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Abstract

The influence of laser annealing on structural transformation and electrical conductivity of amorphous non-stoichiometric
SiO, thin films have been studied. It was found that the average sizes of silicon nanocrystals (NCs) increases from 6 nm
in initial films up to 35 nm in modified one after structure transformation of SiO, film into nanocomposite SiO,(Si) one
containing Si nanoclusters in oxide matrix after annealing by nanosecond pulses of the Nd* *: YAG laser irradiation with
wavelengths of 1.064 pm and 0.532 pm. It has been shown that the size of the NCs and their size distribution depend on the

intensity and wavelength of laser radiation.

The significant influence of laser annealing on electrical conductivity has been revealed and explained based on structural
transformation of the film. It was shown that electron transport mechanism through SiO, films before and after laser anneal-

ing depend as on electric field and measurement temperature.
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1 Introduction

In recent years, interest in studying of the processes of
crystalline nanoparticles formation and their properties has
increased significantly. Moreover, it was studied not only
directly themselves nanocrystals (NCs) [1-4], but the pro-
cesses leading to the amorphous-crystalline phase transi-
tions. In particular, this refers to the transformation of thin
layers of SiO, [5] and TiO, [6] oxides into nanocomposite
layers. The latter are of interest both in terms of increasing
the absorption coefficient and the possible transformation of
absorption spectra in order to increase the efficiency of solar
energy converters, improve the characteristics of nanocata-
lysts and increase the sensitivity of sensors.

Isothermal annealing of films is traditionally used to
study the possibilities of improving the structure and modi-
fying their properties. However, in many cases, the more
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effective method of modifying the properties of films can
be adiabatic laser annealing [7, 8]. The main advantages
of the latter are that it is not an inertial heat source, it has a
large dynamic range of intensity of the irradiation and the
ability to localize its action in space (active zone) and time
(duration of influence). However, there are not many works
that would have studied the influence of laser annealing on
electrical properties of SiO, films that is very important for
various applications.

Therefore, the main aim of our work was to study in detail
the changing of electrical conductivity of laser-annealed
SiO, films as a result of their structural transformation when
varying the intensity and wavelength of laser pulses.

2 Experimental

Silicon enriched SiO, films were deposited on n-type Si sub-
strate (p=0.01 QX cm) by Low Pressure Chemical Vapor
Deposition (LP CVD) method at the temperature of 660 °C.
The thickness of the films determined with ellipsometry at
A=632.8 nm was 130 nm. The study of changes in surface
morphology of SiO, layers was carried out by comparing
their characteristics before and after laser irradiation. The
study of morphology of the films was carried out using an
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atomic force microscope (ACM) (Nanoscope Illa, Digital
Instruments, Santa Barbara).

Initial SiO, layers were irradiated with nanosecond pulses
of Nd**:YAG laser with Q-quality, the wavelengths of the
irradiation were 1.064 pm and 0.532 pm. The duration of the
individual pulse (#,) was 10 ns. To determine the threshold
laser intensities that lead to the structural changes in SiO,
layers, their irradiation was performed by single pulses in
the X-Y scan mode with varying speed of pulse repetition
and the degree of laser beam overlap. The pulse energy was
E <100 mJ. The intensity of the laser pulse was regulated by
the wedge-shaped packet, assembled from the glass plates
and focusing systems, and varied in the range from 1 to
114 MW / cm?.

The measurements of current-voltage (I-U) character-
istics of the initial film (after deposition) and after laser
annealing have been performed by an automated complex
consisting of a universal device Keithley Source Meter
Series 2410. The electrical conductivity was investigated
for three key intensities of laser irradiation, namely 10 MW /

x 0.200 pm/div

0.20 um/div

m

z 10.000 nm/div

cm?, 50 MW / cm? and 100 MW / cm?. The measurement of
electrical conductivity was performed in wide temperature
range (95 K - 350 K).

3 Results and Discussion
3.1 Structural Transformation

The AFM images of the film surfaces are shown in Fig. 1
before (a) and after (b, c¢) laser irradiation. The dimensions
of surface heterogeneities on the initial SiO, film surface do
not exceed 6 nm. After the laser irradiation of SiO, films,
the dimensions of the heterogeneities on its surface are sig-
nificantly increased (Fig. 1, b).

