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Precise and accurate knowledge of the optical properties of aluminum nitride (AIN) in
the ultraviolet (UV) and visible (VIS) regions is important because of the increasing
application of AIN in optical and electro-optical devices, including compact disks,
phase shift lithography masks, and AIN/GaN multilayer devices. The interband optical
properties in the vacuum ultraviolet (VUV) region of 6—44 eV have been investigated
previously because they convey detailed information on the electronic structure and
interatomic bonding of the material. In this work, we have combined spectroscopic
ellipsometry with UV/VIS and VUV spectroscopy to directly determine the optical
constants of AIN in this range, thereby reducing the uncertainty in the preparation of
the low-energy data extrapolation essential for Kramers—Kronig analysis of VUV
reflectance. We report the complex optical properties of AIN, over the range of
1.5-42 eV, showing improved agreement with theory when contrasted with earlier
results.

|. INTRODUCTION (UV) spectroscopy in the band gap regidrt’including
temperature-dependent studféand polarization depen-
dent studieg®2°a number of vacuum ultraviolet (VUV)
|studies;>>’ electron energy loss spectroscopy (EELS)
studies?**3although in most cases these results are con-

considerable study in theoretiéat®and experimentaf ~ Sistent with oxidized materidf, and general review¥.3°
investigations. Due to its high intrinsic thermal conduc- Knowledge of the optical properties is significant not

tivity, AIN is attractive as an electronic packaging sub-Only for optical applications but also for providing in-
strate. AIN is also used as a phase contrast layer i§ight into the electronic band structure of a material. In
optical disks and has potential as a phase shift material iR"€vious work, this group employed VUV spectros-
lithographic photo mask& 8 AIN/GaN alloys and mul- copy? to compare the measured eIectronlc_structure of
tilayers find roles in optical devices such as blue lasers”IN with theoretical band structure calculations. Here,
These applications generate an interest in the opticd/® augment the VUV reflectance measurements over the
properties and electronic structure of AIN. The literatureP0ton energy range of 2-40 eV with spectroscopic el-

on AIN spans vibrational spectroscopy,ultraviolet ~lIPSometry measurements over the range of 1.5-6 eV. A
procedure for simultaneously performing Kramers—

Kronig dispersion analysis on the data from these two
sources is described in the Appendix. The augmented
_ data span a wider energy range with an improved accu-
PAddress all correspondence to this author. racy in amplitude, affording greater precision in deter-

e-mail: roger.h.french@usa.dupont.com .7 S f .
Ppresent address: Institute for Advanced Materials, Joint Resear(mmmg the quantitative optical properties of AIN. The

Centre, European Commission, PO Box 2, NL-1755 ZG Pe’[ten!fesu!t is that the _Optical properties of A_|N as determined
The Netherlands. in this work are in better agreement with theory.

Interest in aluminum nitride (AIN) has increased ever
since Slack and McNelly** synthesized high-purity,
high thermal conductivity, single crystals. This materia
has found many technological applicatidmaotivating

J. Mater. Res., Vol. 14, No. 11, Nov 1999 © 1999 Materials Research Society 4337


../../../welcome.pdf
http://www.mrs.org/publications/jmr/comments.html
../../../help/help.pdf

D.J. Jones et al.: Optical properties of AIN determined by vacuum ultraviolet spectroscopy and spectroscopic ellipsometry data

