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In,Ga;_,P/GaAs (x = 0.541 and 0.427) heterostructures, grown by Atomic Layer Molecular Beam
Epitaxy (ALMBE) on low temperature substrates, have been characterised by pressure-dependent
and time-resolved photoluminescence experiments. The excitonic optical transitions and recom-
bination dynamics are both influenced by the particular band alignments of these systems. The
valence band offset has been found to have approximately the same absolute value
(AEvyp ~ 380 meV), independent of the In content of the alloy in the barrier, whereas the con-
duction band offset varies appreciably depending on the alloy band gap. The huge valence band
offset implies a strong asymmetry in the confinement of carriers, affecting the exciton recombina-
tion dynamics in the quantum wells.

Introduction A great deal of work has been devoted in the last years to the growth,
control and characterisation of InGaP epitaxial layers lattice-matched to GaAs. InGaP
is a substitute for AlGaAs which usually contains a larger concentration of deep traps
and has a higher reactivity with oxygen. As a consequence, InGaP/GaAs heterostruc-
tures are now the basis for electronic and optoelectronic devices, i.e. heterojunction
transistors [1], laser diodes [2] or tandem solar cells [3]. Another peculiarity of the
InGaP system is that the In-Ga compositional ratio can be tuned around the lattice-
matched composition. In this way, different strain conditions can be realised in InGaP
layers [4]. In addition, major changes in the optical properties can be induced [5, 6] if
pronounced ordering and phase separation effects, exhibiting a periodic arrangement in
the crystal, could be controlled during crystal growth.

From the point of view of basic research, the InGaP/GaAs heterojunctions offer im-
portant differences with respect to the AlGaAs/GaAs ones. The main difference arises
from the band alignment between InGaP and GaAs. The valence band offset (VBO) in
the InGaP/GaAs system is still a controversial subject, and different values have been
obtained from different experiments (see for example Refs. [S, 7] and literature cited
therein). Optical experiments on MBE grown samples indicate a huge VBO, leading to
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a strong asymmetry in the confinement of holes and electrons [8]. Nevertheless, the
values for the band offsets are not well established and appreciable differences appear
even for values derived from high-pressure photoluminescence (PL) experiments [9,
10]. It is clear that optical experiments need a model in order to account for the optical
transitions. However, this is not the main origin of the discrepancies. More important
are the differences in the structural quality of the alloy obtained by different growth
methods or conditions. Compositional and ordering effects in the alloy can lead to im-
portant localisation effects of excitons because of the different band alignment between
the CuPt-like ordered InGaP alloy and GaAs (type-I1I band alignment) [5, 11] with
respect to the case of the disordered alloy (type-I).

The aim of this work is to investigate the VBO between InGaP and GaAs using
high-pressure PL experiments. The InGaP alloy in our samples is basically free of or-
dered domains such that the quantum well (QW) emission energies are determined by
the average composition [8]. A tight binding model has been used to calculate optical
transitions, below and above the I'-X crossover point, based on known band structure
parameters of bulk GaAs, InP and GaP and as a function of the VBO between the
alloy and GaAs. This kind of model is useful to validate the strategy followed in this
paper to find the band alignment energies. The work has been performed for InGaP
alloys with two different In:Ga ratios (42.7:57.3 and 54.1:45.9) around the lattice-
matched composition (48:52), leading to biaxial tensile or compressive strain in the
layers. Using two different alloy compositions allows us to demonstrate that the band
alignment is also dependent on composition, as has been proposed in previous works
[4, 8]. The band offset characteristics for InGaP lattice-matched to GaAs should be
intermediate between the results obtained for the two compositions studied here.

Samples and Experiment Two In,Ga;_,P-based heterostructures (x = 0.541 and
0.427) have been grown by ALMBE at a substrate temperature of 420 °C. Each sam-
ple contains seven quantum wells (QWs) of 3, 5, 8, 12, 17, 25 and 50 monolayers
(1 ML = 0.283 nm) thick, decoupled by thick enough InGaP barriers. PL spectra of
both samples were measured at 10 K as a function of pressure (0 to 6 GPa) in a
diamond anvil cell. The excitation source was the 514.5 nm line of an Ar* laser and
several excitation densities were used in the range 20 to 2000 W/cm?. Time-resolved
PL measurements at 10 K have been performed by using above-barrier excitation by
a mode-locked Nd:YAG pumped dye laser and signal recording by a synchroscan
streak camera.

Results and Discussion Figure 1 shows some PL spectra of the Ing4y7Gags573P/GaAs
sample for different pressures, below and above the I'-X crossover point. At low exci-
tation power the emission from six of the seven QWs is well observed below the cross-
over (occurring between 2.5 and 2.9 GPa, depending on the QW width). The PL from
the thickest QW (50 ML) is only observed for excitation densities above 100 W/cm?.
The overall optical quality of the different QWs is quite good judged by the narrow full
width at half maximum of the PL lines, ranging between 4 and 13 meV (increasing with
decreasing well width). Above the crossover pressure, the PL intensity of the QWs
drops by around two orders of magnitude with respect to values below that pressure. A
similar behaviour is observed in the Ingss1GagasoP/GaAs sample, but the crossover
pressure occurs around 3.5 GPa due to the higher In content in the alloy layer. A near
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The energy difference between type-II and type-I transitions, extrapolated to zero
pressure, is the most common and useful way to extract the VBO in QW structures.
After having corrected for the exciton binding energy and localisation, only two param-
eters enter into that energy difference, the VBO AEvgp and the electron confinement
energy EQV(L) in a QW with thickness L

[ERY — ERY] (L) = [ER — EF*A] — ABvs — EQV(L). M)

