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High-k thin films of ZrO2, PrOx of ∼10 nm thickness have been prepared by pulsed laser de-
position, and characterized in microscopic structure and electrical properties. Crystallization is
promoted in ZrO2 films deposited above 400◦C, but a significant XRD peak was not observed in
the ZrO2 film grown below 400◦C. The leakage current is decreased by increasing growth temper-
ature, but an equivalent-oxide thickness (EOT) obtained from accumulation capacitance of C−V
characteristics becomes large. The films deposited at 400◦C were annealed at 400◦C in O2 gas to
reduce the leakage. The leakage current change to be small, but the EOTs become large. Oxygen
radical annealing is carried out to reduced the leakage. This is effective for ZrO2 thin film. On the
other hand, only small improvement is observed in the PrOx films.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

In recent years, high-k oxide thin film has gathered
much attention for the application to gate insulator film
for ULSI with high density, high performance and low
power.[1] Conventional SiO2 thin film should become
ultra-thin and is desired to be less than 1 nm for the
next generation ULSI, but the nm-scale SiO2 thin film
increases leakage current drastically and cannot be used
because of large power dissipation. So, high-k gate in-
sulator is required to suppress the leakage by increas-
ing film thickness without controllability degradation of
drain current. Desirable high-k dielectric materials must
have thermodynamic stability in direct contact with sil-
icon, reasonable dielectric constant and low tunneling
current. The tunnel current of insulator is exponen-
tially dependent upon the barrier height between a metal
and the insulator when the other contributions such as
Poole-Frenkel and pinhole path current are suppressed.
Therefore, not only high dielectric constant is required
for the material, but large barrier height must be certi-
fied to keep the gate leakage currents within reasonable
limits. HfO2 and ZrO2 thin films have been suggested as
a candidate.[2–5]

In this paper, we have prepared ZrO2 and PrOx thin
films by pulsed laser deposition (PLD) method, and char-
acterize these electrical properties.

II. EXPERIMENT

Substrates of p-type Si(100) wafer with resistivity of
1–10 Ω·cm were cleaned by RCA method, its surface ox-
ide layers were removed by dilute HF, and the cleaned
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FIG. 1: Pulsed laser deposition system.

wafer was set on a heated holder in PLD chamber.
ArF excimer laser beam (wavelength 193 nm) was ap-
plied to the ceramic target and ablated particles are
deposited on the Si substrate. Figure 1 shows the
PLD system. The details of PLD and annealing con-
ditions are summarized in Table I. Surface morpholo-
gies were observed by atomic force microscopy (AFM).
Film density was estimated from a critical angle mea-
sured in Grazing Incidence X-ray Reflectometry (GIXR)
(Rigaku, RINT2000). Metal-insulator-semiconductor
(MIS) (Au/high-k/p-Si/Al) structures with active areas
of 7.6x10−4 and 5.0x10−4 cm2 were fabricated for elec-
trical measurements. Capacitance-voltage (C−V ) char-
acteristics were measured at 1 MHz using C−V plotters.
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TABLE I: Deposition and annealing conditions.

Deposition conditions

Sintered target Pr6O11 and ZrO2

ceramic target
Substrate P-type Si(100)
Substrate temperature RT – 600◦C
Gas O2

Gas pressure 0.2 Torr
Laser ArF excimer laser
Repetition frequency 1.0 Hz
Beam size 0.03 cm2

Strength ∼3 J/cm2 shot
Deposition time 5 min
Target-substrate distance 40 mm

Annealing conditions

Ambient gas O2 or
Oxygen radical RF 150 W

Temperature 400◦C
Time 1–30 min
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FIG. 2: AFM image of ZrO2 thin films deposited at (a)600◦C
and (b)400◦C in O2 gas of 0.2 Torr.

III. RESULTS AND DISCUSSION

A. ZrO2 films

ZrO2 thin films were deposited by PLD. A growth
temperature effect in a surface morphology and a den-
sity of the ZrO2 thin film were characterized. Deposi-
tion temperature was varied from RT to 600◦C. The
XRD patterns of the thin films (thickness ∼30 nm) were
measured for crystallinity analysis. The crystallization is
enhanced with increasing growth temperature. Diffrac-
tion peaks are observed in the sample deposited above
400◦C. Figure 2 shows the AFM images of the ZrO2

films deposited at 400◦C and 600◦C. The surface of the
film deposited at 600◦C is rougher than that at 400◦C
as crystallization is promoted at high temperature. Fig-
ure 3 shows the growth temperature dependences of the
roughness (RMS) and the GIXR critical angle of the
ZrO2 films deposited at 0.2 Torr. The surface rough-
ness does not change so much below 400◦C, but increases
with increasing substrate temperature above 400◦C. The
surface roughness is small in amorphous phase, but be-
comes large in crystal phase from the data of XRD pat-
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FIG. 3: Deposition temperature dependences of film rough-
ness observed by AFM (solid) and GIXR critical angles of the
films (∼30 nm) measured in GIXR (open).
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FIG. 4: C−V characteristics of ZrO2 thin films deposited at
400◦C.

terns. The GIXR critical angle corresponds to a film
density. The film density increases with increasing the
substrate temperature from RT to 400◦C. The film is
densified almost above 400◦C and is crystallized above
400◦C. Therefore, the density of the thin films in amor-
phous phase is smaller than that in crystal. The crys-
tallinity strongly affects the surface morphology and the
density.