II. EXPERIMENTAL METHODS @ow—
A. Sample preparation

w
(=]
T

Thin film samples were used for the ellipsometric and
UV/VIS studies, while the VUV spectroscopy was per-
formed on a bulk single crystal, grown by Slackyho
reported thermal conductivity of 275 W thK™ and
oxygen concentration of 340 ppm. The VUV specimen
was oriented with the axis normal E-c) and polished
nonaqueously to achieve a nearly oxygen free surface, as 4, , X ,
described elsewher€.The AIN thin films were formed 1.0 20 3.0 4.0 5.0 6.0 70
by reactive sputtering from an Al target in a partial pres- @ Photon Energy (eV)
sure of N, in Ar. Sputtering at intermediate partial pres-
sure produced a mixture of AIN and Al phases. The
target was 3-in. diameter Al and was sputtered with a 150}
low-profile, radio-frequency (rf) magnetron sputtering g
gun in a MRC 8667 sputtering system. Prior to sputteringf‘:.’, 100l
films, the Al target was presputtered in 10 mtorr Ar at ©
500 W for 1 h to obtain a clean and highly reactive target<
surface. The deposition conditions for the AIN thin
film #8346 consisted of a total pressure of Ar + Nf
5.22 mtorr, an MAr + N, fraction of 20%, with 500 W 0
of rf at 320 V applied to the target. The resultant depo- 10
sition rate was 0.3 nm/s. AIN film #8346 was single
phase AIN with a nominal thI.CkneSS of 100 nm, ex.hlblt— thin-film AIN deposited in Ar + 20% I sputtering gas. The dashed
Ing Wu_rt2|te _StrUCture 'and-aX|s teXture_ on the baS|S_ of line is the data and the solid line is the model fit for angles of incidence
x-ray diffraction. The films were deposited on ultra-high- of 60°, 70°, and 80°.
purity fused quartz (glass) typically used as lithographic
photomask substraté§.
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FIG. 1. Ellipsometric data for parameters (&)and (b)A data for

on samples in this configuration were obtained with light

B. Spectroscopy incident at an angle of 60°, 70°, and 80° relative to the
Spectroscopic ellipsometry was performed with thefilm normal._ Thg ellipsometric results for the AIN #8346
Woollam 193/DUV instrument, which has a range fromare shown in Fig. 1. _ s
1.13 to 6.67 eV (1100 to 186 nm), and employs MgF The _193/DUV can als_o determine the normal inci-

polarizers and analyzers rather than the more commofiénce film transmission, integrated over an area of 2-mm
calcite optics. The spot diameter at the sample is 2 mmdiameter. The transmission of the thin film AIN sample

The instrument measures the ellipsometric paramaiters Measured on the ellipsometer is compared with the UV/
and A, defined by the equation visible (VIS) spectrophotometer measurement shown in

Fig. 2(a), to verify reproducibility and avoid any experi-
mental artifacts. Using transmission data in the optical
i= R_P lysis red the effective surface sensitivity of ellip-
tan(W)e* = , (1) analysis reduces : . y of ellip
Rs sometry alone, ensuring that bulk properties of the film,
such as the extinction or absorption, will be fully ac-
where R-/Rg is the complex ratio of thep- ands-  counted for in the Fresnel analysis.
polarized components of the reflected amplitudes. These A Perkin-Elmer Lambda 9 spectrophotometer, with
parameters are analyzed using the Fresnel equations transmission and reflectance attachments, is used to
a computer-based modeling technique to directly detereover the UV/VIS near infrared (NIR) spectral regions.
mine the thin film’s optical constants. This tool employs a V-W absolute reflectance attachment
Ellipsometric measurements were conducted usingvith both xenon and deuterium lamps. The transmission
light incident on the front surface of the film. This of smooth-back samples, as shown in Fig. 2(a), and the
sample configuration requires the back surface of theeflection of rough-back samples, as shown in Fig. 2(b),
quartz substrate to be mechanically roughened to elimiare both measured on this spectrophotometer. Reflec-
nate the depolarizing effects of back-surface reflectiongance of samples in the W configuration was measured
in the substrate. Front side ellipsometric measurementgith the first reflection from the sample and the second
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reflection from an aluminum reference mirror. The re- The thin-film AIN sample #8346 was modeled as a
sults were corrected for this reference mirror reflectancédhvomogeneous thin film with surface and substrate inter-
to determine the reflectance of the sample. faces represented by an effective medium approximation

The VUV instrument used in this work has a range of(EMA) layer of 50% AIN and 50% voids. By nonlinear
2—-40 eV (620-31 nm) and has been previously deregression, the model was fit to the experimental data.
scribed?®** The VUV reflectance data employed in this The refined model thicknesses were 55.56 A for the sur-
work have been reported elsewhere. However, by augace EMA, 1484.5 A for the film, and 0 A for the film/
menting these data with the ellipsometric measurementsubstrate EMA, with a substrate thickness of 2.286 mm.
we have obtained more accurate results for the quantitakhe complex index of refraction for this solution is
tive optical properties that give substantially better agreeshown in Fig. 3.
ment with theory as described in the next section.

