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First-principles calculations of gap bowing in In,Ga; _,N and In,Al,_,N alloys:
Relation to structural and thermodynamic properties
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First-principles pseudopotential plane-wave calculations are used to investigate the electronic, structural, and
thermodynamic properties of cubic nitride alloyg®s N and InAl;_,N. The alloys are described within a
cluster-expansion method considering configurations in large 64-atom supercells. We find a strong
composition-dependent gap bowing for both InGaN and InAIN alloys. The strongest contribution to the gap
bowing is due to a structural effect, i.e., the composition-induced disorder in the bond lengths. Charge transfer
is found to be important only for InAIN alloys. A small deviation from Vegard'’s law is found for the lattice
parameter variation in InGaN and InAIN alloys. The calculated first- and second-nearest-neighbor distances in
In,Ga _«N alloys are in good agreement with the experimental data. The investigation of the thermodynamic
stability of InGaN and InAIN alloys shows a significant tendency for spinodal decomposition.
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[. INTRODUCTION of the electronic structure, we also address the more funda-
mental issue of atomic structure and phase stability of cubic
Nitrogen-based 1lI-V semiconductor compounds and ald{nGaN and InAIN alloys and discuss their relationships to
loys have attracted considerable interest in the last few yeat§e bowing behavior.
due to their applications in optoelectronics devices, for high- The paper is organized as follows. In Sec. Il we briefly
density optical data storage, and for high-power conversior€Xplain the theoretical background of the electronic-structure
These devices can operate over a wide temperature range aq;@jculatlons_. Sec. 1l deajs with results and their discussion.
remain unaffected by irradiation. An interesting feature of he paper is concluded in Sec. IV.
the device applications is generally the use of ternary
In,Ga _,N and InAl;_,N alloys
Extensive experimental and theoretical studies have ad-
dressed optical properties relevant to such technological ap- The band-structure and total-energy calculations are per-
plications. Unfortunately, however, there is still considerableformed using the first-principles density-functional theory
disagreement about such fundamental parameters as ti®FT) in the local-density approximatiofi.DA).1° We use a
bowing of the fundamental energy gap. It is not clear howplane-wave expansion of the eigenfunctions and non-norm-
the band gap varies as a function of the alloy compositionconserving ab initio Vanderbilt pseudopotentials imple-
Early optical studies of InGaN alloys suggested a smalimented in the Viennab initio simulation packagévasp).?
energy-gap bowing paramefef Recent studies found a The Ga 2l and In 4d electrons are treated as valence elec-
strong gap bowing in the range of 2—5 &¥*For InAIN, the  trons. Atomic relaxation is fully included for all alloy con-
scatter between different measurements of the band gap figurations studied.
significant. A large gap bowing was recently observed by A large 64-atom supercell representation is used in order
Yamaguchiet al,'® a similarly strong bowing was found by to model the InGa _,N and InAl;_,N alloys. More specifi-
Penget al,'® and other workers measured a smaller bowingCally. for the 64-atom IpX3,_ N3, supercells K= Al or Ga),
parametet*8 which correspond to 2x2 conventional cubic cells, a
Partially these variations may be related to the absence @inc-blende lattice is assumed. For a given number
?amp'es of high q.uallty due to.the flu_ctuat|ons in the I_qcaI: ,...,32 of Inatoms, there are at Ieasazo different
indium molar fraction, the possible spinodal decomposition,
and strain effects. The measured values of the band-gap bowtomic configurations that would have to be optimized struc-
ing also depend on the technique of measurement of the bardrally. This is impossible. Therefore, for a given number
gap. Photoluminescen¢BL) and absorption technigues give of In atoms we usually study five different configurations in
different values of the band gap of the ternary llI-nitride which the In atoms are not really randomly distributed. To
alloys. A physical understanding of the mechanisms influ-guarantee the random character, we choose a more appropri-
encing the gap bowing is still missing. ate physical strategy. We begin with a maximum In-N clus-
In order to clarify the contradictory results we perform tered configuration; then we sequentially move the In atoms
electronic-structure calculations based on first principlesout of the cluster, to finally generate a minimum In-N clus-
The first goal of this paper is to understand the behavior ofered alloy(i.e., a maximumX-N clustered alloy.
the gap bowing and to determine how it changes in a wide For instance, in the=4 case with 8 In and 2X=Ga,Al
range of In molar fractions. In addition to the considerationatoms, the first configuration corresponds to two adjoining

