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Annealing effects on structural and compositional performances of Al2O3 thin films on 4H–SiC substrates are studied
comprehensively. The Al2O3 films are grown by atomic layer deposition through using trimethylaluminum and H2O
as precursors at 300 ◦C, and annealed at various temperatures in ambient N2 for 1 min. The Al2O3 film transits from
amorphous phase to crystalline phase as annealing temperature increases from 750 ◦C to 768 ◦C. The refractive index
increases with annealing temperature rising, which indicates that densification occurs during annealing. The densification
and grain formation of the film upon annealing are due to crystallization which is relative with second-nearest-neighbor
coordination variation according to the x-ray photoelectron spectroscopy (XPS). Although the binding energies of Al 2p
and O 1s increase together during crystallization, separations between Al 2p and O 1s are identical between as-deposited
and annealed sample, which suggests that the nearest-neighbour coordination is similar.
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1. Introduction
Silicon carbide (SiC) is a promising candidate for high-

temperature, high-voltage and high-power devices due to its
wide band gap, high critical electric field, thermal and chem-
ical stability.[1] Recently, Al2O3 acting as gate dielectric on a
4H–SiC metal–oxide–semiconductor (MOS) device was stud-
ied and reported by several groups.[2–4] Compared with widely
used SiO2 and Si3N4 on 4H–SiC, the Al2O3 in MOS device
has advantages of large relative dielectric constant (∼ 9), low
interface-state density, and high mobility.[5–7]

Atomic layer deposition (ALD) is an attractive tool to de-
posit dielectric thin films on various substrates.[8] The self-
terminating growth is an outstanding feature of ALD, because
of which such films obtained by ALD are uniform in thickness
and conformal even in high aspect ratio structures. Moreover,
thickness of film is strictly controlled by the number of reac-
tion cycles. In recent years, the ALD process has contributed
to the development of microelectronic devices largely.[9] Sev-
eral studies of Al2O3 deposited on SiC have reported the pres-
ence of defect states like Al–Al and –OH bonds in the Al2O3

films grown by ALD.[4,10,11] Avice et al.[2] and Tanner et
al.[12] both focused on the interface between Al2O3 and SiC,
but obtained distinct results. Avice et al. demonstrated that
a transition layer appears between Al2O3 and SiC after being
annealed as indicated by the results from TEM and x-ray pho-
toelectron spectroscopy (XPS). However, the results of TEM

in Ref. [12] indicated an abrupt interface between Al2O3 and
4H–SiC. In our paper, we study the interface between Al2O3

and SiC mainly by XPS analysis.
Rapid thermal annealing (RTA) is a desktop rapid ther-

mal processor by using high-intensity, visible radiation to heat
a single wafer for a short time at precisely controlled temper-
atures. One of the characteristics of RTP is to precisely adjust
the time–temperature profile according to the required suitable
specific process. Precise temperature position helps us realize
annealing at a series of temperatures with small intervals and
thus ensuring the reliability of the crystallization determina-
tion.

Although the deposition of Al2O3 on SiC by using the
ALD has been investigated and examined as mentioned above,
rapid thermal annealing (RTA) effects on structural (from
amorphous to crystalline) and compositional transitions of
ALD Al2O3 as annealing temperature rises have not been stud-
ied comprehensively.

In this paper, Al2O3 dielectric films are deposited on SiC
epitaxial wafers by ALD to investigate the structural and com-
positional transitions of Al2O3 films at different annealing
temperatures. The physical and chemical mechanisms of the
transitions are examined, which can be a significant reference
for Al2O3 dielectric films to be applied in power and micro-
electronic fields.

∗Project supported by the National Basic Research Program of China (Grant No. 2015CB759600), the National Natural Science Foundation of China (Grant
Nos. 61474113, 61574140, and 61274007), and the Beijing Nova Program, China (Grant No. xx2016071), and the CAEP Microsystem and THz Science and
Technology Foundation (Grant No. CAEPMT201502).

