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THE STRUCTURE OF OXIDE FILM
ON THE POROUS SILICON SURFACE

A prolonged stay of porous silicon in the air environment gives rise to structural changes in
its surface layer, and the standard single-layer model is not sufficiently accurate to describe
them. In this work, the structure of the near-surface layer in porous silicon is studied using
the polygonal ellipsometry method. A combined approach is proposed to analyze the angular
ellipsometry data for the parameters ¥ and A. It consists in the application of the multilayer
medium model and the matrix method, while simulating the propagation of optical radiation in
this medium in order to obtain the theoretical angular dependences of tan and cos A. In this
method, the dependence of the sought optical profile on the specimen depth is an additional con-
dition imposed on the multilayer model. Fvolutionary numerical methods are used for finding
the global minimum of the mean squared error (MSE) between the corresponding theoretical and
experimental dependences, and the parameters of an optical profile are determined. A model
in which the inner non-oxidized layer of porous silicon is homogeneous, whereas the refractive
index in the outer oxidized layer has a linear profile, is analyzed. It is shown that the linear
and two-step models for the refractive index of an oxidized film provided the best agreement
with the experimental ellipsometric functions. The adequacy of the theoretical model is also
confirmed by determining the color coordinates of the specimen.

Keywords: Fresnel equations, porous silicon, differential evolution method, the CIELAB
color space, color coordinates, color matching functions (CMF), CIE standard illuminant D65.

1. Introduction

Porous silicon is obtained by the electrochemical etch-
ing of single-crystalline silicon in a specially selected
electrolyte prepared on the basis on the aqueous solu-
tion of hydrofluoric acid. As a result of electrochemi-
cal reactions occurring in the silicon bulk, there arises
a region near the silicon surface with a branched sys-
tem of pores. The latter are mainly oriented along the
current direction and, most often, perpendicularly to
the specimen surface. The thickness of this region de-
pends on the technological conditions of porous sili-
con manufacture and amounts to a few micrometers
[1-3].

After the current has been switched off, the spec-
imen is brought into the air environment. Chemical
reactions in the formed porous silicon layer fade,
which is accompanied by the interaction with atmo-
spheric oxygen and water vapor. After several months
of the specimen storage in air, a thin film with a

© O.I. ZAVALISTYI, O.V. MAKARENKO,
V.A. ODARYCH, A.L. YAMPOLSKIY, 2020

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 1

thickness of up to two hundred nanometers emerges
on the porous silicon surface. This film may con-
tain pore remnants (the silicon frame) that are par-
tially or completely filled with reaction products;
the latter are mainly silicon oxides of various com-
positions. There are spectro-ellipsometric data that
show that this film is not homogeneous across its
thickness [4], but may be composed of two compo-
nents [5].

Spectro-ellipsometric measurements [1-3] testify to
a complicated multilayered structure of porous sili-
con. However, it is unclear which object those data
are related to: the near-surface layer or the deposited
film. The aim of this work is to study the structure
of the emerging film and to determine its optical pa-
rameters in the framework of the most general model,
which makes allowance for the inhomogeneity of the
researched object over its depth. The study of porous
silicon is a challenging task in view of the applica-
tion of this silicon form to the creation of sensors
and polarization elements, as well as to biology and
medicine [6].
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2. Experimental Part

A specimen of porous silicon fabricated in the form
of a plate about 1 mm in thickness was studied. The
specimen was obtained by the electrochemical etching
of single-crystalline silicon of the p-type for 3 min un-
der a current density of 10 mA /cm? in the electrolyte
HF + acetone taken in a volume ratio of 2:1. After
the manufacture, the specimen had been stored in
the laboratory for several years at room temperature
and in contact with ambient air. A bright interference
pattern in the form of several multicolored stripes
(Fig. 1) could be visually observed on the specimen
surface, which evidenced the appearance of a thin film
with geometrically flat boundaries on the surface of
porous silicon itself.