However, the thresholds for the intensity of radiation, at
which structural changes in the film began, differ signifi-
cantly for both wavelengths. For the case of the action on the
film by pulses with 4;=1.064 pm, morphological changes
on its surface began at /=14 MW / cm?, and under the action

pm/div
0.0040

0.20 pm/div

0.20 pm/div

Fig. 1 AFM images of SiO, film before (a) and after (b, ¢) - laser irradiation: b) topography, ¢) phase (4 =0.532 pm, t,=10ns, /=31 MW/cm?)
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of pulses with A,=0.532 um, already at /=7 MW / cm?. In
addition, for different wavelengths, the thresholds for visu-
ally detected damages of the films is also significantly differ-
ent. This is due to the large difference between the absorp-
tion coefficients (a; =10 cm™!, a,=10* cm™") for two laser
wavelengths (4, =1.064 pm, 4,=0.532 pm), respectively,
at not very high levels of radiation intensity. The nanostruc-
ture sizes were increasing from 6 nm to 65 nm at the vari-
ation of laser pulses intensity from 1 to 114 MW / cm? for
A;=1.064 pm, and from 6 nm to 35 nm for 4,=0.532 pm.
As it was shown earlier [8], laser annealing of an initial
non-stoichiometric SiO, film containing amorphous silicon
clusters and small Si nanocrystals (d <6 nm) is transformed
into a nanocomposite film consisting of Si NCs having sub-
stantially larger sizes (d> 10 nm) and they are in the SiO,
matrix, and the value of x is close to the value in the stoi-
chiometric SiO,. The results of the AFM studies indicate
an increase in the size of the NCs from d~6 nm in the ini-
tial films up to d~ 35 nm in the films that were acted with
impulses with 4,=0.532 pm and an intensity >100 MW/

cmz.

3.2 Electrical Conductivity
The laser annealing allows to locally affect the structure of

the initial SiO, film, causing phase transformations in it and
thus influences on the conductivity of the films. It should be

Fig.2 I/U — U characteristics of

noted the features of the SiO,(Si) composite obtained after
laser annealing. The Fermi level of the structural phases,
which stay in contact, is located at the same level. This
leads to a corresponding redistribution of charges between
them. The conductivity and electron transport mechanisms
were determined for the SiO, films annealed by laser with
A,=0.532 pm and intensities of /=10 MW/cm?, I=50 MW/
cm?, and I=100 MW/cm?, respectively.

Laser irradiation with intensity of 10 MW/cm?. The
dependences of electrical conductivity on voltage are pre-
sented in (Fig. 2a). As can be seen, four different regions can
be distinguished in dependence on the voltage and tempera-
ture: I — low voltage region (U< 0.2V, 250<T<350 K), I
— medium voltage region (0.2<U< 1V, 180<T<350 K),
IIT — medium voltage region (0.2<U<1V, 101 <T< 107
K), IV — high voltage region (U>2 V).

In the region I, the hopping with variable length conduc-
tivity mechanism dominates [9], as evidenced by the approx-
imation of dependences in Mott coordinates (Fig. 3). The
hopping occurs at adjacent energy levels, which are near the
Fermi level. To determine the density of localized electron
states N(Ep), the average hopping length R,,,, and the hop-
ping activation energy W, (T) of localized states near the
Fermi level, we used the analysis described in [10]. In the
case of laser irradiation with /=10 MW / cm?, the density of
states is equal to N(E)=4.21x 10" cm™ at E=2.3x 10* V
/ cm, and the R,,,=1.3x107% cm at T,=288 K and.
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Fig.3 Conductivity in Mott coordinates after laser irradiation
(I=10 MW / cm?)

Ry, =124 % 107% cm at T,=330 K. As the measurement
temperature increases, the hopping length decreases. The
hopping activation energy increases with the temperature
growth: W,,,=0.165 eV at T) =288 K and W,,,,=0.18 eV
at T,=330 K, respectively.

