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Atomic structure and phase stability of In,Ga; _,N random alloys calculated
using a valence-force-field method
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We have calculated the atomic structure and strain energy of {@aln,N random alloy (G=x=<1) based
on 592~ 13 240-atom models. A valence-force-field method with the Keating potential is used for the strain
energy calculation. We analyzed the bond-length and bond-angle distribution in the alloy due to the random
fluctuation of the atom positions. The change in the average Ga—N and In—N bond lengths is calculated as a
function of the compositiom. The calculated result is in good agreement with the recent experimental data of
the extended x-ray-absorption fine-structure method. The calculated enthalpy of tiipgi.e., the strain
energy, versus the compositionis expressed in the regular-solution modak,=Qx(1—x) using the
x-dependentnteraction parametef) = —2.11x+7.41 (kcal/mole). Thif) value is the most reliable among
those so far calculated. The calculated phase diagram shows a broad and asymmetric miscibility gap, e.g.,
0.04<x=<0.88 at 800 °C. The critical temperature for phase separation is 141B0C63-18209)05427-3

I. INTRODUCTION method. Such a calculation gives a more accurate result than
the virtual crystal approximatiofVCA) in which an alloy is
The InGa,_,N alloy system has recently become a lead-represented by a perfect lattice with atoms having an average
ing material for the blue/green—wavelength optoelectronidroperty of the pure semiconductors.
devices. For example, using the Gg, _,N alloy, the quan- In this paper, we calculate the atomic structure and strain
tum well laser structures were realized by Nakameiral! ~ €nergy of the IpGa N random alloy based on 592
More recently, the growth of LGa,_ N quantum dots ~13 240-atom models in order to analyze the atomic struc-
(QD's) has been carried out by Tachibama al? and ture and phase stability. We use a valence-force-fi¢keF)

Hirayamaet al2 for the fabrication of the QD lasers. melzth?d_ with ;he Kehatijngf poltenlt?ﬁ_l for tze str_abin d?”ergy
The | _ Nallovi llov havina th tz. calcu ation. The met od of calcu ation is escribed in Sec. Il.
e InGa,_,N alloy is a random alloy having the wurtz We analyze the atomic structure of the alloy in Sec. Ill. We

lte structure. The_catlon sites arelzlrandomly occupied by Inshow the bond-length and bond-angle distribution due to the
and Ga atoms with the compositiomsand 1-x, respec-

. . . alloy randomness. The change in the average Ga—N and
tively, and all the anion sites by N atoms. Due to the larg y g g

, %h—N bond lengths is calculated as a function of the compo-
difference (10.8%9 between the Ga-N and In-N bond sition x. The result is compared with the recent experimental

lengths, the atgm ppsitions are considered to fluctuate frorg,i4 by Jeffet all® measured using the extended x-ray ab-

the perfect I_attlce_ sites, leaving the _bond-length an_d bond§orption fine-structuréEXAFS) method. In Sec. IV, the en-

angle distortions in the alloy. Such disordered atomic StrUCthaIpy of mixingAH,,, i.e., the strain energy, is calculated

tures were well studied theoretically for the IlI-V ternary z5 3 function ok. Thex-dependent interaction parametgr,

alloys having the zinc-blende structure, e.g,38 _,As,*°  in a regular-solution model is obtained from the result of

and InGa,_,P? while no studies were reported for the AH,, versusx. Using thisQ value, the phase diagram of the

In,Ga, N alloys. alloy is calculated very accurately. The conclusions are sum-
Theoretical analysis of the atomic structure of themarized in Sec. V.

In,Ga, N random alloy is indispensable to understanding

Fhe phase ;tability of the alloy, pecause the enthalpy of mix- Il. METHOD OF STRAIN ENERGY CALCULATION

ing, AH,,, is equal to the strain energy due to the bond-

length and bond-angle distortioft$. Recently, the phase We calculated the atom positions in the wurtzite

separation of the iGa, _N alloy has been observed in vari- In,Ga _,N random alloy having 59213240 atoms as-

ous experimenfs!! and considered a crucial issue for the sembled in a hexagonal prism. The side length of(6891)

optical properties of the layers. An accurate calculation ohexagonal base is9~31 A, the height of the prism=18

the phase diagram based on an appropriate model of the49 A. To model the random alloy, we place In and Ga

atomic structure is required in order to discuss the phasatoms randomly on the cation sites with the compositions

separation phenomena. and 1-x, respectively, using random numbers, and place N
Information of the atomic structure including the alloy atoms on the anion sites. All the atoms are placed on the

randomness is also important for calculating the electroniperfect lattice sites at this stage.

