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Predicted bond length variation in wurtzite and zinc-blende InGaN
and AlGaN alloys
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National Renewable Energy Laboratory, Golden, Colorado 80401
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Valence force field simulations utilizing large supercells are used to investigate the bond lengths in
wurtzite and zinc-blende I&a_,N and ALGa _,N random alloys. We find thafi) while the
first-neighbor cation—anion shell is split into two distinct values in both wurtzite and zinc-blende
alloys (Rga-n,#Rin-n,), the second-neighbor cation—anion bonds are eoRgh(v,=Rin-n,)-

(i) The second-neighbor cation—anion bonds exhibit a crucial difference between wurtzite and
zinc-blende binary structures: in wurtzite we fitweb bond distances which differ in length by 13%
while in the zinc-blende structure there is omge bond length. This splitting is preserved in the
alloy, and acts as a fingerprint, distinguishing the wurtzite from the zinc-blende stru@iyr&€he

small splitting of the first-neighbor cation—anion bonds in the wurtzite structure due to nocfdeal
ratio is preserved in the alloy, but is obscured by the bond length broadéninghe cation—cation

bond lengths exhibit three distinct values in the ali@a—Ga, Ga-In, and In-Inwhile the
anion—anion bonds are split into two values corresponding to N—Ga—N and N-I(w)-Nhe
cation—related splitting of the bonds and alloy broadening are considerably larger in InGaN alloy
than in AlGaN alloy due to larger mismatch between the binary compoyuidsThe calculated
first-neighbor cation—anion and cation—cation bond lengths jGan ,N alloy are in good
agreement with the available experimental data. The remaining bond lengths are provided as
predictions. In particular, the predicted splitting for the second-neighbor cation—anion bonds in the
wurtzite structure awaits experimental testing. 1®99 American Institute of Physics.
[S0021-897€09)09601-2

I. INTRODUCTION

3
—a,, (four bonds, (1)

R'ZAb_C: 4

The lattice constara(x) of an isovalentA, B, _,C semi-
conductor alloy, formed by constituen&8C and BC, is  Wherea,, denotes the ZB lattice parameter, yet the W struc-
known to closely follow the composition-weighted average ture hastwo types of first-neighbor anion—cation bond dis-
between the binary endpoirftéegard’s rulg. In contrast, the ~ tances(see Fig. I

nearest-neighbor bond lengthR,_<(x) and Rg_c(X) ex- c
I ot : ; N c. =u— a, (one bond
hibit, in general, distinct values, resembling more their val- A-Cia “q, W
ues in the individual binary constituentsC and BC rather . )
than an average value corresponding to the virtual-crystal W \/1 1 ) 2
_c. =\/5t|z—u]| (c/a a three bon
limit.2=® For alloys made of zinc-blend&B) constituents A=C1p 3 12 (c/aw)™ ay  ( ds

this has been explained theoretically using atomistic relaXynere u denotes the cell-internal structural parametgy,
ation models”™® For the alloys made of wurtzitéV) con-  andc denote the lengths of the lattice vectors of the W struc-
stituents, such as the llI-V nitride alloyénGaN, AlGaN,  ture (for description of the unit cell vectors see Ref).1f
etc), only very recent theoretical predictichand experi- the case of an ideal tetragonal ratita,, = J/8/3=1.633 and
mental measuremenfsof the bond lengths have become an ideal cell internal parameter=3/8 it follows from Eq.
available. The ground state of bulk-grown AIN, GaN, and(2) that R"AV,Cla= "AV,Clb. Using c/a=1.61 andu=0.38,
InN is the W structuré™*® However, epitaxial resembling AIN or InN% gives a difference<1% between

stabilizatiort* of ZB phase is possibfe:*2 RA-c,, andRy_c

There are two significantand often overlookedstruc- (i) In the ZB structure we have only one type of second
tural differences between the bond distances in ZB and Weighbor cation—anion bond distance
structures of binary compounds: V11