II. METHOD OF CALCULATION
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8-atom cubes of InN. The average In-In distance represents a 3.2
minimum. Then, we distribute the In atoms step by step over

the other 8-atom cubes. In the fifth configuration each i ¢
8-atom cube contains one of the In atoms. Their distances are
as far distant as possible. The band gap of the corresponding
ordered alloy varies between the configurations. In the case
of IngAl,4N3, the variation amounts to about 0.5 eV between
the maximum and minimum clustered configurations. How- 24
ever, together with the probability of the occurrence of such
a cluster configuration for a given average composititine
configurational average over all 37,K,_,N3, cluster con-
figurations under consideration gives a reasonable average
fundamental gap of a random alloy, Xy _,N.

For each configuratiof and each atomic number, the
fundamental physical propertiedotal energy, band gap,
bond lengths, ettP,,; are determined. The configurationally
averaged quantityP(x) is computed using the Conolly-
Williams approach;

28 |

20 F

Band gap bowing (eV)

L A
12k Z\
P(x)= 2, Wyj(X)Py;. (1) i v

" . . 0.8 |
The composition-dependent weightg,;(x) are determined %

for an ideal solid solution. They fulfill the constraints of |
normalization and definition of the average compositipat L L L
least for the In molar fractions=0.25, 0.5, and 0.75. There- 0.25 0.50 0.75
fore, instead of calculating the quantities for the entire com-
position region we only use the df@Xga—mNs, clusters
(m=0,1,2,3,4). In the discussion the results are compared
with those obtained for 8-atom clusters, in order to check th%0
quality of the cluster-expansion meth&d.

=<4

Composition x

FIG. 1. Composition dependence of the calculated band gap
wing (open circleg for InGaN alloys, compared to other theoret-
ical values. Reference 28: solid diamonds. Reference 30: open tri-
angles. Reference 29: star. Reference 25: cross. Reference 27: solid
lIl. RESULTS AND DISCUSSION square. Reference 26: open squares. Reference 23: solid triangles.

A. Electronic properties . . . .
pTop tial change in the gap value for a given In molar fraction

Figures 1 and 2, respectively, show the calculated bandyith the consequences for the bowing parameter shown in
gap bowing coefficient for random InGaN and InAIN alloys, Fig. 1.

together with values of other theoretical wdrk**The cal- The extraction of the gap bowing parameter of InGaN and
culations are based on the DFT-LDA, which should be ana|N from the various optical measurements requires

reasc_)nable approximatidnfor _the bowing in contrast to the knowledge of the band gaps of the binary compounds GaN,
gap itself. The aspect of spinodal decomposition into tWOx " and InN. While the band gap of GaN and AIN is well

randc_)m al!oys within the miscibility gap is not taken into known today, the band structure of InN is rather uncertain,
con$|(_jerat|on. The calcu[gted band-gap bowmg.par.amet ecause of sample-quality problems. Usually a value of
exhibits a strong composition dependence. This is dn‘ferenabout 1.9 eMRef. 32 is considered as the fundamental gap.

from conventional 1lI-V alloys which show a weakl )
y y owever, recent studies suggest a smaller gap. O’Datinell

(<1 eV) composition-dependent bowing parameter. Th o . .
calculated fundamental gap bowing for InGaN alloys rangeéjneasured peak positions in the photoluminescence spectrum

from 1.61 eV &=0.25) to 1.26 eV x=0.75), whereas for qt about 1.7 eV for IgGa 4N alloys with an In concentra-
InAIN alloys it ranges from 4.67 eVx=0.25) to 2.20 eV tion of onlyx=0.4 far awal)gfrorrle. Similar results were
(x=0.75). Our results agree with the recent calculations ofound by Yamaguchgt al,™ who measured the peak posi-
van Schilfgaardest al,?” but small discrepancies with other tion of the PL at about 1.66 eV for JAl; N alloys for x
calculations are obvious. The calculated bowing parameters; 0.6. Optical absorption and photoluminescence measure-
except of those of Bellaichet al?® and Lambrecht® are  ments of high-quality samples, as well as quasiparticle cal-
relatively small in comparison with measured values. Interculations beyond DFT-LDA, seem to tend to InN energy
esting is the comparison with similar cluster calculati6hs, gaps close to 1 e¥ More reliable experimental studies are
which however are restricted to 8-atom supercells. The smalighly desirable, since a lower value of the band gap of InN
supercells do not allow the local formation of small InN or will dramatically reduce the difference between bowing pa-
XN (X=Ga or Al) clusters which may give rise to a substan- rameters determined experimentally or theoretically.
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5.0 TABLE I. Calculated bowing parametebsfor InGaN (InAIN)
alloys. The contributions due to volume deformatidig), elec-
tronegativities bcg), and structural relaxationsbgg) are also
listed. All values are in eV.

