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Abstract

In this paper we report on changes inwthe form of the low temperature (12K)
photoluminescence spectra oftan InGaN/GaN quantum well structure as a function of
excitation photon energy. As the photon energy is progressively reduced we observe at a
critical energy a change in the, formeof the spectra from one which is determined by the
occupation of the complete distribution of hole localisation centres to one which is
determined by the resonant excitation of specific localisations sites. This change is governed
by an effective mobility edge whereby the photo-excited holes remain localised at their initial
energy and ‘are prevented from scattering to other localisation sites. This assignment is
confirmed by the results of atomistic tight binding calculations which show that the wave
function overlap of the lowest lying localised holes with other hole states is low compared

with'the.overlap of higher lying hole states with other higher lying hole states.
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Introduction

The nature of the radiative recombination process(es) in InGaN/GaN quantum wellsi(QWSs)
has been extensively investigated since the pioneering work of Akasaki, Amano and
Nakamura [1] demonstrated the potential that the InGaN materials system as for preducing
optoelectronic devices that emit in the near UV through the visible part of the spectrum. One
of the main reasons for this analysis is that the room temperature internal’quantum efficiency
of light emitting diodes can be very high, despite the presence ofrextended defects with
~
densities ~10® cm™. The most commonly accepted explanation is that'the local microstructure
of the QWs leads to localisation that prevents carrier diffusion to non=radiative centres. The
outstanding questions related to the localisation have concerned the nature of the localisation
centres. Probably the most significant step forwardsin this area was the demonstration by
Galtrey et al [2] that the In atoms were distributed randoml; in c-plane structures and that
previous reports [3,4] of In clustering which was believed to be the cause of carrier
localisation could be an artefact of themmeasurement technique used [5]. Indeed further
evidence has emerged that the In.atoms in InGaN QWs grown in our laboratory are randomly
distributed as has been described by Bennett et al [6] and Tang et al [7]. Along with the
suggestion by Graham et al"[8]sthat well width fluctuations could be more effective for

localising carriers than, previously thought, led to significant reappraisals of the overall

energy landscape indnGaN/GaN QWs.

Distinct theoretical appreaches by Watson-Parris et al [9] who used an effective mass
treatment and Schulz et al [10] who applied an atomistic tight binding model both led to the
following overall picture of c-plane InGaN/GaN QWs: in the situation where In atoms are
randomly distributed they can be very effective at localising holes whereas electrons are more
likelytorbe localised at well width fluctuations. Schulz et al [10] also found that the spatial

separation of the electron and hole wave functions due to the presence of the built-in potential
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leads to a relatively weak electron-hole Coulomb interaction so that localised electrons and
holes can be considered as independent. The results of both theoretical approaches are
supported by the experimental data where it was found that the low temperature
photoluminescence (PL) line widths (ignoring phonon effects) were very similar to the
calculations of fluctuations in the hole localisation energies. Additionally, one faetor whichis
not explicitly considered in our model is the incorporation of indium into the.gallium nitride
barrier, which is known to affect the calculated electron and hole energies‘in continuum
models. In general, in our atomistic description the well barrier interface iS not as sharp as in
a continuum based description. This originates from the fact that the atomic arrangement of
In atoms at the well barrier interfaces varies locally. Wesnote that/a more realistic indium
profile across the quantum well interface was included in our earlier theoretical studies using
a modified continuum model [9]. Where the madified contihuum model (with the indium
penetration into the barrier) and our current atomistic model (without such indium penetration
into the barrier) address the same questions, they give very similar results, suggesting that the
non-sharp interface is not the key factor.influencing the carrier localisationlt should be
stressed that in the above we are enly referring to the energetically low lying localised
electron and hole states. The eff\ects ofi carrier localisation also manifest themselves in the
anomalous temperature dependencé of the peak PL energy [11] and the form of the low
temperature PL decay curves [12,13]. To gain insight into impact of alloy fluctuations in
InGaN/GaN QWs from theory different approaches have been applied. These methods range
from localization ‘landscape theory [14][15], modified continuum-based models [9] and

atomistic.tight-binding calculations [10].