(i) The ZB structure has only one type of first-neighbor R;ECZZ e a?® (12 bonds. ®)
distance

On the other hand, the W structure hhseetypes of second

3Electronic mail: tmattila@nrel.gov neighbor cation—anion distances connecting the catida
YElectronic mail: alex_zunger@nrel.gov anionsC,,,C,p,, andC,,. (see Fig. &
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. We find:
a) |Zinc-blende
(@ — (i) Split bonds of the same chemical speciEse effect

of alloy broadening is larger than the difference between
n_c. and R\_. , but if one examines separately the
la 1b

nearest-neighbor bond parallel to theaxis (RX’,CM) and
perpendicular to it IR"AV_Clb), one sees that they remain dis-

tinct in the alloy. Also, the splitting of theeconeneighbor
cation—anion distance8y ¢, andRy ¢, _is preserved in

the alloy. This splitting acts as a fingerprint distinguishing
(b) [Wartzite | the W alloys from the ZB aIons.. '
- (i) Bonds of different chemical species-@ vs B-C:
The splitting of the first-neighbor bond distanceBA(C1
#Rg_c,) is preserved, while the second-neighbor cation—
Ga anion distanceﬁzA,C2 and Re-c, become nearly equal both
N in W and in ZB alloys(the splitting R"AV_CZaa& R"A”_CZDC re-
mains in W structure
— (iii) Cation-cation and anioranion bonds:The first-
N gl neighbor cation—cation bond®, 5 ,Ra_g, andRg_g show
o a | three distinct values. The first-neighbor anion—anion distance
Rc_¢ is characterized by two distinct values corresponding
FIG. 1. The bond distances {a) zinc-blende andb) wurtzite structures. In ~ to C—A—C and C—B—C configurations. These trends are ex-
the W structure there exist two first-neighbor bond Iengtﬁi’%lavb), plained based on the size mismatch of the catidrad B.
while in the ZB structure there is only on®{’¢ ). The second neighbor The calculated cation—cation and anion—anion bonds have
cation—anion distance in the W structure has three inequivalent valueﬁea”y identical values in W and ZB alloys.
(RX’,CZab ), in contrast with the single bond length in the ZB structure (iv) Bonds inAl,Ga,_,N vs In,Ga, ,N: The cation
zb ¢ X -X X —xN- -
(R~c,)- related splittinggA—C vs B—C) are much larger for bonds in
In,Ga 4N than in ALGa (N due to larger size mismatch
between the binary constituents GaN vs InN as compared
with GaN vs AIN.

c
‘Q\’_CZa:(l—u)a— a, (one bond

w (v) Comparison of our results in JGa, _,N alloys with
5 the recent experimental dafareveals good agreement for
\’&V_CZb: 1+ =] aw (six bond$ (4)  the first-neighbor cation—anion bonds and cation—cation
W

bonds. The splitting betweeRx_c, andRx ¢, _inthe W
structure and the splitting of the anion—anion bonds are

4 (1 \? c\?
R‘,’LCZ - \/§+ E_U) —) a, (three bonds given as predictions to be tested experimentally.
Cc aW
For idealc/a,, andu we obtain Il METHODS
RV o = S a,=1.0206 a,, To find the relaxed atomic positions we have used the
22 2.6 valence force fieldVFF) method®'>8where the total strain

energy is expressed as a function of atomic positi¢Rs},
using a sum of bond stretchiny/§) and bond bending\(;)

11
Ri_c. =RAc =—= a,=1.1726 a,, . 5
A=Cop TACk 5 o W W ® terms:

Thus, even in the ideal W structurRVAV_CZa differs signifi-
cantly (by 1399 from Ry ¢, =Ra_c, - We note that this is
much larger than the splitting in the first-neighbor shEkj. 1 g
2)]. =_ S R —R)2—(d%)272
In this article we explore the consequences of these dif- 22 2 8(dﬂ)2[( TR
ferences between the ZB and W topologies in plee con-

