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Structural and electronic properties of semiconductor binary microclusters
AnB, (A,B=Si,Ge,Q: A B3LYP-DFT study
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Structural and electronic properties of semiconductor binary microclusiBs (A,B= Si,Ge,C) have been
investigated using the B3LYP-DFT method in the ramgem+n=<10. Full structural optimization and fre-
guency analyses are performed with the basis of 663Btif ). Geometries of\;,B,, binary clusters are found
to follow similar structural patterns with lower symmetries when compared with corresponding elemgntal Si
and Gg in this size range. The optimized structures have either singlet or triplet ground states, depending on
specific cluster size, cluster composition, and configurations. Similar to the ionization potentialsobisters
in the same size range, the calculated vertical ionization potentialg,GSvary with an even-odd alternation
in the range o6=2-7, a global minimum a&=8 (CsSi,Ge;) and an obvious recovery a9 (C,, SisGey)
ands=10 (C3, SigGey). Both Sj,Ge; and SiGe, are predicted to be species with high stabilities and possible
to be produced experimentally.
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[. INTRODUCTION transistors and infrared detect8r5Studies on binary and
ternary semiconductor clusters may provide insight into the
Structures of semiconductor microclusters of &d Gg  bulk alloy structures, especially in the interfacial areas where
have been known to be quite different from those of the bulkhe lattice mismatch occurs due to the change of atomic com-
materials, and the geometrical and electronic property tranPosition. But as we know, there have been no electronic cal-
sitions with increasing cluster sizes have been the focus dulations nor experimental results reported fo,G&, or
most theoretical and experimental studieslon-drift-tube ~ SimCn binary microclusters so far. Lét al'® performed a
mobility measurementsand local density approximation semiempirical nonorthogonal tlght—plndlng study of the low-
(LDA) calculation&® have indicated that small-sized,§n ~ €Nergy structures of JGe, clusters in a very recent paper,

<27) exist as prolate stacks of tricapped trigonal prism oibm more strict theoretical investigation is obviously _needed
Si, and germanium and tin clusters follow very similar because of the fact that averaged parameters of Si and Ge

growth pattern in small size range, but fundamentally differ-"ore used in the tight-binding ?pproacr‘ designed fpGS,
ent in medium size range. Structural transitions from proIatéRef' 10 and fr_e_quency analygs_ has not been perfo_rmed to
. ’ . . theck the stabilities of the optimized structures. In this work
tq bquI|.ke spheres occur for i Ge,, 'and Sp at dn‘fergnt we present a density function theory study for semiconductor
sizes withn~27, 65, and 35, rv_aspectlve‘l_)?A comparative  pinan " custemsA B, with AB=Si,Ge,C ands=m-+n
study of the dynamical properties @fnG’ Sh, G&, and SR <10 We aim to provide more reliable ground-state geom-
was reported recently by Lwetal® We performed a gries and electronic states, relative orbital and total energies,
B3PW91-DFT/6-316G(d) study on the ionization potentials, HOMO-LUMO gaps and theoretically calculated IR vibra-
electron affinities and vibration frequency analyses of, Ge tion frequencies at the corresponding optimum structures. A
neutrals and charged iohsery recently. Experimental evi- comparison with Si and Ge in the same size range would
dence and theoretical calculations have demonstrated that alhed useful insight into the similarities and differences be-
though silicon and germanium are similar in bulk, the 4—5 %tween the binary system and corresponding elemental clus-
difference in atomic radii between their atoms and the intgrs.
crease of metallicity have introduced obviously different
properties to their elemental microclusters.

