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Band structure calculations of complete InAs monolayer in AlGaAs/GaAs quantum wells are

performed within the framework of the extended-basis sp3d5s* tight-binding model. We show that

the optical properties can be tuned from the quantum well energy below the GaAs band-gap

depending on the well thickness and the position of the probe. The results are supported by

differential reflectivity measurements and represent a concept for optoelectronic devices

with an operation wavelength widely tuneable around 850 nm employing GaAs process

technology.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731783]

Semiconductor quantum wells (QWs) heterostructures

have been the focus of vast research efforts in the last 30 years

and the improvement of their optical properties has enabled

the realization of devices through novel chemical and physi-

cal effects. Using different materials combinations it is possi-

ble to produce QW lasers over a wide wavelength range

100–3000 nm, some of them entered the commercial market

less than a decade after their creation. In particular,

GaAs and InAs are the building blocks of a large range of

nanostructures for optical applications. However, two-

dimensional (defect-free) growth of InAs on GaAs(001) sub-

strate is only limited to very thin layers1 because the lattice

mismatch between the two materials is about of 6.8%. After

deposition of about 2 monolayers (MLs), the formation of

quantum dots via the Stranski–Krastanow mechanism is

observed.2 It is known that strain changes both the band

structure and discontinuity of the band edges in the quantum

structure ensuring an additional degree of freedom for the op-

tical and transport properties.3 For ultrathin strained InAs

layers on GaAs(001), the heavy-hole band is pulled up and

the light-hole band is pushed down giving an energy splitting

as large as the energy of the split-off band. As a consequence,

the in-plane hole mass of the ground state is parabolic with a

light-hole character, which is desired for high-speed devices

utilizing valence bands.3 A precise description of the strained

valence band dispersion should include hole interactions with

the split-off and lowest conduction bands and this can be

obtained with the 8-band k.p model4 or atomistic approaches

like the empirical pseudopotential5 and tight-binding (TB)

methods.6 From the experimental side, InAs monolayers or

submonolayers (SML) in bulk GaAs have demonstrated a

surprisingly low-dimensional character, providing high quan-

tum efficiencies resulting in an intense photoluminescence

below the GaAs bandgap as well as enhanced spin splitting

properties.7 In particular, Goñi et al.8 observed a strong laser

emission from a single ML, ascribed to zero-dimensional

excitonic states, in analogy to the lasing properties of semi-

conductor quantum dots. On the other hand, Marzin and

Gérard9 succeeded in probing the probability density of the

first electronic states in a GaAs/AlGaAs QW using planar

layers of InAs and AlAs. The latter system was also studied

by several other authors.10,11

In this paper, we demonstrate the possibility of tuning

the optical properties from a single InAs monolayer inserted

at different positions in a QW. The unperturbed structure

consists in a GaAs well of 16 nm wide alternating with

Al0.3Ga0.7As barriers grown on GaAs(001). In our simula-

tions, the barriers are sufficiently thick to isolate the well.

The photoluminescence and photoluminescence excitation

measurements of this configuration were previously reported

in Ref. 9 but the numerical modelling is still lacking. We

show from atomistic simulations that the optical dipole of

the lowest energy transitions strongly depends on the posi-

tion of the probe in the confinement potential. We evidence

parity-forbidden transitions in asymmetric structures and cal-

culations are supported by our differential reflectivity

measurements.

We consider the extended-basis sp3d5s* tight-binding

model which has proved to provide a band structure descrip-

tion with submillielectron volt precision throughout the

Brillouin zone of binary semiconductors including quantum

heterostructures and surface.12,13 We model bulk

Al0.3Ga0.7As by a linear interpolation of the TB parameters

but allow for a parabolic contribution of the relevant two-

center parameters determining the experimental band posi-

tions at the C, X, and L points. Strain effects are taken into

account in the same way of smaller TB models using a gen-

eralisation of Harrison’s d�2 law for hopping integrals

known to be reliable for strained III-V QW structures.14 The

valence band offsets between material constituents are taken

from recent ab initio calculations.15 The optical dipole ma-

trix elements are derived from the TB Hamiltonian.16 We

first tested our TB model by calculating the electronic struc-

ture of the InAs ML in bulk GaAs and found a very good

agreement with the experimental findings.4–8 Fig. 1 shows

the simulated optical transitions and PL peak energies at low

temperature (10K) of a single InAs ML inserted at different

positions of a 16 nm-thick GaAs well. The energy subbands
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are calculated at the C-point and labelled according to their

dominant bulk-state component: conduction (e), heavy-hole

(hh), and light-hole (lh). The agreement is quantitatively

good: experimental points lay on the theoretical curve if we

assume an error of 10% on the InAs thickness and position.

Implicit in this figure is the assumption that the excitonic

binding energy preserves its well properties after the intro-

duction of the monolayer. For the e1-hh1 transition, the red

energy shift is maximal when the probe is localised at mid-

well (8 nm) and in less extent for e1-lh1. Explanation can be

illustrated from the calculation of the charge densities as

shown in Fig. 2. The largest amplitude of the ground-state

wave functions (Fig 2(a)) is at mid-well and perturbation due

to the InAs ML is maximal (Fig. 2(b)). The effect is stronger

for hh1 than for e1 and lh1, which is a direct consequence of

quantum confinement properties correlated to the electron

and hole effective masses. Conversely, the first excited state

e2 is strongly affected by the perturbing potential near inter-

faces (Fig. 2(c)) in the surrounding of the crest of the unper-

turbed wave functions. The latter result evidences a way to

control the intersubband energy process in the conduction

band, the probe acting differently for the electron subbands,

in agreement with recent observations of the AlAs SML

insertions in GaAs quantum wells. We would like to point

out the GaAs/AlGaAs QW allows for a better localization of

InAs-related states than bulk GaAs4 and excitonic properties

of optical spectra should be enhanced.