structure using an atomic-scale method, e.g., a tight-binding To calculate the energy-minimized atom positions, we use
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the Keating potentiaf in which the strain energ¥yain is
expressed in terms of the changes in the bond lengths an
bond angles as

1 3ai_-
strain— 5 ! 8d(2),i_j | i ]| 0,i-j
3Bj-i«
+ — (X —Xi) - (% — X
i%() 8d0,i-jd0,i-k ( i J) ( i k)
2
+§d0,i-jd0,i-k 1)

Here the first sum is over all atomsind their four neighbors
j; the second sum is over all atomsnd all pairs of their
neighborg andk; andx; is the atomic position ofth atom.
do,.j is the strain-free bond length of thg bond,«; ; is the
bond-stretching force constant of the bond, andg; ..y is
the bond-bending force constant of thiek bond angle.

We usedg gan=1.94 A anddg . n=2.15 A, where the
values are taken from the tabulated ones by Harrtédtor
the force constants, we useg,n=96.3 N/m, Bgan-ca
=PBn-can=14.8 N/m; and ap.n=79.2 N/m, Binain
= Bn.nn= 7.1 N/m. The abover and B values are taken
from the corresponding bulk values calculated theoretically
by Kim et all® using a first-principles full-potential linear
muffin-tin orbital method. As forB,,.n.ca in the alloy, we

FIG. 1. Perspective view of the atom positions in thg,Ba, gN
alloy with 592 atoms; In(black), Ga (white), and N(gray) atoms.
The atom rows, indicated by the arrows, show a significant fluctua-

adopt the average value Ba.n.ca@Nd Bin-n-in @S tion from the perfect lattice sites.
Bin-n-Ga= VBca-N-GaBin-N-In - 2 is a structural disorder caused by the random alloying, i.e.,

“alloy disorder.”

In order to minimize the strain energy, each atom is Figure 2 shows the In—N and Ga—N bond-length distribu-
moved in turn along the direction of the force on K, tion in the above Ip,Ga, N alloy with 592 atoms. The av-
= = Vi(Esyain, and the movement of atoms is iterated until erage Ga—N and In—N bond lengths,(@a—N and av(In—
the forces vanisf® After the energy minimization process, N), become 0.25% longer and 1.31% shorter, respectively,
the atom positions fluctuate from the perfect lattice sites ashan the corresponding bulk values indicated by the vertical
shown in Sec. Ill. dashed lines.

In the analyses of the atomic structui@ncerning the Figure 3a) shows the bond-angle distribution in the alloy.

bond lengths and bond anglemnd strain energy, we exclude As a whole, the bond angleg's, are distributed in the range
the surface atoms which have dangling bonds, because we

intend to obtain bulk properties of the alloy in this study.

bulk bulk
GaN InN
T T T :_ T T : T
Ill. ATOMIC STRUCTURE i—av.(Ga-N)y |
600 [ ! l—av.(alloy) !

In this section, firstly, we show the atomic structure of the !
Ing ,Gay N alloy with 592 atoms in order to illustrate how o i
the structure is disorded by alloying. Next, we calculate the s, Ga-N i

. o 1
strain energy of the y,Ga g\ alloy versus the number of 5 i
atoms (59213240 atoms). We find that the strain energy § ;
reaches a bulk value above 9756 atoms. Lastly, for the 9756-§ !
atom model of the IgGa, _,N alloy, we analyze the average 2001 av.(In-N) §
Ga—N and In—N bond lengths versasand compare the i N i
result with the EXAFS measuremefit. 1 Jﬂ"':L

Figure 1 shows the calculated atom positions in the 0 . . AL .

1.6 17 1.8 1.9 2 2.1 2.2 2.3 2.4

Ing ,Gay gN alloy with 592 atoms. The random mixing of In
and Ga atoms on the cation sites is visible in this figure.
Moreover, the atom positions fluctuate randomly from the F|G. 2. Bond-length distribution in the 4gGaygN alloy with
perfect wurtzite lattice sites. The atom rows indicated by thes92 atoms. a¥Ga—N and av(In—N) indicate the average Ga—N
arrows in the figure are clear examples; they run in a zigzagnd In—N bond lengths, respectively, and (alloy) the average
in the alloy, while they run straight in the perfect lattice. This bond length in the whole §1Ga, gN alloy.

