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Interaction between conduction band edge and nitrogen states probed by carrier effective-mass
measurements in GaAs;_ N,
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The electron effective mass, m,, has been determined by magnetophotoluminescence in as-grown and hy-
drogenated GaAs;_,N, samples for a wide range of nitrogen concentrations (from x<<0.01% to x=1.78%). A
modified k+p model, which takes into account hybridization effects between N cluster states and the conduc-
tion band edge, reproduces quantitatively the experimental m, values up to x=<0.6%. Experimental and theo-
retical evidence is provided for the N complexes responsible for the nonmonotonic and initially puzzling

compositional dependence of the electron mass.

DOLI: 10.1103/PhysRevB.73.073201

Incorporation of small percentages (~1% ) of nitrogen in
III-V compounds and alloys (e.g., GaAs, InGaAs, and GaP)
leads to strongly nonlinear modifications in the band struc-
ture of the host lattice.! One of the most striking effects
observed with increasing nitrogen concentration, x, is a large
band gap decrease accompanied by a considerable variation
in the electron effective mass, m, (Refs. 1-10). The electron
effective mass largely determines the transport and mobility
properties of dilute nitrides''"'* and is a most critical param-
eter for testing the various models proposed to explain the
peculiar physical properties of these alloys.'

In an earlier work, it was shown for a limited set of
GaAs;_,N, samples and N concentrations that the electron
effective mass undergoes a sudden increase around x=0.1%.”
This feature was confirmed by a fine tuning of the nitrogen
concentration around this critical value obtained by a post-
growth hydrogen irradiation of the samples.® Some of the
present authors highlighted by band structure calculations the
role played by the interaction between the conduction band
(CB) edge and N-related electronic levels in determining the
puzzling, abrupt change in the electron effective mass at x
~0.1%."* A nonmonotonic dependence of the exciton effec-
tive mass was also reported around x=1.5% in three samples
only, and qualitatively ascribed to an interaction between the
band edge and N levels.®

In this work, we measure by magnetophotoluminescence
the electron effective mass for N concentrations ranging
from a very dilute limit to a full alloy limit. More than 20
samples, both as-grown and hydrogenated, were investigated
in order to get an accurate description of the dependence of
m, on N concentration. After a first abrupt doubling (m,
~0.13m, where my is the electron bare mass) for x~0.1%,
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m, undergoes a second increase (~20%) for x~0.35%, and
finally it shows sizable fluctuations around m,~0.14m for
0.4% <x=<1.78%. The variation of m, with x is also calcu-
lated by modeling the interaction of the CB edge of
GaAs;_,N, with a linear combination of randomly distrib-
uted isolated nitrogen states (LCINS model).'* Excellent
agreement is found between experiment and theory up to x
=0.6%. In particular, a crossing between the CB edge and N
pair and triplet states accounts for the rapid increase in the
electron mass observed respectively at x~0.1% and x
~0.35%. Finally, we find for x>0.6% that the model repro-
duces the experimental data only qualitatively.

We studied GaAs;_,N,/GaAs thin layer samples grown
by molecular beam epitaxy or metal-organic vapor-phase ep-
itaxy having N concentrations x=0%, x<0.01%, x=0.043,
0.095, 0.14, 0.21, 0.4, 0.47, 0.5, 0.7, 0.78, 1.11, 1.42, and
1.78%, as determined by high resolution x-ray diffraction
measurements. Most of the samples were irradiated with dif-
ferent hydrogen doses in order to tune finely the N effective
concentration (namely, the concentration of N atoms not yet
passivated by hydrogen®!3) and trace in detail the depen-
dence of the carrier effective mass on N concentration. Mag-
netophotoluminescence (magneto PL) was obtained by excit-
ing the samples with the 532 nm line of a vanadate-yttrium
aluminum garnet (YAG) laser and by applying a magnetic
field (B, up to 12 T) along the [001] growth axis of the
samples. The luminescence was dispersed by a % m mono-
chromator and detected by a liquid nitrogen-cooled
InGaAs linear array. The spectral resolution was 0.1 nm. The
theoretical model used in this work was discussed in detail in
Ref. 14 and will be summarized in the following.

Figure 1 shows low temperature PL spectra recorded at
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FIG. 1. Photoluminescence spectra of three GaAs;_,N, samples
(x=0.043%, 0.095%, and 0.14%) at T=20 K. E,, and (e,C) indi-
cate free-exciton recombination, and free-electron to neutral-carbon
recombination, respectively. NC labels several recombination bands
due to carriers localized on different N clusters. The vertical dashed
lines labeled by NP and Cg indicate the calculated energy positions
of N pairs and triplets, respectively.

