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Sry.gBi, TayOg (SBT) ferroelectric film constructed on AD;/Si to form metal—ferroelectric—
insulator—semiconductofMFIS) was prepared to study the degradation behavior of SBT films
under forming gas annealing-GA). Although the diffusion of hydrogen ions has been detected
during FGA treatment, no significant differences in the microstructure and crystalline phase are
observed for the SBT film compared to that without FGA treatment. However, the diffusion of
hydrogen ions leads to the rapid decrease in the dielectric constant but shows no apparent influence
on the memory window of §gBi,Ta,Oq/Al,O3/Si capacitors. In addition, it was found that FGA
shows a positive effect on the leakage current of MFIS in contrast to that of metal/ferroelectric/metal
structure. The leakage current density of MFIS dramatically decreases as much as two orders of
magnitude after FGA at 500 °C compared to that without FGA treatment that was attributed to the
reduced defects at the interface of,B5/Si. © 2003 American Institute of Physics.
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I. INTRODUCTION ferroelectric degradation in MFM structure. Warmdg al.®
studied the fatigue behavior of FGA-SBT samples and sup-
Ferroelectric thin films have been widely investigatedposed that more weak pinning center of domain will be
for nonvolatile random access memory app!lcatlbns. formed on SBT thin film after FGA process. This will cause
SrBi;Ta;0, (SBT) thin film has superior ferroelectric prop- yhe increase in both leakage current and fatigue degradation.
erties in retention endurance, fatigue, and leakage curreRt oqe pinning centers of domain in the SBT films could be
and therefore appears to be one of the most favorable Canq.ilhlocked after oxygen recovery at 750 °C and the fatigue
dates for ferroelectric materials in ferroelectric memoryproperty of SBT thin films could be recovered to the original
device? However, there are stil several problems that in.q'state before FGA? In addition, it was also reported that the

pede the incorporation of the ferroelectric thin films in mi- forming aas atmosphere and deposited top electrode show a
croelectronic devices. One of the problems is the degradation 99 P P b

of ferroelectric properties after forming gas annealiFGA) strong mflllience on the degradation behavior of the MFM
treatment because this FGA process is required in microchiBtrUCture% i ) L

fabrication to passivate the device and eliminate defects in " comparison with the existing MFM structure, metal—
the field effect transistcrSeveral reports in literature show feroelectric—semiconductor ferroelectric memory has at-
that the treatment of FGA leads to the decrease of switcifacted much attention due to the unique performance and
charge and fatigue resistance, and the increase of leakagdvantages including obeying the scaling rule, high switch
current density)® It was reported that the degradation on theSPeed, and nondestructive - readifig Furthermore, - the
ferroelectric properties of SBT thin films in metal/ Metal—ferroelectric—insulator—semiconductdMFIS)  ca-
ferroelectric/metalMFM) structure is related to the dissocia- Pacitor has been widely studied because it has not only the
tive adsorption of the hydrogen molecule.g., H+2M same small 1 T cell structure as flash memory but also the
—2H—M) and the generation of the hydrogen atoms by themerits of ferroelectric random access memory mentioned
catalytic activity of Pt(e.g., 2H-M—2H+2M).” However, herein’® Recently, we have reported that free-fatigue
Kwon et al® supposed that the Hions and electrons pro- Bisd-ag 75Ti30;, ferroelectric films could be integrated in a
duced by the dissociative adsorption of hydrogen moleculedIFIS capacitor with AJO; as the insulator and excellent
on the Pt surface are responsible for the suppressed Pr duefegroelectric properties can be obtained, such as smaller leak-
the pinning of the domains. With the increase of annealingage current and larger memory wind&:> However, there
temperature, the Hions and electrons may diffuse into the have been few studies focused on the structural variation of
SBT and accumulate around grain boundaries to form spaake MFIS under FGA treatment. Therefore, in this work, the
charge and prohibit the domain motion, and thus result in theffect of forming gas annealing on the physical characteris-
tics and electrical properties of SBT/A);/Si will be inves-
dAuthor to whom correspondence should be addressed; electronic maiﬂgated' The role of top electrode in the passivation and elec-
sychen@cc.nctu.edu.tw trical characterization in a MFIS structure is further
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FIG. 1. X-ray diffraction patterns for SBT thin film@) without top elec-  FIG. 2. Surface morphology of SBT thin filnta) before FGA andb) after
trode and(b) with Pt top electrode after FGA at 200-500 °C. FGA at 500 °C.

