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Abstract. Arrays of single photon emitters with the same energy of luminescence are
necessary for the development of quantum imformation technology. The studied epitaxial quantum
dots have an undresired inhomogeneity of luminescence. Here, AB1.xCyD1.y alloys of AC, AD, BC
and BD compounds are presented as semiconductors in which non-random distribution of cations
and anions may result in self-assembling of identical tetrahedral clusters. It can be due to the
preference of AC and BD bonding over AD and BC one, a decrease of the strain energy or both of
them. The self-assembling conditions of 1P4Ga clusters in AIN-rich Al,Gai-xPyNi.y alloys with Ga
and phosphorus contents in the dilute and ultra dilute limits, correspondingly, are represented. All
phosphorus atoms should be in 1P4Ga clusters at ~1000 °C if the Ga content reaches several
percents. AIN-rich AlGai.xPyNiy alloys with 1P4Ga clusters are promising semiconductors for
fabrication of arrays of identical single photon emitters with the same energy of luminescence.

Keywords: Quaternary submolecular semiconductor alloys; self-assembling; identical
clusters.

Introduction. Arrays of identical single photon emitters are necessary for quantum
information technology and quantum cryptography [1]. One of the important requisites for ideal
single photon emitters is the same energy of luminescence. Epitaxial semiconductor quantum dots
have been extensively studied because of their possible application as robust solid-state single
photon sources [2]. Epitaxial semiconductor quantum dots with the linear sizes, normally, not
smaller than 5 nm are obtained as a result of transformation of the highly lattice mismatch
epitaxial layer on the semiconductor substrate [3]. The dispersion in sizes in all three directions is
usually significant and it leads to an undesirable inhomogeneity in the emission energy. Therefore,
the problem of the formation of identical in shape, size and composition zero-dimensional
semiconductor objects or ideal quantum dots remains very important.

Self-assembling of 1As4Ga and 1N4AI tetrahedral clusters in GaxAlixAsyNi.y and in Al,Gai-
xNyAsi.y semiconductor alloys, correspondingly, was predicted in [4]. Such self-assembling leads to
the formation of an ensemble of identical in shape, size and composition ~1 nm zero-dimensional
semiconductor objects in semiconductor matrix. Later self-assembling of tetrahedral identical

clusters was described for a number of A!'B",CD,’, and A'B;',C/'D,", semiconductor alloys

[5]- All such clusters are zero-dimensional objects embedded in a semiconductor matrix. Their
luminescent properties should be close to those of ~1 nm nanocrystals. It is known that ~1 nm CdS
nanocrystals form excitons [6]. It demonstrates that excitons form in ~1 nm semiconductor objects.
Therefore, the formation of excitons in self-assembled ~1 nm clusters embedded in wide band gap
semiconductor matrix is highly probable. The self-assembled identical clusters may be considered
as ideal quantum dots because of the same size, shape and composition. AIN has the widest band
gap among I11-V semiconductors. Therefore, the study of self-assembling of tetrahedral clusters in
AIN-rich alloys is very promising from the single photon emitters fabricating standpoint. Among
AIN-rich alloys the self-assembling conditions for AIN-rich GaxAl:xPyN1.y alloys are not studied yet.
Here the statistical thermodynamics of AB:«CyDiy semiconductor alloys and self-assembling
conditions of 1P4Ga tetrahedral clusters in AIN-rich GaAl:.«PyNi.yalloys are presented.
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A;B1xCyD1ysubmolecular alloys
AB1xC,D1y quaternary semiconductor alloys include A/'B{".C/Dy ,A/B' C/'D

1-x~y 1-y
AYB".C,'D,’, alloys. Their crystal lattice consists of two mixed sublattices filled with two types of

atoms. Any atom in AB:1..CyD1.y can have the different nearest neighbour atoms as it is seen in Fig.
1. a. AB1xCyD1.y are alloys of four binary compounds AC, AD, BC and BD since there are four types
of chemical bonds corresponding to these compounds. A.B:xCyD1.y alloys are submolecular alloys
since their crystal structure is a mixture of chemical bonds. They differ from well known
supramolecular alloys such as, for example, AxByCi«yD (alloys) (Fig. 1. b.) in which there (are) is
one mixed sublattice [7]. The crystal structure of AxByCi.xyD consists of three sets of groups of one-
type chemical bonds AD, BD and BC situated around A, B and C atoms. Such groups are considered
as molecules. Therefore, they are supramolecular alloys.

and

®-A ©-B &CcO-D @A ©8B O©c O
a. b.