With the help of an automated goniopolarimetric
installation [7] and by appying the rotating-analyzer
method, angular ellipsometric measurements were
carried out. The results obtained are used to deter-
mine the following ellipsometric parameters of re-
flected light: A is the phase difference between the
p- and s-components of the electric vector of the
light wave, and % is the arctangent of the ratio
between the reflectances in the p- and s-planes of
the specimen. The source radiation wavelength was
A = 625 nm, the spectral half-width A\ = 10 nm,
the angle of incidence was varied in the interval
6 = (40+80)° with a step of 2.5°. The probe point
is shown in Fig. 1.

3. Experimental Ellipsometric
Data and Their Discussion

The obtained ellipsometric data were analyzed in or-
der to solve the inverse problem of ellipsometry, i.e.,
to determine the characteristics of the reflection sys-

Probe point

b

Fig. 1. Porous silicon specimen
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tem on the basis of the measured values obtained
for the ellipsometric parameters. This task was re-
alized using an automated program based on an el-
lipsometric function obtained for a large number of
layers. The examined object was considered as a set
of thin plane-parallel layers on a substrate. Every
layer was characterized by a complex refractive in-
dex N; = nj; — ik;. All layers were identical in the
thickness d. In order to calculate the light transmis-
sion (reflection and transmission) through this model
system, the matrix method was applied. It is based
on the electromagnetic radiation theory [8] and con-
tinues to be successfully used in a number of prob-
lems [9]. One of its advantages consists in making al-
lowance for interference phenomena in multilayered
systems.

The Eéi) waves reflected from such a system in
the cases of p- and s-polarizations are calculated
using the Fresnel equations for the reflection coef-
ficients between the layers. Having expressions for
those waves, it is easy to obtain the following ellipso-
metric parameters:

the amplitude ratio between the reflected wave
components,

(r)
By
tanty) = 7( 0 )p :
(r))
0—/s
and the cosine of a phase shift between them,
(E57),
cos A = cos |7 — |arg —n
(Eo=),

In such a way, we theoretically calculated the depen-
dences of the quantities tany and cos A on the inci-
dence angle # and compared them with the exper-
imentally measured ones. As a criterion that char-
acterizes the quality of matching between the indi-

cated dependences, we selected the mean square error
(MSE) function:

MSE = 1 2 A theor A exp 2
_MZ (Cos( i) —cos (4;) )—|—

Jj=1

+ (tam ()™ — tan w»exp)Z}

where M is the number of experimental points (the
angles of incidence). By varying the layer parameters
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Table 1. Thicknesses d and refractive indices n for the first and second layers,
and color characteristics z, y, AE, obtained within of the two-layer homogeneous model (a)

SO}\?::OH d1, nm n1 d2, nm no MSE, x10—3 T Y AEY,
1 46.3 1.507 2157.0 3.531 4.84 0.266 0.298 6.0
2 148.1 1.496 1994.8 3.495 4.85 0.267 299 5.6
3 149.1 1.489 1913.8 3.475 4.88 0.268 0.300 5.2
4 144.7 1.517 2319.3 3.561 4.89 0.265 0.297 6.2
5 144.1 1.521 2400.4 3.574 4.93 0.264 0.297 6.4
6 143.4 1.525 2481.6 3.587 4.98 0.264 0.296 6.5
7 142.8 1.529 2562.6 3.599 5.03 0.264 0.296 6.7
8 142.3 1.533 2643.8 3.610 5.10 0.263 0.296 6.8
9 152.8 1.467 1670.9 3.403 5.12 0.270 0.302 4.8

10 139.9 1.548 3049.3 3.657 5.50 0.262 0.294 7.3

of the model in order to minimize the MSE value,
the optical characteristics of a specimen can be deter-
mined. For this purpose, we wrote a program in the
LabVIEW environment, which minimized the MSE
considered as a function of many variables. Besides
the simplest theoretical models, such as a semiinfinite
medium or one- and two-layer models, this program
allowed more sophisticated optical profiles to be an-
alyzed. For this purpose, the number of layers in the
model was taken to be equal to 500. Surely, for such
a large number of parameters, the problem could not
be solved absolutely exactly. Therefore, the refractive
indices of all layers were related among themselves by
means of a given functional dependence (for exam-
ple, linear), which describes a certain type of optical
profiles.

