PROCEEDINGS OF THE INTERNATIONAL CONFERENCE NANOMATERIALS: APPLICATIONS AND PROPERTIES
Vol. 1 No 1, 01PCN44(3pp) (2012)

Two-stage of Nanocones Formation by Laser Radiation on the Surface of Semiconductors
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In this work we study mechanism of nanocones formation on a surface of elementary semiconductors
by Nd:YAG laser radiation. A new mechanism of p-n junction formation by laser radiation in the
elementary semiconductor as a first stage of nanocones formation is proposed. We explain this effect in
following way: p-n junction is formed by generation and redistribution of intrinsic point defects in
temperature gradient field — the Thermogradient effect, which is caused by strongly absorbed laser
radiation. According to the Thermogradient effect, interstitial atoms drift towards the irradiated surface,
but vacancies drift to the opposite direction — in the bulk of semiconductor. Since interstitials in Ge crystal
are of n-type and vacancies are known to be of p-type, a n-p junction is formed. The mechanism is
confirmed by appearance of diode-like current-voltage characteristics after i-Ge irradiation crystal by laser
radiation. The second stage of nanocones formation is laser heating up of top layer enriched by interstitial
atoms with its further plastic deformation due to compressive stress caused by concentration of
interstitials in the top layer and vacancies in the buried layer.
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1. INTRODUCTION

Nanostructures are the most investigated object in
solid state physics, especially Quantum confinement
effect in quantum dots [1], quantum wires [2] and
quantum wells [3]. Moreover, different shape of
nanostructures can lead to unique physical properties
of material [4]. For example, nanocones, depending on a
height of structure and solid angle a at top of it, can be
quantum dots, quantum wires or quantum wells [5][6].
The decrease of nanocone's solid angle a < 60° leads to
fundamental changes of its properties. Quantum dot
transforms into a quantum wire with gradually de-
creasing diameter from the base till the tip of the cone.
This is a unique system which has wide technical ap-
plications, for example, 1D-graded bandgap structure
in elementary semiconductor is a photodetector with
“bolometric” or selective type of photosensitivity, de-
pending on irradiation side [7].

Our previous investigations have shown possibility
to form cone-like nanostructures on a surface of ele-
mentary semiconductors — Ge [8], Si [9] and solid solu-
tions SiGe [10] and CdZnTe [11]. According to our in-
vestigation nanocones formation mechanism is charac-
terised by two stages for SiGe and CdZnTe solid solu-
tions [6]. The first stage is characterized by formation
of heterostructure, for example, Ge/Si from SiGe or
CdTe/CdZnTe from CdZnTe solid solutions and the se-
cond stage is characterized by formation of nanocones
due to mechanical plastic deformation of the com-
pressed Ge layer on Si or CdTe on CdZnTe respectively.

The mechanism of nanocones formation for elemen-
tary semiconductors is not clear until now. Therefore,
the main goal of our investigations is to study the stages
of nanocones formation in elementary semiconductors.

2. MATERIALS AND METHODS

In experiments i-Ge single crystals with resistivity
p =45 Qem; No = 7.4 X 1011 em™3, Ng= 6.8 x 10! cm™3,
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where Na and Np are acceptors’ and donors’ concentra-
tion, and samples size 16.0 x 3.0 X 2.0 mm? were used.
The samples were mechanically polished with diamond
grease and chemically etched with H202 and CP-4
(HF:HNOs:CH3COOH in volume ratio 3:5:3). Commer-
cial p- and n-type single crystal silicon substrates were
investigated in the experiments as well. Different in-
tensities and wavelengths of nanosecond Nd:YAG laser
were used to irradiate the samples (pulse repetition
rate 12.5 Hz, power P = 1.0 MW). The laser beam to the
irradiated surface of the samples was directed normal-
ly. The diameter of the spot of the laser beam was 3
mm and point-to-point method was used for irradiation
of the samples. All experiments of nanocones formation
were performed in ambient atmosphere at pressure of 1
atm, T = 20°C, and 60% humidity.

