, respectively. The Ar and
O, gases were used as the carrier gas and the oxidizing
gas, respectively. The pressure in the reaction chamber
was fizxed at approximately 5 Torr. The Ts was
fabricated at 500°C in all BIT thin films. The total
thickness of the BIT thin film and buffer layer was fixed
at 400 nm. Finally, the top Pt electrodes with a diameter
of 0.2 nm were deposited on the film surface through a
metal shadow mask by RF-magnetron sputtering in
order to measure electrical properties.

The structural properties of the BIT thin films were
characterized by X-ray diffraction ({RD) using CuKa.
The surface morphology and cross section were
observed by atomic force microscopy (AFM). The
elecirical properties were measured using the
feroelectric property measurement system RT-6000HVS
manufactured by Radiant Technologies Inc. The
polarization-clectric field (P-E) hysteresis loop were
measured using one-shot triangular waveforms with a
period of 50 ms.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the as-deposited
TiO, anatase thin film prepared at Ts=350°C. The film
thickness of the TiO, buffer layer was approximaiely
50nm. A broad peak at 20=28.4 ° is the Si(111)peak.
A weak peak at 20=25.3 °© is (101) peak of TiO, anatase.
In recent years, TiO, anatase thin film has been prepared
on PYTI/SIOYSI substrate by MOCVD [24].  The
orientation of Ti0, anafase on PY/TVSIO,/Si substrate is
different from that of TiQ, anatase on I/Ti/SiO,/Si
substrate, although the preparation conditions such as Ti
source, flow rates of Ar gas and O, gas and Ts are same
in both TiO, thin films. This is considered to originate
io the latfice mismatch between Ti0O, anatase and
substrate.
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Fig.1 XRD pattern of TiQ, anatase thin film prepared on
I¥/Ti/810,/Si subsirate.

Fig.2: AFM image of TiO, anatase thin film prepared on
Tr/TV/SI0,/8i substrate.

Figure 2 shows the AFM image of TiO, anatase thin
film prepared on Ii/Ti/Si0y/81 substrate.  The thin film
consist of small grain of 50~100 nm. The surface
roughness is 20 nm against the film thickoess of 50 nm.

Figure 3 shows the XRD pattern as a function of the
Ti flow rate in the as-deposited BIT thin films with the
TiO, anatase buffer layer. The Bi flow rate was fixed
at 20 scom. The Ts was ~500°C. The thicknesses of
RIT and Ti0, anatase thin films were 350 nm and 50 nm,
respectively. The BIT thin films prepared at the Ti
flow rates of 60 scem and 75 scem exhibit the existences
of excess Bi and pyroclore phases at 26~28.0°. On the
other hand, the BIT thin films prepared at the Ti flow
rates of 90 scem and 96 scom exhibit highly a- and
b-axes oriented BIT single phase. The a- and b-axes
orientation increases with increasing Ti flow rate.

Figure 4 shows the composition ratios of Bi and Ti as
a function of the Ti flow rate in the as-deposited BIT
thin films with the Ti0O, anatase buffer layer. When the
Ti flow rates are 60 and 75 sccm, the BIT thin filins are
Bi-excess and Ti-poor. However, the composition
ratios of Bi and Ti are almost stoichiometric
composition in Ti flow rates of 90 scem and 96 scom.
These results accord with the XRID patterns of Fig. 3.
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Fig.3 XRD patterns of BIT thin film with TiO, anatase buffer
tayer as a function of Ti flow rate.  The Bi flow rate was fixed
at 20scom.
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Fig.4: Compositions of Bi and Ti of BIT thin film with TiO,
anatase buffer layer as a function of Ti flow rate. The Bi flow
rate was fixed at 20 sccm.
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Fig. 5: Hysteresis loops of as-deposited BIT thin films with
TiO, anatase buffer layer as a function of Ti flow rate. Bi flow
rate was fixed at 20scem.

Figure 5 shows P-E hysteresis loops a function of the
Ti flow rate in the as-deposited BIT thin films with the
TiO, anatase buffer layer. The BIT thin film with TiO,
buffer layer prepared at the Ti flow rate of 60 scem did
not exhibit the P-E hysteresis loops. This is due to the
existences of excess Bi and pyroclore phases. The BIT
thin films prepared at the Ti flow rate above 70 sccm
exhibited the P-E hysteresi loops. When the flow rate
is 70 sccm, the hysteresis is unique fat shape. The
shape of hysteresis loop is improved in the Ti flow rate
of 90 sccm. Then, the Pr and Ec are 2P=55.9 uC/cm2
and 2E=259 kV/cm, respectively. The thin film
consist of small grain of 50~100 nm. The surface
roughness is 20 nm against the film thickness of 50 nm.

The above results are not enough for application of
ferroelectric nonvolatile memories, which have stacked
capacitor cell structures. However, the interdiffusion
between the BIT thin film and the substrate is controlled
in BIT thin film with TiO, buffer layer on Ir/Ti/SiO,/Si
substrate. This is because the Ti flow rate of the BIT
thin film is higher than that of BIT thin film on
PUTi/SiO,/Si substrate [24]. To further investigate the
electrical properties of the BIT thin films on
Ir/Ti/Si0,/Si substrate, it is necessary to perform a more

systematic optimizations of the film thickness of TiO,
anatase buffer layer and T..