EAE=; v2<Ri—R,-)+”2k Va(8ij)

nn

stituentson the bond lengths in W&a, _,N and ALGa,_,N 1 3Bi.jk
i i i T 2 [(R—R)-(R—Ry)
random alloys The questions we ask in particular are 27 ji=i 8d2d?
whether the alloy environment acts to preserve or eliminate S
the distinction betweete) split bondsRy ¢ VSRA ¢, or — cosfoddi 1%, (6)
betweenR;_c, Vs Ry_c, VS Ra_c, of thesameanion—  Here,df denotes the unstrained bond length between atoms

cationA—C pair, and(b) the bondsA—C vs B-C of different i andj, and 6, is the unstrained bond angle, and égs
cationsA andB. =—1/3. The bond stretchin@x) and bond bendin¢B) force
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TABLE I. The input ideal bond lengthd®, the bond stretching«), and TABLE Il. The two VFF bonds Iengthdﬁ andd? used for nonideat/ain
bond bending 8) force constants used in the valence force field calcula-the W structuregmethod(B)]. The values are derived based on the nonideal

tions. c/aratio and cell internal parametarfor which we use the values calculated
in Ref. 13.
Binary d® (A) a (N/m) B (N/m)
Binary cla u di (&) d’ (A)
AIN 1.892 98.00 15.00
GaN 1.949 96.30 14.80 GaN 1.633 0.378 1.968 1.947
InN 2.156 79.20 7.10 InN 1.615 0.380 2.161 2.144

constants, derived from first-principles calculatidhsare  lengths obtained by method$ and(ii) simply correspond to
given in Table I. Also given in Table | are the input ideal scaling of the calculated bond lengths by the chafge of
bond lengths ¢°). In the alloys, we use the arithmetic mean Eq. (7).

for the bond bending8) force constants for bond angle In order to investigate the effect of deviations from per-
formed by atoms of mixed speci¢s.g., h—-N-Ga. All the  fect tetrahedral geometry in the W structure, we have sepa-
other parameters are kept at their binary values. rated the ideal VFF bond length into two values Iabedlﬁd

We describe the random alloy by large supercells with(corresponding td?‘,’\",cla, parallel to thec axis) and df

random occupation of the cation sitéhus, short-range or- (RY_.., perpendicular to the axis). We then proceed with
der is neglected In the W structure the supercell size was 10

1280 atoms (& 8X5 unit cells, the last dimension corre- : . . ==
sponding to thec axis), and in the ZB structure we used a (A) We assume an ideafa axial ratio (equal tov8/3)
|and an ideal cell internal parametetequal to 3/8, and thus
0

s!mple cubic 512 atom supercell. Using d|ff_erent superceld ‘:df. This corresponds to conserving perfect tetrahedral
sizes we have tested that our supercells give robust bond

o . . eometry in the W structure.
length distributions. The atomic relaxation was performe . .
. L NS (B) We assume a nonideala ratio andu based on the
using the Fletcher-Reeves-Polak-Ribiere minimization

algorithm?® available experimental and first-principles vald&snd ad-

The lattice constants for the binary compounds are chcr'\-;Jsit dj fa?godingggczrndllﬂ?\:y ;odr éheN b'?anﬁs'wmﬁ _:_esblljlt'ﬂg
sen to be consistent with ti values. In the alloy systems V\?uestothll ?th L ht ; ana %os bo d th aed§ '
the choice of the lattice constaafx) requires further consid- e note that the weighted averagene djj bond, threed;

) . o bonds yields 1.952(2.148 A for the Ga—N(In-N) bond
eration. If the supercell volum@r lattice parametgiis given with method (B), which is slightly larger(smalley than

as an additional degree of freedom to be minimized durin :
the relaxation, our VFF method results in a small downwart%'%g (2.156 A for the idealc/a [method (A)]. Based on
his, for the Ga—N bond we expect a small average expan-

