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CHARACTERIZATION OF THIN Al FILMS USING

GRATING COUPLING TO SURFACE PLASMA WAVES

Saleem H. Zaidi, D. W. Reicher, B. Draperd , J. R. McNeil 2 and S. R. J. Brueck3

Center for High Technology Materials, University of New Mexico

Albuquerque, NM 87131

* IABSTRACT

A detailed characterization of the optical, microstruc,,ral and electrical properties of thin (5-50 nm) A]

films grown by thermal evaporation, magnetron sputtering, and ion-assisted sputtering (IAS), is reported.

I Dielectric-function measurements were carried out by using grating coupling to surface plasma waves (SPW) and,

for comparison, ellipsometric measurements were also performed . Scanning electron microscope (SEM) studies

of film microstructure as well as dc electrical resistivity measurements were carried out and correlated with the

optical data. Using the Bruggeman effective media approximation, good agreement was obtained for thicker films

(30-50 nm), but for not for thinner films (< 30 nm) . SEM and resistivity measurements suggest that conditions of

film growth influence the behavior of individual grains, resulting in increased electron reflectance at the grain

boundaries with increasing energy delivered to the substrate during deposition. This resulted in lower electrical

Iresistivities for evaporated films than for IAS films. Finally, the influence of 5-20 A A120 3 on thick Al films was

3 investigated, both SPW and resistivity measurements suggest that the oxide film was not confined to film surface.

but had penetrated inside the film leading to much higher electrical resistivities than would be otherwise expected.I
I
I
I
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I 1. INTRODUCTION

Optical characterization of metal films is important for process control in the semiconductor industry.

The standard ellipsometric and reflectometric techniques [ 1-41 possess the requisite sensitivity but require

complex instrumentation and computations, in addition, a very careful and model dependent interpretation of the

data is necessary for determining the optical parameters. A waveguide approach, using prism coupling to either

Idielectric waveguide modes (5] or to a surface-plasma-wave confined to a metal-dielectric interface [6-81 has also

been used. The optical excitation of surface plasma waves (SPWs) has been carried out in both Kretschmann-

Raether geometry 19] or in Otto geometry (10]. In the Kretschmann-Raether geometry, SPW excitation occurs by

tunneling thru a thin metal film, which places severe constraints on the film thickness and dielectric constants,

Ulimiting its effectiveness mostly to Ag and Au films, and, of course, on the transparent substrate material which is

typically a glass prism. in the Otto geometry the prism is placed in close proximity of the top surface of the film.

The tunnel barrier between the metal film and the prism has to be very thin (< 500 am) requiring significant

3pressure between the prism and the substrate. Both of these techniques are sensitive to film properties, and the

theoretical formalism is provided by Fresnel theory.

I Grating-coupling based characterization, in contrast, is free of all the above mentioned constraints. The

theoretical formalism to describe the coupling process is, however, complex and requires detailed computational

algorithms[i 1-12). Recently, we have presented a detailed analysis of grating coupling to SPWs for a wide range

of grating depths and profdes (13-14]. The theoretical analysis, based on the Rayleigh expansion, was very simple

and provided good agreement with the experimental data. Here, we apply this analysis to measurement of metal

film optical properties. Al films because of their importance in integrated circuit technology were used. These

films were deposited by three different deposition techniques; thermal evaporation, magnetron sputtering, and

Uion-assisted magnetron sputtering. In addition, ellipsometric, resistivity, and SEM measurements were also carried

out on these films to compare with the SPW data. In all cases, excellent agreement with SPW measurements was

obtained.I
I
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2. EXPERIMENTAL ARRANGEMENT

An Al target was used which was 99.99 % pure. Room temperature depositions were carried out in a 45-

cm diameter, cryogenically pumped bell jar vacuum system [ 15]. For thermal evaporation, a tungsten boat was

used. Sputtered films were deposited at 0.5 mTorr Ar pressure using a planar magnetron source. For ion-assisted

deposition, a beam of argon ions from a Kaufman ion source was directed at the substrate surface during

