Chin. Phys. B Vol. 19, No. 9 (2010) 097801

Role of nitrogen and oxygen in emission of
Si quantum dots formed by pulse laser”®

Huang Wei-Qi(# i), Liu Jia-Xing(XIZF %)®, Cai Cheng-Lan(%£5>%)),
Lii Quan(H %)%, Liu Shi-Rong(XItHZ%)P)8 and Qin Chao-Jian(Z&H]%)P)

a) Institute of Nanophotonic Physics, Guizhou University, Guiyang 550025, China

b)

State Key Laboratory of Ore Deposit, Geochemistry Institute of Geochemistry,

Chinese Academy of Sciences, Guiyang 550003, China

(Received 11 December 2009; revised manuscript received 1 April 2010)

Silicon quantum dots fabricated by nanosecond pulsed laser in nitrogen, oxygen or air atmosphere have enhanced

photoluminescence (PL) emission with the stimulated emission observed at about 700 nm. It is difficult to distinguish

between the photoluminescence peaks emitted from samples prepared in different atmospheres. The reason for the

appearance of similar peaks may be the similar distribution of the localised states in the gap for different samples when

silicon dangling bonds of quantum dots are passivated by nitrogen or oxygen. It is revealed that both the kind and

the density of passivated bonds on quantum dot surface prepared in oxygen or nitrogen have a strong influence on the

enhancement of PL emission.
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1. Introduction

Silicon quantum dots (QDs) show quite different
properties from those of their bulk counterparts.[!—3!
Si nanocrystals are embedded in SiOy whose optical
gain has been demonstrated,[*5 thus opening a way
for the interesting fundamental physical properties of
these mesoscaled objects, and the use of Si in pho-
tonics would promote the full integration of photon.
Numerous models have been proposed to explain the
origin of the photoluminescence (PL) obtained in an
experiment but the general mechanism is still under a
wide debate. Besides the quantum confinement effect
on QD, it was noticed that the passivated bonds on
QD surface determine the level of localised electronic
states in band gap, similar to the valence electron of
the shell structure in an atom, which could give the
explanation why there is no PL emission observed in a
‘clean’ Si QD. After a lot of investigations, the follow-
ing interesting questions are still open to debate:[6—2]
(i) Why do the main peaks in PL bands appear to be
almost the same for QD samples prepared in different
atmospheres (oxygen, nitrogen or air)? (ii) Why are
there different variation trends in PL emission with

the change of the density in oxygen or nitrogen? (iii)
In which atmosphere (oxygen, nitrogen or air) pre-
pared samples have the best enhancement in PL emis-
sion?

In this article, we use nanosecond pulsed laser to
prepare QD structure on silicon in oxygen, nitrogen
or air atmosphere. In this way, the various nanostruc-
tures and the passivated bonds on Si surface could
be prepared easily. Especially, it can be controlled to
make N—Si bonds in laser plasma. However, it is im-
portant to understand the physical process and obtain
the information of the interaction between silicon and
the pulsed laser. It was found that no difference can
be observed between the PL peaks for samples pre-
pared in different atmospheres; this may come from
the similar distribution of the localised states in the
gap. The peaks all occur at about 700 nm. The cal-
culated results show that the same distribution of lo-
calised states can be formed in the gap when silicon
dangling bonds on QD surface are passivated by nitro-
gen or oxygen. The results obtained in experiment and
calculation reveal that both the kind and the density
of the passivated bonds on QD surface in oxygen or

nitrogen have a strong influence on the enhancement
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of the PL emission. We hope our work be helpful to
the application of silicon QD in photonics.

2. Experiment

In ablation process, we used a pulsed laser (wave-
length 1064 nm, pulse width 8 ns FWHM, repetition
rate 800 Hz), which was normally focused onto the
silicon sample placed in air, oxygen or nitrogen at-
mosphere. The intensity of the laser pulse was about
5 x 108 W-cm~2 with an irradiation spot of 30 pum
in diameter on silicon, which was sufficient to produce
the laser plasma. A p-type Si wafer with room tem-
perature resistivity of 10-20 2+ cm was used as start-
ing material which was cleaned in a Summa cleaner
for 20 min. After irradiation, the samples selected for
comparison were loaded into an oxidation furnace at
1000 °C for 10-30 min.

