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Aging behavior of porous silicon electrochemically etched
with the aid of Zn
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Aging behavior of red, green, and blue photoluminescence from porous silicon formed by
electrochemical etching aided with zinc has been studied @Bmonth time span. Time-resolved
photoluminescence spectra and decay dynamics have revealed that there are two radiating states in
Zn-aided porous silicon. One is the quantum confinement and the other is the oxygen-related defect.
For green emission, the wavelength shifts from 520 to 420 nm and its photoluminescence spectra
and decay behavior become very similar to those of blue emissiorR0@L American Institute of
Physics. [DOI: 10.1063/1.1402976

I. INTRODUCTION mA/cn? (blue). The origin of the ambient full-color PL and
experimental procedure can be found elsewtiére.

Since strong visible luminescence from porous silicon  |n this article, we report the aging behavior of red, green,
(PS has been reported, various luminescent recombinatioand blue PL from Zn-aided porous silicon observed over a
models based on quantum size effdcsipxene derivative,  time span of 3 months.
and oxygen-related defeéthave been proposed. To clarify
the photoluminescencéPL) mechanism, extensive studies
have been carried out for the agfrigand transient decay
behavior of PS7'° Typical aging experiments of red- Figure 1 shows the aging behavior of the red, green, and
emitting PS have shown that the peak shows no blueshift anglue photoluminescence over a period of 91 days. For the red
the intensity decreases gradually with agfigowever, the  emission, the peak shifted from 623 to 582 nm after 58 days
aging behavior of green and blue emission, in particular thaand no further shifting occurred thereafter. Unfortunately, the
of green, has received little attention due to lack of propefas-prepared green photoluminescence is not stable in the am-
preparation methodsFor the transient decay dynamics of pient environment such that the green peak slowly shifts to
red emission, several authors reported multiexponential timglue and gets pinned at around 420 nm. On the other hand,
decays with faster decay rates monitored at highepnly a slight change in the peak wavelength and the peak
energieS® These results have been suggested as a suppagidth occurred in the case of the blue emission.
for the quantum confinement model where smaller particles The Gaussian peak analysis reveals that each spectrum
are predicted to have faster decay rates. However, Golgfthe aged sample consists of two Gaussian peaks except for
et al? noted that the typical multiexponential time decays arethe red. The half widths and the shapes of the two peaks are
also expected of any localized radiative center or defect statgpund to remain the same throughout the aging for the green
including the fluorphors associated with the siloxene derivaand blue-emitting PS, which is an indication that there may
tives. be two emission mechanisms. The change of the peak wave-

It is well known that the lifetime changes from micro- |ength with time is shown in Fig. 2. The red emission con-
seconds for red emission located around 2.67Vo pico- sists of only one Gaussian peak and its peak location changes
seconds to nanoseconds for blue emission located arourigbm 623 to 582 nm with almost no change after 58 days. For
2.7-3.0 eV 7120n the other hand, these kinds of materialsthe green, the main peak is located at 525 nm and the minor
can have a monoexponential PL decay with a microseconi at 440 nm initially. The initial main peak becomes the
lifetime for the blue PL according to the study of the PL of minor peak with aging and the wavelength changes to 475
amorphous Si@and SiQ ™ Although there is no consensus nm, as shown in Figs. 1 and 2. The initial minor peak at 440
about the origin of blue PL, it is assumed that the shorihm, on the other hand, becomes the major peak after aging
lifetime originates from the oxygen-related deféct. and the wavelength reduces to 420 nm. For the blue, the

Recently, we reported ambient full-color photolumines-initial major and minor peaks remain the same even after
cence from porous silicon through electrochemical etchingaging. The major peak wavelength simply changes from 423
aided by an “oxidative” metal such as Zn without any post-to 415 nm with aging and the corresponding change in the
anodizing treatmenit: The emission can be tuned to any minor peak is from 489 to 450 nm. In all cases, further
wavelength in the visible range by simply changing the anchange with time is insignificant after 58 days.
odizing current density from 20 mA/cm(red to 100 In order to elaborate on the emission mechanism, PL
spectra of as-prepared PS samplestfer0 andty=100ns

dAuthor to whom correspondence should be addressed; electronic maift'® shown in F.ig. 3. Hereyy is the delay t_img, which is
honghlee@plaza.snu.ac.kr defined as the time delay between the excitation laser pulse

II. RESULTS AND DISCUSSION
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FIG. 1. PL spectra of aged Zn-aided PS samplegafred, (b) green, and For the green, a higher current density applied leads to a

(c) blue as a function of aging time. The spectra are offset for comparisonhigher porosity and a much more open microstructure. This
higher porosity brings with it finer nanopatrticles in the size
range corresponding to the green emission. As was the case

and a gate pulse artg is the time interval of detection. For in the red emission, the nanoparticles undergo oxidation by

each figure, time-resolved RCRPL) spectra are also shown air and the corresponding blueshift occurs with aging. Once
for ty=200ns andty=1 us, where the spectrum for blue a highly strained oxide layer forms, the peak wavelength

emission is magnified ten times. For all TRPL spectra, theehanges little with time. Apparently, oxygen-related defects

intensities are very weak by 1 order of magnitude comparedre generated simultaneously as the oxidation of the Si nano-
with that forty=0 andty,= 100 ns and PL peaks are detectedparticles takes plac¥.The wavelength and half width of this

at longer wavelengths. For red emission, the spectrum fonew blue peak are nearly the same as those of the initially

long-time delay consists of three Gaussian peaks, which afglue-emitting PS.

