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First-principle study of the native defects in GaAs saturable absorbers

Wenjing Tang, Dechun Li*, Shengzhi Zhao, Guiqiu Li and Kejian Yang

School of Information Science and Technology, Shandong University, Jinan 250100, P.R. China

(Received 31 March 2010; final version received 27 June 2010)

The change of atom configuration in GaAs, caused by intrinsic point defects (Ga and As vacancies, Ga and As antisites, Ga
and As interstitials), is first calculated by a plane wave pseudo-potential method with the generalised gradient approximation
in the frame of density functional theory, and the most stable structure is obtained. Then, the formation energy of each kind
of the native defect is calculated, by which the possibilities of the six kinds of point defects to be formed during crystal
growth are analysed. The defect energy levels corresponding to each kind of the native point defect and their electron
occupancy are analysed from the aspect of density of states. Finally, the elastic constants of GaAs saturable absorbers with
native point defects are calculated, and the impacts on the elastic properties brought by native point defects are studied. The
values of defect energy levels obtained will be helpful in ascertaining the mechanism of the EL2 deep level in the GaAs
saturable absorber, and the analysis of the elastic properties of a GaAs crystal with native point defects will be helpful in
guiding the application of the GaAs crystal as a saturable absorber in passively Q-switched lasers.

Keywords: EL2 defect; formation energy; defect energy level; density of states; elastic properties

1. Introduction

Passively Q-switched all-solid-state lasers are of great

interest because of their advantages and potential

applications in remote sensing, ranging, micromachining

and nonlinear wavelength conversion. GaAs saturable

absorbers have achieved passive Q-switching for a variety

of gain media with the advantages of stable photochemical

properties and saturable absorption, good thermal

conductivity, no degradation and high damage threshold

[1–4]. The band gap of a GaAs crystal is 1.43 eV, which is

much higher than the photon energy at 1.06mm. The main

mechanism of passive Q-switching is the effect of deep

level (EL2), which is produced by the defects of GaAs raw

material [5]. When the laser intensity is small, the single

photon absorption caused by photoionisation of the EL2

deep level is the main reason for GaAs passive Q-

switching. But the concentration of the EL2 deep-level

defect in the perfect GaAs crystal is very low, resulting in a

worse saturable absorption and the recovery time that is

difficult to control. Therefore, the concentration of the EL2

deep level should be increased by controlling the growth

conditions of the GaAs crystal, by which the nonlinear

loss, linear loss, recovery time and modulation depth can

be controlled.

The EL2 deep level in the middle of the forbidden band

of GaAs has been found by researchers as early as 1961,

which has been further confirmed by spectral experiments

[6]. Up to the present, in addition to much experimental

research work, the characteristics and forming reasons of

the EL2 deep level have also been extensively studied

from the theoretical views [7–10]. However, to our

knowledge, there are no definitive conclusions on the

microstructure and the forming reasons of the EL2 defect.

As for technological and engineering applications,

electronic structures and elastic properties are important

parameters of solid materials, which can help us to

investigate the micromechanism of the EL2 deep level in

GaAs. Therefore, it is necessary to know more about the

electronic structures and elastic properties of GaAs

semiconductor materials.

In addition to a variety of experimental methods, the

simulation is also a very effective method for studying

the properties of semiconductor materials. In recent years,

the first-principle study has emerged to be a powerful tool

to predict the electronic structures and elastic properties of

defects in semiconductor materials [11,12]. The plane

wave pseudo-potential method based on density functional

theory (DFT) is a relatively mature method to calculate

the electronic structures and properties of the crystal. The

pseudo-potential is used instead of the true potential of the

particles, the electronic wave functions are expanded by

plane wavelet group and the exchange–correlation

functions are corrected by the local density approximation

(LDA) or generalised gradient approximation (GGA). The

electronic structures corresponding to each kind of the

native point defect are analysed from the aspect of density

of states by the plane wave pseudo-potential method.