45 -

Compositionx 0.25 0.50 0.75

bvo 1.41(2.68  1.32(2.45 1.29(2.25
40 b bee 0.11(1.89 —0.02(0.69 —0.29 (—0.41)
bsr 0.09(0.1)  0.12(0.09 0.26(0.36
b 1.61(4.67  1.42(3.23 1.26(2.20

band structure of the binary compounds InN ati to hy-

5 drostatic pressure, which here arises from the change of their
individual equilibrium lattice constants to the alloy valae

3.0 F =a(x). The second contribution, the charge excha(gE)
contributionbcg, reflects a charge transfer effect which is
due to the differentaverageiibonding behavior at the lattice
constanta. The final step, the “structural relaxatioSR),

5k x measures changes in passing from the unrelaxed to the re-
laxed alloy bybgg. Consequently, the total bowing param-

° eter is defined as

Band gap bowing (eV)

20 F b=byp+bcetbgr. (6)

The general representation of the composition-dependent
band gap of the alloys in terms of the gaps of the binary
15 : . : . compoundsE,,n(a;nn) andExy(axy), and the total bowing

0.25 0.50 0.75 parameteb is

]

Composition x Eg(X) =XEjnn(@nn) + (1= X)Exn(axn) —bx(1—x). (7)

FIG. 2. Composition dependence of the calculated band gaghis allows a division of the total bowing into three con-
bowing (open circleg for INAIN alloys, compared to other theoret- riphutions according to

ical values. Reference 27: solid square. Reference 24: cross. Refer-

ence 26: open squares. Einn(@inn) —Einn(@)  Exn(axn) —Exn()
byp= 1—x + ” , (8
In order to better understand the physical origins of the
large and composition-dependent bowing iRGl; _,N and Exn(@ Exn(@  Epxn(@)
In,Al, _,N alloys, we follow the procedure of Bernard and bee= - , 9)
Zunger® and decompose the total bowing paramédténto 1-x X X(1=x)
physically distinct contributions. The overall bowing coeffi- E (@) — Ennx(2eq)
cient at a given average compositiemmeasures the change beg=—N INXN e (10)
in band gap according to the formal reaction X(1=x)
XINN(an) + (1—=X)XN(axny) — INgX;-xN(aeg),  (2) All these energy gaps occurring in expressi¢as-(10)

o ) have been calculated for the indicated atomic structures and
wherea,y andayy are the equilibrium lattice constants of |attice constants. The bowing coefficiertalculated at In
the binary compound InN an#N, respectively.aeq is the  molar fractionsx=0.25, 0.50, and 0.75 are listed in Table |
equilibrium lattice constant of the alloy with the averagefor |InGaN and InAIN alloys, together with three contribu-
COMPOSItioNx. o tions byp [Eq. (8)], bce [Eq. (9)], andbgg [Eq. (10)] due to

We decompose reactia@) into three steps: volume deformation, different atomic electronegativities, and
structural relaxation. We observe the following facts.
INN(a;,n) + XN(ayy) — InN(a) + XN(a), ) (i) The volume-deformation terniyp of IﬂGaN and
INAIN alloys is large, particularly for INAIN. The importance
of byp can be correlated to the large mismatch of the lattice
constants of the corresponding binary compoundg<@%
IMX1-xN(@) = 1M,X1 - xN(8eg)- © between GaN and InN ane 14% between AIN and InN
The first step measures the volume deformatdD) effect  Thus, theb,p term, i.e., the composition-induced disorder in
on the bowing. The corresponding contributibgp to the  the bond lengths, appears to control the large gap bowing in
total bowing parameter represents the relative response of theGaN and InAIN alloys.