B. Optical properties

As described in the Appendix, aft&(E) is appropri-
. RESULTS . .
. . ately scaled and augmented, a Kramers—Kronig analysis

A. Analysis of ellipsometry data recovers the phase, from which the index of refraction for

To determine the optical functions of the thin film single-crystal AIN is calculated and shown in Fig. 4. The
samples, we use both ellipsometric and UV/VIS trans-
mission and reflection data taken on the same film to find 30— F
a solution of the model describing the optical behavior of

0.60

. . . 0.50
the thin-film/substrate systefl. The variable angle of = 28 g
incidence spectroscopic ellipsometry (VASE) softwarey | 7 040 &
analyzes experimental ellipsometric and UV/VIS data,§ °] /o -
with respect to an adjustable parameter model, to geneie [ //' -
ate a viable optical model comprising microstructuralg | 7 ’ 020 &
parameters and material optical constants for the thin® ,,| //' 010 -
film system. L ) T
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I FIG. 3. Complex index of refractiof) = n + ik, determined for
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c r 1 line, while k is the dashed line.
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FIG. 2. UV/VIS transmission data for (a) smooth-back samples and Energy (eV)

reflectance data for (b) rough-back samples of thin-film AIN depositedFIG. 4. Complex index of refractiom, = n + ik of single-crystal AIN
in Ar + 20% N, sputtering gas. The dashed line is the data and the solidletermined for light polarizeB-c, wheren is shown by the solid line
line is the model fit. andk by the dashed line.
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(a)18 gy (eV) FIG. 6. Oscillator strength sum rule of single-crystal AIN.
=167 With application of the oscillator strength sum rtfle
= 14 for the interband transition strengthy«(E), the num-
E 12: ber of electrons contributing to a transition up to an en-
*;5710_ ergyE is
<Ti] a ’
= 4 d; J‘E JA(E")
[-*] - ’
2 8 nen(®) = |, T O ®3)
& 67 wherey is the volume of the AIN formula unit, 20.86°A
E 4 The effective number of electrons participating in inter-
= 2 band transitions at energies less than or equal to the
S photon energyE, based on the oscillator strength sum
g 0 rule, is displayed for single-crystal AIN in Fig. 6.
E 2

L S B B s B I B I B B IV. DISCUSSION

0 4 8 12 16 20 24 28 32 36 40 44 . . . .

) Energy (eV) A. Optical properties of aluminum nitride

FIG. 5. (a) Real and (b) imaginary parts of the interband transitions The Op“(.;al propert_les of AIN obtained m. thls. analysis

strength of single-crystal AIN determined from Kramers—Kronig agree_qual!tatlvely with the bulk of the prior Iltera-ture,

analysis of VUV reflectance data. especially if one compares only the energy location of
features. However, the amplitudes of the various fea-

dielectric function is obtained from the relatiep+ie, =  tures, which are of critical importance to quantita-
(n + ik)2 Here we render the optical response intive descriptions, are substantially different. Comparing

. . 7 .
terms of the interband transition strengl,(E), related ~ With our own prior results,” we find that the most
significant differences are the relative decrease in ampli-

to e(w) by i
tude of the low-energy features and the concomitant
2 E? , increase in amplitude of high-energy features. This
Je(E) = &2 12 82 (e(E) +iey(E) (2) places the experimental results in much closer agreement

with optical properties calculated from first principf&s.
whereJ(E) is proportional to the transition probability In the prior work, the NB to Al3s transitions, charac-
and has units of g cii. For computational convenience terized as a balanced set of transitions in the range of
we take the prefactan,?e >4 in Eq. (2), whose value 6.2—-10.4 eV, dominated the experimental interband
in cgs units is 8.289 x T8 g cmi 3 eV 2, as unity. There- transition strength, while the calculated results sug-
fore the units of thel.(E) spectra shown in Fig. 5 gested they should be comparable to the second set in
are e\ the range of 10.2—-25.7 eV, arising from transitions from
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TABLE |. Optical constants of aluminum nitride at lithographic of AIN over the range of 1.5 to 42 eV, which are espe-

wavelengths.

