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Experimental investigations on the red photoluminescéRtg from nanocrystalline Sir{c-Si)
embedded in a SiOmatrix, fabricated by plasma-enhanced chemical vapor deposition and a
subsequent post-treatment, reveal under certain conditions the occurrence of kinetic oscillations. For
the red PL between 1.5 and 1.75 eV, the spectral shift and the peak intensity versus annealing times
show temporal oscillations. The spectral variations are explained by the growth and decay kinetics
of two oxygen thermal donord Ds) upon annealing. The oscillatory behavior is a pure kinetic one.

It reflects the regrowth of oxygen TDs by an autocatalytic process during their decay. Although the
source for the autocatalysis is not clear, this PL oscillation adds more evidence that the red PL
observed in our system originates from oxygen TDs-related defect state200@ American
Institute of Physicg.S0003-695(00)01531-X]

Porous siliconPS formed by electrochemical anodiza- ior is a pure kinetic one. It reflects the regrowth of oxygen
tion has attracted a lot of interest during the past decad&Ds by an autocatalytic process during their decay. Although
because of its strong visible photoluminesce(ie at room the source for the autocatalysis is not clear, this PL oscilla-
temperaturé.Although a great deal of effort has been madetion excludes the variation afc-Si itself as the oscillation
to elucidate the origin of the PL, a consensus on PL mechaglement.
nisms is still lacking due to the difficulty of distinguishing One sample used for the demonstration of spectral oscil-
the surface effect and quantum size effett. lations was prepared as follows: First, an amorphous Si film

In addition to PS, nanocrystalline Si¢-Si) synthesized Was deposited onto a §100 wafer from pure silane plasma.
by dry chemical methods has also been investigated in ordéfterwards the film was annealed under 0.03 mbar of hydro-
to understand PL mechanistd.The detailed synthesis and gen flow at 660 °C for 40 min. Then the film was preoxi-
PL properties ofnc-Si/SiO, films by plasma-enhanced dized under a flow of pure oxygen at 350 °C for 4 h. Finally,
chemical vapor depositiofCVD) and post-treatment have the preoxidized film was annealed at 870 °C under a forming
been reported previously, where oxide-related defect statedas[(FG), 5 mol. % hydrogen in nitroggratmosphere for 8
were suggested to be responsible for the red Rfterwards ~ h- The sample gives a weak PL around 1.75 eV. Then the
defect studies using electron spin resonaf@8R in this ~ Sample was used for the 400 °C annealing experiment.
system demonstrated that Si-NL8-related oxygen thermal do- ~ The excitation source for room temperature steady-state
nors (TDS) show a strong correlation with the 1.5 ev PL spectra was the 325 nm line of a He-Cd la#®m-
emissior?, Recently, we further investigated the dependencdlichrome Series 56 The pump power density of the laser
of the red PL on annealing temperatures. This investigatiod/aS 0.4W/cr. PL signals were spectrally resolved with a
further demonstrated that the PL around 1.5 eV is mainly dud"aing spectrometeSpex Model 1681Band detected by a
to Si-NL8-related oxygen TDs whereas the PL around 1,75 diode in a lock-in mode. The calibration of the spectral
eV is mainly connected with another oxygen TDs, i.e., Si_sgnsmwty of the whole measuring system was performed
NL10-related oxygen TD¥ with a tungsten standard lamp. '

In this letter, we report on a spectral oscillatory behavior, Elgure 1 §hows spectra of th? red PL at d|ﬁer§nt anneal-
of the red PL upon annealing at 400°C. For a PL around™® times d_unng th_e flrst_cycle._F|_gure 2 further displays the
1.75 eV, at shorter annealing times, it red-shiftst@.5 eV, spectral shift and intensity variation of the PL versus accu-

accompanied by an increase of the PL intensity. At IongermUIatiorl annealing times. The sample shows a weak PL
annealing times, it blue-shifts from 1.5 eV back to a higheraround 1.75 eV before annealing at 400 °C. With increasing

. ) _ annealing times €10 h), the PL gradually red-shifts from
energy, accompanied by a decrease of the PL intensity. T .75 to 1.46 eV and its intensity increases by a factor of 18.