†Corresponding author. E-mail: fzhang@semi.ac.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

128104-1

http://dx.doi.org/10.1088/1674-1056/25/12/128104
mailto:fzhang@semi.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 25, No. 12 (2016) 128104

2. Experiment
Al2O3 dielectric was grown by ALD on Si face, n-type

4H–SiC wafer with a 10-µm thick epilayer (doping level of
2×1015 cm−3) on a highly doped substrate oriented 4◦ off
the (0001) direction. Prior to growth, the epitaxial wafer was
cleaned by Radio Corporation of America (RCA) process. Di-
lute hydrofluoric acid (1:20 HF:DI) was also used to remove
native oxide on 4H–SiC surface. Then Al2O3 gate dielectric
was deposited on 4H–SiC epitaxial wafer by a home-made
ALD at 300 ◦C by using trimethylaluminum (TMA) and H2O
as precursors as well as N2 as carrier gas. H2O and TMA
were pulsed for 2 s and 1 s, respectively. N2 was pulsed for
30 s during the deposition in order to separate H2O from TMA
completely. The growth rate of Al2O3 film was approximately
1 Å per cycle.

After deposition, the samples were annealed by using an
RTA oven at temperatures ranging from 700 ◦C to 1000 ◦C for
1 min. The heating rates were all set up at 30 ◦C/s and the
cooling rate can reach 25 ◦C per second through the cooling
equipment. The RTA processing was carried out in a 99.999%-
purity N2 atmosphere. The morphologies of the as-deposited
and the post-annealed Al2O3 films were obtained by using
atomic force microscopy (AFM) in a tapping mode. The thick-
ness values of a variety of post-annealed Al2O3 films were de-
termined by variable angle spectroscopic ellipsometry (VASE)
made in the J. A. Woollam Co., Inc. instrument covering the
spectral range from 192 nm to 1500 nm. Other papers [13,14]

presented just a few measured data of thickness and refractive
index of annealed samples. We determined the crystallization
temperature point more accurately and narrowed the window
of the crystallization process, so more annealing temperatures
were carried out and measured. We first annealed the sample
from 700 ◦C to 1000 ◦C in steps of 50 ◦C. The 750-◦C an-
nealing was imposed on as-deposited Al2O3 sample, and we
found that its thickness was a little thinner than that of the as-
deposited sample, which implied that the crystallization just
began. When the annealing temperature was 800 ◦C, the thick-
ness almost reached a minimal limiting value. So we selected
middle values between 750 ◦C and 800 ◦C to elaborate the ex-
periment. We selected 768 ◦C and 785 ◦C as the additional
annealing temperatures. The micro-structures of as-deposited
and annealed Al2O3 films were characterized by synchrotron
radiation light source using grazing incidence x-ray diffraction
(GIXRD) with a wavelength of 1.238 Å. XPS was performed
under ultrahigh vacuum condition (base pressure in the anal-
ysis chamber was 1× 10−9 mbar, 1 bar = 105 Pa) by an ES-
CALAB 250 electron spectrometer equipped with monochro-
mated Al Kα radiation (hν = 1486.8 eV) and a hemispherical
electron analyzer. The Ar sputtering was used to etch Al2O3

film layer-by-layer and the incident angle of Ar was 40◦ with
respect to the normal of Al2O3 surface. After each etching
step, photoelectrons of O 1s, Ar 2p, and Al 2p were collected
in sequence and the exit angle was the normal to the surface.

The scanning step of high resolution spectrum was 0.05 eV
and the passing energy was 30 eV. During collection, charge
calibration was used to eliminate charge accumulation caused
by the continuous Ar sputtering. All the XPS spectra were
calibrated by Ar 2p, whose peaks are located at 241.9 eV and
244.02 eV.[15]

3. Results and discussion
3.1. Thickness and refractive index

The thickness values and refractive indexes of as-
deposited and annealed ALD Al2O3 films on SiC epitaxial
wafers are measured by VASE using Cauchy model as shown
in Fig. 1. We can obviously see that the thickness and re-
fractive index of 650 ◦C are similar to those of pre-annealed
Al2O3 sample. The thickness of the as-grown Al2O3 film is
measured to be 487 Å, which does not decrease greatly until
its annealing temperature reaches 750 ◦C. When the anneal-
ing temperature increases to 768 ◦C, the thickness reduces to
442 Å, which is 90.7% of the as-deposited Al2O3 film. From
750 ◦C to 768 ◦C, the thickness decreases sharply and be-
comes smooth at 800 ◦C, which is 88.9% of the as-deposited
Al2O3 film thickness. Although temperature increases succes-
sively, the thickness does not reduce largely any more. Thick-
ness reduction often occurs for ALD Al2O3 films, which is
due to densification of the film.[3] To sum up, from the anneal-
ing temperature 750 ◦C to 768 ◦C, the sample has completed
the process of structural transition from amorphous phase to
polycrystalline phase. The largest thickness change generally
occurs at temperatures of the crystallization point, i.e., 768 ◦C
in this work.[16]
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Fig. 1. (color online) Variations of thickness and refractive index (at a
wavelength of 632 nm) of Al2O3 film with annealing temperature for
1 min in N2 atmosphere.