Wavelength (nm) Index of refractiom, Extinction coefficientk

248 (DUV)
193

2.43
2.91

0.07
0.52

cially important for emerging AIN applications such as
phase shift lithography.
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One additional point of interest is the low-energy fea-
ture at 5.5 eV, which is below the band gap energy of 5
6.2 eV. This peak was found in the VUV reflectance and 3.
in the spectrophotometric data as well and is attributed to4.
localized electronic states due to vacancies. Accordingly,®:
the low-energy cut-off was selected so as to include this6
feature. '

7.

B. Technological implications 8

Because AIN is a candidate material for the attenuat-
ing phase-shift layers in embedded phase-shiftinqg-
photomask<®€ the complex index of refraction of -0
AIN is of topical interest. This is presented in Table | for 15
two lithographic wavelengths. Thus, for the design of an
AIN attenuating, embedded phase shifter for applicationgs3.
atA = 193 nm, a film thickness of 51.9 nm would pro-
duce a 180° phase shift with 10.6% transmission. Such*
precise determination of thickness requirements is ents.
abled by the quantitative results presented here, because
precise knowledge of both feature energy and amplitudés.

is required for accurate design. 17

18.
V. CONCLUSIONS
9

As we have seen, the Kramers—Kronig (KK) disper—%o'
sion analysis of reflectance data is the critical step in
accurately determining the VUV optical properties, but21.
the KK analysis admits some subjective interpretation o2
the data due to the requirement that measured data
extrapolated to span an infinite energy range. By com-
bining spectroscopic ellipsometry and UV/VIS spectros-4.
copy to directly determining the UV and visible optical 25.
properties, we have dramatically reduced the uncertaintys.
in the low-energy extrapolation employed in the KK
analysis. This quantitative Kramers—Kronig dispersion
analysis of VUV/UV/VIS optical reflectance data pro-
vides definitive values for the complex optical properties2s.
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to determine the optical properties in the UV/VIS rangevalence electrons behave as a nearly-free electron gas. A
for thin film AIN. The refined model of the optical con- Lorenz—oscillator model predicts that the reflectance of
stants for AIN film #8346 provides reliable values for such a gas obeys an inverse-fourth-power favgs
R(E) over an extended energy range, with which we carshown in Table A-I. Consistent with this model for the
both scale and extend the VUV/UV data below the ex-high-energy optical response, the data should be ex-
perimental energy range of the VUV instrument. Thetended by an expression of the for&E™* with the
scaling and low-energy extrapolation procedure is as folprefactor A obtained by a linear regression fit to the
lows. The VUV data are scaled by a factor estimated tdiigh-energy segment of the experimental data, typically
compensate for any geometrical imaging errors; in thiover the last 2 eV. The high-energy wing extends to the
work it was 1.55 to compensate for the small size of thehigh energy cutoffE,.. GenerallyE,. = 1000 eV is a
AIN single crystal. Then a wing is prepared at the low-reasonable choice since the oscillator strength in the
energy side of the VUV range where absorption is mini-wing above this value is negligible. A detailed com-

mal (k 00), using a two-pole Sellmeier equatfdn parison with optical constants determined by EELS, a
method that probes transitions from both valence and
2 B.\? core levels, supports the use of #8&* model as essential
n(\) = 4 /A+ Z 7 = 2 (A3)  to accurate analysis, giving the closest agreement be-
=IAT - CE+ (BN - C) tween VUV and EELS result§
whereA is a constant, thB; are the amplitudes, th@ are The methods employed here are versatile and do not

the wavelength positions, and tEeare the widths of the require the use of literature values for the index of re-
two poles. Since absorption is assumed to be negligibldraction for low-energy extrapolation. The results are
reflectance data are fit tn(\) — 1)? (n(\) + 1)2 to  More accurate and minimize the possibility of artifacts
determine these Sellmeier parameters using the Simpledue to data preparation errors. We next discuss how they
method*® The wing is simultaneously fit to the first 1 eV differ from our own earlier approach, and that employed
range of the scaled VUV data, in this case fréin< Dy other groups of investigators.