FOW'nEOf tge latttice Earsmeta(x)dfrom the Ilnz,ar |n|terpo— sion when moving from the ideal to nonideah structure,
ation a(x) between the binary endpoinfdegard's rulg. In while the In—N bond is expected to contract with a slightly

the zinc-blende lGa, N systems the calculated shift larger magnitude than the Ga—N expands. The remaining
a(x)—a(x) VFF parameters are kept at the values shown in Table I. In
(7)  the alloy systems we assume a composition weigltied
ratio between the two binary values.
is —0.39% for x=0.50 and—0.30% forx=0.25 or 0.75. In Sec. Il B we use both method#) and(B) to study
Even if we assume equal force constants at all atomic®sitedn detail RVAV_cla and R‘Av_clb bonds in the W IgsdGay s\
[@(GaN)=«a(InN) and B(GaN)=pg(InN)], the deviation alloy. The results indicate only marginal difference between
8(x) is —0.25% atx=0.50. Bulk-grown conventional IlI-V  the bond lengths given by two methods in the alloy environ-
alloys exhibit experimentally? a range of deviation$(x)  ment. Therefore, in the remaining calculations involving
from Vegard's rule. In InGa, _,As (Ref. 2 the deviation is  longer bonds we proceed only with approg#) assuming
very small, but in InGa_,Sb (Ref. 1) it is large. In  perfect tetrahedral geometry for the W structure.
In,Ga, _,As VFF® gives 8(x=0.5)= —0.21%. Thus for this
material VFF exaggerates the measuga). We are not ||| BOND LENGTHS IN In,Ga;_,N ALLOYS
aware of any experimental data indicating how closely theA Fixed vs relaxed lattice constant
lattice constant follows Vegard's law in InGaN and AlGaN "~
alloys. Therefore we have decided to perform the calcula- As described in Sec. I, the applied VFF method predicts
tions in two ways:(i) keeping the lattice constafduter di-  slightly deviating lattice parameter values from Vegard’s law
mension of supercelffixed to value predicted by Vegard's (linear interpolation between binary endpojntfor the
rule, and(ii) also relaxing the lattice constant during the In,Ga, _N alloy systems. To quantify how the change in the
minimization procedure. We present the detailed analysis dfattice parameter is propagated into bond lengths, Table Ill
the bond lengths obtained using the two methods in Secshows bond lengths calculated using three meth@ds:
Il A for the ZB InGaN alloy (in AlGaN alloy the small keeping the lattice parameter fixed to the value given by
lattice mismatch makes the deviation from Vegard's lawVegard's law and relaxing only the atomic positionR)
much smaller and is therefore not considerethe results relaxing both the atomic positions and lattice parameter, and
show that the difference in all of the investigated bond(S) scaling the values obtained with method V by the con-

two methods:

S(X)= —=
() 200
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TABLE lll. Comparison of the relaxed bond lengttia angstromsin zinc-blende InGa _,N alloy as calculated using three metho@l$) Relaxing atomic
positions while keeping the lattice parameter fixed to the value given by Vegard'sRuleslaxing the lattice parameter in addition to atomic positions, and
(S) like V but scaling the bond lengths by the chanff&) in lattice parameters(x) equals—0.39% forx=0.50, and—0.30% forx=0.25 or 0.75.

X Method Raan, Rin-n, Rgan, Rin-n, Rca-ca Rga-in Rin-in Rn-n, R,
0.25 \ 1.9633 2.1255 3.8311 3.8385 3.2428 3.2964 3.3208 3.2039 3.4707
0.25 R 1.9574 2.1195 3.8198 3.8271 3.2331 3.2869 3.3108 3.1943 3.4609
0.25 S 1.9574 2.1191 3.8196 3.8270 3.2330 3.2865 3.3109 3.1943 3.4603
0.50 \% 1.9730 2.1408 3.9259 3.9398 3.2965 3.3549 3.4050 3.2176 3.4955
0.50 R 1.9651 2.1327 3.9106 3.9244 3.2832 3.3419 3.3918 3.2046 3.4823
0.50 S 1.9653 2.1324 3.9106 3.9245 3.2836 3.3418 3.3918 3.2050 3.4818
0.75 \ 1.9783 2.1511 4.0198 4.0354 3.3371 3.4124 3.4650 3.2275 3.5108
0.75 R 19721 2.1449 4.0080 4.0235 3.3266 3.4023 3.4549 3.2175 3.5006
0.75 S 1.9723 2.1446 4.0077 4.0233 3.3271 3.4022 3.4546 3.2178 3.5003

