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Deep depletion phenomenon of SrTiO 3 gate dielectric capacitor
Chih-Yi Liu, Bo-Yang Chen, and Tseung-Yuen Tsenga)
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SrTiO3 ~STO! thin films were deposited onp-type silicon substrate by radio-frequency~rf!
magnetron sputtering in an Ar–O2 and Ar–N2 mixed ambient to form metal/insulator/
semiconductor~MIS! structure. We found the Schottky emission and Fowler–Nordheim tunneling
mechanisms as responsible for the leakage current in the STO-based MIS structures at low and high
electric fields under negative bias voltage, respectively. On the other hand, it was also observed that
the generation current dominated the leakage mechanism at the high electric field under positive bias
voltage due to the highly leaky insulator and lack of electrons. To maintain the leakage current at the
higher electric field, the depletion width would broaden to generate more electrons, which is called
deep depletion. Therefore, deep depletion was induced by high leakage current density under
positive bias voltage. We also investigated the correlation between deep depletion and the leakage
mechanism in STO-based gate dielectric capacitors under positive bias voltage to extract the
generation lifetime of silicon substrates. The extracted generation lifetime can be used to examine
the quality of silicon substrates after different processing conditions. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1704850#

I. INTRODUCTION

Device scaling was the main method adopted by the
semiconductor industry to increase the packing density and
performance of various types of electronic devices in the past
decade. Based on the International Technology Roadmap for
Semiconductor~ITRS!, the equivalent oxide thickness~EOT!
of gate dielectrics in the transistors should be less than 2 nm
in the near future.1 However, the conventional SiO2 gate di-
electric of thickness less than 2 nm will give rise to several
issues, including high gate leakage current, reduced drive
current, reliability degradation, boron penetration, and the
necessity to grow ultrathin and uniform SiO2 layers. Im-
provement in thin film processing can solve most of these
issues, except the high gate leakage current caused by direct
tunneling, which is the fundamental physical limit in device
scaling. Therefore, scaling the effective gate dielectric thick-
ness to less than 2 nm will require alternative materials with
higher permittivities and greater physical thicknesses to pre-
vent direct gate tunneling. Recent studies have shown that
the gate tunneling current is significantly reduced with the
use of the high-k gate dielectrics, such as ZrTiO4 ,2 Al2O3 ,3

HfO2 ,4 ZrO2 ,5 and SrTiO3 . Among many possible candi-
dates for high-k gate dielectrics, STO provides special func-
tions because it can be epitaxially grown on silicon sub-
strates, resulting in an interfacial trap density of
1010– 1011cm22 eV21, which is as good as that in Si/SiO2

interfaces.6 In metal/ferroelectric/insulator/semiconductor
~MFIS! capacitors, STO could match the ferroelectric mate-
rial to reduce the operation voltages of the capacitors due to
its high dielectric constant.7 Furthermore, STO is a

perovskite-type material which provides a good buffer layer
for the growth of perovskite-type ferroelectric thin films.

Recently, some theories have been proposed to explain
the leakage mechanism under the accumulation condition of
the MIS capacitance–voltage (C–V) curve to study the
properties of gate dielectrics, but systematic studies of the
leakage mechanism under the inversion condition are quite
few.8 Compared with the conventional thick SiO2 gate di-
electric, the leakage current density of the high-k gate dielec-
tric is still larger than that of the thick SiO2 gate dielectric.
Therefore, the leakage mechanism of high-k gate dielectrics
is very different from that of the thick SiO2 gate dielectric. In
this paper, we report studies of the leakage mechanism under
the accumulation condition as well as under the inversion
condition. It has been reported that the increase of capaci-
tance depends on the ability of the electron concentration to
follow the applied ac signal.8 Due to the highly leaky dielec-
trics, the substrates do not have enough electrons to maintain
the leakage current. Therefore, the depletion width broadens
to generate more electrons, which is called deep depletion. In
this situation, the capacitance will be further decreased while
the gate bias voltage increases. In the present study, the gen-
eration lifetime of silicon substrates is extracted to examine
the quality of the silicon substrate from the investigation of
the correlation between the leakage mechanism and deep
depletion.

