VOLUME 82, NUMBER 16 PHYSICAL REVIEW LETTERS 19 ARIL 1999

Deliberately Designed Materials for Optoelectronics Applications
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A novel class of semiconductors is introduced, based on computational design, to solve the long-
standing problem of lattice and polarity mismatch in heteroepitaxial growth of 1l1-V alloys on silicon
substrates.Ab initio total-energy calculations and quasiparti€l® calculations are used to investigate
the physical properties of these new semiconductors. One particular configuration is designed to match
lattice constant and polarity with the Si(100) surface and to possess a direct bandig#p of, which
is close to the canonical frequency used by the optoelectronics industry. These results could pave the
way for eventual monolithic integration of optical materials on silicon. [S0031-9007(99)08809-2]

PACS numbers: 71.15.Nc, 85.60.Bt

Ab initio investigations are studies of material prop- The goal of this paper is to exploit the predictive power
erties on an atomic scale, requiring only a specificatiorof ab initio calculations to deliberately design a novel
of the atomic numbers of the ions present. They camompound semiconductor that (1) resolves the polarity-
stand alone and complement experimental studies. Urmmismatch problem, (2) matches the lattice constant of Si,
der some circumstances, it is possible to perform “com{3) is an optically active material, and (4) possesses a gap
putational experiments” easier and faster than laboratorgear1.55 pm.
experiments. Recent work on novel carbon-nitride [1], Let us begin by considering the polarity-mismatch prob-
boron-nitride [2,3], and photovoltaic materials [4,5] illus- lem. The typical interface of a lll-V compound on a
trates some of the possibilities. Indeed, one of the mos$i(100) substrate is illustrated schematically in the left
exciting prospects foab initio studies is the design of panel of Fig. 2. Each atom makes four bonds with its four
new classes of materials, not yet realized in the laboneighbors. Asis clear from the illustration, in order to sat-
ratory, which meet desired specifications [6,7]. In thisisfy the two-electron-per-bond counting rule, half an elec-
paper, we address a long-standing problem involving lattron per first-layer group-V atom must be redistributed to
tice and polarity mismatch in heteroepitaxial growth ofthe outer surface of the structure, thus creating a long-range
[lI-V alloys on silicon substrates [8—11], and introduce aelectric field that accounts for the polarity mismatch.
novel class of semiconductors specifically designed to re- Our solution to this problem is to reduce the valency
solve these mismatches and be operable at optoelectroniot the second-layer atoms. As is shown in the center
frequencies. panel of Fig. 2, the valency of the second-layer atoms is

In the optoelectronics industry, the canonical wave-
length is1.55 um because of the efficiency of transmit- . .
ting signals through fiberoptic cables at this wavelength - In3e |
[12]. In order to design an optically active (i.e., direct-
gap) semiconductor nedr55 um, the industry has ex-
plored a large number of possible IlI-V alloys and = -
l1-VI alloys. In Fig. 1, we illustrate the band gaps and =

infe
|

. . . . - 1L Cdla
lattice constants for numerous typical candidates. As icZ Lo | T
clear from the figure, the most promising alloys for ob- ‘f : &
taining gaps neat.55 um involve In, Ga, As, P, typi- « 1 "] S E
cally denoted as WGa - As,P,—,. These are, indeed, i O e i o
the industry standard. The lattice-constant mismatct L .,..G{,,_ﬁ.v s B
of In,Ga-As,P;—, with Si is, however, considerable e |

. | 1 | | 1

(~8%), which causes many defects to be created anc
propagate from the interface. This prohibits monolithic :
integration with Si. Clearly, a material that possesses «. atfice Constant (A)

direct gap of about.55 um while matching the lattice FiG. 1(color). Band gaps and lattice constants for various
constant of Si would be greatly desirable. Unfortunatelyli-V and 11-VI materials. The lines connecting them are
Fig. 1 also makes it clear that this goal cannot be achieveg@ssociated with the related alloys. The®# .As,P;—, alloy
with the typical materials depicted. In addition, the prob-"as @ band gap near55 um, and is the current industry

| d by latti . tch i bated furth bstandard. The large lattice-constant mismatch with Si prohibits
€m caused by latlice mismaich IS exacerbated Turther by, qithic integration. An ideal material would have a lattice

the interface charge mismatch due to polarity differencegonstant and band gap lying in the region containing the
between IlI-V materials and Si [13]. question mark.
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-V Type | Type |l alternating layers of group-ll and group-IV elements in
chalcopyrites are intermixed, which makes layer-by-layer
heteroepitaxial deposition difficult and also creates the

: ‘ \{Fﬁj/ e v i A = i same polarity problem as the IlI-V's. The lattice struc-
[ apssrs o T AT ture of the type | subclass is similar to the layered, tetrag-
| (v) (v) (w) onal ABC, structures studied previously in Refs. [15,16],
| Svsoif s Sl S . TS5 whereA and B are group-lll elements (instead of Il and
| (m} (0) (v) IV, as in this paper) and’ is a group-V element.