Carrier localisation in semiconductor systems has been widely studied and has proved
particularly amenable to optical studies where the photon energy of the excitation is resonant

withyeither specific features in the absorption or excitation spectrum [16,17] or with the
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conventional emission spectrum [18,19]. Somewhat surprisingly the use of resonant
spectroscopy has not been widespread in the study of InGaN/GaN QWs but the technique has
been used by Satake et al [20], Schmidt et al [21], Graham et al [22] and Hylton et al [23]. Of
particular relevance to the work reported here is the previous study [18] where it was
observed that at low temperatures as the excitation photon energy was reduced below some
critical value the peak PL shifted to lower energy. The onset of this shift'was attributed to
excitation below a mobility edge [24] that prevented all the localised states being occupied. It
should be noted that the observation of a mobility edge in InGaN/GaN QWs has also been

reported using pump-probe spectroscopy [25].

In this paper we extend our previous work [22] and study the ferm of the PL spectrum from a
c-plane InGaN/GaN structure at low temperature.as.a function of excitation energy and
correlate the results with atomistic calculations [26] of the grc:und and excited localised states
of electrons and holes. At T=12K for excitation. photon energies above a certain critical
energy the form of PL spectrum reflectsithe.random occupation of the localised hole states
but for photon energies below this critical energy the form of the spectrum reflects the fact
that the holes remain localised inthe states in which they are resonantly excited. We interpret
the critical energy as being due te.a.mability edge whereby the holes cannot scatter to lower
lying hole states. The growthof InGaN QWs on sapphire leads to very large defect densities,
indeed in the samplesreported on here the defect density is < 3 — 6 x 10° cm. Nevertheless
we do not believe these defects influence our conclusions as the work was performed at 12K
where the effects ofidefects are negated by localisation, indeed we have demonstrated
previously [27] that the internal quantum efficiency in similar structures both at low and high
températures.are independent of defects for densities < 10° cm™? Also we note that the

majaority of'commercial LEDs are grown on such highly defective substrates and our study is

thusirelevant to the majority of material grown today.
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Methods

A 10 period Ing17GaggsN (2.5 nm)/GaN (7.3 nm) QW structure was grown by metal ‘@rganic
vapour-phase epitaxy in a Thomas Swan 6 x 2 inch close-coupled showerhead reactor. The
structure was grown on low defect density c-plane sapphire/GaN pseude-substrates on c-
plane sapphire with a nominal 0.25° miscut toward (11-20). The QWSs were grown. using a
Q2T methodology [28] where following the growth of the QW at 756 °Ca 1 nm thick GaN
QW cap was grown. The temperature was then ramped up to 860 °Csand.then the rest of the
~
barrier was grown. The sample was mounted in a closed cycle cryostat at Brewster’s angle to
minimise the effects of interference fringes [22]. The PL was excited by.chopped light from a
tuneable dye laser at an excitation power density of 250 Wem:*. The PL was dispersed by a
0.85 m double grating spectrometer and detected by-a GaAs photomultiplier whose output
was processed by a lock-in detector. It should be noted that t;e same results as reported here
were also obtained on a sample grown using.a 2. growth methodology [28] which leads to
gross fluctuations in the QW width on a‘lateral ‘scale of 50 to 100 nm. This implies that the
microstructure on a lateral scale smaller than that of the gross well width fluctuations is

controlling this aspect of the optical properties.

N
Results and Discussion

In figure 1 are shown PLispectra at a temperature of T=12K when exciting the sample with
light of photon epergies 0f 2.973 eV and 2.783 eV. The PL spectrum excited by light with the
greater photon energy consists of a main recombination with peak energy of 2.774 eV and a
weaker feature with' peak energy of 2.684 eV. These are identified [8] as being due to
recombination involving localised electrons and holes (2.774 eV) and LO phonon assisted
(2.684 eV) recombination of the main PL peak. It should be noted that the form of PL

spectrum remains unchanged when the excitation photon energy is greater than 2.812 eV; we
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refer to spectra taken under this set of conditions as non-resonant PL. When the excitation
photon energy was reduced to 2.783 eV in figure 1 the PL spectrum is changed radically. In
this particular case the excitation photon energy lies within the non-resonant PL spectrum as
indicated by the red arrow, this we refer to as resonant excitation. As discussed by:Graham et
al [22], following the work by Cohen et al [18] and Permogorov et al [19], the, features.A
(2.753 eV), B (2.690 eV) and C (2.663 eV) are identified as follows. Feature A is ascribed to
acoustic phonon assisted absorption and recombination of the directly excited localised
electrons and holes at the excitation photon energy, feature B is due fo emission from the
resonantly excited states which are accompanied by the emission,of‘an LO phonon with

feature C being the LO phonon replica of feature A.

