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Abstract
We show using an sp3s∗ tight-binding model that the band anti-crossing (BAC) model describes
well the evolution of the lowest N-related conduction states in ordered GaP1−x Nx alloys,
including the evolution of the � character with increasing x . We obtain a good description of
the lowest conduction states in disordered GaPN structures by explicitly treating the interaction
between the GaP host � conduction band minimum and defect states associated with a random
distribution of N atoms. We find a very similar value for the total � character mixed into the N
levels in the ordered and disordered cases, but a wider distribution of states with � character in
the disordered case. We show that the band gap reduction with increasing composition is
dominated by the increasing formation of N cluster states. Overall key features of the band
structure can be well described using a modified BAC model which explicitly includes the
broad distribution of N levels in disordered GaPN alloys.

1. Introduction

At present there is controversy as to the nature of the lowest
conduction states and of the band gap for dilute GaP1−xNx

alloys. Replacing a small fraction of phosphorus by nitrogen
in GaP1−xNx produces states in the band gap close to and
just below the host GaP X point conduction band minimum
energy. The main models in the literature to describe the
evolution of these states are an impurity-band (IB) model [1, 2],
an empirical pseudopotential-based model [3–5], and a two-
level band anti-crossing (BAC) model [6–10]. In the IB model
the N-induced states broaden with increasing N to form a
continuum absorption band; this is said to occur involving only
the nitrogen states without any explicit interaction with the host
conduction band. The empirical pseudopotential model has
been used to undertake detailed studies of the band structure
of GaP1−x Nx supercells, identifying both N-related localized
states and also host states which are strongly perturbed due to
the introduction of nitrogen. The two-level BAC model was
originally introduced to describe the evolution of the lowest
conduction band in GaAs1−x Nx in terms of an interaction
between the host � conduction band minimum and a higher-
lying band of N resonant states.

The two-band BAC model provides a simplified view of
the conduction band structure, making two major assumptions
concerning the band structure. We show here how one of

those assumptions is reasonable when describing the optical
properties of GaP1−xNx but that the second assumption
needs modification and generalization to get a quantitative
description of the lowest conduction states and their optical
properties. Concerning the first assumption, the BAC model
assumes that the chief effect of an isolated N atom is
to introduce a single N-related defect state just below
the X conduction band minimum of GaP. More complete
calculations [4] show that when a single nitrogen atom is
placed within a large supercell (up to 1728 atoms) it introduces
numerous perturbed states, with �, X and L character,
throughout the conduction band. However these calculations,
and the tight-binding (TB) calculations which we present
below, show that only a single N state in such a supercell
has appreciable � character close to the X point energy.
Because the valence band maximum is largely unperturbed
due to the introduction of N, it is therefore reasonable to
describe direct optical recombination in terms of transitions
between the �-related N-induced state and the valence band
maximum3. However the second assumption in the 2-level

3 Recent calculations [5] have shown that some L character is mixed into the
valence states just below the valence band maximum, and that this mixing is
important for optical transitions in the 2.5–3.2 eV range, for N concentrations
above 1.5%. The present paper considers transitions at and below the GaP
indirect gap of 2.35 eV, so that these valence L states can therefore be ignored
in the analysis presented here.
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BAC model is that all N atoms introduce a defect state at
the same energy in GaP1−xNx . Both experiment [2] and
detailed calculations [3–5] show that this is not the case. We
find for instance using the TB method that when a single Ga
atom has two N neighbours, this NN pair introduces a defect
state at 2.180 eV, 126 meV below the calculated isolated N
defect state energy. Interactions between N atoms which are
near neighbours also leads to an inhomogeneous broadening
of the defect state energy spectrum, while larger N clusters
which form with increasing composition x also introduce
defect energy levels deeper in the GaP gap. We have shown
previously that this distribution of N state energies is crucial
to understanding several of the properties of GaAsN alloys
[11–16], and also of GaSbN and InSbN [17]. We show
here that the distribution of N state energies is also key to
understanding the lowest conduction states in GaP1−xNx .