discussed. For comparison, the MIM structure is also preanalyzed by an x-ray diffractomete(MAC Science

pared. M18XHF) with CuK « radiation and the thickness of SBT
films was measured using Alpha-stepf@ioan Dektak The
Il. EXPERIMENT capacitance—voltageC(—V) and current—voltage | ¢ V)

4-in.-Si p-type wafers were used in this study. A HF- Were characterized and measured using HP4284 and

vapor passivation was used to suppress the native oxide fofiP4155B, respectively. A secondary ion mass spectrometer
mation before other treatment. The Al layer was thermallyl(SIMS) Cameca IMS-4f was used for depth profiling of
evaporated on wafers, oxidized at a temperature of 400 °€ach element in the capacitors.

for 2 h to form 5-nm-thick ALO;, and finally annealed

at 900 °C for 30 min in a nitrogen ambient. Stron- |||, RESULTS AND DISCUSSION

tium 2-ethylhexanotate [Sr(GH;150,),], bismuth
2-ethylhexanoate [Bi(CgHq50,),], tantalum ethoxide
[Ta(OGHs) 5] were used as the metalorganic precursors for  Figure 1 shows the x-ray diffraction patterns of SBT thin
the SBT formula solution synthesis and xylene was used aims annealed at 800 °C and then treated under FGA at 200
the solvent for adjusting the concentration of the solutionto 500 °C for 15 min using 5% $495% N, for both samples
following our previous works® Sr, ¢Bi,Ta,Oq composition  without and with Pt top electrode coated. It revealed that
was selected because a large memory window can be olpeither major changes in the film crystallinity nor any notice-
tained with a smaller applied voltage in the MFIS structureable second-phase formation after FGA were observed for
according to our previous work and a related report inSBT films on ALO;/Si substrate$®!® This indicated that
literature” The solutions were spin coated on the gate di-the ferroelectric perovskite phase remains unchanged even
electrics and then followed by subsequent drying. This proafter FGA treatment. In addition, the scanning electron mi-
cedure was repeated for several times to obtain the desirenoscopy(SEM) images of the SBT film reveal no significant
film thickness about 300 nm. Between each coating, the walifferences on the surface morphology of the films before
films were pyrolyzed at 400 °C for several minutes. Afterand after 500 °C annealing as shown in Fig. 2. The micro-
that, the as-deposited films were annealed at 800 °C for 36tructure of both SBT films present similar features with
min in the oxygen ambient. Pt top and back side electrodesound and smaller grains. FiguréaBdemonstrates the cross-
were formed by sputtering. The hard mask size used for theection transmission electron microscogyEM) micro-
fabrication of MFIS capacitor is 3.2410 “cn?. In the  graphs of the Pt/SBT/AD;/Si structure without a top elec-
work, the FGA is carried out at the temperature ranging fronmtrode after FGA process, respectively. In comparison with the
200 to 500 °C for 15 min under an atmosphere ofsample with a top electrode, the cross section of TEM of the
5% H,/95% N,. The crystal structure of the SBT films was sample without a top electrode shows no apparent differ-

A. Crystal phase and microstructure
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FIG. 3. Cross-sectional TEM micrograph of SBT8%/Si structure with-
out Pt top electrode after FGA process.

ences on TEM morphology the SBT grains also become
smaller near the interface of SBT/A). However, both im-
ages give a different contrast, especially around the grain
boundary and near the interface of SBT/@}, indicating
that some H has diffused into the SBT structure for the
sample with FGA treatment.