\'/ i "'“F, i L 1L s bsogs With the polarity-mismatch problem resolved, the next
\:'—/a.‘_’,*\ i /‘-.‘f/'\ N /.L'.'J.\ step is to identify _candidates with lattice constants _match-
o o 0 ing that of Si. Since the number of pOSS|t_>Ie choices of
Joe B e /' [ R— atom types and type/ll layered sequences is enormous,
- ) ) the effort to build and test the potential candidates experi-
TS B e = /' Y mentally would be formidable. In contrast, first-principle
calculations on computers can go through many possibili-
S pa— SP—

ties quickly. We proceed by searching the simple materi-
FIG. 2(color). Schematic illustration of bond saturation in als first and gradually increasing the complexity involved.
(100) heteroepitaxial layering of type | and type Il materials as As a starting point, we use data on the tetrahedral-
compared With I!I—y's. The number of electrons contributed covalent radii of elements from Kittel [17] and Shay

b%/teachlato(rjn;s '”‘ﬂcatetd "?"?”9 each tbofl;dth Note Ithat thle atl‘?”[i4] to get the approximate lattice constants of various
of type | and type Il materials can satisfy their valency locally : : :

which resolves polarity mismatch. materials. (Detailed calculations later show that they

could have an error as large as 4%.) Nonetheless, these

estimated lattice constants are valuable in narrowing the
reduced by one to accommodate the extra electrons fro@earch space. According to these estimates, there are

the neighboring group-V atoms of the first layer and the34 type | and 41 type Il materials with lattice constants

third layer. In doing so, we also need to increase th%hat fall within 10% of the Si lattice constant, as listed

;’ﬁée?gé | O;Ietcg?orfogsgalsgerr:tainrq:mgﬁt On‘l?higolz:aglrisn in Table I. We start by concentrating on a sampling of
g req ' YeNG, hse within 3%, and usab initio total energy methods

process can then be repeated without generating a Iongd calculate more accurate lattice constants.

range field. Similarly, an alternative solution is to start The total electronic energy within the local-density
the epitaxial layering with group-Ill atoms and mcrease.approximation (LDA) [18] is minimized using the pre-

or decrease the valencies of the group-V layers, as i o . i . :
illustrated in the right panel of Fig. 2. In both cases, theéondltloned conjugate-gradient algorithm. The LDA

charge-mismatch problem of the interface is resolved calculations are performed with the Perdew-Zunger
In effect, we have created a class of “pseudo” III.—V parametrized - exchange-correlation energy [19] and

materials, with either the group-lll element replaced bythe Kleinman-Bylander separable form of optimized

a combination of group-l and group-IV elements or thepseudopotentlals [20]. For Zn and Cd, nonlinear core

V el t replaced b binati f IVcorrections are used [21]. The total energy is a function
group-v: element replaced by a combination of group-lV ¢ e |attice constants as well as the basis vectors. The
and group-VI elements. These two possibilities will be

. . ions are relaxed according to the Hellman-Feynman
Qer)oted as type | and type Il materials, respectively, AForces [22] for each given set of lattice vectors. The
indicated below: lattice constant is then located by finding the minimum
I —V< (I1=IV)1p-V type | of the total energy in the lattice vector space. The cutoff

W =(V=VI),, typell” energy used in the calculations & = 20 Ry, except
It should be emphasized that there may be more thagy materials involving first row elements, for which

one component to any of the three groups. qu exampl%c — 40 Ry is used. The LDA method has been proven
given group-Il atoms Zn, Cd, group-IV atoms Si, Ge, andcapable of predicting lattice constants to within 1% of
group-V atoms P, As, one could form the compound  the true values. Once materials with the correct lattice
-+ .Si—P—Zn—As—Ge—As—Cd—As—Si - . constants are found, their band structures are studied to
NVIHIH V IVV I V IV see if 'ghey arqdirect band-gap materie_lls with the desired
ap size. Since LDA methods give poor band-gap
results, a much more computationally intensive approach,
involving the quasiparticlesW scheme [23,24], is used
substratetype /1l :type I/11 :---. to obtain accurate band-gap information for the most
Interestingly, type | materials have the same chemipromising candidates.
cal formula as naturally occurring chalcopyrite materials The formation enthalpies are calculated to investi-
[14]. However, the atomic structures are different. Thegate if these materials are stable against segregation into

Moreover, combinations of the two types of materials ma
also be considered in epitaxial growth:
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TABLE .

and type Il (bottom) materials.

Estimated lattice mismatch to Si for type | (top) TABLE II.

Fractional lattice-constant mismatch and funda-
mental gaps fronab initio calculations. The values in paren-
theses are fronGW calculations and d, i, s, mi refer to direct,

chalcopyrite. Thus, our new material is only metastable.

