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We investigated effects of localization and strain on the optical and magneto-optical properties

of diluted nitrogen III–V quantum wells theoretically and experimentally. High-resolution x-ray

diffraction, photoluminescence (PL), and magneto-PL measurements under high magnetic fields up

to 15 T were performed at low temperatures. Bir-Pikus Hamiltonian formalism was used to study

the influence of strain, confinement, and localization effects. The circularly polarized magneto-PL

was interpreted considering localization aspects in the valence band ground state. An anomalous

behavior of the electron-hole pair magnetic shift was observed at low magnetic fields, ascribed to

the increase in the exciton reduced mass due to the negative effective mass of the valence band

ground state. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904357]

I. INTRODUCTION

Electronic structure of semiconductor systems is sensi-

tive to alloy compositions, confinement, strain, and magnetic

fields. The simultaneous combination of such effects results

in particular, behaviors. For instance, introducing small

amounts of nitrogen (N) in conventional III–V arsenide-

based alloys causes a drastic decrease in the bandgap emis-

sion due to the coupling between the bottom conduction

band and the top of the resonant band of localized nitro-

gen.1,2 This fact has drawn much attention due to their

potential applications in optoelectronic devices in the optical

range of 1.30–1.55 lm, which is interesting for telecommu-

nications. However, the presence of N usually introduces

strain, as well as alloy imperfections (localized states) which

significantly alter the optical emission in different ways.3–6

In fact, using nitrogen in InGaAsN results in an undesirable

deterioration of its optical quality. It is widely known that

the broad photoluminescence (PL) band, which is attributed

to the recombination of localized excitons (LEs), consists of

narrow lines related to the recombination of individual local-

ized excitons.7,8 These localization effects in N-diluted III–V

semiconductors are attributed to electrons trapped in alloy

imperfections which were introduced during the growth at a

low temperature.8–12 A discussion on the enhancement of

electron effective mass due to the conduction band interac-

tion and the nitrogen alloy imperfection state above the gap

has been studied in the literature.13,14 This leads to a peculiar

reduction in the diamagnetic shift detected in the optical

recombination of excitons. Yet, as also reported in Ref. 13,

unusually large in-plane masses can also be found, and as

described here, even negative diamagnetic shifts could be

expected. These additional effects can be ascribed to exciton

localization in alloy imperfections, as will be shown in this

article.

The focus of this study is the correlation between spin-

resolved optical emission, strain, and confinement modula-

tion produced by defects in nitrogenated heterostructures.

Within the framework of a multiband calculation, these

effects can be combined with strain. The biaxial strain pro-

duced at the interfaces is introduced into the Pikus-Bir

Hamiltonian.15 The hydrostatic strain component renormal-

izes the gap (dEh) proportionally to the deformation potential

ad¼ avþ ac, with av the valence band contribution and ac the

contribution of the conduction band. In turn, the shear strain

leads to the relative shift (dEs) between the top valence sub-

bands, heavy Ehh, and light-hole, Elh. Therefore, the impact

of confinement, strain, and alloy imperfection effects are

discussed based on our experimental results in optical prop-

erties of [100] double InGaAsN/GaAs and InGaAs/GaAs

(reference) quantum wells (QWs).

The paper is organized as follows: Section II describes

the experimental methods, Sec. III explains the details of

the electronic structure calculation, and Sec. IV discusses

the main results. The concluding remarks are presented in

Sec. V.

II. EXPERIMENT

Our samples were grown by Molecular Beam Epitaxy

(MBE) using a Varian Gen-II system on a semi-insulating

(100)GaAs substrate. The samples consist of a double QW

structure as follows: 100 nm GaAs buffer layer, 100 nm

Al0.35Ga0.65As barrier, 100 nm GaAs barrier, 7 nm InGaAsNa)lopes@df.ufscar.br
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P ¼ I rþð Þ � I r�ð Þ
I rþð Þ þ I r�ð Þ

100%; (20)

where I(r) is the intensity of the PL signal with respect to

the polarizations r� and rþ.

We note two important aspects: (i) a finite polarization

degree was detected at 0 T for the InGaAs QW and (ii) there

are unambiguous polarization fluctuations as the magnetic

field increases in the InGaAsN QW. The first phenomenon

has been reported for some systems36 and it is under investi-

gation, while the second one can be attributed to the spin

dynamics during carrier relaxation at the conduction band.37

We have observed that the polarization degrees for the

N-2containing samples are slightly higher than for N-free

samples and the spin-dependent effects are stronger for

wider QWs for both systems. Remark that under higher

magnetic fields, the spin polarization degree remains

within the range of [�20, �10%], regardless of the structural

parameters of the QW. Yet, for the spin-splitting, as shown

in Fig. 11, a more significant dependence on the QW compo-

sition and size was attained.