Current-voltage (I-V) characteristics were measured
for the non-irradiated and irradiated samples. Meas-
urements of I-V characteristics were performed by sol-
dering 99% tin and 1% antimony alloy contacts directly
on the irradiated surface of Ge and tin contacts on the
opposite side (see Fig.1.). Measurements of I-V charac-
teristics were done at room temperature and atmos-
pheric pressure. Rectification ratio (RR) of I-V charac-
teristics was usedfor characterization of p-n junction.
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Fig. 1 — Schematic illustration of irradiated i-Ge sample with
p-n junction and soldered contacts
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3. RESULTS AND DISCUSSIONS

I-V characteristics of i-Ge samples before and after irra-
diation by Nd:YAG laser with energy of LR quantum -
4.64 eV and different intensities, are shown in Fig. 2.
The I-V characteristic of the non-irradiated sample is
linear. After irradiation by the laser I-V characteristics
becomes diode like. This process takes place on threshold
manner - resistance of the sample increases by 10 times
and rectification effect appears at certain intensity of the
laser radiation. Threshold intensity (It) decreases with
increase of energy of LR quantum as seen in Fig.3. I
are observed at the fundamental frequency Iwmi= 5.5
MW/cm?2, the second harmonic Iine= 1.5 MW/cm?2 and the
fourth harmonic lina= 1.15 MW/cm?2.
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Fig. 2 — Current-voltage characteristics of a non-irradiated

and an irradiated i-Ge sample by Nd:YAG laser with different
intensities at A = 266 nm and 350 laser pulses.
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Fig. 3 — Rectification ratio as a function of intensity of
Nd:YAG laser radiation for different wavelengths (energy
quanta) of the laser radiation and 350 laser pulses

I-V characteristics of samples irradiated with energies of
LR quanta 1.16 eV and 2.32 eV are similar to I-V charac-
teristics in Fig. 2. Decrease of the It with increase of
energy of LR quantum and appearance of I-V character-
istics rectification effect we explain in the following way:
irradiation of the sample by strongly absorbed LR leads
to transformation of the light energy to the thermal one.
Heating up the sample by LR increases additional gen-
eration of intrinsic defects in crystal - interstitials and
vacancies which are quenched in crystal lattice after the
end of the laser pulse. The formation of a potential barri-
er takes place due to separation of vacancies and inter-
stitials in temperature gradient field [12].

Decrease of the I of LR with increase of LR quan-
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tum, as can be seen in Fig.3, is an evidence of this sug-
gestion. Concentration of interstitials at the irradiated
surface and vacancies in the buried layer of the sample
leads to formation of n-p junction because interstitials are
donors and vacancies are acceptors in Ge [13]. Non-
monotonous dependence of RR as function of the LR in-
tensity and decrease of RR at irradiation of the samples
by the second and fourth harmonics are explained by
formation of nanocones (see Fig. 4) on the irradiated sur-
faces of the samples [6] and therefore a partial destruc-
tion n-type layer on the irradiated surface of the samples.

4. MODEL

A new mechanism of p-n junction formation by laser
radiation in the elementary semiconductor as a first
stage of nanocones formation is proposed. We explain
this effect by following way (see Fig. 5): p-n junction is
formed by generation and redistribution of intrinsic
point defects in temperature gradient field — the Ther-
mogradient effect, which is caused by strongly absorbed
laser radiation. According to the Thermogradient effect,
interstitial atoms drift towards the irradiated surface,
but vacancies drift to the opposite direction — in the bulk
of semiconductor. Since interstitials in Ge crystal are of
n-type and vacancies are known to be of p-type, a n-p
junction is formed (see Fig.5 a-c). The mechanism is
confirmed by appearance of diode-like current-voltage
characteristics after i-Ge irradiation crystal by laser ra-
diation.. The second stage of nanocones formation is
heating up of top layer by laser enriched by interstitial
atoms with its further plastic deformation due to com-
pressive stress caused by interstitials in the top layer
and vacancies in the buried layer (see Fig.5 d-f).

Fig. 4 - 3D AFM image of Ge surface irradiated by Nd:YAG
laser at intensity 7.0 MW/cm?

5. CONCLUSIONS

For the first time a new mechanism of p-n junction
formation in the elementary intrinsic semiconductor by
laser radiation as the first stage of nanocones formation is
proposed. P-n junction is formed by generation and redis-
tribution of intrinsic point defects in temperature gradient
field — the Thermogradient effect, which is caused by
strongly absorbed laser radiation. The second stage of
nanocones formation is laser heating up of top layer en-
riched by interstitial atoms with its further plastic defor-
mation due to compressive stress caused by interstitials in
the top layer and vacancies in the buried layer.
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Fig.5 — Schematic image of nanocones formation
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