We begin in section 2 by using an sp3s∗ TB Hamiltonian to
investigate the evolution of the electronic structure of ordered
GaP1−xNx supercells with increasing N composition x . These
ordered structures have just one N-related state with significant
� character below the GaP conduction band minimum, and so
are an ideal system to test the principles of the 2-level BAC
model for GaPN structures. We analyse the TB results to
show that the evolution of the lowest conduction band states
in such ordered GaPN structures is indeed very well described
by the 2-level BAC model. We then use the TB method in
section 3 to investigate the electronic structure of 1000-atom
disordered GaPN supercells. We find that average features of
the electronic structure can still be described using the 2-level
BAC model, including the total � character associated with the
distribution of N levels, but that the 2-level BAC model omits
much detail of the electronic structure.

We then show that the detail of the band structure of the
1000-atom supercells is well described by explicitly including
the interactions between the different N levels and the GaP
� conduction band minimum. Because N introduces such a
strong perturbation, the results of the individual 1000-atom
supercell calculations depend strongly on the distribution of
the N atoms, including the number and relative positions of NN
pairs and the presence or otherwise of larger and less common
N clusters. We therefore probe the average conduction band
properties of disordered GaP1−x Nx in section 4 by considering
ultra-large supercells into which we typically place over
5000 randomly distributed N atoms, with the composition x
determined by the size of supercell considered. The results
of these calculations explain and are consistent with a wide
variety of experimental observations, including systematic
studies of electro-modulated absorption and photocurrent
across a broad range of GaPN samples [18]. We conclude
that the conduction band structure and optical transitions in
GaP1−xNx alloys are very well described by a modified BAC
model which explicitly includes the interactions between the
GaP � conduction band minimum and a linear combination of
isolated but interacting N defect states.

2. Nitrogen states in ordered structures

The two-level BAC model explains the strong band gap bowing
observed in GaAs1−x Nx , where the energy gap decreases

rapidly, by over 100 meV per % of N for x � 3%. This
exceptionally large band gap reduction is explained in terms of
an interaction between two levels, one at energy Ec associated
with the extended conduction band edge states ψc0 of the
GaAs matrix, and the other at energy EN associated with the
higher-lying localized N impurity states ψN0, with the GaAsN
conduction band minimum energy E− then given by the lower
eigenvalue [6]:

H =
(

EN VNc

VNc Ec

)
(1)

where the interaction VNc between the quasi-localized N
states and the GaAs conduction band minimum scales with
N composition x as VNc = βx1/2, with β ∼ 2.04 eV
in GaAsN [19], and where Ec and EN in equation (1)
can also depend on N composition x [19]. This 2-level
BAC model accounts well for many features of GaAsN,
including in particular the band gap bowing. However
the single N level at energy EN must be replaced by a
distribution of N levels to explain e.g. the anomalously large
electron effective mass values measured in many GaAsN
samples [14, 20, 21], and also to account for the effective
gyromagnetic factor [15] and intrinsically low mobility of
electrons in GaAsN alloys [16, 22–25].

Turning to GaPN, the energy of the GaP �1c conduction
band minimum, Ec lies over 0.5 eV higher in energy than the N
defect states. We expect in a 2-level BAC model that the lowest
conduction levels in GaPN will therefore have predominantly
N defect state character, ψN0, with just a small admixture of the
GaP host � state, ψc0. We now use the TB method to explicitly
evaluate the evolution of the lowest conduction state

ψ− = αNψN0 + αcψc0 (2)

in ordered GaPN supercells.
We do this by calculating and comparing the lowest

conduction wavefunction ψ− in a GaL PL−1N1 supercell with
the � conduction band state ψc0 of GaP [26]. We see from
equation (2) that ψ− is a linear combination of ψc0 and
ψN0, the wavefunction associated with an isolated N atom
in an infinite GaP crystal. Knowing ψ− and ψc0, we
can therefore determine ψN0 from equation (2) as ψN0 =
(ψ− − αcψc0)/

√
1 − α2

c where αc = 〈ψ−|ψc0〉. We can also
then use ψc0, ψN0 and the GaPN full TB Hamiltonian H to
calculate VNc = 〈ψc0|H |ψN0〉, EN = 〈ψN0|H |ψN0〉 and
Ec = 〈ψc0|H |ψc0〉.