Figure 4 shows the C−V characteristics of ZrO2 thin
film which was deposited at 0.2 Torr and 400◦C for 5
min. Equivalent oxide thickness (EOT) which is esti-
mated from the accumulation capacitance of the film is
2.7 nm. Hysteresis is small, but a flat-band shift is ob-
served. If work function difference between p-Si substrate
and Au electrode is assumed to be zero, flat band shit is
about -0.5 eV. Figure 5 shows the current density-voltage
(J−V ) characteristic of ZrO2 thin film. The leakage cur-
rent at V g = −1.5 V is about 10−4 A/cm2 and this value
is not so small.

Furnace annealing was carried out in O2 atmosphere
after the deposition to improve the film quality. J−V
and C−V characteristics of MIS capacitors are shown in
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FIG. 5: J −V characteristic of ZrO2 thin film deposited at
400◦C.
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FIG. 6: J −V and C−V characteristics of ZrO2 thin films
before and after O2 annealing.

Fig. 6. These ZrO2 thin films were deposited at 400◦C
in O2 gas at the pressure of 0.2 Torr. Two of them
were also annealed in O2 gas at 400◦C and 600◦C for
30 min. It shows that the leakage current decreases as
annealing temperature goes up, but the EOT increases.
It was found from Zr 3d and Si 2p signals of XPS in
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FIG. 7: The change of XPS spectra of ZrO2 thin films by O2

annealing.
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FIG. 8: FN and PF plots of ZrO2 thin films before and after
O2 annealing.
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FIG. 9: C−V and J −V characteristics of ZrO2 thin films
after oxygen radical annealing.

Fig. 7 that Si-O bond peak in the thin film increases
by furnace annealing. Angle-resolved XPS measurement
results the interfacial SiO2 layer containing about 10%
Zr exists. These facts suggest that growth of interfacial
layer which have low dielectric constant suppresses the
leakage current but increases EOT. Moreover, FN and
PF plots are used to discuss the reason of the reduction of
leakage current. Figure 8 shows the FN and the PF plots
before and after annealing. FN current may be domi-
nant in the annealed sample at high electric field, and
the slope in the FN plot becomes to be large. Assuming
that the physical thickness of the film is 8 nm, the barrier
height can be estimated by fitting the measured data to
the equation of tunnel emission.[6] The barrier height is
estimated to about 2 eV, and this value is larger than
that of the as-deposited film (about 1.8 eV). (If EOT
as film thickness is used for calculation of barrier height,
these values are 1.52 and 1.26 eV, respectly.) Moreover,
the barrier height are almost same between the samples
annealed at 400 and 600◦C. So, annealing temperature
of 400◦C is enough to improve the film quality, and only
the interfacial layer growth is occurred by annealing at
600◦C. It is reported that the energy band profile for
the ZrO2/Si system.[7, 8], and this value is 1.2–1.4 eV.
The estimated barrier height from J−V characteristics
is almost agree with that value.

Oxygen annealing can reduce leakage current, but in-
crease EOT. We think the annealing temperature of
400◦C is enough to improve the file quality, and high
temperature is the cause of interfacial layer growth. So,
oxygen radical annealing at a low pressure is carried out.
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FIG. 10: C−V and J−V characteristics of PrOx thin film
before and after O2 annealing.

Figure 9 shows C−V and J−V characteristics of the sam-
ples. This figure shows that the small change of EOT is
observed, and leakage current is much reduced. This re-
sults that the radical anneal is effective for reduction of
leakage of ZrO2 thin film prepared by PLD, but interface
state density evaluated high frequency C−V method, is
slightly increased.

B. PrOx film

PrOx thin films are deposited by PLD at 400◦Cin O2

gas of 0.2 Torr. Two of them were also annealed in O2

gas at 400◦C and 600◦C for 30 min to improve the film
quality. C−V characteristics of MIS capacitors before
and after O2 annealing are shown in Fig. 10. Flat-band
shift is small. EOT of the as-deposited thin film is about
4.0 nm, which is estimated from the accumulation ca-
pacitance. It shows that the leakage current decreases
as anneal temperature goes up, but EOT increases. The
change by oxygen radical annealing is shown in Fig. 10.
Radical annealing is not so effective in the case of PrOx

thin film, contrary to ZrO2. Cross sectional TEM images
shows that deposited PrOx thin film on Si have 2.5 nm
interfacial and 5.5 nm PrOx layers, and this results that
interfacial layer of ZrO2 is thicker than that of PrOx. It
is thought that the interfacial layer thickness is the ori-
gin of the difference of the radical annealing effects. In
the case of ZrO2 thin film, interfacial layer is thick and
contains some tens of Zr atom. An oxygen radical goes
through ZrO2 layer and reacts with interfacial layer to
decrease imperfections. On the other hand, PrOx thin
film has relatively thin interfacial layer and thick PrOx

layer. So, an oxygen radical does not work, effectively.

IV. CONCLUSION

High-k thin films of ZrO2 and PrOx thin films were
prepared by PLD, and characterized the electrical prop-
erties. Crystallization temperature of ZrO2 films is larger
than that of PrOx. Density of these films is confirmed to
saturate above 400◦C. Thick interfacial layer containing
Zr is observed in ZrO2 thin films, but that of PrOx is
rather thin. The leakage current is decreased by increas-
ing growth temperature, EOT becomes large. Moreover,
when the films were annealed in O2 gas, leakage is much
reduced, but the EOTs become large. Although, leakage
of ZrO2 films can be reduced by oxygen radical irradi-
ation, only small improvement is observed in the PrOx

films. A main contribution of the electric properties of
ZrO2 thin films may be an interfacial layer. It is con-
sidered that as-deposited layer includes oxygen defects,
and radical irradiation is effective for disappearance of
the defects. On the other hand, PrOx have relatively
thin interfacial layer which is SiO2, and flat-band shift is
small.
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