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Depth Directional Variation of Photoluminescent Spectra
from Porous Silicon
Masato OHMUKAI*, Yasumichi NAKAYAMA** and Yasuo TSUTSUMI*
ABSTRACT
We investigated the depth directional variation of photoluminescent spectra from porous silicon
in such a way that we measured each spectrum after successive lapping. We observed a main peak at
830 nm with a sub peak at 650 nm in the spectrum from as-formed porous silicon. The sub peak
vanished after the first lap. On the other hand, the main peak decreased gradually in intensity, which
was caused by the successive laps, accompanied by a blue shift of the peak to a shorter wavelength
side. The behavior of the main peak implies the existence of structural variation in the depth direction
where the sub peak is strongly related to a surface state at the same time.
KEY WORDS: porous silicon, photoluminescence, spectral variation, depth profile.

１．Introduction

studied in the past. The photoluminescence of porous silicon

Porous silicon has drawn the attention of the scientific
1-3)

community as a light emitting material in the past.

was discovered in 1990. However, few reports have been

A

published on the inner structures from the viewpoint of

number of studies have been done on this material from

photoluminescence (PL).7,8) The inner structures of porous

various perspectives. Silicon nanocrystallites and Si/Ge

silicon are important, to electronic transport properties for

systems are well known as silicon-related materials that are

device applications.9) Our interest is in the variation of the

capable of light emission.4) However, porous silicon has an

direction of depth. We studied PL spectra with successive

advantage in its cost-effective performance based on the

grinds for the surface removing. The change in PL spectra

simplicity of its formation process. Nowadays, various

with the successive grinds can provide information about the

aspects of porous silicon are studied such as the evolution of

inner structure of porous silicon.

5)

the microstructure during annealing and the effects of
chemical etching of porous silicon.6)

２．Experimental details

In order to study the optical properties of porous silicon,

We anodized a (100) silicon wafer of a p-type (Boron

we frequently take photoluminescence (PL) spectra that are

doped) which had a resistivity of 1-10 Ω cm. The solution

surely the fundamental characteristics. We typically use ultra

was HF (50 wt.%) / ethanol ( 1 : 1 ) of 100ml. We used Pt

violet light as the exciting light. The analytical depth is

wire as a counter electrode. The current density and the

limited to the absorption length of the exciting light: around 1

anodization time were 52 mA cm-2 and 75 min, respectively.

μm or less. The typical thickness of the porous silicon layer is

An anodized area was as large as 1.54 cm2. We did not

in the order of ten μm. Therefore, the PL characteristics are

perform light irradiation during the anodization. We treated

determined at the very surface region of the porous silicon.

the anodized samples in a solution of HF (50 wt.%) / ethanol /

The inner structures of porous silicon have been well

water ( 1 : 2 : 1 ) for 120 s to enhance PL efficiency. The
samples were rinsed in deionized water and then dried by
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blowing of nitrogen gas to suppress a surface oxidation.
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PL spectra were measured with an ultra violet lamp at 365
nm (3.4 eV) as an exciting light source. The PL light was
monochromated with a single monochromator and detected
with a silicon photodiode. In order to enhance S/N ratio, a
lock-in amplifier was used with a mechanical chopper at 80
Hz chopping the exciting light. The analyzed area was around
1 mm2 at the central part of the porous silicon.
We lapped the porous silicon with a water diluted
aluminum abrasive of 3 μm. We performed the laps seven
times. Each lap removed a surface layer of 9 μm. The
thickness of the removed layer was estimated from the total
thickness change (63 μm) before and after the successive laps
measured with a micrometer. When we measured PL spectra

Fig. 1. The changes in PL spectra by a successive lapping of

after each lap, we carefully rinsed the samples with deionized

porous silicon.

water and dried by blowing nitrogen gas.
３．Results and discussion
The anodized samples exhibit little PL efficiency. The PL
efficiency is drastically enhanced by the chemical treatment.
The porous silicon prepared in this way provides PL strong
enough to be seen by the naked eye. Characteristically PL
spectra from porous silicon consist of one broad peak situated
in a red or infrared region.
In our experiment, we obtained PL spectra of one main
peak at 830 nm with a sub peak at 650 nm. Some other
researcher also reported multi-peak PL spectra.10-13) Although
the origin of multi-peak PL spectra has been discussed, it has
not been clarified yet. It is even difficult to reproduce the

Fig. 2. The intensity variation of a main peak along with the

reported results at this stage.

number of laps in PL spectra.