xInN(a)+(1—x)XN(a)—In,X; _,N(a), (4)
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FIG. 3. Lattice constants of InGalg) and InAIN (b) vs com- FIG. 4. Averaged bond lengths in InGafd) and InAIN (b)
position (open circles compared to the virtual crystal approxima- alloys vs compositiorfopen circles compared to the experimental
tion (VCA) (dashed ling data(solid cirles, Ref. 38

(i) The charge-transfer contributidige due to the differ-  lengths and second-nearest-neighk@XN) distances. The
ent electronegativities of the In anti(X=Al or Ga) atoms  corresponding information is given in Figs. 3-5. Figurés 3
is considerable for INAIN alloys but small for InGaN alloys. and 3b) show the variation of the calculated equilibrium
Indeed, beg scales with the electronegativity mismatch lattice constant versus In concentration for InGaN and InAIN
[~2% (=13%), between In and G@n and Al) using Paul-  alloys, respectively. A small deviation from Vegard's law is
ing’s scalé®]. This term governs the composition depen-clearly visible, in particular for large In molar fractions
dence of the bowing in the case of InAIN. ~0.8. This is slightly in contrast to calculations using 8-atom

(iii) The contribution of the structural relaxatidng is clusters?? The reason is that within large supercells the local
small for both alloys under consideration. Such a weak effectnN regions tend to have large lattice constants. We are not
has also been found by Wei and Zundestudying mixed- aware of any experimental data indicating how closely the
anion alloys(e.g., GaAsN. They also show a stronger struc- lattice constant follows Vegard's law in InGaN and InAIN
tural effect on the gap bowing than mixed-cation all¢gsy.,  alloys. However, similar theoretical results for InGaN alloys
GalnAs. The principal static atomic displacement in mixed- Were recently published by LambrecfitThe physical origin
cation alloys with respect to the ideal zinc-blende position isof this small deviation should be mainly due to the large
due to anion displacement, while in mixed-anion alloys themismatch of the lattice constants of InNN axtl compounds.
principal displacement is due to the cation. The cation disFigures 4a) and 4b) show the calculated bond lengths of
placements lead to strong intraband coupling within the conRin.n:Rga-n @nd Rip.n,Rary in INGaN and InAIN, respec-
duction band and separately within the valence band; consévely, as a function of the In molar fraction together with the
quently the cation displacements lower the band gagecent results obtained by means of an x-ray absorption fine
considerably more than anion displacements. structure(EXAFS) technique®® We find good agreement be-
tween the calculated and experimental values for InGaN al-
loys. The quality of agreement is not much better as in the
case of 8-atom cells, indicating that structural properties can

The three different contributions due to the gap bowingbe reasonably described within the smaller cells. The pre-
are related to the atomic structure, in particular, to the bondlicted bond lengths reveal a weak almost linear dependence

B. Structural properties
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FIG. 6. T-x phase diagram of InGakh) and InAIN (b) alloys.

FIG. 5. Averaged second-nearest-neighbor distances in InGalgOIiol line: binodal curve. Dashed line: spinodal curve

(@ and InAIN (b) alloys vs composition compared to the experi-
mental data. Reference 38: Indlorosg, In-Ga(stan, Ga-Ga(solid

circles stronger composition dependence than the second-nearest-

neighbor distance®Rgz.ga Rinan, and Rpa Of equal cat-
on the alloy compositiorR,.y ; Rgan aNdRnn,Raiy do not  i0ns. This feature differs from those observed in other I11-V
deviate substantially from their natural values in the corre-2lloy systems, where all the second NN cation-cation dis-
sponding binary compounds; the distribution is bimodal. The@nces almost follow the same composition depend&hce.
individual identities of In-N anX-N bonds are preserved in
the alloys; the accommodations of their natural differences C. Thermodynamic properties

occur elsewhere. The cation-cation-related splittimgN vs The properties of the mixed crystals InGaN and InAIN

X-N) is much larger for bonds in InAIN than those in InGaN gy, ied experimentally are not only influenced by composi-
alloys (0.22 A vs 0.16 A) due to the large size mlsmatcr(l

) ' ion fluctuations on an atomic length scale but also by de-
between the binary constituents AIN vs InN than compare