Figure 4 shows the measurement of SIMS for the SBT
thin films annealed at 800 °C in an oxygen ambient and thep
treated with a FGA process at 400 °C for 15 min. While the
sample was treated with FGA, hydrogen atoms highly exist
in a SBT thin film as shown in Fig.(d). In addition, Sr is
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IG. 5. C—V characteristics of SBT/AD;/Si capacitorga) without top
lectrode andb) with Pt top electrode after FGA at 200-500 °C.

change during heat treatment. On the other hand, after the

also.detected on the film surface along _with a great amourdample was deposited with a Pt top electrode and then
of Bi. It was believed that the hydrogen ion would cause thareated under FGA, it was found that only Bi accumulated on
reduction of bismuth oxide, and accelerates the volatilizationhe film surface as shown in Fig(. In other words, little

of Bi and the formation of Bi vacancy. The formation of Sr was detected on the film surface. Furthermore, the H in-
bismuth vacancies may cause the accumulation of Sr becauggnsity at the film surface became weaker compared to the
both SF? and Bi"® have a similar ion size and easily ex- sample without Pt top electrode coating. That indicates the

Secondary ion counts (a.u.)

Secondary ion counts (a.u.)

FIG. 4. SIMS spectra of SBT/AD;/Si capacitorga) without top electrode
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and (b) with Pt top electrode after FGA at 400 °C.

1.0

importance of a Pt top electrode in preventing the &tcu-
mulation and Sr outdiffusion in comparison with that without
Pt coating.

B. Capacitance—voltage and memory window
characteristics

Some research in literature focused on the FGA degra-
dation of a MFM structure with different top electrodes and
found that H is easily catalyzed into H ions with a Pt elec-
trode and the electrical properties would deteriofdteSpe-
cifically, while the H ions penetrate into the ferroelectric thin
film, the electric properties will become worse. However, the
FGA treatment for the MFIS field-effect transistors has been
reported. In this work, however, it was found that when the
Pt/SBT/ALO;/Si (MFIS) was postannealed at various FGA
temperatures, good ferroelectric characteristics were ob-
tained. The Pt/SBT/AID;/Si shows the clockwise hyster-
esis loops ofC—V curves as observed in Fig. 5, indicating
the switching of the ferroelectric polarization. In other
words, the FGA temperature does not have a significant in-
fluence on memory window properties. However, the FGA
can cause the shift & —V to a negative direction, indicat-
ing that positive charge has been inserted into SBT thin film.

Figure 5 also shows that a rapid decrease in the dielectric
constant was detected for the sample after FGA treatment.
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For the sample without a Pt electrode, a remarkable degra- @ 105 - SOOC -
dation of capacitance for the SBT thin films is observed in 8 107 T e
. . 28 g%
Fig. 5(@) and the capacitance decreases from 65 pF to 32 pF £ 10° Fmase ooy AAAW@%*“
at 200 °C. Above that temperature, no further degradation is g, N W v
detected with increasing forming gas temperature. The de- 3 1074 w
crease in the dielectric constant may be attributed to the dif- 10" +— '

fusion of H" ions into the SBT thin films and change the 43 -nglta‘;e}V)z 345
dipole motion during FGA process. That is because the H
ions are probably bonded with a dangling bond in theFIG. 7. Current density—voltage characteristics of SBTOA Si capacitors
SBT/Al,O,/Si interface. In addition, the H ion tends to form (@ without top electrode andb) with Pt top electrode after FGA at
a space charge around the grain boundaries, which will Iea%oo_500 c

to the reduction of the dipole moment and the rapid drop of

the dielectric constant. o ) ) ]