Figure 1. a. AB:1xCyDiy submolecular alloy with the zinc blende structure; b. AByCix.yD
supramolecular alloy with the zinc blende structure.

According to the electroneutrality condition, the number of cations in ABixCyD1y alloy is
equal to the number of anions: N, + N; = N. + Ny = N . The numbers of four kinds of chemical

bonds AC, AD, BC and BD are connected by three relations given as
Nac +Npp =2;Ny, Npe #Nge =2 Ne, Nye + Ny +Nge +Ngy =7,N,
where z, is the coordination number of the nearest neighbour atoms [8]. Four kinds of

chemical bonds and three relations between them lead to the absence of a one to one
correspondence between the numbers of atoms (concentrations of atoms or elemental
compositions x and y) and numbers of chemical bonds (concentrations of bonds or chemical
compositions Xac, Xap, Xsc and Xsp). One elemental composition corresponds to a vast set of the
chemical compositions. Indeed, the exchange of the lattice sites between different cations or anions
can lead to the reaction between chemical bonds that is given as
nAC + nBD =nAD +nBC,n=1,...,z,. ()
where z; = 4 for alloys with the zinc blende and wurtzite structures and z; = 6 for alloys with
the sodium chloride structure. Number n in the reaction depends on the nearest surroundings of
cations or anions participating in the exchange. Reaction nAC +nBD =nAD +nBC varies the
numbers of chemical bonds and, thus, one elemental composition corresponds to a very large
qguantity of the chemical compositions. This circumstance distinguishes AxB1-«CyDi.y submolecular
alloys from A.ByCi.xy,D supramolecular alloys. The concentrations of bonds in AB,Ci.xyD alloys
(Fig. 1. b) are equal to xap = X, Xep = y and Xgc = 1 — X — y. Thus, there is a one to one
correspondence between the elemental and chemical compositions in AxByCi.x,D alloys.
First, the concentrations of bonds in AB:xCyD..y alloys were estimated on the basis of the
assumption that cations and anions are distributed at random [8]. A number of properties and

characteristics of A/'B;",C/Dy, and A/B/',C;'D,’\ semiconductor alloys were described on the
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basis of this assumption. However, the thermodynamic characteristics of the constituent
compounds and internal strains should lead to the non-random distribution of cations and anions.
For the first time, the non-random distributions were considered in [9]. The distributions of

cations and anions in A}'B;",C'D,’, described in [9] are slightly different from random. It is due

to the fact that the thermodynamic characteristics and lattice parameters of the constituent
compounds of the considered alloys are not very different. A non-random distribution results in an
increase of atomic clusters different in shape, size and composition. The arrangement of atoms on
the lattice sites corresponds to the minimum condition of the free energy. The Gibbs and
Helmholtz free energies of solids are almost equal. Therefore, the Helmholtz free energy is
normally used for the description of AyB:1.«CyD1.y alloys. The molar Helmholtz free energy of ABi.
«CyD1.y alloys is given as
f=fC+u*-TsC, (2)

2
where f°¢ = Z fij xij,(i =AB; j=C,D) is the sum of the free energies of the constituent
i,j=1
compounds, fij and x; are the molar free energies and concentrations of the ij-th compound, us is

the molar strain energy, T and s€ are the absolute temperature and molar configurational entropy,
correspondingly. The swap of the lattice sites results in the variation of all three summands in (2).
Therefore, three causes lead to the non-random distribution of atoms in AB:.xCyD1.y alloys. The
reaction (1) is the first of them. The transformation of pairs of the chemical bonds changes the sum
of the free energies of the constituents since the sums of the free energies of AC, BD and AD, BC
compounds are not equal. Accordingly, the bonding of the pair of compounds having the smaller
value of the sum of the free energies is preferential. The second reason is the internal strains
caused by the difference in the lattice parameters of the constituent compounds. The strain energy
is derived using the valence force field model [10, 11]. In this model, the strained state is described
by using two types of elastic constants. The constants of the first type called the bond stretching
constants are the elastic constants of bonds. The constants of the second type named the bond
bending elastic constants are the elastic constants of angles between bonds. The elastic constants of
semiconductors with the zinc blende structure are obtained from the system of equations written as
3 -18.5C;R-11.5C,,R-295 =0,
0.433(c + f8) — 2.57[(C,, + Cp,)R +1.73/3]
[0.433(c — 8) -5.55(C,R — C,,R -1.73)[ C R-0
0.433(a + B)-5.02(C,R-C,R-1.738)  “ '

