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High-temperature annealing of the atomic layer deposition (ALD) of Al,O3 films on 4H-SiC in O, atmosphere is
studied with temperature ranging from 800 °C to 1000 °C. It is observed that the surface morphology of Al,O3 films an-
nealed at 800 °C and 900 °C is pretty good, while the surface of the sample annealed at 1000 °C becomes bumpy. Grazing
incidence X-ray diffraction (GIXRD) measurements demonstrate that the as-grown films are amorphous and begin to crys-
tallize at 900 °C. Furthermore, C-V measurements exhibit improved interface characterization after annealing, especially
for samples annealed at 900 °C and 1000 °C. It is indicated that high-temperature annealing in O, atmosphere can improve
the interface of Al,O3/SiC and annealing at 900 °C would be an optimum condition for surface morphology, dielectric

quality, and interface states.
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1. Introduction

Investigation of high-k dielectrics on SiC, such as
A1203,[1‘3] HfO,,*! and AINP! has recently attracted great in-
terest due to reliability issue of SiC MOSFETs,[®7! which de-
rives from the high density of shallow interface states below
the conduction band edge E. and the relatively low dielec-
tric constant of SiO; (€ ~ 3.9) compared with that of 4H-SiC
(e ~9.7). Al,Os3 is attractive as an alternative gate dielec-
tric because it simultaneously presents a large dielectric con-
stant (¢ ~ 10) and a large band gap (~6.2 eV) in compari-
son with other high-k materials.!®! However, Al,Oj3 films have
different microstructures and chemical natures from those of
SiC substrates. Therefore, the interface properties of as-grown
Al,O3/SiC are not as good as expected due to the high den-
sity of trap charges existing at the interface and in the bulk
oxide.[”) Several studies have demonstrated that interface qual-
ity and electrical properties for atomic layer deposition (ALD)
Al,O3/SiC devices could be partly improved after annealing
in Ar or N, ambient at 1000 °C.1'%11] However, the flatband
voltage is still as high as 6 V, and large effective charges
(1013 cm_z) remain at the interface. It is noted that Al,O3
films deposited by atomic layer deposition are usually amor-
phous and oxygen deficient!!?! The oxygen vacancies were
examined to be the most important defects in ALD Al,O3, and
they may induce gap levels introducing border traps near the
interface.['3 Therefore, in order to further reduce the high den-
sity of trap charges, annealing in O, atmosphere might be an
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effective way to further reduce the defects in ALD Al,O3 films
and improve the interface quality of Al,03/SiC.

In this study, Al,O3 gate oxide layers are deposited by
ALD on 4H-SiC at 300 °C, and then annealed at tempera-
ture ranging from 800 °C to 1000 °C in O, atmosphere. Sur-
face morphology is characterized through scanning electron
microscopy (SEM) and atomic force microscope (AFM) mea-
surements. The changes in film thickness and optical constants
are evaluated with SE measurements. Grazing incidence X-
ray diffraction (GIXRD) analyses were performed to investi-
gate the microstructural characteristics. Electrical properties
are characterized by C—V measurements. Results demonstrate
that Al,O3/SiC annealed at 900 °C has attractive characteris-
tics of good surface morphology, small positive flat-band volt-
age shift, and a very small hysteresis.

2. Experimental setup

4 °C off (0001) oriented, 4H-SiC wafers
with 12.76-um-thick epilayer doped with nitrogen (5.16 x

N-type,

105 cm~3) were used. The wafers were cleaned by following
the conventional Radio Corporation of America (RCA) clean
procedure, and then dipped into a diluted hydrofluoric acid so-
lution to remove native oxide from the SiC surface. The Al,O3
films were deposited using the ALD technique with trimethy-
laminium (TMA) and water as precursors at a reactor temper-
ature of 300 °C. The thickness of Al,O3 films was obtained
to be 20 nm by SE measurements. Post deposition annealing
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treatments have been carried out in oxygen atmosphere from
800 °C to 1000 °C for 30 min. Besides, to evaluate the in-
fluences on the electrical properties of films, MIS-capacitor
test structures were also fabricated on all the samples for C—
V measurements. The pads were patterned to a circular shape
with a diameter of 0.2 mm. Then, 20-nm/200-nm Ni/Au layers
were deposited by e-beam evaporation, followed by a lift-off
process. A 150-nm Ni layer was used for the ohmic contact at
the back side.

