APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 2 8 JULY 2002

Optical properties of gallium oxide thin films
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The optical functions o8- Ga,Og thin films have been determined by ellipsometry from 0.74-5 eV.
Several electron-beam evaporated and rf magnetron sputtered films of different thicknesses were
investigated using a multisample technique. Refractive index values comparable to those of bulk
material are found. Cauchy dispersion model fits yield a high-frequency dielectric coastaht

3.57. Above 4.7 eV a direct absorption edge is observed2002 American Institute of Physics.
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The stable oxide of gallium, monoclinig-Ga0O;3, is a  be found in Ref. 15. Furthermor@-Ga0O; films were de-
wide band gap material? While current applications include posited on S001) by pseudoreactive sputter deposition em-
luminescent phosphotsind gas sensdtét has been recog- ploying a 8-Ga,O; ceramic target in a magnetron configu-
nized as a promising candidate for deep-ultraviolet transpatation with 14 vol % oxygen added to the sputtering gas
ent conductive oxides(deep-UV TCQ.>™" In addition, argon to avoid an oxygen deficit in the films. According to
B-Ga0; may be applied in textured dielectric coatings for Rutherford backscattering measurements these films are of
solar cell A value of the refractive index close tfgaas  Stoichiometric composition. X-ray diffraction revealed a
allows the preparation of efficient single-layer antireflectivenanocrystalline morphology with a crystallite size sfLO
coatings for GaAs. Renewed interest with respect to the pagim ¢
sivation of GaAs surfaces arose in connection with the real-  Spectral ellipsometrySE) measurements from 0.74 to 5
ization of a very low electronic interface state density usingeV in 0.02 eV steps were carried out on a J.A. Woollam Co.
Ga,0,/Gd,O5; mixed oxides’ VASE rotating analyzer ellipsometer at multiple angles of

Accurate determination of the optical functions is an es-incidence of 56°, 66°, and 76° with an accuracy of 0.02°. The
sential prerequisite for device simulations and gives the oppolarizer was tracked with the measured ellipsometric angle
portunity to improve material preparation. The anisotropic¥. Measurements at positive and negative polarizer angles
absorption edge 0B-G&0; single crystals has been inves- were averaged. An automatic retarder allowed accurate de-
tigated thoroughly. However, refractive index dispersion of termination of the difference of phase shiftover the whole
high-quality material in the uv—visible—near infrarédV—
VIS—NIR) spectral range has not been reported. Published
refractive index datd are either restricted to a single spec-
tral positiort!~*3or have been determined on material with a
high density of structural defects.

Here we report the linear optical properties of electron-
beam deposited and sputter8eGa,O3 thin films. A multi-
sample analysis of ellipsometric spectra recorded at multiple
angles of incidence was performed to extract the optical
functions using appropriate layer models. A comparison is
made between refractive index spectra of both types of films
and the absorption edges are determined.

B-Ga0; films on GaAs were prepared by electron-
beam evaporation oB-Ga0O; pellets at a growth rate of
about 0.5 A/s. According to transmission electron micros-
copy investigations the films consist of randomly distributed
microcrystallites within an amorphous mattkThe films Photon energy [eV]

Were dep_OSIted onto aniepltaXIaI GaAS_ buffer lagé@ir dop- FIG. 1. Measured ellipsometric spectra of sputteda,0; compared
ing density 1.6¢10"° cm™®) on (001-oriented GaAs sub- it a simultaneous fit of three samplég-5, Table ). For better visibility
strate wafergSi doping density X 10'® cm™ ). Details can  only the measurements and fits of sampléu line) and sample 4dashed

line) in a limited spectral range are shown. The arfopen symbolsand

cosA (filled symbolg spectra were taken at three angles of incidence 56°
3E|ectronic mail: rebien@hmi.de (squarey 66° (circles, and 76°(triangles.

tan ¥, cos A
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TABLE I. Investigated samples and thickness values determined in multisample fits. The surface roughness of
the sputtered filmg~1 nm) was highly correlated to the thickne$s3 nm) of the interfacial SiQ. This
interdependence, however, did not significantly affect the other fit parameters. 90% confidence limits are also

given.

Sample Deposition Film Max thickness Surface
number method Substrate thickness(nm)  inhomogeneity roughnesgnm)
1 Electron-beam evaporation GaAs 3t0.1 9% 2.8:0.1
2 Electron-beam evaporation GaAs 58:95.07 4.8% 3.80.1
3 Sputtering Si 127%0.2 3% .