In this paper, the defects we want to investigate are

intrinsic point defects in the GaAs crystal, namely Ga

vacancies (VGa), As vacancies (VAs), Ga interstitials (Gai),
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As interstitials (Asi), Ga antisites (GaAs) and As antisites

(AsGa) in both the Ga and As sublattices. First, the most

stable atomic configuration with different intrinsic point

defects should be determined by geometry optimisation.

Then, by calculating the formation energy of each kind of

intrinsic point defect, the possibilities of the six kinds of

defects to be formed during crystal growth and the

distribution density of the six kinds of defects in bulk

materials under the thermal equilibrium state can be

obtained. In addition, the overall density of states is

calculated to determine the locations of each defect energy

level and the electron occupation. Finally, the elastic

constants of the GaAs crystal with different intrinsic point

defects were obtained, by which the elastic properties of

GaAs saturable absorbers with different intrinsic point

defects were studied.

2. Simulation method and model

Cambridge serial total energy package (CASTEP), an ab

initio pseudo-potential method based on DFT, has been

used in this study [13]. GGA with PBE parameterisation is

used to describe the exchange–correlation interaction.

Ultrasoft pseudo-potentials are used to model the

electron–ion interaction. A 2 £ 2 £ 2 Monkhorst Pack

grid of k-points is adopted for sampling the Brillouin zone.

The point defect structure is represented by a 2 £ 2 £ 2

face-centred cubic super-cell containing 32 atoms and one

point defect is considered at one time. In defect

calculations, the experimental values of lattice parameters

are used and atomic positions are fully relaxed without any

symmetry constraints. The entire system is neutral.

The perfect GaAs crystal is the face-centred cubic

structure, each atom and four heterogeneous atoms around

form the tetrahedral structure. First, the tetrahedral centre

atom is replaced by the space or the antisite atom when a

vacancy or an antisite defect is calculated (shown in

Figure 1). Then, the atoms’ locations of the lowest energy

and stress can be obtained by optimising the super-cells. In

this paper, the BFGS algorithm [14] is chosen for the

geometry optimisation of the super-cells. The energy cut-

off for the plane wave basis is chosen as 500 eV for the

electronic structure calculation and 300 eV for the elastic

constant calculation. Test calculations show that the

denser k-point grid and higher energy cut-off slightly

affect the computational results. The tolerances are set as

follows: 5 £ 1026 eV/atom for the total energy when the

energy cut-off was 500 eV, 2 £ 1026 eV/atom for the total

energy when the energy cut-off was 300 eV, 0.1 eV/nm for

the root mean square atomic force and 0.003 for the

maximum strain amplitude.

By optimising a variety of geometric structures with

different locations of interstitial atoms, we find that

interstitial atoms exist in the form of split interstitials

which have the lowest energy. Therefore, in this article,

the split interstitial models are used for interstitial atoms

(shown in Figure 2); other parameters are used as

mentioned earlier.

3. Calculation of defect formation energy

The formation energy of a vacancy or an interstitial can be

defined [15] as

E ¼ EN^1 2 EN ^ m; ð1Þ

where EN^1 represents the total energy of the super-cells

with defects; EN is the total energy of the perfect lattice; m

represents the single-atom chemical potential, which can

be obtained from the experimental data or estimated by

constructing the cubic cells with appropriate crystal axis

length; and the symbol ‘ ^ ’ corresponds to a vacancy or

an interstitial defect, respectively. The formation energy of

Frenkel defects in the GaAs crystal is the sum of the

formation energy of the same kinds of atomic vacancy and

interstitial defects, while the formation of Schottky defects

requires the energy which can move two kinds of vacancy

atoms to the crystal surface to form a new cell:

EðSchottkyÞ ¼ EðVAsÞ þ EðVGaÞ þ EðGaAsÞ unitcell; ð2Þ

Figure 1. Scheme of the atom configuration in GaAs. Figure 2. Scheme of the split interstitial configuration.
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EðVAsÞ and EðVGaÞ is the formation energy of the As

vacancy and the Ga vacancy, respectively. EðGaAsÞunitcell is

the energy of the GaAs single cell.

