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Ellipsometric examination ef anodized aluminium
layers within the visible spectral range*
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The system of A12030n Al layers obtained by the aluminium anodization method
in the visible spectral range 450-650 nm have been subjected to ellipsometric
examinations. The ellipsometric angles A and P have been measured both for
the aluminium layers and the A1203 on the Al substrate. On the base of the
ellipsometric measurements the optical constants for aluminium layers have
been calculated by a numerical method, taking into account the existence of
a natural oxide ** layers as well as the refractive index and different thicknesses
of the aluminium oxide layers deposited on aluminium. It has been stated that
the refractive index of the aluminium oxide on aluminium layers does not
depend practically upon the oxide thickness and that the aluminium layers
exhibit the normal dispersion within the visible spectral range.

Introduction

The amorphous ALD 3films on Al layers have been frequently exploited
in microelectronics and other branches of technology. The optical pro-
perties of such layer system may be examined by ellipsometric method,
which has been more and more frequently used in investigations of thin
films deposited on all kinds of substrates [1-11]. The Al12 3 layers on
Al were examined carefully [1-5, 10-16] but all these investigations con-
cerned only one wavelength 546.1 nm or 632.8 nm. Hence, the examination
of these layers within the whole visible spectral range 450-650 nm seemed
to be of some interest.

Thus, the purpose of this paper was to examine ALD 3 films on Al
layers for different ALD 3 layer thicknesses with the help of the ellipso-
metric method within the 450-650 nm spectral range.

Experimental results of investigations

The examined A1D 3 films on Al layers were prepared in the following
way: the Al layers with thicknesses of the order of 1200 nm were eva-
porated in 1.33 mPa vacuum on polished and carefully cleaned BK-7
glass plates from a tungsten heater with the 40 nm/s rate.

* This work was carried on under the Research Project M.R. I. 5.
** The oxide layer produced under the influence of the atmosphere.
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Al layers have been then anodized in order to obtain the aluminium
oxide; anodization being carried out at constant current density in the
non-agqueous electrolyte (in the form of ammonium pentaborate dissolved
in ethylene glycol). The electrolyte temperature was kept at 358 K. The
cathode was a platinum electrode with the surface much greater than
the anode surface. To obtain AJD 3 layers of different thicknesses dif-
ferent values of threshold voltage (2.5-100 Y) have been applied.

All the ellipsometric measurements were performed with the ellipso-
meter described in [17]. For an accurate determination of the ellipso-
metric angles A and W the azimuths of the polarizer and the analyser
at crossed position were measured in two zones; the azimuth of the com-
pensator (a quarter-wave plate) was constant and amounted to 3/4jt

From the indications of the analyser and the polarizer settings the
ellipsometric angles A and Wwere determined on the basis of the accurate
ellipsometric formulae [18, 19]. The measurements of and W have been
performed for two angles of incidence 70° and 75° in the visible spectral
range.

Discussion of the results

In order to determine the refractive index and thickness of a dielectric
layer on an absorbing substrate from a single ellipsometric measurement,
i.e. from the measurement of the angles A and S*it is necessary to know
the optical constants of the substrate. If an opaque layer is used as the
substrate of the layer system, then the optical constants of such a sub-
strate depend essentially upon the technological conditions and the mea-
surement method applied [12, 13].

In order to determine the optical constants of Al layers serving as
substrates for A1 3 layers the aluminium layers were measured ellipso-
metrically after evaporation and before anodization within the whole
450-650 nm spectral range. When calculating the optical constants of
aluminium the existence of the natural oxide layer of 4-5 nm thicknesses
[8], which appears due to the atmosphere action on freshly evaporated
Al layer, has been taken into account.