where «a and S are also the bond stretching and bond bending elastic constants,
correspondingly, R is the bond length of the undistorted crystal and Cj; are the stiffness coefficients.
These elastic constants of the same semiconductor with the zinc blende and wurtzite structures
differ insignificantly [11]. The deformation energy of the primitive cell of semiconductor with the

zinc blende structure is given as
]i [A(ril ' ril)]z +122:'BS( 32 jZ[A(rﬁ & )]2
i=1 2 s=1 4R

4l
u=-«a
2 i, j>i

1 1 1 2 ..
where A(ri T ): R?—r; and A(ri T )z (Ri2 —~ I’iz)COS(/) are the scalar variations, where

3
4R?

S

ri
deformation energies of bonds and angles are given, correspondingly, as

and rjS are bond vectors about atom s, ¢ is the angle between the bonds [10]. Accordingly, the

u=——>(R*-r?)*and u :%(chosq)0 —r?cos )’

where R and r, ¢ and ¢ are the distances between the nearest atoms and the angles between
bonds in the undistorted and distorted crystals, respectively. The data on the bond stretching and
bond bending elastic constants for a number of semiconductors are available [10-12] or can be
calculated. The entropy of A«B1.xCyD1.y non-random alloy is smaller than that of the same random
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one. Therefore, the non-random distribution can occur due to a decrease of the sum of the free
energies of the constituents or decrease of the strain energy or both of them.

The significant preferential formation of AIN bonds was experimentally established in GaAs-
rich AlyGai-xNyAs..y alloys (y < 0.02, x >> y) with the zinc blende structure [13]. GaN bonds were
almost absent in these alloys. The authors explained the dominance of chemical bonding by the
large cohesive energy of AIN bonds. However, the bonding in Al,GaixNyAs:y, has more complex
nature. AliGa;«NyAsiy belong to ABi1xCyDiy alloys. The exchange of the lattice sites between
cations or anions in AliGai«NyAsi.y leads to the transformation of bonds that corresponds to the
reaction between bonds nAIN + nGaAs — nAlAs + nGaN (1 < n < 4) or vice versa. Accordingly, the
AIN bonding in AliGaixNyAsi.y should be accompanied by the formation of GaAs bonds. The
preferential AIN and GaAs bonding is caused by the smaller value of the sum of the AIN and GaAs
free energies in comparison with the sum of the AlAs and GaN free energies.

The most interesting result of the preferential AIN and GaAs bonding is self-assembling of
identical tetrahedral clustes (IN4Al and 1As4Ga clusters) with nitrogen and As central atoms in
GaAs- and AIN-rich Al,GaixNyAs,.y (X >>y or 1 — x >> 1 —y), correspondingly. The prediction of
this phenomenon and the equation conditions of the free energies of the random alloys and alloys
in which all nitrogen or As atoms are in clusters were done in [4]. The phase diagram of AlxGai-
xNyAs.y with the self-assemblilng conditions of IN4Al and 1As4Ga clusters in GaAs-and AIN-rich
alloys, respectively, was described in [14]. Later, the similar diagrams were obtained for ZnTe-rich
MgxZn:1xOyTery, AIN-rich AlLGa;xSbyNiy; ZnTe-rich SrZnixOyTery; GaAs-rich BxGaixSbyAsi.y,
ZnTe-rich CaxZn;«OyTeiy, ZnS-rich CaxZn;xOyS1y alloys [5]. An occurrence of clusters variated in
shape, size and composition is hardly probable in these alloys since it should lead to an increase of
the free energy. Accordingly, the described self-assembling is a way to form an array of identical
zero-dimensional objects embedded in the semiconductor matrix.