In the TEM image, we can observe the QD struc-
ture embedded in silicon oxide as shown in Fig. 1,
which was fabricated by nanosecond pulsed laser in
oxygen. Figure 2 shows the distribution of elements on
the sample by using line-scanning technique in x-ray
energy analysis (the upper curve denotes the relative
intensity of oxygen component, and the lower curve
denotes the relative intensity of silicon component).

Fig. 1. TEM image of QD on silicon fabricated by pulse
laser in oxygen atmosphere.

Fig. 2. Elements distribution on the sample by using
curve-scanning technique of x-ray energy (top curve: in-
tensity of oxygen; bottom curve: intensity of silicon).

The experimental result shows that controlling
time of incident laser irradiation on silicon sample
in oxygen atmosphere is important for enhancing PL
emission as shown in Fig. 3. We could deduce that
the density of the oxygen bonds on Si QD relative to
the durations of incident laser directly affects the en-
hancement of PL emission. It is found that the PL
emission will decrease when the ablation time is over
9 s which is determined by the optimum value of the

density of the oxygen bonds.
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Fig. 3. PL intensity versus wavelength for different du-
rations of laser irradiation incident on silicon sample in
oxygen atmosphere.

Figures 4(a), 4(c), and 4(d) show the PL spec-
tra of samples prepared in oxygen, nitrogen, and air
atmospheres, respectively. It is very difficult to dis-
tinguish between the PL peaks emitted from samples
prepared in different atmospheres, except for Fig. 4(b)
in which the randomly stimulated emission can be ob-
served at about 700 nm.!® It could be guessed that
those bonds on QD surface passivated in different at-
mospheres may produce the similar distribution of the
electronic states.
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Fig. 4. PL spectra for Si QD formed by pulse laser in dif-
ferent atmospheres: (a) in oxygen, (b) annealing for 20min
after irradiation in oxygen, (c) in nitrogen, (d) in air.

3. Calculation

According to the Fourier transform infrared
(FTIR) spectroscopy, the surface layer on Si QD pre-
pared in oxygen involves Si = O bonds, while N-Si
bonds occur on the surface of samples prepared in ni-
trogen or air atmosphere. These bonds are important
for forming localised electronic states in the gap.

We have chosen some models to simulate the ex-
perimental process in which the various structures of
Si QD can be prepared in different atmospheres. Fig-
ure 5 shows a kind of Si QD structure prepared in
oxygen and its density of states (DOS), in which the

surface layer of QD involves Si = O bonds. In the
model, the surface dangling bonds are saturated by
hydrogen (white ball) and oxygen (black ball at the
white point) atoms to simulate oxidation process. In
Fig. 6, the DOS structure in the gap is shown to be
destroyed with the increase of oxygen bonds on Si QD.
The same structure of DOS in the gap can be formed
on Si QD passivated by nitrogen atom (black ball at
the white point), as shown in Fig. 7.
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Fig. 5. Silicon QD structure prepared in oxygen and its
DOS.
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Fig. 6. Silicon QD structure and its DOS with the increase
of Si = O bonds prepared in oxygen.
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Fig. 7. Silicon QD structure prepared in nitrogen and its
DOS.
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The models based on supercells have the advan-
tage that they are simple and give emphasize on the
quantum confinement effect and deformation of the
surface structure. The electronic behaviour is inves-
tigated in this work by an ab initio non-relativistic
quantum mechanical analysis. The DFT calculation
was carried out by using the local density approxi-
mation (LDA) and non-local generalised gradient ap-
proximation (GGA) for the self-consistent total energy
calculation. It is considered that both LDA and GGA
underestimate the band gap for semiconductors.

First, the nanocluster surface is initially satu-
rated by hydrogen atoms whose structure produces
the opening band gap due to the quantum confine-
ment. Then the Si = O bonds is more likely to be
formed and stabilises the surface, since it requires nei-
ther a large deformation energy nor an excess element,
while the localised states are formed in the gap obvi-
ously, as shown in Fig. 5.

If the Si nanocrystallite is suitably passivated by
oxygen through controlling the duration of irradiation
and annealing, the localised states in the gap are per-
fectively formed. The best distribution of localised
states can be obtained in which the density of Si = O
bonds is about 3%, as shown in Figs. 6(a) and 6(b).
But more Si = O bonds could break the distribution
of localised states (Figs. 6(c) and 6(d)).