Structure  Aa/as; (%) Structure Aa/asi (%) indirect, semimetallic, and marginally indire¢t0.1 eV) band
(CdO),,P —8.4 (ZnSi), ,As 2.2 gaps, respectively.
((;r?g)?;f:; :;? ((cz:g(sggll/;; gg Structure Aa/as;i (%) E; (eV) E, (um) Directness
(BeG8,,P —6.3 (ZnGe), ,As 33 (CdS, P =09 0.41 3.0 mi
(MgC), ,As -5.9 (CdO),»Sb 35 (ZnGe P 16 0.33 3.8 P
(CdO), ,As —42 (MgSi), ,As 3.7 (ZnSi), ,As 0.7 0.32[0.68] 3.9[1.8] mi
(BeO),,Sb —4.1 (BeSi,»Sb 4.4 (ZnSj), ,P —3.1 0.76 [1.56] 1.6 [0.8] d
(BeSh;nAs —-3.2 (MgSn); 2P 4.6 Al(SiSe, ), 6.6 0.40 3.1 i
(BeSn»P -3.1 (MgGe);»,As 4.9 GaSi9) 2 4.0 0.40 31 mi
(BeG8g12As —22 (BeGo,/»Sb 54 AI(SIS); ), 4.9 0.20 6.2 i
(ZnSDl/zP -19 (CdSi)l/zAS 5.8 |n(csel/2 3.4 R e S
(ZnGe),P -0.8 (Cdsn,,P 6.8 In(CS), /2 2.3 0.41 3.0 d
(MgSI)]/ZP —-0.3 (Znsrjl/zAS 7.0 GdCTe)l/2 —4.9 . . S
(ZnC);2Sb 0.5 (CdGe,,As 7.0
((glgseﬁ?/‘z/i 2:? ((5332)‘]//2;2 2:; Since (ZnSi)1/,P has a gap that is larger than desired
(CdS), »P 17 (ZnSi),»Sb 0.8 and a lattice constant smaller than that of Si, it is natural
(MgC);,,Sb 1.8 to alloy it Wl_th a material that has a smaller gap and
B(Sn9 o3 Gasis 15 a larger lattice constant. Although there are several
Ga(SiO)Il//zz _9:4 A|(SiS)1]//22 1:7 possible choices, we focus on one partlt_:ular candidate,
Al(SIO), /2 92 IN(CS8, 2 1.8 (ZnSi);2As. By mixing these two materials, both the
In(CO), —90 In(SnO), 2 20 lattice constant and the band gap should be closer to the
B(SiTe) 2 —8.7 GaGes ), 2.6 desired values. This mixing is easily done, since
GaGeO), -85 Al(GeS ) 2.8
GaC9))2 ~7.7 Al(SiS) 3.8 (@nSDuzPAs:
B(SnSQ]/z =15 GdGesel/z 4.7 10
B(GeTe]/z =75 |n(CTe)]/2 4.8 -
Al (CS)]/z 7.4 Al (GeSE}l/z 4.9 ] = -
Ga(San/z =59 Gdsnsl/z 6.1 e
GaCSe, ), -5.9 AL(SNS, ), 6.3 & e
Al(SnO); =57 GaSiTe): ) 7.2 e 272
Al(CSe8) ), -5.7 Al(SiTe) 7.4 Yaic
B(SnTe:, -35 GaSnSe,» 8.4 8 Y
GaCTe)) -3.1 GaGeTs, ) 8.4 ai,
Al (CTE)l/z —-2.8 Al (SnSél/z 8.6 =
|n(S|O)1/2 —-1.6 Al (GeTel/z 8.6
|n(GEQI/2 —0.7 |n(S|S)1/2 9.2
|n(CS)1/2 0.1 1 o g
1.4 .
equilibrium phases of the elements. The formation en- i e
thalpies are positive, indicating that the materials are sta- 12 s —#*
ble. In the case ofZnSi), »As, it is 0.33 eV per atom. > 0 dect | G
This is only half the value of that of the corresponding = s i

The convertion to chalcopyrite, however, involves second-
nearest-neighbor exchange and creation of interstitials.

We expect the diffusion barrier to be very high and the 02 -

process unlikely to occur.

The results of the LDA study are summarized in - o
Note that the best structural candidate— Concartration x
(ZnSi); 2As, which has a lattice constant within 1% of
that of Si—has an indirect band gap. Indeed, all of th

Table II.

0.2 04 -

FIG. 3(color). Fractional lattice constant

anel) and fundamental gap (bottom panel) from quasipar-

mismatch (top

materials listed have either indirect or marginally indirectticle GW calculations as a function of P concentration for

(<0.1 eV) gaps, except for(ZnSi);,,P and IRCY) .
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ever, this dipole moment can be eliminated if we invert

) | 3 2 ;) every other cell in the growth direction, i.e., use a super-
J 2\ P MIP S cell twice as long in the growth direction.
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