Self-assembling of 1P4Ga clusters in GaxAl:.xPyN1y alloys

The self-assembling conditions of 1P4Ga clusters in AIN-rich Ga,Al...PyN..y are represented in
this Chapter. The Helmholtz free energy of such alloys is a sum of the free enhergies of the

constituent compounds, strain energy and configurational entropy term f = f ¢ +u** —Ts®. GaP,
GaN, AIP and AIN are the constituent compounds. The clustering degree is represented by the
cluster order parameter « that is a portion of phosphorus atoms situated in 1P4Ga clusters. This
parameter can vary from zero to unity. The alloys with ¢ =0, 0 < o<1 and « = 1 are disordered,
partially cluster ordered and completely cluster ordered alloys, correspondingly [14]. The dilute
and ultra dilute limits for the Ga and phosphorus contents, respectively, are considered.
Phosphorus atoms should be distributed randomly because of their very small concentration. The
sum of the free energies of the constituent compounds is given as

f= nyGaP + X(l_ Y) fGaN + (1_ X) yfAIP + (1_ X)(l_ y) fAIN +

: (3)

+a(l- X)y(feap — foan = far + fAlN)

The variation of the sum (3) as a result of self-assembling depends only on the relation
between the free energies Af = f_, — fo.n — fap + fan - Therefore, only last item of the sum (3) is
taken into account. The relation between the free energies is expressed as

Af =Ah" —TAs,

f f f f ‘
where Ah' = hGaPB - hGaN - hAIB + hAIN , AS =Sg.0 —Seany — Sap * Sam Negp @Nd S, are

the molar enthalpy of formation and molar entropy of GaP. Accordingly, the relation may be
rewritten as
T T

Af =Ah™® —TAs® + j Ac,dT =T ACp dT,
298.15 298.15
where AR™® = héfp - hé:N - h/sf\lg + hAfd(r)\u As’ = SgaP - SgaN - SZHD + SglN '

Ac, =S¥ —cg™ — ¢t +s5™, hlY, s2, are the molar enthalpy of formation and entropy of GaP at

STP, correspondingly, and cSaP is the heat capacity of GaP. GaP and AIP crystallize with the zinc

blende structure. GaN and AIN in the stable state crystallize with the wurtzite structure and with
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the zinc blende structure in the metastable state. The distinction between the enthalpies of the
same compound of the different crystal modifications depends mainly on the coordination number,
distance between atoms and Madelung constant [15]. The distances between atoms in the zinc
blende and wurtzite modifications of a compound as well as the Madelung constants are almost
equal [13]. Thus, the difference between the enthalpies of a compound with the zinc blende and
wurtzite structures should be insignificant. The enthalpies of formation and entropies at STP and

heat capacities were taken from [16]. The value of relation Af = f_,— foy — fap + fan

demonstrates significant preference of the GaP and AIN bonding.
The strain energy of AIN-rich GaAl.xPyN1.y alloys is given as
U= XUg, + YUp + ay(ulP4Ga —Up — 4uGa) 4)

where Uipsca = 1.683%x10° J/mole, up = 1.354%10° J/mole and uga = 2.572x103 J/mole are the
strain energies caused by 1P4Ga clusters and isolated phosphorus and Ga atoms, respectively. The
strain energies caused by clusters as well as isolated atoms were estimated as sums of two items.
The first item is the strain energy of quadruples of tetrahedral cells situated around the central
atoms of clusters or around isolated Ga and phosphorus atoms. A quadruple of 1GalP3N
tetrahedral cells situated around the central atom of 1P4Ga cluster is shown in Fig. 2.

Figure 2. 1P4Ga cluster in GasAlixPyN1.y alloy with the zinc blende structure. (A quadruple of
1GalP3N tetrahedral cells situated around the central atom of 1P4Ga cluster).