Calculating the probability density of the N defect state,
|ψN0|2, for each atom in the Ga500P499N1 supercell shows that
the N state is highly localized, with ∼5% of its probability
density on the N atom and ∼11% on each of its 4 Ga
neighbours. That is almost 50% of the probability density
lying on these five central atoms. This is very similar to
the localization of an isolated N resonant state calculated
previously for GaAs1−x Nx [26].

Because the N state is so localized, we expect that
we should be able to describe the lowest conduction states
in ordered GaPN using the BAC model, as was the case
for GaAsN [26]. To test this we have used the TB
method to calculate the electronic structure of a series of

2
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Figure 1. Calculated values of V 2
Nc for a series of GaL PL−1N1

supercells. The straight line fit is obtained by assuming V 2
Nc = β2x ,

with β = 1.737 eV.

ordered GaPN supercells. We considered ordered GaL PL−1N1

supercells containing 1728, 1000, 512, 216, 128 and 64 atoms
respectively, with N composition ranging from 0.12% to 3.1%.
The 128-atom supercell was made up of 4 × 4 × 4 two-atom
face-centred cubic unit cells, while the five other supercells
were made up of M × M × M eight-atom unit cells in a simple
cubic arrangement with 2 � M � 6. This limited number
of ordered supercells were used to test the principle of the
BAC model when all N atoms have an identical environment
in GaPN.

Figure 1 shows the calculated values of V 2
Nc =

|〈ψN0|H |ψc0〉|2, plotted as a function of supercell nitrogen
composition x . We show in figure 1 that V 2

Nc varies
almost linearly with x , as β2x , with the calculated values
of β varying between 1.690 and 1.740 eV for the different
structures considered. This calculated value of β for GaPN is
considerably less than the values of 2.7 eV [9], 3.05 eV [7] and
4.38 eV [10] fitted by previous authors to experiment. We note
however that the difference in electronegativity and in atom
size between N and P atoms is less than that between N and
As. This is consistent with the calculated value of β being less
in GaP than in GaAs, because the interactions which contribute
to β depend on the differences between the host material and
N-related potential [27]. The experimentally derived values
of β for GaPN were obtained by fitting to photoluminescence
(PL) spectra in samples containing many N clusters, where
the variation of PL energy with composition is most likely
dominated by the evolution of deeper defect levels due to
N clusters.

The � character, |〈ψ−|ψc0〉|2, of the conduction band
minimum plays a large role in determining the optical
properties of the alloy, giving a direct indication of the
probability for optical absorption and emission. The solid lines
in figure 2 show the calculated energy spectrum G�(E) in
the conduction band of the six ordered GaL PL−1N1 structures,
projected onto the GaP � conduction band state, ψc0

G�(E) = �|〈ψi |ψc0〉|2δ(E − Ei), (3)

E

0.116 %

0.2 %

0.391%

0.926%

3.125%

N

E -

Fr
ac

tio
na

l  
  C

ha
ra

ct
er

, G
  (

E
)

0.001

0.01

0.1

0.001

0.01

0.1

0.001

0.01

0.1

0.001

0.01

0.1

0.001

0.01

0.1

2.2 2.4  2.6 2.8 3.0 3.22.0

Energy (eV)

Figure 2. � character of the lowest conduction band states in ordered
GaLPL−1N1 structures. The dashed line shows the value of
EN = 〈ψN |H |ψN 〉 calculated for each structure. The y-axis is
plotted on a log scale to show the emergence of the � character of
E− with increasing x . The vertical arrows show the value of E−
calculated for each structure using the 2-level BAC model of
equation (1).

