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Group-V mixing effects in the structural and optical properties of (ZnSi),,5P1,4AS3/4
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We presenab initio total energy and band structure calculations based on density funtional theory within the
local density aproximation on group-V mixing effects in the optoelectronic matetiebi)1oP;,4ASz/4. This
compound has been recently proposed by theoretical design as an optically active material in the
1.5 um (0.8 eV) fiber optics frequency window and with a monolithic integration with thé0®il) surface.

Our results indicate that alloy formation in the group-V planes would likely occur at typical growth conditions.
In addition, desired features such as in-plane lattice constant and energy gap are virtually unchanged and the
optical oscillator strength for band-to-band transitions is increased by a factor of 6 due to alloying.
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[. INTRODUCTION functional theoryDFT) and the pseudopotential method. We
compare the calculated properties of the originally designed
The monolithic integration between electronic and opti-(ZnSi,PAs; and three forms that mix As and P in the same
cally active materials has been strongly pursued by the opepitaxial growth plane. We also perform calculations on the
toelectronics industry.Typical I1I-V and 1I-VI alloys, com-  “precursor” materials ZnSiAs ZnSiP, and ZnSiAsP in or-
monly used in the band gap engineering of optoelectroni€ler to understand the electronic structure features in the
deviceS, present a po|arity misma%ch)r integration with faml”y V-11-V-IV materials and their influence on the Optical
group-1V materials’ surfaces in the chemical bonding level,0scillator strength.
i.e., heteroepitaxial depositions of grouglV) atoms fol-
lowed by group-1l{V) atoms on a group-IM001) surface
produce an excega lack of electrons to make the chemical Il. METHODOLOGY
bonds. Moreover, none of these alloys satisfy constraints of
having both lattice matching to silicanda direct band gap ~ The present results have been obtained thanks to the
in the 1.5um frequency range. ABINIT codé® that is based on pseudopotentials and plane

The growth sequence of group elements V-II-V-IV pro- Waves. It relies on an efficient fast Fourier transform
posed recently by Wangt al3* could solve all these prob- algorithn for the conversion of wave functions between real
lems. The(ZnSi),PAs; compound was proposed after exten- and reciprocal space, on the adaptation to a fixed potential of
sive theoretical exploration of several possible V-II-V-IV the bgnd-by—band conjugate grad|ent _mefhcmhd on a
materials. The new optoelectronic material could be grow otentlalf—bﬁ sed Icf:onjugate—gradlent?g:gorlthm for the determi-

. ’ . . . ion -consisten ntral.
using the heteroepitaxy sequence As-Zn-As-Si-AsPZBi ation of the seff-consistent potent

. C . ) We use DFT within the local-density approximation
on a Si(001 surface, as shown in Fig. 1. This particular (LDA).1911 We adopt the exchange-correlation functional

proportion between As and P optimizes the lattice constant,
the direct energy gap, and the polarity at the same time,
although a residual dipole moment is left due to the chemical {
difference between P and As. Wamg al®* proposed to - /(\ /(
eliminate this dipole inverting every other cell in the growth
direction.

In this work, we explore the possibility of mixing As and
P in the same growth plane in a 3:1 rate instead of growing
sequences of planes containing only As or only P. Group-V
mixing would automatically eliminate any residual dipole
moment. Besides, it could provide a simpler way to fine-tune
the materials’ propertiedlike the band gap and the lattice Bﬁ
constant Moreover, in real growth conditions, group-V mix-
ing could be unavoidable due to the similar chemical char- P )
acteristics of P and As. Of course, it remains to be shown { : ; <= S5i
that the disordered alloy retains the desired features of the \ \ \ \ < Si
ordered material, and this is the purpose of this work.