It is reasonable to ask what happens for binary clusters
SinGe, if they can be made in experiments under certain The B3LYP-DFT/6-316G(3df) method has been em-
conditions. One could anticipate that there should be interployed to optimize the geometries of semiconductor binary
esting properties existing for binary &€, microclusters. systems. Frequency analyses are also performed at the same
The structural and electron property transitions from micro-theoretical level to check whether the optimum structures are
clusters to medium-sized clusters and to binary SiGe bulktransition states or true minima on the potential energy sur-
would occur at certain sizes between those of silicon andaces of corresponding cluster systems. The choice of density
germanium systems. SiGe technology has been studied efunctional theory has been fully justified for semiconductor
tensively in the past ten years and the binary heterostructurgystems studied due to the fact that it isadminitio tool and
Si/Si,_,Ge, has produced a new generation of high perfor-it includes the electron correlation effect which has been
mance heterojunction bipolar transist@kBT), field effect  found necessary for silicon and germanium clusters at rela-
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tively low computational cost The initial input structures with bond lengths of 1.71, 1.80, and 2.22 A, bond energies of
are taken from either references published before fpaB8d  4.36, 3.83, 2.90 eV, HOMO-LUMO gaps of 1.96, 1.80, 1.36
Ge, and replace some of the atoms, or the tight-binding reeV, and IR frequencies of 986, 812, and 431 ¢nrespec-
sults reported for $iGe,,'° or arbitrarily constructed, and tively, while their singlet statesC(xv, 1) lie 1.17, 1.18, and

then fully optimized via the Berny algorith?f.To determine  0.99 ev above corresponding triplet states, respectivi.
the stability of the optimized structures, harmonic vibrationpinary clusters have the same multiplicities as that of el-
frequencies are further calculated with B3LYP functioffal. emental dimers Siand Ge which have been confirmed in
Some optimized geometries, although low in energies, argoth experiments and theoty.The bond energy order of
found to be first order or even higher order stationary pointss-c(6.22 e\j>C-Si(4.36 e\Vj>Ge-03.83 e\}>Si-Si(3.08
[the saddle points in configuration space which have imagis\)>Si-Gg2.90 eVj>Ge-Gd2.74 e\j at present theoretical
nary frequenciies)]. For small clusters wittm+n=s<4,  |evel for dimers and the formation energies &fB bonds
extensive geometry spaces are searched for both singlet ageow approximately the bond strength in binary cluster sys-
triplet ground states, while for bigger clusters only selectedems. They also provide an estimation to predict the relative
initial geometries with high symmetries are optimized for stapilities of different isomers of the same cluster composi-
singlet states, limited by the huge computational task retjon. A B, binary clusters with defined atomic composition
quired in optimization process. All calculations were per-should form isomers with the greatest number of relatively
formed with the Gaussian9s code? on a Founder MM gtrong bonds and avoid the formation of weak bonds. If the
workstation. energy gain could not balance the energy loss in the process
of A-A+B-B—2A-B+2E, the formation ofA,,B,, clusters
lll. RESULTS AND DISCUSSION would not be favored in energies. Qualitative prediction
The optimized low-energy structures, electronic states, tomade for bigger binary clusters from this estimation will be
tal energiesy HOMO-LUMO energy gapsy and the threéj|scussed in detail in the fO”OW|ng sections.
strongest vibration frequencies of &e, are depicted in Fig.
1 and tabulated in Table I. For “tetramers$€m-+n=4), B. Triangular AB,: Si,Ge, SiGe, Si,C, SiC,, GeC,
structures with different multiplicities (@+1=1,3) are also and GeG,
shown for SjGe, to demonstrate the structural difference  pFor AB, binary clusters of group IV elements, linear
introduced by different spin occupations which will be dis- stryctures are excluded due to the fact that they have ex-
cussed with more details later. tremely low stabilities. The theoretically optimized ground
) ) ) states of SiGg SiLC, SIGC, GeC, and GeG are singlet
A. Linear AB: SiGe, SIC, and GeC triangular structuresC,,(*A;) with A-B bond lengths of
At B3LYP/6-311G(3df) level, all AB binary clusters 2.25, 1.69, 1.84, 1.78, and 1.95 A, aBeAA-Bbond angles of
SiC, GeC, and SiGe have triplet ground statés%( 33) 85°, 144°, 40°, 134°, and 37°, respectively, whilgG has
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TABLE |. Calculated electronic energies(Bartree/particls HOMO-LUMO energy gap& g, (eV), the
three strongest IR frequenciésm™1) of Si,,Ge, binary clusters §=m+n<10).