where Ei and ψi are the energy and wavefunction of the i th
zone centre state in the GaPN supercell. The dashed lines
show the value of EN (calculated for each supercell from
EN = 〈ψN |H |ψN 〉). We note that the calculated value of
EN varies with composition x , due to the interaction of N
atoms in neighbouring unit cells with each other [26]. The
E− energy level can be clearly seen below the EN level in each
case, moving down in energy and increasing in � character for
increasing N composition x . The vertical arrows in figure 2
shows the value of E− determined for each structure using the
calculated values of EN and VNc for each supercell and using
the calculated value of Ec in GaP. By solving the 2-level BAC
model of equation (1), we expect the � character |αc|2 of the
E− level to vary with N composition as

|αc|2 = 1

2

(
1 − 1√

1 + y2

)
, (4)

where y2 = 4β2x/(EN − Ec)
2.

Figure 3 compares the � character of the E− state
extracted directly from the TB calculations (pluses) with the
predicted variation of � character from equation (4), calculated
using the values of EN = 2.34 eV, Ec = 2.89 eV and
β = 1.737 eV (dashed line). We noted above that the values
of EN and Ec both vary with N composition x . We fix EN

3
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Figure 3. � character of the lowest conduction band state in ordered
GaLPL−1N1 structures calculated using the TB method (pluses) and a
BAC model (circles) where the parameters EN and VNc are
determined directly from the TB calculations. The dashed line is
calculated using a 2-band BAC model with EN = 2.34 eV,
Ec = 2.89 eV and β = 1.737 eV. The discrepancy between the TB
(pluses) and BAC (circles) results is due to neglecting the self-energy
shift in Ec in the BAC calculation.

and Ec to their values for small x for the dotted curve in
figure 3, while the circles show the calculated � character
when we use the values of EN from figure 2 in equation (4).
We see that the observed evolution of � character is in good
agreement with that predicted using the 2-band BAC model.
Overall we conclude that the results presented in figures 1–3
confirm the validity of using the 2-level BAC model to describe
the evolution of the lowest conduction state with increasing N
composition x in ordered GaLPL−1N1 supercells.

3. N states in disordered structures

Having established that the BAC model describes well the
lowest conduction states in ordered GaLPL−1N1 structures, we
now use the TB method to examine the band structure of
disordered GaPN, considering 1000-atom supercells with up
to 5% N atoms placed at random on the group V sites (i.e. up
to 25 N atoms per supercell).

Figure 4 shows the calculated energy of the lowest N-
related conduction state for a series of such structures with
increasing N composition, along with the predicted variation of
band edge energy with x , using the 2-level BAC model of the
previous section, with β = 1.737 eV, EN = 2.34 eV and Ec =
2.89 eV. The BAC model gives reasonable agreement with
the individual TB calculations of the 1000-atom supercells
for structures in which the individual N atoms are largely
independent of one another. However the calculated energy
of the lowest conduction state drops significantly below the
BAC value in one of the structures for x = 2% and in all
other structures for higher x . This is because the 1000-atom
supercells at these higher compositions contain e.g. N pairs,
where a single Ga atom has two N neighbours, and also larger
N clusters. The calculated conduction band minimum energy
then starts to vary significantly between different calculations
at larger x , because of larger differences in the detail of the N
arrangements in the different 1000-atom supercell calculations.

beta=1.67 eV,En=2.34 eV
individual calcs

E
ne

rg
y 

(e
V

)

N Percentage

2.4

2.2

2.0

1.8

1 2 30 4 5

Figure 4. Comparison of the lowest N-related conduction state
energy calculated using the BAC model (line) with the energy
obtained from individual 1000-atom supercell TB calculations
(pluses).