At the first stage, a two-layer homogeneous model
was used to describe the specimen. A homogeneous
layer of porous silicon was assumed to be located im-
mediately on the silicon surface. In turn, this layer
was assumed to be covered with a homogeneous ox-
idized layer (Fig. 2, a).In the course of simula-
tion, the variation interval for the refractive index
of the upper (oxidized) layer was taken to equal
n; = 1.0+2.0, and the corresponding interval for
its thickness to d; = 1+400 nm. For porous sili-
con (the intermediate layer), the relevant intervals
were ny = 1.6+3.9 and dy = 1+4 pm, respec-
tively. The refractive index of the substrate was taken
to be fixed and equal to ng = 3.97, which corre-
sponded to single-crystalline silicon. The absorption
indices (k3 = 0.03 for single-crystalline silicon) were
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Fig. 2. Two-layer models for the optical profile in the speci-
men: (a) with homogeneous layers, (b) and (c¢) with a linearly
changing refractive index

neglected by taking them approximately equal to
Zero.

The relief of the MSE goal function is very com-
plcated. In particular, it can possess plenty of local
minima. Therefore, its global minimum was found us-
ing the differential evolution method [10]. The ad-
vantages of the latter include the simplicity of its
implementation and a small number of control pa-
rameters. The starting point of the algorithm was
randomly selected within the selected limits, and
the MSE minimization procedure was repeated many
times. As a result, 20 sets of solutions (the thicknesses
d; and the refractive indices n; of the layers) were ob-
tained, which turned out to be rather close to each
other. They were sorted according to the MSE value,
the best ten of them were selected for the further
analysis, and the others were rejected (see Table 1).

When studying the structure of thin layers, the
spectral ellipsometry is, as a rule, more informa-
tive than the angular one. Although the correspond-
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Fig. 3. Reflection spectrum R (\) of porous silicon calculated
for solution No. 1 of the homogeneous theoretical model (a)

ing measurements were not carried out in this work,
the following trick was applied instead. The examined
specimen had a pronounced interference pattern on
its surface (see Fig. 1). Therefore, colorimetry meth-
ods could be used to additionally evaluate the ade-
quacy of the applied theoretical models and the re-
sults obtained. By varying the wavelength A\, — this
is one of the parameters of the theoretical model —
the light reflection spectrum at the normal incidence,
R()), was calculated for each solution. A typical form
of those spectra is shown in Fig. 3. Knowing R()), the
color coordinates of the specimen in the system zyY

Table 2. Thickness ds is the variation
interval of the refractive indices n21 and nag
for the intermediate layer of porous silicon
obtained in the linear approximation (b)

for the refractive index

Solution d2, nm na1 na2 MSE, x10

No.
1 2427.9 3.535 3.536 5.09
2 2727.0 3.505 3.506 6.45
3 2466.6 3.483 3.484 5.79
4 2048.7 3.558 3.558 4.98
5 2221.2 3.572 3.572 4.92
6 2482.3 3.586 3.586 4.98
7 2206.0 3.596 3.596 5.05
8 3264.6 3.615 3.615 6.20
9 2141.1 3.412 3.413 5.75

10 3050.5 3.655 3.656 5.50
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were calculated using the standard procedure [11]:

X Y
T X+v+z VT Xivyz

where

S (M) is the spectral distribution of the radiation
power emitted by a standard illuminant (for getting
daylight, this is a CIE standard illuminant D65);
Z(A), 7(A), and Z(X) are the color matching func-
tions; and k is the normalization constant. The inte-
gration is carried out over the whole visible spectral
interval.