It can be observed that there was an increase in excitonic

spin-splitting for N-containing QWs. Particularly, at higher

fields, the spin-splitting is around 1.3 meV for the reference

QW7, while for N-containing QW it is around 4.0 meV.

However, the polarization degree, although affected directly

by the increase in the excitonic spin-splitting, does not fol-

low the same trends.

For the characterization of the magneto-optical response

and its correlation with the electronic structure, we shall focus

on relevant valence band effects. The magnetic field effects in

the valence band are presented in Fig. 12, where the Valence

Band Zeeman Splitting of the ground state at 15 T is shown. It

can observed that the character change around 0.3%, also pre-

sented in Fig. 1 leads to a drastic shift in this magnetic split-

ting. It is also important to highlight the sign inversion of the

splitting by varying the values of the compressive strain,

where the character of the ground state is predominantly hh.

An equivalent behavior would be expected by decreas-

ing the aspect ratio, ðDxy

Dz
Þ2, as indicated in the upper axes.

Thus, the effect of the compressive strain is counterbalanced

by a decrease of the aspect ratio in a confined state at the

interfaces. The aspect ratio decrease can even tune a charac-

ter change of the valence band ground state making it more

lh-like. The values obtained for the valence band spin split-

ting in the vast part of the parameter range, shown in Fig. 12

(calculated at B¼ 15 T), are in accordance with the values

detected in the experiments for the electron-hole pair recom-

bination. Yet, close to the parameter boundary where a char-

acter change takes place at the ground state, sudden changes

of the magnetic response can be expected.

According to the values represented in Fig. 12, we

calculated the degree of spin polarization (DSP) of the valence

band ground state, shown in Fig. 13. We used the equation38

DSP ¼ DE"#
jDE"#j

exp
�jDE"#j

kBT

� �
� 1

1þ ss

s

� �
þ exp

�jDE"#j
kBT

� �
2
6664

3
7775; (21)

FIG. 12. Calculated valence band

ground state Zeeman Splitting at 15 T

for: (a) In0.36Ga0.64As 4 nm as a func-

tion of the in-plane strain and (b), for

In0:36Ga0:64As0:088N0:012 for a fixed

ejj ¼ �1% as a function of the square

aspect ratio.

FIG. 13. Calculated degree of spin

polarization for the valence band

ground state at 15 T, for: (a) the 4 nm

In0.36Ga0.64As quantum well at T¼ 2 K

as a function of the in-plane strain and

(b) for the 4 nm In0:36Ga0:64As0:088

N0:012 QW at a fixed ejj ¼ �1% as a

function of the square aspect ratio.
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where DE"# is the energy difference between the spin-up and

down states. The ratio ss/s was set to 0.1 that is reasonable

for QWs of this size.38 Note in this case that despite the mon-

otonic variation of the Zeeman splitting described before as

a function of the structural parameters (strain and aspect ratio

of the confined state), the DSP for holes in Fig. 13 follows

very flat behaviors at T¼ 2 K below and above the critical

parameter region (ejj � 0:5 in Fig. 13(a) or Dxy=Dxy � 0:5
Fig. 13(b)), where the character of the valence ground state

changes. The valence band DSP is, under these conditions,

close to �10%, at B¼ 15 T. Thus, the experimental observa-

tion of a slight dependence of the polarization degree on the

structural parameters can, in principle, be ascribed to the

spin polarization of the valence band ground state.

Therefore, systems with an n-type character should have the

polarization defined by the minority carriers at the valence

band.

V. CONCLUSIONS

The experimental and theoretical magnetic response of

electron-hole pairs in InGaAsN quantum wells were investi-

gated and correlated. Our results reveal peculiar behavior for

hole spin polarization and diamagnetic shift as function of

magnetic field, strain modulation, and carrier localization. It

was shown that the spin polarization degree is dependent of

the character of valence band ground state. The observed

anomalous behavior of the electron-hole pair magnetic shift

at low magnetic fields was associated to the increase in the

exciton reduced mass due to the negative effective mass of

the valence band ground state which results in the observa-

tion of negative magnetic shifts. Finally, our results show

that the valence band effects are an important issue for the

physical properties of dilute nitrite semiconductor

nanostructures.
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