The same structure of localised states can also oc-
cur in the gap when the surface dangling bonds on Si
QD are saturated by hydrogen and nitrogen atoms, as
shown in Fig. 7. This model simulates the preparing
process of the sample in nitrogen atmosphere. Nitro-
gen atoms are more active in the laser plasma than in
other situation on Si QD surface. But the structure of
the localised states in the gap is not easy to be broken

in nitrogen.
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Figure 8 shows that the same structure of lo-
calised states can also be formed in the gap when hy-
drogen (white ball), oxygen (gray ball) and nitrogen
(black ball) atoms passivate dangling bonds on Si QD
surface to simulate a preparing process of the sample
in air atmosphere.
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Fig. 8. Silicon QD structure prepared in air and its DOS.

4. Discussion

Having analysed the calculated results, we can
propose a theoretical model generally. The band gap
of Si QD is opened because of the quantum confine-
ment effect. The localised trap states of electrons
could be formed in the opened band gap if a Si QD is
passivated by oxygen or nitrogen. As shown in Fig. 9,
this model includes two systems: the right one is a
photon pump system in which the valley level of the
conduction band depends on QD size by quantum con-
finement, and the left one is a localised state system
on QD surface in which oxygen or nitrogen bonds de-
termine the energy level of the trapped electronic state
which is independent of size. The trap states are dis-
cretely localised in the region of 1.6~1.8 eV after con-
sidering the underestimation of the band gap in the
LDA and GGA calculations.
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Fig. 9. Model for explaining the mechanism of stimulated emission on Si QD formed by nanosecond pulsed laser in different

atmospheres. (a) Energy level construction which may produce the pinning and enhancing effect in PL emission. (b) Another

level construction in which the pinning and enhancing effect in PL emission disappears at all.

097801-4



Chin. Phys. B Vol. 19, No. 9 (2010) 097801

In this model, it is a key factor for enhancing and
pinning PL peaks at about 700 nm that the level po-
sition of the trap states coming from oxygen or ni-
trogen passivity is lower than that of the electronic
states photoexcited in conduction band of Si QD. Fig-
ure 9(a) shows the energy levels construction in which
the pinning and enhancing effect of PL emission may
take place. At first the electrons from the conduc-
tion band are rapidly caught by the trap states in the
gap. Then the population inversion between the va-
lence band and the trap states may take place due to
a longer lifetime of the trapped electrons. Generally
speaking, when the QD scale is less than 3 nm, the
bottom of the conduction band is usually higher than
the level of localised electronic states, which is related
to oxygen or nitrogen passivity on QD surface.

In the construction of Fig. 9(b), the pinning and
enhancing effect in PL emission disappears at all when
the level of the trap states is higher than that of the
electronic states photoexcited in conduction band of
Si QD

The calculated results indicate that at first the lo-
calised states in the gap increase rapidly with increas-
ing oxygen bonds on Si QD surface, then the localised
states structure will be broken down when the num-
ber of oxygen bonds is over some dead-spot (about
2-5% in density). This result can explain the ablation

time effect for PL emission in the experiment, showing
that 9s is an optimum time of laser irradiation on sili-
con sample in oxygen atmosphere (Fig. 3). But slower
increasing of the localised states with the increase of
nitrogen on Si QD surface cannot break the structure
of the localised states. The calculated results agree
with the experiments in which the PL emission keeps
increasing with the density increase of nitrogen or air,
but sometimes there is an inverse trend in oxygen at-

mosphere.

5. Conclusion

In summary, the results in calculation and ex-
periment indicate that: (i) Si = O, Si-N or Si-NO
bonds on Si QD can generate the same structure of
localised states in the gap which can produce the same
PL peaks. (ii) The localised states structure will be
broken down when the density of oxygen bonds on Si
QD is over some value (about 2-5%) which can ex-
plain why sometimes PL emission decreases with the
increase in oxygen. (iii) The kind and the density of
passivated bonds on Si QD prepared in oxygen, nitro-
gen or air atmosphere are the most important factors
for PL enhancement and stimulated emission on sili-

Ccon.
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