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Abstract
Since the time of original preparation of gallium phosphide
crystals doped by nitrogen (GaP:N) by the author in the 1960s,
followed by the introduction of the excitonic crystal concept in the
1970s, the best methods of bulk, film and nanoparticle crystal growth
were elaborated. The results of semi centennial evolution of GaP:N
properties are compiled here and in the references to this paper. Novel
and useful properties of perfect GaP including an expected similarity
in behavior between nanoparticles and perfect bulk crystals as well as
their very bright and broadband luminescence at room temperature
were observed. These results provide a new approach to selection
and preparation of perfect materials for optoelectronics and a unique
opportunity to realize a new form of solid-state host - the excitonic
crystal. The excitonic crystal (filled by non-equilibrium electron-hole
pairs N super lattice with the identity period equal to 10 nm - the
Bohr dimension of bound exciton) as high intensity light source with
expected low threshold for generation of non-linear optical effects, as
well as GaP nanoparticles and bulk top quality crystals will be used in
the new generation of optoelectronic devices of solid-state host - the
excitonic crystal.
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The role and application of bound excitons in nanoscience
and technology are discussed in this chapter. Bound excitons are
well studied in semiconductors, especially in gallium phosphide
doped by nitrogen (GaP:N). Doping of GaP with N leads to
isoelectronic substitution of the host P atoms by N in its crystal
lattice and to creation of the electron trap with a giant capture
cross-section. Therefore, any non-equilibrium electron in the
vicinity of the trap will be captured by N atom, attracting a nonequilibrium hole by Coulomb interaction and creating the bound
exciton - short-lived nanoparticle with the dimension of the order
of 10nm (it is the Bohr diameter of bound exciton in GaP:N).
Note, that none of nanotechnology methods are used in creation
or selection of dimensions of these nanoparticles – only natural
forces of electron-hole interaction and electron capture by the
traps are necessary for creation of these nanoparticles. As the
result we get something like neutral short-lived atom analogue a particle consisting of heavy negatively charged nucleus (N atom
with captured electron) and hole. So called “zero vibrations” do
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not destroy possible solid phase of bound excitons having these
heavy nuclei that gives an opportunity to reach their crystal state
- short-lived excitonic crystal.

Thus using bound excitons as short-lived analogues of atoms
and sticking to some specific rules, including the necessity to
build in the GaP:N single crystal the excitonic super lattice with
the identity period equal to the bound exciton Bohr dimension,
we get a unique opportunity to create a new solid state media
– consisting from short-lived nanoparticles excitonic crystal,
obviously, with very useful and interesting properties for
application in optoelectronics, nanoscience and technology.
The following will discuss methods of preparation and possible
application of GaP excitonic crystals and nanocrystals in
optoelectronics.

Preparation and Properties of GaP with Ordered
Position of N Impurities

Crystals that are grown under conventional laboratory
conditions naturally contain a varied assortment of defects such
as displaced host and impurity atoms, vacancies, dislocations,
and impurity clusters. These defects result from relatively rapid
growth conditions and inevitably lead to the deterioration of
optical and mechanical properties of the crystal. For instance,
defects in freshly-prepared GaP:N single crystals completely
suppress their luminescence at room temperature, which is very
bright in the same, but aged perfect crystal.