The calculated color coordinates were compared
with their counterparts obtained using the photo-
graphic method in the probe region (z = 0.272,
y = 0.313). The distance AE?, in the CIELAB color
space [11], which shows how close two colors are to
each other, was chosen as a matching criterion. In or-
der to determine this distance, we have to change to
the corresponding coordinate frame. Then

AES, = (AL + (Aa*)? + (Ab*)’

The values of the indicated colorimetric quantitiesare
also quoted in Table 1. They correspond to the visu-
ally observed blue color of the specimen in the probe
area. This comparison confirms that the two-layer ho-
mogeneous model describes the optical properties of
the porous silicon specimen rather accurately (the
conventional color resolution threshold equals 4). Ho-
wever, one should not forget that different reflectance
spectra may correspond to the same color. Therefore,
the described colorimetric approach is only an addi-
tional testing method.

The total pore depth mainly depends on the etch-
ing time of a specimen. The sum of the obtained
thicknesses di+ds =~ 2.5 um agrees well with the liter-
ature data obtained after the about 3-min etching of
a specimen [1-3]. However, in reality, the structure of
layers can be inhomogeneous, so that the additional
testing is required. As was marked above, in order to
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Table 3. Thicknesses d and refractive indices n of the first and second layers,
and color characteristics =, y, AE}, obtained in the linear model (c) for the outer layer (film)

SO;‘(?OH d, nm - 1o MSE, x10~3 e y AE?,
1 149.8 1.464 1.550 467 0.268 0.301 18
2 151.5 1.455 1.537 4.68 0.269 0.302 4.5
3 152.6 1.449 1.530 4.71 0.270 0.303 4.2
4 148.3 1.472 1.562 4.71 0.267 0.300 5.1
5 147.7 1.475 1.568 475 0.267 0.300 5.2
6 147.2 1.477 1.574 478 0.266 0.300 5.3
7 146.6 1.480 1.579 484 0.266 0.299 5.4
8 146.2 1.481 1.585 4.89 0.266 0.299 5.5
9 156.5 1.427 1.507 4.93 0.272 0.305 3.8

10 144.4 1.487 1.610 5.22 0.264 0.298 5.9

obtain a correct solution of the inverse ellipsometric
problem, the expected optical profile of the specimen
has to be described by a certain function.

Let us assume the upper layer of the system to be
homogeneous and fix its parameters n and d at the
valuesobtained for one of the solutions at the previous
simulation stage. At the same time, the intermediate
layer is considered to be inhomogeneous, i.e., with a
certain distribution of the refractive index n over the
depth. A linear profile was chosen, as the simplest
one, to simulate the layer inhomogeneity (in Fig. 2, b,
the refractive index varies from ng; to n93). Optimal
parameters for the intermediate layer were found us-
ing the described procedure for each of 10 previously
selected solutions. The results obtained are summa-
rized in Table 2.

When analyzing the layer parameters and the MSE
values obtained in the framework of the homogeneous
model, one can see two trends. First, the thickness
do of the intermediate layer is by 10%, on average,
larger in the inhomogeneous layer model than in the
homogeneous one. This is also true for the corre-
sponding MSE values. Second, the slope of a linear
distribution turns out to be very small, so that the
model becomes actually degenerate into the case of
homogeneous layer. From whence, a conclusion can
be drawn about the probable uniformity of the re-
fractive index mo in the intermediate layer across its
depth.

Now, let us suppose that the upper layer is inho-
mogeneous (Fig. 2, ¢), and its refractive index varies
linearly from ni; to nio. We fix the parameters ob-
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tained for the intermediate layer in the homogeneous
model and perform the same calculations for those 10
solutions. New results are summarized in Table 3. As
one see, there is a dependence of the refractive index
in the upper layer on the depth; it varies, on aver-
age, from ny; = 1.47 to ni1o = 1.56. The thicknesses
of the oxidized layer calculated in the inhomogeneous
and homogeneous models are approximately identi-
cal (to an accuracy of 2%), and the MSE decreases
by approximately 4%.

Analogously to what was done for the homogeneous
model (a), the reflection spectra R (A), the color co-
ordinates (z,y) of the specimen, and their difference
from the observed color in the L*a*b* space were cal-
culated. In comparison with the homogeneous model,
this difference was smaller, which confirmed the ade-
quacy of the results obtained.