3 magnetron sputtering. The beam voltage was maintained at 440 eV, and ion flux at the film surface was

approximately 25 ILAmp/cm 2 . In all cases, depositions were carried out at a rate - 2 A/s, starting vacuum was in

the low 10- 7 Tor range, and the film thickness was determined by a crystal monitor. The ellipsometric

measurements were performed on films deposited on Si-wafers. For SPW measurements, the films were deposited

on holographically defined submicrometer gratings on Si [161. The zero order reflectance (X-633 nm) from the

coated gratings was monitored as a function of incident angle, the excitation of surface plasma waves is

manifested by resonance like dip in the reflectance curve, and is described in detail elsewhere 113-14].I
3. ELLIPSOMETRIC MEASUREMENTSI

Ellipsometry involves measurement of the effect of reflection on the state of polarization of the reflected

light [I]. The state of polarization is characterized by the phase and the amplitude relationships between the two

orthogonal polarizations of the electric field vector of the polarized field. The electric field orientation of one,

designated as TM, is in the plane of incidence, and of the other, designated as TE, is normal to the plane of

incidence. In general, reflection causes a change in the relative phases of the TM and TE waves, and a change in

the ratio of their amplitudes. The angle A is defined as the change in phase, and the angle 1 as the arctangent of

i the factor by which the amplitude ratio changes. The angles A and V are measured by the ellipsometer. There are

a wide varikky of commercial software packages which calculate the film dielectric constants and thickness, given

A, V, the light wavtlength, and the substrate index. From our mcasurcments, the dielectric consavnts were

Salculated by using a computatioal package developed by Urban [17). Fig. I shows the measured variation ofi

I
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and A as a function of film thickness, the values at zero thickness correspond to those of Si. The qualitative

behavior of W is the same for the films deposited by all three techniques. The behavior of A. however, is similar

for sputtered and ion-assisted sputtered (IAS) Films, but for evaporated films it remains approximately constant.

Using these A and Wr values, the dielectric constants of Table I were calculated. The real part of the dielectric

constant shows much larger changes than the imaginary part. Also, the real and imaginary dielectric constants for

evaporated and sputtered films were larger than for lAS films.

4. SPW MEASUREMENTS

In Figs. 2 and 3. we show a sequence of 0-order reflectance scans of sputtered Al films as thickness is

increased approximately from 5 to 50 nm on Si grating (d=477 nm, depth=16 nm). The dotted curves present the

results of the best fit to experimental lineshape, and will be discussed below. The main features of Fig. 2, where

the film thickness varies from about 5 to 20 nm can be characterized as follows:

1. the appearance of a broad SPW resonance at film thickness of II nm with intensity minimum at G = 18.080 and

a cusp at 0 = 18.90 due to the emergence of the -i-diffraction order (i.e., for angles greater than 18.90 there is an

allowed -I-diffraction order that can take energy from the reflected beam, for angles less than 18.90 this order is

evanescent);

2. the decrease in SPW resonance width from about 1.50 (Fig. 2b) to .90 (Fig. 2 d);

3. the increase in coupling efficiency from 0.1 (Fig. 2b) to 0.3 (Fig. 2d) and;

4. the slight shift in resonance angles (angles at which intensity minima occur) to larger angular values, i.e., a

decrease in angular separation between SPW resonance angle and the cusp angle (the cusp angle remains constant

I determined by only by grating periodicity and the laser wavelength).

3 The behavior of the SPW resonance for thicker films (24-50 nm) is shown in Figure 3, and can be briefly

summarized as follows:

1 1. the continuing decrease in SPW resonance width from 0.860 (Fig. 3a) to 0.570 (Fig. 3d);

2. the saturation of couplilug efficiency at 0.52 (Figs. 3 c&d) from 0.34 (Fig. 3a) and;

1 3. the continuing small shifts in resonance angles to larger angular values.

I '
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In Fig. 4. we have plotted coupling efficiency, resonance width, and the resonance angle shifts as a

function of film thickness for films deposited using all three deposition techniques. The salient features of these

3 measurements are:

1. the coupling efficiencies reach - 52 % for both evaporated and sputtered fdms for film thickness in the range

1 30-40 nm, while for the IAS films, the corresponding efficiency was - 41 % for film thickness of above 50 nm;

2. the resonance widths for the evaporated and sputtered films are almost identical, while those for lAS films were

approximately 15 % larger and;

3. the absolute shifts in the resonance angles (i.e., the angular difference between SPW resonance and the cusp

angle) decreased from 0.780 to 0.740 for evaporated films, and from 0.820 to .760 for sputtered films, while for

m IAS rdms weak dependence with film thickness was observed.