traction in lattice parametes(x) [Eq. (7)]. We see that the VFF calculation assuming idealaratio[method(A)], while
bond lengths obtained using method S reproduce very acclrig. 2(b) shows the result for nonideala [method(B)]. In
rately the bonds with method &he differences occur in the Fig. 2(b) we decompose the nearest-neighbor bond length
fourth decimal. In other words, the ratio between the bond distribution (R‘,QV,Cl) into bonds parallel to the W axis
lengths in calculations V and R is the same as the ratio be(R\X_Cla) and perpendicular to itRy_c ). The decom-

fcwepn the lattice p'arameters'm the two calculations. This osed bond lengths indicate that for both cation species the
indicates that allowing the lattice constant to relax does noﬁW ST W .
bond is slightly longer thaRA,Clb. However, this

lead to significant structural changes in the system but the A Cia = o _ -
change is directly propagated into bond lengths and the reldlistinction is not visible in the combine®y_ ¢, bond distri-

tive lengths of different bonds remain the same. Therefore, ibution (the uppermost of the three histograms for each cation
the following we will use Vegard's rule to extract bond species in Fig. 2 Thus, we conclude that the difference
length values. To account for deviation from Vegard'’s ruIe,betweerR"AV_cla and R"AV_C1b bonds is preserved in the alloy

all bond lengths in Table IV can be multiplied Bx) of Eq.  environment, but simultaneously becomes obscured due to
@). the statistical bond length broadening.

We further note that theRA_Cl peak positions do not
coincide between Figs(@ and 2b). The calculated average
peak positions for the idedhonidea) c/a ratio areRga.,

Figure 2 compares the first-neighbor cation—anion bonds=1.973 (1.974) A andRj,n,=2.141 (2.132)A, respec-
in the W Inp Gay 5N alloy as calculated using the two VFF tively. These differences can be understood as a consequence
models described in Sec. Il. Figurgap corresponds to the of the ideal(VFF) bond lengths assumed in methads and

B. First-neighbor cation—anion bonds:
w w
Ra-c,, Vs Ra-c,,

TABLE IV. Calculated values of the histograffig. 3) average relaxed bond lengtkis angstromsin In,Ga_,N alloy for various compositions. The
experimental values are from Ref. 10. For W structure an idkatatio is assumed in the calculations.

X Structure Rean, Rin-n, Raany, Raeany, Rin-ny, Rin-ny, Rea-ca Rea-n Rin-in Ry, R,
0.0 w 1.949 3.248 3.732 3.183 3.183
0.0 ZB 1.949 3.732 3.732 3.183 2.183
0.0 Exp. 1.94 3.19
0.25 w 1.963 2.126 3.339 3.831 3.322 3.839 3.243 3.297 3.317 3.204 3.471
0.25 ZB 1.963 2.126 3.831 3.831 3.838 3.838 3.243 3.296 3.321 3.204 3.471
0.25 Exp. 1.94 2.09 3.25 3.275 3.35
0.50 W 1.973 2.141 3.427 3.928 3.413 3.938 3.300 3.355 3.401 3.218 3.496
0.50 ZB 1.973 2.141 3.926 3.926 3.940 3.940 3.296 3.354 3.405 3.218 3.495
0.50 Exp. 1.96 2.12 3.30 3.355 3.40
0.75 W 1.978 2.151 3.514 4.022 3.503 4.035 3.343 3.413 3.464 3.227 3.511
0.75 ZB 1.978 2.151 4.020 4.020 4.035 4.035 3.337 3.412 3.465 3.228 3.511
0.75 Exp. 1.96 2.12 3.35 3.395 3.46
1.0 w 2.156 3.593 4.128 3.521 3.521
1.0 ZB 2.156 4.128 4.128 3.521 3.521