II. EXPERIMENTAL PROCEDURES

The 4-in. boron-dopedp-type silicon~100! wafers~resis-
tivity 1–10 V cm! with thickness ranging from 500 to 550
mm from Shinkosha Co., Ltd., were cleaned by the standard
Radio Corporation of America~RCA! cleaning process and
chemically etched in dilute HF solution to remove the native
oxide from the silicon substrate. After RCA cleaning, STOa!Electronic mail: tseng@cc.nctu.edu.tw
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thin films were deposited by the rf-magnetron sputtering
technique with a 3-in.-diam SrTiO3 target. The substrate
temperature was kept at 500 °C. The background pressure of
the vacuum chamber was 131025 Torr. All films were pre-
pared at a fixed power of 150 W and constant pressure of 40
mTorr which was maintained by a mixture of Ar and O2 or
Ar and N2 at a mixing ratio of 4:1 with a total flow of 10
sccm. The thickness of deposited STO thin films varied from
11 to 30 nm which was determined by ellipsometry. The
composition of STO films were characterized by using x-ray
photoelectron spectroscopy~XPS!. For the electrical mea-
surement, an Al top electrode with an area of 7.0
31024 cm2 was formed by thermal evaporation, and then
patterned by a wet lithography process. Then Al was also
used as backside electrode for obtaining ohmic contact. The
C–V measurements were performed using a HP 4284A LCR
meter at 100 kHz and the current–voltage (I –V) character-
istics were recorded using a HP 4156A semiconductor pa-
rameter analyzer.

III. RESULTS AND DISCUSSION

A. Leakage mechanism

Figure 1 shows the variation of capacitance equivalent
thickness~CET! of the nitrogen-grown and oxygen-grown
SrTiO3 thin films with oxide thickness. Generally speaking,
the CET of the films increases with increasing interfacial
layer thickness and decreases with increasing crystallinity of
the thin films.9 Under the consideration of these two points,
the oxygen-grown films with a thickness of 18 nm have the
minimal CET~Fig. 1!. The presence of nitrogen in STO films
was verified using XPS. It can be observed from the inset of
Fig. 1 that the characteristic peak of N 1s appears in the
nitrogen-grown films, indicating that such STO thin film
contains some nitrogen. The nitrogen in the thin films would
suppress the growth of interfacial layer when deposited at
high temperature.10 Therefore, the interfacial layer thickness
of the nitrogen-grown film is expected to be thinner than that
of the oxygen-grown film, which leads to a smaller CET of
nitrogen-grown thin films as shown in Fig. 1. The difference
in the leakage current characteristics of the oxygen-grown

and nitrogen-grown thin films is depicted in Fig. 2, indicat-
ing that the leakage current densities increase with decreas-
ing oxide thickness and the leakage current densities of the
nitrogen-grown films is 2–3 orders of magnitude higher than
those of the oxygen-grown films. As indicated in the inset of
Fig. 2, the oxygen concentration of nitrogen-grown film is
less than that of oxygen-grown film, which implys that the
nitrogen-grown thin film might have more oxygen vacancies
than oxygen-grown thin film. It is indicated in Fig. 3 that the
leakage current density under negative bias voltage decreases
with increasing oxide thickness, while the leakage current
density under positive bias voltage increases with decreasing
oxide thickness at low electric field but it increases with
increasing oxide thickness at high electric field. The leakage
current density increases exponentially with increasing nega-
tive bias voltage. As for under positive bias voltage it in-
creases exponentially at low electric field and then saturates
at high electric field. The saturation voltage increases with
increasing oxide thickness. This phenomenon will be ex-
plained in detail later. Figure 4 shows the comparison be-
tween theoretical model and experimental data under the ac-
cumulation condition of the 17.1-nm-thick nitrogen-grown

FIG. 1. Variation of the CET with oxide thickness for nitrogen-grown and
oxygen-grown STO film. The inset is the XPS characteristics of nitrogen in
nitrogen-grown and oxygen-grown films.

FIG. 2. Variation of leakage current density with oxide thickness for
nitrogen-grown and oxygen-grown STO films. The inset is the XPS charac-
teristics of oxygen in nitrogen-grown and oxygen-grown STO films.