spectral shift and the peak intensity versus annealing timeﬁ‘ subsequent 18 h annealing blue-shifts the PL from 1.46 to

show'temporal oscillations. The spec'tral'variatio.ns can b(?1.59 eV and reduces its intensity by a factor of 2.8. From this
explained by the growth and decay kinetics of Si-NL8 andposition, annealing at shorter times 6 h) leads to a red-

Si-NL10 defect states upon annealing. The oscillatory behavgpit from 1.59 to 1.49 eV and to an increase of the intensity

while annealing at longer timgg2 h) results in a blue-shift
dElectronic mail: wu@kern.mpi-stuttgart.mpg.de from 1.49 to 1.63 eV and in a decrease of the intensity. From

0003-6951/2000/77(5)/645/3/$17.00 645 © 2000 American Institute of Physics



646 Appl. Phys. Lett., Vol. 77, No. 5, 31 July 2000 Wu et al.

50000

40000 |- FG (870°C) - . m  first cycling
(@):8h 40000 L H O :second cycling
FG (400°C) 1 4 third cycling

30000 + (b): 20 min

(c): 60 min

(d): 120 min
(e):6h

®:7h

111 h 22 min

30000 |

20000 -

Intensity (a.u.)

20000

Peak Intensity (a.u.)

10000 |
10000

1 1 1 1 ! 1
1.45 1.50 1.55 1.60 1.65 1.70 1.75

Feal Energy (V) Peak Energy (eV)

FIG. 1. Evolution of the red PL upon annealing at 400 °C for sample A. . .
Curve (a) is obtained after annealing at 870 °C for 8 h. Other curves areFIG. 3. The peak intensity vs the peak energy for three cycles for sample A.

obtained after 400 °C annealing at different times. Solid line is used for eye guide.

1.63 eV, again at shorter tim¢8 h), the PL red-shifts from the PL around 1.5 eV is mainly due to Si-NL8 states and that
1.63 to 1.49 eV with a 3.5 times increase in intensity,the PL around 1.75 eV is mainly due to Si-NL10 staté.
whereas at longer time&0 h), it blue-shifts from 1.49 to The red PL is composed of these two states. The peak energy
1.75 eV with a 11 times decrease in intensity. It can be seeand the PL intensity are determined by the concentration
clearly from Fig. 2 that both the spectral shift and the inten-ratio of these two components. Now we can explain the spec-
sity variation versus accumulation annealing times exhibitral shift and intensity variation upon annealing times as fol-
temporal oscillatory behavior. Each oscillation is composedows: Low temperature annealing first leads to the growth of
of two time segments, i.e., a shorter time segment with @xygen TDs. Since the growth rate of Si-NL8 states are
red-shift of the peak energy and an increase in intensity anfhster than that of Si-NL10 states, the increase of PL inten-
a longer time segment with a blue-shift of the peak energity in lower energy is larger than that in higher energy. This
and a decrease in intensity. FTIR and XRD characterizationfeads to a red-shift of the peak energy, accompanied by an
show no observable change upon annealing. This means thakrease in intensity. After reaching their maximum concen-
the macroscopic structure of threc-Si/SiO, film does not  trations, oxygen TDs begin to decay. Since the decay rate of
change. The peak intensity versus the peak energy for a}i-NL8 states is faster than that of Si-NL10 states, the de-
three cycles is presented in Fig. 3. The PL with lower peakcrease of PL intensity in lower energy is larger than that in
energy is stronger than that with higher peak energy. In adhigher energy. This leads to a blue-shift of the peak energy,
dition, the increase in intensity and the degree of red-shifaccompanied by a decrease in intensity. In one word, the
decrease with cycling times. variance of the growth and decay kinetics of Si-NL8 and
Oxygen TDs widely exist in oxygen-riched crystalline sj.NL10 states leads to the observed spectral changes. Thus,
silicon under low temperature annealing (300-550 €Y.  the shorter time segment corresponds to the growth process
From ESR measurements mainly two signe@&NL8 and  of oxygen TDs while the longer time segment corresponds to
Si-NL10) are related to oxygen TDs. The formation processine decay process of oxygen TDs.
of Si-NL8 states are normally faster than that of Si-NL10 Apart from the intensity at peak energy, the intensities at
states, but Si-NL8 states are less stable at longer annealing7s and 1.46 eV versus annealing times are also displayed
times and at higher temperatures compared with Si-NL1G, Fig. 2 (b). Both Si-NL8 states and Si-NL10 states exhibit
states’? Earlier studies imc-Si/SiO, films have shown that s growth and decay process. Both the growth rate and the
decay rate of Si-NL8 states are faster than those of Si-NL10
180 ; states.
el T Figure 4 shows a complete growth and decay process of
1651[ PL centers for another samplsample B. The PL variation
1?2 8 shows a similar trend to that of sample A, i.e., at shorter
1s0f annealing timeg6.5 h), the PL red-shifts from 1.68 to 1.51
1451 eV, accompanied by an increase in intensity. At longer an-
nealing timeg54 h), the PL blue-shift from 1.51 to 1.70 eV,
®) accompanied by a decrease in intensity. However, the details
of the variation are different. For example, for sample A
from 1.44 to 1.59 eV, the intensities at 1.75 and 1.46 eV
decrease by a factor of 1.5 and 2.9, respectively, whereas for
sample B from 1.51 to 1.59 eV, the intensities at these two
energies decrease by a factor of 1 and 1.4, respectively. The
Annealing Time (h) contribution of Si-NL8 states to the whole PL in sample A is

