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Abstract

The electronic structure modification of germaninanocrystals under the condition of external pres$ias
been investigated, in order to gain a better utdeding of their relevant properties. In this paer atomistic
insight into the effect of size-pressure variatnthe electronic structure of germanium nanoclygt 8, 16,
54 atoms) is performed. The effect of pressure fmn dtructural and electronic properties of germaniu
nanocrystals has been investigated using the langecell within the framework of ab initio restréd Hartree-
Fock theory and the linear combination of atomibitat approximation included in Gaussian03 softwhye
considering the effects of size and pressure. Gohenergy, indirect band gap, valence bandwidith laumlk
modulus are all obtained, which is consistent wittderstanding the interdependence of these quentind
their common atomistic origin originates with sizsd pressure-induced change, leading to a variatiche
crystal potential. Theoretical results are compamitl the experimental measurements. The calculatghow
an agreement of the calculated lattice constamigatlibrium point, cohesive energy, valence bandhyiénd
bulk modulus with the experimental data. Computaddogap is greater than the experimental valuet iBha
what expected from Hartree-Fock method. Band gapwvsha good trend compared to theoretical values. Th
calculations of the effect of pressure on the afaetioned properties are investigated. It is fotimat the
valence bandwidth decrease with the increase afspre, and cohesive energy decrease with the serefa
tensile pressure in 8 atoms while it increase ithd® and 54 atoms. Lattice constant increase pviéssure in
three crystals, and energy gap decrease with peegsboth 8, and 16 atoms crystals and increae pressure
in 54 atoms nanocrystal. The maximum value of pness taken to be 7.6 GPa, because beyond thig véie
phase of Ge transforms from nanocrystals to anqthase.

I1. Introduction

In recent years, the pressure investigations ofcgerductor nanostructures such as nanocrystalewises, and
nanotubes have become a focus area in condensegt piaysics and material science because of theabie
optical properties for applications in optoelectosh quantum dot lasers, high density memory, lgoerering
[1], etc.

Because the electronic structure of semicondugitags a fundamental role in electrical and optical

properties [2], it is important and necessary t@sgtigate the electronic structure change in otalgain a better
understanding of their relevant properties. Itiffiallt to compute static and dynamical propert@scrystals
such as cohesive energy, bulk modulus and lattm@tons experimentally.
Thus, it is a significant way to understand thealification of electronic structure of semiconduct@nocrystals
under the condition of external stimuli such asspoee, temperature, etc. In this paper, we estaldn
analytical model and present an atomistic insigtd the size effect of the pressure-electroniccstine variable
of semiconductor nanocrystals under hydrostatisganes.

V. Computational details:

We shall perform the core part using the large galt (LUC) method[3-6 ]. The (LUC), which is a kirof
supercell methods, was suggested and first apftiedhe investigation of electronic band structafebulk
materials and in particularly elemental semicondrgcin the 70s of the last century [7]. After itscsess in
describing the electronic structure of bulk seméiartors, the method was also applied to a variegystems.
The method was usually coupled with semiempiricathods to overcome ab initio computational diffied of
large scale and deformed systems [6, 7]. The pertmalindary condition (PBC) method available in &ien03
program [8] is used to perform the present taske festricted Hartree-Fock (RHF) method (in whibk t
solution is restricted so that the spatial wavectioms for paired electrons are the same) is usechblecules in
which all the electrons are paired [9].

I11. Theory
We used the framework of large unit cell coupledhwestricted Hartree — Fock method (LUC- RHF). The
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Restricted Hartree — Fock (RHF) method uses theaticombination of atomic orbitals (LCAO)[10] :

Here, Cﬂi are the combination coefficients. The determimataf the

compination coefficients is based on the variatiamathods in quantum mechanics. The variation efé¢h
coefficients leads to a set of algebraic equatiinish are called Roothan —Hall equations [3].