FIG. 3. Plots of leakage current density versus bias voltage for various
thickness STO MIS capacitors.
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film. The leakage current densityJSE is governed by
Schottky emission, which can be expressed as8

JSE5A* T2 exp$2q@wB2~qE/4ped!1/2#/kT%, ~1!

whereA* is a constant,wB the potential barrier height on the
surface,ed the permittivity of the films,q the unit charge,k
the Boltzmann constant,T the temperature, andE the electric
field (E5V/d, whereV is the voltage across the film andd
is the thickness of the film!. As shown in Fig. 4~a!, log(J)
versusV1/2 is plotted. When the magnitude of the gate bias
,1 V (uVu1/2,1) in negative bias voltage, the solid line il-
lustrated in Fig. 4~a! corresponding to the Schottky emission
mode provides a good fit to the experimental data. Therefore,
Schottky emission is responsible for the leakage current at
low electric field under negative bias voltage. When the cur-
rent transport is Fowler–Nordheim tunneling, the leakage
current densityJFN has the form8

JFN5BE2 exp~2E0 /E!, ~2!

whereE is the electric field, andB and E0 are constants in
terms of effective mass and barrier height. When the magni-
tude of the gate voltage.2.5 V (1/uVu,0.4) under negative
bias, the solid line in the log(J/V2) versus 1/V plot @Fig. 4~b!#

of representing Fowler–Nordheim tunneling provides a good
fit to the data. This is evident that Fowler–Nordheim tunnel-
ing is responsible for the leakage current at high electric field
under negative bias voltage.

B. Deep depletion

Some studies11,12 have reported that when gate bias is
swept into the inversion condition too fast for minority elec-
tron carriers to follow, the charge neutrality must be satisfied
by the ionized donors alone. Therefore, the depletion width
becomes broader than that in thermal equilibrium and the
capacitance decreases below its thermal equilibrium satura-
tion value. Such a nonequilibrium condition is called deep
depletion. The system at room temperature usually is not in
equilibrium when the gate bias is swept in the direction of
increasing inversion condition, but it is in equilibrium when
gate bias is swept in the direction of decreasing inversion
condition. We also observed the deep depletion in theC–V
measurements. However, theC–V curves of gate bias swept
in the direction of increasing and decreasing inversions are
the same. Therefore, the deep depletion phenomenon in our
C–V measurements was not caused by being swept too fast.
The main reason may be due to the lack of carriers which
caused the leakage current saturation in the positive bias
voltage. Figure 5 shows the normalized capacitance of the
nitrogen-grown films under the inversion condition. It can be
observed that the initiation voltage of the deep depletion in-
creases with increasing oxide thickness. The increasing trend
of the initiation voltage of deep depletion for thicker films
was similar to that of the saturation voltage of the leakage
current density under positive bias voltage. Some formulas
have been derived to further clarify the deep depletion phe-
nomenon. For MIS structure, the depletion widthW is given
by8

W5A2esics~ inv!

qNA
, ~3!

FIG. 4. ~a! Comparison between Schottky emission model and experimental
data at low electric field under negative bias voltage.~b! Comparison be-
tween Fowler–Nordheim tunneling model and experimental data at high
electric field under negative bias voltage.

FIG. 5. Normalized capacitance measured at 100 kHz for various dielectric
film thicknesses of the MIS capacitors.
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whereesi is the permittivity of silicon,cs(inv) the surface
potential under inversion condition, andNA the substrate
dopant concentration. The formula of depletion capacitance
CD is given by

CD5
AeSi

W
, ~4!

whereA is the capacitor area. Because the capacitance of the
gate dielectric is much larger than the depletion capacitance
under the inversion condition, the surface potential is almost
equal to the gate bias voltage (VG). Therefore, we can obtain

cs>VG}
1

C2
. ~5!

Figure 6 shows the capacitance and 1/C2 as a function bias
voltage and their corresponding fitting curves. We assume
that the dopant is uniformly distributed in the silicon sub-
strate. It can be observed in Fig. 6 thatVG is directly pro-
portional to 1/C2 for VG.1.5 V. Therefore, we can associate
the deep depletion phenomenon with the broadening of the
depletion width. In general, the dopant concentration of sili-
con substrates is determined by calculating the minimal
high-frequency capacitance. However, it is difficult to deter-
mine the minimal high-frequency capacitance while deep
depletion occurs. The dopant concentration of the silicon
substrate for nitrogen-grown films is illustrated in Fig. 7,
which can be calculated from the slope of the 1/C2–V curve.
The calculated dopant concentrations ranging from 1015 to
1016cm23 are consistent with those of the starting substrate
we used~1–10V cm!. Therefore, this study provides an al-
ternative method to successfully determine the dopant con-
centration in the underlying Si substrate.