FIG. 2. Temporal oscillations of the peak enefgyand of the PL intensi-  larger than that in sample B. This variance is sample depen-
ties at 1.75 eV, at 1.46 eV, and at the peak endhyyfor sample A. dent.
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170l - - Si-NL10 states at 400°C, some of them still remain after
s esl] / " long annealing times and show a weak PL around 1.75 eV.
< | As shown in Fig. 2(b) points 1, 2, and 3, the growth of
E T - PL centers can be initiated at different peak energies during
£ 18 PD/ the decay of PL centers. Studies on other samples also give
: 180 b . . . . . . similar results. This indicates that the oscillatory behavior
20000 m =] observed here is a pure kinetic one. This rules out the struc-
~ 1s000| p w175 ey tural phase transition or the size variationrod-Si itself as
§ ool F{“z o the oscillatory element. However, it supports the concentra-
2 fned tion changes of Si-NL8 and Si-NL10 states, controlled by
£ 5000»? pure kinetic reactions, as the oscillatory element.
0 0 s One disputing focus of visible PL in PS is that the PL
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originates from nc-Si itself or from interfacial defect
states>® Prokeset al. have connected the oxygen TDs with
FIG. 4. The peak energig) and the PL intensities at 1.75 eV, at 1.46 eV, nonbridge oxygen hole centefdBOHSs) and suggested that
and at the peak enerdb) vs annealing times for sample B. NBOHs are responsible for the visible PL in oxidized'PS
and the red PL in ounc-Si/SiO, systen® Because the core

Many effects can cause oscillations, such as nonisothetructure of oxygen TDs is not clear yet, we will not discuss
mal behavior. transformation of surface structure. masfere their possible connections with other oxide-related de-
transfer'4=1® Since in our case the annealing temperature idect states. But the spectral oscillatory behavior observed
kept as a constant, our system can be considered as an id#"€ 9gives support to the view that oxygen TDs-related de-
thermal system. Besides, the role of FG is mainly the passi€Ct States are responsible for the red PL in this system.
vation of nonradiative centers, not a constituent of oxygen [N conclusion, a temporal oscillation of the spectral
TDs, i.e., there is no mass transfer between FG and oxygeYfriations of red PL frommc-Si/SiQ; film has been observed
TDs. Thus, our system can be considered as a closed systeHf'der appropriate annealing conditions. This adds more evi-
In a closed system, the concentrations, which vary in an osdénce that oxygen TDs-related defect states, produced in
cillatory way, are those of the intermediafé€SR measure- nc-Si by anngallng, are the most possible candidate for the
ments indicate that the concentrations of oxygen TDs irPPserved PL in this system. The source for the spectral os-
crystalline Si at a low temperature annealing first increas&illations, the structure of oxygen TDs inc-Si, and the
with annealing times, then reach a maximum, and ﬁna”yrelatlon of this red PL to the visible PL in PS need further
decreasé? Both Si-NL8 states and Si-NL10 states are there/Nvestigations.
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