In the annealing process, the denser the film, the larger
the refractive index is.[17] When the annealing temperature is
lower than 750 ◦C, the refractive index at a wavelength of
632 nm is 1.665. Subsequently, the refractive index increases
to approximately 1.705, when the annealing temperature in-
creases from 768 ◦C to 950 ◦C. The refractive index reaches
to 1.715 for further increasing temperature from 950 ◦C to
1100 ◦C. According to Gladstone–Dale equation,[18] the re-
lationship between refractive index and density is expressed
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as

ρ = K(n−1), (1)

where ρ is the density and K is a constant which means that
the film density is directly proportional to refractive index n.
The increase of refractive index is due to the enhancement
of the densification upon annealing. The previous report[19]

demonstrated that the Al2O3 film is amorphous with low re-
flective index (1.66–1.67), while the high one (1.71) indicates
that the film is crystalline. These results demonstrate that the
film completes the structural transition from amorphous phase
to crystalline phase upon the RTA.

3.2. Morphology analysis

The surface morphologies of as-deposited and annealed
Al2O3 films characterized by AFM are shown in Figs. 2(a)–
2(d). It can be seen that surface of as-deposited Al2O3 film is
very smooth with few grains as shown in Fig. 2(a). When

the annealing process is performed at 750 ◦C as shown in
Fig. 2(b), the surface becomes rough and there are grains
(15 nm in diameter) formed on the film surface, which indi-
cates that the annealed Al2O3 films start to crystallize. The
grains are growing (23 nm at 768 ◦C and 30 nm at 1000 ◦C)
and gradually become uniformly distributed with the increase
of the annealing temperature as shown in Figs. 2(c) and 2(d),
which demonstrates that the crystallization of the Al2O3 film is
completed. Figure 3 presents root-mean-square (RMS) rough-
ness of Al2O3 film as a function of annealing temperature. The
RMS roughness of as-deposited Al2O3 film is 0.34 nm, which
is similar to that of annealed Al2O3 film at 768 ◦C. Then the
RMS value presents a linear increase from 0.43 nm to 0.54 nm
under the annealing condition from 800 ◦C to 1000 ◦C. It can
be confirmed that the surface reconstruction in the annealing
process is responsible for the roughening of annealed Al2O3

film.[20] The surface feature accompanied by crystallization is
confirmed by GIXRD as follows.
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Fig. 2. (color online) Three-dimensional AFM images (1 µm× 1 µm) of (a) as-deposited Al2O3 film and after annealing at (b) 750 ◦C,
(c) 768 ◦C, and (d) 1000 ◦C for 1 min in N2 atmosphere.
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Fig. 3. Root-mean-square (RMS) roughness of Al2O3 films with differ-
ent annealing temperatures.

3.3. Micro-structure analysis

Figure 4 shows the variations of GIXRD patterns with
annealing temperature of Al2O3 films. The spectrum of as-
deposited Al2O3 film shows an amorphous phase similar to
that of the annealed film at 750 ◦C as shown in Fig. 4. No
diffraction peak is observed, which indicates that the film does
not start to crystallize. When the Al2O3 film is annealed at
a temperature of 850 ◦C, some diffraction peaks can be ob-
served, including reflection planes of (111), (511), and (440),
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which are corresponding to 15.75◦, 47.65◦, and 52.5◦, re-
spectively. According to JCPDS ( joint committee on pow-
der diffraction standards) Card, the crystalline structure of the
annealed Al2O3 film belongs to γ-Al2O3. The intensity of
peak at 52.8 has no difference from those at higher temper-
ature (950 ◦C and 1050 ◦C), indicating that the crystallization
has already been completed at 850 ◦C.[21,22] The intensities
of peaks at 47.65 and 15.75 from higher temperature (950 ◦C
and 1050◦) annealing samples indeed are a little stronger than
those at lower temperatures (750 ◦C and 850 ◦C). This is most
likely to be due to preferential orientation along the (111) and
(511) planes.[23,24] This suggests that during higher tempera-
ture annealing, the (111) and (511) planes are better crystal-
lized. The GIXRD results confirm that the Al2O3 film transits
from amorphous phase to crystalline phase when being an-
nealed at above 750 ◦C. The films under XRD measurements
each have a thickness of 50 nm. Under such a thin film, the
photoelectron signal from Al2O3 film will be smaller than that
from a normal bulk material. Therefore, the crystallinity seen
from GIXRD spectrum is weak. On the other hand, the strong
crystallization film consists of many grain boundaries, which
may be a route to increasing the leakage current when applied
by a voltage.[25]
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Fig. 4. (color online) GIXRD patterns of Al2O3 films annealed at tem-
peratures ranging from 750 ◦C to 1050 ◦C for 1 min in N2 atmosphere.

