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This paper reports physical properties of porous silicon and oxidized porous silicon, manufactured by anodisation from heavily p-type doped 

silicon wafers as a function of experimental parameters. The growth rate and refractive index of the layers were studied at different applied current 

densities and glycerol concentrations in electrolyte. When the current density varied from 5 to 100 mA/cm2, the refractive index was between 1.2 

and 2.4 which corresponded to a porosity range from 42 to 85%. After oxidation, the porosity decreased and was between 2 and 45% for a refractive 

index range from 1.22 to 1.46. The thermal processing also induced an increase in thickness which was dependent on the initial porosity. This 

increase in thickness was more important for the lowest porosities. Lastly, the roughness of the porous layer/silicon substrate interface was studied 

at different applied current densities and glycerol concentrations in solution. Roughness decreased when the current density or glycerol 

concentration increased. Moreover, roughness was also reduced by thermal oxidation.
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1. Introduction

Porous silicon (PS) is a widely studied material to

manufacture optical devices due to the easy modulation of

its refractive index [1]. It can be used as a base material for

passive or active optical devices such as Bragg reflectors [2,3],

planar and buried waveguides [4–7], micro-cavities [8–10].

These optical multilayer-structures require that both the

thickness and refractive index are well controlled. Moreover,

to improve the properties of these photonic devices the

roughness between porous layers should be reduced [9,11].

Most of these structures are produced from PS layers.

However, for some applications, the PS multilayers are

oxidized to decrease absorption losses in order to obtain

oxidized porous silicon (OPS) [12,13]. Many authors report

quantitative measurements on porosity, growth rate and

roughness notably for the case of PS layers [14–17].

In this paper, we report quantitative measurements for

refractive index and growth rate obtained on PS and OPS

single-layers as a function of applied current density and

electrolyte composition. The thermal oxidation of porous layers

induced an increase in thickness that was studied as a function

of the initial porosity. The roughness of the porous layer/silicon

substrate interface was also measured according to these

experimental parameters.

2. Experimental conditions

Porous silicon layers were obtained by electrochemistry in

the dark from heavily p-type doped (1 0 0)-oriented silicon

wafers (5 mV cm). The electrolyte was mechanically shaken.

The physical parameters of samples (refractive index, growth

rate, roughness) were studied as a function of the electrolyte

composition. Four different electrolytes were used: (i) solution

S1 composed of HF (50%):H2O:ethanol (2:1:2) (ii) solution S2
composed of HF (50%):H2O:ethanol:glycerol (2:1:1.5:0.5),

(iii) solution S3 composed of HF (50%):H2O:ethanol:glycerol
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(2:1:1:1) and (iv) solution S4 composed of HF (50%):H2O:gly-

cerol (2:1:2). In order to measure the effect of the electrolyte

composition on the roughness and refractive index, the

viscosity of solution was varied by using glycerol to replace

part of the ethanol whereas the HF concentration was kept

constant for the four solutions. So, the solutions were

characterized by their glycerol concentration (Table 1).

Mono-layers of different porosities were formed by changing

the value of the applied anodisation current (J = 15, 30, 50, 70,

80 and 100 mA/cm2). The thickness of the layers was

controlled by anodisation time. This was verified by optical

microscopy.

Some of the as-prepared samples were oxidized in order to

obtain porous silica [18]. Oxidation consisted of a two-step

process. At first, the samples were pre-oxidized at 300 8C for

one hour followed by an oxidation step at 900 8C in wet O2 for

1 h.

The reflectance spectra of the porous materials (as-prepared

and after oxidation) were studied by a LAMBDA 900 Perkin-

Elmer beam spectrometer equipped with a specular reflectance

module with a 68 fixed angle. These measurements enabled the

optical thickness to be determined by evaluating the beat of the

interference fringes on the basis of the effective medium

theory (Bruggeman model) [19,20]. Moreover, the roughness

of PS/bulk silicon interface or OPS/bulk silicon interface was

analyzed by AFM in tapping mode after dissolution of

the porous layer. The PS layer was removed in an aqueous

NAOH solution and that of the OPS in an aqueous diluted HF

solution.

3. Experimental results and discussion

Because of multiple reflections inside the optical multilayer-

structure, the quality of the interfaces is a crucial parameter.