The SE measurements were performed on a UVISEL
spectroscopic ellipsometer. The triple-angle method with in-
cident angles of 65 °C, 70 °C, and 75 °C was used to char-
acterize the refractive index »n and thickness of Al,O3 films.
The Cauchy model was chosen for fitting the dispersive opti-
cal constants to the ellipsometric data for transparent Al,O3
films.['¥ The morphologies of the as-grown and annealed
Al,O3 films were compared by using SEM and AFM. The ef-
fect of the annealing on structural modifications was investi-
gated by GIXRD with an incidence angle of 1 °C. Then, the
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C-V measurements were conducted on the MIS capacitors by
using an Agilent 4284A precision impedance analyzer. All the
measurements were implemented at room temperature.

3. Results and discussion

AFM images of the surface morphology of as-grown and
annealed Al,Os3 films are shown in Fig. 1. It can be seen in
Fig. 1(a) that the as-deposited Al,O3 film has excellent step
coverage and thickness uniformity. The root mean square
(RMS) roughness of the as-grown film surface is only about
0.91 nm, indicating that the ALD method is very suitable for
the growth of high-k materials which require excellent con-
formity and large-area uniformity. Figures 1(b)-1(d) show the
AFM morphologies of annealed samples at different tempera-
tures. The grain size increases and the uniformity deteriorates
after high-temperature annealing. The plot of RMS value ver-
sus annealing temperature is shown in Fig. 1(e). The RMS
roughness of as-grown Al,O3 and annealed samples (at 800,
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Fig. 1. AFM images of (a) as-grown Al,O3 film, and ALD-Al,O3 films annealed at (b) 800 °C, (c) 900 °C, (d) 1000 °C. (e) Plot of the RMS value versus
the annealing temperature. (f) SEM image of Al,Oj3 film annealed at 1000 °C, and the inset shows the enlarged image of the bubble.
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900, and 1000 °C) are 0.911, 0.801, 1.031, and 1.619 nm, re-
spectively. The RMS tends to increase with increasing an-
nealing temperature. The increase in surface roughness may
enhance scattering, and reduce the channel mobility.!'>! When
annealing temperature reaches 1000 °C, bubble formation oc-
curs on the surface of Al,O3 film, as shown in Fig. 1(d). The
SEM images of the bubbles are shown in Fig. 1(f). It should
be pointed out that thick Al,O3 films have also been deposited
and annealed, but the blistering is aggravated. We infer that
blistering is probably partial de-lamination of a thick Al,O3
layer caused by gaseous desorption in the Al,O3 layer upon
thermal treatments above a critical temperature.l'®! Hence,
both the thickness of films and the annealing temperature in-
fluence the deterioration of dielectric film.

The changes in the film thickness and the optical con-
stants after O, annealing were evaluated with SE measure-
ments. The fitted film thickness and refractive index n as func-
tions of annealing temperature obtained from the Al,O3 film
on SiC substrate are shown in Fig. 2. The fitted Al,O3 film
thickness for as-grown sample and annealed samples at 800,
900, and 1000 °C are 19.3, 17.0, 18.8, and 20.3 nm, respec-
tively. For the sample annealed at 800 °C, the decrease in
the thickness indicates a densification of the loosely arranged
as-deposited film. When the annealing temperature increases,
oxygen may be incorporated to the Al,O3 film, resulting in an
increase in its thickness. This result is consistent with that re-
ported in Ref. [17]. As shown in Fig. 2, the refractive index n
of the annealed Al,O3 films at the wavelength of 633 nm also
shows an obvious increase with increasing annealing temper-
ature. This may be associated with the crystallization of the
ALD Al,O3 films during annealing because different struc-

tures of the samples influence the optical properties greatly.!'8]
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Fig. 2. Thickness measured by spectroscopic ellipsometry versus an-
nealing temperature for ALD-Al,O3, and the refractive indices for
Al,Os3 films at the wavelength of 633 nm versus annealing temperature.

Figure 3 shows the GIXD spectra of as-grown Al,O3 film
and Al O3 films annealed at various temperatures. Peaks are
not observed in the as-grown Al,Os3 film and the film annealed
at 800 °C, indicating that they are amorphous. In the case
of Al;O3 films annealed at 900 °C, the (440) diffraction peak

of y-Al,O3 appears at an angle of 26 ~ 66.5 °C, meaning a
transition from amorphous phase to crystalline phase. It is
known that polycrystalline dielectrics usually have larger leak-
age currents than amorphous films due to the leakage through
domain boundaries. Comparing the Al,O3 films annealed at
900 °C and 1000 °C, we find that the peak intensity increases
and the full width at half maximum (FWHM) of the diffrac-
tion peak decreases as the annealing temperature increases.
Hence, Al;O3 film crystallization has been improved by in-
creasing the annealing temperature. It confirms the conclusion
about the refractive index n. The above results indicate that
the as-deposited films are amorphous and begin to crystallize
at 900 °C.
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Fig. 3. Grazing incidence X-ray diffraction patterns for the ALD Al,O3
annealed at different temperatures.

