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Giant and Composition-Dependent Optical Bowing Coefficient in GaAsN Alloys
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Using first-principles supercell calculations we find a giant (7—16 eV) and composition-dependent
optical bowing coefficient in GaAs,N, alloys. We show that both effects are due to the formation
in the alloy of spatially separated and sharply localized band edge states. Our analysis suggests that
in semiconductor alloys band gap variation as a function: afan be divided into two regions: (i)
a bandlike region where the bowing coefficient is relatively small and nearly constant, and (ii) an
impuritylike region where the bowing coefficient is relatively larger and composition dependent. For
GaAs _N, the impuritylike behavior persists even for concentrated alloys.

PACS numbers: 71.20.Nr, 71.23.An

The band gapE,(x) of an A;_,.B, semiconduc- teristics could be useful in analyzing carrier dynamics and
tor alloy usually deviates from the average gapoptical properties of semiconductor alloys [10].
E,(x) = (1 — x)E4(A) + xE,(B) of the constituents  Disorder alloys ak = 5 andx = ; are represented in
solidsA andB. Measurements [1] and calculation [2-5] this study using the “special quasirandom structure” (SQS)
for isovalent semiconductor alloys show that the deviatiorapproach [11] with 16 atoms per cell. The SQS's are
AE,(x) = E,(x) — E,(x) can often be described by rather small unit cell periodic structures whose lattice sites

_ _ are occupied byl and B atoms so as to mimic the atom-
AE,(x) = bx(x = 1), (1) atom correlation functions of much largég_, B, super-

whereb is the bowing coefficient, typically a fraction of cells with random occupations. Atomic relaxations and
an eV, and composition independent (last column of Tacharge fluctuations needed to describe real alloys are nat-
ble ). We show here, via first-principles local density ap-urally included in this approach. At the low concentra-
proximation (LDA) calculations, that in GaAs,N, alloys  tion limit the SQS is similar to the “impurity supercell”
b is giant and composition dependent (larger at dilute conwith one nitrogen atom per cell and a maximum N-N dis-
centration). The calculated bowing coefficients of 16 eVtance between impurity in adjacent cells. For composition
for the bulk and 17 eV for epitaxially strained dilute al- x = % we use the impurity supercell [12}1.
loy agree with the range in recent experimental determi-
nation by Kondowet al.[6] (b = 20 eV atx < 1.6%) TABLE |. Decomposition of the bowing parameters (in

and Weyer, Sato, and Ando [7} (= 14 eV atx < 1.5%). eV) for the direct band gaps of various semiconductors, as
; ; ; calculated from LDA. The calculated bowing parameters in
We find that in the dilute GaAs..N, alloy the band edge the ordered CuPt structure are 0.48 and 11.5 eV fojAGR

wave functiqns are Iocalize'(_hpuritylikestates: Thg V& and GaAsN, respectively.
lence band is strongly localized on the As sublattice, and

the conduction band is strongly localized on the nitrogen _System bvp bck bsr bio
sublattice. This localization, previously noticed by Rubio Mixed anion

and Cohen [8] and by Neugebauer and Van de Walle [9]GaAssPos* 0.12 —0.01 0.08 0.19
reflects the large differences between atomic orbital enefGaAs.750.25 0.06 0.00 0.12 0.18
gies and sizes of the alloyed As and N atoms. Our analysi§3ASs7d0.125 0.06 0.01 0.16 0.23
of the results provide new insights into the electronic be- ﬁs"ﬂ\‘o-f’ :8'22 igé gjg 67523
havior of isovalent semiconductor alloys, suggesting tha aA:;f:\lOfi% 078 8.07 8.40 15 69
Fhe band gap varlgtlon as a functlc_)n xfcan be d|V|deq ZnSe, So " 0.03 0.09 0.38 0.50
into two regions: (i) a bandlike region where the bowingznte, .Se, s ~0.20 0.43 0.91 1.14
coefficient is relatively small and nearly constant, and (ii)znTe, :S, 5° —0.22 0.90 2.03 2.71
an impuritylike region where the bowing coefficient is con-

siderably larger and composition dependent. For most iso- Mixed cations

valent semiconductor alloys made of chemically similarGaosinosAs® 0.51 —0.04 —0.07 0.40
elements (e.g., Ga#P or GaAs:Al) the concentration CdosZNosTe 0.29 014  —0.08 0.35
range for impuritylike behavior (i) is negligibly low H90-52n0-5TeZ 0.40 —0.01 —0.16 0.23
(x < 1%). However, for isovalent alloys exhibiting in gg;’;g&"jsea 888 _%?220 06(.)(())0 _0'8_220