3.4. Composition analysis

XPS spectra are carried out on both as-deposited and an-
nealed samples. XPS sputter-depth profiling is carried out to
determine the element distribution in both samples each as
function of depth near the Al2O3/SiC interface. The thickness
values of as-deposited and annealed Al2O3 film are 31.6 nm
and 27.4 nm, respectively. For the two samples, the interface
of annealed Al2O3 film needs more time to be detected than
that of the as-deposited film. The sputter rates of as-deposited
sample and annealed sample are, respectively, about 0.256 Å/S
and 0.17 Å/S, which indicates that the Al2O3 film becomes
much denser after being annealed.

The detailed Al 2p spectra of as-deposited and annealed
samples are compared in Fig. 5. Gaussian function is used to

fit the measured curves. As shown in Figs. 5(a)–5(f), the first
four Al 2p spectra away from the interface can be fitted by one
peak perfectly. The peaks of the fitted curves are all 74.79 eV,
which corresponds to Al–O bonding.[26,27] When the thickness
approaches to the interface thickness (31 nm, (e)), the inten-
sity of the Al 2p decreases greatly and the full width of half
maximum (FWHM) of fitted curves becomes larger than those
of previous fitted curves, which indicates that the film quality
deteriorates and some nonstoichiometric features and impurity
appear. When the thickness comes to 33 nm, the peak of Al
2p must be fitted by two Gaussian peaks, which are located at
74.79 eV and 73.8 eV, respectively. Kim et al.[28] reported that
the Al2O3 grown by ALD using H2O as resource has a bind-
ing energy of 72.8 eV considered to be for Al–Al bonding.
According to ALD growing mechanism the component cen-
tered at 73.8 eV is assigned to Al–O–Si bonding. Meanwhile,
as shown in Figs. 5(g)–5(l) from the annealed sample, the first
two spectra (Figs. 5(g)–5(h)) are fitted by one peak located at
74.95 eV for Al 2p of the annealed sample, which is a little
larger than 74.79 eV of as-deposited Al–O bonding. After be-
ing annealed, the film transits from amorphous phase to crys-
talline phase, thus Al 2p shifts to a higher binding energy.[4]

The Al 2p spectra from Figs. 5(i)–5(k) are fitted by one peak,
which is smaller than the above two and almost the same as the
peak of the as-deposited sample. This phenomenon suggests
that annealing does not influence the Al 2p near the interface or
the interface is still amorphous when being annealed. The Al
2p in Fig. 5(l) has two peaks: one is 74.79 eV corresponding
to Al–O, and the other is 73.8 eV corresponding to Al–O–Si
compound. There is not much difference in chemical bonding
between as-deposited and annealed sample at the interface.

Figure 6 shows O 1s spectra corresponding to Al 2p spec-
tra of various sputtering thickness from as-deposited and an-
nealed samples. The first four spectra (Figs. 6(a)–6(d)) can
be fitted by one peak located at 531.36 eV perfectly, which
indicates that only Al–O bonding exists in the film. The O
1s curves in Figs. 6(e) and 6(f) are fitted by three Gaussian
curves. One of the three fitted peaks corresponds to Al–O
bonding, and the two others are located at 531.88 eV and
533.1 eV, respectively. According to some papers[14,29] Al–
OH bonding which is often found in Al2O3 film grown by
ALD has a 1.3 eV–1.4 eV shift to higher binding energy rel-
ative to Al–O bonding. It is obvious that no peak is centered
around 532.7 eV, corresponding to Al-OH bonding. At the
interface, Al–O–Si bonding is inevitable during growing as a
transition layer between Al2O3 film and SiC substrate.[14] The
electronegativity of Si is larger than that of Al, such a peak
at 531.88 eV is assigned to Al–O–Si bonding relative to Al–
O–Al bonding centered at 531.36 eV. In addition, Al–O–Si
bonding just exists near the interface, therefore the Al–O–Si
component is controlled by growing mechanism not the grow-
ing parameter.
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Fig. 5. (color online) Narrow Al 2p XPS profiles of different etching thickness from the as-deposited ((a)–(f)) and 1000 ◦C annealed ((g)–(l)) Al2O3 samples.