Bond Length (A)
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Ilﬂ |I|M . ] FIG. 4. Enthalpy of mixingAH,,, versus the number of atoms
0 % 100 110 120 130 140 in a model of the 1p,Ga, gN random alloy(the number of atoms
Bond, Angle & (degres) =592, 1098, 4732, 9756, and 13 240

kept 6,. The changes in the bond angles in this mog@el
dilute limit of the alloy correspond to those in theverage
bond angles in Fig. @) (x=0.2), where the bond angles in
the latter case are distributed due to the overlap of the strain
fields around the randomly substituted In atoms.

The bond-length and bond-angle distribution causes the
strain energyEgyain» Which is a sum of bond-stretching and
bond-bending strain energi€&q. (1)]. The strain energy of
semiconductor alloys is equal to the enthalpy of mixing,
AH,,, as shown by Martins and Zungegnd Fukui® Here-

81 < 6y < 62 after the calculated strain energy is shownAds,,.
Figure 4 shows\H,, of the Iy ,G&, gN random alloy ver-

FIG. 3. (a) Bond-angle distribution in the §3Ga, ¢N alloy with sus the number of atoms in a model, here the number of
592 atoms. The bond angles are categorized into the N—In—Natoms= 592, 1098, 4732, 9756, and 13 240. As shown in the
N-Ga-N, In-N-In, In-N-Ga, and Ga—-N-®and angles. The figure, the calculatedH,, takes a constant value when the
vertical arrow indicates an average bond angle for each categornumber of atoms is larger than 9756, whiiéd,, decreases
(b) Simplified model of the changes in bond angles around a singlgyradually with decreasing the number of atoms. In the 592-
In atom(the closed circlewhich is substituted for a Ga atom in the atom model AH,, is 16.2% smaller than that of the 9756-
pure GaN lattice. The arrows indicate displacement of the nearesfiym model. This decrease iH,, is caused by the near-
neighbor N atomse, denotes the perfect tetrahedral angleand ¢\ itce atoms which have lower strain energy than the inside
0, are In-N—Ga and Ga—N-Gmnd angles, respectively, after the o4on¢ of the models. Hereafter in this paper, we use the
N atom displacement. This model roughly explains the changes i|§756-atom model in order to deduce accura‘Eer the bulk
the average bond angles (@a). properties concerning the average bond lendthse next
paragraphand phase stabilitySec. I\).

Figure 5 shows the average Ga—-N and In—N bond
lengths, ayGa—N and av(In—N), respectively, as a func-
tion of the compositiorx in the InGa; N alloy with 9756
atoms (indicated by the closed circlgsStarting from the
pure GaN k=0), the average Ga—N bond length becomes
longer almost linearly with increasing the compositign
Similarly, the average In—N bond length becomes shorter
starting from the pure InNX=1). The changes in the aver-

(b)

109.47 (tetrahedral angl,) =10 degree. The N—In—N and
N—Ga—N anglegvertex; cation are distributed almost sym-
metrically abouté=6,. On the other hand, then+N-In,
In-N-Ga, and Ga—N-Gangles(vertex; N are distributed
less symmetrically. An average bond angle is smaller than
for the In-N—In and In—-N—Gangles, and larger thaf, for
the Ga—N-Gaangles. This result concerning the average
bond angles is roughly explained by the simplified model
shown in Fig. 8b). By substituting an In atonithe closed

circleg for a Ga atom in the pure GaN lattice in order to age Ga-N an_d In-N bond lengths are much smaller than that
make the alloy, the four nearest neighbor N atoms are dis(—:""k:u'alted using the VCA,
placed outward to make the In—N bonds longer than the _ _

Ga—N bonds. Due to the displacement of the N atoms, the (VCA bond length=xdo .t (1 =x)docans (3
In—N—-Gaangle (#;) becomes smaller tha#, and the Ga— as shown in Fig. 5. This indicates limitations of the VCA for
N-Ga angle §,) larger thand,. When the N atom happens electronic structure calculations of the alloy. The above re-
to bond to two In atoms, that N atom is displaced moresult for the average bond lengths versuss qualitatively
largely, and theri—N—In angle becomes even smaller. On similar to those in zinc-blende alloys such agGa, _,As.*’

the other hand, the In atom is not displaced because it bonds The almost linear changes in the average bond lengths in
to the four equivalent N atoms, hence the N—In—N angles ar&ig. 5 are consistent with the general theory of bond lengths
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GaN  |ncompositonx  INN FIG. 6. Enthalpy of mixingAH,, as a function of the compo-

sition x in the InGa_,N random alloy. The closed circles indicate
the present VFF result for the 9756-atom model. The solid and
dashed curves are calculated using the regular-solution model with
the x-dependenaind x-independentinteraction parameter@’s, re-

FIG. 5. Average Ga—N and In—N bond lengths,(&a—N and
av(In—N), respectively, as a function of the compositierin the
In,Ga, N alloy. The closed circles indicate the result of the .
present VFF calculation for the 9756-atom model. The open square%oecuvely'
indicate the result of the EXAFS measurement by Jeffal. (Ref.