C. Correlation between the leakage mechanism and
deep depletion

In this experiment, electrons are injected from thep-type
silicon substrate when the gate bias is at positive voltage.
Therefore, the leakage current density could be limited by
the supply of electrons from the substrates, tunneling or
Schottky emission to the corresponding band in the dielec-

tric, or electron drift in the dielectric.13 For the STO gate
capacitor at room temperature, the drift of electrons is not a
limiting factor. As in the previous discussion the leakage
mechanism under negative bias voltage is dominated by the
Schottky emission and Fowler–Nordheim tunneling which is
limited by the tunneling to the corresponding band in the
dielectric. The behaviors of leakage current density under
positive bias voltage and negative bias voltage are quite dif-
ferent. Consequently, the limiting factors of leakage current
density under positive bias voltage and negative bias voltage
should be different. When the gate bias is at negative volt-
age, the metal gate is the cathode which provides electrons to
maintain the leakage current. Therefore, the supply of elec-
trons is also not a limitation and theI –V relation obeys the
Schottky emission and Fowler–Nordheim tunneling as
shown in Fig. 4. However, when the gate bias is at positive
voltage, the supply of electrons depends on the inversion
condition of the semiconductor. Because of the high leaky
insulator, the number of electrons on the silicon surface is
not enough to support the high leakage current density under
positive bias voltage. Therefore, the supply of electrons
could be a limiting factor and could control theI –V charac-
teristic. The leakage current density under positive bias volt-
age was saturated in high electric field and the depletion
width increased to generate more electrons. The saturation of
current density under positive bias voltage is accompanied
by the appearance of deep depletion phenomenon in the
C–V measurements. It can be inferred from the previous
discussion that there should be some correlation between the
saturation in the leakage current and the deep depletion phe-
nomenon. As indicated in Fig. 3, the saturation voltage of the
leakage current density under positive bias voltage increases
with increasing oxide thickness. The thicker STO thin films
would be less leaky under the same voltage bias, leading to
the larger saturation voltage which occurred. For the same
reason, the initiation voltage of deep depletion should in-
crease with increasing oxide thickness.

The leakage current density due to the generation current
density is thus given by13

FIG. 6. Plots of capacitance under the inversion condition vs bias voltage
and the corresponding fitting curves for the STO-based MIS capacitor. FIG. 7. Variation of substrate dopant concentration extracted for various

STO film thicknesses with bias voltage.
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J5E
wm

w qni

t
dx1qnis1

qni
2Dn

NALn
, ~6!

whereJ is the leakage current density,w the depletion width
when the potential drop across the semiconductor iscs , wm

the depletion width at strong inversion,ni the intrinsic con-
centration,t the generation lifetime,s the surface recombi-
nation velocity which depends on the interface state density,
andDn andLn the diffusion coefficient and diffusion length
of minority carriers, respectively. The generation current is
dominated by three different mechanisms described as fol-
lows. The first term in the above equation is associated with
the bulk traps; the second term is corresponds to interface
states; the last one is contributed by minority carriers dif-
fused from backcontact, which dominate at high temperature
and can be neglected at room temperature. The amount of
interface states should be invariant under deep depletion and
therefore contributes a constant component to the gate leak-
age current. However, the amount of bulk traps increases
very slowly with depletion width under deep depletion and
results in a very slowly increasing current component. The
greater generation current in the new deep depletion layer
leads to the increased leakage current.

