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Abstract

The temperature dependences of the dipole layer
strengths at Al203/SiOz and Y20s/SiOz interfaces were in-
vestigated. It was found that both interface dipole layer
strengths increased but in the opposite direction at the
rates of ~2.8 mV-K* and ~0.7 mV-K™* for Al.03/SiOz and
Y203/SiO2 interfaces, respectively. Both temperature de-
pendences were possibly explainable by the increase in the
width of a space-charge region near the interface by tem-
perature.

1. Introduction

Multiple studies have been developed to explain the
physical origin of the dipole layer formation at high-k/SiO;
interface [1-4]. However, no report had yet considered the
effect of temperature on the interface dipole layer. For a wider
range of field effect devices operating at various temperatures,
it is crucial to comprehend its behavior with the change in
temperatures. In this study, we investigate the temperature
dependences of the dipole layer strengths in Al,O3/SiO; and
Y20s/SiO; interfaces from 100-400 K. Note that the
Al>,03/SiO; and Y;0s/SiO; interfaces were chosen for this
study because their dipole layer strengths and directions have
already been well addressed at room temperature [4].

2. Experimental Method

Two types of MOS capacitors (MOS-cap) with different
high-k dielectrics were used in this experiment: sample (i) —
AU/ALLO3/SiOL/Si and sample (ii) — Au/Y205/SiO2/Si. ~ 10
nm thick SiO, was thermally grown on a p-type Si wafer.
Next, wedge-shaped Al2O or Y203 was deposited on SiO/Si
stacks using rf-sputtering. Then, post-deposition annealing
was performed in 0.1% O, ambient for 5 min — at 800°C and
400°C for Al,Os/SiO./Si and Y20s/SiO./Si stacks, respec-
tively. Finally, Au top gates were deposited by vacuum evap-
oration. To study the interface dipole layer strength, each
sample was made together with a reference MOS-cap, which
is a MOS cap without the top high-k dielectric layer. The flat-
band (Vi) were extracted from CV curves measured at the
frequency of 1 MHz.

In general, Vs, of a typical Si MOS-cap with a bilayer
dielectric is described by the following equation:
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where @ms, Qfix, CEThighk , Esioz, and @aipole are the work func-
tion miss-match, interface fixed charge density at the high-
k/SiO; interface, capacitance equivalent thickness of the high-
k oxide, the permittivity of SiO, and the high-k/SiO interface
dipole layer strength, respectively. The fixed charges at the
SiO,/Si interface can also contribute to the Vg, shift. Nonethe-
less, it was omitted in eq. (1) for simplification. In this study,

Vfb = Pms — Qfix

the direction of a dipole layer strength is defined as positive
when the Vg, shifts positively. By excluding the first two
terms in eq. (1)), the dipole layer strength at each temperature
can be extracted.

3. Result and Discussion
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Fig. 1 CV curves of (a) sample (i) and (b) sample (ii) meas-
ured at 1 MHz at various temperatures. The top Al.Osz and

Y203 thicknesses were ~5 nm and ~10 nm, respectively.

The CV curves of sample (i) and (ii) at different temper-
atures are shown in Fig. 1 (a) and (b), respectively. The tem-
perature-induced Vi, shifts both in samples (i) and (ii) were
comprised of the temperature effects of the ‘intrinsic’ compo-
nent (i.e. @ms), the fixed charges at high-k/SiO, interface, and
the interface dipole layer at the same interface. The tempera-
ture-induced Vs, shift in sample (ii) seemed much less pro-
nounced than the one in sample (i), due to the relatively small
dipole layer strength of the Y,03/SiO; interface when com-
paring to the Al.O3/SiO; interface. By excluding the effect of
interface fixed charges and the ‘intrinsic’ component, then the
dipole layer strength at each temperature can be extracted [5].
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Fig. 2 Vi vs CET at different temperature for (a) sample (i)
and (b) sample (ii). Th solid and open symbols represent Vp,
of the samples and their references (i.e. without the high-k
layer), respectively.

Series of Vs, in Fig. 2 (a) and (b) were obtained from var-
ious top high-k thicknesses in sample (i) and sample (ii),
along with their references at several temperatures. The thick-
ness of the top high-k oxide was extrapolated to zero (i.e.
CEThighk=0) to eliminate the second term in eq. (1). Then,
the extrapolated Vi, of the samples were compared with their
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references. From the difference, the dipole layer strength at
the high-k/SiO. interfaces were finally quantified by elimi-
nating the first term in eq. (1).