Symmetry properties of the wave-functions result in a

polarization dependence of the optical transitions. The

heavy-hole character of the fundamental band edge with the

probe leads to optical input that is mainly contributed by the

transverse electric (TE) mode whereas the transverse mag-

netic (TM) mode is depressed. Fig. 3 reports on the dipole

matrix elements squared (EP in eV) between the first C-like

valence and conduction band states for TE polarisation of

the structures previously studied in Fig. 2. In the k.p approxi-

mation, the selection rules, assuming parabolic dispersions

of the subbands, allow for the following transitions:17 e1-

hh1, e2-hh2, e1-lh1, e2-lh2, with definite ratio between their

optical dipoles. This is different in our tight-binding calcula-

tions that show in particular a violation of the Dn¼ 0 selec-

tion rule for optical transitions. It can be seen in Fig. 3 that

the strongly allowed e1-hh1 transitions dominate the low

energy range of the absorption spectra with a value of Ep

nearly constant whatever the position of the probe. In

the opposite, the oscillator strengths of the e1-lh1 and

parity-forbidden e1-hh2 transitions are very sensitive to the

structure of the well. These features can be understood by

symmetry considerations. The unperturbed QW (Fig. 3(a))

and with the InAs ML located at mid-well (Fig. 3(b)) are

characterized by the D2d point group where the lhn and hhm
subbands belong to same the representation if nþm is

odd.18 These states are coupled with strength inversely pro-

portional to their energy separation, as defined by perturba-

tion theory, and the resulting optical matrix elements evolve

from TE contributions both of the heavy-holes and light-

holes zinc-blende periodic functions. For instance, the

e1-hh2 transition displays a light-hole character in our calcu-

lations, which is also evidenced from the wave functions of

hh2 and lh1 in Figs. 2(b) and 2(c). These considerations

explain the appearance of parity-forbidden transitions in

Fig. 3(b) which are too weak in Fig. 3(a) to be shown up. For
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FIG. 1. Calculated and experimental interband energy transitions and InAs-

related photoluminescence in 16nm-thick GaAs/AlGaAs multiple quantum

wells as function of the position of InAs monolayer from the barrier (in MLs).

FIG. 2. Calculated hole and electron-state wave functions of a 16-nm thick

GaAs/AlGaAs quantum well: without InAs insertion (a), with the InAs ML

inserted at mid-well (b) and at 0.6 nm away from the barrier (c).
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the probe located near the QW interface (Fig. 3(c)), the struc-

ture is asymmetric with a lower point symmetry group C2v

where all states belong to the same irreducible representa-

tion18 and are coupled to each other. Consequently, the parity-

forbidden transitions are enforced compared to Fig. 3(b).

To validate these simulations, we have performed

photo-reflectance (PR) spectroscopy which is known to be a

valid approach to investigate the optical properties of QWs

in a large energy range. The growth of the multi quantum-

well structures was performed by conventional solid-source

molecular beam epitaxy.9 Samples consist of six GaAs wells

of 16 nm thick separated by 8.5 nm of Al0.3Ga0.7As barriers

where a single InAs monolayer was inserted at different

positions in the well. Reflectivity measurements were made

using experimental setup where the focused image of a

250W tungsten lamp was reflected onto the input slit of a

28 cm focal-length monochromator, and dispersed and

detected with a silicium photodiode followed by a lock-in

amplifier. The optical transition energy at low temperature

(10K) was determined from the reflectivity measurements.

Figure 4 shows the differential reflectivity data obtained for

the reference sample (without monolayer) and the samples

with one InAs monolayer inserted in the wells at 8 nm and

0.6 nm away from the barrier. Strong and extended signals

are observed with the probe and confirm the optical spectra

of Fig. 3. In particular, the stronger featured structure is

clearly due to the e1-hh1 excitonic transition and the other

peaks can be precisely assigned by comparison with the pres-

ent modelling.

Finally, we calculated the in-plane effective masses for

the hh1 states of the perturbed structures and found a low

value of about 0.18 m0 (m0 is the free electron mass) in a

wide energy range independently of the position of the

probe. The improved confinement of carriers and optical

excitations together with low effective mass band in ultrathin

InAs quantum-wells grown on GaAs(001) can be efficiently

used in separate confinement heterostructure (SCH) laser

diodes at different wavelengths to lower the threshold cur-

rent density of laser generation and increase the power of

SCH lasers operating at room temperature. For the probe

located near the QW interface, the absorption spectrum is

expanded around the wavelength of 808 nm which is impor-

tant for applications in solid state lasers.

In conclusion, we have studied the optical properties of

ultrathin InAs layers in GaAs quantum wells and shown that

a strong and stable optical process can occur at wavelengths

well below 850 nm. Further engineering of the electronic

structure could be achieved by considering different well

thicknesses and Al contents in the barrier. Our results show

the usefulness of the present system to implement SCH

lasers based on engineered monolayer insertions.
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