The interface roughness can be reduced by changing the

electrolyte viscosity substituting a part of the alcohol by

glycerol in the electrolyte or by using lower formation

temperature [9,11]. That is why four solutions Si (i = 1, 2, 3

and 4) were used where the glycerol concentration was varied

by replacing a part of the ethanol with glycerol.

The PS layers formed with the solution S4 were not

homogeneous and even could be removed from the silicon

substrate notably for the highest current density values. This is

why the use of S4 is limited.

Fig. 1 shows the evolution of the growth rate (v) as a function

of the current densities for different concentrations. For all the

solutions, the growth rate increases with current density.

Moreover, the addition of glycerol in solution increases the

growth rate for the same current density.

The growth rate (v) is dependent on the current density (J)

according to the following formula:

v ¼
J

pðJÞnvðJÞeNSi

where p(J) is the porosity, nvðJÞ the number of exchanged

charge carriers per dissolved silicon atom (valence), e the

elementary charge and NSi the atomic density of Silicon

[14]. This relation links growth rate and current density. The

experimental results confirm that the growth rate increases with

current density.

Lastly, the increase in growth rate with glycerol concentra-

tion may be explained by the increase in viscosity of the

electrolytic solution.

From the reflectance spectra, the refractive indices of the PS

layers were deduced. These values are shown in Fig. 2 as a

function of the current density for the three glycerol

Table 1

Composition of electrolytes as a function of the glycerol concentration (volu-

metric concentration)

Name of solution S1 S2 S3 S4

Concentration of glycerol (%) 0 10 20 40

The glycerol concentration represents the quantity of ethanol which was

replaced by glycerol.

Fig. 1. Evolution of porous silicon growth rate as a function of the current

density for three glycerol concentrations (S1 C = 0%, S2 C = 10% and S3

C = 20%).

Fig. 2. Evolution of porous silicon and oxidized porous silicon refractive index

as a function of the current density for three glycerol concentrations (S1

C = 0%, S2 C = 10% and S3 C = 20%).
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concentrations. We can notice that for the three solutions, the

index is approximately the same (Dn = �0.01) for each applied

current density value. The refractive index does not depend on

the glycerol concentration. The refractive index decreases when

the current density increases and the values of PS refractive

indices are between 1.2 and 2.4 in the range of applied current

densities.

Of course, after oxidation, the refractive indices were lower

than those of the PS layers. The variation of refractive index of

OPS layers as a function of the current density for the three

electrolytes is also shown in Fig. 2. The same trend was

observed: the refractive index decreases when the current

density increases. For the lowest applied current density

(J = 5 mA/cm2), the refractive index was nearly equal to that of

silica. The refractive index varied between 1.25 and 1.46. To

achieve nanostructured optical devices, the refractive index

range before and after oxidation must be known. In the case of

our study, the refractive index change is equal to 1.04 (from

2.32 to 1.28) before oxidation and equal to 0.19 (from 1.44 to

1.25) after oxidation (Fig. 2).

The values of porosity of the layers were estimated from

their refractive indices by using the Bruggeman model. These

measurements were verified by weight measurements at certain

current densities (50 and 80 mA/cm2). Fig. 3 represents the

evolution of PS porosity as a function of applied current

density. The porosity increases when the current density

increases. Since the refractive index at the same current density

is nearly the same for all the used electrolytes, the porosity is

also approximately the same. The porosity varies between 42

and 85% for current densities between 5 and 100 mA/cm2.

In the case of OPS, the layers are assumed to be completely

oxidized [18]. The evolution of the calculated porosity for OPS

layers is also shown in Fig. 3 as a function of current density.

After oxidation, the porosity decreases due to the transforma-

tion of silicon crystallite into silica which is accompanied by a

volume expansion [21]. The refractive index values are always

inferior to that of silica (Fig. 4) and this demonstrates that the

oxidized layers always remain porous. For this range of current

densities, the residual porosity is between 2 and 45%. These

porosity values of OPS layers obtained by the Bruggeman

model are compared with those calculated by the following

expression from [21]:

pOPS ¼ 1� 2:27
tPS

tOPS
ð1� pPSÞ

with tPS and tOPS the experimental values of PS layer thickness

and OPS layer thickness and p PS layer porosity.

The calculated values of porosity are reported in Table 2.