The surface layer removal by the lap decreased PL
intensities. The changes in PL spectra by the lap are shown in
Fig. 1. Since PL intensity was too small after the fourth lap,
we only show the four spectra: as formed and from one- to
three-times lapped samples.
It should be pointed out that the sub peak at 650 nm
disappeared completely after the first lap. On the other hand,
the main peak at 830 nm gradually reduced in intensity along
with each successive lap. The peak position of the main peak
shifted to the left at the same time. Figures 2 and 3 show the
PL intensity and the peak wavelength as a function of the
number of laps, respectively. The three-time laps induced the

Fig. 3. The wavelength variation of a main peak along with

intensity reduction to one ninth and the blue shift by 75 nm.

the number of laps in PL spectra.

Matsuda et al. reported a cross sectional PL image of a
porous silicon and its intensity variation along a depth
7)

direction only at 600, 700 and 800 nm. Based on their

results, the PL at 600 is the stronger at the top surface where
the PL at 800 is the stronger at the bottom. This is inconsistent
with our results that PL peak shifts toward the shorter
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wavelength with more number of laps. It is partly because the

toward the shorter wavelength in depth was derived from the

observed PL in our experiment is the light emitted

spatial variation of porous structures in the way that the

perpendicular to the Si wafer surface, where they observed

deeper part from the surface consists of crystallites with a

the PL emitted perpendicular to the cross section of the

larger size.

porous silicon.

The effect of mechanical stress and contamination by an

It is interesting to note that the PL spectra (from the

abrasive can be excluded from the discussion above because

surface) reported by Matsuda et al. have two structures at 650

the variation of the PL characteristics continued after the first

8)

and 800 nm. The features of the PL spectra are similar to our

grind. The origin of the intensity decline cannot be clarified

data with the exception of the intensities. The peak at the

now. It would be interesting to perform a close investigation

longer wavelength in Fig. 1 is stronger than the other peak

on this topic in the future.

while the peak at 650 nm is the stronger in their spectra. Both
PL peaks in their spectra decrease in intensity gradually as

４．Conclusion

moving to the depth direction. On the other hand, the peak at

We studied the depth directional variation of a PL structure

the shorter wavelength in our data only came from the

from porous silicon with the help of successive laps to

surface.

remove the surface layer. In PL spectra, we observed a main

Li et al. reported two PL bands at 2.5 eV (499 nm) and 1.8
14)

peak at 830 nm and a sub peak at 650 nm. From the fact that

eV (688 nm). They explained that the PL at 2.5 and 1.8 eV

the sub peak completely vanished after the first lap, we can

were attributed to silicon nanocrystallites and a luminescent

conclude that the peak is due to the surface states which act as

center in oxide, respectively. Zhang et al. also reported two

luminescent centers in the surface. On the other hand, the

15)

They discussed that the PL

main peak gradually decreased in intensity along with the

band at 2.5 eV was due to the existence of SiO2 or siloxene.

successive laps together with a blue shift. This peak is due to

The PL structure from siloxene was also reported to be at 500

a quantum size effect. It was also suggested that there is a

PL bands at 2.5 and 1.9 eV.

16)

nm by Stutzmann et al.

The PL band at 2.5 eV was not

observed in our experiments.

gradual variation in the depth direction from the viewpoint of
PL spectra.

Winton et al. observed a PL band at 620 nm and concluded
that the band is due to passivated silicon nanocrystallites.17)

References

However, the PL emission at 620 nm may be, based on the

1) P. M. Fauchet, J. von Behren, K. D. Hirschman, L.

14)

report by Li et al., related to a luminescent state in the oxide

Tsybeskov and S. P. Duttagupta, “Porous silicon physics

that acts as a passivating agent. Cooke et al. report PL

and device applications: a status report” Phys. Stat. Solidi

structures at 805, 747 and 680 nm, which were due to

(a) 165 (1998) 3.

18)

amorphous SiO2. Since more than one peak was observed,

2) A. G. Cullis, L. T. Canham and P. D. J. Calcott, “The

it is hard to acknowledge that light emission occurs across a

structural and luminescence properties of porous silicon”

fundamental band edge. Some luminescent centers in
amorphous silicon play important roles for luminescence.