526 528 530 532 534 536 528 530 532 534 536

16.7 nm 28.7 nm

31 nm19.1 nm

26.3 nm 33 nm

In
te

n
si
ty

Binding energy/eV

526 528 530 532 534 536 528 530 532 534 536

13.8 nm

15.8 nm

23.6 nm

25.2 nm

26.8 nm

28.4 nm

In
te

n
si
ty

Binding energy/eV

(a)

(b)

(c)

(g)

(h)

(i) (l)

(k)

(j)(d)

(e)

(f)

Fig. 6. (color online) Narrow O 1s XPS profiles of different etching thickness from the as-deposited ((a)–(f)) and 1000 ◦C annealed ((g)–(l)) Al2O3 samples.

Figures 6(g)–6(l) show the XPS profiles of O 1s in the
annealed samples. The O 1s in Figs. 6(g)–6(i) can be fitted
by one peak located at 531.44 eV, which is a little larger than
the peak of as-deposited film. The symmetry of O 1s spectra
suggests that O atoms fully join in Al–O–Al bonds. The O 1s
spectra from Figs. 6(j) and 6(k) are fitted by two spectra. One
is Al-O bond at 531.44 eV and the higher binding energy at

531.88 eV is assigned to Al–O–Si bonding, which only exists
at the interface and is similar to that of the as-deposited sam-
ple. The curve from Fig. 6(l) is fitted by three spectra and the
peak at 533.1 eV that does not appear in Fig. 6(k) belongs to
C–O bonding. After the sample is annealed, less C–O bonds
remain at the surface and most of the C–O bonds escape from
the surface.
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The peak of Al 2p spectrum shifts from 74.79 eV to
74.95 eV after the sample has been annealed, while the binding
energy of O 1s changes from 531.36 eV to 531.44 eV. It should
be noticed that the energy separations between Al 2p and O 1s
(∆EAl,O) of as-deposited and annealed film are 456.57 eV and
456.49 eV, respectively. These two energy separations are both
close to 456.6 eV reported for sapphire in Ref. [29]. A similar
energy separation means a similar Al–O bonding state,[10,29]

indicating that the short range ordering of amorphous film and
that of crystalline film are close to each other. The binding
energy shifts of Al 2p and O 1s after the sample has been
annealed are both attributed to the film transition from amor-
phous phase to crystalline γ-Al2O3, which is associated with
long range ordering of Al2O3 film. The first-neighbor Al–
O bonding is related to short range ordering and the second-
nearest-neighbour coordination O–O bonding (or Al–Al bond-
ing) dominates long range ordering.

Combined with thickness analyses of various tempera-
tures, film densification (equivalent to the reduction of free
volume) occurs accompanied with film crystallization. The
binding energy shifts of Al 2p and O 1s and unaltered ∆EAl,O

indicate that first-neighbour Al–O bond distance is not the rea-
son for densification, but the translocation of O–O (or Al–
Al) second-nearest-neighbour coordination is responsible for
film densification.[29] However, the reduced binding energy of
Al 2p in Fig. 5(i) indicates that long range ordering near inter-
face is unchanged during annealing. The interface still keeps
short range ordering but not long range ordering. These re-
sults are also consistent with the statements that the interface
is amorphous.

4. Conclusions

In this work, Al2O3 films are prepared by using atomic
layer deposition based on SiC epitaxial wafer and followed by
fast temperature annealing. The Al2O3 films each have a fine
morphology with low RMS even after being annealed. With
annealing temperature increasing, the film thickness decreases
continuously but for annealing temperatures between 750 ◦C–
768 ◦C, the thickness has a sharp reduction, meanwhile crys-
tallization happens. The binding energies of Al 2p and O
1s increase together after crystallization by almost the same
value. The long range ordering (second-nearest-neighbor co-
ordination variation) is responsible for atom binding energy
shift. The nearest-neighbor coordinations are similar between
as-deposited and annealed Al2O3, resulting from the same sep-
aration of Al 2p and O 1s. At the interface, the similar Al 2p
binding energy and chemical bonds upon annealing suggest
that annealing does not have much influence and the interface
is still amorphous.
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