In general, the evaporated and sputtered films were observed to have similar characteristics, while the

IAS films showed significantly different patterns. In contrast with the ellipsometric measurements where there

3 Iwere two observable quantities, the SPW measurements provide three observed quantities, the resonance width,

resonance angle, and the coupling efficiency. In addition the variations in optical properties for the different films

are more evident in these measurements than they were in the ellipsometric measurements

m S. THEORETICAL MODELINGI
The grating coupling to SPWs has been treated by a large number of authors [11-13). Most of these

theoretical formalisms are very complex, and require extensive computational efforts. Here, we have used an

elegant and simple analysis for SPWs at a single grating interface with any arbitrary profile developed by Toigo

i et al. (181. We have extended this analysis to two interfaces to model optically thin films.The theoretical analysis

3 is based on the Rayleigh hypothesis and is briefly reviewed here.

3 For TM-polarized light incident at a grating surface at an angle 9, we can write the magnetic field in the

three regions (vacuum, metal film, and Si-substrate) as follows:

I
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3 and Eet . Esu are metal and substrate (Si) dielectric constants, and d is the grating Period. For a grating profile

defined by f(y). a straightforward application of electromagnetic boundary conditions leads to the following set of

I coupled linear differential equations (as explained in the appendix):
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where Xp(p) is the Fourier transform of the grating profile defined by

d/2

Xp(p) = / f exp(-t pgy) exp(t p f(y)) dy. 9.

-d/2

Hem p (=m-n) is an integer and p is given by anu, nU, or ynu. In Eqs. 5-8 both n and m go from -c to +ov.

I Computationally, however, the series is truncated at values for which inclusion of next higher order term does not

result in any change of the previously calculated value. The Fourier transform integral can be evaluated for any

given grating profile. In particular, for sinusoidal profiles eq. 9 gives the familiar Bessel function expansion, and

has been investigated in detail elsewhere 1131. Convergence for this particular profile is obtained for n~m = 2. For

other nonanalytical profiles, i.e., square or rectangular, the Rayleigh assumption is usually not valid, however, it

was pointed out by Hill et al. 119] that for shallow gratings (u/d - .07), this method can still be applied with

reliable results. In our numerical calculations, we have tested for consistent results for nm as large as 10 leading

to an 84 x 84 matrix inversion. For numerical calculations, the grating profile used for evaluating the integral Eq.

39 is shown in Fig. 5 (see appendix for more details). The actual SEM profile of Si grating ( depth =16 nm) used in

the experiments is shown in Fig. 8c. The real and imaginary parts of the dielectric constant of Al were allowed to

vary independendy to obtain the best fit to the experimentally observed resonance lineshapes. The shift in the

resonance angle was strongly dependent on the real pan of the dielectric constant, the width of the resonance was

a function of both the real and imaginary parts of the dielectric constant Also a 5% variation in either the film

3thickness or the grating depth did not result in a shift of the resonance angle.

3 6. COMPARISON OF ELLIPSOMETRIC AND SPW DATA

IIn Table 1, we have compared the dielectric constants calculated by the two different techniques. For

3 film thickness below 10 nm, the metal films did not show the characteristic SPW lineshape, therefore it wa not

possible to calculate the corresponding dielectric constants. The comparison of the data shows that, in general, the

3values calculated from the two methods were within 6% of each other, although for some cases, especially for -

I
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10-nm thick films, the difference was much larger. For both cases, the variauon of the dielectric constants were

similar. The values calculated by SPW method were in gencral larger than the ellipsometric values for thinner (<

30 nm) and smaller for thicker films. The SPW results were in good agreement with the literature 120-211. The

lineshape of the SPW resonance is influenced by grating profile, by the substrate on which grating is defined as

well as by the presence of very thin A120 3 films on Al films, effects of all of these variations are evaluated in the

following sections.

