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Abstract. We investigated the optical properties of AIN films with different thicknesses grown on sapphire by spec-
troscopic ellipsometry at different temperature. Based on a Tauc-Lorentz dispersion model, thickness and optical

constants ( the refractive index n, the extinction coefficient k) of AIN films were extracted by fitting the experimen-

tal data. Our results show that the refractive index of thicker AIN film possesses bigger values. Similar to the previ-
ous report, it was also found that the refractive index, the extinction coefficient and band gap of AIN films shift
monotonously to lower energies (a redshift) with temperature increasing. Moreover, with rising temperature, var-
ying the thicknesses of the films exhibits little influence on the shrinkage of bandgap but slight influence on the

changes of the refractive index.
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Introduction

Among the family of III-V direct-band-gap nitride
semiconductors, aluminum nitride ( AIN) has attracted a
lot of attentions because of its wide band gap (6.2 eV)
at room temperature. AIN exhibits high temperature sta-
bility, high hardness, high values of surface acoustic ve-
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locity, high thermal conductivity, high dielectric constant
1131 These features, which distinguish AIN
from other Ill-nitrides materials, have inspired many po-
tential applications such as light-emitting devices in the

ultraviolet and visible region, surface acoustic waves de-
[4]

and so on

vices iezoelectri d ) i-re-
> , plezoelectric sensors and actuators ", anti-re
flection layer on the solar coatings'®”'. Therefore, it is
very vital to conduct structural and optical analysis to un-
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derstand the underlying mechanism of the properties of
various AIN materials. Recently, thermal stability and
thickness dependence of the refractive index and optical
bandgap of AIN were investigated *®'. However, thick-
ness effect on the optical properties of AIN film at varia-
ble temperature still lacks detailed study.

Spectroscopic ellipsometry ( SE) is considered as
one of the most powerful characterization techniques to
obtain the information of optical properties of III-N semi-
conductor materials. Specially, SE technique are utilized
to evaluate the materials dielectric functions £(E) inclu-
ding refractive indices and absorption coefficients of sem-
iconductors, which is essential for the designs and analy-
ses of the hetero-structure-based lasers and other wave-
guiding devices. In this paper, temperature-dependent
spectroscopic ellipsometry ( SE) was used to study the
refractive index and absorption coefficient of AIN films
with different thicknesses grown on sapphire substrate by
metalorganic chemical vapor deposition ( MOCVD). It
was found that the refraction index and the absorption co-
efficient of AIN films decrease and redshift with rising
temperature. Especially, the changes of optical constants
(n) of the thicker AIN film at variable temperature are
more obvious. To demonstrate this, Tauc-Lorentz disper-
sion model was employed to fit the SE spectra and the
theoretical fit is in good agreement with the associated ex-
perimental observations.

1 Experiments

Our experiments were performed on two pieces of
AIN samples labeled as AINO1 and AINO2, which were
grown on c-plane sapphire substrate by metalorganic
chemical vapor deposition (MOCVD). The growth pres-
sure, temperature and source flow were 40 Torr, 1120°C
and 3090 scem, respectively. The growth time of AIN 01
and AIN 02 are 40 min and 45 min, respectively. Then,
at room temperature ( RT), a dual rotating-compensator
Mueller matrix ellipsometer (ME-L ellipsometer, Wuhan
Eoptics Technology Co. Ltd. , China) was used to per-
formed the SE at an incident light angle of 50° and 55°
(considering the optical anisotropy of the AIN films"™',
the SE at two angles should be measured) in the range
from 195 to 1695 nm (0.73 eV to 6.35 eV). The pa-
rameters including amplitude ratio Psi ( %) and phase
difference Delta (A) , which were used for the direct de-
termination of material properties under certain condi-
tions, e. g. , optical constants (both n and k), were re-
corded as a function of the wavelength A. Next, we re-
peated the same process to perform the spectroscopic el-
lipsometry measurements on these two AIN samples at
variable temperature (VT) from 30°C to 600°C. In this
case, a Linkam THMS600 heating and cooling stage was
used, where high heating/cooling rates with 0. 01°C ac-
curacy and stability were realized.