13). The dashed line “VCA” shows an average bond length in the AHL=Qx(1-x), ()
whole alloy calculated using the virtual crystal approximation.

AS,,=—R[xInx+(1-x)In(1—x)]. (6)
in random semiconductor alloys constructed by Cai and
Thorpe!”*® They proved analytically that the average bondAH,, andAS,, are the enthalpy and entropy of mixing, re-
lengths in the pseudobinary alloyA{_,B,)C are perfectly spectively.() is the interaction parameteR is the gas con-
linear in the compositior if the force constants andB)  stant, andrl is the absolute temperature. Only the interaction
for the two pure materials are the saMélhe variations in  parameter(}, depends on material.
the force constants have a minor effétand hence the VFF () is assumed to be-independenin usual phenomeno-
result in Fig. 5 is quite reasonable. logical calculations of) such as the delta-lattice-parameter

In Fig. 5, we compare the average Ga—N and In—N bondDLP) model?® On the other hand) is found to be weakly
lengths obtained by the present VFF calculation with thosex-dependenin the present study due to the use of the atomic-
obtained using the EXAFS experiment by Jeéfsal® In scale VFF calculation, as shown below. For IlI-V zinc-
their experiment® the InGa,_,N films (=1 um thick) blende semiconductor alloys,dependence of) was calcu-
were grown using a modified molecular-beam-epitaxy techfated in detail using a first-principles calculation by Wei
nique. The growth temperatures were low400°C) to etal?
avoid phase separation. To measure the bond lengths, the First, we calculat«) as a function ofx, from AH, cal-
total electron yield EXAFS technique for the Ga and Inculated using the VFF method. In Fig. 6, we shAw,,, of
edges was employgd As shown in the figure, the calculated the InGa,_4N random alloy with 9756 atoms for the com-
result is in very good agreement with the EXAFS result inpositionx=0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1 calculated using
the whole range of the composition The agreement is bet- the VFF method, as indicated by the closed circleld,,, has
ter for the average Ga—N bond length than for the In—N casea maximum neax=0.5.

Since the atomic structures calculated in the present study By rewriting Eq.(5) as
reproduce the measured structural data concerning the bond
lengths, they are very adequate for the studies of phase sta- Q=AH,/x(1-Xx), (7)
bility and electronic structures.
we can calculate, for eack a value of() from the above
IV. PHASE STABILITY VFF value ofAH,,. Figure 7 shows) versusx calculated in
this manner, as indicated by the closed circlesdecreases

In order to study the phase stability of the, @& 4N  almost linearly with increasing. From a linear fit to the)
random alloys, we calculate the phase diagram based on thglues, we obtain
regular-solution modéf The material-dependent parameter
in the regular-solution model, i.e., the interaction parameter, Q=-2.11x+7.41 (kcal/mole. (8)
is obtained from the VFF calculation.

In the regular-solution modé?, the Gibbs free energy of  Next, we calculate\H,, expressed b\ H,,= Ox(1—x)
mixing, AG,,, for the InGa, N alloys is expressed as [Eq. (5)] with Q=—2.11x+7.41 (kcal/mole)[Eqg. (8)], as
_ . drawn by the solid curve in Fig. 6. The VFF result ®H,,
AGn=AHR=TASy, “) (the closed circlesis accurately reproduced by the above
where AH,, curve.
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FIG. 7. Interaction parametef), as a function of the composi-
tion x in the InGa _,N random alloy obtained from the present
VFF result ofAH,, in Fig. 6, indicated by the closed circles. From

a linear fit to the Q values, we obtain Q=-2.11x
+7.41 (kcal/mole) as indicated by the dashed line.

FIG. 8. Phase diagram for the,[Ba _,N random alloy calcu-
lated from the regular-solution model using)=—2.11x
+7.41 kcal/mole. The binodal and spinodal curves are shown by
the solid and dashed lines, respectively.