On the other hand, Fig.(5) shows theC—V curve of lead to the reduction in the dielectric constant again. As com-
the PY/SBT/A}O,/Si (MFIS) structure with a Pt top elec- Pared with the result on the MFM structure in which no
trode under FGA treatment. No significant variation on theferroelectrlgc properties were detected for the SBT thin film
memory windows is discerned compared to tfig. 5a)] after FQA, th_ls_ work demonstrgtes that _the_SBT_ film on
of the sample without a Pt top electrode. However, the decMFIS still exh|b_|ts the fer_roelt_actnc properties in _spl_te qf the
rement of capacitance in Fig(t§ is strongly dependent on 'educed capacitance. It implies that both the distribution of
the annealing temperature of FGA, which is completely dif-"ydrogen ions and electrons play different roles in the MFM
ferent from that in Fig. &) where the capacitance rapidly and MFIS s_tructures, wh|gh further refleq different physical
drops to the lowest value as the annealing temperatur%haraCte“St'Cs and electrical properties in these two struc-
reached 200 °C. Apparently, the coated Pt electrode plays 4€S:
passivation role in buffering the diffusion of'Hand reduces
the degradation of a SBT thin film caused by FGA. Thec Leakage current
effect of FGA temperature on the dielectric constant of both™ 9
samples can be summarized in Fig. 6. It was found that with  Figure 7 shows the leakage current characteristics of
increasing annealing temperature, a minimum dielectric conSBT films on a MFIS structure at different FGA tempera-
stant in the SBT films appears at around 300 °C, especiallyures. As shown in Fig.(d), for the sample without a Pt top
for the sample with a Pt top electroffeThat is because electrode, the leakage-current density of the SBT films de-
while the sample was treated with FGA below the Curiecreases. The leakage current density dropped directly from
temperature (), the accumulated H ions and electrons 1x10 ®A/cm? to 1x10 8A/cm? at 2 V. On the other
around the grain boundaries of the SBT film tend to inducehand, as the SBT films were coated with a Pt top electrode,
an internal electric field and thus pin the domain motion.Fig. 6(b) shows that the leakage current is gradually reduced
Therefore, a rapid decrease in the dielectric constant wawith the increase of FGA temperature, completely different
obtained. On the other hand, as the FGA temperature wasom that in the MFM structure$-?2 The leakage current in
aboveT., the high-temperature effect may cause the dispera MFM structure is highly increased after the FGA and that
sion of both hydrogen atoms and electrons more homowas attributed to the disappearance of the Schottky barrier
genously. In addition, the induced local electrical field will caused by the neutralization of the depletion layer due to the
become weak due to the disappearance of spontaneous pgmoduction of the space charge at the interface of SBT/
larization. The two reasons are believed to be responsible falectrode. However, it was believed that the decreased leak-
the increase of dielectric constant over 300 °C. However, byage current of the SBT film in the MFIS structure is strongly
further raising the FGA temperature, the amount of hydrogerorrelated with the interaction of indiffused"Hon with the
atoms diffusing into the SBT film keep increasing that will interface defects of SBT/AD;/Si.
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3 101 __,_...---"""" Al,O5/Si during FGA are responsible for the decreased leak-

N s Md age current density.

o001 s

5 ]0‘4= "‘DDUDUDDDDDDDDDUDDGDDDDDDDDDDDDDDDD

(=] oF ACKNOWLEDGMENTS

T 10°]

g 10 ,3 —e—800°C annealed AL,0,/Siin O, The authors gratefully acknowledge the National Sci-

o . ! —o—800°C annealed/500°C-FGA ence Council of the Republic of China for its financial sup-
10 T 2 3 4 s port through Contract No. NSC-91-2215-E-009-051.

Voltage (V)

FIG. 8.1V characteristics of a sample annealed at 800 °C.rad then IR. E. Jones, Jr., P. D. Maniar, R. Moazzami, P. Zurcher, J. Z. Witowski, Y.
FGA at 500 °C normalized with respect to the original value as a function of T. Lii, P. Chu, and S. J. Gillespie, Thin Solid Filn2§0, 584 (1995.

FGA temperatures. 2C. A. Paz de Araujo, Naturé_ondon 374, 382(1995.
3S. Wolf, Silicon Processing for the VLSI Eaattice Press, Sunset Beach,
CA, 1990, Vol. 2, p. 362.
In order to clarify the effect of the SBT/AD;/Si inter- ~ “T.Yu, D.S. Wang, D. Wu, A. D. Li, X. H. Zhu, A. Hu, Z. G. Liu, and N.

