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Abstract

Laser induced diffusion of antimony in silicon was obtained using a Nd:YAG pulsed laser. The
irradiation of antimony-coated silicon by laser beam allowed melting and diffusion of antimony inside
the silicon. Diodes were fabricated. Laser beam energy and substrate temperature played a major role
in electrical sheet conductivity I-V, and C-V characteristics of the fabricated diodes. High laser energy
reduced the electrical sheet conductivity and dominated the recombination current due to the generation-
recombination process and trapping centers. On the other hand, the diffusion current dominated for
diodes fabricated under heating conditions of the sample during laser irradiation. The C-V measurements
of fabricated diodes revealed that the junction were of abrupt type.

Key Words: Laser annealing, LID doping, Silicon devices, Sb dopants

1. Introduction

In recent decades, scientific efforts have led to an expansion of laser applications, especially, in the use of
pulsed and continuous lasers in electronic industries, aiming for and leading to components of smaller and
smaller dimension that couldn’t be achieved by conventional means.

In this respect, the use of lasers follows the final goal of such use. Some scientists employed the laser
for scribing and drilling [1,2] of semiconductor wafers, in addition to the annealing processes that frequently
follows ion implantation to remove defects [3]. Others scientist have used the laser to induce impurity
diffusion in silicon to manufacture p-n junctions and solar cells [4-6].

In this work, electrical sheet conductivity, I-V and C-V investigations of Sb-pSi diodes fabricated by free
running pulsed Nd:YAG laser under various conditions are presented.

2. Experimental Work

Single crystal (111) Boron-doped (p-type) silicon wafers of 5Q- cm electrical resistivity were cleaned by
warm distilled water and then washed by ethanol in an ultrasonic bath for 10 minutes. This was followed by
chemical etching using a mixture of CH3COOH, HNOgzand HF at 2:3:2 ratio and concentrations of 99%, 70%
and 49%, respectively, for 4 minutes. The wafers were washed again with a ethanol, dried then coated with a
200A thick antimony using a thermal resistive technique under pressure down to 10~¢ Torr. Each wafer was
cut into 1 x 1 cm? samples. The samples were then irradiated by laser at varies energies between 0.18-0.36
J using 300 us TEM,, Nd:YAG laser pulses with beam diameter of 1lmm. The samples were located in an
evacuated quartz ampoule chamber at 10~>Torr) and were heated at varies temperatures (room temperature,
373, 448, 523 & 598 K). Figure 1 shows the experimental set-up of this work. For large areas (1 cm?), 40%
overlap between laser pulses was used. NaOH etchant was used after laser doping to remove the residual Sb
atoms on the Si surface.
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Ohmic contacts were established by deposition on the p-side with a 100A thick gold film using a DC
sputtering unit and the donor side with a 1000A thick aluminum film using thermal evaporation.

3. Results and Discussion

3.1. Electrical sheet conductivity

Knowing the value of the electrical conductivity gives a clear indication of the extent of doping. To
achieve this, a four point probe (type FPP5000) was employed. Figure 2 illustrates the electrical sheet
conductivity curve for antimony doped silicon as a function of laser energy. It shows two distinct regions:
in the first there is a clear increase in conductivity up to 0.28 J of input laser energy, after which the
conductivity starts to decrease. Irradiation with energy lower than this value (the melting threshold value)
did not induce diffusion of impurity from the liquid phase leading to the generation of structural defects
which, in turn reduced the conductivity [7].
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Figure 1. Experimental set-up of laser-induced diffusion.
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Figure 2. Sheet electrical conductivity versus laser energy.

At the melt threshold value of input laser energy, a substitution of impurity within the silicon lattice
took place, resulting in an increase of electrical activity in the doped region [8]. In the second region of
Figure 2, the conductivity-laser energy plot flattens (becomes the saturation region). The region contains
the highest impurity concentration of heavily doped n™ [7, 9].

Irradiating with laser energy beyond the melting threshold reduced the conductivity due to the generation
and recombination centers which occupy deep energy levels within the energy gap of the silicon (i.e. the ion-
ization energy > 3KT/q) [7]. Figure 3 expresses the variation of electrical sheet conductivity with substrate
temperature. Heating the sample resulted in an increase in conductivity due to the increase in the melting
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depth. Extended depth reduced the solidification rate because of the decrease in the temperature gradient
at high substrate temperature [10]. The solidification rate negatively affect the segregation coefficient K
phase K = C,/Cy, where Cs and C; are the concentration of doping in solid phase and liquid, respectively.
Reduction of the later results in an increase in the substitutional impurity concentration within the under
surface region [2] and therefore a growth in the electrical sheet conductivity. Moreover, the temperature
rise of the surface reduces the temperature difference of the sample before and after irradiation, which helps
reduce the induced defects brought by fast laser heating [11].
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Figure 3. Variation of electrical sheet conductivity with substrate temperature.