Ing sGay 1N regions in thermal equilibrium. The miscibility
gap is significantly asymmetric abowt=0.5 due to the
asymmetry of theAH,, curve in Fig. 6. With increasing the
temperature, the miscibility gap disappears just Tat
drawn in Fig. 6 by the dashed curve. ThiH, curve is  =1417°C andx.=0.39 (the critical composition® In ex-
symmetric abouk=0.5, while that with thex-dependenf)  periments, the phase separation was observed by several re-
(the solid curvg is asymmetric showing a deviation toward searchers in thick filnfe’ and multiple quantum weH8* of
the lowerx side. The effect of this asymmetry &fH,, ap-  the InGa,_,N alloys.
pears in the phase diagram as shown later. Another possible phase change, which can occur in the
Now, we can calculate accurately the free energy of mixtandom alloys, is the atomrdering Some experimental ob-
ing, AGp, [Eq. (4) with Egs.(5) and(6)], for the InGa _«N  servations of the long-range atom ordering in thgGa _,N
random alloy using)= —2.11x+7.41 (kcal/mole) Eq. (8)] alloys have been reported recert? Further calculation is
obtained from the present VFF result. required for studying the ordering phenomena theoretically,
From AG,, as a function of, we calculate the tempera- although the strain energy calculation in the ordered alloys
ture (T)—composition(x) phase diagram which shows the can be done readily using the present computer code.
stable, metastable, and unstable mixing regions of the alloy The phase diagram calculated in the present stgidy 8)
following the standard theor. At a temperature lower than is qualitatively very similar to those calculated previously by
the critical temperaturg&., the two binodal points are deter- Ho and Stringfello* and Matsuok® concerning the pres-
mined as those points at which the common tangent linence of the miscibility gap(The parameters of the phase
touches theAG,, curve. The two spinodal points are deter- diagram are summarized in Table¢ However, the present
mined as those points at which the second derivativ®®f,  one is quantitatively much more reliable than the previous
is zero;d*(AG)/ dx>=0. ones due to the following reasons. Ho and Stringfeffbw
Figure 8 shows the calculated phase diagram for thealculated the phase diagram using a modified VFF method,
In,Ga, _«N random alloy. It has a broad miscibility gdpr  but they usedi) the empirically extrapolated values for the
an immiscible regionsurrounded by the binodal line. For force constants and 3, (ii) the zinc-blende lattice for the
example, at a typical growth temperature of 800 °C, the alloystrain energy calculation, ar(di) the x-independent}, i.e.,
is immiscible in the range 0.64x<0.88; the alloy in this the average value df(x—0) andQ(x—1). Their phase
range is subject to phase separation into thgf8a, g\ and  diagram is symmetric abowt=0.5. On the other hand, in the

The average value of thedependent) in the range 0
=x=<1 is obtained as (O=-211X0.5+7.41
=6.36 (kcal/mole).AH,, expressed byAH,=Qx(1—x)
[Eq. (5)], using Q=6.36 (kcal/mole) independent of is

TABLE 1. Parameters of the phase diagram for the,da_,N random alloy calculated

by various methods.

VFF (present study VFF (Ho and Stringfellow? DLP (Matsuoka®

Q) (kcal/mole) —21x+7.41 5.98 10.68
T(°C) 1417 1250 2416

X¢ 0.39 0.5 0.5
miscibility gap asymmetric symmetric symmetric

%Reference 24.
bReference 25.
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present study, we use€@) the values ofa and 8 from the in the average Ga—N and In—N bond lengths calculated as a
first-principles calculatiod? (i) the wurtzite lattice, andiii)  function of the compositiox is in good agreement with the
the x-dependent) [Eq. (8)], and obtained the asymmetric experimental data of EXAFS by Jefét al*® The enthalpy
phase diagram. MatsuoKecalculated the phase diagram us- of mixing, AH,,, is calculated in the whole composition
ing the DLP model which uses the phenomenological andange G=x<1. The calculatedH, is expressed within the
empirical parameters defined for the zinc-blende latticeregular-solution model; AH,=Qx(1—x) using the
Consequently, our phase diagram is the most reliable among-dependentinteraction parametef = —2.11x+7.41 (kcal/
those so far reported. mole). This Q) value is the most reliable among those so far
The InGa, _,N random alloys with 59213240 atoms calculated. The calculated phase diagram shows a broad and
are considered freestanding®g, _,N QD’s. We can calcu- asymmetric miscibility gap, e.g., 0.64=0.88 at 800 °C.
late the electronic structure of the QD’s using, e.g., a tight-The critical temperature for phase separatich,, is
binding method for the atom positions obtained in this 1417 °C.
study. The result will be published elsewhere.
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