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Interband transitions in GaAs1-xNx/GaAs multiple quantum wells were studied at

room temperature by photo-modulated reflectance spectroscopy as a function of well

width (3 - 9 nm), the nitrogen concentration (0.012 < x < 0.028), and hydrostatic pressure

(0 - 64 kbar). All experimental data can be quantitatively explained using the dispersion

relationship obtained from a band anticrossing model to calculate electron confinement

effects in a finite depth quantum well.  The results are consistent with a nitrogen-induced

large increase of the electron effective mass in the GaAsN quantum wells.
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Incorporation of small amounts (< 5%) of nitrogen into GaAs to form GaAs1-xNx

strongly reduces the fundamental band gap, resulting in a material system with band gap

energies covering 1.0 - 1.42 eV [1-3]. The lattice parameter of cubic GaN is much

smaller than that of GaAs and pseudomorphic GaAs1-xNx layers grown on GaAs

substrates are under biaxial tensile strain. Alloying of GaAs1-xNx with InAs can be used to

compensate the N-induced reduction of the lattice parameter. InyGa1-yAs1-xNx with y=3x is

lattice-matched to GaAs and has a similar N-induced energy gap reduction effect as that

found in GaAs1-xNx [3]. It has been demonstrated that practically all of the N-induced

band gap reduction is accommodated by a downward shift of the conduction band edge

[4].  Therefore, when GaAs1-xNx/GaAs or InyGa1-yAs1-xNx/GaAs quantum wells are

formed, most of the confinement energy is restricted to the electrons in the conduction

band of the alloy layers. In GaAs1-xNx/GaAs quantum wells, a small contribution to the

valence band confinement is expected from the symmetry breaking biaxial strain. The

ability to control the band gaps of InyGa1-yAs1-xNx alloys with only very small amounts of

N generates a significant interest in applications of these materials for multi-junction

solar cells and long wavelength light emitters [5].

It has been shown that the incorporation of N results in a new optical absorption

edge whose position strongly depends on hydrostatic pressure [6] and the N content [7].

Significant progress in understanding the effect of N on the electronic structure of III-V-

N alloys has been made recently by studying the pressure dependence of the interband

optical transitions in InGaAsN alloys [6]. The results of these experiments were

explained by a band anticrossing (BAC) model in which a highly localized N level

interacts with the extended states of the host semiconductor [6,8]. The BAC model did
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not only explain the existing data but also predicted new effects that were later

experimentally confirmed [9-11].

Another model for the electronic structure of GaAsN alloys has been proposed

very recently [12] in the context of measuring confinement effects in GaAsN/GaAs

quantum wells.  This “N-impurity band” model argues that in III-V-N materials, the

downward shift of the lowest conduction band is a result of the formation of an impurity

band below the conduction band edge, analogous to effects observed in semiconductors

doped with electrically active dopants. One conclusion of the model was the prediction of

a large electron effective mass (up to 0.55 m0 at x = 0.009) that decreases with increasing

N content. This conclusion appeared to be inconsistent with some experimental

observations of the effective mass in bulk GaAsN structures  [11,13]. The potential for

important practical applications clearly necessitates a resolution of these conflicting

interpretations and a better understanding of the electronic structure of the III-V-N based

quantum wells. In this paper, we report the result of our studies of interband transitions in

GaAs1-xNx/GaAs quantum superlattices. We show that the hydrostatic pressure

dependence of the optical transition energies provides a critical test for the two different

models of the GaAs1-xNx electronic structure.

A series of GaAs1-xNx/GaAs multiple QWs with different GaAs1-xNx well

thickness from 3 to 9 nm,  N concentrations 0.012 < x < 0.028, and 20 nm GaAs barriers

were grown by gas-source molecular beam epitaxy on semi-insulating GaAs substrate

and capped by a 50 nm GaAs layer [14]. Photo-modulated reflectance spectroscopy (PR)

was performed at room temperature. A chopped HeCd laser beam (325 nm or 442 nm)

provided the modulation, and a halogen tungsten lamp dispersed by a 0.5 m
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monochromator was used as the probe beam. The hydrostatic pressure was generated

using a gasketed diamond anvil cell and calibrated by a small chip of ruby placed in the

pressurized volume.

The PR spectra for GaAsN/GaAs QWs with 7nm well width and four different N

concentrations are shown in Fig. 1 (a). The feature at 1.42 eV arises from the GaAs cap

layer and barriers.  Two transitions at lower energies are also clearly observed.  We

assign them to transitions from the GaAsN valence band to the two confined subbands of

the conduction band and denote them E1 and E2. As shown in Fig. 1 (b), both transitions

shift to lower energy with increasing x, corresponding to the bandgap reduction observed

in bulk GaAs1-xNx [1-3, 7]. We also note that the data in Fig. 1 and in Fig. 2 below agree,

to within experimental error, to similar data presented in Ref. [12].