3I 6. INFLUENCE OF GRATING PROFILES

In our work, the depth of the grating was chosen to keep the coupling strength well within the Rayleigh

criterion (hWd - .07). In Fig. 6. we have calculated SPW lineshapes for three different profiles assuming same

Iperiod (d=477 nm), depth (h=16 nm), and dielectric constant (E=-46,16), the difference in profile changes

Scoupling efficiencies, but there are no significant changes in the resonance angles and widths. In addition to the

grating profile, the substrate in which the grating is fabricated also plays an important part. In Fig. 7. we have

shown experimental and calculated SPW lineshapes for 50-nm thick Al films deposited on Si (h=16nm), SiO2

(h-- 17 nm), and photoresist (h=36 nm) atings. The profiles of these gratings are shown in Fig. 8. The dielectric

constants of the films on SiO2 and photoresist are characterized by (-40.1,14,6) and (-32.2, 12.8). It is seen that

dielectric constant of the film deposited on photoresist is significantly different from the values in Table 1. This

suggests that the photoresist surface being significantly rougher than either SiO 2 or Si results in the growth of

3poor quality films.

U6b. INFLUENCE OF OXIDE LAYERS

I When a freshly deposited Al-film is exposed to the atmosphere at room temperature, a transparent,

amorphous oxide layer immediately forms on the metal surface. Hass reported that the oxide within a few hours

grows to a thickness of approximately 15-20 A , but further growth occurs slowly reaching a maximum of 45 A

3 after one moth 122). In order to investigate the influence of Al oxide film on the SPW resonance lineshape of A]

U
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iurns, we deposited very thin (5-20 A) films of AI20 3 on an approximately 40-nm thicc A] film. In Fig. 9. we

I have shown the results of 5 and 20 A oxide on the SPW lineshape. The solid line represents bare A! film

3 (thickness = 40 nm. Fig. 3c). 5 A oxide film significantly alters the SPW resonance characteristics increasing the

resonance width by 17%. resonance angle by 6c, and decreasing coupling efficiency by 11%. The ccrresponding

3 numbers for 20 A film were 31%, 25%, and 217c. Assuming the dielectric constants of bulk Al (21] in literature (-

46.36, 16.69 ), ow calculations showed that the resonance angle was .60 in comparison with the corresponding

values of .740 and .760 for evaporated and sputtered films (thickness = 50 nm). Assuming an oxide layer of 20 A

(n = 1.66) on bare Al substrate, our calculations showed that the resonance angle increased by .160, which is in

good agreement with our data. However, deposition of 5-20 A A120 3 resulted in increases in resonance angles

which were almost twice .320. Therefore, it appears that th oxide film is not limited to the surface, but also

penetrates in the Al film and changes its composite dielectric constant. This is reflected in the much higher

l resistivity of oxide coated films as will be shown later.

7. SEM MEASUREMENTS

I
Grain boundaries, voids, and other inhomogeneities significantly affect the optical properties of thin films

I (23-24). This is reflected in the large differences of the dielectric constants of the films (Table 1). In Fig. 10, we

have shown a series of scanning electron micrographs (SEMs) of the Al films as a function of thickness. The

increase in grain sizes is consistent with similar behavior for metal films, such as silver [25). The grain sizes and

boundaries for evaporated films (Fig. 10a) are significantly larger than the films deposited by sputtering and ion-

asisted sputering (Figs. 10b & 1Oc). For evaporated films, the film discontinuities decrease rapidly with

l thickness, and also the film surface appears very smooth. The behavior of both sputtered and IAS films is

different; the grain size increase with film thickness is slow, and the film surface appears rough and discontinuous.

I These results indicate that the process of film growth by evaporation and sputtering is fundamentally different. In

l evaporated films, the grain boundaries are interconnected, the individual grains are not spherically symmezric, and

the structure as a whole appears continuous. With sputtered and lAS films, however, the grain boundaries are not

l interconnected, the individual grains are approximately spherical, and the structure as a ,.hole appears

I
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discontinuous. The dielectric response (Table 1) of these films provides us with a simple means of calculating the

density of the films 131. Using the Bruggeman effective medium approximation [26), it is possible to define an

effective dielectric constant, e. for the film in terms of the bulk dielectric constant (Emet = -46.36, 16.69) and the

volume fraction of voids in the film.I
(2X-1) + Emet( 2-X) +41J(2X) + f-met(2-X)12 + 8Emet(l+X) 2

4(l +X) ' 10.