We performab initio total-energy, band structure and op-  FIG. 1. Originally proposedZnSi),PAs; ordered material on a
tical oscillator strength calculations based on densitySi (001) surface.
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configurations using 16-atom unit cells.
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parametrized by Perdew and Zuntfefrom Ceperley and vectors is 90.005°. Structures A-2 and A-3 are primitive
Alder’s?? data for correlation energy of the homogeneousorthorhombic(space groug?mn®) and base-centered ortho-
electron gas. We use the scheme of Troullier and Maftiles ~ rhombic (space grougCmn®), respectively, witha=7.58 A
generate soft norm conserving pseudopotentials. The semiland b=7.60 A in both cases. Therefore they also present
cal pseudopotentials are further transformed into fully sepavery small deviations from tetragondbh=b) symmetry.
rable Kleinman-Bylander pseudopotenti&isyith thed po- ~ When considering epitaxial growth of disordered alloy struc-
tential chosen as the local potential. For Zn atoms we useures on top of a Si substrate, tetragonal symmetry will be
nonlinear core corrections and an excitated and ionized convery naturally imposed. Therefore, in the remainder of this
figurations®°p®?%4%2°, The pseudopotentials have been gen-paper, we will adopt a tetragonal symmetry constraint.
erated by therriogPp codel® The wave functions are ex-  Taple | shows the calculated tetragonal lattice constants
panded in a plane wave basis with a maximum kinetic energy, andc), the in-plane lattice mismatch with respect to Si and
of 40 Ry. Brillouin-Zone summations are carried out in ainhe formation energies for th&nSi),PAs; compound, and
Ii/lonkhorst-Pack (4X4X4), (4x4x2), and (2x2x4) the A-1, A-2, and A-3 alloys. The mismatch (a-ag)/ag;
k-point sampling grid for precursor¢ZnSi,PAs;, and al-  for unmixed (ZnSi),Py4Ass,, and (a—2ag)/2ag; for the al-
loys, respectively. ~loys, wherea is the in-plane lattice constant for the new
Calculations are performed for the precursors ZngiAs materials andag; is the Si lattice constant multiplied by
ZnSiP,, and ZnSiAsP(four atoms per unit cell the origi- 5,5 oy results show that the in-plane mismatch for all
nally pr(.)p_osec(ZnS.DzPAg (eight atoms per unit cell and alloy structures are very small, suggesting that disorder in
three distinct cqnﬁguraﬂon; oﬁZnSDl,zP.l,4As3,4 “alloys” e group-V planes leads to structures that can be monolithi-
(16 atom per unit ce]lt.hat mix As and P in the same plane. cally integrated to Si as easily as the originally proposed
The three alloy configurationsA-1, A-2, and A-3 are 4004 material. The relative formation energies per

shown in Fig. 2. The A-1 configuration has two planes
with As:P 3'91 the A-2 and A-3 ﬁave one plane Wit}?] four group-V atom for the alloys and th@&nSi,PAs; compound
' . are calculated with respect to the precursor compounds

As and one plane with As:P 2:2 in two inequivalent con- . q i hev define th hal f mixi
figurations. As one can see, the A-2 and A-3 structures ar&NSIAS and ZnSig, i.e., they define the enthalpy of mixing

not primitive, but we use the supercells shown in Fig. odifferent group-V glements. A; one can see, all values are
in order to facilitate comparisons among all three a||0yextremely smal!, slightly negative for the allogisom -2 to
structures. Of course, only A-1 contains As:P 3:1 in~3 meV) and slightly positive fo(ZnSi),PAs;. These small
each group-V plane, as we propose. But the other two ar¥alues allow us to safely state that structures with the same
also important to study trends in the materials’ properties du@roportion of As and P are essentially degenerate in energy,
to composition fluctuations. The equilibrium lattice param-
eters for all structures are found by minimizing the total
energy. For each set of lattice parameters the relative ion TABLE I. Lattice constants, in-plane lattice constant mismatch
positions are relaxed until the forces are smaller thanVith respect to Si and relative formation energies per group-V atom
1076 Hartree/bohr. (AE) for the (ZnSi),PAs; compound, and the A-1, A-2, and A-3
alloys. AE is calculated with respect to the precursor compounds
ZnSiAs, and ZnSiB.

Ill. RESULTS AND DISCUSSION

Unit cell a(A) c(A) Mismatch(%) AE (eV)
When fully relaxed, the alloy structure A-1 has primitive (ZnS),PAs;  3.81 10.91 -0.2 0.001
monoclinic Bravais latticeéspace groupr2,), but with very A-1 7.59 5.46 -0.4 -0.003
small deviations from a tetragonal unit cell: Differences in A-2 7.59 5.46 04 -0.002
the in-plane lattice constants are smaller than 0.0hADb A-3 759 5.46 ~0.4 ~0.002

=7.59 A), and the angle between the respective lattice
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FIG. 3. LDA band structure of
the (ZnSi),PAs; compound. The
dashed lines show the gap region.
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regardless of the particular atomic arrangement. Moreovenscillator strengtfOOS between the initial and final states.
this suggests that, at typical growth temperatures, disorderethble Il also shows the calculated OOS for conduction to
structures will have lower free energy due to their highervalence transitions dt, given by
configurational entropy.