The formation energy of antisite defects can be

calculated, respectively, as follows:

EðGaAsÞ ¼ Edef 2 ½Eper 2 EðAsÞ þ EðGaÞ�

EðAsGaÞ ¼ Edef 2 ½Eper 2 EðGaÞ þ EðAsÞ�;
ð3Þ

where Eper is the total energy of the perfect GaAs super-

cell; Edef is the total energy of the GaAs super-cell

containing point defects; and E(As) and E(Ga) are the

energy of As and Ga atoms, respectively.

The determined formation energy values for intrinsic

point defects are summarised in Table 1, and some of them

are translated into the formation energies of one point

defect in parentheses.

The formation energy we obtained reflects the

possibilities of these defects to be formed in the bulk

material; the larger the formation energy, the more

difficult the information of the defect will be, otherwise it

is easy to form. From the calculation results listed in

Table 1, it can be seen that the formation energy of Ga

Frenkel defects, As Frenkel defects and As antisite defects

in the GaAs crystal are smaller, indicating that they are the

intrinsic point defects which are relatively easy to form.

However, the Schottky defects and Ga antisite defects are

more difficult to form, because their formation energies

are relatively large; therefore, the Schottky defects and Ga

antisite defects in the GaAs crystal are comparatively less.

The calculation results of defect formation energy are

all obtained under the condition of the neutral system in

this paper; however, for the changes in defect formation

energy with the electricity of the defect and the location of

the Fermi level, further study by researchers is needed.

4. Electronic structure

The calculated band structures are too complex for

analysis as the super-cells used to calculate the defective

states are too large. It is more convenient to analyse the

electronic structure from the perspective of density of

states. The overall distribution of density of states of the

GaAs crystal with six kinds of intrinsic point defects is

shown in Figure 3. The vertical dotted lines in the figure

indicate the position of the Fermi level under the ground

state, since the calculation results of the Fermi level’s

location for each defective state we obtained all

demarcated as the location of the zero-point energy,

which is not convenient to compare with each other. The

energy was re-calibrated in Figure 3 to make the peak of

As2s states of a variety of defects located at 25.79 eV

consistent with that of the perfect the GaAs. From the

perspective of bond formations, the 2s electron of As

atoms in the GaAs crystal is not involved. The electron

energy should be basically the same with each other

because of which the energy levels corresponding to As2s

states are deep and little affected by the impurity atoms.

Figure 3 shows the distribution of the total density of

states of the perfect GaAs crystal, the width of calculated

band gap being about 1.453 eV, which is very close to the

experimental value of 1.43 eV. The values of the band

gaps’ width calculated by the DFT under the LDA and

GGA are generally smaller than the experimental values.

As the energy of the Ga3d state of the GaAs crystal is

overestimated, the interaction between Ga3d and As4p

states is increased, resulting in a larger valence bandwidth

and a lower band gap. Therefore, by ignoring the effect

of the Ga3d state in the calculation, we obtained the

values of the band gaps which are much closer to the

experimental values.

It can be seen from the distribution of the general

density of states of VAs and VGa that the two vacancy

defects do not form defect levels in the band gap, but make

the valence band and the conduction band wider, resulting

in a smaller band gap.

A defect state of the AsGa defect with a certain width is

formed between the top of the valence band (VBM) and

the bottom of the conduction band (CBM). This is because

Table 1. Formation energies (eV) of various point defects in GaAs crystals.

E(VGa) E(Gai) E(VAs) E(Asi) E(AsGa) E(GaAs) Ga (Frenkel) As (Frenkel) Schottky

8.24 27.82 9.91 27.67 0.94 4.27 0.42 (0.21) 0.24 (1.12) 15.79 (7.89)
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Figure 3. Total density of states for the pure GaAs and the
GaAs with native defects (the Fermi-levels are located at the
vertical dotted lines).
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the super-cells used in the calculation are not large enough,

the density of defects are too high and the wave functions

of adjacent defects overlap, resulting in defect levels

extending to the energy band (defect state). In order to

facilitate description, we defined the energy centres of

defect states as the corresponding defect levels. It can be

seen from Figure 3 that the defect level of AsGa, which is

located in the middle of the forbidden band (below the

CBM at about 0.52 eV), is a deep defect level which is

similar to the s-state. This deep level can accommodate

two electrons, and the ground state is filled with only one

electron.

