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Optical properties of Al ,Ga; _,N/GaN heterostructures on sapphire
by spectroscopic ellipsometry
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A method of analysis of spectroscopic ellipsomef§E) measurement data is proposed for
Al,Ga _,N/GaN heterostructures grown on sapphire substrates. The SE data measured at three
angles of incidence, 40°, 50°, and 60°, are simultaneously fitted assuming the dielectric function to
consist of a Sellmeir dispersion equation and a free-exciton absorption term. The refractiva index
and the extinction coefficiett of undoped AlGa, N films are determined in the spectral range of
1.5-4.13 eV of photon energy. The transition energy of the free exciton, which is in excellent
agreement with the reported results for GaN in a previous paper, is found to vary from 3.44 to 3.95
eV when the composition varies from 0 to 0.151. The refractive indaxof Al,Ga _,N has also

been compared with those reported results. 1898 American Institute of Physics.
[S0003-695(198)01018-3

Recently, light-emitting diodes based on InGaN/AlGaN damental band edge and assume a two-layer model for
heterostructures grown on sapphire substrates have achieveamples of AlGa, _,N/GaN/sapphire. An excellent simulta-
practical intensity levefsand electrically pumped IlI-V ni- neous fit of the model to measurdid data of SE at three
tride lasers have also been reporfdlt, these materials and angles of incidence, 40°, 50°, and 60°, has been obtained.
their related optoelectrical devices are still in the preliminary ~ Al,Ga _,N/GaN single heterostructures were grown on
stages, and many physical parameters related to the design@fin.-sapphire(000) substrates using the horizontal atmo-
new optoelectronic devices are not understood in detail. ~ Spheric pressure metal—organic chemical-vapor deposition

Spectroscopic ellipsometfSE) is a nondestructive and Method.  Trimethylgallium (TMG),  trimethylaluminum
powerful technique to investigate the optical response of matTMA), and ammonia (NE) were used as source materials.
terials, and in particular, to measure simultaneously thd he sapphire substrate was first heated at 1100 °C for 10 min
thickness and the dielectric function of a multilayer sysfem. in @ stream of hydrogen followed by the deposition of 30-
Recently, we have determined the optical constants of Galim-thick GaN as the buffer layer at 530 °C. Then, a GaN
by using the simple Sellmeir dispersion relationship to fit thel@yer with a thickness of about 1/sm and an AlGa_,N

SE measured data and have found an evident free exciton @€’ With a thickness in the rangeoof 0.2-Qun were
room temperaturé Further, we have found that the differ- 9"0Wn at a fixed temperature of 1050 °C. The molar fractions
ence in the refractive indices far, (ELc) andn,(Elc) is  ©f AIN were determined by electron-probe microanalysis and
smaller than 3% over the wavelength range of 400—836 nm,the th|(;knesses pf the films were determined by both high-
resolution scanning electron microscof8EM) and spectro-

and thus ignoring this difference would not affect results o o
much when SE measurements are taken at small incideﬁfoP'C ellipsometry. The automatic ellipsometry used was of

angles. However, a heterostructure of @& N/GaN con- the rotating analyzer type. A 75 W xenon lamp was used as

. . the light source, and the SE measurements were carried out
tains more unknown parameters. For this, more accurate

modeling analysis of the dielectric functiafie) and more Ih air over a 300—830 nm wavelength range with a step of 2
Ny ysl - dl ¢ functiafiw nm at three angles of incidence, 40°, 50°, and 60°. Details
measured data are required.

. : - concerning the structure of three samples studied are listed in
In this letter, we first use the sum of a Sellmeir dlsper—-l-able |

sion relationship and a free-exciton absorption term to de-

. ) i . In our previous workwe found that the refractive index
scribe the dielectric function of AGa_,N below the fun-

of GaN below the fundamental band-gap energy can be ad-
equately described by a Sellmeir dispersion equation and
dElectronic mail: yu@gamella.elcom.nitech.ac.jp also we observed a clear free-exciton absorption in high-
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TABLE |. Best-fit parameters of AGa_,N/GaN on sapphire substrates determined by SE measurements and SEM thicknesses measurements.

d; (Al,Ga,_4N) d, (GaN The parameters of a Sellmeir The parameters of a free-
(um) (um) dispersion equation exciton absorption term
Sample
No. Structure SE SEM SE SEM A B w, (eV) ae we (V)  T'g (meV) o