PL Intensity (arb. units)

The electron subband energy should decrease with increasing L from the top of the
well (L = 0, barrier conduction band minimum) to zero when L tends to infinity. Here,
the GaAs conduction band is taken as the reference energy. An approximate expres-
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sion accounting for this variation is
[EQY — EQY) (L) = [EROT — EOP) 1 AEcy[1 — et/14], @)

where AEcg is the conduction band offset (CBO) and L is a characteristic QW width
enabling the saturation of Eq. (2). The fit of Eq. (2) to the experimental values ob-
tained in pressure experiments allows us to deduce the conduction band gap offset ratio

_ AECB _ AEG - AEVB (3)
 AEg AEg

where AEg = [EINGaP — FGaAs] Figure 2 shows the fit of Eq. (2) to the experimental data
(continuous and dotted lines for x = 0.541 and 0.427 samples, respectively). The par-
ameters obtained from the fit are: [EP9%P — EInGaP) — 220 (3) meV, AEcp = 135 (7) meV
and Lo = 16 (2) MLs for the sample with an In content x = 0.427, and [EP63P — FInGaP] -
283 (2) meV, AEcg =46 (6) meV and Ly =5 (1) MLs for the sample with x = 0.541.

In order to test the validity of Eq. (2), we have performed a tight-binding calculation
by introducing the same conduction band offset ratio as the one obtained from the fit.
The results of the tight-binding calculations practically coincide with the results of the
fit. This consistency proves the validity of using Eq. (2) to obtain a good value of Qc,
when the pressure experiments are performed on a sample containing a sufficient num-
ber of QWs (decoupled) of different thicknesses.

From the results of the fitting and by means of Eq. (3) and the experimental AEg =
515 meV (425 meV), we obtain a CBO ratio Qc = 0.26 (Qc ~ 0.11) for x = 0.427
(x = 0.541). Different CBO ratios were also assumed in previous works [4, 8], in order
to explain with a simple model the heavy and light hole exciton transitions in the sam-
ples used in the present work. On the other hand, the valence band alignment between
GaAs and InGaP is conserved, AEyg =~ 380 (20) meV, independent of the barrier com-
position. This means that the band gap variation with In content is fully absorbed in
the conduction band alignment. Our value of the VBO is similar to that found by Chen
et al. [9] and slightly larger than the one found by Leroux et al. [10], who reported a
value of 330 meV. In the case of an InGaP alloy lattice-matched to GaAs, the conduc-
tion band offset would be around 0.19, by assuming the same absolute VBO and
AEg = 470 meV.

The strong asymmetry in the confinement of electrons and holes and the variation of
the conduction band offset with In content in the alloy affect the exciton recombination
dynamics. Figure 3 summarises the variation of the PL decay time (7" = 10 K) with the
QW width for both samples studied. For QWs wells thinner than 12 MLs the decay
time increases with decreasing thickness, whereas it is practically constant for thicker
QWs.

To give a quantitative account for the well width dependence of the radiative exci-
tonic lifetime we can calculate the oscillator strength of an optically allowed dipole
transition. This magnitude is proportional to the square of the dipole matrix element
connecting Bloch states in the valence and conduction bands, to the overlap of the
envelope wave functions (along the growth direction) for the conduction and valence
subbands squared, and to the squared 2D hydrogen-like exciton wave function taken at
r = 0 (r is the relative distance between the electron and hole). The latter is propor-
tional to a; 2 where qay is the effective 2D exciton Bohr radius, which depends on the
quantum well thickness. Taking into account that the lifetime is inversely proportional
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to the oscillator strength of the transition and assuming the matrix element connecting
the Bloch states to be independent of the well width, the PL decay time can be written
as [13]

P o e |l df. (4)

The calculations have been made for both In,Ga;_,P/GaAs samples by using the
CBO ratios deduced from the pressure experiments. The calculated curves (continuous
and dotted lines in Fig. 3, for x = 0.541 and 0.427, respectively), multiplied by a scale
factor which accounts for the dipole matrix element of Bloch states, reproduce approxi-
mately the experimental behaviour of the PL decay time measured in lower and higher
In content samples as a function of the QW width. The dominant factor in Eq. (4), for
relatively thin QWs, is the electron and hole wavefunction overlap integral, which is
determined by the small CBO in the InGaP/GaAs system. The low electron barrier
potential height produces shallow electron subbands, whereas the heavy hole states are
deeper confined in the well in the QW thickness range examined here. As a conse-
quence, the asymmetry between the wavefunction of the electrons and holes becomes
more important when reducing the QW width. The 3D limit is rapidly reached even for
relatively thick QWs, as compared to the case of the AlGaAs/GaAs system. The experi-
mental PL decay times are smaller in the case of the sample with x = 0.427, near a
factor two for the narrowest QW. Such a difference should be correlated with the high-
er CBO in that sample.

Conclusions In this paper, the band gap alignment in the In,Ga;_,P/GaAs system has
been studied for two different In compositions. An operative model to obtain the VBO
in this kind of heterostructures is presented (Egs. (1) and (2)). The model is based on
the QW width dependence of the energy difference between type-II and type-I optical
transitions, extrapolated to zero. With this model, we have deduced an absolute valence
band offset of AEyg ~ 380 (20) meV, which is independent of the In content in the
barrier alloy. On the other hand, the CBO varies appreciably with the alloy composi-
tion following the variation of the alloy band gap. The huge valence band offset implies
a strong asymmetry in the confinement of carriers, which affects the exciton recombina-
tion in the quantum well when reducing the QW width. At the same time, the different
CBO for different alloy compositions introduces important changes in the measured PL
decay times, especially for narrow QWs.
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