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Control of the Interfacial Layer Thickness in Hafnium Oxide
Gate Dielectric Grown by PECVD
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The HfO, thin films for use in gate dielectric applications were deposited at 300°C onto p-tyh@0Skubstrates using
Hf[OC(CH5;)4] 4 as the precursor in the absence of oxygen by plasma-enhanced chemical vapor def®s@dD). The HfO,

films deposited in the absence of 6how excellent electrical properties such as low equivalent oxide thickB€sE and good

thermal stability. The deposited films have an interfacial layer of approximately 10 A in thickness, resulting in a decrease in the
thickness of the interfacial layer by about 50% compared to films deposited in the presence of oxygen. The leakage current density
of HfO, films was approximately four orders of magnitude lower than an electrically comparabjeaSibe same EOT. The
improvement of electrical properties can be attributed to the decrease in thin&@acial layer. The thickness of the interfacial

layer can be controlled by deposition in the absence of oxygen after evacuation of the reaction chamber by means of an ultrahigh
vacuum.
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Considerable interest has developed in the replacement of dieleq=|fo2 deposition was evacuated (10Torr) using a diffusion pump
trics for use Si@ in metal-oxide-semiconductdMOS) devices in  in order to remove the residual oxygen in the chamber because its
which the channel lengths are less than 100 nm. The intent is tresence leads to the oxidation of the silicon surface at a deposition
phase out conventional Sj@nd oxynitrides due to excessive leak- temperature of 300°C. In order to avoid the damage at the SYHfO
age current and reliability concerns. Alternative gate insulators withjnterface by plasma, thermal deposition of Hi@ithout plasma was
a higher electrical permittivity than SiCare currently under wide-  performed at the initial stag@round 1 min and then deposition by
spread investigation for use in future generations of MOS transisplasma was performed after 1 min. The deposition conditions were
tors. Thus, high dielectric constant thin films offer the potential of performed at a temperature of 300°C, a pressure of 0.5 Torr, and an
increased capacitance in physically thicker films, thus providing arf power of 40 W. The precursor was vaporized in a bubbler main-
possible way to reduce direct tunnelihdue to their thermody- tained at 30°C and was carried to the reactor using argarity
namic stability, when in contact with silicon, HfCGand its silicates = 99.9999% as the carrier gas. The Pt top electrodes for measurement
have attracted considerable attention recétttiyn addition, quﬁis of the electrical properties were patterned using lift-off lithography.
compatible with a polysilicon gate without any barrier materidls. The capacitor area for the MOS (PYHf(Si) structure was 2

Thus far, HfQ thin films have been prepared by sputtefifi@s X 1075 cr?. After patterning the electrode, the samples were an-
well as thermal chemical vapor depositi¢8VD).> The thermal  nealed at various temperatures ranging from 600 to 900°C,in N
CVD method has been reported to be successful in producing usablgurity 99.9999% for 60 s. The physical thickness of the Hf@hin
HfO, thin films at temperatures above 500°C using®Z(CHs)] 4 film was measured using high-resolution transmission electron mi-
and Q. A lower deposition temperature for processing the HfO croscopy(TEM, CM20T/STEM, Philips. The composition of Hf@
thin films is necessary in order to avoid the formation of SéDthe films was determined by Rutherford backscattering spectroscopy
HfO,/Si interface. Compared with thermal CVD, the plasma- (RBS, NEC 3SDH, 2.240 MeV 4H¢). The capacitance-voltage
enhanced chemical vapor depositifECVD) technique has the (C-V) and current-voltagel (V) were measured using an HP4194A

advantage of deposition at as low temperatures a possible. Howeveimpedance/gain-phase analyzer and an HP4145B semiconductor pa-
an amorphous interfacial layer having a thickness of about 20 A wagameter analyzer, respectively.

formed at the Hf@/Si interface because, at the initial stage of depo-
sition, the Si substrate was exposed to an @nbient’ Another
route to decrease the thickness of gi®to deposit HfQ films in Results and Discussion