The results show that a difference exits between the values of

the calculated porosity and those deduced from the Bruggeman

model.

During oxidation, the thickness of the layers increases. We

have observed a relative variation in thickness (Dt/t) before and

after oxidation given by Dt/t = (tOPS � tPS)/tPS as a function of

Fig. 3. Evolution of porous silicon and oxidized porous silicon porosity as a

function of the current density.

Fig. 4. Evolution of the relative variation in thickness before and after oxidation

as a function of the porous silicon porosity.

Fig. 5. Evolution of porous silicon and oxidized porous silicon roughness as a

function of current density for three glycerol concentrations (S1 C = 0%, S2

C = 10% and S3 C = 20%). The thickness of the samples is about 2 mm.
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initial porosity of the PS layer (Fig. 4). The values of the relative

variation in thickness were obtained by taking the average of

the thicknesses of several samples formed at the same applied

current density but with different anodisation times. This

increase in layer thickness was always observed after oxidation

and it was greater for the lower porosities. It decreased when the

initial porosity increased and reached an asymptotic value for

the highest porosities. This variation was very important for

porosites between 50 and 70% before oxidation. We have

noticed that the increase in thickness was less important for the

highest porosities. This phenomenon could be explained by the

transformation of silicon into silica which mainly occurred

inside the pores with the highest porosities whereas for the

lowest porosities it occurred according to the thickness of the

layer. This increase in thickness must be taken into account in

the optical thickness after oxidation for OPS multilayer optical

devices.

The evolution of roughness that represents the root mean

square (rms) deviation of the planarity at interfaces (s), as a

function of layer thickness for different current densities is

known [22]: the curve is initially linear before becoming

saturated. The evolution of PS layer roughness as a function

of current density for the three solutions is shown in Fig. 5.

Each measurement of roughness was performed on the

substrate from which the 2-mm thick PS layer had been

removed to enable values to be compared. For a fixed

solution, the roughness induced by a higher applied current

density is always lower than when a lower current density is

applied. The same trend was observed for all the used

solutions. Moreover, at the same applied current density,

roughness also decreased when the glycerol concentration in

solution increased.

We think that the increase in current density or viscosity of

the electrolytic solution permits smoother PS layers to be

obtained. In fact, when the electropolishing current is applied,

there is no roughness. Under this condition, it is generally

admitted that a viscous state exists near the etched surface in

which the diffusion of the reactive chemical species is difficult

[23]. So, in this regime the electrochemical reaction is favored

on the peaks of the surface and has then a smoothening role.

After oxidation, the values of roughness are always lower for

all the samples (Fig. 5). Fig. 6 shows the 3D-profiles of PS/Si-

substrate interface (Fig. 6a) and that of OPS/Si-substrate

obtained by AFM (Fig. 6b). These measurements were

performed on the bulk interface after removing a 2 mm porous

layer obtained by applying a 15 mA/cm
2 current density with

solution S1. We can notice the modification of relief and the

decrease in roughness after oxidation. This decrease in

roughness after oxidation was also observed by Pap et al.

[17] and the value of roughness depended on oxidation

temperature. Indeed, the oxidation has a smoothening effect.

4. Conclusion

We have studied the influence of experimental parameters

(applied current density, composition of electrolyte) on

physical characteristics of porous silicon and oxidized porous

silicon layers. The results show that the growth rate increases

with both these experimental parameters. The roughness of the

porous layer/silicon substrate interface decreases when the

Table 2

Porosity of the oxidized porous silicon layers as a function of the current density calculated by Bruggeman model and deduced from thickness measurements

Current density (mA/cm2) 5 15 30 50 70 80 100

Porosity deduced from Bruggeman model (%) 1 5 18 22 28 34 42

Porosity deduced from thickness measurements (%) 6 17 27 31 37 41 61

Fig. 6. 3D-profile of (a) porous silicon/silicon substrate interface obtained by AFM; (b) oxidized porous silicon/silicon substrate interface obtained by AFM.
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current density or viscosity of solution increases. We have also

studied the refractive index of the porous layers before and after

oxidation according to a range of applied current densities.

These studies permit the refractive index and layer thickness for

a fixed current density to be obtained.

All these results enable us to control the optical thickness so

that multilayer optical devices such as waveguides, Bragg

reflectors or micro-cavities will be able to be manufactured.
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