located at 539 nn{9.5%), 588 nm (44.7%, and 667 nm One remarkable observation regarding the aging behav-

(45.89%9, respectively. For green emission, the spectrum conior is the pinning of the wavelength of any blue emission at

sists of two Gaussian peaks, which are located at 443 nraround 420 nm, whether the emission is initially blue or

(6.9%9 and 584 nm(93.19%9, respectively. For blue emission, green. This pinning is a strong indication that the light emis-

the spectrum also consists of two Gaussian peaks, which aggon is associated with the oxygen-related defects since quan-

located at 432 nm59.8%9 and 573 nm(40.2%, respec- tum confinement cannot cause the pinning at the specific
tively. These results reveal that there are many radiatingvavelength of 420 nm. In support of this conclusion, we

Downloaded 13 Sep 2002 to 18.42.2.210. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Suh, Kim, and Lee 4487

14 [ .
(=20mA/cm? oosLy (@) Detection wavelength = 520nm
2k (a) v} As-prepared PS
-
3
1.0 | 0.04 |
- —_ . 1,=0.37us (50.4%)
S 08 S
< S oale 1.6p5 (49.6%)
A = T,=1.0u .07
gL 1,20, t,=100ns g 13 : 2ol
g .0 R < e 1 =0.11us (55.8%) e
= € oot M\..‘ _
02k t,=200ns, t.=1us —_— SO AR gomarem?
0ol 001 -% < =43ns (74.6%)
1 ! | i L ) o
400 500 600 700 800 I N)iiius (25.4%) 1=100mA/cm?
0.00 L1 L 1 L 1 s I L §
Wavelength (nm) o 1 > 3 4 5
08 - Decay time (us)
b I=70mA/cm® _
(b) (b) Detection wavelength = 520nm
os | 008l . 58 days aged PS
- 0.07 | “,,'..-,’ 7,=0.1ps (58.8%)
g 0a b r sy v =1.1ps (41.2%} 1=20mA/ 2
s —~ 006 WA ———— 2 mA/cm
2z 3 - 0 d
2 L oosfF *
g L > *% 1=31.7ns (99.2%) .
= B ooal . +,=0.78us (0.8%) ,
Z
1,5200ns, t =1us kol W N T e anpoetmangertomres | = T QTN ASCIY
c
I e N € o03t
0.0 (- —
7 L
L L L i L J 0.02 -

300 400 500 600 700 800 900 r .
001 *=26.7ns (99.5%)

Wavelength (nm) ~ ©,=0.32us (0.5%) 1=100mA/cm?
| e 1 n 1 i 1 n 1 1 1 1 ]
08 - 0.0 03 06 08 12 15 18
- 2 :
orb (€) I=100mA/cm Decay time (us)

06| FIG. 4. Transient decay profiles df) the as-prepared PS samples &by

58 day aged samples as a function of etching current density with detection
wavelength of 520 nm. For each spectrum, the lifetime of the multiexpo-

nential decay curve is shown together with the relative portion of the fast

and slow decay components. The profiles are offset purpose of comparison.
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to the limitation of our apparatus, the lifetime smaller than
. . . . . ; . . about 10 ns is difficult to detect so that we cannot rule out
0. M0 40 S0 S0 80 &0 T TR the possibility that the very fast decay component, typically
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several picoseconds to several nanoseconds, may exist.
FIG. 3. Ambient room temperature TRPL spectra of the as-prepared PS  The PL decay profiles of 58 day aged samples at the
sample_s formed by Zn-aided electrochemical etching. The delay time andgme detection wavelength are shown in Fitp) 4~or all the
gate width are shown. profiles, the fast decay component increases drastically com-
pared with the as-prepared sample. It is notable that the pro-
file of green PS becomes very similar to that of blue PS. The
have recently found that the peak and shape of the PL spectfact that the decay spectra for the two aged samples are
from blue-emitting PS almost coincides with that of the PLnearly the same also reveals conclusively that there is a uni-
from defective oxide films prepared by plasma treatmignt. versal radiating center for these samples. It may be related to
Figure 4a) shows typical examples of PL decay profiles an oxygen-related defect. However, the exact configuration
at a detection wavelength of 520 nm. In our PS samples, thand structure of the defect that is responsible for blue emis-
lifetime increases as the detection wavelength increasesijon is not clear for now. In Fig. 4, the decay profiles of the
which agrees with earlier repoftd.Every PL decay profile aged green and blue PS consist of two lifetime components,
was nonexponential so that it was fitted to the following twobut in this case the slow decay component is negligible. This
exponential functions (curve fitting: 1=A;exp(~t/7;) fact indicates that the decay profile of the two aged samples
+A, exp(—t/7,). Herel is the PL intensityA; andA, are the  can be monoexponential. Indeed, we checked out the decay
prefactors,7; and 7, are the lifetimes, and is the decay profile at a detection wavelength of 430 nm and found that
time. For each profile, the profile consists of a fast and anonoexponential decay can describe the decay completely as
slow decay component and the portion of the fast componerghown in Fig. 5. The lifetimes are 20 ns for aged green PS
increases as the etching current density increases. For blaad 24 ns for aged blue PS, respectively.
emission, the major lifetime is 43 ns, which is a little larger In our study, the as-prepared green PS show®dl us
than the value reported earliel’ It is noted here that owing lifetime and the aged green PS shows 20 ns lifetime. The

0.0
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