We saw previously for Ga500As500−MNM supercells that
the energy and wavefunction of the conduction band edge
(CBE) state can be well represented by the interactions
between the GaAs CBE wavefunction, ψc0, and a linear
combination of M isolated N states (LCINS method) [11, 12],
where the LCINS model includes not only the energy levels
and wavefunctions of isolated N atoms but also of NN pairs
and other N clusters [11, 14, 22]. We show here that we can
likewise associate a localized defect state ψNi with each of
the M nitrogen atoms in a Ga500P500−MNM supercell (i =
1, . . . ,M). Using the LCINS method, we can then analyse the
supercell conduction band states by solving the (M+1)×(M+
1) matrix equation linking the M defect states with each other
and with the unperturbed GaP � conduction band minimum,
ψc0. We have

Hi jφ j = E Si jφ j , (5)

where Hi j = 〈ψNi |H |ψN j〉 and Hi,M+1 = 〈ψNi |H |ψc0〉,
1 � i, j � M , with H the full GaPN Hamiltonian, and
Si j = 〈ψNi |ψN j 〉 a matrix reflecting that neighbouring N states
can overlap each other.

The upper panels in figure 5 (labelled (a)) show G�(E),
the � character (calculated using the TB method) for a
representative set of random GaP1−xNx 1000-atom supercells.
We see that as the N concentration increases, the � character
tends to be distributed over more than one N-related low energy
level. The distribution of the � character depends strongly
on the local N environment in the 1000-atom supercells. The
lower panels (labelled (b)) show G�(E) calculated using the
LCINS method described above, where we explicitly treat the
interaction between the GaP � CBE and the same random
distribution of N defect states. We see good agreement
between the LCINS and full TB calculations in figure 5 for
the lowest conduction band states in the disordered GaPN
supercells considered. Because the 2-level BAC and LCINS
models include only one host � conduction band state, ψc0,

4
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Figure 5. Fractional � character of the lowest conduction band states
in three 1000-atom supercells containing a random distribution of N
atoms. The � character of each state is plotted on a log scale and was
calculated (a) using the full tight-binding method, and (b) using the
LCINS method.

they predict the formation of a single higher-lying energy
level, referred to as E+, above the GaP � level at 2.89 eV
in figure 5(b). In practice, the GaP � level is degenerate
with a large density of other conduction states. The E+
level hybridizes with many of these other conduction levels,
as observed in the full TB calculations of figure 5(a). This
hybridization was also observed when comparing LCINS and
TB calculations of GaAs1−x Nx alloys [28]. The LCINS
model cannot reproduce this hybridization, because it only
includes a single GaP host conduction band state. Therefore
the distribution of energy levels in the vicinity of the host �
conduction band (seen in the TB calculation) are represented
by this single level. However, the good agreement between
the LCINS and full TB calculations for the low energy
states in figure 5 confirm the validity of this modified BAC
model to describe the lowest conduction states in a disordered
GaPN supercell. The calculated increase in E+ energy
is also in agreement with the results of photoreflectance
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Figure 6. Total � character summed over the lowest conduction
levels for a series of TB calculations (pluses), compared with the
predicted variation of � character with composition, using the 2-level
BAC model with EN = 2.34 eV, Ec = 2.89 eV and β = 1.737 eV
(dashed line).

measurements,which show a broadening and upward shift of
E+ with increasing N composition x [18].

Although the � character is distributed over several N
levels near the conduction band minimum in figure 5, we could
still expect the total � character integrated over these N levels
to be well described by the 2-level BAC model in a random
GaPN supercell. Figure 6 confirms that this is the case for low
N composition. From figure 6 it can be seen that there is good
agreement between the predicted and calculated � character
for low N composition, but that the 2-level BAC model with
fixed EN , Ec and VNc starts to underestimate the total character
at larger x , in a similar way to what was previously observed
in figure 3.

In summary, the BAC model predicts that the total �
character, f� mixed into the lowest conduction band states
increases with N composition x , from f� ∼ 7.7% for 1% N
up to 12.7% for 2% N in the case of a single nitrogen-induced
level (i.e. in the ordered structures of section 2). The TB model
predicts a very similar total � character associated with the
N-induced levels in a disordered structure, but the distribution
of this � character depends upon the distribution of N atoms
within the supercell. Comparing the BAC and TB models,
the � character of the E− state in the 2-level BAC model
is close to the total � character integrated over the nitrogen
states near to the band edge in the full TB calculation. As
the N concentration is increased, the probability of forming
nearest neighbour N pairs, second neighbour N pairs, and
larger N complexes increases rapidly. The 2-level BAC model
ignores these N complexes, whose energy and � character are
inherently accounted for using the TB method. In the TB
calculations, the � character remains reasonably constant with
respect to N concentration (see figure 6), but is distributed
over the N levels depending on the local N configurations
within the supercell (figure 5). The local nitrogen configuration
therefore plays a key role in understanding the band structure
of GaP1−x Nx .