the absence of Dafter evacuating the chamber using an ultrahigh  rjgyre 1 shows the variation of interface trap density as a func-
vacuum (10° Torr) because the HIOC(CHy)s], precursor itself  tion of applied voltage in order to confirm the effect of Ar plasma
contains the necessary oxygen to form LifGuch a method has the  gamage on HfQ thin film growth. As shown in Fig. 1, thin films
potential for controlling interfacial layer thickness during the depo- prepared by process 3 showed the lowest interface trap density com-
sition of HfO, thin films. _ _ _ _ pared with those by processes 1 and 2. These results suggested that
In this study, a hafnium oxide gate dielectric was deposited atthe depositior(process Bperformed in this study effectively allevi-
300°C using PECVD in the absence of, @fter evacuating the sted the plasma damage in Si/Hf@terface.
chamber using an ultrahigh vacuum (£0Torr). The electrical Figure 2 shows the variation of the equivalent oxide thickness
properties of the PY/Hf&YSi capacitors were found to be improved (EQOT) of HfO, films as a function of leakage current density, as
as a result of controlling the interfacial layer thickness of the measured at-1 V. The relationship between EOT and the leakage
HfO, /Si structures. current of the SiQ films is also shown as a comparison with the
HfO, films (solid squarg® The leakage current density of the HfO
films deposited in the presence of @aried with a tendency similar
After standard cleaning of p-type (8D0) wafers(6-9 () cm re- {0 that of SiQ and was approximately one order of magnitude lower
sistivity), HfO, films were deposited by PECVD using hafnium than SiQ at the same EOT. This suggests that interfacial layers
tertiary-butoxide (HFOC(CHs)3]4, Techno Semichem Co., Ljdas  above 20 A in thickness were formed at the HfGi interface and
the precursor in the absence of.OThe reaction chamber before that they play an important role in the characteristics of the leakage
current of Pt/HfQ/Si capacitors. The leakage current density of
HfO, films deposited in the absence of, @ approximately four
2 E-mail: sgyoon@cnu.ac.kr orders of magnitude lower than Si@t the same EOT.
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Figure 1. Interface trap densities of PtH@Si capacitors as a function of ~ Figure 2. Leakage current density of PUHf@Si capacitors as a function of
applied voltage. Process 1, keeping Si substrate in Ar plasma ambient for £OT. HfO, films deposited in the presence of and absence 0é1@ com-
min—HfO, deposition for 6 min in Ar plasma ambient. Process 2, thermal Pared with SiQ.
deposition (without plasma of HfO, for 1 min—making vacuum
ambient-keeping 1 min in Ar plasmaHfO, deposition for 5 min in Ar
plasma. Process 3, thermal deposition of pifer 1 min—HfO, deposition  gxygen contained in the nitrogen can be reduced by the deposition
for 5 min in Ar plasma ambient. of the Pt top electrode before the annealing of Hftims.

Figure 4 shows the frequency dependence orCé character-
istics of Pt/HfG /Si structures annealed at 900°C for 60 s ina N

The HRTEM images of as-deposited and annealed PYHID . . .
samples at 900°C for 60 s in a nitrogen ambient are shown in Fig. gambient. The Pt/HfQ/Si structures show clear accumulation, deple-

Figure 3c shows the image of a HfBi structure annealed at the tion, and inversion regions. The EOT values were extracted from the
same condition without a top Pt. As shown in Fig. 3a and b, the total2ccumulation capacitance of 1 MH2-V curves and include the

physical thickness of as-deposited and annealed films was approXguantum mechanical deduction using the North Carolina State Uni-

. O . . .
mately 45 and 42 A, respectively. Even though the thickness of the/€rsity CVC progran’ The EOT and the effective dielectric con-

interfacial layer is not clear because of the reaction between Hf, oStant of the PYHfQ/Si capacitors annealed at 900°C were approxi-

and Si, the 10 A thick interfacial layers in the as-deposited films Mately 14.8 A and 11.1, respectively. A slight frequency dependent
increased by approximately 13 A as the result of annealing at 900°dUmp of capacitance near 0 V was observed in the capacitance-
in the nitrogen ambient. The annealed Hfdms showed a decrease voltage relationship measured at 100 kHz, consistent with originat-

in thickness because of their more dense crystalline nature. Thid from interface trap§: The inset in Fig. 4 shows the relationship

densification of pure oxide materials is dependent on the complet@€tween the flatband voltage and hysteresis of PY#8D capaci-
removal of oxygen vacancies if volatile elements are absent in thdOrs for various film thicknesses as a function of annealing tempera-
bulk materials. The Hf@films shown in Fig. 3¢ showed a higher ture for 60 s in j ambient. The flatband V°|t513299/£8) was deter-
crystallinity than that of the films shown in Fig. 3b. The interfacial mined from the intercept of the @7 vs. V plot.™ The Vg slightly
layer thickness of the Hf§Q'Si structure(shown in Fig. 3¢increases ~ decreased with increasing annealing temperature irrespective of film
more than that of the PYHIO'SI structure because the top Pt layer thickness. As-deposited HfQ, (x = 0.2, approximately films
suppresses the diffusion of oxygen into the Siayer in a nitrogen  Sontaining an excessive oxygen from RBS analysis preserve the
ambient anneal. Any annealing treatments which have an excess diegative charges and then produce a shift in the valig-gtoward
oxygen present will lead to the rapid diffusion of oxygen through the & positive yoltage. The excessive oxygen decreaseq with an increase
oxides, resulting in SiO or Sigcontaining interface layefswhen ~ Of annealing temperature in a,Nambient (approximately Po,