E < (E, + 1) or about 2-3 eV, and also to the reflectance

calculated from ellipsometry data over any chosen range. Discussion of KK methods

or for specific points, in this case from 1.5 to 4 eV. This | . . tigat the low- and hiah-
procedure is iterated using different scale factors for the . N prévious nvestigations, the low- and nign-energy
VUV data to optimize the fit of the Sellmeier wing to the Wing preparation methods employed by the authors were

reflectance determined from VUV and ellipsometry data,féwgé?;r?gs a;es S;ég}? da':(I)Z(anda[[r(]:rT SEEI‘? rﬁj_(lell z%llrjtle??elllcyt"ézeat
by minimizing the error metricx®. This provides a re- W Index :

producible way to simultaneously find the appropriate.a single wavelength |n.the visible, usually 63:.)’ nm, rely-
g on data from the literature or a gemologists refrac-

scale factor for the experimental reflectance data andl’
extend the VUV data down to zero energy using the
Sltf.tllrgeler(;/vwllg n ?trr?anner t.hat Tal‘tghtes ?Otg thte amTABLE A-l. Power laws for the optical properties in the limit of
plituce ar_] slope ot the experlmer_\ al da a_a Ehémit. high energies, where, = Vamne’mtis the plasma frequency,the
Augmenting the VUV data in this way improves the gjectron density, anél the damping constant.

accuracy of the VUV data scaling and also improves the

fidelity of the low-energy wing extension. Optical property Power law
2
(O]
. . i i —1--—F
2. High-energy extrapolation Comﬁl(iex dielectric constant =1 0
€ TIE
VUV spectroscopy is well established as a method for T
determining the optical properties and the electronic S
structure of wide band gap insulators. The data obtained o’
. . ReflectanceR(w) R(w) =
in this method generally span the full range of valence to 160
conduction band transitions. In the high-energy limit the
TABLE A-Il. Reflectivity preparation for Kramers—Kronig dispersion analysis.
Low-energy wing Experimental data range High-energy wing
E<E, E, to E, E>E,
Improved method Two pole Sellmeier fit to ellipsometric optical constants Multiplicative scaling AE~4
Prior method” Polynomial Multiplicative scaling AEP, pvariable
Tomiki’s method* 52 Three pole Sellmeier Multiplicative scaling AEP, pvariable
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tometer:° The reflectance was calculated by assumingconductivity ¢,), and the dielectric constant.j. At
negligible absorptionK = 0) soR(E) = (n — 1) the same time the amplitude of features near the high-
(n+1)72 energy cutoff was diminished. The integrated area for
A simple polynomial low-energy wing was anchored the spectral line shapes was conserved, in that these am-
to this reflectance point, and the scale factor applied tglitude differences were not easily discerned by calcu-
the experimental data was determined so as to join thiating the oscillator-strength sum rule over the entire
wing and the data with a continuous slope. The high+ange.
energy wing, modeled &P, would be attached next. A Other investigators->2 have also used & P power
range of terp values was used to calculate optical prop-law wherep is selected so that the spectral behavior of
erties, and the results were reviewed to identify the mosthe absorption constant derived frdiE) by KK analy-
reasonable result; for example, absorption might besis conforms reasonably well to the Urbach rule. Instead
negative for some values @f. Typically a high-energy of varying the exponenp, the method presented here
wing exponent in the range 6 g < 7 was selected. assume® is always 4, consistent with free electron be-
The fact that this exponent exceeded a value of 4 tendédavior, and the principal adjustment to the data is scaling
to overemphasize features in the absorptive optical progt to fit the VUV data to the ellipsometry data on the
erties near the band gap, such as Rg&[ the optical low-energy side.
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