J. Appl. Phys. 82 (1997) 909.
3) S. Lazarouk, P. Jaguiro and V. Borisenko, “Integrated

With the help of the discussions above, the observed PL

optelectronic unit based on porous silicon” Phys. Stat.

structure at 650 nm is suggested to be due to a luminescent

Solidi, (a) 165 (1998) 87.

center in oxides. The oxides were only formed at the surface

4) In “Light Emission in Silicon From Physics to Devices”

layer of porous silicon. The extinction of the sub peak tells us

ed. D. J. Lockwood, Semiconductors and Semimetals

that the PL mechanism for the sub peak should be related to a

vol. 49 (Academic Press, San Diego, 1998).

surface state.

5) N. Ott, M. Nerding, G. Müller, R. Brendel and H. P.

As for the main peak the intensity and the position was

Strunk, “Evolution of the microstructure during

changed gradually along the number of laps, which indicates

annealing of porous silicon multilayers” J. Appl. Phys.

the gradual variation in the porous structure in the depth

95 (2004) 497.

direction. The decrease in PL intensity with the laps can be

6) M. Ohmukai, N. Uehara, T. Yamasaki, Y. Tsutsumi,

explained by the removing of the nanocrystalline surface part

“The effects of chemical etching of porous

of porous silicon. On the other hand, the shift of the PL peak

silicon on Raman spectra” Czech. J. Phys. 54
- 11 -

明石工業高等専門学校研究紀要 第 53 号

(平成 22 年 12 月)

(2004) 781.

13) S. Létant and J. C. Vial, “Photodissolution and

7) T. Matsuda, K. Tanino, A. Shinbo, H. Ishii, T. Ikeshita

photoluminescence quenching of porous silicon in HF”

and T. Ohzone, “Two-dimensional spectral distribution
of photoluminescence from porous silicon” J. Appl.

J. Appl. Phys. 80 (1996) 7018.
14) P. Li, G. Wang, Y. Ma and R. Fang, “Origin of the blue

Phys. 80 (1996) 6434.

and red photoluminescence from aged porous silicon”

8) T. Matsuda, K. Tanino, H. Ishii, T. Ikeshita and T.

Phys. Rev. B58 (1998) 4057.

Ohzone, “Two-dimensional intensity distribution of

15) S. L. Zhang, F. M. Huang, K. S. Ho, L. Jia, C. L. Yang, J.

photoluminescence from porous silicon” J. Appl. Phys.

J. Li, T. Zhu, Y. Chen, S. M. Cai, A. Fujishima and Z. F.

80 (1996) 1743.

Liu, “Two-peak photoluminescence and light-emitting

9) R. G.. Mathur, Vivechana, R. M. Mehra, P. C. Mathur

mechanism of porous silicon” Phys. Rev. B51 (1995)

and V. K. Jain, “Electron transport in porous silicon”
Thin Solid Films 312 (1998) 254.

11194.
16) M. Stutzmann, M. S. Brandt, M. Rosenbauer, J. Weber

10) G. C. John and V. A. Singh, “Theory of the
photoluminescence spectra of porous silicon” Phys. Rev.

and H. D. Fuchs, Phys. Rev. B47 (1993) 4806.
17) M. J. Winton, S. D. Russell, J. A. Wolk and R. Gronsky,

B50 (1994) 5329.

“Processing independent photoluminescence response

11) H. -J. Lee, Y. H. Seo, D. -H. Oh, K. S. Nahm, Y. B. Hahn,

of chemically etched porous silicon” Appl. Phys. Lett. 69

I. C. Jeon, E. -K. Suh, Y. H. Lee and H. J. Lee,

(1996) 4026.

“Light-emission phenomena from porous silicon:

18) D. W. Cooke, B. L. Bennett, E. H. Farnum, W. L. Hults,

Siloxene compounds and quantum size effect” J. Appl.

K. E. Sickafus, J. F. Smith, J. L. Smith, T. N. Taylor, P.

Phys. 75 (1994) 8060.

Tiwari and A. M. Portis, “SiOx luminescence from

12) J. Q. Duan, G.. Q. Yao, H. Z. Song, B. R. Zhang, L.Z.

porous

silicon:

support

for

the

quantum

Zhang and G. G. Qin, “Two-band structure in

confinement/luminescence center model” Appl. Phys.

photoluminescence spectra from porous silicon and its

Lett. 68 (1996) 1663.

dependence on excitation wavelength” J. Appl. Phys.
78 (1995) 478.

- 12 -