High-frequency (1 MHz) C-V measurements have been
performed on as-grown and annealed Al,O3/SiC capacitors
sweeping from depletion to accumulation, and then back-
wards. For the as-grown Al,O3/SiC capacitors, a very low
breakdown voltage was found to prevent the capacitors from
reaching full accumulation. Normalized typical C-V curves
for annealed Al,O3/SiC capacitors are shown in Fig. 4. The
flatband voltage shift (AVy,) is found by comparing the ex-
perimental and theoretical results. An estimation of the ef-
fective charge density (Qer) has also been obtained from AVj,.
The hysteresis voltage (AVi = Vip_inv._to_ace — Vib_ace_to_inv) 1S de-
fined as the difference between the extracted flatband voltage
(Vip) corresponding to the two voltage sweeps. The electri-
cal parameters extracted from C-V curves including measured
Vib, AV, AVh, and Qegr, are summarized in Table 1. The
Al O3/SiC capacitor annealed at 800 °C shows a relatively
large AVy, (3.477 V) and AV}, (2.865 V). However, for the
samples annealed at 900 °C and 1000 °C, AV, equals 1.780
and 1.734 'V, respectively. In the two cases, AW, are negligi-
ble and the effective charge densities are also less than half
of that of the sample annealed at 800 °C. Furthermore, inter-
face states density (Dj) is estimated by the Terman method.
The Dj; close to the conductance band edge of Al,O3/SiC ca-
pacitors annealed at 800, 900, and 1000 °C are 4.7 x 10'2,
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0.80 x 10'2, and 0.81 x 10'> eV—!.cm™2, respectively. More-
over, the capacitor annealed at 800 °C has the highest value
of Dj. In order to compare the Dj; of capacitors annealed at
900 °C and 1000 °C, mean values from measurements of five
different capacitors are used. The Dj; close to the conductance
band edge of samples annealed at 900 °C and 1000 °C, are
0.82 x 10'% and 0.85 x 10'2 eV~!.cm™2, respectively, which
are comparative. Because the Al,O3/SiC capacitors annealed
at 900 °C and 1000 °C show better electrical characterizations
and it has been proved by GIXRD results that the as-deposited
Al O3 films begin to crystallize at 900 °C, we conclude that
this improvement may be correlated with the crystallization
of Al,Os3 layers and the re-formation of Al,O3/SiC interfaces.
Thus, the negative effective charges located at near interfaces
and in bulk oxides have been reduced significantly after high-
temperature annealing.
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Fig. 4. Normalized typical high-frequency (1 MHz) C-V curves for an-
nealed MIS capacitors. The gate voltage sweeping direction is indicated
by arrows.

Table 1. List of measured Vi, AVp,, hysteresis voltage (AV;), and
effective oxide charge (Qefr) for Al,03/SiC MIS capacitors.

800 °C 900 °C 1000 °C
Measured Vip,/V 47785 3.088 3.042
AV /V 3.477 1.780 1.734
AV/IV 2.865 0.100 0.060

Qe /102 cm—2 —2.871 —1.316 —1.283

4. Conclusions

We have investigated the effect of high-temperature an-
nealing on 4H-SiC MIS capacitors with an Al,O3 gate dielec-
tric prepared by the ALD method. Blistering occurs on the sur-
face of the Al,O3 film when the annealing temperature reaches

1000 °C, indicating the deterioration of the dielectric film. SE
measurements demonstrated that the thickness increased as
the annealing temperature increased. The as-deposited Al,O3
films were amorphous and begun to crystallize at 900 °C. The
C-V measurements exhibit that the flatband voltage and hys-
teresis voltage of Al,03/SiC capacitors annealed at 900 °C and
1000 °C have been reduced significantly. Thus, the annealing
temperature of 900 °C is an optimal annealing temperature for
improving the bulk properties of the Al,O3 film and the inter-
face of Al,O3/SiC.
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