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The electronic band structure of GaAsi_Nz (x = 0.016 and 0.031) and
Gaj_zBzAs (x = 0.031) is studied by ab initio calculations using a supercell
approach. Based on ab initio calculations and group theory we present a
comprehensive analysis of the electronic structure of GaAs:N and GaAs:B
alloys. In particular, we study the effective mass of conduction electrons in
GaAs:N as a function of pressure and the Fermi energy. We find that the
lowest conduction band is strongly non-parabolic, which leads to an increase
in the effective mass with the electron energy. The rate of the increase is
enhanced by the hydrostatic pressure. Theoretical results are compared to
experimental data, and a qualitative agreement is found.

PACS numbers: 71.20.Nr, 78.20.Bh

1. Introduction

GaAsi_;N; and In,Gai_,As1_,N; alloys are both promising materials for
applications in fabrication of lasers and solar cells; and very interesting from the
scientific point of view due to their peculiar properties. The most important fea-
tures observed in the typical nitrogen concentration regime (2 = 0.005 to 0.03) are

*corresponding author; e-mail: ngonz@ifpan.edu.pl

(633)



634 N. Gonzalez Szwacki et al.

the following: (i) an unexpected strong reduction of the band gap [1-7]; this indi-
cates a strongly non-linear dependence of the band gap on the alloy composition
(bowing), since the band gap of GaN is larger than that of GaAs by 2 eV, (ii) a
much weaker, sublinear pressure dependence of the band gap with a tendency to
saturate at high pressures [2, 4, 8], (iii) a high value of the electron effective mass,
which increases further as the Fermi energy moves higher into the conduction band
[5, 9], (iv) a new optical transition detected by electro-reflectance measurements
in samples with « > 0.008, called F, situated about 0.4-0.8 eV (depending on
N-content) above the fundamental band gap Fy. While the energy of the band
gap decreases with z, the energy of E, increases with « [2, 3, 6].

Recently, GaAs with 1-3 atomic percent of boron (and the lattice constant
matched to GaAs) has been examined [10, 11] as another candidate for infrared
applications. Since B, like N, belongs to the second row of the Periodic Table, a
comparable B-induced impact on the electronic structure could be expected. How-
ever, the experiment [10, 11] has revealed that this is not the case: the B-induced
reduction of the band gap is small, and the pressure dependence of the band gap
is almost linear up to 6 GPa and close to that of pure GaAs.

To understand differences between the two alloys, we have performed ab
wnitio calculations of their electronic structures. We have analyzed three issues
investigated experimentally in detail, namely (i) the dependence of band gaps
on the chemical composition and (ii) on hydrostatic pressure, as well as (iii) the
electron effective mass. The first experimental values for the electron effective mass
have been obtained recently [5, 9, 12], showing an increase in m™ with an addition
of nitrogen. There is no direct experimental determination of the electron effective
mass for GaAs:N alloys under pressure. In the present work we investigate m* as
a function of pressure and the nitrogen content by means of ab initio theory.

2. Methods of calculations

The calculations have been performed using two approaches: quantum molec-
ular dynamics [13, 14] with standard pseudopotentials [15] and the full-potential
version of the linear-muffin-tin-orbital method (LMTO). We have used LMTO
basis sets including partial waves of s, p, and d character on each atomic site,
giving a total of 44 LMTO orbitals per GaAs unit cell. In the case of the molec-
ular dynamics approach the cutoff energy of 30 Ry for the plane wave basis set
was sufficient to obtain convergent results. In both cases we have used large unit
cells with 64 and 128 atoms; with this choice the substitution of one host atom
by B or N corresponds to the alloy compositions of 3.1% and 1.6%, respectively.
The experimental lattice constants of the end compounds were assumed, together
with the alloy lattice constants chosen according to Vegard’s law. The pressure de-
pendence of the lattice constants was calculated based on Murnaghan equation of
state. Compared to experiment, the values of the band gaps of GaAs at I', L, and
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X are underestimated by almost the same amount, 0.6 eV, which is a well-known
consequence of the local density approximation (LDA) that we use. Moreover, the
LDA gap errors are k-dependent, and this usually leads to errors in the derived
effective masses. In GaAs this error is particularly large at the minimum of the
conduction band (at the I' point), see for example Ref. [16]. On the other hand,
it was shown that the pressure coefficients of the band gaps and of the effective
mass are well predicted by LDA [16-18]. Although we do not obtain the proper
absolute values of the electron effective mass, we may still examine the trends in its
pressure and composition dependence. Similarly, the momentum matrix elements
are expected to be well described.