Iwhere X is the ratio of void volume fraction to the metal volume fraction. Using this equation, and given the

measured dielectric constants in table 1, we calculated the void fractions of 0.01,0.06, and 0.17 for evaporated,

sputtered, and IAS films. For thinner films (< 20 nm) corresponding measured dielectric constants (Table 1) were

not in good agreement with calculated values from Eq. 10 for any value of X. A comparison of the structures of

sputtered and IAS films (Figs. lOb & 10c) shows that the film morphology is very similar for both films, and

therefore the large void fraction difference as predicted by Eq. 10 is misleading. This, coupled with increasing

disagreement for thinner films, suggests that the Bruggeman effective media approximation is not appropriate to

describe the composite metal structure. As will be seen in the next section, the structural changes at the grain

3boundaries play a major role in determining the dielectric properties.

8. RESISTIVITY MEASUREMENTS

Resistance measurements provide information about the internal structure of the metal films [241. Using

Sstandard four-point probe technique 1271. the resistivity of all films for which optical measurements had been

performed was determined. In Fig. 11, the resistivity is plotted as a function of film thickness. The solid and

dotted lines are the result of theoretical modeling and will be discussed below. From the data, the following

salient features are apparent:

I. for evaporated films, the resistivity ratios, ie., film resistivity/bulk resistivity, where pb = 2.73 gJ 0-cm 1281

varied from 11.24 to 1.18 for film thickness increasing from approximately 7 to 100 nm:

1
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2. for sputtered films, the resistivity ratios varied from 36 to 2.65 as film thickness increased from 5 to So mm.

and;

3. for IAS films, the resistivity ratios varied from 13 to 3.96 as film thickness increased from 6 to 100 nm.

The resistivity of vacuum deposited thin metal films depends on the thickness, grain size, and the

3impurities present in the film. Various theories have been developed to account for the thickness variation of the

resistivity 129-34). In the Fuchs-Sondheimer (F-S) theory (291, assuming free electron model the increase in the

resistivity of the film with decreasing film thickness is modeled by assuming that the electron scattering at the

5film surfaces modifies the electron distribution resulting in an expression for the thickness dependence of the

resistivity. This theory, however, shows small thickness dependent contribution for films thicker than the mean

5 free path of the electrons. For films much thinner than the electron mean free path, Lovel and Appleyard (LA)

also developed an expression for resistivity dependence of thickness (30]. We have not been able to fit our data

Iwith either of these theories. In F-S theory, the high resistivity ratios obtained experimentally force the

Scalculations to pick abnormally high mean free paths reducing the applicability of the theory to either very low

temperatures, or to very thick films at room temperatures. The L-A theory is not suitable for the range of film

thicknesses in our experiment. We therefore used a very simple empirical expression due to Planck [35] to fit our

resistivity data for the films. According to this expression, the film resistivity as a function of thickness is simply

*given by

1A
Pt = Pb ( + ) 1.U
where pt is the thickness dependent resistivity, Pb is the bulk resistivity, and t is the film thickness. The constant

A was later specified to be 4 1e / x, where Ie is the electron mean free path, by simply averaging over the

reduction of electron mean free path for film thickness less than the electron mean free path [361. For films

thicker than the mean free path, a smaller value of A - 3 le / 8 is appropriate since some of the electrons are not

stopped by the rdm surfaces (311. In Fig. I Ia., we have plotted Eq.l I with A = 4 l e / X for mean free paths of 14

rnm (doted line), as calculated from basic principles 137, 281 and 30 nm (solid line) as given by Mayadas, et al.1
I



3 12

1331. With le = 14 nm, the fit is better for thicker films (40-60 nm), while for thinner films, the fit is better at le =

I 30 nm. The same calculation, however, does not predict the higher resistivities found for sputtered and IAS films

(Table i). Therefore, in addition to thickness dependence, thcre is also structure (grain size, boundaries, defects,

etc.) dependence of resistivity. According to Mathiessen's rule [361, the total resistivity of the metal film can then

I be expressed as the sum p = pt+Pg where pg is the resistivity due to the scattering of electron by lattice defects,

grain size, and impurities, and Pt is given by Eq. 11. For films deposited by different techniques Pt shows

Ii approximately similar behavior. The grain-dependent resistivity, pg, varies according to the growth conditions of

3 the film. Mayadas and Shatzkes developed a model to predict qualitatively the effects of grain boundary

scattering (331. Their calculations showed that the measured resistivities increase significantly due to the