- B. Ming, Integr. Ferroelectr31, 333(2000.
face on the Ieakage current of a MFIS StrUCtur%%|/SI 5S. Zafar, V. Kaushik, P. Laberge, P. Chu, R. E. Jones, R. L. Hance, P.

sample was prepared and annealed at the Sin_"”a_r conditionzyrcher, B. E. White, D. Taylor, B. Melnick, and S. Gillespie, J. Appl.
(800 °C in Q). The leakage current of AD;/Si without Phys.82, 4469(1997.
FGA was compared with the sample under FGA treatmentBW- Hartner, P. Bosk, G. Schindler, H. Schroeder, R. Waser, and C. Dehm,

and shown in Fig. 8. It was found that, after FGA at 500 °C, 7!]mﬁ,gLgﬁr;ﬁzleftsl,‘\ﬂiﬂfsoghys LeTt, 1267(1997

a decreased leakage current was observed for th@;ABi 80. S. Kwon, C. S. Hwang, and S. K. Hong, Appl. Phys. L&, 558
sample under FGA treatment. Although a systematic study of (1999.

FGA dependence of the reduced leakage current in theD:S- Wang, T. Yu, A. Hu, D. Wu, A. D. Li, Z. G. Liu, and N. B. Ming,

. . . Appl. Phys. Lett.79, 2237(2001.
Sry gBi; Ta,0g/Al,03/Si remains to be further conducted, 10y Yu, D. S. Wang, D. Wu, A. D. Li, Y. D. Xia, A. Hu, Z. G. Liu, and N.

the I’esult in F|g 8 indicates that the reduced defE{otS B. Ming’ Sens. Actuators A9, 213(2002.
dangling bondsin the AlL,O;/Si interface are probably re- ™H. Ling, A. Li, D. Wu, T. Yu, Z. Liu, and N. Ming, Mater. Lett49, 303

sponsible for the decreased leakage current of SBT-b":lS(_:‘lgflzoLo])l\)loll and Y. Tarui, IEEE Trans. Electron Devic&6, 338 (1963
MFIS structure after FGA. xY ) ’ ' y '

1Y, Matsui, M. Okuyama, M. Noda, and Y. Hamakawa, Appl. Phys. A:
Solids Surf.28, 161(1982.
IV. CONCLUSION 14S.Y. Chen, C. L. Sun, S. B. Chen, and A. Chin, Appl. Phys. 18613168
(2002.
In summary, we have investigated the effect of FGA™C.L.Sun, S.Y.Chen, S. B. Chen, and A. Chin, Appl. Phys. 18611984
treatment on the ferroelectric properties of SBT ferroelectric,,(2002-

film constructed on AlO;/Si. After FGA treatment, X-ray 17,\S,|'. Y(')ELT;;&;' & I‘Sing,)?;i: ;Jﬁ?ﬁaﬁ%&?@jﬁ?éﬁf 031'1
diffraction shows only perovskite SBT phase but TEM re- (2000.

veals the probable diffusion of Hion into the SBT film. igg Y. Chen ?ng V. C. Lee, J-Agpl- Phy&7, 3050(2000. )

Due tothe diffusion of hydrogen ons, a rapid decrease In hE's, Aeearil 2 %, Pervse, © W, fon, = Famewh . 0 Bres 1
dielectric constant was observed but the memory window | ¢y 73 1973(1998.

size of SpgBi,TayOq/Al,O5/Si capacitors was kept un- 2°k. Takemura, T. Noguchi, T. Hase, and Y. Miyasaka, Appl. Phys. Z&it.
changed. In addition, it was found that FGA shows a positive211649(1998)- _ _ _
effect on the leakage current of MFIS in contrast to that of a ib;. \é\ﬁ;sg’thtY;é/;;;g‘(Z%O\;)vu’ A.D.Li, Z. G. Liu, and N. B. Ming,
MFM structure. A rapid decrease as much as two orders 0% zeng, L. zheng, C. Lin, M. Alexe, A. Pignolet, and D. Hesse, Phys.

magnitude was obtained for SBT-based MFIS capacitors af- Lett. A 251, 336(1999.