SinGe, structure Et Egap IR frequency
SiGe —2366.430 027 1.36 431
SiGe —4443.497 445 244 428() 427(A1) 112(A,)
Si,Ge —2655.965 798 1.90 278G) 440(A,) 243(A,)
Si,Ge, Si,Ge-1 —4733.033 239 2.29 388(,) 77(Bs,) 180(B,,)
Si,Ge,-2 —4733.005 346 0.77 22BG,) 141(B3,)
Si,Ge-3 —4733.043 295 2.46 398(,) 180(B,,) 67(B3y)
Si,Ge-4 —4733.006 773 0.47 338(,) 220(B,,) 133(B3y)
Si,Ge-5 —4732.961 354 1.49 218() 276(A") 228(A")
SiGe —6520.565 924 2.39 408() 240(B,) 342(A1)
Si;Ge, —5022.551 202 3.00 361(E’') 289(A%) 147E")
Si,Ge; —6810.096 047 3.27 337(E’') 311(A%) 154(A1)
Si;Ge; —7099.632 582 3.33 338() 408(A,) 376(A,)
Si,Ge; —10964.209 519 3.16 298(E;) 171(A3) 149(E;)
Si;Gey —9176.669 565 2.79 32B() 246(B,) 321(B,)
Si;Gey Si;Gey-1 —9466.164 885 2.44 428() 341(A") 278(A")
Si;Gey-2 —9466.148 481 1.73 278(") 296(A") 447(A")
SisGey SisGey-1 —9755.699 248 2.76 452() 246(B,) 387(B1)
SisGey-2 —9755.684 147 2.86 38p(1) 361(B2) 249B1)
Si,Ge; —13620.281 827 3.11 31B) 356(A1) 204(E)
SigGey —10045.244 565 2.74 38E) 392(A;) 208(A;)

a triplet triangularC,,(°B;) ground-state geometry with indicate that for SiGe,, the rhombuses with weak Si-Si di-
Si-Ge bond length of 2.39 A and Si-Ge-Si bond angle of 57° agonal interactioiiSi,Ge,-3 and -4 in Fig. 1 are more stable
a special angle very close to 60°. In comparison with el-than their isomers with direct Ge-Ge interactit®i,Ge,-1
emental trimers Siand Gg which all have singlet ground and -3. In the four isomers, the singlé€t,, SiZGeZ-3(1Ag),
statest! Si,Ge is the only binary cluster which has®,  which has a Si-Si diagonal weak bond, is the ground state of
triplet ground statélying 0.24 eV lower in energy than cor- SibGe,. It is 0.27 eV lower than §Ge2-1(1Ag), 1.03 eV
responding’A; singlet statgin the sixAB, “trimers.” It is lower than SjGe-2(°B,) and 0.99 eV lower than
an example showing how the composition effect plays arSi,Ge,-4(°B,) in energies. The energy differences of 0.99
important role upon spin occupation. The bond angles of 57&V between 3’(392-3(1Ag) and SjGe-4(°B,) and 0.76 eV
in Si,Ge and 85° in SiGgindicate that the Si-Si interaction between Sz'Gez-l(lAg) and SiGe,-2(°B,) clearly indicate
is stronger than Si-Ge and Si-Ge is stronger than Ge-Ge ithe stability and structural differences induced by different
these “trimers”(see Fig. 1, in line with bond strength order spin occupations of the same configuration. Similar phenom-
obtained above from “dimers.” It should also be pointed outena happen for S, and GeC,, in which C-C diagonal
that B-A-B bond angles expand with the apex atoms varyingnteraction is favored in energy over Si-Si and Ge-Ge diag-
from Ge, Si, to C and the end atoms from C, Si, to Ge. Foonal bonding, again in agreement with the bond strength or-
example, the Ge-Si-Ge bond angle in SjGd,), Si-C-Si  der obtained from dimers mentioned above. It should be
angle in SJC(*A;) and Ge-C-Ge angle in GB(*A;) are  noted that the'A singlet state of rhombus £, with a Si-Si
85°, 144°, and 134°, respectively. The triplet triangulardiagonal weak bond is a first order stationary point on the
Ge,C(®B;), which lies 2.45 eV above the singlet ground potential energy surface with an imaginary frequency of
state, has a Ge-C-Ge bond angle of 179.9°. It is in fact 4006 cm* (B3, mode. The ?’Bzg triplet state of C-C diago-
linear structure. nally bonded rhombus g, lies 2.32 eV above the ground
state structure for the reason that the designed triplet
state requires the last electron occupy a HONM®orbital)
C. RhombusA,B,: Si,Ge,, Si,C,, and GeC, which is higher in energy than the LUM@3 orbital) of this