3. Electronic structure of GaAs:N and GaAs:B

The calculated lattice constants of pure end compounds are 5.56, 4.48, and
4.72 A for GaAs, GaN, and BAs, respectively. These values are smaller than the
experimental ones by about 2 per cent, which is a typical error due to the use of the
local density approximation. On the other hand, the calculated lattice constants of
the investigated alloys satisfy Vegard’s law. In Fig. 1 we present the total energy
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Fig. 1. Total energy plotted as a function of the lattice constant for GaAs:N
with 3% of N.

as a function of the lattice constant for GaAs:N alloy with 3% of N. The obtained
value of 5.523 A for the equilibrium lattice constant is very close to the value
expected from Vegard’s law, 5.527 A. A similar accuracy is obtained for GaAs:B.

We now turn to the composition dependence of the energy gap at the I’
point. The results are presented in Fig. 2. As we can see, doping of GaAs with N
induces a strong reduction of the band gap. For GaAs with 3% of nitrogen, the
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Fig. 2. Composition dependence of the energy gap for GaAs with N and B. The
squares and the stars denote results obtained while using LMTO and the pseudopo-

tential method, respectively.

reduction of the band gap obtained using two different methods of calculation,
LMTO and the pseudopotential approach, 0.39 eV and 0.47 eV, are close. The
average value, 0.43 eV | is in good agreement with the experimental one, ~ 0.5 V.
For the composition = 0.016, the calculated reduction of the band gap, 0.17 eV,
is somewhat smaller than the experimental value of 0.26 eV. The impact of 3% of
B in GaAs is clearly less pronounced, because the calculated energy gaps of GaAs
and GaAs:B are the same within the accuracy of our calculations. This result is
in good agreement with experiment, since the observed increase in Fy induced by
3% is only 0.02 eV. However, this result implies that there is a very pronounced
bowing of the band gap. In fact, we find the reduction of Ey by 0.11 eV relative
to the linear interpolation between the energy gaps of GaAs and BAs. Differences
between the behavior of the AFg,, for B and N stem from the different impact of
atomic relaxation on the electronic structure [19].

In Fig. 3 we present the calculated dispersion of conduction bands of
GaAsi_; N, (solid line) for the composition z = 0.03 at zero pressure. For com-
parison, we also present the electronic structure of pure GaAs (dashed line). The
figure shows that in the presence of N there is a decrease in the band gap by
0.39 eV with respect to pure GaAs. In the supercell approach that we use, we can
investigate the behavior of the secondary conduction minima from the L and X
points of the zinc blende Brillouin zone (BZ), which now are at the I" point of the
folded BZ. We can see that the impurity potential splits the fourfold degenerate
L-derived state into a singlet, a1(L1.), lying below, and the triplet, t2(L1.), lying
slightly above the unperturbed host state. The calculated value of the splitting
is 0.18 eV for z = 0.031 (and 0.14 ¢V for 2 = 0.016). The presence of the im-
purity potential also induces a splitting of the X;.-derived conduction state. The
lowest X conduction levels in GaAs:N gives rise to a singlet a1(X;.), and a dou-
blet e2(X1.). The energy splitting, 0.15 eV, is comparable with the splitting at L.
For the lower composition £ = 0.016 the splitting of X, is smaller, 0.05 eV.
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Band structure for wave vectors along the (111) and the (100) directions of

GaAs;_;N, for x = 0.031 (solid lines) and GaAs (dashed lines). The vertical dashed

lines indicate the range of wave vectors corresponding to the electron concentrations

covered in Fig. 5. The point (1,1,1)7/2as is only halfway towards the Brillouin zone

edge, where ag is the supercell lattice constant, twice larger than that of GaAs.