the impurity-limit localized “deep” levels (e.g., GaA,
ZnTe'S, and Si:C) the impuritylike region can persists even®Ref. [3]; semirelativistic pseudopotential calculation.
at significant~10%-20%) concentrations. This classifi- °Ref. [4]; relativistic LAPW calculation.
cation into impuritylike and bandlike alloy bowing charac- “Ref. [3]; relativistic LAPW calculation.
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The electronic structures of the alloys are calculatedhally, the SR term represents the change in passing from
by the LDA as implemented by the relativistic linearizedthe atomically unrelaxed to the relaxed alloy afx).
augmented plane wave method [13]. The &hAstates By construction, the total bowing i8 = byp + bcg +
are treated as valence bands. The calculated lattice cohsg. Table | shows the breakdown for the disordered
stants of the end-point compoundg,as = 5.64 A and GaAs_,P, and GaAs_.N, alloys and some previously
acan = 4.51 A are close to the experimental values [1]. calculated [3—5] mixed-anion and mixed-cation alloys.
For the relaxed alloys, we find that lattice constants varyWe observe the following.
linearly as function of composition. The equilibrium (i) The volume-deformation terrbyp of GaAs N, is
bond lengthRg,-as and Rg,-x show the typical bimodal relatively small and nearly constant, similar to the other
distribution. The average bond length relaxation paramesemiconductor alloy systems [3—5]. In this system the
ter [14] € = [Rga-as(x) — Rga-N(x)]/[R&s-as — RE.-x]  increase in the direct gap due to compression of the mate-
is close to 0.674 = 0 indicates no relaxation, while = rial with the large lattice constant (GaAs) is slightly larger
1 indicates full relaxation). than the decrease in the direct gap due to expansion of the

The calculated band gaps of the supercells are then usedaterial with smaller lattice constant (GaN), thus the sum
along with the calculated values for GaAs and GaN to ob4yp is negative.
tain the bowing coefficieni from Eq. (1). The LDA error (ii) Both bcg and bsg of GaAs N, are much larger
is partially canceled [15] in the calculation since we con-than in other mixed-anion systems [3—5]. Thus charge
sider here the band gagifferencebetween the alloy and exchange, proportional to the As-&omic orbital energy
equal amount of the binary constituents. To demonstratdifferences, and structural relaxation, proportional to the
the quality of the supercells in determining the bowing pa-As-N atomic sizedifferences, appear to control the giant
rameter of disordered alloys, we first performed parallebowing in this alloy system.
calculations for GaAs. (P, alloys where accurate experi- To understand the origin of the large CE and SR
mental data [1] and previous SQS type calculations [3] areffects in GaAs_,N,, we present in Table Il an analysis
available. The last column of Table | gives the calculatecbf the band edge wave functions in terms of their
value ofb. We find thatb(x = %) = 0.18 eVandb(x =  atomic character. We show results for the valence band
§) = 0.23 eV. These values indicate insignificant compo-maximum (VB1M) and the conduction band maximum
sition dependence and compare favorably with the experitCBM) atx = 3 for (i) bulk equilibrium GaAs and GaN,
mental values [1] of 0.18 eV and previous pseudopotential
SQS calculations of Maget al. [3] (b = 0.19 eV). To
provide perspective, the last column of Table | also giveSABLE 1l. Normalized /ZB-cell-state) charge inside the
values ofb of some previously calculated isovalent semi-muffin-tin (MT) spheres for the band edge statesxat %
conductors [3-5], and the corresponding values obtaine@a: has one N and three As as its nearest neighbors, while Ga

. _ is surrounded only by As atoms. Abas fcc nearest neighbor
here for GaAfole. blx) = 6.84,7.60, and 15.69 eV N atoms, while As has only second fcc nearest neighbors N

6_‘“‘ = 7, 7> and g using the bulk equilibrium al'loy lat- atoms. The MT radii are 2.20, 1.56, and 2.10 a.u. for As, N,
tice constants. For GaggsdNo.1o5coherently strained on and Ga, respectively. The numbers in bold phase emphasize
GaAs substrate, the calculated bowing coefficient [16] ishe significantchangesof charge inside the MT sphere. The
17.0 eV. We see that (i) the calculated valuebdbr the  changes from the second column to the fifth column are due to

dilute GaAs_.N, alloy is in good agreement with the ex- V_D, CE, and SR, respectively. For colmparison, the last co_lumn
perimental range (14—20 eV for strained alloy), and (ii) in9ives the charge of relaxed alloyat= 3. It shows that at tflns
contrast to GaAs. P, and other conventional Ill-V and Il-  composition the charge is not as localized as the one-atg

VI alloys [11], we findb(GaAs - N,) to be strongly com- in column five.

position dependent: The calculated bowing coefficient at GaAyGaN B GaAsN B

x = g is significantly larger tharb calculated atc = § Geq @ @ @ @
andy, and is even much larger than the value for the CuPt TR TR i Trelax relax
ordered alloy(h = 11.5 eV).