: : ; omposition into different random alloys for not too small
with GaN vs InN. These results make obvious that, in Con-nq not too large In molar fractions. Information about such
trast to the lattice constants, Vegard’'s law fails for bond

) a miscibility gap follows from the free energy of the mixed
lengths of both InGaN and InAIN as in other Ill-V alloys. termary system. An important contribution arises from the
The second-nearest-neighbor distances are plotted in F'g'rﬁixing enthalpy. The mixing enthalpy of JK, ,N alloys

for InGaN and InAIN. Again good agreement with experi- .o he optained from the calculated total energies as
mental data can be stated for InGaN alloys, in particular

taking into account the uncertainties due to length fluctua- AH=Eixn—XEnn— (1= X)Exn (12)
tions. The In-In, N-N, InX, andX-X distances shown in Fig.

5 exhibit four distinct values: the smallest distance is foundwhereE  xn, Einn, @NdEyy are the respective total energies
for the X-X value (Ga-Ga and Al-Al, while the In-In dis- for InXN alloys, InN, andXN. For x=0.5 we find 34 meV/
tance is the largest, and the N-N andXnlengths are be- atom for the InGaN alloy and 53 meV/atom for the InAIN
tween the two extremes. We also note that the dependence afioy. The large values oAH for InGaN and InAIN alloys
composition for the cation-cation 2NN distances is signifi-suggest large critical temperatures. Consequently, there will
cantly larger than for the nearest-neighbor bonds. The heterlge a tendency for immiscibility in a wide composition range
second-nearest-neighbor distan&gss, andR,. exhibita  at temperature§ of epitaxial growth. The larger mixing
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enthalpy for InAIN alloys suggests a higher critical tempera-alloys by performing first-principles pseudopotential plane-
ture and, hence, that the immiscibility tendency is morewave calculations. We found a strong composition depen-
prounouced. dence of the gap bowing of InGaN and InAIN alloys. Our
From the resulting free energy of mixing\F=AH results suggest that the bowing of InAIN alloys have a re-
—RT[xInx+(1—x)In(1—x)], whereR is the gas constant, markable contribution from the structur@élolume deforma-
we calculate the temperature-composition phase diagrani®n) effect and it is also characterized by an important
which show the stable, metastable, and unstable compositiatharge-transfer effect. On the other hand, the gap bowing of
regions of a mixed crystal for a given growth temperatureInGaN alloys is dominated by the structural effect. The lat-
Figure 6 depicts the calculated phase diagrams for InGahice constants of InGaN and InAIN follow Vegard’s law, but
and InAIN alloys. We observe a critical temperature of 1400small deviations occur for large In molar fractions around
K for InGaN alloys and 2350 K for InAIN alloys. The use of x=0.8. The bond lengths and the second-nearest-neighbor
smaller 8-atom supercells gives rise to slightly smaller criti-distances calculated for InGaN alloys are in good agreement
cal temperatures, in particular in the InAIN cdSeThe with data obtained from recent x-ray absorption fine struc-
higher critical temperature of INAIN compared to InGaN canture measurements. The hetero second-nearest-neighbor dis-
be understood in the light of the larger lattice mismatch oftances in InGaN and InAIN alloys show stronger composi-
the binary compounds AIN and InN. The mismatch in thetion dependences than the second-nearest-neighbor distances
lattice parameters of the binary InN antN leads to the between like atoms. The calculated phase diagrams indicate
existence of an extended miscibility gap accompanied by significant phase miscibility gap. The calculated critical
spinodal decomposition. Our results for INnGaN widely agregtemperatures are 1400 K and 2350 K, respectively, for In-
with the calculation of Saito and Arakaawho used the GaN and InAIN alloys. These results indicate that
valence-force-field method and found a critical temperaturédnGaN and InAIN alloys are unstable over a wide range of
of about 1417 K. Our results indicate that for intermediateintermediate compositions at normal growth temperatures.
compositions InGaN and InAIN alloys are unstable at theThis effect has also to be taken into account in the discussion
temperatures commonly used in epitaxial growth. This is inof the gap bowing.
agreement with the fact that recent experimental otk
reported strong evidence of phase separation for InGaN al- ACKNOWLEDGMENTS
loys. In the case of spinodal decomposition the band gap and
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