In figure 2 are shown low temperature PL spectra as:the excitation photon energy is moved
across the non-resonant PL spectrum. Once the excitation paoton energy is less than 2.812
eV, the peaks A, B, C (as defined in figure 1) all. move by equal amounts to lower energy
reflecting the specific excitation of @ subset.of the localised electrons and/or holes with the
excitation photon energy used. So for excitation photon energies above 2.812 eV the form of
the spectra remain unchanged but forexcitation photon energies below 2.812 eV the spectral
peaks move to lower energy with decreasing excitation photon energy. This behaviour is
reflected in the graph in figure 3. We interpret this behaviour in terms of a mobility edge,
which defines the critical energy below which photo excited carriers cannot occupy the full

distribution of 1ocalised states. To fully understand this behaviour we need to have

information on the available energy states for both electrons and holes.

To understand this behaviour, we have applied the atomistic tight-binding model described in
refs [10] and [26] to study the electron and hole states of c-plane InGaN/GaN QWs. In this
approach-we account for well width and random alloy fluctuations. The strain and built-in

field variations arising from random alloy fluctuations are treated on a microscopic level by
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using valence force field and local polarization methods. Within this framework we have
modelled a c-plane Ing15Gag ssN/GaN QW with a width of approximately 3 nm. We note that
whereas our calculations were performed for a QW thickness of 3nm, the measured thickness
was 2.5nm. Since the key point for understanding the data is the detailed description of both
ground and localized hole states, the well width is of secondary importance for the
conclusions drawn here. Our main focus is on carrier localization and ‘how this feature
changes with energy. It is beyond the scope of the present study to match; for instance,
transition energies, where the well width will play a role. In the preser? work, it is more
important that quantities such as the FWHM are reasonably described (as they are) by our
model, since this gives an indication of the energy distribution of localized states. The
calculations have been performed on = 82,000 atom sapercells (equivalent to a system size of
10 nm x 9 nm x 10 nm) with periodic boundary conditions” 175 configurations have been
used to obtain reliable statistical averages and thus‘to compare our results with the
experimental data. For instance, when calculating the PL emission spectra we find a full
width of half maximum (FWHM) valuetof FWHM™ = 84 meV which is in reasonable
agreement with the experimental data of FWHM®® = 65 meV. A detailed discussion of the
factors that influence the calcula\ted FWHM is given in our previous work [26] where we
noted that the interplay of well'width fluctuation and built-in field can affect the variation of
the electron ground state energy as a function of the microscopically different configurations.
In turn, this can_lead to the situation that the calculated FWHM values are larger when
compared to ghe experiment. In general, all this is affected by statistical fluctuations in the
size and_.shape of well width fluctuations and the connected changes in the electronic
structure of the system. Given that we have a reasonably good agreement between theory and
experiment for the FWHM, and therefore the energy distribution of the localized states, the

agreement between theory and experiment is sufficient for the present work, where we are
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interested in factors that influence the observation of the mobility edge. Thus the chosen
number of configurations is sufficient to obtain a good description of the energy variation in
electron and hole states originating from random alloy fluctuations, which is_Key  to
understanding the experimental findings. Central to the existence of a mobilityedge is the
ability of carriers to transfer from a state of a given energy to another state with.a different
energy. Moreover, in this context the question is if there is any major difference between
electron and hole states. To shed light on this question we have calculated the modulus
overlap Q},, = =N |yn | [}, . between the states 7% and y;, for électrons (1 = e) and
holes (A = h). The index i denotes the lattice site in the atomistic grid. For each of the 175
configurations, the calculation of Q,,, has been performed for 5 electron states; for the holes
40 states have been taken into account to calculate_ Q... To achieve an energy resolved
distribution of Q2. for electrons and holes using the differgnt microscopic configurations,
overlaps for given states/energies have been grouped together in energy bins of the width of
30 meV and 20 meV for electrons andsholes, respectively. The difference in the bin size
accounts for difference in the localization features of electrons and holes. Overlaps in each
bin are averaged over the number of elements within the bin. In doing so, and keeping in
mind the definition of O}, ,onlysvalues between 0 (no overlap between states) and 1 (wave
functions are normalized) are‘possible. More details on the modulus overlap calculations are
given in ref [26]. The.results. ofsour analysis are depicted in Fig. 4 (a) for electrons and in (b)
for holes. Here, the zero of energy is taken as the valence band edge of the unstrained bulk
GaN. For the sake of discussion, in the following we will use terms such as “conduction
band” and “valence band”, even though this notation is strictly speaking not correct due to the
presence of.localized states. Starting with electrons, the bottom left corner of the figure
corresponds to the “conduction band” edge which relates to electron states that are