5
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Because N introduces such a strong perturbation, we
see from figures 4–6 that the results of an individual 1000-
atom supercell calculation depend strongly on the distribution
of N atoms within the supercell. We therefore need to
choose significantly larger supercells in order to minimize
the effects of different random distributions of N atoms. We
estimate that these supercells should contain at least 5000 N
atoms [11], with the composition x determined by the size
of the supercell considered (e.g. x = 1% for a 1000 000-
atom supercell containing 5000 N atoms). We cannot use
the TB method to directly calculate the electronic structure
of such a large supercell. We see however from figure 5 and
other calculations we have undertaken [11, 12, 22] that the
LCINS model describes well the electronic structure of the
lowest conduction states in dilute nitride alloys. We therefore
extend the LCINS model in the next section to investigate the
lowest conduction states in ultra-large disordered GaP1−xNx

supercells.

4. N states in ultra-large disordered GaP1−xNx

supercells

The LCINS approach models the interaction of the N states
with the host (unperturbed) � conduction band minimum,
while also incorporating the complexities of the local N
environment. We treat ultra-large supercells containing M ∼
5000 nitrogen atoms, with the N atoms being placed at random
on the Group V sites in the lattice. The composition x is then
determined by the size of the supercell. We start here by first
examining the evolution of both the nitrogen density of states
and their � character for N concentrations less than 1%.

We first consider the distribution of N cluster state
energies, by diagonalizing the M × M matrix linking the M
individual N states ψNi to get M nitrogen cluster states ψNl

with energies εl . We can then evaluate the interactions VNl =
〈ψNl |H |ψc0〉 between these cluster states and the unperturbed
GaP � conduction band minimum state, ψc0. The histograms
in figure 7 show the evolution of the distribution of N cluster
state energies, εl , weighted by their interaction with the GaP �
CBE, as x increases from 0.008% to 1.0%, where we plot in
each case VN (E) = �V 2

Nl T (E − εl), and where T (x) is a top-
hat function of width 2 meV and unit area [11]. For very low
N composition (e.g. x = 0.05%), most of the interaction arises
from states which lie close to the isolated N defect level (EN =
2.306 eV). A small feature due to NN(110) pairs is observed
about 2.180 eV for x = 0.2%, as well as another weak feature
at 2.282 eV, due to NN(220) pairs, where we have two N atoms
on opposite corners of a FCC unit cell face. A further feature
is found at 2.298 eV associated with NN(211) pairs. These
assignments are made by examining the wavefunctions of the
states and comparing these with calculations carried out on a
supercell containing just a single (110), (200) or (211) pair.
It can be seen that the number of pair states increases rapidly
with increasing x (approximately as x2), and that the different
peaks are also inhomogeneously broadened with increasing x ,
due to interactions with an increasing number of more distant
N atoms.

Low-temperature photoluminescence (PL) measurements
[2] on a GaP1−x Nx sample with x = 0.05% show a broadly
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Figure 7. Evolution of the nitrogen state energies weighted by the
square of their interaction with the � conduction band minimum for
0.008% N to 1.0% N, calculated using the LCINS model. The
emergence of energy states due to 1st nearest neighbour NN(110)
pairs as well as (220) and (211) pairs is clearly seen with increasing
N concentration. The GaP X point energy (XC1) is shown for
reference in the lowest panel (1.0% N case).

similar distribution of peak energies compared to the energy
levels presented in figure 7, with low energy peaks (labelled
NN1 and NN3) at 2.188 and 2.266 eV, close to the calculated
NN(110) and (220) levels, and then a gap of about 25 meV
to a series of further peaks (NN4 to NN8) between 2.291 eV
and 2.311 eV, the energy range in which the NN(211) pair and
isolated N level are both calculated to occur.