Similar to S, and Gg, planner rhombus ,)A,B,  Stucture.

(A,B=C,Si,Ge) are much more stable than both linear and ) )

tetrahedron structures. Mo8LB, binary clusters hav®,, D. SinGe, with m+n=5

singlet states%g) as their most stable states, but for Si-Si  For Sj,Ge, clusters withs=m-+n=5, there exist a great
diagonally bonded $C, and Ge-Ge diagonally bonded number of possible isomers with very little difference in
Ge,C,, triplet states {B3,) are more stable than correspond- structures and energies. Here we report selected low-energy
ing singlet statesl(Ag). Total energies tabulated in Table | structures, for which both Berny structural optimizations and
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frequency analyses are performed. These high-stability struc: ] Si2Ge Si2Ge3

8.4 -
tures are the most likely candidates existing for correspond- ; /\/

8.2

8.0 \ Si4Ge3

ing clusters.
Trigonal bipyramid or distorted trigonal bipyramid struc-
/.

tures are found most stable for,&e, with s=5. For SiGe, 784 SiGe Si2Ge2
and SjGe; with D5, high symmetriedsee Fig. 1, the cal- 764 Si3Ge3
culated Si-Ge bond lengths in vertical directions are 2.39 and 2ol
49 Si6Ge4

2.40 A, respectively, while the horizontal bonds are broken,
similar to Sk and Ge. Extensive searches produce no other
structures with lower energies fer=5.

Si;Ge;, similar to Si and Gg, takes an edge-capped dis- . : i : i : ]
torted bipyramid(see Fig. 1 as its ground-state structure 2 4 & 8 10
(C,,, YA;). The edge-capping Ge atom is directly con- Cluster size s=m+n
nected to two Si atoms in the four-membered horizontal @
plane to form more Si-Ge bondgather than Ge-Ge bonds 1
and the diagonal Si-Si weak interactions(s;=2.74 A) pro- . —u— Calculated
vides further stabilization energy to this structure. This struc- < 2] e~ Experimental
ture can also be viewed as a distorted octahedron in which®  so4
the two apex Ge atoms move a little towards the Si atom in2 ]
the four-membered rhombus opposite to the capping Ge2
atom.