The plot of J vs V1/2 is illustrated in Fig. 8. When the
gate bias is larger than 1.5 V, the equation of generation
current as represented by the straight solid line provides a
good fit to the experimental data, indicating that the genera-
tion current due to the bulk trap is responsible for the leakage
current at high electric field of positive bias voltage. Accord-
ing to our previous discussion, deep depletion arises due to
the broadening of the depletion width and the saturation of
the leakage current density in the positive bias voltage as a
result of a lack of electrons in the silicon substrate. Figures 6
and 8 indicate that the initiation voltage of both deep deple-
tion and generation current which occur are almost equiva-
lent, which is about 1.5 V. Obviously, the experimental re-
sults are consistent with previous explanations for deep
depletion and the saturated leakage current density. It is
noted that beyond the saturation voltage, the leakage current
density increases very slowly and more electrons are gener-

ated in the new deep depletion layer to cause the leakage
current increase. The influence of electrical measurements
under illumination on the nitrogen-grown STO film with
28.9 nm thickness is also investigated. As can be seen in Fig.
9, the magnitude of the leakage current density measured
under illumination increases more than 2 orders of magni-
tude due to the electron–hole pairs being generated by being
illuminated with light. The saturation voltage of the leakage
current density increases due to the illumination. Therefore,
the initiation voltage of deep depletion should also increase
which is consistent with the prediction. The difference be-
tween two slopes of the 1/C2–V curves in Fig. 9 is smaller
than 1%, indicating that the dopant concentrations of the
silicon substrate calculated by those two conditions are al-
most the same. Therefore, no matter under what conditions
deep depletion is still induced by the lack of electrons to
maintain the high leakage current density. The generation
lifetime of silicon substrates can be extracted from Eq.~6!
with known dopant concentrations of the silicon substrate.
Figure 10 shows the variation of the generation lifetime with
oxide thickness. The generation lifetime decreased with in-
creasing oxide film thickness. That may be due to the more
bulk traps with thicker films. When the thicker STO thin film

FIG. 8. Comparison between experimental data and generation current
mechanism. The inset is the relation of leakage current density vs bias
voltage.

FIG. 9. Effect of electrical measurement under illumination on the nitrogen-
grown 28.9-nm-thick STO film.

FIG. 10. Plot of generation lifetime vs oxide thickness for the nitrogen-
grown STO MIS capacitor.
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grows on the silicon substrate, it has more time to diffuse
more ions into the substrate or to damage the substrate to
have more bulk traps. Therefore, the samples with thicker
films have a smaller generation lifetime. The generation life-
time in bulk silicon is 2.5 m sec~Ref. 8!. Because STO thin
films are deposited on the silicon substrate, the trap density
in the silicon substrate will be larger than that of bulk silicon
substrate. Consequently, the generation lifetime should be
smaller than 2.5 m sec. Therefore, the extracted generation
lifetime is a reasonable value. The generation lifetime can be
given by8

t5
1

sv thNt
, ~7!

wheres is the capture cross section,v th the carrier thermal
velocity, andNt the trap density. Therefore, the extracted
generation lifetime also provides a method to examine the
quality of silicon substrates with different processing condi-
tions. When the processing conditions are similar, this
method can examine the degree of diffusion from the depos-
ited films into the substrates.

IV. CONCLUSIONS

We deposited STO thin films on silicon substrates in an
Ar–O2 and Ar–N2 mixed ambient. The CETs of the
nitrogen-grown films are less than those of oxygen-grown
films due to smaller interfacial layer thicknesses. The leak-
age current densities of nitrogen-grown films are larger than
those of oxygen-grown films as a result of more oxygen
vacancies in nitrogen-grown films. Schottky emission and
Fowler–Nordheim tunneling were responsible for the leak-
age mechanics of nitrogen-grown films at low and high elec-
tric fields under negative gate bias, respectively. Because of
the high leaky insulator, the number of electrons in the sili-
con substrates is not enough to maintain the leakage current
density of STO-based MIS capacitor under positive bias volt-
age, which leads to the leakage current density saturating and

increasing slowly in the positive bias voltage. Therefore, in
order to generate more electrons, the depletion width gets
broadened, which is called deep depletion. The dopant con-
centration of silicon substrates can also be determined by
deep depletion. The influence of electrical measurements un-
der illumination on the nitrogen-grown STO film was also
investigated. We also demonstrated that the generation cur-
rent dominated the leakage current density at the high elec-
tric field under positive bias voltage. The correlation between
deep depletion and leakage current mechanics under positive
bias voltage was established. The generation lifetime of sili-
con substrates can be extracted with this correlation to ex-
amine the quality of silicon substrates.
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