For region I1 (0.2< U< 1V, 180< T<350 K) the conduc-
tivity corresponds to space charge limited current (SCLC)
mechanism with electron injection and shallow traps [10-13]
for all measurement temperatures (Fig. 4). According to this
mechanism based on analysis presented in [10], the charac-
teristic temperature T, the characteristic energy E, of the trap
distribution and the concentration of trapping state N, were
calculated. Initially, the concentration of traps was deter-
mined. As can be seen from Fig. 4a, the “crossing voltage”
U. of characteristic curves in log I - log U coordinates is
equal to 0.86 V. The dependence of power in the relation
describing SCLC [10] on reciprocal temperature shown in
Fig. 4b. It should be noted that with the temperature growth,
the power m approaches to three, I~ U°. It can be assumed

that 7~ U” dependence is characteristic for SiO, film [10,
13].

The value of “crossing voltage” is defined by the
expression:

U.=gN,d*/2¢, €0 1)

where ¢, is the permittivity of free space, €,=8.1 is the
dielectric constant that was determined from capacitance-
voltage (C—V) characteristics, d is the film thickness.

The density of traps N,=7.23 X 10'% cm™ was determined
according to eq. ;. The values of characteristic temperature
T,=435 K, characteristic energy E,=0.037 eV were deter-
mined from curve slope in Fig. 4a.

The analysis of the SiO, film conductivity after laser
annealing in the region I1I indicates the conductivity accord-
ing to the Poole-Frenkel (P-F) mechanism [14] describing
by the expression:

qpp  q\qU/dre.g
——
KT iT @

I~ U exp
where ggj, is the depth of the electron traps.

The dependences of the conductivity in the P-F coordi-
nates are presented in Fig. 5a. From the slope of this curve,
the depth of traps in the SiO, film in relation to bottom of
conduction band gg,~0.17 eV was determined.

Laser Irradiation with Intensity of 50 MW/cm? There are
three distinguished regions in the dependences of electri-
cal conductivity on voltage after laser annealing with an
intensity of 50 MW/cm?: I — low voltage region (U<0.2 V,
200<T<300 K), IT - high voltage region (U>2 V,
200 < T <300 K), IIT — high voltage region (U>2 V,
180 < T<200 K) (Fig. 2b).

In region I the quadratic dependence of current on voltage
I~U? is observed. I~U? dependence corresponding to pace
charge limited current (SCLC) mechanism This means that
in a temperature range of 200 < T <300 K (Fig. 2b, region
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Fig.6 I — U characteristics in Arhenius coordinates (/=50 MW /
2
cm®)

I) monoenergetic traps located above the Fermi level [10,
13]. The energy level of the traps involved in the transport
of carriers E,,, — Ex=0.14 eV was calculated from the slope
of the curve shown in Fig. 6 in the Arrhenius coordinates. In
this case, they are located at ~0.14 eV above the Fermi level.

The I — U characteristics in the region II (U>2 V,
200 < T< 3 00 K) show the power dependence I~V" , where
m>2. The “crossing voltage” in this case is V,.=9.7 V.
Using expression (1) we calculate the concentration of elec-
tron traps N, = 2.46 x 10'7 cm™. The characteristic tempera-
ture 7,=303 K and the energy of the traps E,=0.026 eV
were determined from curve slope.

In the region III (U>2 V, 180 < T< 200 K) there is the
P-F mechanism of conductivity (Fig. 5b).

The level of traps g¢,=0.37 eV (calculated from the
bottom of the conduction band) were determined from the
slope of the curve. The determined value of the level of
traps shows that with increasing intensity up to 50 MW /
cm?, the barrier increases, and accordingly the influence of
states near the Fermi level on current transport decreases,
which is associated with the decrease of their density and

the increase in silicon nanoinclusions as a result of structure
transformation.

Laser Irradiation with Intensity of 100 MW/cm? The laser
irradiation of the film with the intensity of 100 MW / cm?
transforms SiO, film into nanocomposite SiO,(Si) one con-
taining silicon nanoinclusions into oxide matrix.

For the low voltage region I (U<0.1 V) the I — U char-
acteristics can be divided into two intervals depending
on the measurement temperature of 180 <7< 300 K and
300<T<350 K (Fig. 2¢). For the average temperature
range of 180 <7< 300 K, the quadratic dependence of the
current on the voltage is observed. The conductivity in the
structure is determined by one group of monoenergetic traps
located above the Fermi level [10, 13]. A similar depend-
ence is observed in the region V of the I — U characteristics.
The calculated values of energy level of the traps involved
in the carriers transport E, were obtained from the slope of
the curves in the Arrhenius coordinates and are given in
Table 1. At lowering measurement temperatures from 350
to 200 K, the Fermi level rises by 0.09 eV to the bottom of
the conduction band.