affected/localized by well width fluctuations; when approaching the top right corner of figure
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4 (a) one is moving up higher in the “conduction band”. Overall, figure 4 (a) clearly shows
that there is large overlap between electron states with different energies. This means_that
once carriers are excited in the “conduction band”, electrons can transfer easily from one
state to another. Consequently, when electrons are excited above the “conductiondband” edge
they can easily be transferred to the localized states at the “band” edge. The situation is very
different for the holes, as depicted in figure 4 (b). Looking at the “valence band” edge (top
right corner of figure 4 (b)), we find strongly localized states, which have very little overlap
with states lower in energy, thus deeper in the “valence band”. Also, we observe that at lower
energies (bottom left corner) the overlaps between hole states are also/large and comparable

to the numbers observed in our analysis of the electron states (figure 4 (a)).

Thus based on the theoretical results given above, the experimental data in figure 3 can be
explained in terms of a mobility edge. Overall“it /is impo.rtant to note that the absolute
energies calculated here cannot be directly compared to the absolute energies obtained in the
experiment. This stems from the fact that:for.instance the well width and thus the PL peak
energy of the non-resonant Plsare different:between theory and experiment. However, as
discussed already above, the FWHM values in theory and experiment are similar, indicating
that the spread in electron and hele.energies is realistically described by the theory. For the
present study of the mobility€dge, this feature is key for the theory-experiment comparison.
Turning back to figure,3, excitation photon energies above the experimental mobility edge
(2.812 eV) resultsin the occupation of excited electron and hole states, assuming the primary
excitation process results in.the creation of independent electrons and holes. Such a process
would correspond to carriers being excited in the states described by the upper right part of
figure 4 (a) (electrons) and bottom left corner of figure 4 (b) (holes). Carriers in these states

can, because of the strong wave function overlap between the excited electron and hole states,

scatter.rapidly on the time scale of the PL recombination down to the localised electron and
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hole states leading to the observed PL spectrum. When lowering the excitation energy, in
terms of electron states, one moves from the upper right to the lower left corner. Given that
the overlap between electron states with different energies is high and largely unaffected by
the change in energy, the electrons can still be transferred to the localized electron states.
Thus, we do not expect a significant contribution from the electron system to the mobility
edge observed in the experiment. The situation is drastically different for holes. In this case,
when lowering the excitation energy, in figure 4 (b) one moves from the bottom left region to
the upper right corner. In this case, and in contrast to the electrons, the wave function overlap
between the different hole states changes significantly with energy and carriers cannot be
easily transferred between different localised states. Thus.excitation.below the mobility edge
results in direct excitation of holes in localised states such that the carriers are not sufficiently
mobile at T=12K to scatter to the other localised states.:Hence as the excitation photon
energy is reduced the spectrum shifts accordingly as the'energy of the states that are directly
populated also is progressively reduced. From this analysis we conclude that the mobility

edge is mainly determined by hole localisation.
Conclusion

In summary we have studied th\e form of the low temperature PL spectrum of a c-plane
InGaN/GaN QW structure as afunction of excitation energy. For excitation photon energies
above 2.812 eV /the spectra involve recombination of zero phonon and LO phonon
accompanied recombination of localised electrons and holes. For excitation photon energies
below 2.812"eV the form of the spectra are radically changed consisting mainly of LO and
acoustic phonon assisted recombination of resonantly excited localised states. The peak
energies ofboth these features shift to progressively lower photon energies as the excitation

photon energy is reduced.
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This behaviour is consistent with the existence of a mobility edge whereby for excitation

below 2.812 eV localised carriers are not free to redistribute across the available localised

oNOYTULT D WN =

states. This interpretation is reinforced by a comparison with the results from an atomistic
10 tight-binding model. The results of these calculations show that the wave function.overlap of
the lower energy localised hole states with other hole states is low whereas the electron-
15 electron wave function overlap is largely independent of energy. On this basis we attribute

17 the mobility edge to the strong localisation of the lowest lying holes.
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Figure 1. Photoluminescence spectra recorded at T=12K @\ photon energies of
25 2.973 eV and 2.783 eV as indicated. The energy of 2. i icated by the red arrow.
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The nature of the transitions A, B and C are discus il in the text.
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Figure 2. Photoluminescence spectra measured at T=1
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22 Figure 4 Modulus wave function overlap Q for (a) electrons and (b) holes. The valence band
edge of unstrained bulk GaN is taken as the zero of energy. Thus the QW “conduction band”
27 edge corresponds to the lower left corner in (a), while the QW “valence band” edge is

29 determined by the upper right corner in (b). y