With the lapse of time driving forces such as impurity
diffusion, strain relaxation, and thermodynamic minimization
of the free energy associated with properly directed chemical
bonds can result in an ordered distribution of impurity and host
atoms. Evaluation of the characteristic time of such reordering,
based on the known Ising model, suggests that the time for the
substitution reaction associated with N diffusion along P sites in
GaP:N is about 15 years at room temperature [1]. Accordingly,
observations of the luminescence from GaP:N crystals made at
10-15 year intervals under similar experimental conditions were
used successfully to track such structural evolution [2-15]. In this
paper, as well as in the works published in 2012-2013 [14-16] we
report the cumulative effects of over 50 years of lattice ordering
on properties of GaP single crystals, providing clear evidence for
enhanced optoelectronic properties through temporal dynamics
over long time periods.
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Figure 1 provides a comparison of the evolution in
luminescence spectra at low temperatures (80K and below)
from GaP:N over a period of 25 years (original measurement in
about 1963). Over this period, zero-phonon line A of single N
impurity-bound excitons and their phonon replicas are narrower
in their line-widths when compared to the freshly prepared
single crystals. Further, as expected, zero phonon line and
replica in samples aged at room temperature for 25 years shift
spectral position depending upon concentration of N impurities
(Figure 1b, spectra 1-3) according to[17], while the same freshly
prepared crystals exhibited broader luminescence line-widths
with increasing nitrogen content (Figure 1b, spectrum 4). These,
along with other half-centennial findings, including modifications
to luminescence kinetics, spontaneous Raman scattering, x-ray
diffraction, absorption spectra, micro-hardness and density of
dislocations, that are reported elsewhere [2-16] strongly suggest
that close-to-ideal GaP:N crystals are formed over time through
the equally-spaced disposition of N impurities from their chaotic
distribution in the same freshly prepared crystals.
As first noted in Ref [11], these results suggest a new type
of crystal lattice in which the host atoms occupy their proper
(equilibrium) positions in the crystal, while the N impurities,
periodically substituted into the lattice portion it into short chains
of equal length. According to the data obtained from Raman light
scattering [9,13] host atoms of this new lattice develop harmonic
vibrations, and high degree of lattice perfection leads to an abrupt
decrease in the non-radiative recombination and an increase
of efficiency and spectral range of luminescence. Additionally,
stimulated emission of light in these temporally-ordered crystals
(Figure 2b) is observed. As also shown in Ref [11] the GaP:N
crystals aged for at least 40 years possess no discrete impurity
level for N-bound excitons in the forbidden gap. They also
demonstrated a uniform luminescence from a broad excitonic
band instead of the narrow zero-phonon line and its phonon
replica as observed from the less-aged 25 year-old crystals.
Thus, long-term ordered GaP:N crystals demonstrate uniform

Figure 1: Evolution of the GaP:N luminescence with time and nitrogen
concentration at the temperature of 15K. (a) Zero-phonon line of the
bound exciton A and its transversal acoustic (TA) and longitudinal optic
(LO) phonon replica in as-prepared (4) and 25-year long-term ordered
(1) crystals. (b) Zero-phonon line A as a function of nitrogen (N) concentration. 1-3: 25-year-old crystals. 4: as-prepared. Curves 1 through
4 represent samples with nitrogen concentrations of 1017, 1018, 1019,
and 1018 cm-3, respectively.
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luminescence from a broad excitonic band instead of the narrow
zero-phonon line and its phonon replica in disordered and partly
ordered (25-year-old) crystals. This is due to the fact that ordered
crystals have no discrete impurity level in the forbidden gap. To
the best of our knowledge, such transformation of a discrete
level within the forbidden gap into an excitonic band (Figure.
2 a,b) is observed for the first time. In this case, the impurity
atoms regularly occupy the host lattice sites and affect the band
structure of the crystals, which is now a dilute solid solution of
GaP-GaN with regular disposition of N atoms rather than GaP
doped by occasionally located N atoms. Note that the increase
of luminescence excitation in the case of partly ordered GaP:N
(Figure 2a, dotted line) leads to a broad luminescence band as
a result of bound exciton interaction[18], while in the case of
perfectly ordered crystals (Figure 2b) one can see an abrupt
narrowing of the luminescence band, probably, due to stimulated
emission in defect-free crystals. Earlier, in freshly prepared
crystals, we observed a clear stimulated emission from a GaP:N
resonator at 80 K [3], as well as the so called super luminescence
from the GaP single crystals having natural faceting. Presently,
our ordered crystals have a bright luminescence at room
temperature that implies their perfection and very low light
losses. In our studies [11,13] we demonstrate that the stimulated
emission is also developed even at room temperature by direct
electron–hole recombination of an electron at the bottom of the
conduction band with a hole at the top of the valence band and
the LO phonon absorption.
If the nitrogen content is selected in such a way that the length
of the chain is about 10 nm, corresponding to the Bohr diameter
of an exciton bound to N, then the relevant concentration of
non-equilibrium electron-hole pairs captured by N traps creates
an excitonic crystal. A schematic model for this novel excitonic
crystal is shown in Figure 2c. In the presence of heavier nuclei (N
atom + captured electron) decay of the solid excitonic phase due
to so-called “zero vibrations” becomes impossible and the phase
itself will serve as an efficient accumulator of light and a new
prospective optic media with low nonlinear thresholds.