1.0 Exp. 2.15 3.53
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(a) |idealc/a w-In, Ga, N (@) | w-In, Ga, N () | 2b-In, Ga, N

N-N N-N } \
Ga-In Ga-In f l

<

&
’§ -
E | ® |non-idealcia g
= i ) % Ga-Ga Ga—GaJ N
3 &
b
e | i
2 In-In_J \ In-Tn J‘L\
3 Ga—-N,
g M'
[--] B Ga—Nlb 1 l

Ga-N Ga-N
i, 82N ] -
In-N;, 1 In-N In-N
1a,1b 2a 2b2¢
In-Ny, TN T T
| 20 25 30 35 40 20 25 30 35 40
ping 10 Nig Bond Length (4 )
1.90 1_'95 2_60 2_'05 2_'10 2.'15 2"20 205 FIG. 3. The bpnd length d_istribution i(@) W and(b) ZB IngsGaysN alloy.
Bond Length (A) For the wurtzite structure ideala ratio is assumegimethod(A).]

FIG. 2. The first-neighbor cation—anion bond length distributions in W
Ing sGa 5N alloy calculated assuming ideal and nonid&alratio in the VFF ating from the ideal values and therefore the bemthcan
method. The bonds Ga-f, and In-N,p are illustrated in Fig. 1. obtain a value closer to the ideal ofrerrower distribution

The second column of Table IV compares the first-
(B) (Sec. I): for the Ga—N bond we see a small averagene'ghbor cation—anion bontljI lengths at ;everal composLt]lons
expansion as expected based on the minor increase in thef W and ZB InGa_,N alloy. Comparison between the
ideal Ga—N bonds when moving from ideal to nonide calculated values rgyeals identical bondg in W and ZB 'struc-
ratio. For In—N, the corresponding contraction is S”gh“ytures at all compositions. Table IV also gives the experimen-

larger due to the larger deviation of tluéa ratio from the tal data points measured by the total electron yield extended
ideal value in the InN binary. x-ray absorption fine structurdEY EXAFS) technique for

samples grown using molecular beam epit@BE).'° The

samples appear not to exhibit either pure W or ZB structure,

but contain amorphous parts in addition to the crystalline

regions® The calculated and experimental values are illus-
Consistent with the results by Bellaicle¢ al® we note  trated graphically in Fig. @) as a function of the alloy com-

in Fig. 2 that the first-neighbor cation-anion distance is splitosition for the W structure. The predicted bond lengths are

into a shorterR"G”a_Nl bond and a |0”99RYrV1-N1 bond. Figures shown by so_ll_d lines reveall_ng a linear dependence on the

3(a) and 3b) compare the bond distributions in W and ZB alloy composition. The experimental valt&are shown with

Ing <Gay N alloys. The first sharp peaks in Ga—N and In—N Cross markers. We find a good agreement between the calcu-

distribution correspond tRGan, and Rin-n, - These two lated and experimental values.

bonds have identical values in the W and ZB structities

averaged peak positions are shown in Tablg¢. ISince we D. Second-neighbor cation—anion bonds:
are considering Gay N, both first-neighbor peaks in- Ri-c, Vs Ri’c,

clude the same amount of bondsame integrated arga

However, the In—N peak is higher and narrower than the . . ) X
N indieat e significant difference between W and ZB forms as described
one for Ga—N, indicating a sharper distribution of the in Egs. (3) and(5). Indeed, Fig. &) clearly shows that in the

longer In-N bonds than of the shorter GarMonds. This ] . .
can be seen more clearly in Fig. 2 due to the higher resolu\-N structure we find two peaks correspondingg-c,, (in-

tion. We associate this with the smaller bond-bending forcé“cate_d by arrowandRa-c,, ., while in the ;B structure
constantg (see Table)lfor InN than for GaN: a small value there is only one peak. The peak correspondinBfoc,_is
for B means that less penalty is given for bamuplesdevi-  much weaker than the dominant pela}g,c2bC due to 1:10