3.2. I-V Characteristics

Figure 4 shows the I-V characteristics in forward and reverse bias under dark for antimony-doped silicon
using different irradiating laser energies at room temperature.

Figure 4-a shows two regions in the forward current using 0.25 J of laser energy. The first is the
recombination current dominated at low bias voltage (lower than 3KpT/q). This current is developed
because the number of charge carriers generated is greater than that of the intrinsic carrier (n;), i.e, n xp >
n?. To reach equilibrium, there is recombination.

The increase of bias potential to a value greater than 3K 5T'/q made the forward bias current greater while
keeping the recombination current dominant, i.e., no diffusion current existed. After a value of 0.5 V, the
biasing current is changing in random manner. This is the series resistance region. Weak I-V characteristics
and poor rectification diodes resulted when doped at liquid phase did not result in the domination of
recombination current over that of the diffusion. The ideality-factor 8 representing the efficiency of the
diode was 3.2, a value emphasizing the domination of the recombination current. The I-V characteristics at
melting threshold 0.288J laser energy express a clear improvement. Figure 4-b points out that the diffusion
current in the forward bias dominates for bias value greater than 3K 5T /q. This behavior fits well with the
Shockley equation [12]:

IF - Isat[exp qV/(ﬂKBT) - ]-] (1)

where I, is the saturation current, q is the electron charge, V is the applied voltage, Kp is the Boltzmann
constant, and T is the operating temperature.

Figure 4-b shows also the represents of series resistance (curvature at high voltage) brought about by
some defects within the depletion layer. The reverse bias current comprises two regions. The first is the
generation current:

Ig = Aqui/TO; (2)
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which depends on the bias potential, where A is the diode area, W is the depletion layer width, and 7, is
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the carrier lifetime within the depletion layer.

Figure 4. I-V characteristics of p-n Junction diodes fabricated with different laser energies: (a) 0.25 J (b) 0.28 J

(c) 0.39 J.
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The increase in the biasing potential leads to an increase in W, which in turn increases I,;. After value of
2.5 V of bias potential, the second region developed. Here, the reverse bias current stabilizes and becomes
independent of the bias potential. This is called the diffusion current I 4y which is given as [12]:

Lyiy. = gA\/Dymn? /Np, (3)

where Dy, is the diffusion coefficient of minority carriers (holes), Np is the impurity concentration in the
donor side and 74, is the life time of holes.

Figure 4-c reveals unstable reverse bias current with bias potential resulted from structural defects
induced at high laser energy and leading to the soft breakdown. The ideality factor at increased laser energy
has increased by 25% over its value at melting threshold; see Figure 5.

The forward and reverse bias current as a function of bias voltage for diodes fabricated with 0.18 J of
laser energy (this value is not sufficient to make diffusion of Sb in Si at 300 K) and sample heating to 598
K is plotted in Figure 6. As compared to diodes fabricated at room temperature, good features can be
observed due to the reduction of defects. Heating the sample to 523 K caused a reduction in the ideality
factor to 1.7; see Figure 7. This is attributed to the improvement in the crystal characteristics induced by
heating [13].
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Figure 5. Ideality factor as a function of laser energy. Figure 6. I-V characteristics of diodes fabricated with

laser energy 0.18 J and 598 K substrate temperature.

3.3. C-V Chacteristics

Figure 8 is a 1/C? versus Vj, plot. The built-in potential Vj; was determined from the intersect of curve
with the potential axis. It also shows the junction is abrupt [14]. Figure 9 expresses a relation of Vj; with
irradiating laser energies.
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Figure 7. Ideality factor as function of substrate temperature for diodes fabricated with laser energy 0.25 J.
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Figure 8. 1/C? versus reverse bias voltage plot for diodes fabricated with different laser energy.
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Figure 9. Built-in potential as a function of laser energy for fabricated diodes.
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Minimum V;; resulted when using small laser energies. At those energies diffusion from liquid phase did
not occur (due to rapid heating and cooling). At melting threshold energy, V4; becomes greater due to the
increase in the impurity concentration. The use of energies higher than the melting threshold value caused
reduction of V4;. This is due to the defects (induced at high laser energies) which compensate the impurity
role [9]. In addition to this, the increase of substrate temperature helped Vj; to grow as shown in Figure
10. From the 1/C? versus V plot the substrate concentration was calculated as 4.6 — 6 x 101> cm=3. These
values are very close to those obtained from sheet resistance measurements made by four-point probe.
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Figure 10. Variation of built-in potential as a function of substrate temperature for diodes fabricated with laser
energy of 0.28 J.

4. Conclusions

The results of I-V and C-V for fabricated diodes showed their dependence on Laser energy and substrate
temperature. Diffusion of impurity with laser energies lower or greater than the melting threshold value
produced diodes with bad characteristics (poor rectification). The best diodes were obtained when using
melting threshold laser energy and heating substrate above room temperature. The C-V measurements
showed that the fabricated diodes are from the abrupt type.
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