2 Theory

Here, the fitting structural model used for the sam-
ples can be constructed as: Sapphire substrate // AIN
buffer layer //AIN layer // surface roughness. Based on

this structure, a Tauc-Lorentz mode was used to extract

the complex dielectric function of AIN. The imaginary
part of the dielectric function above the band edge from
Tauc-Lorentz model is given as below! .
AE,C(E - E,)* |
az<E>{ = ey EFE,
=0,E<E,

where the four fitting parameters are the optical band gap
E,, the fitting constant A, the peak transition energy K, ,
and the broadening term C, and all are in units of ener-
gy. Equation (1) is efficient for evaluating the dielectric
function £ (or n, k) of direct bandgap semiconductors
such as AIN.

The real part of the dielectric function &, is obtained
by exploiting the Kramers-Kronig integrations, i. e.

2 (* &
g (E) = g(») +;PLg gzzfé;dg .(2)

In Eq. (2), the term P stands for the Cauchy principal
part of the integral and &, (% ) is added as a fitting pa-

rameter.
3 Results and discussion

3.1 SE analysis at room temperature

The SE results with different angles, i. e. , the pa-
rameters including amplitude ratio Psi ( ¥) and phase
difference Delta (A), are shown as a function of wave-
length A in Fig. 1, where solid lines depict experiment
data and dotted lines are the fitting results. The fitting
results agree well with the experimental data at different
angles. Due to the effects of interference, several oscilla-
tion peaks appear in Fig. 1. These oscillation peaks are
somewhat different for different thicknesses and incident
angles. When the film becomes thicker, the interference
is stronger, i. e. fewer oscillation peaks, as shown in
Fig. 1(a) and (b). Obviously, the AIN film marked
AINO1 is thinner than AINO2. Actually, from the fitting
results, we have obtained their accurate structural param-
eters as follows: the film thicknesses of AINO1 and
AINO2 are 778.0 nm and 2539.0 nm, respectively; the
roughnesses of these two AIN samples are 2. 994 nm for
AINO1 and 2. 170 nm for AINO2, respectively; buffer
layer thicknesses are 1.03 nm for AINO1 and 1.0 nm for
AINO2, respectively. Moreover, the peak transition ener-
gy E, [ the films can be calculated, i.e. E;, =6.528 eV
for AINO1 and E, =6.634 eV for AINO2.

Figure 2 shows the fitted optical constant (n) as a
function of photon energy E from Fig. 1. It is seen that
these two samples have similar dispersion, except that
the index of refraction peak position is 2. 79 for AINOI a-
round 6.02 eV and 2. 81 for AINO2 around 6. 18 eV. It
may be a result of more lattice mismatch-induced effects
in a thinner film grown on sapphire substrate. In other
words, thinner AIN film is grown with worse crystal or-
ders and more defects, causing smaller band gap and
peak refractive index. In general, there is influence of
thickness on optical constants of thin AIN film, as men-
tioned in Ref. [9 ], wherein the refractive index varied
with thickness at room temperature. However, this work
has not reported thickness effect on optical properties of
AIN film at variable temperature. So, next, we studied
optical properties of AIN film by the temperature-depend-
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Fig.1 SE experimental data and fitting results at room
temperature, (a) Psi data, (b) Delta data

Bl =R T R S s il S 45 5%, 18 (a) v 2,
Bl (b) A Hidlg

Fig.2 Fitted optical constants (n) of AIN as a func-
tion of photon energy
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ent spectroscopic ellipsometry.
3.2 SE analysis at variable temperature

The SE spectra of AIN film for AINO2 at variable
temperature ( 30°C to 600°C) are shown in Fig. 3,
where (a) and (b) are refraction index and extinction
coefficient as a function of the photon energy, respective-
ly. In order to display the changes of optical constants
(n, k) causing by temperature better, partly energy re-
gion amplification is depicted as an inset of Figs. 3(a)
and (b). It is clearly to see that the refractive index and