C. First-neighbor cation—anion bonds:
Ra—c, vs Rg_c,

For second-neighbor cation—anion bonds we expect the
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neighbor bond lengthsHowever, theaverageanion position
stays ideal. Therefore, ﬂﬁba-Nz and Rin-n, exhibit nearly an

equal value which coincides with the value in unrelaxed al-

Bond lengths in w-In Ga, N

22r @ loy.

217 x * * In-N, The third and fourth columns in Table IV show the
20 ;E"N‘ . < % ] second-neighbor cation—anion bond lengths for the investi-
19+ ] gated InGa, 4N alloy compositions. These values are

- : ' graphically presented in Fig.(d) for the W structure. We
again note the splitting between trRé,’X,CZa and RX,CZb
bonds, as well as the almost negligible cation dependence of
the bond lengths. It is also evident that these second-
neighbor cation—anion bonds have a stronger dependence on
the alloy composition than the nearest-neighbor bo?@ale

and Rin-n, - Currently, there are no experimental data avail-
able for the second-neighbor cation—anion bonds and the
values in Table IV and Fig. #) are offered as prediction.

Bond Length (4)

F. Cation—cation and anion—anion bonds

The Ga—-Ga, Ga-In, and In—In bonds shown in Fig. 3
exhibit three distinct values: the smallest distance is found
for the Ga—Ga bond while In—In is the largest, and Ga—In
between the two extremes. These three values are explained
by the differing atomic radii of the cations. Both W and ZB
0.00 0.25 0.50 075 1.00 structures exhibit nearly the same cation—cation bond lengths
GaN Composition x N as shown in the fifth column in Table IV. The comparison

between the calculated and experimelitahlues in Fig. 4c)
FIG. 4. Bond lengths in W Ga,_,N, as a function of the alloy composi- indicates good agregr_nent. We also_ note th_at the depgndgnce
tion x. The calculated values are illustrated with lines, while the experimen-ON the alloy composition for the cation—cation bonds is sig-
tal data pointgRef. 10 are drawn with crosses where available. The types nificantly larger than for the nearest-neighbor bonds in Fig.
of bonds are explained in Fig. 1. 4(a).

In the N—N bond distributioriFig. 3) we see two distinct
peaks. The origin of these peaks is the chemical identity of

heref '+ ‘miaht b looked | ) the intermediate cation: the shorter N—N bond corresponds
Eq. (4)]. Therefore it might be overlooked in experiments ;, N_Ga-N configuration and the longer one to N—In—-N

with finite resolution or may be mcorregtly assigned to anconfiguration. The sixth column in Table IV reveals only
alloy-broadened part of the second-neighbor bonds. How-

ever, as EQ.(4) shows, the existence of split second-
neighbor cation-anion bond is an intrinsic property of the W

ratio between these types of bonds in the W strucfae

structure, and already exists in pure compounds, irrespective ' ' : ' ' ]
of c/aandu.
E. Second-neighbor cation—anion bonds: - .
Ra-c, Vs Rg-c, g N-N

Figures 3a) and 3b) show that theRga.y, and Ryn.y, g
distances have nearly identi¢ahtion independepvalues in & Ga—Al
both W and ZB structures. This is in contrast with the first- E___: A
neighbor distanceEtGa_N1 and Rinn, exhibiting distinct val- S | Ga-Ga )
ues. Rather, the effect of the alloy environment can be seen '§ A
in the widths of the peaks which are much broader than for 2 Al-Al
the peaks corresponding to first-neighbor cation—anion dis- i
tances. GaN