We now focus on the group-V mixing effects in the band
structure of these materials. Figure 3 shows the band struc- 5 Bloy2
ture of the(ZnSi),PAs; compound. Within LDA this com- fo=— M (1)
pound has a marginally indirect gap, with valence band 3m E.-E,
maximum atl’ and conduction band minimum 2t Quasi-
particleGW corrections make it a direct-gap material with an

~0.8 eV energy gap aF *>* Table Il showsI'—T andT'  \whereP is the momentumE,~E, is the gap energy at, and

— X energy gaps for théZnSi),PAs; compound and the s the mass of the electron. The values are normalized by
three alloy configurations. Clearly, the energy gaps and  f _for the (ZnSi),PAs; compound. The results show that the
X are not affected too much by group-V mixiigMoreover,  (7ngj) b As., alloy with As:P 3:1 in each plane contain-
the LDA “indirectness’[measured by thel’ - T)—(I'~X) ing V-atoms(A-1) is the best emitter. Comparing with the

gap differencg is also essentially unaffected. From these(ZnSDzPA%, the 0OS is multiplied by six. The configura-

considerations, it is likely thaGW corrections will also be . . ,
similar in all these structures, and we may expect that aIonéIons A-2 and A-3 have higher OOS's th@nS),PAs; too,

with As:P 3:1 proportion will also have a direct band gapPut only by 16 and 22%, respectively. This result is striking
around 0.8 eV. More important, the tailoring of structuresP€cause in general one naively expects that disorder tends to
with group-V mixing provides an easier way to “fine-tune” decrease OOS’s, but we shall see that it can be explained

the gap energy so that it matches exactly the dn® fiber from a simple analysis of the electronic density profiles of
optics window. valence and conduction states for the structures.
A direct gap is not enough to guarantee efficient emission First of all, it is instructive to analyze the density profiles

properties. In addition, one has to ensure a high opticaf’ Pand-edge states for the precursors Zngidral ZnSiAsP
in Figs. 4 and 5, respectively. These figures show the pro-

jected electronic density on the growth axis., averaged
TABLE II. LDA energy gap(eV) and relative OOS for the OVer thexy planes. The top of the valence band in the pre-

(ZnSi),PAs; compound and the A-1, A-2, and A-3 alloys. cursor ZnSiAs is doubly degenerated, with most of the
charge in the As planes as shown in Fig. 4. In fact, the

Unitcel T—I T—=X [T=D-T=X f—T) electrons in these bands are mainly in linear combinations of
px and p, atomic orbitals as shown in Fig. 6. Figure 4 also

(ZnSi),PAs; 0.438 0.353 0.085 1.00 shows that the density from the conduction band of ZngiAs
A-1 0.552  0.463 0.089 6.04 is peaked between Si and As atomic planes. Indeed, it is
A-2 0.498 0.393 0.105 1.22 formed by antibonding states between As andFg. 7).

A-3 0523  0.391 0.133 1.16 When one of the As planes is replaced by a P plane to

form ZnSiAsP, the degeneracy in the top of the valence band
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FIG. 4. Electronic density in
the (001) planes of ZnSiAs Full
lines correspond to the two degen-
erate states at the top of the va-
lence band and the dashed line
corresponds to the state at the bot-
tom of the conduction band.
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is broken and the symmetry of conduction electronic densityall configurations. FotZnSi),PAs; (Fig. 8), the charge den-
too, as shown in Fig. 5. The valence band charge is nowity maxima at the valence band alternate their intensities
mostly on the As planes and the conduction band one ifike in the precursor ZnSiAsP, but the conduction band elec-
between Si and As planes. trons are mostly located between the Si and P planes. There
The density profiles for the(ZnSi),PAs; compound is a significant difference between A-1 and the ordered
and related alloys seem to obey the precursors’ gener&aZnSi),PAs;, since all group-V planes are identical. Because
scheme. None of these structures has energy degeneracydhthat, the valence band electronic densities at these planes
the top of the valence band. The valence band electrons aege all the same, as shown in Fig. 9. The density of the
mainly near the group-V planes and the conduction bandntibonding states at conduction band is also evenly distrib-
electrons are antibonding states between Si-As or Si-P, fanted between all equivalent group-V planes and Si planes.