In the calculations the assumed value 1.62 of the index of refraction
of the natural oxide layer and its thickness (5 nm) were taken from the
literature [8]. Since the value of refractive index of Al 3 obtained from
the experiment appeared to be greater than 1.62 we have tried to cal-
culate the optical constants of the substrate by assuming the value of
the refractive index of aluminium oxide layer to be 1.74 and its thickness
equal to 5 nm. The results obtained for optical constants of aluminium
layers —when taking into account the oxide layer produced under the
influence of the atmosphere —have been shown in fig. 1, from which it
follows that the ignoring of oxide layer results in too low estimation of
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Fig. 1. The spectral dependence of the optical constants (n, k) for opaque aluminium
layers:

« A —optical constants of the aluminium layers, the natural oxide layer being not taken into account;

+0 —optical constants of aluminium layers considering the presence of intrinsic oxide layer with

ni = 162, d = 5 nm; x O —optical constants of the aluminium layers considering the presence of
intrinsic oxide layer with nt = 1.74, d = 5nm

both the refractive index (n) and the absorption coefficient (K) calculated
from the ellipsometric measurements. Besides, the optical constants
(nand k) of the aluminium layers proved to be insensitive to the accepted
value of the refractive index of the natural oxide. The results obtained
for the optical constants of aluminium layers (fig. 1) within the visible
spectral region are practically the same, regardless whether the accepted
value of the refractive index of the aluminium oxide is 1.62 or 1.74.

Next the aluminium layers have been subjected to anodization (during
some time) until the definite voltage is achieved, the latter being depen-
dent upon the thickness of the obtained aluminium oxide layer. For the
obtained A1D3 on Al layers system the ellipsometric angles A and W
were measured within the visible spectrum region. The results of ellipso-
metric measurements vs. the aluminium oxide layer thickness are shown
in figs. 2-7 for several wavelengths of light. The measurements start
at the point which represents the non-anodized aluminium layers and
as the oxide layer thickness grows the measurement points are shifted
along the ellipsometric curve in the counter-clock-wise direction. \We
tried to match the theoretical ellipsometric curve to the experimental
measurements A = f{¥) by assuming different values of the refractive
index of the aluminium oxide layer. The best consistency of the experi-
mental results with the theoretically calculated ellipsometric curve was
obtained for the refractive index of the aluminium oxide equal to 1.8.
We did not manage to match the theoretical curve to the experimental
results for the thickest layers of the order of 100 nm which might indicate
some heterogeneity of the aluminium oxide layers obtained by anodization.
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Fig. 2. Experimental ellipsometric measurements A = f(W) for the anodized aluminium
layers @ = 70°, A= 450 nm, n = 0.75, X = 5.35).
Full curve is calculated theoretically (nl = 1.80, the numbers denote the thicknesses of the aluminium
layers, O —the experimental results)

Fig. 3. Experimental ellipsometric measurements A = f{W) for the anodized aluminium
layers (n = 0.75, fe = 5.35) for ¢ — 75° and A — 450 nm.

Full curve is calculated theoretically (nt — 1.90, the numbers denote the thicknesses of the aluminium
oxide layers, O —the experimental results)
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Fig. 4. Experimental ellipsometric measurements A = f(W) for the anodized aluminium

layers (tp — 70°, A= 550 nm, n = 1.08, ft = 6.33)

Fig. 5. Experimental ellipsometric measurements A = f{W) for the anodized aluminium
layers (= 75° A= 550 nm, n = 1.08, ft = 6.33)
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Fig. 6. Experimental ellipsometric measurements A = f{W) for the anodized aluminium
layers (p = 70°, A= 650 nm, n = 1.78, kK = 7.65)

Fig. 7. Experimental ellipsometric measurements A = f{W) for anodized aluminium
layers (¢ — 75°, A= 650 nm, n = 1.78, k = 7.65)
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The fact that the refractive index of Al 3 changes with the increase of
anodized layer thickness was reported in papers [15,16]. Assuming,
however, the aluminium oxide-on-aluminium layers to be uniform we
have calculated the effective refractive index and thickness of the oxide
layer for nine wavelengths from the 450-650 nm region and for two of
angles incidence, 70° and 75° of the light beams. The calculations were
carried out with the help of a specially developed programme for the
computer [20]. The results obtained for the refractive index of the alu-
minium oxide-on-aluminium layers are shown in figs. 8-10 as functions of
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Fig. 8. Dependence of the refractive index on the thickness of the aluminium oxide
layers deposited on aluminium, X = 450 nm,
X - parameters of the natural oxide layer «i = 162, d =2 nm; A —nt = 162, d = 5 nm
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Fig. 9. Dependence of the refractive index upon the thickenss for the aluminium
oxide on aluminium layers X — 550 nm:
x —natural oxide layer with d = 2 nm and ni = 11((5522 A —natural oxide layer with d —5 nm and
», = 1
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Fig. 10. Dependence of the refractive index upon the thickness for the aluminium
oxide on aluminium layers A= 650 nm,