Fig.3 Fitted optical constants (n and k) of AIN sam-
ple (02) with temperature varied from 30°C to 600°C,
(a) the refraction index (n), (b) the extinction coeffi-
cient (k)
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the extinction coefficient decrease and redshift when tem-
perature increases. This interesting behavior is mainly
contributed to variation of band gap with temperature,
caused by lattice expansion and electron-phonon interac-
tion. Usually, the band gap E, can be expressed as a
function of temperature by Varshni equation''
aTl’

EAD) = EO) -0 ()
where E(0) is the exciton energy at T=0 K, and a and
B are fitting parameters. The relationship between the
complex dielectric function and temperature can be given
after substituting Eq. (3) back into Eq. (2). Thus,
the refractive index and the extinction coefficient may be
described as a function of temperature. When the band
gap E, decreases with increasing temperature, the refrac-

tive index and the extinction coefficient of AIN films de-
crease and redshift.

Figure 4 shows the (ahv)”(is the absorption coeffi-
cient and k is the extinction coefficient) versus energy of
AIN films with temperature varied from 30°C to 600°C.
As one knows, the values of the bandgap (Eg) can be
determined at the point of (ahv)? =0 by linear fit close
to the absorption edge, as demonstrated in Figs. 4 ~5.
Clearly, similar to the peaks of refractive index, the ab-



34 LIN Shu-Yu et al: Temperature-dependent optical properties of AIN films characterized by spectroscopic ellipsometry

279

Fig.4 The (ahv)® vs energy of AIN with temperature
varied from 30°C to 600°C for different samples
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Fig.5 E, of AIN as a function of photon energy in
different temperature
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sorption edge also shifts to the lower energy (red-shift)
with rising temperature. In other words, the bandgap
redshifts when temperature increases (Fig.5), which is
in good agreement with Eq. (3). Here, the bandgap
shrinkage with increasing temperature is contributed to
two factors'’’ ; the change in bond length on the basis of
lattice thermal expansion, and the change in electron-
phonon interactions. These two factors give rise to a

change of the energy of electronic transitions, resulting in
the reduction of band gap. From Fig. 5, it is also found
that, while temperature increases, the reductions of band
gaps are similar for these two AIN samples, which means
that thickness has little influence on the variation of
bang-gap with temperature. However, because of worse
crystal orders and more crystal defects (inducing inter-
mediate energy levels that merge with the conduction
band, and lower the band gap ), thinner AIN film
(AINO1) always presents a smaller band bap at each
temperature point from 30°C to 600°C, corresponding to
the results in Ref. [9], i. e., dependence of optical
band gap on thickness of AIN film. Then, according to
Eqs. (1-2), the refractive index of thinner AIN film
(AINO1) may cause a different variation with tempera-
ture from AINO2. To further prove this and investigate
the effect of film thickness on optical properties of AIN,
the SE measurement of AINO1 at variable temperature
was also carried out. Comparing with AINO1 , the refrac-
tive index of AINO2 changes more obviously (Fig.6).

Fig. 6 Fitted optical constants (n) of AIN with temperature
varied from 30C to 600°C for two samples
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4 Conclusion

In summary, we have studied optical properties of
AIN with different thicknesses on sapphire by metal or-
ganic chemical vapor deposition (MOCVD) via tempera-
ture-dependent spectroscopic ellipsometric technique. Tt
was found that when the temperature increases, the re-
fractive index, the extinction coefficient,and band gap of
AIN film redshift. In addition, thinner AIN film always
presents a smaller band bap at each temperature point e-
ven though the change of bandgap with temperature in-
creasing is similar to the thicker film. Meanwhile, it
seems like that the refractive index of thicker film
changed more obviously with rising temperature. Our re-
sults may be useful for designing the high temperature
stability devices based on AIN materials.
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