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Surface-passivation-induced optical changes in Ge quantum dots
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One of the most interesting properties of quantum dots is the possibility to tune the band gap as a function
of their size. Here we explore the possibility of changing the lifetime of the lowest-energy excited state by
altering the surface passivation. We show that a moderately electronegative passivation potential can induce
long-lived excitons without appreciable changes to the band gap. In addition, for such passivation the symme-
try of the valence-band maximumig (t; derived instead of the more usugb, (t, derived. This reverses
the effect of the exchange interaction on the bright-dark exciton splitting.
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. INTRODUCTION levels depends on the material and dot size. Usingktpe

method, Efros and co-worker$ found at;-like valence

The order of the single-particle energy levels of differentband maximunti.e., ap-like envelopé for smalP dots made

symmetries in nanostructures controls much of their opticapf low-spin-orbit material(light elements whereas Delley

and transport properties. In near-spherical quantum dot@nd Steigmeief,Ren/ and the present auth8rfound, ne-

made of either diamond-like(Si, Ge or zinc-blende 9lecting spin orbit, that Si exhibits a transition betwegn
(InP,InAs materials, the allowed single-particle orbital sym- @dt1 VBM's as the size of the dot is reduced.

metries area, , a,, & t;, andt,. These orbital symmetries . 1 N€ infinite barrier boundary conditions used in some
o ‘! . . simplified model calculations might not have captured the
give rise to specific selection rules. These global symmetrie

b ionalized. in th £ th I ¢ . _physical circumstances appropriate to real dots. Indeed, dots
can be rationalized, in the context of the envelope-functiory g often fabricated with a coating of a second material sur-

approximation, as the product of the symmetry of the underrounding them, intended to passivate surface dangling bonds,
lying bulk Bloch function(e.g.,I';5, andl";, that transform  provide confinement, and assist (8.g., colloidal growth
ast, anda,, respectively and the envelope functiofe.g.,  process. Such surface passivants are not easily modeled as an
a; andt,, that are moss andp like respectively. As shown infinite potential barrier, but are more realistically thought of
in Table I, one can distinguish a few cases of orbital sym-as an electronic material in its own right, having some char-
metries and the resulting excitonic symmetries. For exampleacteristic energy leved). For example, one can use the high-
the most commonly encountered cadabeled “case I) of ~ est occupied orbital of the passivant with enefgy (mea-
direct-gap nanostructure$nP, GaAs, Cd$involves a va- sured with respect to vacuymas its characteristic energetic
lence band of, symmetry(made of al';5, Bloch state and marker. ThisE, can have different “band allgnments” \{wth
an a, envelopg and a conduction band ai; symmetry respect to the VBM of the dot: for electropositive passivants
(made of arl";, Bloch state and aa, envelope. The direct E, will be above the dot's VBM, whereas for electronegative
productt, X a, of the electron and hole symmetries gives thePassivants, could be well below the VBM. ,
orbital symmetry of the excitonic wave function. In this case  USing spin-orbit-pseudopotential calculations for spheri-
the 12-fold degenerate-dipole-allowd@d. Consideration of €@l surface-passivated Ge quantum dots, we show for inter-
electron-hole exchangésplits T, into singletT, and trip-  Mediate size Ge dots (diameter= 37.2 A) that, as the
let 3T,, being, respectively, spin allowed and spin forbidden.PaSS'Var_‘tfp move from the electropositive to electronega-
In the presence of spin orkiisee belowthe ground statdT, Ve regime, (i) the dot VBM symmetry changes from
is split into a lower fivefold-degeneratrbidden E+T,  Yeu(t2) 10 ¥g,(t1), thus converting the lower exciton from
multiplet and a higher allowed,. Case Il involves a va- being primarily spatially allowedr, to spatially forbidden
lence band oft, symmetry(made again of d';5, Bloch T4; and(ii) the Bloch content of the conduction-band mini-
function but with at, envelopg. If we consider the same MUm (CBM) changes from being like to L like (i) a
a,-symmetric conduction band as before, the exciton resultSIroNgly electronegative passivant shifts both transitiéns
ing of the direct product; Xa; =T, is now spatially forbid- and ((j") hto sma!ler dot sizes. More?veralwh|]1fe theh abo(\jlg
den for dipole transitions: Exchange splits it into a singletr.‘Ote changes in symmetry can profoundly affect the radia-
T, and a triplet3T,. In the presence of spin orbit the tive luminescence lifetimélonger for forbidden than for al-
ground state is fivefold degeneraté+ T,, which includes Ic?wgd exm(tjonssland the r?.t'CAEVBM/ AE§.BM be;fween cor?-
the dipole-allowedcomponentl’,. We see that the question uction and valence confinement ener '.&e effect on the
whether the valence-band maximuMBM) hast, or t; or- excitonic transition energy itself is surprisingly small, being
bital symmetry(or in other words, if the VBM envelope has tenths of a meVv.
a node or notcan decide if the exciton at threshold is orbital
allowed, i.e., has a short radiative lifetime or not.