Finally, the upper oxidized layer was divided, in
the theoretical model, into two homogeneous layers
(the three-layer model (d)). In this case, the first of
them could describe a possible result of the interac-
tion of the residual reaction products at their con-
tact with atmospheric air. The parameters of the oxi-
dized porous silicon layer were fixed (see Table 1). At
this stage, the calculations were performed only for
the first 5 solutions, and their results are shown in
Table 4.

It is evident that the outer film layer has a larger
thickness, dy, than the inner layer, d;, and their sums
are equal to the previously obtained thicknesses of the
oxidized layer, di, with an accuracy of 1%. The cor-
responding average refractive indices are ng = 1.50

79




O.1. Zavalistyi, O.V. Makarenko, V.A. Odarych et al.

SR,
SO
1.8 270 o~
e e experimental
2-layer model a)
164 | ~——- 2-layer model c)
. —-— 3-layer model d)
5 14
c
e ®
1.2 A
1.0
°
40 45 50 55 60 65 70 75 80
0, deg

cos(A)

1.00
0751 [e e experimental
—— 2-layer model a)
0.50 4 | -—-- 2-layer model c)
—-— 3-layer model d)
0.25 1
0.00
—0.25
—0.50
-0.75 1
-1.00 +— T T T T . T T T
40 45 50 55 60 65 70 75 80
0, deg

Fig. 4. Experimental (symbols) and theoretical (curves) dependences of the quantities tant) and cos A on the incidence angle
0 calculated for solution No. 1 in the framework of theoretical models (a), (¢), and (d)

Table 4. Thicknesses d, refractive indices n, and color characteristics
z, y, AE*, of an oxidized film obtained in the framework of the three-layer model (d)

Sogl;fon do, nm no dy, nm i MSE, x10~3 x y AEF,
1 128.5 1.505 19.1 1.674 4.28 0.267 0.300 5.4
2 130.1 1.493 19.3 1.653 4.31 0.268 0.301 5.1
3 131.0 1.487 19.4 1.642 4.34 0.269 0.302 4.7
4 127.0 1.514 19.2 1.693 4.30 0.266 0.299 5.6
5 126.2 1.518 19.3 1.702 4.31 0.265 0.298 5.8
and n; = 1.67. The MSE decreases by 9% as com- | makes it possible to compare the adequacy of pre-

pared with the previous model, but AE?, increased
by 12%. On the whole, we may say that this extended
three-layer model describes the ellipsometric results
of measurements in the best way in comparison with
the previous models.

An illustrative example demonstrating the valid-
ity of the applied theoretical approach is the forms
of the experimental ellipsometric functions and the
ellipsometric functions calculated by minimizing the
MSE. The corresponding plots for solution No. 1 are
shown in Fig. 4.

The described approach can be applied not only
to porous silicon, but also to various dielectric, semi-
conductor, or metallic materials with an inhomoge-
neous near-surface region (e.g., optical glass [12]). In
the case of conducting media, one cannot neglect
the imaginary part of the refractive index, which
is included into the theoretical model. The method
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assigned optical profile models and to determine the
best among them. But the specific form of the opti-
cal profile for those models should be chosen proceed-
ing from the structural peculiarities in the examined
object.

4. Conclusions

The near-surface region in real porous silicon has a
complicated structure. This region can be resolved
into porous silicon located on a substrate of single-
crystalline silicon and an upper oxidized layer. The
upper layer (the film) is a result of the interaction be-
tween the electrochemical reaction products and at-
mospheric air, whereas the inner part is porous silicon
itself formed at the moment of the current switching
off. Its pores are filled with the products of electro-
chemical reactions, which have no access to atmo-
spheric air.
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The optical properties of porous silicon are well de-
scribed in the framework of the two-layer model. The
total thickness of porous silicon (about 2.5 pm) is
in good agreement with the literature data corre-
sponding to the manufacture technology for this spec-
imen. However, it is more probable that the deep
layer of porous silicon is homogeneous across its thick-
ness, whereas the near-surface oxidized layer has a
more complicated distribution of the refractive in-
dex. Both linear and two-step profiles are suitable for
its description.