In first order perturbation theory, the BAC model predicts a hybridized lowest

conduction band given by [6,8]
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where CNM=2.7eV describes the interaction strength between the N level EN and the

conduction band of GaAs, EM(k). The N level has been determined to lie at ~0.23 eV

above the GaAs conduction band edge at room temperature [6], and the GaAs conduction

band near the Γ point can be well represented by a parabolic dispersion function with

effective electron mass m*
GaAs=0.067 m0. The band gap of bulk GaAs1-xNx given by Eq.

(1) agrees well with experiments [6] and is plotted in Fig. 1 (b). It can be seen that the

ground-level transition in the QW, E1, is blue shifted from the bulk energy gap due to

quantum confinement.
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To evaluate the confinement quantitatively, we applied a finite-depth single

square well confinement model with the depth and width of the well and the effective

mass inside and outside the well as input parameters. The electron dispersion given by

Eq. (1) is non-parabolic, such that the electron effective mass in the conduction band is

dependent on the k vector, which results in an inseparable Schrödinger equation. To

simplify the calculation, we have assumed that the effective mass of the electrons in the

quantum well can be approximated by an energy-independent density-of-states mass at

the bottom of the lowest conduction band [8,11],
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This approximation can be justified by the fact that the confined states are close to the

bottom of the conduction band (see Fig. 1 (b)).  Changes of the effective mass of less

than 5% and  15% are estimated for the ground state and first excited state energies ,

respectively.

Photoluminescence [15] and x-ray photoelectron spectroscopy [16] studies of

GaAs1-xNx/GaAs heterostructures indicate a slightly type-II band lineup with a very small

negative valence-band offset of |∆Ev| < 20meV/%N. For this type-II band lineup, the

transition energies are not sensitive to the value of the valence band offset, because the

holes are not confined in the active well layer. Consequently, the lower states of the

optical transitions in the well are always located at the top of the valence band, and the

energies of the two observed transitions are given by the locations of the ground and first

excited states of the confined conduction band electrons [15]. For x<0.03, the lattice

constant of GaAs1-xNx changes from that of GaAs by less than 0.5% [17]. The biaxial
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tensile strain introduced by this small mismatch may raise the valence bands of GaAs1-

xNx by 40 meV at most [18]. The quantum confinement on the holes by this shallow well

has been estimated to decrease the transition energies by less than 20 meV for all the

QWs studied in this paper.  It is important to note that the small energy shifts resulting

from the biaxial strain-induced hole confinement do not depend on the external

hydrostatic pressure and are the same for all the optical transitions observed.  Also, the

maximum energy shift is equivalent to the shift produced by a change of the N content of

less than 0.2 %, which is below the accuracy of the determination of the alloy

composition. We can therefore argue that the conclusions of this paper are not affected by

the omission from our model of the effect of strain on the valence band offsets.

The calculated energies of E1 and E2 found using the well depth and QW effective

mass obtained from Eqs. (1) and (2) are shown as solid curves in Fig. 1 (b). The

calculations are in good agreement with the experimental results. The agreement is even

more remarkable considering the fact that no adjustable parameters have been used in the

calculations. That is, we have used parameters (e.g. EN and CMN) that were previously

determined from the studies of the composition and pressure dependence of the optical

properties of InGaAsN alloys [6,8]. For all the four samples shown in Fig.1, the effective

mass calculated from Eq. (2) is equal to about 0.11m0, which is over 60% larger than the

electron effective mass of GaAs. To demonstrate the effect of the heavier electron mass,

we have also calculated the optical transition energies assuming that the electron effective

mass of GaAsN alloys is the same as that of GaAs. The results are shown as dashed

curves in Fig. 1 (b). Clearly, much better agreement with the experiment is reached when

the N-induced enhancement of the electron effective mass is incorporated in the model.
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Similar values of the effective mass have been theoretically predicted [19] and

experimentally observed before. Jones and coworkers measured via three different

techniques an effective mass of ~0.13m0 for In0.07Ga0.93As0.98N0.02 [13]. Hetterich et. al.

observed an effective mass increased by ~0.03m0 in a InGaAsN alloy with 1.5% N [20].

All these independent results agree reasonably well with the values predicted by Eq. (2),

but are in disagreement with the much larger values (from 0.55m0 at x=0.009 to 0.40m0 at

x=0.020) deduced from the N-impurity band model [12].