B=0T in three representative GaAs;_,N, samples with in-
creasing N concentration. E,,. and (e,C) label the recombi-
nation of the free-exciton and the free-electron to neutral-
carbon recombination in GaAs;_N,, respectively. NC
indicates several recombination bands due to carriers local-
ized on different N clusters. In particular, NP and Cg label
respectively the calculated energy levels of specific N pair
and triplets states (their attribution will be discussed in the
following). The electron effective mass is derived directly by
measuring the slope of the energy shift of the (e,C) recom-
bination with B. Indeed, for sufficiently high fields (B
>4 T) this B-induced shift reproduces that of the first Lan-
dau level for the electrons,”® AE=(#he/2m,)B. The depen-
dence of AE on B is shown in Fig. 2 for some characteristic
N concentrations, including a 0.043% fully hydrogenated
sample whose shift matches that of a N-free GaAs sample.'¢
Instead, the bands related to N complexes shown in Fig. 1 do
not shift appreciably up to 12 T.

The dependence of the measured electron mass on the
nitrogen concentration is shown in Fig. 3, where full circles
and diamonds refer to as-grown and hydrogenated samples, '
respectively. Such dependence displays a rather unusual be-
havior, which is remarkably reproduced up to x=0.6% by the
theoretical model (open squares in Fig. 3) described below.
The red shift of the GaAs;_,N, band gap energy with in-
creasing N concentration was originally accounted for by a
two-level band-anticrossing (BAC) model,* where the I' CB
edge of GaAs, ¢, interacts with a single nitrogen defect
level, iy, which lies above the GaAs CB edge. The
GaAs;_,N, CB edge state is then given as ¢_=a .+ ayiy.
Since the interaction between the N state and GaAs CB edge,
V., increases with N composition, the I" character f=|a,|*
of the CB edge state of GaAs;_,N, smoothly decreases with
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FIG. 2. Magnetic-field induced shift of the (e,C) recombination
band for GaAs;_,N, samples as measured at 20 K. Continuous lines
are fits to the data through the formula of the first electron Landau
level AE=(he/2m,)B, where m, is the only fitting parameter.

x and the electron effective mass varies in a simple k+p
model as m,=(mE,_)/(frE,), where E, and m, are the GaAs
energy gap and effective mass respectively, and E,_ is the
GaAs;_,N, energy gap. This picture was deeply modified in
Ref. 14 to take into account the interaction of the GaAs CB
states with a distribution of nitrogen cluster states with ener-
gies both above and below the GaAs CB edge.

We model the effects of these clusters by placing L
=8000—10 000 nitrogen atoms at random on the group V
sites in a Gay,Asy, N, supercell with 2 M total atoms, and
with composition x=L/M. We use a tight-binding Hamil-
tonian to calculate the energies e; and wave functions i,
(I=1,...,L) due to the interactions between the random dis-
tribution of nitrogen atoms considered. The strength of the
interaction between the GaAs host CB and the /th N-related
level is then given by Vy,={¢a|H|#.), with the alloy CB
energy levels E; and wave functions ¢; found by diagonalis-
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FIG. 3. Measured values of the electron effective mass as a
function of the N concentration. Several untreated (full circles) and
H-irradiated (full diamonds) samples are considered. Error bars in-
dicate the uncertainty on the mass values (in some case the uncer-
tainty is within the symbol size). Open squares are the calculated
effective mass values, the dotted line is a guide to the eye. An
abscissa axis break at x=0.7% is introduced for ease of comparison.
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FIG. 4. Calculated distribution of N cluster-state energies &; near
to the GaAs CB edge, weighted by the square of their interaction
[Vyi|? with the unperturbed conduction band edge wavefunction, .
Downward vertical arrows show the calculated position of the alloy
CB edge energy E_ at each composition x. Dashed and dotted lines
mark calculated energies of an isolated N pair (NP) and of C, triplet
states, respectively. Insets show the LCINS spectrum projected onto
. for each composition considered.

ing the (L+1)X (L+1) Hamiltonian H;;¢;=E;¢;, where H
=g, I=1,...,L; Hpyy 111=E, and H;p =Hp, =V, For
increasing N concentration, the GaAs;_ N, CB edge redshifts
and crosses the different N cluster levels. Depending both on
the energy of the CB edge relative to the cluster state ener-
gies, g;, and also on the magnitude of Vy; for each state, fr
will change in a nonmonotonic way, and so too will the elec-
tron effective mass, as discussed further in Ref. 14.

The close agreement between the theoretical and experi-
mental values of m, shown in Fig. 3 will be discussed in
detail now. The histograms in Fig. 4 display the calculated
evolution with N concentration of the interaction Vy(E) be-
tween the GaAs CB edge and the N defect states at energies
g, close to the GaAs,_,N, CB edge, where Vy\(E) is given by

VME) = 2 [V P T(E - &),
/

with T(x) a top-hat function of width 2 meV and unit area.
The vertical downward-pointing arrow in each panel shows
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the calculated position of the GaAs;_ N, CB edge, E_, for
that value of x. The insets show the alloy energy spectrum,
Gr(E)==,(¢;| )| (E-E,) projected onto the GaAs I" CB
edge state ¢,. E_ is defined as the state with largest I" char-
acter, [(¢;|#.)|* in each inset panel.