4 Sputtering Si 59750.2 0.9%
5 Sputtering Si 24680.6 0.45%

range of 0°—360° and of partial depolarizatfdnFor com-  cally smooth substrate surface, near the interband critical
parison, near-normal hemispherical reflecta(Refrom 0.5  points errors are introduced which can, however, be ne-
to 6.2 eV was measured using a conventional double-beaglected if a dispersion model fit is performed in a wide spec-
spectrophotometer equipped with an integrating sphere. Aliral range. The uncertainty in optical functions of the doped
measurements were performed at room temperature. GaAs wafer precluded thg-Ga0O;3 refractive index deter-
Standard SE® determines the ratio of diagonal reflection mination below a photon energy of 1.5 eV, where the buffer
Jones matrix elements,,/rs=tanV- exp(A), wherer,, layer becomes transparent. Silicon and fused,Sytical
(rs9 is the complex Fresnel reflection coefficient parallelfunctions were taken from Refs. 22 and 23, respectively. The
(perpendicularto the plane of incidencel and A are the  ambient refractive index is approximated witke 1.
ellipsometric angles reported here as{aand cox\. For each type of preparation samples of significantly dif-
A model-based regression analysis using an error funcferent film thickness were modelled simultaneously in a mul-
tion weigthed to the experimental error allows to extract thetisample approact Three sputter deposited samples and
complex refractive index+ik (n: refractive index,k: ex-  two electron-beam evaporated samples, respectively, were
tinction coefficient as well as film thickness and surface selected to ensure minimum film property variations with
roughnes$® The accuracy of data deduced from a layerthickness. First, a Cauchy dispersion model for the refractive
model based analysis critically depends both on model quaindex n=n..+B/\?>+C/\* (Ref. 24 was employed in the
ity and on accuracy of the substrate optical functions. Thdilm transparency range to deduce film thickness, roughness
B-Ga0; films were modelled as a rough homogeneousvalues, and refractive index dispersion. Cauchy dispersion
layer on a semi-infinite substrate. For films on silicon themodel parameters and in the case of Si substrates the SiO
native SiQ interlayer was included in the model. Surface interlayer thickness were coupled during the multisample
roughness on a scale much smaller than the light wavelengfiits. Film thickness and surface roughness were allowed to
was approximated by a Bruggeman effective medium layevary for each sample. The investigated films together with
consisting of 50% voids and 50% of th@-GaO;  their thickness are compiled in Table I. Then, spectral point-
underneatii® Concerning GaAs optical functions, available by-point fits were performed to extract bathandk at each
datasets for doped GaAs are not sufficiently accurate. Therepectral position. The good agreement between both n spec-
fore, we used the dataset of Zollner for intrinsic G&As. tra provides a first check of the model. As an example, Fig. 1
While these comprise the best representation of the atomshows part of the experimental spectra together with a simul-
taneous fit using the same model with differggtGa,O4

L1 v ] v 1 ' ) v 2
2.2._ o e—beamgvapor./GaAsfi o Y —
[ Cauchy fit 5] . 4
[ ------ sputtered /Si | L O sputtered /Si [
= 211« Ppasslack et al. ] - o e-beam evapor. /GaAs/
r B (0] b
8 [ + Orizetal . 100 | A
o 20k v buk a : I,’ o1
2 ! 1 :w‘” - P
g | 3. ] | ¢ £
£ 1.9 f--mi” ; 50 - oof P -
[ ] | OOI' /
3 I : 4 | & I: ﬂ |
1.8 [ A ] ) ] R ] N | :J'j i
1 2 3 4 5 | DDDE.IE,F ]
Photon energy [eV] 43 44 45 4.6 47 48 49

FIG. 2. Refractive index spectra derived from the multisample fits. Cauchy
dispersion model parameters are given in Table Il. Refractive index ranges Photon energy [eV]

from literature are included for electron-beam deposited filsee Ref. 1], FIG. 3. Imaginary part of the dielectric functian,=2nk in the plot for

as sprayed and annealed thin filtsee Ref. 12as well as bulk materidkee direct allowed transitions. Linear extrapolation to determine the direct band
Ref. 13. gap is indicated by dashed lines.
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TABLE Il. Cauchy model parameters of refractive index dispersiem., + B/\%+ C/\* (\ in um) of B-Ga0, films extracted from multisample fits of the
ellipsometric spectra.