Figure 2 shows the optical transition energies as a function of the well width for a

fixed N concentration, x=0.016. The data clearly show increasing quantum confinement

with decreasing well width. Again, the theoretical calculations agree well with the

measured data if the heavier effective mass given by Eq. (2) is used in the calculations as

opposed to a fixed value of 0.067m0. The effect of the heavier effective mass is especially

pronounced for the optical transitions to the first excited state in the well (E2).

The hydrostatic pressure dependence of the E1 transition is shown in Fig. 3 along

with the predicted pressure dependence of the GaAsN conduction band edge Ebulk.

Similar to the case at ambient pressure, the pressure-dependence of Ebulk can be

calculated with Eq. (1) by using the known pressure dependencies of EM and EN. It can be

seen that the confinement energy, E1-Ebulk, decreases with increasing pressure. This effect

is a result of the pressure-induced increase of the electron effective mass predicted by the

BAC model [8]. Because of the much different pressure coefficients of the extended

states (dEM/dP=10.8meV/kbar) and the localized N states (dEN/dP=1.5meV/kbar)[6,8],

the conduction band edge shifts towards EN under hydrostatic pressures. According to

Eqs. (1) and (2), this shift leads to a flattening of the dispersion relation and an increase
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of the electron effective mass in the lowest conduction band. For the sample in Fig. 3, the

effective mass increases from 0.11m0 at ambient pressure to 0.28m0 at 70 kbar, four times

larger than the effective mass of the GaAs host. It is also evident from Fig. 3 that, as

shown by the dashed curve, the calculations assuming a pressure-independent effective

mass are in disagreement with the experimental results at high pressures. The increase of

electron effective mass with pressure has also been reported in Ref [13].

The pressure dependence of the E1 level provides a critical test for the different

theoretical models of the electronic band structure of III-V-N alloys. According to the N-

impurity band model, the conduction band edge is formed by the states of N atom

clusters [12]. Previous measurements have shown that the pressure dependence of the

energy levels of the N-clusters is very weak and is ~5meV/kbar at ambient pressure and

continuously decreases with pressure to ~3.5 meV/kbar at P~30 kbar [21]. Within the N-

impurity band model, since the spatial overlaps between the highly localized wave

functions of different clusters do not depend strongly on pressure, it is expected that the

conduction band edge should also have a similarly small pressure coefficient, and the

effective mass should not depend on pressure. As shown in Fig. 3, the pressure

dependence predicted by the N-impurity model is much weaker than the experimental

data [21].

In summary, the optical transitions from the valence band to the ground and first

excited subband in GaAs1-xNx/GaAs multiple quantum wells have been studied by photo-

modulation spectroscopy. The dependencies of the transition energies on the well width,

the N concentration, and hydrostatic pressure have been investigated and discussed. The

results show an increase of the electron effective mass to ~0.11m0 for 0.012<x<0.028 in
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the GaAs1-xNx layer due to the anticrossing of the N localized states and the conduction

band of the host. This effective mass also increases with hydrostatic pressure.
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FIGURE CAPTIONS

Fig. 1. (a) PR spectra taken at room temperature for GaAs1-xNx/GaAs QWs with 7 nm

well width and different N concentrations. (b) First and second transition energies E1 and

E2 as a function of N concentration for GaAs1-xNx/GaAs QWs with 7 nm well width.

Solid curves: calculated values using band anticrossing (BAC) model and finite-depth

single well confinement with GaAs1-xNx electron effective mass given by Eq. (2); Short

dashed curves: calculated values assuming GaAs1-xNx electron effective mass equal to

m*
GaAs. Long dashed curve:  band gap of bulk GaAsN given by BAC model, Eq. 1.

Fig. 2.  E1 (circles) and E2 (squares) transition energies as a function of well width for

x=0.016.  Solid curve, calculated values with GaAs1-xNx electron effective mass given by

Eq. (2); Short dashed curve, calculated values assuming GaAs1-xNx electron effective

mass equal to m*
GaAs.  Long dashed lines indicates energy of bulk GaAs1-xNx for x =

0.016.

Fig. 3.  The first transition energy E1 as a function of hydrostatic pressure for x=0.016

and well width=7nm. Solid curve, calculated values with GaAs1-xNx electron effective

mass given by Eq. (2); Short dashed curve, calculated values assuming GaAs1-xNx

electron effective mass equal to m*
GaAs. The pressure dependencies of band edge in bulk

GaAs1-xNx expected from the BAC model (dot-dashed) and the N-cluster level (long

dashed) from Ref. [21] are also shown.
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Fig. 1
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Fig. 2
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Fig. 3
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