Figure 8 shows G�(E) for the N state distributions of
figure 7, calculated by diagonalizing the (M + 1) × (M + 1)
Hamiltonian matrix Hi jφ j = E Si jφ j of equation (5). We see
for low N composition (x � 0.05% here) that the interaction
between the GaP � CBE and the isolated N defect levels leads
to a E−-like level almost degenerate with the isolated N energy
level (labelled EN in figure 8). However the form of the
calculated � spectrum, G�(E), changes significantly at higher
N composition. We see at higher x that the � character is
now distributed over bands of N states, where many LCINS
states each acquire a small � character, with the � character
appearing predominantly on the low energy side of the different
bands of levels plotted in figure 7. Three main peaks are
observed by x = 1%, one centred at 2.173 eV, just below
the NN(110) isolated energy levels and two more at 2.262 and
2.287 eV, close to the NN(220) and (211) levels.
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Figure 8. The evolution of G�(E), the projection of the LCINS
spectrum onto the unperturbed GaP � conduction band minimum
state for 0.008% N to 1.0% N. The lines EN and EN N show the
positions of the isolated N state energy and the NN(110) pair state
energy respectively. The y-axis is plotted on a log scale to show
more clearly the distribution of � character. Note that the top panel
(x = 0.008%) has a different y scale than the other panels.

Little downward shift of these N-related energy levels
is observed compared to what we would expect based on
the 2-level BAC model, and compared also to the downward
shift observed for E− in the ordered GaP1−xNx structures
in section 2. This marked change can be understood by
comparing the analytical solution of the 2-level BAC model of
equation (1) with the results of diagonalizing the large LCINS
matrices considered here.

The sum of the eigenvalues of equation (1) equals the sum
of the diagonal matrix elements

E+ + E− = EN + Ec (6)

so that the single lower eigenvalue, E− of the 2 × 2 matrix of
equation (1) then becomes shifted down by as large an energy
as the upper eigenvalue E+ is shifted upwards.

The upper level E+ experiences a similar upwards energy
shift in the LCINS and 2-level BAC models. Therefore,
the sum of all the lower N eigenvalues will be shifted
downward in the LCINS model by a similar magnitude as E+
is shifted upwards. This downwards shift is however spread
over many energy levels in the LCINS model, so that each
individual energy level therefore experiences a much smaller
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0.0
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0.0

0.6

0.0

0.6

2.0

3.0 %

V
N

(E
)(
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Energy (eV)

Figure 9. Evolution of the nitrogen state energies weighted by the
square of their interaction with the � conduction band minimum
calculated using the LCINS model, as the N composition is increased
from 2.0% to 3.0% N.

downwards shift than predicted by the 2-level BAC model.
This reduced shift in the LCINS model is consistent with
careful experimental measurements of the band edge shift with
increasing N composition x in GaP1−x Nx samples with very
low x , where little shift is observed in the lowest �-related
CBE states up to x ∼ 0.1% [1]. We see from figure 7
that an increasing number of lower energy N states start to
appear above x ∼ 0.2%, including NN(110), (220) and (211)
pair states. This increasing density of lower energy states
then interacts with the higher-lying GaP � conduction band
minimum, leading to an increasing density of optically active
� related states at lower energies, as presented in figure 8.

The � character in figure 8 is in each case spread over
many N-related levels, but the total � character summed over
all the N states is close to the total � character predicted by
the full TB and by the 2-level BAC model at each composition.
For example, the total � character integrated over the LCINS
states is 7.7% for a nitrogen composition of 1%, compared with
a predicted � character of 7.7% from the 2-level BAC model.
The occurence of several sharp �-related features in figure 8
is also consistent with the observed evolution of the electro-
modulated absorption spectrum in GaP1−x Nx [18].