This part is described within the framework of the valence force field model by the approach
developed for the estimation of the strain energy of 111-V ternary alloys [17]. The averages of the
bond bending elastic constants of the compounds are used as elastic constants of the angles
between the unlike bonds. The deformation energies of the crystal lattice outside the quadruples
are the second items. These energies are obtained as the deformation energies of the elastic media
with radial displacements inversely proportional to the square of a distance from the central atoms
of the quadruples. The considerable differences between the lattice parameters of nitrides and
phosphides result in significant strains around 1P4Ga clusters and isolated phosphorus atoms. The
closeness of the covalent radii of Al and Ga leads to the insignificant strains caused by isolated Ga
atoms. It is very important for fabrication of identical single photon emitters since 1P4Ga clusters
should be in the same internal strains.

The entropy term is written as

1-x +ylny+<1—y)ln<1—y)]
_4ay

where Q:Q. is the number of configurations. The first factor is the number of the
permutations of Ga and Al atoms outside 1P4Ga clusters at the fixed arrangement of isolated
phosphorus atoms and clusters. The second factor is a number of anion arrangements. The mean
values of the distances between isolated phosphorus atoms and 1P4Ga clusters are much larger
then the distances between the nearest neighbor atoms. In such a case, spatial correlations among

1-

—Ts=-RTINQ,Q, = RT[(X—4ay)|n x—day (1- x)ln1
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isolated phosphorus atoms as well as among 1P4Ga clusters are very small since the phosphorus
content is in the ultra dilute limit. In fact, 1P4Ga clusters and isolated phosphorus atoms should be
distributed randomly.

The cluster order parameter is obtained under the minimum condition of the Helmholtz free

. . df - o,
energy that is written as —— =0. Clusters should occur when the minimum condition for the

da
. df (¢ =0) . . . .
Helmholtz free energy given as  da =0 is fulfilled. The condition of the self-assembling
a
completion when all phosphorus atoms are in clusters is the minimum condition of the Helmholtz
free energy written as w =0.
a

The self-assembling conditions for GaxAl..xPyN:y alloys were considered in the following
content ranges 4y < X < 0.06 and 1x10® < y < 1x10*. 1P4Ga clusters are the identical zero-
dimensional objects with the size ~1 nm embedded in AIN-rich matrix. The composition of such
objects in accordance with the numbers and types of the chemical bonds corresponds to
GaPo.2sNo.7s alloy. The band gaps of GaP and GaN are significantly smaller than that of AIN. The
exciton energies of zero-dimensional objects increase with a decrease of their sizes and like this the
exciton energies of CdS nanocrystals increase up to 3.5 eV, when the nanocrystal diameter reaches
1 nm [6]. It exceeds 1 eV the band gap of bulk CdS. But even with such excess, the energy of
excitons formed in ~1 nm GaPo.2sNo.75 0bjects should be significantly smaller then the value of the
band gap of AIN-rich matrix. Therefore, the formation of excitons by self-assembled 1P4Ga clusters
is highly probable. Furthermore, clusters are in the insignificant strain field caused by highly
mismatched clusters and by isolated phosphorus atoms located on the considerable separations
from each other. Accordingly, 1P4Ga clusters and isolated phosphorus atoms cannot change the
band gap due to very small concentrations of the highly lattice mismatched phosphorus atoms. In
fact, they are isolated objects capable to form the localized states in AIN-rich semiconductor
matrix.

The fulfilled estimates demonstrate that the self-assembling occurrence temperatures do not
depend on the phosphorus content. It is due to the chosen phosphorus content. But the
temperatures of the self-assembling completion depend on the Ga and phosphorus contents. The
difference between the temperatures of the self-assembling occurrence and completion of self-
assembling decreases with the decrease of the phosphorus content. The cluster occurrence and self-
assembling completion temperatures of GasAlixPyN1.y alloy with x = 4y and y = 1x10# are equal,
respectively, to 266.2 °C and O °C. The self-assembling occurrence temperature and difference in
the temperatues of the self-assembling occurrence and completion as functions of the Ga content
are shown in Figs. 3 and 4 for GaAl..xPyN1.y alloys with y = 1x10-4.
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Figure 3. The self-assembling occurrence temperature (solid curve) and difference in the
temperatues of the self-assembling occurrence and completion (dotted curve) on Ga content at
phosphorus content y = 1x10-4.
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Figure 4. The self-assembling occurrence temperature (solid curve) and difference in the
temperatues of the self-assembling occurrence and completion (dotted curve) on Ga content at
phosphorus content y = 1x10-4.