Fig. 3 shows the temperature dependences of the
Al>,03/SiO; and Y,03/SiO; interface dipole layers. From the
graph, almost no dipole layers were observed at both
Al>,03/SiO; and Y,03/SiO; interfaces at 100 K. Nevertheless,
the AlLOs/SiO; interface dipole layer strengths increased at
the rate of ~2.8 mV-K"* when the temperature was raised from
100 K to 300 K. At higher temperature region, the increasing
rate of the Al,O3/SiO; interface dipole layer strength reduced.
Whereas, the dipole layer strength at the Y,04/SiO; interface
increase at a steady rate, but in the opposite direction to the
Al,05/SiO; interface, ~0.7 mV-K* from 100 K to 400 K.
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Fig. 3 The temperature dependence of the extracted dipole
layer strength at Al,03/SiO, and Y,03/SiO, interfaces.

Despite the fact that the strength and direction of both
interfaces have already been studied in the oxygen density
model [4], such temperature dependence of the dipole layer
strengths have never been discussed. Generally, a dipole layer
strength is proportional to the dipole length and the amount
of charges.

Nainoied
Paipote = W: (2)
int

where d, Ndipole, etr, and eine are the elementary charge, the
areal dipole density, the effective dipole length, and the
permittivity of the interface, respectively. Note that i can be
approximated to be the average of bulk é&nigh.k and &sio.
Assuming the Nagipole does not change significantly by
temperature. If the thermal expansion is assumed to be the
cause of the increase in the dipole layer strength by physically
lengthening the desr, the temperature coefficient of the dipole
layer strength should be in a similar order as the thermal ex-
pansion coefficients of Al,O3, Y203, and SiO,. However, the
thermal expansion coefficients of Al,O3, Y203, and SiO; only
ranges in the order of 10® K1[6], 10 K [7], and 107 K'!
[8], respectively, while the temperature coefficients [deai.
pole/ (AT @aipote)] OF Al,03/SiO; and Y,03/SiO; interfaces in Fig.
3 are in the order of 102 K* and 103 K%, respectively. Clearly,
the thermal expansions of oxides could only contribute to a
small change in the dipole layer strength.

As one of the other possible explanations, we propose a
model that the effective dipole length in high-k/SiO, inter-
faces is not limited only by the physical distance between the
charge pairs but determined by the width of a space-charge
region (SCR) near the interface. In this model, we explain the

increase in the dipole layer strength by the expansion of the
SCR with the increase in temperatures.

Due to the relatively low density of charges in dielectric
layers compared to a metal, charges are less electrostatically
screened, in which the screening length can be approximated
by the Debye length L, = \/€:kT/pchargeq?, Where k, T,
and pcharge are the Boltzman constant, the temperature, and the
charge density, respectively. Although pcharge iIs normally neg-
ligibly small in bulk dielectrics, some charges in the order of
fixed charge or dipole densities can be expected near the in-
terface. Conceptually, the relationship between the dipole
layer strength and the Debye length can be made by treating
defr, in €q. (2) to be propotional to Lp.

The temperature dependences of the experimental
Al>03/SiO; and Y20s/SiO; interface dipole layer strengths,
plotted along with their theoretical Debye length at several
charge densities are shown in Fig. 4 (a) and (b), respectively.
At the charge density of 108 cm3, the Lp can extend by a few
nanometers with the increase in temperatures from 100-400
K. By assuming a reasonable set parameter on Ngipote, the
proposed model roughly explains the observed temperature
dependences of Al,03/SiO; and Y03/SiO; interface dipole
layer strengths.
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Fig. 4 The temperature dependence of the experimentally ob-

served (a) Al,O3/SiO; and (b) Y203/SiO; interface dipole

layer strengths (black square) and their calculated Debye

lengths at different charge densities (solid lines).

4. Conclusion

The temperature dependences of the interface dipole
layer strengths at Al,03/SiO; and Y20s/SiO; interfaces were
investigated from 100 K to 400 K. We found that the dipole
layer strengths increased at the rate of ~2.8 mV-K in the pos-
itive direction for the Al,Os/SiO- interface and at the rate of
~0.7 mV-K? in the negative direction for the Y,03/SiO;
interface. Our conceptual model in which the effective dipole
length in the interface dipole layers is mainly determined by
the width of the space-charge region would explain the
experimentally observed temperature dependences.
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