Fig. 4.

GaAs:N (a,(L,))

Wave function (a) of the bottom of the conduction band of pure GaAs, (b) of

the bottom of the conduction band of GaAs:N with 3% of N, and (c) of the second

conduction band al(Llc) in GaAs:N.

In Fig. 4 we show the wave functions of three conduction states. The bottom
of the conduction band of pure GaAs, and of GaAs:N doped with 3% of nitrogen,
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are shown in Figs. 4a and b, respectively. Both wave functions are antibonding
combinations of s(cation) and s(anion) orbitals. As it is seen in Fig. 4b, in the
presence of impurities there is a strong localization of the bottom of the conduction
band on N atoms. We have quantitatively analyzed this effect by projecting the
wave functions on the atomic orbitals. In pure GaAs, the bottom of the conduction
band contains 49% of s(Ga) and 51% of s(As); this feature is seen in Fig. 4a.
Consequently, considering the unit cell with 64 atoms we find that the contribution
of each cation and anion atom to the bottom of the conduction band of GaAs is
1.5%. In the case of GaAs:N, we find that the contribution of s(N) to the bottom of
the conduction band, equal to 12%, is almost an order of magnitude higher, which
agrees with Fig. 4b. A comparable but weaker localization of the conduction band
occurs also in GaAs:B; in this case, the contribution of s(B) to the bottom of the
conduction band is equal to 7%. The wave function of the second conduction state
in GaAs:N, which is responsible for the F transition, is shown in Fig. 4c. We
see that this state, which is induced by the presence of N, is clearly not localized
on N, but rather on its third neighbors. Finally, we notice that the admixture of the
s(impurity) orbitals to higher conduction states is negligible, with one exception of
a conduction state in GaAs:B located 1.2 eV above the bottom of the conduction
band, which contains 9% of B orbitals.

In the presence of the impurity potential there is a coupling between the
states derived from I', L, and X points of the BZ which have the same symmetry.
This interaction is responsible for many unusual properties of both GaAs:N and
GaAs:B alloys. One of them is a nonlinear dependence of the energy gap on hydro-
static pressure. The effect takes place in both alloys, but the non-linearity is less
pronounced in the case of B [19]. The impurity-induced coupling of states can be
analyzed in the reciprocal space by projecting the states of the alloy onto the states
of pure GaAs. From the analysis of the wave function for the I'-, L- and X-derived
states we obtain that the bottom of the conduction band a;(I;) contains a strong
admixture of the a1(L;.) state, which is 20% and 31% for B and N, respectively.
The contribution of Xi., about 2%, is an order of magnitude smaller, indicat-
ing a weak I'1,—X;. interaction in both alloys at zero pressure. Consequently, for
lower pressures the non-linearity is due to the coupling between the bottom of
the conduction band a;(7%.) and the a1(L1.) state. For higher pressures, the ef-
fect stems from the increasing coupling between a1 (I".) with the singlet a1 (X1.),
which adds to the non-linearity of the pressure dependence of the band gap. For
pressures greater than 8 GPa, the character of the bottom of the conduction band
is dominated by the contribution from the X, state. This agrees with the experi-
mentally observed pressure dependence of the fundamental transition Fy. We also
notice that the second conduction state aj(L1.), which, according to our previous
calculations [19], is the final state of the transition £y, also exhibits a strongly
non-linear pressure dependence. Finally, in the case of GaAs:B alloy, there is a
change of the character of the band gap from direct to indirect at ~ 6 GPa, which
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does not occur in GaAs:N alloys [19]. Differences between the impact of N and B
on the pressure behavior of Fy,, stem from the different substitution site of the
host atom and could be explained on the base of the group theory [19].