A deep level of the GaAs defect is also formed in the

centre of the forbidden band, which is located below the

CBM at about 0.82 eV. It can accommodate four electrons,

and the ground state is filled with two electrons.

The deep levels of Asi and Gai defects are all formed in

the middle of the forbidden band (below the CBM at about

0.5 eV). The defect energy level of Asi can accommodate

four electrons, and the ground state is filled with two

electrons. The energy level of the Gai defect can

accommodate two electrons, and the ground state is all

occupied.

These results are summarised in Figure 4.

From the analysis of the defect-formation energy, we

know that the formation energy of the GaAs defect is

relatively large; therefore, there are few GaAs defects in

GaAs crystals as they are difficult to produce.

It can be concluded that the formation of the EL2 deep-

level defects in GaAs saturable absorbers may be mainly

related to AsGa, Asi and Gai – three kinds of intrinsic point

defects.

5. Analysis of elastic properties

5.1 The lattice constants of the GaAs crystal

As we know, the lattice constant of pure GaAs crystal is a

fixed constant. While the existence of intrinsic point

defects changes the binding force between atoms, makes

the lattice deformation occurred, and at this time the

location of atoms is not determined by the crystal

symmetry, but the equilibrium position on which the

force is zero. Therefore, the lattice constants of GaAs

super-cells are changed significantly for the existence of

intrinsic point defects.

From Table 2, we can see that the value of the lattice

constant of the GaAs super-cell with the AsGa defect is the

same as that of the perfect GaAs, but the values of the

GaAs super-cells with other intrinsic point defects

decrease obviously by about 0.6 nm. Especially, the lattice

constants of the GaAs super-cells with the Asi defects in

the [100] direction are slightly larger than those of the

other two directions.

5.2 The simulation results of the elastic constants

According to Hook’s theorem, we can see that the

relationships between the stress and strain of the material

that has a small deformation can be expressed as: si ¼

cij1j (si represents the components of the stress tensor, 1j
represents the components of the strain tensor, cij is the

elastic constants) [16]. The elastic constants of the GaAs

crystal are calculated by computing the components of

the stress tensor for a given small applied strain using

the CASTEP software. The given strain tensor can

be expressed as 1 ¼ ½1ij�, where 1ij ði; j ¼ 1; 2; 3Þ is a small

lattice distortion, and 1ij ¼ 1ji. Then, the elastic constants

Cij can be obtained by using the stress–strain relationship.

To our knowledge, there are only three independent

elastic constants of the perfect GaAs crystal: C11, C12 and

C44, and the relations among them are C11 ¼ C22 ¼ C33,

C12 ¼ C13 ¼ C23 and C44 ¼ C55 ¼ C66. However, for the

existence of the intrinsic point defects, the symmetry of

GaAs crystals is changed significantly, resulting in nine

independent elastic constants: C11, C22, C33, C12, C13, C23,

C44, C55 and C66. The simulation results of the elastic

constants are shown in Table 3, which is slightly lower

than the experimental data obtained by Dunslan [17]. This

is mainly caused by the LDA and GGA methods we used.

The same behaviour has been observed for substoichio-

metric titanium nitrides [18].