For high temperatures of 300 < T <350 K, the conductiv-
ity according to Mott’s law is realized.

For the region II in temparature range 300 <T <350 K
there is the quadratic dependence of current on voltage cor-
responding to SCLC mechanism.

For the region 111 (U>2V, 200 < T <350 K) the depend-
ence of current on voltage is /~ U*2. Such dependence cor-
responds the case when the drift velocity of the carriers
depends only on the field, which is characteristic of the so-
called “warm” electrons. In this case scattering by acoustic
phonons predominates [[12];].

In the region IV (U< 1V, 100 < T< 160 K) the electron
tunneling mechanism predominates. From the slope of the
curves in the Fowler-Nordheim coordinates, we determined
the value of the barrier, which is equal to g =0.1 eV. The
field at low voltages has little effect on the barrier height,
which means that direct tunneling through oxide layers
between nanocrystals predominates.
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Table 1 The parameters of the conduction mechanisms of SiO, and SiO,(Si) films after laser annealing

I, MW/cm?> T, K U,V Mechanism Parameters

10 250-350 < 0.2 Mott MEp)=421x10"7 eV~ cm™; R,,,,=1.3x107% cm (288 K); W,,,,=0.165 eV (288 K)-
180-350 02<U<2 SCLC Wipp=0.059 €V; V,=0.86 V; N,=7.25x10'® cm™; 7,=435 K; E,, = 0,037 eV
100-110 02<U<2 P-F g, =0.17 eV
100-350 u's

50 245-300 <2 U? E,=0.14eV
245-300 >2 SCLC V.=9.3 V; N,=2.44x 10" cm™3; T,=303 K; E,, = 0.026 eV
180200 >4 P-F q¢,=0.37 eV

I, MW/cm? T, K U, V Mechanism Parameters

100 300-350 <1 Mott NMEp)=931x10" eV cm™; R,,,,=2.1x107* cm (300K); W),,,=1.5 eV
200-350 02<U<I1,>2 SCLC,UY™ Vv,=058V;N,=151x10"%cm™ 7,=357K; E, = 0.03 eV
200-300 <0,1 U2 E.=0.12eV
100-160 <1 F-N q¢,=0.1eV

All obtained parameters characterizing the conductiv-
ity through SiO, films depending on the power of the laser
radiation, voltage range and measurement temperatures are
summarized in Table 1.

4 Conclusions

The effect of laser annealing on the peculiarities of electric
conductivity of silicon-enriched SiO, films as a result of
their transformation into a nanocomposite SiO,(Si) film con-
taining Si NC in the dielectric matrix has been investigated
in detail. The possibility of laser-induced nanostructural
transformation of non-stoichiometric thin SiO,-amorphous
films containing Si NCs with initial averaging values of
d <6 nm into the SiO, nanocomposite layer with increased
NCs sizes, d ~35 nm was shown based on the analysis of
AFM images. The physical model that explains the increase
in the size of Si NCs in thin SiO, films has been considered.
It was shown that electron transport mechanism through
Si0, film depend as on electric field and measurement tem-
perature. The main electron transport mechanisms are hop-
ping with variable length (Mott’t mechanism), electric field
enhance thermal excitation of electron from the traps into
conduction band (Poole-Frenkel mechanism), space charge
limited current (SCLC) and electron tunneling. The signifi-
cant influence of laser annealing on electrical conductivity
has been revealed and explained based on structural trans-
formation of the film. Structures with silicon nanoparticles
that are grown inside SiO, matrix draw researchers’ attention
due to prospects of creation on their basis functionally new
nanoelectronics devices such as nanocrystal memory, single-
electron transistors, Si-based LEDs and laser. As a rule, the
Si0,(Si) films containing Si nanoclusters are formed dur-
ing high temperature annealing in the furnace. The using

@ Springer

of the laser annealing allows to form Si nanocluster locally
on small part of the wafer. This feature is very attractive for
nanotechnology and creation of nanodevices.
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