Figure 9 shows the calculated evolution of N-related
cluster state energies for higher N concentrations (i.e. 2%–3%).
We note that there is a further increase in the inhomogeneous
broadening of the state distribution, and in the number of
NN(110) states, while we also start to see the evolution of
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lower energy states, due to larger N clusters. Figure 10 shows
the calculated evolution of the � character, G�(E), including
a continued down-shift in the � character towards the lower
edges of the cluster peaks, but still showing a broad energy
distribution for the total � character. The � character shifts
more strongly to the nearest neighbour NN(110) pair states,
with increasing � character also found on the lowest energy
states associated with larger N clusters. This leads to a quasi-
continuous downward shift of the lowest � related states with
increasing x . This downwards shift has been modelled by
previous authors using the 2-level BAC model [7, 9, 10].
The LCINS results presented here suggest that the reported
agreement between the 2-level BAC model and experiment
for GaPN is in large part fortuitous: whereas the BAC
model assumes that the lowest GaP � conduction band state
effectively interacts with and repels a single N-related level
with a well-defined energy, we see here that the GaP � state
interacts and mixes with many N-related levels. The energy of
each N-related state is shifted very little through its interaction
with the � level, but the distribution of these levels varies with
x , with an increasing number of lower energy states emerging
as x is increased.

5. Conclusion

In conclusion, we have carried out a detailed analysis of the
evolution of the lowest conduction band levels in GaP1−xNx as
the N composition x is increased up to x ∼ 3%.

Tight-binding (TB) calculations of GaLPL−1N1 supercells
show that the lowest conduction level in ordered structures
is well described by a 2-level band-anti-crossing (BAC)
model [6], which describes the evolution of the band structure
in terms of an interaction between the GaP host � conduction
band minimum and an isolated localized N defect level, which
lies just below the X conduction band minimum of GaP.
The N defect level is highly localized and very similar in
character to the N resonant state in GaAsN [12]. The BAC
interaction accounts well both for the downward shift of the
lowest conduction level and its increasing � character with
increasing N composition in ordered GaPN structures.

When we introduce a random distribution of M N atoms
to form a GaLPL−M NM supercell, we find a distribution of N-
related defect levels below the X conduction band minimum
of GaP, in good agreement with experiment. This distribution
of N-related levels is crucial to understanding the electronic
and optical properties of GaPN alloys. The TB calculations
show a very similar value for the total � character mixed
into the N levels in the ordered and disordered cases but a
wider distribution of states with � character in the disordered
case. This mixing of � character across a range of levels
can then account for the broad PL emission spectra observed
experimentally in GaPN alloys.

Because N introduces such a strong perturbation, the
results of individual TB calculations on 1000-atom supercells
depend strongly on the distribution of N atoms in the
supercell, including the number of NN pairs and the occurrence
of larger and less common N clusters. We therefore
introduced a modified BAC model, which we refer to as

N
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Figure 10. The evolution of G�(E), the projection of the LCINS
spectrum onto the unperturbed GaP � conduction band minimum
state for 2.0% to 3.0% N. The lines EN , EN N and EN N N show the
positions of the isolated N state energy, the NN(110) pair state
energy and the NNN triple state energy respectively.

the LCINS method [11], to describe ultra-large supercells,
where we explicitly treat the interactions between the GaP
� conduction band minimum and a linear combination of
randomly distributed nitrogen atoms. This model reproduced
well the results of 1000-atom TB calculations but also allowed
us to minimize the effects of statistical fluctuations in the N
distribution. Because the � level interacts with many different
N states in the LCINS model, no one N level experiences a
strong downward shift in energy, contrary to the prediction
of the 2-level BAC model. Instead � character is distributed
across several bands of N levels which emerge with increasing
N composition.

Overall, the results of the LCINS calculations explain
and are consistent with a wide variety of experimental
observations. We conclude that the conduction band structure
and optical transitions in GaP1−xNx alloys are therefore
very well described by such a modified BAC model, which
explicitly includes the broad distribution of N levels in
disordered GaPN alloys.
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