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One problem associated with microcavity devices is the significant difference between the reflection spectra of fabri-

cated porous silicon microcavity (PSM) devices and those obtained by theoretical calculation of ideal microcavity de-

vices. To address this problem, studies were carried out to determine the effects of the refractive index dispersion, the

absorption of the porous silicon layer and the fluctuation of the dielectric interface on the reflection spectra of PSM

devices. The results are in good agreement with those obtained experimentally from the fabricated PSM devices,

which provides a theoretical basis for the design of PSM sensors.
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Porous silicon has been widely used in optical biosensors
because of its good biocompatibility, and it can be easily
made into various photonic devices'?. Among these
porous silicon devices, porous silicon photonic crystals
with microcavity structures have been extensively stud-
ied™*. A porous silicon microcavity (PSM) sensor is
used to detect organisms by using the change in the re-
flectance spectrum or angular spectrum induced by a
change in refractive index, which is caused by biological
reaction in the device™'®. However, compared with the
theoretical results, the experimental reflectance spectra
reported in previous studies have the problems of narrow
bandgap, low reflectivity, large defect half-width ratio and
high reflectivity at the central wavelength. The main rea-
son is that they have considered porous silicon as a
non-absorbing, non-dispersive and smooth dielectric!'' !
and considered the microcavity device as an ideal one.
However, because silicon is a semiconductor material, it
exhibits dispersion and absorption. The interface of a PSM
is obtained by applying different electrochemical corro-
sion currents and generating random fluctuations at the
interface of porous silicon. Therefore, there are some dif-
ferences between the results from experimental and ideal
PSM devices, which will affect the reflection spectra of
the devices. As a result, it is highly important to study the
effects of dispersion, absorption and interface fluctuations
in porous silicon on the optical properties of PSM devices.
In this paper, such a research was carried out for a PSM
sensor using the transmission matrix method and the

Gaussian probability distribution method!*.

The PSM devices are composed of two identical
Bragg mirrors and a defective layer of high-porosity
silicon in the middle. Bragg mirrors are composed of
alternating high- and low-porosity silicon layers. PSM
devices were fabricated electrochemically. The silicon
wafers are p-type with a resistivity of 0.01—0.05 Q-cm.
The etchant is composed of HF and C,HsOH solution
with volume ratio of 1:1. The refractive index of the
Bragg mirror in the PSM devices varies over 16 cycles.
Porous silicon layers with high and low porosity were
etched at 110 mA and 60 mA for 3 s and 4.5 s, respec-
tively. The defective layers were etched at 110 mA for
6s. The reflection spectra of the PSM devices were
measured using a Hitachi U-4100 spectrophotometer.
The defect state wavelength of the PSM devices is
Ao=1 628 nm.

The dielectric thicknesses of the Bragg mirror and the
defect layer in the PSM devices should meet the follow-
ing relationship:

A
md, =nyd, :?0 > (D
A
nyd; = m70 > (2)

where 1, and n, are the refractive indices of high and low
porosity silicon samples, d| and d, are the thicknesses of
them, respectively, n; is the refractive index of the defect
layer, d; is its thickness, and m is an integer.
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The SEM images of the PSM devices show that d,, d,
and d; are 290 nm, 240 nm and 580 nm, respectively.
The refractive indices of the porous silicon layers with
high and low porosity are n,=1.403 4 and n,=1.695 8§,
and the refractive index of the defect layer is n;=1.403 4,
calculated by Eqgs.(1) and (2).

Using the above-mentioned parameters, the reflection
spectrum of a PSM device is calculated by the transfer
matrix method, and the result is also presented in Fig.1.
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Fig.1 Reflection spectra of the prepared PSM device
and the theoretically calculated one

From Fig.1, there is a large gap between the reflection
spectra of the PSM device calculated theoretically and
the fabricated PSM device. This gap is mainly caused by
neglecting the dispersion and absorption of the porous
silicon layer, and the PSM reflection spectrum is influ-
enced by the fluctuation of the porous silicon layer inter-
face with different porosities (refractive index).

Porous silicon can be considered as an optical dielec-
tric material with a uniform mixture of air and silicon.
The material’s effective refractive index n.g is expressed
as follows:

2 2 2 2
n.—n n. —n
(1 _p) 251 2 efzf + p 2alr 2 efzf — 0 , (3)
nsi + neff nair + neff

where p is the porosity of porous silicon, ng is the refrac-
tive index of silicon, n. is the refractive index of porous
silicon, and n,;, is the refractive index of air.

The Cauchy dispersion formula is used to calculate the

refractive indices of porous silicon at different wavelengths.

The refractive indices of high and low porosity are
1n,=1.403 4 and n,=1.695 8, and the refractive index of the
defect layer is n;=1.403 4 at the central wavelength of the
reflection spectrum of PSM devices. The refractive index
dispersion relations of porous silicon layers with high and
low porosity are obtained using the Cauchy dispersion
formula and Eq.(3). The results are shown in Fig.2.

The incident light is considered as a TE wave and in
normal direction. The refractive indices of the porous
silicon layers with high and low porosity are selected to
be n; and n, in Fig.2. The thicknesses are d;=290 nm and
d>,=240 nm, the refractive index of the defect layer is
n3=n;, the thickness is ¢;=580 nm and the total number
of medium layers is 33. The transfer matrix method is
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used to simulate the reflection spectra of PSM devices.
The results are shown in Fig.3.
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Fig.2 Refractive index curves of porous silicon sam-
ples with high and low porosity
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Fig.3 Reflection spectra of PSM devices with and
without the refractive index dispersion of porous
silicon

A comparison in Fig.3 shows that for PSM devices,
the refractive index dispersion of the porous silicon layer
will narrow the bandgap of the reflection spectrum, but
will not affect the wavelength of defect states or the re-
flectivity in the bandgap.