The distinction between first- and second-neighbor ALN A
cation—bonds can be understood by considering the relative . . .

cation and anion displacements during alloy relaxation: to 20 25 3.0 A3-5 4.0
first order, cationgGa and In remain at their ideal fcc- Bond Length (A)

lattice positions while aniongN) are displaced from their g, 5. The bond length distribution in W fiGa, N alloy. Idealc/a ratio
ideal sublattice sites in order to accommodate the nearesk assumed in the calculatiofmethod(A)].
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TABLE V. Calculated values of the histogram average relaxed bond lefigtasgstromsin Al,Ga, _,N alloy for various compositions. For W structure an
ideal c/aratio is assumed in the calculations.

X Structure Rean, Rain, Rean, Reany, Rain,, Rainy, Rea-ca Rea-a Raa Rnn, Rn-n,,

0.0 w 1.949 3.248 3.732 3.183 3.183

0.0 zb 1.949 3.732 3.183 3.183

0.5 w 1.943 1.899 3.199 3.679 3.203 3.676 3.149 3.137 3.122 3.100 3.173
0.5 zb 1.943 1.899 3.679 3.676 3.150 3.137 3.121 3.100 3.173
1.0 w 1.892 3.153 3.623 3.090 3.090

1.0 zb 1.892 3.623 3.090 3.090

small differences between the anion—anion bond lengths besponding toA-A, A-B, and B-B bonds. The anion—anion
tween W and ZB alloys. The graphical illustration in Fig. bonds are split into two principal cation-dependent values
4(d) indicates again a linear dependence of the anion—aniofC—A—C and C—A-C). For all the studied bond lengths
bond lengths of the W alloy composition, with a slope simi-we predict a nearly linear dependence on alloy composition.
lar to second-neighbor cation—anion bofBgy. 4(b)]. The bond length broadening and dependence on the alloy
We note that qualitatively similar behavior of cation— concentration is found to be much larger in InGaN alloy than
cation and anion—anion bond&lopes, splitting of the in AlGaN alloy due to larger lattice mismatch between the
anion—anion bondshas been observed in zinc-blende In- constituents.
GaAs alloys>®1° For InGaN the predicted results are in good agreement
with the experimental data available forRa ¢, Rg_c,,
Ra_a:Rg_g, andR,_gbonds. However, the most impor-
tant predictions still awaiting experimental testing ae:
RA-c,, andRy ¢, _are predicted to be clearly split in the
)y_v alloys; (ii) the fifst—neighbor anion—anion distance is pre-
icted to be split into two values originating from the
—A-C and C-B-C configurations;(iii) although qualita-

IV. BOND LENGTHS IN Al ,Ga; _,N ALLOY

The bond length distribution for W fEGa, 5N alloy is
shown in Fig. 5. In comparison with §aGa, N (Fig. 3) we
note that the distribution peaks are much sharper, as e
pected based on the smaller lattice mismatch between Al

N alloys. Al h litti ) L .
and GaN alloys. Also, the splitting between, eRsan, and tively similar to InGaN, the broadening of the bond lengths

Ran, is much smaller than in iGaeN. Otherwise,  on cation-related splitting of the bonds have a much smaller
AlosGa N alloy qualitatively reproduces all the essential magnitude in AlGaN alloy due to smaller lattice mismatch.
features predicted for §xGa, sN above. Table V shows the
predicted bond lengths for &6a _,N alloy for x=0,0.5,1. ACKNOWLEDGMENTS
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V. CONCLUSION
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single bond length. However, the second-neighbor cation—

anion bonds for thsame catiorexhibit a crucial difference
between W and ZB structures: in W we findo bond dis-
tances which differ in length by about 13% while in the ZB
structure there is onlpne bond length. This is an intrinsic

property of the binary constituents and persists in the alloys,
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