As it is seen from Fig. 4 these temperatures increase up to more than 1000 °C at x = 0.06. The
metalorganic chemical vapor deposition and molecular beam epitaxy are the most suitable
technologies for the growth of GasAli«PyN:iy, alloys. Normally, the growth processes of the
metalorganic chemical vapor deposition and molecular beam epitaxy are strongly non-equilibrium.
Therefore, the formation of non-equilibrium disordered GaxAl:«PyN1.y (alloys) are highly probable.
The redistribution of Ga atoms leading to self-assembling may be reached by the thermal annealing
of a disordered alloy. The thermal annealing of GaAs-rich In,Gai.xNyAs.y epitaxial films at ~700 °C
is an efficient method of redistribution of atoms [18]. GaxAl:.xPyN1.y alloys belong to the same type
just as InxGai.xNyAs..y alloys. Therefore, the annealing should also be the efficient method in order
to redistribute Ga atoms in GaxAl..xPyN1.y alloys. The completely cluster ordered GaxAl;xPyNi.y form
at (the) high temperatures if the Ga content reaches several percents (Fig. 4). Thus, the high
temperature annealing may be used to redistribute Ga atoms if disordered Ga,Al-xPyNiy alloy
formed.

The temperature dependencies of the enthalpy and heat capacity of GasAl-xPyNiy are shown
in Fig. 5 (a, b).

h Cp
— o
a=1a=0 a a=1a=0 b
_— _—
T T

Figure 5. The temperature dependencies of the enthalpy (a) and heat capacity (b)

The enthalpy is a continuous function of temperature. The heat capacity has two finite
discontinuities. Thus, the alloys undergo two second-order phase transitions at the cluster
occurrence and self-assembling completion in accordance with the Ehrenfest's classification
scheme of the phase transitions [19]. The fulfilled estimates demonstrate that AIN-rich GaxAl;-
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xPyN1.y alloys should be the very promising wide band gap semiconductors with an array of identical
~1 nm low band gap zero-dimensional objects.

Conclusions: AB:1«CyDiy semiconductor alloys widely used in optoelectronics are
promising materials for fabrication of arrays of single photon emitters with the same energy of
luminescence. It is due to self-assembling of clusters identical in shape, size and composition. The
self-assembling conditions of 1P4Ga clusters in AIN-rich Al,Gai.xPyNi.y alloys are represented. Such
clusters are ~1 nm zero-dimensional objects with composition equivalent to GaPo.2sNo.7s alloy.
Thus, such clusters are identical low band gap objects embedded in the wide band gap AIN-rich
matrix. Accordingly, excitons captured by these clusters should have the same energy of
luminescence.
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YIK 538.911
Ha nyTH K uieaibHbIM KBAHTOBBIM TOUYKaM
BsauecitaB Anexkcanaposud Entoxun

IleHTp Hay4YHBIX UCCJIEJIOBHUHM U mepeoBOro ooydenus mpu HaruoHasbHOM [lo/TMTEXHUUECKOM
WNuctutyte, Mekcuka

07360, Mexuko, rip. Hanmonasnpubii [losmmrexanyeckuit MHCTHTYT, 2508

JokTop GHU3MUKO-MaTeMaTHUECKUX HAYK

E-mail: elyukhin@cinvestav.mx

AnHoTamuA. B cratbe MeToJlaMU CTaTUCTUYECKOU TePMOJVMHAMUKM II0Ka3aHO, YTO B
YEeTBEPHBIX IIOJIYIIPOBOAHUKOBBIX cIulaBaX AxBixCyDiy [OJKHBI CaMOOPTaHU30BBIBATACA
UJIEHTUYHbIe KJacTepbl. Takume KjacTepbl JOLKHBI OBITh H/IEAJTbHBIMH KBAHTOBBIMHU TOUKAMU.
YemoBusi camoopranusiun 1P4Ga kinactepoB B GayAlixPyNiy cIutaBax moJiydeHbl B OOJIBIIOM
Jliaria3oHe TeMIlepaTyp U COCTaBOB.

KaroueBsle ciioBa: YerBepHble IIOJYIPOBOJAHUKOBBIE CIUIaBbl; CaMoopraHusanusd;
W ienTHYHBIE KJIaCTEPHI.
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