x —natural oxide layer with d = 2 nm and nx —1.62; A —natural oxide layer with d = 5 nm and
nx = 162

the oxide layer thickness for three wavelengths. As it follows from these
figures the refractive index of the aluminium oxide layers obtained by
anodization method does not depend, practically, upon the layer thickness
and for X= 55 nm it amounts to 1.70+0.10.

The spectral dependence of the refractive index of the aluminium
oxide layers of thickness d —62 nm has been shown in fig. 11 from which
it may be seen that the aluminium-oxide-on-aluminium layers exhibit
the normal dispersion within the spectral range.
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Fig. 11. Dispersion n(A) for the aluminium oxide on aluminium layers with
d=62 nm
X —unatural aluminium oxide layer with d = 2 nm and nx= 1.62; A —natural aluminium oxide
layer with d = 5 nm, and th —1.62
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Conclusions

Some results obtained in this work may be compared with the data con-
cerning the aluminium oxide layers obtained by other authors. For the
wavelengths 546.1 and 632.8 nm the values of the refractive index of
the aluminium oxide layers produced in our laboratory are consistent
within the experimental error with the literature data. From the exa-
minations carried out for the A103 on Al layer substrate the following
conclusions may be drawn:

1. To obtain the correct values of the refractive index and the thick-
ness of the surface layers the values of the optical constants of the sub-
strate must be known accurately. If —in case of aluminium —the
existance of a natural oxide layer is neglected, the estimated values of
the refractive index and the absorption coefficients of the aluminimu
layer are too low.

2. If the existence of the natural oxide layer is taken into account
it is sufficient to know only an approximate value of the refractive index
of this layers e.g. 1.72+0.10 for aluminium, since the optical constants
are not much sensitive to the values of the refractive index of the surface
layer.

3. The aluminium oxide layers exhibit the normal dispersion within
the visible spectral- range, while the refractive index of those layers does
not depend practically upon their thicknesses within the interval 6-110 nm*
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DMMNCOMETPUYECKME  UCCIE0BAaHNS  aHOAMPOBAHHbIX
C/I0EB /IOMVHVSI B BUAVIMOA 06/1acTy CrieKTpa

[poBefeHbl 3NUMCOMETPUYECKME MUCCNea0BaHUSA pPacrosioXkeHnsa cnoés Al20 3 Ha Al, nosy4eH-
Hble MeTOOM aHoAVPOBaHUS B BUAMMOW o6nactu criektpa 450-650 HM.

V3mepeHbl anannTcoMeTpuyeckme yraol J1 n Y' kak gnsa cnoés asiloMUHSA, Tak U 418 pacno-
noxxeHus cnoés A120 3 Ha Al. Ha OCHOBe 3/1/IMMNCOMETPUYECKUX U3MEPEHUI C MOMOLLbH YMC/EH-
HOro metofa 6blIM paccumTaHbl OMTUYECKNE KOHCTAHTbI C/I0EB a/IIOMUHUS, YUUTbIBas B pacyérax
CNOWM MPUPOAHOro OKMCNa, a Takke KO3MULMEHT MPEOMAEHNS M TOMLMHY C/0EB OKUCK asto-
MWHWS Pas/INYHOM TOMWMWHBI Ha a/lOMUHWK. BbISBMEHO, YTO KO3(DULMEHT MPESioMIEHUS CII0EB
OKMCU &/TIOMUHUA Ha /IIOMUHUN NPaKTUYECKM He 3aBUCUT OT TOJILLMHBLI C/I0A OKUCK, a Takoke,
YTO C/ION OKWCK &/TIOMWHWA B BUAWUMOW 06/1aCTM CNEKTpa MMET HOPMa/TbHYI AMCNepCuio.