The values obtained for the refractive indices of
near-surface layers in porous silicon testify that the
composition of those layers includes silicon oxides
(with a refractive index close to 1.45), the remnants of
non-oxidized silicon with a refractive index of about
3.9 (the access to them is blocked by oxides), and
empty pores.

Porous silicon is characterized by a pronounced in-
terference in the surface layer. This phenomenon can
be used to additionally estimate the porous silicon
thickness, which was found to equal about 150 nm.
The applied colorimetry methods demonstrate good
agreement between the calculated and measured col-
ors of the specimen, which confirms the adequacy of
simulation results.
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CTPYKTYPA OKUCHOT TIJIIBKU
HA IIOBEPXHI ITOPYBATOI'O KPEMHIIO

Peszmowme

Tpusase nepebyBaHHst MOPYyBaTOr0 KPEMHIIO Ha MOBITpi Ipu-
BOJIUTH JIO 3MiHU CTPYKTYPH HOr0 IPUIIOBEPXHEBOT'O IIAPY, JJIs
OIIHCY SIKOI'O CTaHJapTHA OHOIIApOBA MOJENb BXKE HE € TOCTa-
THBO TOYHOIO. MeTomom baraTokyToBol estinncoMerpil Jocstiaxe-
HO CTPYKTYpy MOBEPXHEBOrO IIapy IOPYyBaTOro KpeMHio. 3a-
[IPOIIOHOBAHO KOMOIHOBaHU MiAXif KO aHATI3y HAaHUX KyTOBOI
estiicoMeTpil, IKUil IoJIsira€ B 3aCTOCyBaHHI MoJiesii HaraTora-
POBOTO CEPEOBUIIA i MATPUYIHOIO METOAY PO3PaXyHKY IIOIIN-
PEHHSI OITHYHOI'O BUIIPOMIHIOBAHHS Yy HBOMY JIJISI OJIEePXKaHHSA
TEOPEeTUYHIX KyTOBUX 3ajeXKHocTelt tan ) ta cos A. Ilpu mpo-
My B GYHKIIT NIyKAHOTO OITUYHOIO IPOMIIo 3a INIHOUHOIO
€ JIOATKOBOIO YMOBOIO, sIKa HAKJIaJa€ThbCsd Ha OaraTolapoBy
Mozesb. EBosIonifiHuMu IuceIbHIMY METOLAaMU IIPOBEIECHO 10~
LIyK IVIO0AJIBHOIO MiHIMyMy bYHKIIT cepeJHbOKBAIPATHIHOIO
Bigxuienusst MSE (Mean Squared Error) mMixk TeopeTnaHIMH Ta
€KCIIEPUMEHTAJIbHUMY 3aJIE2KHOCTSIMH 1 OJE€PXKAHO IapaMeTpu
onrrugHoro npodismo. I[TpoananizoBana MoIesb, 3riIHO 3 SIKOIO
rINOMHHWN HEOKUCJIEHUI mIap IOPYyBaTOro KPEMHIIO € OmHO-
piaHUM, a 30BHIIIHIA OKUCJIEHUH Imap Mae JiHidHul npodiab
IIOKa3HUKa 3asioMyeHHs. [lokaszaHo, mo JiHiliHA Ta JBOCTYIIiH-
JaTa MOJEJ OKHUCJIEHOI IUIIBKHU JTaIOTh HAMKpAIe y3TOJXKEHH
3 eKCIIEPUMEHTAJbHUMI €JIIICOMETPUYHUME PYHKIIAME. Ate-
KBATHICTb TEOPETUYHOI MOJEJI HiITBEPIKEHO TAaKOXK IIJISXOM
BU3HAYEHHsI KOOPJUHAT KOJIIPHOCTI 3pa3Ka.
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