3 scattering from the grain boundaries. In this model, the grain boundaries are represented as partially reflecting

surfaces normal to the plane of the film, separated by an average distance D. The ratio between the grain and the

I Ibulk resistivity is given by

=I -0+3Ct 2 - 3t 3 n(l+CL). 12
Pb 12

le RI~~ ~~~ ~~~ weeCisdfndb(3j) with R being the electron reflection coefficient at the releting planes

(corresponding to grain boundaries). From the SEM analysis, it is evident that the distance D, which has also been

I identified as grain size, is similar for both sputtered and IAS films. Therefore, the increased contribution to

resistivity appears to come from increased reflectance at the grain boundaries. In Figures I lb & I Ic, we have

pktt the sum P = Pt + Pg for R = .05 and .65. It is seen that a reasonably good agreement is obtained with 30

3 nm mean free path. The large value of R for [AS films suggests that the ion bombardment during sputtering results

in significant changes in the shape of the Fermi surface, and the potential barrier at the grain boundaries. Similar

3 behavior has been observed for Ag films by Parmigiani, et al. 171. Finally, in Fig. 12, we have plotted the

measured resistivities as a function of SPW resonance angle and width. The experimental data of Fig. 12a

represents five films of approximately 40-nm thickness deposited by thermal evaporation, magnetron sputtering,

i Ion-assisted sputtering, and sputtered films with 5 and 20 A A1203 films. The solid line presents a first order

U
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polynomial fit thru the data points. The increase in resonance angle corresponds to a similar increase in film

resistivity providing an excellent non-invasive monitor for film characterization. Similar behavior is also observed

by plotting the SPW resonance width versus film resistivity as thickness is increased from 10-60 nm for thermally

evaporated films(Fig. 12b). This shows that the wider the resonance, the larger is the film resistivity. Both of these

parameters (Res. angle and width) are related to the film dielectric constants, which are related to the resistivity.

For metals with imaginary part of the dielectric constant much smaller than the real part (Au, Ag. etc.) simple

analytical relationships exist between resonance parameters and the dielectric constants. In case of Al, how ever. it

3 is not possible to determine a simple analytical relationship. Our calculations and the experimental data (Figs. 12a

& 12b), however, suggest a linear response of resistivity with increase in resonance angle and width.

9. CONCLUSIONS

I
A detailed investigation of the optical, structural. and electrical properties of Al films in the 5-60 rn

thickness range has been carried out. The measurement of metal film optical properties using grating excitation of

SPWs is shown to provide simple, readily interpretable results. The influence of different substrates and profiles

has been investigated. A comparison of the film structure of evaporated, sputtered, and IAS films by SEM

U analysis, and optical measurements suggests that a description of effective medium dielectric constant in terms of

3the presence of voids is inappropriate. A comparison of the electrical resistivities shows that the scattering fromn

the grain boundaries substantially increases the resistivities of the films grown by ion-bombardment. It has been

shown by Zieman et at. 1381 that for the films grown under ion-bombardment, two distinct regimes exist: one

regime where resistivity increases and grain size decreases with increasing energy delivered to the substrate

during deposition process, and the second regime, which occurs at higher deposition rates where the reverse

behavior is observed. The experimental data presented here show that these films correspond to the the first

regime where energy delivered to the substrate increases from evaporated to IAS films along with an increase in

3resistivity, although our SEM measurements did no show a significant change in the grain sizes of IAS films. it is

suggested that the increased resistivity of the sputtered and IAS films is due to an increase in grain boundary

3 reflectance.

U
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APPENDIX

The boundary conditions at the two interfaces, mctal-air and metal-substrate, are given by

Bvec- Baet =0,

Bre - Bsub =O 2.

a a~ c Bmet) = 0

11 't 3.
aB- -BsuBme =o. 4.

where

a 1.,<Of() a f(y) a

3 On applying these boundary conditions at z = -t+uf(y) and z ut(y), where u is the grating amplitude and f(y)

defines the grating profile, and taking the Fourier transform of the resulting set of equations, one arrives at the set

3 of equations (5-8) given in the txt. The Fourier transform integral (Eq. 9) for the grating profile (Fig. 5) can be

solved analytically by assuming that in the region ±bid/2 to ±b2d/2, the grating profile can be described by the
± 4u/d bl+b2

smight line equation yrnix+-c with i d cb= j-
ell and c --b a where bI and b2 were determined from SEM

i measurements (Fig. 7c) to .606 and .367 respectively. The integral in Eq. 9 can therefore be evaluated for p=O as

r~exp(pr
X0 (p) = exp(-p) (I-b!) + exp(p) b2 + 2p (exp(-2pr,,- exp(-2pr.)). 6.