From Figure 5, we can see the impact on the elastic

constants of GaAs crystals which is made by different

intrinsic point defects more intuitively. It is of interest to

compare the results obtained from the super-cells with

intrinsic point defects with that of the same structure

without point defects. The elastic constants of GaAs

crystals with AsGa defects are the same as that of the

perfect GaAs crystals, while the elastic constants’ curve of

Asi defects fluctuates most obviously (the values of C55

and C66 that are not marked in the figure are 2166 and

2219 GPa, respectively). Moreover, the values of the

elastic constants of the GaAs crystal C11, C22, C33, C12,

C13 and C23 become obviously larger than that of the

perfect GaAs crystals for the existence of the other four

kinds of point defects, and the values of C44, C55 and C66

Gai

CBM

VBM
GaA AsiAsGa

Figure 4. Schemes of energy levels of the native defects in
GaAs (solid core dots, occupied by electrons; hollow core dots,
not occupied by electrons).
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become smaller slightly. The dependence of the obtained

elastic constants on the way that the different strains are

applied is attributed to the different modification of the

local environment in the GaAs crystal along the different

direction [19]. However, the changes of the elastic

constants caused by the Gai defect are most obvious.

Therefore, we can figure out that the mechanical properties

of GaAs crystals are mainly affected by the Asi and Gai

defects.

According to elastic mechanics, we know that the

larger the elastic constants of the material, the more

difficult the stretching of the material becomes. The elastic

constants C11, C22, C33, C12, C13 and C23 are the ratios of

the main stresses and main strains, and C44, C55 and C66

are the ratios of shear stresses and shear strains. From the

simulation results, it can be concluded that the existence of

defects makes it easier for the occurrence of tangential

deformation in the GaAs crystal; however, the deformation

in the principal directions does not occur easily while the

hardness of GaAs crystals in the principal directions

increases. In addition, from the results of the lattice

constants, it can also be found that the elastic constants in

the principal directions decrease with increasing lattice

constants, which have been found by Wang et al. [20].

5.3 Analysis of the elastic modulus

The simulation results also give the values of Young’s

modulus E, bulk modulus B, shear modulus G, Poisson’s

ratio n, compressibility K and Lame lambda of GaAs

crystals.

Figure 6 shows the values of Young’s modulus EX, EY

and EZ of the GaAs crystal with defects in the direction of

[100], [010] and [001], as well as the simulation results of

the bulk modulus, shear modulus and Lame lambda.

The Voigt–Reuss–Hill approximate models are used

in the CASTEP software to calculate the bulk modulus,

shear modulus and Lame lambda. The simulation results

of Voigt and Reuss models are the upper and lower limits

of the elastic modulus, respectively. Hill model calculates

the elastic modulus by taking arithmetic means of the

extremes obtained by the Voigt and Reuss models [21]. In

Figure 6, BH, GH and LameH represent the bulk modulus,

shear modulus and Lame lambda obtained by the Hill

model, respectively.

As we know, Young’s modulus of the perfect GaAs

crystal is a constant, while the existence of intrinsic point

defects makes the values of Young’s modulus vary with

different directions we have mentioned. It can be seen

from Figure 6 that the differences in Young’s modulus in

three directions caused by the GaAs and Asi point defects

are larger, especially, for the Asi defects, EY is much larger

than EX and EZ. Also, the values of Young’s modulus of the

GaAs crystals with defects are slightly smaller than that ofT
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the perfect GaAs crystals. In addition, it can be found from

Figure 6 that the existence of defects (especially the GaAs

and Asi defects) increases the bulk modulus BH and the

Lame lambda LameH and decreases the shear modulus GH.

The existence of intrinsic point defects in GaAs

crystals reduces the ability to resist the shear deformation,

but enhances the bonding strength of the GaAs crystals,

and the atoms are integrated with each other even more

closer. Thus, the bulk modulus BH slightly increased,

which is consistent with the conclusion of Table 3.