At x=0.07%, E_ is above the energy of N pair (NP) states
formed by a single Ga and two first neighbor N atoms and
located 1.486 eV above the valence band maximum. Corre-
spondingly, the inset shows that the E_ level interacts only
weakly with the relatively small number of N pair levels. As
a result the CB edge retains a large I" character, f1=0.87, and
the electron effective mass value is close to that predicted by
the two-level BAC model. For x=0.1% and 0.21%, E_
moves downwards, through the N pair levels whose density
is increasing quickly, approximately as x>. The CB edge hy-
bridizes with these states, as indicated by the distribution of
the I' character across a band of states below (above) the E_
level for x=0.1% (0.21%), and the E_ level I' character de-
creases down to fr=0.54 (0.52). In turn, m, increases with
respect to the values predicted by the two-level BAC model
and well matches both the values and trend of the experi-
mentally determined m,; see Fig. 3.

For x>0.21%, an extrapolation of the low x data in Fig. 3
might suggest a decrease in m, towards the two-level BAC
value. However, the density of low-energy N-related states
starts to increase markedly with increasing x, as shown in
Fig. 4. The states located at about 1.42—1.44 eV are due to
Cgq triplets, a noncoplanar chain of N-Ga-N-Ga-N atoms hav-
ing reflective symmetry only, whose density initially in-
creases very quickly, approximately as x*. For x=0.36% and
0.5%, the E_ level interacts strongly with these Cg-related
levels, with a weaker interaction still observed with the N-N
pair levels whose distance in energy from the E_ level in-
creases with x. These combined interactions lead to a further
reduction in fT, consistent with the additional, sudden in-
crease in m, observed experimentally in Fig. 3 in this con-
centration range. At higher N concentration and over a small
composition range, the E_ level lies in a gap between the
calculated N-related defect levels, as illustrated for x
=0.84% in Fig. 4. The value of f increases in this N con-
centration range, leading to a predicted reduction in m, over
a small range of x.

At higher N concentration, the quantitative match be-
tween theoretical and experimental values of m,, which in-
cludes the two jumps at x=0.1% and 0.35%, is lost and only
the scatter in the experimental data is qualitatively repro-
duced. This may reflect several factors including: (i) the rela-
tively small number of experimental data points in this
range;!” (ii) that the higher composition samples may not be
perfectly random disordered alloys, as assumed in the
LCINS calculations;'® (iii) that the LCINS calculations omit
some relevant but statistically rare clusters, or (iv) that the
accuracy of the LCINS parametrization may decrease for the
larger N clusters which contribute to the LCINS spectrum at
lower energies (E<1.4 eV).

A direct experimental evidence of the N cluster states in-
voked by the theory to account for the two jumps in m, is
here provided. First, the band gap of GaAs;_,N, is estimated
to be at 1.491 eV for x=0.1%, namely, where the first steep
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increase in m, is observed in Fig. 3. This energy value is very
close to the calculated energy of the NP level (1.486 eV, see
Fig. 4) and to the peak energy (1.488 eV) of a band observed
in the emission spectrum of the x=0.043% sample (see Fig.
1, label NP). Second, the band gap of GaAs,_ N, for x
=0.36%, where the second m, jump is observed in Fig. 3, is
estimated to be at 1.435 eV. This value falls in the energy
range where two N triplet states have been found theoreti-
cally (1.42 eV and 1.44 eV, see Fig. 4), and nicely agrees
with the energy of the doubly peaked emission observed in
the PL spectra of the 0.14% sample (Cg label in Fig. 1).
Therefore, the abrupt changes we observe in the measured
values of m, can be ascribed to the crossing of the CB edge
with N pair and triplet states, as predicted by the theory.
Finally, one may argue that the other N states visible in the
PL spectra are either not effective as far as the interaction
with the CB edge and ensuing m, increase is concerned, or
are responsible for the lack of observation of the mass de-
crease, which is predicted to occur at x~ 1%.

Before concluding, it is worth noticing that the above con-
siderations should not apply to In,Ga;_,As;_,N,. In this case,
the incorporation of In shifts the CB edge away from N
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complex states that should not vary their energy position
sizably, thus weakening the interaction between extended
and N localized states. In fact, a conventional k-p-based
band anticrossing model'® well reproduces the compositional
dependence of the electron effective mass for
0.1<y<0.4210

In conclusion, a quite puzzling dependence of the carrier
effective mass on N concentration has been experimentally
measured and quantitatively matched by a theoretical model
including the perturbation induced by N clusters on the CB
edge in dilute nitrides. In particular, a strong perturbation has
been found to affect the electron effective mass when the
downward moving CB edge of GaAs;_,N, crosses specific N
pair and triplet states in the gap, whose evidence has been
provided by experiment and theory, as well.
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