Ab initio calculations of electro-physical properties of GaAs nanoscopic clusters using electron propagator theory  
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Abstract

The electric current through the Cu-GaAs-Cu nanoclusters and their quasi-bandgap widths (HOMO-LUMO differences) are calculated. The ab initio electron propagator theory (Green-Keldysh functions formalism) is implemented for the calculations. The calculated current-voltage characteristics exhibit non-linear character with magnitudes of current reaching several pAs. The calculated quasi-bandgap width (HOMO-LUMO difference) of nanocluster exhibits solid-like behavior with the increase of nanocluster's size. The obtained dependencies and characteristics will be useful for semiconductor quantum-dots manufactures and practitioners in the field of semiconductor nanoelectronics and optoelectronics, in particular, for developers of EM radiation sources and detectors with frequency-tuning ability.

Introduction

Modern electronics is based on physical effects taking place in physical objects with sizes of tens of centimeters to nanometers. Size miniaturization of electronic devices and instruments is a most important tendency of electronics programs. The miniaturization is justified not only by simple reasons of economy of material and energy resources (decreasing of gross size, weight and mass, as well as of energy consumption), but also by less obvious reasons. These reasons include the enhancement of functional capacities of the objects that can incorporate a larger number of interacting elements at the expense of elements size decreasing [1-3]. Second, and may be the more principal reason is the possibility to observe physical effects, typically existing for small size of active fields, in the range of units of nanometers, when dimensional quantization of charge carrier energy spectrum occurs.
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 groups are among most perspective materials for nanotechnology applications [4-9]. Materials from 
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 group have photostability and a high quantum yield of luminescence which determines their use in optronic. 
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 compounds have characteristic features of energy spectrum and extremely small values of conduction electrons effective mass. It provides relatively high value of conduction electrons de-Broigle wave length, on the order of tens of nanometers. Therefore, the specific effects related to dimensional quantization of electrons energy spectrum can be observed in comparatively large structures, which appreciably facilitates the techniques of working with them.
In this paper the properties of nanoscopic GaAs clusters consisting of small number of atoms (12-20) are studied with the help of ab initio electron propagator theory (Green-Keldysh functions formalism).  We can consider these structures as the elementary units for making larger quantum structures (e.g., quantum dots), implementing the “bottom up approach”. The results on electronic energy spectrum of GaAs nanoclusters as well as their electrical conduction properties are reported. Our computational scheme possesses the great advantage of the electron propagator theory [EPT] (inherited from the quantum ﬁeld theory): it is ab initio, i.e. it is not parameterized for a certain class of molecules. At the step of calculating Dyson orbitals, our theoretical approach accounts for both, the electron-electron interactions and electron-electron correlation eﬀects in the molecule. Electron propagator methods for electron binding energy calculations have N^5 scaling and are more efficient than eom-ccsd methods that have N^6 scaling. Moreover, EPT methods yield average absolute errors of ~0.2 eV at lower cost. Density functional methods have adjustable parameters, which are completely absent from electron propagator calculations.
Methods
One of the standard approaches to analyze the nanoscale electronic conductivity of the nanoscopic structure is to use the Landauer-Buttiker formalism [10,11]. Landauer-Buttiker approach treats the transport of electrons through mesoscopic and nanoscopic systems as a scattering process. After the scattering, the electrons return to the same contact or transmit into another contact. In this way, the problem of calculating the macroscopic characteristics of the sample, such as electrical conductivity, is reduced to the solution of quantum scattering problem.

For coherent electron transport, the current (attributable to a single electron energy interval) through the multi-terminal conductor is given by the Landauer – Buttiker formula:
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where 
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 is the transfer function for the transfer of electrons from the electrode p to m; h is Planck’s constant; q is electron charge unit. The total current can be calculated as:


[image: image7.wmf]ò

=

dE

E

i

I

p

p

)

(

.                                                        (2)
Landauer-Buttiker formalism remains valid for non-coherent transport of electrons with the elastic scattering, if transmission characteristics of the conductor are uniform (all conducting levels are the same).

At low temperatures, the Landauer-Buttiker formalism yields the following formula for electrical conductivity:
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where w is the energy of the electron incoming from the electrode to the molecule and 
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 is the transmission coefficient.

In formula (3) the transmission coefficient 
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 in the framework of Green–Keldysh functions formalism is expressed as:
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where 
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 are the coupling (linewidth) matrices describing the interaction between the nanocluster and the respectively left (with no bias) and right (under bias) electrodes, and 
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 are the retarded and advanced Green function matrices of the molecular junction (describing a propagation of electron through the junction).

Using the expressions of the retarded and advanced Green matrices of molecular junction, 
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 [13] and the expression (4) for transmission coefficient, the Landauer Formula (3) yields the zero-bias conductance of a metal–nanocluster–metal junction [12]:
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where w is the energy of an electron being injected from the electrode to the molecule (usually assumed to coincide with the Fermi energy of the electrode); k is the order number of Dyson molecular orbital; 
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 are Dyson orbital pole (electron binding energy) and Dyson pole strength of the corresponding Dyson orbital; 
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 are the coupling constants showing the smearing of the k-th molecular orbital level; 
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 are the partial contributions of the k-the Dyson molecular orbital into the overall molecular conductance through the left, right and both electrodes, respectively. All quantities needed to calculate electrical conductance of molecular junction by means of formula (5) (except for the energy of incoming electron) are taken from the output of any quantum chemistry computational software able to run OVGF (EPT) calculations [15].
Dyson orbitals can be represented as the wave functions of the outgoing electron (before ionization). Thus, for the ground state ionization, Dyson orbital is well approximated by the molecular orbital of the electron ejected from an atom during ionization.
Current through a junction is expressed in terms of Dyson orbital poles, 
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 is calculated by the following formula [13,14]:


[image: image30.wmf][

]

)

(

)

(

)

(

)

(

)

(

)

(

k

k

f

f

a

k

k

h

e

J

R

L

k

R

k

L

k

R

L

k

g

g

e

e

g

g

+

-

=

å

                                     (6)

The Fermi functions term analysis, [
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], permits one to see the major role which is played by the alignment of Fermi levels of the electrodes with nanocluster’s energy leveles: it determines which molecular orbitals of the nanocluster participate in electron transport.
Simulation results and discussion
In order to investigate the electronic properties of GaAs nanoclusters and to obtain the necessary input data for our computational scheme (see formula (6)), the model experiments are conducted in quantum chemistry computational software GAUSSIAN 09 [10]. The electron propagator theory subprogram of GAUSSIAN 09 software is designed to calculate the structure and properties of molecular systems by means of solving Dyson-Schwinger equation [11]. The electron propagator theory in Gaussian is implemented by means of OVGF (outer valence Green functions) method. This method yields the values of molecular orbitals including the values of HOMO (highest occupied molecular orbital) and LUMO (lowest unfilled molecular orbital). In case of nanoclusres, HOMO level corresponds to the ceiling of the nanocluster’s quasi-valence band and LUMO level corresponds to the bottom of its quasi-conductivity band. Our model experiments consist in B3LYP geometry optimization of the nanoclusters at different bias values (in 0.0-1.0 V range) using the 6-311 basis set with the subsequent OVGF calculations of the optimized nanoclusters.
Fig. 1 shows the structure of GaAs cluster consisting of 15 atoms before (a) and after (b) optimizing its geometry. Fig. 2 illustrates the dependence of the nanocluster’s quasi-bandgap width (the deference between the HOMO and LUMO levels) on the number of atoms in the cluster: as number of atoms increases, the quasi-bandgap width decreases. This trend is consistent with the conclusions of the band theory of solids for macroscopic samples.

In order to investigate the influence of external voltage on the electronic band structure of GaAs nanocluster, the Cu atoms (modeling the electrodes) were added (Fig. 3-4). Two versions of nanocluster were investigated: 12-atoms cluster (the distance between the electrodes is 0.9 nm) and 20-atoms cluster (the distance between the electrodes is 1.6 nm). Fig. 5 shows the resulting band diagrams of nanoclusters. Both diagrams show that the increase of nanocluster’s size leads to the increase in DOS both, in the quasi-valence band and in the quasi-conduction band. The applied voltage significantly alters only the HOMO and LUMO levels of nanoclusters.
Finally, the electrical conductivity of GaAs clusters is investigated. At low voltages (below 0.23 V) the current grows very little with the increase in voltage. Then, after the voltage reaches 0.3 V, current starts to rapidly grow (Fig. 6). This is explained by the fact that until the quasi-Fermi level of Cu electrodes approaches the vicinity of HOMO level, no electrons are able to jump from HOMO to the quasi-Fermi level. As the quasi-Fermi level reaches HOMO, electrons start transporting between the electrodes through the HOMO level of nanocluster.

Conclusions

For the first time the ab initio electron propagator theory is used to investigate the influence of applied voltage on the energy band structure of GaAs nanoscopic clusters, as well as to calculate the electrical current through them. The obtained current-voltage characteristics of both, small (12 atoms) and large (20 atoms) nanoclusters, exhibit a region of nonlinearity, with the current values reaching several pAs. It is assumed that the nonlinearity of the current-voltage characteristics is associated with a shift of the electrode’s quasi-Fermi level relative to the HOMO level (ceiling of quasi-valence band) of GaAs nanocluster with the increase of applied voltage. When the electrode’s quasi-Fermi level reaches HOMO level of the nanocluster, electrons start transporting between the electrodes through the HOMO level.

The calculations show that the electronic band structure of GaAs nanoclusters is altered by voltage applied, HOMO (ceiling of quasi-valence band) and LUMO (bottom of quasi-conductivity band) levels being the most altered levels. Also, the increase of nanocluster’s size leads to the increase of DOS, both, in the quasi-valence band and in the quasi-conduction band of the nanocluster. The obtained dependencies and characteristics will be useful for semiconductor quantum-dots manufactures and practitioners in the field of optoelectronics, in particular, for developers of EM radiation sources and detectors with frequency-tuning ability.
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Application

Fig.  1. GaAs cluster (15 atoms) before (left) and after (right) optimization
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Fig.  2. The dependence of the bandgap width of GaAs cluster on the
number of atoms
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Fig.  3. GaAs cluster (12 atoms) with copper contacts before (left) and after (right) optimization
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Fig.  4. GaAs cluster (20 atoms) with copper contacts before (left) and after (right) optimization
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Fig.  5. Energy diagram of GaAs clusters, consisting of 12 atoms (left) and 20 atoms (right); red line represents the quasi-Fermi level
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Fig. 6. The current-voltage characteristic calculated for GaAs clusters

consisting of 12 atoms (left) and 20 atoms (right)
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