4. CONCLUSION

We have prepared the BIT thin film with the TiO,
anatase buffer layer on Ir/Ti/SiO,/Si substrate by
MOCVD technique. The orientation depends on the Ti
flow rate. When the Ti flow rate is fixed at 90 sccm,
The as-deposited BIT thin films with the TiO, anatase
buffer layer crystallized at 500°C exhibited highly a-
and b-axes orientation.  Then, the P, and E, of the BIT
thin films with TiO, anatase buffer layer were 2P=55.9
uC/em’ and 2E~259 kV/cm, respectively.  Finally,
we would like to propose that TiO, anatase is a
promising  buffer layer for low-temperature
crystallization of BIT thin films.

ACKNOWLEDGEMENT

This work was supported by a Grant-In- Aid for
Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology.

REFERENCES

[1] S. E. Cummins and L. E. Cross: J. Appl. Phys. 39
(1968) 2268.

[2] T. Takenaka and K. Sakata: Jpn. J. Appl. Phys. 19
(1980) 31.

[3] R. Ramesh, K. Luther, B. Wilkens, D. L. Hart, E.
Wang and J. M. Trascon: Appl. Phys. Lett. 57 (1990)
1505.

[4] H. Esaki: Ferroelectr. 14 (1997) 11.

[5] A. Kakimi, S. Okamura and T. Tsukamoto: Jpn. J.
Appl. Phys.33 (1994) 1.1707.

[6] A. Kakimi, S. Okamura, S. Ando and T. Tsukamoto:
Jpn. J. Appl. Phys. 34 (1995) 5193.

[7] T. Kijima and H. Ishiwara: Jpn. J. Appl.Phys. 41
(2002) LL716.

[8] T. Tsukamoto, S. Okamura: Ferroelectrics. 170
(1995) 77.

[9] T. Kijima and H. Matsunaga: Jpn. J. Appl. Phys. 37
(1998) 5171.

[10] T. Kijima and H. Matsunaga: Jpn. J. Appl. Phys. 38
(1999) 127.

[11] T. Kijima and H. Matsunaga: Jpn. J. Appl. Phys. 38
(1999) 2281.

[12] M. Schuisky, A. Harsta, S. Khartsev and A.
Grishin: J. Appl. Phys. 88 (2000) 2819.

[13] T. Watanabe and H. Funakubo: Jpn. J. Appl. Phys.
39 (2000) 5211.

[14] T. Watanabe, A. Saiki and H. Funakubo: Jpn. J.
Appl. Phys. 89 (2001) 3934.

[151 A. D. Rae, J. G. Thompson and R. L. Withers: Acta
Crystallogr. Sect. B: Struct. Sci. 48 (1992) 418.

[16] Y. Noguhi, M. Miyayama and T. Kudoh: Rav. B
63 (2001) 214102.

[17] E. Tokumitsu, T. Isobe, T. Kijima and T. Kudo: Jpn.
J. Appl. Phys. 40 (2001) 5576.

{18] T. Watanabe, T. Kojima, T. Sakai, H. Funakubo, M.
Osada, Y. Noguchi and M. Miyayama: J. Appl. Phys.
92 (2002) 1518.

[19] T. Watanabe, H. Funakubo, M. Osada, Y. Noguchi



80 Ferroelectric and Structural Properties of Bi Ti;0;, Thin Films with TiO, Layer Prepared on Ir/Ti/SiOy/Si Substrates

and M. Miyayama: Appl. Phys. Lett. 80 (2002) 100.

{201 U. Chon, K. B. Kim, H. M. Jang and G. C. Yi: Appl.
Phys. Lett. 79 (2001) 3137.

[21] T. Kijima, Y. Fujisaki and H. Ishiwara: Jpn. J. Appl.
Phys. 40 (2001) 2977.

{22] M. Nakamura, T. Higuchi and T. Tsukamoto: Jpn. J.
Appl. Phys. 42 (2003) 5687.

[23} M. Nakamura, T. Higuchi and T. Tsukamoto: Jpn. J.
Appl. Phys. 42 (2003) 5969.

[24] M. Nakamura, T. Higuchi, Y. Hachisu and T.
Tsukamoto: Jpn. J. Appl. Phys. 43 (2004) 1449.

[25] T. Higuchi, M. Nakamura, Y. Hachisu, M. Saitoh,
T. Hattori and T. Tsukamoto: Jpn. J. Appl. Phys. 43
(2004) 6585.

[26] S.Okamura, Y.Yagi, A.Kakimi, S.Ando, K.Mori
and T.Tsukamoto: Jpn. J. Appl. Phys. 35 (1996) 5224.

[27] S.Okamura, Y.Yagi, K.Mori, G.Fujihashi, S.Ando
and T.Tsukamoto: J. Appl. Phys. 36 (1997) 5889.

[28] Y. Masuda, H. Masumoto, A. Baba, T. Goto and T.
Hirai: Jpn. J. Appl. Phys. 32 (1993) 4043.

[29] W. Jo, S. M. Cho, H. M. Lee, D. C. Kim and J. U.
Bu: Jpn. I. Appl. Phys. 38 (1999) 2827.

[30] M. Tanaka, T. Higuchi, K. Kudoh and T.
Tsukamoto: Jpn. J. Appl. Phys. 41 (2002) 1536.

[311 K. Kudoh, T. Higuchi, Y. Iwasa, M. Hosomizu and
T. Tsukamoto: Proc. Inter. Symp. Appl. Ferro.
(ISAF) XIII (2002) 167.

[32] T. Higuchi, M. Iwasa, K. Kudoh and T. Tsukamoto:
Trans. Mater. Res. Soc. Jpn. 29 (2004) 1121.

(Received December 10, 2005; Accepted January 31, 2006)