As aresult of the I'—L—X coupling discussed above, the pressure coefficients
of the band gaps of alloys are smaller than those of pure GaAs. More specifically,
we find that for pure GaAs, the calculated coefficients of the band gaps at the
I', L, and X points are equal to 110 meV/GPa, 40 meV/GPa, and —20 meV/GPa,
respectively. In the limit of low pressure, the pressure coefficient obtained for
GaAs;_;N; is 63 meV/GPa for « = 0.016, and 55 meV/GPa for £ = 0.031. As
we can see, the influence of the Li, state on the bottom of the conduction, and
therefore on the pressure coefficient of the band gap, increases with the increasing
content of N. (For the sake of completeness, we also give the corresponding values
of deformation potentials, which are 8.5, 6.8, and 4.6 eV for GaAs, GaAs:B, and
GaAs:N, respectively.)

4. Effective mass of conduction electrons in GaAs:N

For the electronic effective mass calculations we have performed band struc-
ture calculations of GaAsi_;N, for a few values of the hydrostatic pressure (0.0,
2.8, 6.4, and 8.5 GPa) and two values of z (0.016, 0.031). We have found a strong
non-parabolicity of the lowest conduction band of GaAs:N. In order to quantify
this effect we calculated the k-dependence of the effective mass, m*(k), accord-
ing to

Figure 5 shows the variation of m* with electron concentration ne(kr) which
is related to the Fermi radius, kg, through ne(kr) = k3/37%. In Fig. 5a we com-
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Fig. 5. The calculated electron effective mass of GaAsi_N, for x = 0.016 (solid line),
¢ = 0.031 (dashed line), and of GaAs (dotted line) as a function of electron concentration

in comparison with experiment (points); (a) P =0, (b) P = 8.5 GPa.

pare the dependence of electron effective masses on electron concentration (Fermi
energy) as determined experimentally for Inz,Gai_3:As1_» N, (for £ = 0.01, 0.02,
0.03) and theoretically for GaAsi_.N, (for 2 = 0.016, 0.031), as well as for pure
GaAs. We observe that although the calculated masses are too small, the general
shape of the ne-dependence of m* is very similar to the experimental one, espe-
cially for low values of n.. The dashed and full-line curves in Fig. 5a (P = 0)
intersect at ne &= 2.5 x 101 em™3, i.e., for low electron concentrations the mass
in the compound with the high N concentration is larger than the mass in the di-
lute compound, whereas the opposite takes place for samples with higher electron
concentrations. It is not possible to decide whether the experiments confirm this
relationship since there are too few data points (Fig. 5a), but the experimental
values of m* for x = 0.03 are indeed lower than those for £ = 0.01 and 0.02. The
calculations show that the crossing point of the two curves moves towards n. = 0
as the pressure is applied, disappearing at P = 2.8 GPa. Figure bb shows the
calculated masses as a function of n. for P = 8.5 GPa. In that case, the effective
mass in the compound with the high N concentration is smaller than the mass in
the more diluted compounds for the whole range of the electron concentrations.
Comparing Figs. ba and b we observe that generally the effective mass increases
with pressure, this being more pronounced for a lower nitrogen concentration.

In the case of pure GaAs, the effective mass of conduction electrons is de-
termined by the k - p coupling between the light hole band and the conduction
band. Within the %k - p approach, the effective mass is proportional to the band
gap. In the case of GaAs:N, there 1s an additional coupling between the lowest
conduction band with the £, band. This coupling is responsible for the increase
in the effective mass in spite of the decrease in Ey induced by the presence of the
N impurities. In the presence of hydrostatic pressure two effects take place: (i) the
increase in the energy gap with pressure, and (ii) the increase in £y — £y cou-
pling due to the decrease in their energy separation. These two features combined
explain the observed increase in the effective mass with pressure.
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