Figure 3 compares the luminescence spectra of our longterm (up to 50 years) ordered GaP single crystals (spectrum
1) to that from high quality GaP nanoparticles and their GaP
nanoparticles/polymers nanocomposites [15]. Nanocrystals
stored as dry powder demonstrate rather broad luminescent
band with maximum at 2.8 eV (Figure 3, spectrum 2), while the
nanocrystals, all of about 10 nm in size, thoroughly separated and
distributed in a suspension, which prevents their coagulation,
mechanical and optical interaction, exhibit a bright narrow-band
luminescence with maximum at 3.2 eV, approximately 1 eV above
the position of the absorption edge in GaP at 300oK (Figure3,
spectrum 3).

The thoroughly washed, ultrasonicated and dried
nanopowders as well as their specially prepared suspensions
have been used for fabrication of blue light emissive GaP
nanocomposites on the base of some optically and mechanically
compatible with GaP polymers [19,15].
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We explain the broadening of the luminescence band and the
shift of its maximum to low photon energies in luminescence of
the nanocomposite based on the GaP powder (Figure 3, spectrum
2)by presence in the powder of the nanoparticles with different
dimensions between 10-100 nm. Meanwhile, the nanocomposites
on the base of the suspensions containing only approximately 10
nm nanoparticles exhibit bright luminescence with maximum at
3.2 eV. This is due to high transparency of 10 nm nanoparticles
for these high energy emitted photons and pronounced quantum
confinement effect.
In order to explain this interesting phenomenon, we postulate
that the nanocrystals, much like the ideal long-term ordered bulk
GaP single crystals, exhibit this huge increase in blue-shifted
luminescence due to: (a) negligibly small influence of defects and

Figure 2: Luminescent spectra and schematic representation of the forbidden gaps (ΔE1, ΔE2) in the nitrogen-doped GaP aged for (a) 25 years
and (b) 40 years. The dotted lines correspond to highly optically excited
crystals. C and V represent the positions of the bottom of the conductance and the top of valence bands, respectively. (c) A schematic representation of the excitonic crystal in highly optically excited long-term
ordered nitrogen-doped GaP:N. N substitutes the host P atoms with the
period equal to the Bohr exciton diameter.
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non-radiative recombination of electron-hole pairs and very high
efficiency of their radiative annihilation, (b) high perfection of
nanocrystal lattice, and (d) high transparency of nanocrystals due
to their small dimensions for the light emitted from high points of
the GaP Brillouin zones, for instance, in the direct transitions Γ1c
- Γ15v between the conductive and valence bands with the photon
energy at 300oK equal to 2.8 eV [20] and (e) high efficiency of this
so called “hot” luminescence.

Our first attempts to prepare GaP nanoparticles [21] yielded
room temperature luminescence with maximum shifted only to
2.4 eV in comparison with the new maximum at 3.2 eV. It confirms
significant achievements in technology of GaP nanoparticles and
GaP/polymers nanocomposites. On the base of these improved
technologies for preparation of GaP nanoparticles and GaP/
polymer nanocomposites we can change the main parameters of
luminescence within broad limits. And we can expect to create
a framework for novel light emissive device structures using
dramatic 1 eV expansion of GaP luminescence to UV region.