Z(F/.IV _gls/lv)cl/l :0. ...................... (2)

\'
In the above equatioSW is the overlap integral defined by
Suv = j¢ﬂ M, dry. 3)

Fuv is the fock operator matrix given by [6]
1
Fo=H, +2XP(wlA0) —E(y/llva)]........(4)

H/N is the matrix elements of the core Hamiltonian dfirgle electron in the field of the nuclei. Itseoator
representation is given by [11]

1., _Z
H, = j¢ﬂ(1)[—§D —%TA]@(l)drl. ....................... (5)
Here Z, is the charge of nucleus A and the summation ésallnuclei. The density matrix is defiend by
occ
Pa =25 C,Ch oo 6)
|

The summation is over occupied orbitals only farseld shell systems which are the case in the firesen
work. Two-electron integrals are the most time egdee in the above equations, are defined by[6,11]

1
(w120) = (16,09, 1) =4, (24, QdndT, v (7)
12
The total energy Eis defined as [6]
E" =% Py Hy +5 ZZ PP (V1 40) =S (1AIVO)] +Vygy @)
)74 MV Ao

Where the last term of the
right side of Eq. (8) represents the inter-nucleatential energy. All the above integrals are eatdd using
Gaussian program [8].

The effect of pressure on the electronic structume other properties can be calculated from thegmte
theory computational procedure. By the use of alcutated values of the bulk modulus B and its\dgiveB |

, the volume change (V) with applied pressure vedsutated using the following equation [12]:

B
pzﬂ[(\ij _1] ........................ ©)
Y,

P is pressure andy\s the equilibrium volume at zero pressure.

IV. Calculations and Results

A LUC of 8, 16, and 54 atoms is investigated for i@mocrystals. Although these LUCs is used typjctl
simulate bulk materials, we shall investigate tke of these cells to simulate the interior of ndumsiers. The
building blocks of these cells are the Bravais ualts, so that 8 atom LUC refers to one Bravaisamventional
diamond unit cell cube with side a (a is the Bravaitice constant) surrounded by other latticepdssivate
outer bond we calculate the bulk modulus to be x18'" 1.195x16" 1.231x18" N/m? for three crystals
respectivily and this result agree with experimengdue [ 13].
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Table 1: The electronic structure of 8 atoms Ge nanocrystals

Valance Stress
(Cohesive energy e\ Energy gap (eV bandwidth (eV) Gpa Lattice constant (m
-11.8552 2.6367459 15.84224 -0.000910654 5.30E-10
-11.8544 2.6340248 15.56333 -0.055904961 5.35E-10
-11.8514 2.4272212 14.79952 -0.183609875 5.5E-10
-11.8471 1.8176948 14.31299 -0.557986641 5.6E-10
-11.8412 1.00517434 13.58101 -0.634223908 5.74E-10

Table 2: The electronic structure of 16 atoms Ge nanocrystals

Valance Stress
Cohesive energy (eM) Energy gap (eV bandwidth (eV) Gpa Lattice constant (m
-11.8552 2.5496707 16.47817 0.00760246 5.2E-10
-11.8545 2.5904872 16.08469 0.000478274 5.26E-10
-11.8514 1.823137 14.32986 -0.183609875 5.6E-10
-11.8472 1.251706 13.89775 -0.423700712 5.7E-10
Table 3: The electronic structure of 54 atoms Ge nanocrystals
Valance Stress Lattice
Cohesive energy (eV] Energy gap (eV) bandwidth (eV) Gpa constant (m)
-12.706 3.807929 17.09392 0 5.1E-10
-12.7296 3.816065 16.9969 -0.00065 5.15E-1(
-12.7393 3.83939 16.87043 -0.00177 5.17E-1(
-12.7363 3.842916 16.55391 -0.00513 5.2E-10

From tables above, it is clear that for optimiz#tide constants the increase in tensile stresstedte decrease
in valance bandwidth because the atoms becomeioneasrom each others and this reduce the spiitoh
energy levels causing reducing in valance banihwidelativistic corrections reduce the gap of¢hasidered

nanocrystals by less than 0.3 eV for the Ge namstaly [14]. The calculated energy gap is agree with
experimental value calculated [5] This value is very close to the germanium gaputated using the same
geometry{10] and the cohesive energy decreases as the préssases in 8 atom crystal because the distance
between atoms increased and this reduce attrafttioa so the nanocrystals can withstand for maxinstness

at equilibrium lattice constants [16]. While cohesenergy increase in both 16 and 54 atoms crysfale can
notice from tables above that all electronic préipsrincrease with the increase of the size of ogystals from