Whens=m+n=7, e.qg., SiGe,, SiGe,, and SiGe,, the
binary systems have bipyramid or distorted bipyramid struc-
tures, while all the other structures are much less stable. Twc
typical bipyramid structures, Bs;, SisGe, and aC,, Si;Ge
are shown in Fig. 1. Two isomeric structures were obtained

727 Si5Ge4

7.0

Vertical lonization Potential(eV)

Sid4Ge4
T T

7.6

7.4

tion Poten

7.24

oniza

7.04

for SiyGe,, the Cs structure (be-1) deduced from the Cluster size s

C,,Ge; (Refs. 6 and Yand the Cs face-capped pentagonal (b)

bipyramid (SiGes-2), with the former lying 0.45 eV lower

in energy than the latter, similar to tl&,,, Ge; and Si. The FIG. 2. Variation of the vertical ionization potentials of, Sie,

adjacent face bicapped octahedronGsj, (C,,) is con- (a) compared with that of the experimental and calculated ioniza-
firmed to be a second-order stationary point with two imagi-tion potential of Gg microclusters(b).”

nary vibration frequencies at 248b,) and 239 (b,), re-

spectively. TheC,, Bernal structure(a distorted pentagon v/|p's shows an even-odd alternation in the range sof
bicapped in vertical directionRefs. 7 and 1Bis maintained —2_7, a global minimum a=8 (7.10 eV for SjGe,), and

for SisGey. Two C,, isomeric structures are shown in Fig. 1 3 recovery betwees=9 (7.38 eV for SiGe,) and s=10

for SisGey, with SisGey-1 more stable than Sbe,-2 for the (758 eV for SiGe,). This prediction reveals a similar
reason that the former offers more Si-Si bonds than the lattqpnization-potential variation between, &e, and Gg, for
(which has more Si-Ge bondsBut for SyGe;, BernalC,,  which a deep bottom at=8 and a recovery betwees=9
geomgtlry is unstable with one imaginary frequency at aboujnd s=10 are already observed in both experiments and
20 cm . The tetracapped trigonal pris(@z, symmetry, as  theory’ Adiabatic ionization potentialéAlP) usually follow
shown in Fig. 1is the most stable structure for bothyS&  similar variation pattern to VIP, but with smaller values due
and SiGe,. It should be noted that the tw@,, structures are g the energy compensation made by atomic relaxations after
different in bonding details with the firmer having a trigonal charging. From the variation of VIP's of SBe, one can
prism Gg core bonded together in vertical direction, while predict that, similar to S$i and Ge,, Cs, Si;Ges and SiGe,

the Si prism core in the latter is broken in vertical directions gre special species with high stabilities in,Se, cluster

basically due to the existence of four large capping Ge atomseries and possible to be produced experimentally.
which exert expanding forces upon the four capped four-

membered silicon planes. Tl@,, bicapped tetragonal anti-

prism SEGe; is found to be a second order stationary point V. SUMMARY

on the potential energy surface with one doubly degenerate

imaginary frequency at 62m~1(e). Its analog, theC, bi- We present in this work a theoretical study of semicon-

capped antiprism g6e; with even atomic distribution, is ductor binary clustersA,B, (A=Si,Ge,C; s=m+n=<10)

also a second-order stationary point. using DFT-B3LYP/6-316(3df) method. Binary clusters
Variation of the calculated vertical ionization potentials are found to have similar ground-state structures to corre-

(VIP’s) of Si,,Ge, binary clusters with cluster sizgis shown  sponding elemental clusters ofs%ind Gg, but with more

in Fig. 2(a) and compared with the ionization potentials of isomeric structures and lower symmetries. The ground-state

corresponding Gg€s=m+n) in Fig. 2(b). The variation of structures are the ones which possess the biggest number of
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stronger bonds and their spin multiplicities depend on clusteexperimental study of group IV binary clusters. Further re-
size, cluster composition, and configuration. The predictedearch on medium-sized,,B,, (s=m+n=11-50) binary
ionization potentials of binary clusters, which are featuredclusters is in progress. We believe that, in medium size

with the deep bottom a&=8 and a recovery ai=9 and 10,

range, more obvious structural and electronic property differ-

are similar to that of Gegelemental clusters. Results obtained ences compared to elemental clusters would be observed and
in this work present a foundation for future theoretical andtransitions to bulklike spherical structures would occur.
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