Note, that luminescence from freshly grown GaP crystals
has always been observed at low temperatures and at photon
energies less than the forbidden gap (~2.3 eV). However, as
shown here, after 50 years, bright luminescence of the long-term
ordered bulk GaP crystals clearly is detected in the region from
2.0 eV to 3.2 eV at room temperature (see Figure 3, spectrum
1). It is worth noting further [22] that the absorption coefficient
near 3.0 eV exceeds 105cm-1. Obviously, decreasing the thickness
of the crystal will increase the contribution from high energy
photons and shift the spectral maximum into the ultraviolet.
This significant ability to achieve a dramatic 1 eV expansion
of luminescence into the ultraviolet at room temperature is
likely due to small concentration of defects, low contribution
of non-radiative electron-hole recombination, considerable
improvement in the crystal lattice perfection over time - all
of which contribute to an increased transparency and higher
probability for the emission of higher energy photons.
It is worth noting that known quantum confinement effect in
GaP nanoparticles yields only a few tenths of eV contribution to
the spectral blue-shift and therefore cannot be the main cause of
this significant 1 eV shift unto the UV.

Thus, well-aged GaP bulk crystals [16] as well as high
quality GaP nanoparticles [23-26] have no difference in their
luminescence behavior, interesting for application in different
fields.

Conclusion

Figure 3: Luminescence of perfect bulk GaP single crystals (1) in comparison with the luminescence of GaP nanoparticles and GaP/polymers
nanocomposites (2, 3).Nanoparticles were prepared from white P by
mild aqueous or colloidal synthesis at decreased temperature and
stored as the dry powder (spectrum 2) or suspension in a liquid (spectrum 3). Details: [Pyshkin and Ballato, 2011, 2013].

Since the time of original preparation of gallium phosphide
doped by nitrogen crystals (GaP:N) by the author in the 1960s,
followed by the introduction of the excitonic crystal concept in
the 1970s, the best methods of bulk, film and nanoparticle crystal
growth were elaborated. The results of semi centennial evolution
of GaP:N properties are compiled here and in the references to this
paper. Novel and useful properties of GaP including an expected
similarity in behavior between nanoparticles and perfect bulk
crystals, as well as very bright and broadband luminescence at
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room temperature, are observed. These results provide a new
approach to selection and preparation of perfect materials for
optoelectronics [16] and a unique opportunity to realize a new
form of solid-state host - the excitonic crystal. In spite of the fact
that the time necessary for natural long-term ordering (years)
does not lead to optimism, the collected experience and results
confirm expedience of the efforts directed to formation in GaP
of the N impurity superlattice having the identity period equal
to the bound exciton dimension. As noted in Ref [16] the process
of preparation of top quality material for industrial electronics
can be organized if the freshly grown crystals will be kept for
years in a special storage and only old crystals with the necessary
properties will be annually retrieved for device fabrication
while new portions of fresh crystals will be placed for long-term
ordering. Except natural aging of the relevant crystals for years,
preparation of the N super lattice for excitonic crystal can be
also realized by known methods of growth of multi-layer films,
in particular, by molecular beam and laser assisted epitaxy [27].
The excitonic crystal, created by the long-term ordering or by
the noted above methods of growth of multi-layer films, as well as
the bulk top quality GaP crystals with the unique optic properties,
obtained by the long-term ordering process of freshly prepared
crystals, will be used in new generation of optoelectronic devices,
sometimes instead of nanoparticles and a lot of other materials.
In particular, keeping in mind the low energy of the bound
exciton creation, one can expect a low threshold for generation
of non-linear optical effects in the excitonic crystal and a good
opportunity to create new and very efficient optoelectronic
devices.

Note, semiconductor nanoparticles were introduced into
materials science and engineering mainly in order to avoid
limitations inherent to freshly grown semiconductors with a
lot of different defects. However, it was shown in [19] that this
reason becomes unessential if, when justified, perfect longterm ordered semiconductor crystals are applied in electronics.
Independently on their dimensions they demonstrate very
interesting for application properties. Therefore, using the longterm ordered, perfect GaP crystals or similar on behavior and
properties material in electronic industry instead of elaboration
of very expensive and labor-consuming technologies for diverse
materials and their nanoparticles with limited for application
spectral region and other parameters, we get a big commercial
advantage from their fabrication and application [for more
details please see the paper [16]. All the results noted above and
included in summary reviews [15,16,19] may sufficiently change
the approach to selection of materials necessary for electronics,
to make cheaper and to simplify technology of preparation of the
selected materials and device structures based on them.
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