I
and for p * 0,

I
I
U



Xp p =(exp(t xpb - xp(- pxb,)) + t lp p (exp( .pxb - exp(t pitbi)) 1

Xp(P) ( - X X

exp(pr2)t x ~ l -e p - a .tip b

exp [.( 3 + t xp)b2] expi (+ lp~) 7.
(, + t2xp)

b1 b2  +b2  b2  b1

3 assume much simpler forms.

X (P) = cosh(P). 8.

I and

X p):il(P) =2- i l( ) 9.
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TABLE I Dielectric constantS and dc resestivitics of Al as a function of film

I shickness for evaporated. sputtered. and lAS films.
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TABLE 1. OPTICAL PARAMETERS AND dc RESISTIVITIES

.%S A FUNCTION OF FILM THICKNESS

Film Ellip. SPW Resistivity

Thickness Measurements Measurements (10-6 Q-cm)

- (nm) (Er, Ei) (cr, ci)

7.5 (-33.1, 15.3) -........... 30.7

3 10. (-28.8, 17.9) (-36, 20) 18.

18. (-42.1, 16.1) (-42.6, 14.9) 7.9

29. (-44.8, 16.3) (-40.1, 14.2) 5.6

* 40. (-45.1, 16.5) (-40. 14.8) 4.2

52. (-44.3, 16.6) (-41.4,15) 4.1

* 5.2 (-13.7, 13.4) ------------ 98.8

- 11. (-29.2,15.2) (-33., 22.) 18.8

15. (-36.4, 15.4) (-39.5,16.5) 15.3

20. (-34.8, 14.) (-36.5,14.) 16.1

S 30. (-40.6, 14.2) (-37.7,14.8) 8.9

40. (-41.1, 15.4) (-40.1,14.6) 7.5

3 50. (-40.8, 15.) (-40.3,14,7) 7.2

4- AS Eilma
6.1 (-27.7, 17.4) ------------- 36.5

13.5 (-28.2, 15.7) (-32.2, 15.8) 30.4

I 21. (-30.2, 11.8) (-33., 13.8) 21.4

31. (-28.3, 12.2) (-30., 13.5) 20.7

42. (-33.3, 12.8) (-33,13) 14.6

* 55. (-29.2,11.4) (34.1, 12.8) 17.4

73. (-32.8,12.7) (-31.3, 12.5) 9.6

I
U
I
I
U
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FIGURE CAPTIONS

3Fig.1. Experimental variation of ellipsometric parameters A and X" with film thickness for Al films deposited by

thrve different techniques.

3Fig. 2 Variation of SPW lineshape for Al film thickness from 5 to 20 nm.

Fig. 3 Variation of SPW lineshape for Al film thickness from 24 to 50 nm.

IFig. 4 Experimental variation of SPW parameters, coup. eff., res. width, and res. angle shift, with film thickness

for films deposited by three different techniques.

Fig. 5 Profile of the Si grating used for numerical calculations.

Fig. 6 Variation of the SPW lineshape for sinusoidal, square, and Fig. 5. grating profiles

Fig. 7 Variation of SPW lineshape for sputtered Al film (thickness = 50 nm) deposited on three different

F 8Esubstrates.

Fig. 8 SEM profiles of three gratings (Si, Photoresist. and SiO2) used for SPW characterization.

Fig. 9 Influence of thin oxide films on SPW lineshape of approximately 40 nm sputtered Al films.

Fig. 10 SEM measurements of Al films deposited by three techniques, a. thermal evaporation, b. magnetic

sputtering, and c. ion-assisted magnetic sputterig.

3Fig. I I Variation of Al film resistivity with thickness and grain boundary reflection for films

deposited by three different techniques assuming two different values of electron mean free path.

Fig. 12 Variation of Al film resistivity with SPW resonance angle for constant film thickness (a), md (b)

3resistivity variation with SPW resonance width for film thickness from 10 to 60 nm.
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