Fig. 3b is compared with Fig. 3c, the interfacial layer thickness by ~ 1072 Torr) and the decrease in negative charges shifted/ihae

Figure 3. Cross-sectional HRTEM im-
ages of(a) as-deposited an) annealed
Pt/HfO,/Si capacitors, (c) annealed
HfO, /Si structures at 900°C in Nfor
60 s.
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25 films deposited in the presence of oxygen. The EOT and leakage
0.5 0.20 . . .
i 1 s aa |7 current of films deposited in the presence of oxygen showed a re-
S04l & s 614 s verse tendency, as compared with those in the absence of oxygen.
S . °"5;; The thickness of the SiQinterfacial layer in films annealed at
20 [ %“ 108 800°C in a N ambient did not change with respect to that of films
5 ! :M j 8 as-deposited with oxygen gas because the, &ier is sufficient to
E [ s PO oos% resist the penetration of oxygen. The decrease in thickness of HfO
= 15 §°~1 o8 § ’ films irrespective of an SiQinterfacial layer thickness plays a criti-
@ i Eoo ) 0.00 cal role in the decrease in EOT with increasing annealing tempera-
g [ 600 700 800 900 ture. On the other hand, the EOT of Hf@in films deposited in the
o I Annealing Temperature ('C) absence of oxygen increased with increasing annealing temperature
= 10- in the N, ambient. The reason for this is that the Siterfacial
g I layer rather than the HfQfilms increased with increasing annealing
Qo : temperature as shown in Fig. 3. The decrease of leakage current
3] 5 [ densities with annealing temperature in Hffdims deposited in the
o - — & 1 MHz absence of oxygen can be attributed to the increase in the SiO
i H interfacial layer rather than an increase in leakage current by crys-
i O— 100 KHz tallization of the HfQ thin films. On the other hand, the leakage
0 - . . ) : . ; currents of HfQ thin films deposited in the presence of oxygen
2 4 0 1 2 3 were governed by the crystallization of the Hf@ms since the
thickness of SiQ interfacial layers remained unchanged for increas-
VOItage (V) ing annealing temperatures in the ldmbient, resulting in an in-

) . - ) ) crease in leakage current with increasing annealing temperature.
Figure 4. Capacitancers. voltage characteristics of Pt/H§@Si capacitors

annealed at 900°C in a Nambient for 60 s. Inset shows the relationship Conclusions
between flatband voltage and hysteresis as a function of annealing tempera- Hafnjum oxide thin films for use as gate dielectrics were depos-
ture at 1 MHz. ited at 300°C on p-type §i00) substrates using HDC(CHs)3], as
the precursor in the absence of oxygen by plasma-enhanced chemi-
cal vapor deposition. Compared with HfGilms deposited in the
toward a negative gate voltage, resulting in a decrease in flatbangresence of @, the films deposited in the absence of €how
voltage with increasing annealing temperature in thealbient.  excellent electrical properties including low capacitance equivalent
The hysteresis due to charge trapping was reduced with increasingyjde thickness and good thermal stability. The Kfidms depos-
annealing temperature and, in samples annealed at 900°C was Ifie in the absence of Lhave an interfacial layer of approximately
duced to a negligible level of about 25 mV. This result is comparablej A in thickness, resulting in a decrease in the thickness of the
to that 0f3 HfQ, films deposited by reactive dc magnetron jnterfacial layer by about 50% compared to films deposited in the
sput;enngl. _ , presence of oxygen. The leakage current density of,Hiiths de-
Figure 5 shows the relationship between the EOT and the leakpsited in the absence of,@s approximately four orders of mag-
age current density of Pt/Hf3Si capacitors annealed at various nitude lower than that of SiDfor the same EOT.
temperatures in Nfor 60 s. The electrical properties of HfGilms
deposited in the absence of oxygen were compared with those of Acknowledgments
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Figure 5. The EOTvs.leakage current density of Pt/H§@Si capacitors as
a function of annealing temperature in a Aimbient.
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