To understand the physical origins of the giant and 0.64 0.59 \(/386'\3 0.16 0.33
composition-dependent bowing in GaAgN, alloys, we As, 050 051 0.47 0.50 0.58
a_naly;eb by de'composmg it into physmally d|§t|nct con- as, 0.50 0.51 0.64 0.83 _
tributions [2]: (i) volume deformation (VD), (i) charge g, 0.06 0.06 0.04 0.02 0.06
exchange (CE), and (iii) structural relaxation (SR). Thega, 0.07 0.08 0.10 0.13 _
VD term represents changes in the band gaps due to
compression of GaAs and dilation of GaN from their in- CBM
dividual equilibrium lattice constants to the alloy value N 0.37 0.22 0.72 0.84 0.44
a(x). The CE term is calculated from the change in gaps®S: 0.37 0.39 0.10 0.14 0.23
in bringing together GaAs with GaN, both already pre—ASZ 0.37 0.39 0.00 0.00 -
pared atz = a(x), thus forming GaAs_,N, ata = a(x) gg; 822 823 0(_)(')4(')3 0_%'(5)0 324

with all atoms on unrelaxed zinc-blende lattice sites. Fi
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. ] \ mixed-cation alloys (e.g., GalnP) is due to anion mo-
anion displacement . S . . .
0.0 — e i tion, while in mixed-anion alloys (e.g., GaAsN) the prin-
cipal motion is due to the cation. We can separate the
" ] CE contribution from SR contribution by considering the
changes in the band gap péire GaAs (wherebcg = 0)
e, in response to displacing anions and separately cations
- ar 1 (Fig. 1). We find that cation displacements lower the
04 L GaAs | band gap considerably more than anion displacements,
in accord with the trend irbsg seen in Table I. This
L ' . reflects the fact that cation displacements lead to strong
0 0.01 0.02 0.03 0.04 intraband couplingvithin the conduction band and sepa-
Atomic Displacement rately within the valence band. This coupling lowers the
. CBM and raises the VBM, thus reducing the band gap.
FIG. 1. Calculated band gap chandgef, as function of . ; .
atomic displacemend for GgAg Thegfgéults are calculated We also find that when th? cation are d'_SplaC,ed' the CBM
using a CuAu-like GaAs, structure, in which the two Ga- State becomes more localized on the anion with short bond
As bond lengths are given byRg,-a, = [0.125 + (0.25 = [Fig. 2(a)], while the VBM state becomes more localized
8)212a, where a is the lattice constant. The crystal field on the anion with longer bond [Fig. 2(b)]. In a mixed-
averaged band gap increases when the anion is displaced, bathion alloy, if the larger atom has higher atorpiorbital
decreases significantly when cation is displaced. energy and the smaller atom has lower atomiorbital
energy (e.g., GaAs,N, or ZnTe_, S, [2,4]), lattice re-
(i) GaAs and GaN volume deformed to the value for thelaxation couples effectively to the chemical energy, thus
alloy, (iii) unrelaxed GaAsN, and (iv) relaxed GaAsN. greatly enhancingsg. This explains the largésg in
We observe that (a) the VBM wave function becomesGaAs —N,. Inthe case of anion displacements, the inter-
localized on As as we combine GaAs with GaN in theband couplingoetweervalence and conduction bands be-
CE step, and that significant further localization on Ascomes dominant, thus the band dgapreasedFig. 1(b)].
takes place in the SR step. At the same time, the VBMAgain, we find that the CBM state becomes more local-
wave-function amplitude on N is severely reduced at thdzed on the cation with a short bond [Fig. 2(c)], while the
SR step. (b) The CBM wave function becomes stronglyVBM state becomes more localized on the cation with a
localized on N upon forming the alloy in the CE and SRIonger bond [Fig. 2(d)]. The effects, however, are much
steps. Thus the formation of GaAsN from GaAsGaN smaller than in the anion displacement case.
shifts valence charge from N to As, while the conduction The facts that (i) bowing coefficient of GaAs.N, at
charge shifts in the opposite direction from As to N. Thisx = g is significantly larger than that at higher concentra-
creates largécg andbsg. tions and that (ii) the impuritylike band edge wave func-
To understand further the large SR term, we recall thations atx = % are so localized as to make the overlap of
[17] the principle static atomic displacement pattern inthe band edge wave functions between adjacent cells small
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FIG. 2. Calculated change of the muffin-tin charge®@ as function of atomic displacemeit for GaAs. Results are for the
CBM and VBM states. (a),(b) Cation displacement. (c),(d) Anion displacement.
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