0.6

0.5

0.4
i
é FIG. 5. Electronic density in
2 03 the (001) planes of ZnSiAsP. Full
g lines correspond to the top of the
3 valence band and the dashed line
m corresponds to the bottom of the

0.2 conduction band.

0.1

(001) planes
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FIG. 7. Conduction band electronic densities in (B&1) plane
for the precursor ZnSiAs The stars and the crosses show the As

and Si nuclei positions, respectively. The frame s B A? and the
contours run from 2 to 8 electron&j.

We can clearly note that the overlap between top valence
states and the conduction states in the A-1 alloy is much
larger than the originally propos€@nSi),PAs; compound.
That is the reason why the OOS for the A-1 alloy is much
higher than that of théZnSi),PAs; compound.

For the alloy configuration A-3, the densities of valence
and conduction chargéig. 10) clearly show an intermediate

overlap if compared to A-1 an@nSi),PAs;. The situation is
FIG. 6. Valence band electronic densities in the As planes for
the precursor ZnSiAsfor the two degenerate statgg) and(b)] at

we can extract the following trend for valence-conduction
the top of the valence band. The stars show the As nuclei position&Veriap

8 electrons/A.

ery similar for the configuratioA-2. From all these results,

in real space: A3%A-3=A-2>(ZnSi),PAs;,

Il. As a general statement, we can say that a more homoge-
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FIG. 8. Electronic density in
the (001 planes for the
(ZnSi),PAs; compound. The full
line is the valence band and the

dashed line is the conduction
band.
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0.15

FIG. 9. Electronic density in
the (001) planes for the A-1 alloy
configuration. The full line is the
valence band and the dashed line
is the conduction band.

Electronic density
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0.05

3As+P Zn 3As+P Si 3As+P Zn 3As+P Si
(001) planes

neous distribution between As and P atoms in the group-\Mfronic material. Our results indicate that the relevant struc-
planes is the key to maximizing the emission properties ofural (in-plane lattice matching to $and optical(band gap
this class of material® at ~0.8 eV) properties are kept in the presence of group-V
atomic mixing. Very small energy changes between different
configurations suggests that, at growth temperatures, random
IV. CONCLUSIONS occupation of group-V planes would minimize the free en-
ergy. The mixing would allow fine-tuning of the band gap
In conclusion, we have calculated the total energy, geomenergy. The calculated optical oscillator strengths suggest
etry, optical oscillator strength, band structure, and electroni¢hat the structure with As and P at a 3:1 rate in all group-V
densities profiles ofZnSi),,P;,4AS3/4 as an ordered material planes would be six times more optically active than the
and in three alloy configurations in order to study thestructure originally proposed, with As and P in different
group-V mixing effect on the properties of this new optoelec-(001) planes.

0.3

0.25

2 0.2

__o§ FIG. 10. Total electronic den-
2 015 sity in the (001) planes for the
5 A-3 alloy configuration. The full
‘g line is the valence band and the
5 dashed line is the conduction

&
-

band.

0.05
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" Yt is important to notice that 0.1 eV energy differences are within

the error bars of either LDA and GW band structures.

18In any structure where As and P are present, the bottom of the

conduction band is either localized between Si andfas ex-
ample, ZnSiAsP, Fig. por between Si and Rfor example,
(ZnSi),PAs;, Fig. 8). Interestingly, we find that even small
changes in geometry can modify the real-space localization of
this state: We performed calculations on ZnSiAsP using the in-
plane lattice parameter ¢ZnSi),PAs; which shifts the energy
ordering between Si—As and Si—P states so that the bottom of
the conduction band becomes localized in Si—P. Therefore for a
givenorderedsystem it should be hard to predict the exact real-
space localization of the conduction band state. However, our
conclusion remains valid: In a disordered alloy with a 3/1 As/P
ratio, we should expect an even distribution of the conduction
band electrons among the group-V planes, leading to a larger
OOS as compared to the ordered compo(ifniSi),PAs;.