For PSM devices, the complex refractive index is in-
troduced to describe the refraction and absorption of
light waves simultaneously:

n=n+ix )
where 7 is the refractive index of porous silicon, and ¢ is
the extinction coefficient of porous silicon.

When the transfer matrix method is used to address the
effect of absorption on the reflection spectrum of PSM
devices, in the formula, the refractive index n, which
needs to be replaced by a complex refractive index, cor-
responds to a transparent medium.

The central wavelength of the reflection spectrum of
the PSM devices fabricated in this study is Ap=1 628 nm.
The total number of dielectric layers is 33. The complex
refractive indices of porous silicon with high and
low porosity are 7, =1.403 4+0.001i and 7, =1.695 8+
0.001 5i. The layer thicknesses are d;=290 nm and
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d>=240 nm. The complex refractive index of porous sili-
con in the defect layer is 7,=1.403 4+0.001i, and the
layer thickness is d5=580 nm (the & method described
above is used). The transfer matrix method is used to
calculate the reflection spectra of the PSM devices, and
the results are shown in Fig.4.

In Fig.4, a comparison of the two curves shows that the
absorption of porous silicon decreases the reflectivity of
PSM devices, particularly in the defect state. At the same
time, the defect half-width increases but does not change
the defect state wavelength /.
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Fig.4 Reflection spectra of PSM devices with and
without porous silicon absorption

The PSM devices produced by electrochemical etch-
ing are not smooth. Electron microscopy results show
that the porous silicon layer of PSM devices is rough at
the interface, and there are different undulation heights at
different points. Because of the fluctuation of the porous
silicon layer, the thicknesses at the incident points of
each porous silicon layer are different, which causes the
reflection spectrum to be blue—shifted or red-shifted
relative to that of the ideal device. The reflection spec-
trum of PSM devices is composed of the reflection spec-
tra at different incident points.

The interface fluctuation probability of porous silicon
satisfies the following Gaussian distribution:

1 (x—uy

S (x) " exp( s ) (%)
where f(x) is the probability of undulation height, x is the
magnitude of the undulation, « is the average of the un-
dulations, and ¢ is the standard deviation of the undula-
tion height distribution.

To study the influence of dielectric interface fluctua-
tion on PSM devices, the refractive indices of the high
and low porosity silicon layers are designed to be
1n,=1.403 4 and n,=1.695 8, and the thicknesses are set to
be d;=(290+x) nm and d,=(240+x) nm. The defect layer
refractive index is 7n3=1.403 4, and the thickness is
d;=(580+x) nm. The maximum fluctuation is assumed to
be 25 nm, and the minimum is assumed to be 25 nm.
First, the probability of different undulation heights of
each layer is calculated using the Gaussian distribution
probability function, and then the reflection spectra of
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the porous silicon layer under different undulation
heights are calculated using the transfer matrix method.
Finally, the reflection spectra of PSM devices with dif-
ferent undulation heights are synthesized, and the results
are shown in Fig.5.

In Fig.5, the fluctuation of the dielectric interface de-
creases the bandgap reflectivity and increases the
half-width of the PSM, but will not cause the central
wavelength to shift.
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Fig.5 Reflection spectra of PSM devices with and
without the dielectric interface fluctuation

Considering the refractive index dispersion and ab-
sorption of porous silicon and the fluctuation of the po-
rous silicon interface, the PSM reflection spectra are
calculated theoretically and compared with the reflection
spectra of the fabricated PSM device and ideal PSM de-
vice as shown in Fig.6.
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Fig.6 Reflection spectra of (a) a fabricated PSM device,
(b) an ideal PSM device, and (c) a PSM device con-
sidering porous silicon dispersion, absorption, and
interface fluctuation

The extinction coefficients é; and é, of high- and
low-porosity silicon layers are obtained by transfer ma-
trix fitting according to the experimentally obtained re-
flection spectrum. Fig.6 shows that the PSM reflection
spectrum c is in good agreement with the experimentally
obtained one.

The refractive index of porous silicon increases under
the effects of a specific biological reaction in the pores of
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porous silicon, resulting in a red shift of the defect state
wavelength of the reflection spectrum of a PSM device.
Therefore, biological response information can be ob-
tained by measuring the red shift of the reflectance spec-
trum. The quality factor Q of a PSM device is defined as
the ratio of the central wavelength to the half-width of the
defect state, which reflects the sensitivity of the biosensor.
As shown in Fig.6, the ideal PSM device's Q value is 86,
and the experimental PSM device's Q value is 48. Taking
the refractive index dispersion and absorption of porous
silicon and the fluctuation of the porous silicon interface
into consideration, the O value is 54, which is close to
the experimentally determined value. Thus, the proposed
approach provides a method for designing PSM biosen-
sors.

It can be concluded that the refractive index dispersion
of porous silicon narrows the bandgap of the PSM re-
flection spectrum. Moreover, the absorption of porous
silicon decreases the bandgap reflectivity of the PSM
reflection spectrum and enlarges the bandwidth of the
defect state. The fluctuation of the porous silicon inter-
face in a PSM device decreases the bandgap reflectivity,
but the reflectivity at the central wavelength of the defect
state increases, and the half-width of the defect state in-
creases. Therefore, the dispersion and absorption charac-
teristics of porous silicon and the effect of the fluctuation
of the porous silicon interface on the reflection spectra of
PSM devices must be fully considered in the preparation
of PSM sensors.
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