Deposition spectral range B C
method () n. (um?) ()
Electron-beam evaporation 0.295-0.8266—4.2 eV 1.891+0.002 0.0116:0.000 5 0.000 48 0.000 04
Sputtering 0.342-1.63®M.76-3.62 eY 1.8883+0.0003 0.011 46 0.000 07 0.000 3590.000 007

film thicknesses. Fit parameter correlation was found to béion of the substrate optical functions in particular near the
generally small. Only the surface roughness of the sputtere@aAs interband critical points where deviations from the ide-
films was strongly correlated to the thickness of the interfa-ally smooth interface have the most pronounced effect. Like-
cial SiO, (Table |). Depolarization spectrenot shown were  wise for pulsed laser deposited films small absorption values
fitted equally wel® The rough sample backside suppressedvere observed below the direct absorption edge of 4.9 eV.
specular incoherent reflections leaving film thickness non- In conclusion, we have reported the linear optical func-
homogeneity and spectral bandwidth as possible causes tbns of thin film 8-Ga0O; in the UV-VIS—NIR spectral
sizeable depolarization for the highly specularly reflectingrange. Good agreement was found for two different prepara-
films under investigatio”® The influence of the spectral tion techniques.
bandwidth set by the monochromator was small compared to
film thickness variations. Depending on the measurement
spot size, which is a function of the angle of incidence, dif- g'ésliel‘;g})"" Hosono, R. Waseda, and H. Kawazoe, Appl. Phys. T&t.
ferent_ values of dep0|arizati0_n have been ob_served. Hencey Ahman, G. svensson, and J. Albertsson, Acta Crystallogr., Sect. C:
the thickness non-homogeneity values were fitted separatelyCryst. Struct. Commurb2, 1336(1996.
for each angle of incidence. The maximum values are givens(Tz-o’\(")gami, T. Nakatani, and T. Miyata, J. Vac. Sci. Technol18, 1234
in Table l'_The use of more cqmpllcated layer mo_del,s. leads“J. Fraﬁk, M. Fleischer, H. Meixner, and A. Feltz, Sens. Actuato#9B
to strong fit parameter correlations and does not significantly 119 (1998.
improve the fit. Further confirmation for the modelling is °T. J. Coutts, D. L. Young, and X. Li, MRS BulR5, 58 (2000.
indi 8N. Ueda, H. Hosono, R. Waseda, and H. Kawazoe, Appl. Phys. T@tt.
indicated by a good agreement between measured reflectancg'%l(lgé_o , : ;
spectra_ and th_ose calc_ulated using the film optical functions: Orita, H. Ohta, M. Hirano, and H. Hosono, Appl. Phys. L&, 4166
determined elllpsometrlcalﬁf’. (2000.

In Fig. 2 the resulting refractive index spectra are shown®J. M. Gee, H. L. Tardy, T. D. Hund, R. Gordon, and H. LiangPinceed-
together with comprehensive values from literature. Even for ings of the 24th IEEE Photovoltaics Specialist Confered@94, p. 1274.
the tw dif ¢ ti thod d substrat 9M. Hong, Z. H. Lu, J. Kwo, A. R. Kortan, J. P. Mannaerts, J. J. Krajewski,

€ two very difierent preparation methods and Subslrales aS¢ ¢ psjeh, L. J. Chou, and K. Y. Cheng, Appl. Phys. L&t 312

well as the wide range of film thickness of the investigated (2000.
samples, the resulting dispersion curves are nearly identical’D. F. Edwards, irHandbook of Optical Constants of Solids, léidited by
As a maximum error for thes-Ga,05 refractive index the E. D. Palik (Academic, Orlando, 1998 pp. 753-760, and references

. . therein.
maximum difference between both curves of 0.02 near ‘?’_'&M. Passlack, E. F. Schubert, W. S. Hobson, M. Hong, N. Moriya, S. N. G.
eV can be taken, although the measurement and modellingchu, K. Konstadinidis, J. P. Mannaerts, M. L. Schnoes, and G. J. Zydzik,
errors are smaller. This deviation is attributed to small varia-_J- Appl. Phys.77, 686 (1995.
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material indicatle a compact nature of the films. No clear chouy, K. C. Hsieh, and K. Y. Cheng, J. Vac. Sci. TechnolL® 1395
signs of refractive index anisotropy were observed. For the16(1998)._ _ _
determination of the anisotropic optical functions of this, M. Fleischer and H. Meixner, J. Mater. Sci. Lettl, 1728(1992).
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