1 GaN/sapphire 0 / 1.396 / 3.70 29.85 4.65 0.00253 3.44 35 0.167

AloosCaaNIGaN 505 o5 1535 15 300  59.64 557 000254  3.73 22 0.159
/sapphire

3 AlG2aiNIGaN 315 g3 1552 15 296 5864 559 000321  3.95 78 0.232
/sapphire

guality GaN at room temperature. So, in order to describe thalong with the refractive index of GaN taken from the pre-
dielectric function of AJGa, _,N more accurately, the sum vious report, is shown in Fig. 1. It is obvious that there is no
of the Sellmeir dispersion equation and the exciton expresappreciable difference between the two results over the
sion has been used to fit the SE data, which can be expressedhiole wavelength range measured. It can be noted here that
by the following equation: for all samples the refractive index and extinction coeffi-
B2 cientk in the wavelength region above the band gap were
(w)=A+—5——+— - — ) obtained by assuming a two-phagaich as ambient/GaN
wz— 0" wg—(AKIM)we— 0 °—ilw model, and then fitting fon andk at each wavelength. This
&Y assumption of a two-phase model is justified by two reasons.
Here, the first two terms together are called the first-ordeFirst, the penetration depth of light from the surface is about
Sellmeir dispersion equatibrand the third term is the con- 100 nm in the wavelength range above the band gap. Since,
tribution from the exciton, which has been used to analyzéhe top layers for all the samples are thicker than 100 nm, the
the exciton of GaN in reflection spectra by Tchounkeal!  effect of the bottom layer and/or substrate is negligible in the
we is the transverse frequency related to the exciton with agbove wavelength region. Second, not considering the over-
effective massn*, 4ma, is the polarizability of the exciton layers on the surface does not deteriorate the fitting of SE
resonance ab=0 andk=0, andI', is the damping param- spectraA below the fundamental band edgsee Ref. 4
eter used to account for the interactions of the exciton withlherefore, it is reasonable to estimate the refractive imdex
the phonons and extrinsic defects. It can be mentioned he@nd the extinction coefficiert of the films at above the band
that the SE parametdlf is not very sensitive to the presence gap in order to compare the results.
of a few thin overlayers on the surface, such as an oxide or The other two fits to the data of samples 2 and 3 are also
roughness layer, and therefore, the comparison between the
model and the experiment is made on tHecurve only in

2
dTaewg

) T NS R taken from Ref. 4
e(w) and its derivatives with respect to the energy for GaAs. 0.1

We first attempt to fit the data of sample 1 using the
above-mentioned method, assuming a three-ptasbient/ e
GaN/sapphiremodel. The refractive index function of sap- 0. T ' : - :
phire was taken from Ref. 10. The parameters obtained by 900 40 500 600 700 800
calculating the? spectrum for sample 1 are shown in Table Wavelength (nm)

l. An excellent agreement be_tween the meaSL_"ed_ and calc IG. 1. The optical constants of &ba,_yN vs wavelength(a) The refrac-
lated spectra has been obtained. The refractive index funGye indices determined by SEb) The extinction coefficienk. The refrac-

tion of sample 1 in the wavelength range of 300—830 nmiive indices of sample 2 and those from Ref. 10 are shown in the inset.
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. |
order to ignore the effect of such overlayers in the fitfirg. 7.8l :'l 2.8 —— AlgzGago ;3N
addition, a simultaneous fit to the spectradof measured at i ® Al Gay N
three angles of incidendg0°, 50°, and 60°was carried out 2.7 '.’I"."' 264 . (taken from Ref. 10)
to further increase the reliability of the parameters obtained g ’
by fitting. The root-mean-square fractional eregrdefined = 2.6
by 2.5
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by Kim et al® in simultaneous fits to the dielectric function
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36F culated data is very small. This indicates that our samples
34 (@) have good surface morphology and thin oxide films.
As shown in Table I, the thicknesses obtained by SE and
32F SEM are very close. Therefore, it is proved that our model
B 30k adequately describes the measured data. The exciton energies
have been obtained from Eq(1l), where the term
281 (A%k?/m*)w, has been neglected because of its extremely
26+ small value compared to termw?. The energy value of
I sample 1 obtained is in agreement with our previous result
28 for GaN. The exciton energy is also found to increase with
24 compositionx.
B In summary, we have shown that the optical constants of

Al,Ga, _,N can be accurately expressed as the sum of a Sell-
meir dispersion equation and a free-exciton absorption term
below the fundamental band edge. The free-exciton energy
of Al,Ga _«N has been obtained by simultaneously fitting to
SE data¥ measured at three angles of incidence, 40°, 50°,
and 60°. The values obtained vary from 3.44 to 3.95 eV
when the compositiox varies from 0 to 0.151. The results
reveal the prospect of determining parameters of the model
as a function of compositior for Al,Ga, N and the work

J is in progress in our group.
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