8 atoms to 54 atoms. The value of pressure we risaghreed with experimental value (-8 Gpa) catedldy

[15] Fig (1) shows the total energy as a functibmtomic volume for Ge ( 54 atoms LUCs core patjoh is

the same for the others, it is used to calculatk imodules.
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Fig 1: The variation of total energy as a function of atomic volume for ( 54) of Ge atoms LUC

An interesting phenomenon that may occur at theliepppressure is a sudden change in the
arrangement of the atoms, i.e., a structural phasesition of atomic arrangement. The ultimate guess can
lead to an increment in the volume causing enornehiasiges in the inter-atomic bonding [17]. We refticat
the valance bandwidth vary with tensile stresshasva in the figure below
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Fig. 2: The effect of pressure on the valence bandwidth for (a.8, b. 16, c. 54) of Ge atoms LUC. The predicted
effect of pressure on the valence bandwidth istitated in Figure 2. The valence bandwidth deceeadth the
increases of pressure for all crystals we study ltghavior is similar to [17]. The effects of prgsson the
energy gaps for these crystals are shown below
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Fig. 3: The effect of pressure on the energy gapsfor (a. 8, b 16, c. 54) of Ge atoms LUC

The effect of external pressure could induce tgag minimization in both 8, and 16 crystals, whigh
well in agreement with the related theoretical hs§l8 ] while it increase in 54 crystal which repent a
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turning point of the Ge crystal behavior from sewniductor to an insulator. High pressure can leaahdoe far
packed structures compared with those at inittalations at zero pressure[19] Thus, longer bondtleresults
in reinforcing covalency and indicates a way toerlthe electronic state of semiconductor nanodssta
Cohesive energy varies with stress as shown below
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Fig. 4: The effect of pressure on the cohesive energy for (a. 8, b 16, c. 54) of Ge atoms LUC
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As shown in figure, the increase in pressure léadkecrease in cohesive energy in 8 atom nanotsysta
while an increase in cohesive energy occurs in kéthand 54 atoms nanocrystals this may belonpecshape
of crystal that it is cubic in 8 atom and paralgglams in 16 and 54 atoms in which the directioaplied stress
enhance the cohesive energy. In accordance witlreabonsiderations, lengthen bond lengths enhanee th
crystal field and hence band gap energy expangiois consequences of the binding energy that can b
enhanced. More surprisingly, these factors camgthen each other on the electronic structuresralevant
properties of nanosolids.

The band gap energy depends on the crystal fiebdsum of the binding energies over the entiredsoli
The binding energy, or interatomic potential, dejgeon the atomic distance and charge quantity efatoms.
Thus, the energy gained by pressure and nanosffect[20] can tune the band gap energy of semicotmiu
materials. It implies that it is possible to diseowew sources for light emission with a desiredelength by
controlling the physical size or external stimulikewise, the strain of nanostructures would be arem
significant role for band gap variation.

Conclusions

In this paper, a study of some properties of geooaystals is presented. The cohesive energy, datiimstant,
and bulk modulus, its have been calculated by #tiel RHF) method. The calculated results indidhtat this
model gives results in good agreement with theesponding theoretical results, and this shows dssipility
of using this model in qualitative study of sometenials. A reasonable agreement of the valencevadtid is
shown in comparison with the available theoretiedult. However, there is a large difference betwte
calculated indirect band gap and the correspondxuerimental value because of nano size. The effect
pressure on these properties is investigated.ftiued that for optimize lattice constants the @ase in tensile
stress lead to the decrease in valance bandwidtiube the atoms become occasional from each a@hdrthis
reduce the splitting of energy levels causingiogl in valance bandwidth at the expense of engegy and
the cohesive energy decreases as the pressurasesran 8 atom crystal because the distance betateers
increases and this reduce attraction force so #mearystals can withstand for maximum stress atliegum
lattice constants. While cohesive energy increadmth 16 and 54 atoms crystals that is belontstshiape. One
can notice from tables above that all electronmpprties increase with the increase of the sizeaobcrystals
from 8 atoms to 54 atoms. The maximum value ofquesis taken to be 7.6 GPa, because beyond this &
pressure, the phase of ge nanocrystals transfarmuasather form.
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