This phenomenon can also be understood by introdu-

cing an experience criteria proposed by Pugh [22], which

is usually utilised to evaluate the ductility or the brittleness

of materials by calculating the ratios of the shear modulus

G and the bulk modulus B. By considering that the shear

modulus is associated with the resistance to plastic

deformation and the bulk modulus is associated with the

resistance to fracture, Pugh brought up that the material is

ductile if G/B , 0.5, otherwise the material is brittle. From

our calculations, we know that if the value of G/B of the

pure GaAs is larger than 0.5, then it can be figured out that

the pure GaAs is a brittle material, which is not easy to

extend or break. Furthermore, the value of G/B of GaAs

crystals with defects is smaller than that of the perfect

GaAs, indicating that the defects in GaAs crystals reduce

the brittleness of the crystal and enhance the ability to

resist fission.

Table 4 shows the simulation results of Poisson’s ratio

n and compressibility K of GaAs crystals with different

intrinsic point defects. Poisson’s ratio n can show the

stability of a crystal against shear and no volume change

during uniaxial deformation if n is 0.5. Poisson’s ratio n

can also be considered as a parameter to measure the

brittle degrees of the materials. Poisson’s ratios of ductile

materials are usually equal to 1/3, which is larger than the

values of brittle materials. The values of Poisson’s ratios in

Table 4 can further prove the conclusions we have

obtained above.

Finally, from the analysis of the elastic modulus of

GaAs crystals, it can be concluded that the GaAs crystal

with the intrinsic point defects has a certain ductility,

Table 4. Simulation results of Poisson’s ratios and compression
ratios of the GaAs crystal.

GaAs VAs AsGa Asi VGa GaAs Gai

n 0.13 0.3 0.13 0.28 0.33 0.33 0.37
K 0.023 0.012 0.023 0.016 0.012 0.011 0.011
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Figure 5. Analysis of elastic constants for pure GaAs and GaAs
with native defects.

Table 3. Values of the elastic constants (GPa) for pure GaAs and GaAs with native defects.

C11 C22 C33 C12 C13 C23 C44 C55 C66

Pure GaAs 98.47 98.48 98.51 15.25 15.27 15.27 57.89 57.90 57.90
VAs 132.84 131.35 131.62 57.14 57.18 56.93 59.63 55.73 59.84
AsGa 98.47 98.48 98.51 15.25 15.27 15.27 57.89 57.90 57.90
Asi 145.59 65.23 70.05 43.55 60.07 65.23 73.59 2166.04 2219.92
VGa 125.92 125.84 126.56 61.32 61.54 61.58 52.80 52.69 52.76
GaAs 130.99 127.43 125.67 70.13 70.57 71.37 50.87 48.70 46.11
Gai 124.94 124.97 124.96 72.62 72.62 72.59 41.19 40.74 40.72
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Figure 6. Analysis of Young’s moduli, elastic moduli B and G,
and Lame constant for pure GaAs and GaAs with native defects.
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compared to the perfect GaAs crystal, having the ability to

resist fission.

6. Conclusion

The six kinds of intrinsic point defects in GaAs saturable

absorbers are first studied by a plane wave pseudo-

potential method with the GGA in the frame of DFT. The

defect formation energy and the overall density of states of

intrinsic point defects in GaAs saturable absorbers are

calculated, as well as the elastic constants of the perfect

GaAs and the GaAs with intrinsic point defects. From the

analysis of the defect formation energy and electronic

structures of the intrinsic point defects, it can be

determined that the EL2 deep-level defects in GaAs

saturable absorbers mainly relate to AsGa, Asi and Gai,

three kinds of intrinsic point defects. Also, the simulation

results of the elastic constants demonstrate that the elastic

properties of GaAs saturable absorbers are also mainly

affected by the GaAs, Asi and Gai defects, resulting in nine

independent elastic constants: C11, C22, C33, C12, C13, C23,

C44, C55 and C66.

In short, it can be concluded from our calculation that

the characteristics of GaAs saturable absorbers are mainly

affected by GaAs, Asi and Gai, three kinds of intrinsic point

defects, the other three kinds of point defects have little

effect on GaAs saturable absorbers.

The results of the present work could be employed for

further work on the simulations of multiscale materials

[23,24]. Further studies are in progress to examine the

presence of other defects as well as the type of atomic

interactions on the mechanical properties of

nanomaterials.
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