In the past it was noted that, assuming an infinite potential We consider approximately spherical Ge crystallites with
barrier around the dot, the order of andt, valence-band T4 symmetry, centered around a Ge atom. The surface dan-

II. METHOD OF CALCULATION
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TABLE I. The single-particle symmetries of the VBM and CBM and the ensuing symmetry of the
electron-hole exciton withoutA,=0) and with (A,#0) exchange interaction. We show how the single-
particle symmetry evolves from that of the Bloch functidh§, or I'1.) times the envelope functiora( or
t,). Spin orbit is neglected here.

VBM symmetry ~ CBM symmetry Exciton Exciton
Case 0,=0) (Aso=0) (A,=0) (A,#0) Example
I t,=T15Xa,(s)  a=IcXa(s) Ty(X12) 3T,(X9)+1T,(x3) InP,CdSe
I t;=T15Xt(p)  ay=Lic.Xay(s) T1(Xx12) 3T(X9)+1T(X3) Ge

n t,=T15Xa1(s) t,=3(Lict+Xie) A+E+T,+T,  3A +3E43IT, 437, Si,Ge

gling bonds are passivated with pseudoatomic potentials lathe gap is free of surface states and the wave function of the
cated at 1.06 A from the Ge site, and possessing a singleassivant bound state decays withi0.5 A.

bound state at enerdy,, which will be varied. We consider Total spin-orbit symmetries are obtained with the double
dots with radii ranging from 10.5 to 24.5 A, containing group character tabl&for T rotating the spin coordinatés.
281-3049 Ge atoms, respectively. Single-particle energ®rbital symmetry contributions are obtained, omitting the
levels and wave functions are obtained from thespin rotatiorf The excitons are calculated within the con-
Hamiltoniart®!! figuration interaction methodt’

2

h Ill. CHANGE OF VBM FROM T, TO T
H=— V2+%evGe(r—RGe)+;p v{P(r=Ry).

2am Figure 1 shows contour plots of the band-edge wave func-

(D tions of a dot of 37.2 A and 1207 Ge atoms, passi-

Herem s the bare electron mass,is a small adjustment on vatediwith. two ty'pes of passivants. In qrder to obtain

the electron mass intended to improve the fit, apgd and graphical information about the symmetric structure of
() i i TN y(r) we plot [¢(r)[sgriRe(y;(r))], where |y(r)]

v,” are the atomic local empirical pseudopotentiatf Ge ™ [ 5 du* q h

and the passivant atom, respectively. We represent the Ge P (NP (N) + ()] y(r), andy7(r) andy(r), are the

pseudopotential in reciprocal space, using the functionafP!N-uP and spin-down components of the total wave func-
form tion ¢(r). We find that whereas the overall symmetry of the

VBM remains vyg, its envelope-function content changes
with passivation. Because we include spin-orbit, the orbital
symmetries are partially mixe§: For electropositive passi-

whereq is the reciprocal-lattice wave vectgs, is a coeffi- &f(ia()rgggpti;v??? ise\éll’lFrir?é éal)c])vtvr:eer 7|8: c\)/ngIAeicstr?)?\Z)g;;{ive
cient adjusted to obtain the spin-orbit splittings, argf is e 8 31 o :
the spin-orbit interaction matriX The coefficients of Eq(2) g?f/s';’at'o?][EP_ E\t/h_ 12.9t eV,t 't:'g: lg)j the\75‘| VBM lﬁh
were fitted at a plane-wave cutoff of 5 Ry to obtain the bulk®’ 7 "1 Vg ereas theyg, ( é) state '? gi 3702\’\’%'(1 €
band structure at high symmetry points, the effective massed °>>"9 etweeryg(ty) and yg,(t,) for aD=37. ot

at the band extrema, and the spin-orbit splittings. The fittind®©cU"s for passivation potentidEpijV—l.é} ev. This
procedure gives a=1.1902645 [Eq. (1)] and aj crossing can be understood by studying the first-order energy

—0.584 954, a,=2.344 131, a;=3.244 96, a,=0.649 70 shift of the statey,,, due to the surface passivation potential

Uge™ al(qz_az)/(asea4q2_1)+,3U221 2

and 8=0.213 137 in atomic units. in Eq. (1):

The passivation pseudopotentiag”) is designed to re-
move all states from the gap due to dangling bofwishin Ae(n, 7) = (il 2 v (r=Ry)| ). ()
1.5 eV of the band edggsand at the same time to model the Re

behavior of the dot with different generic chemical passiva-lt can be shown thah e(n, ) scales as
tions via differentE, values. We use
FIEp(7)]

3
1+ 1-
( 5 77) ;l bieiciqz—F ( 5 77) b4e’°4q2,

(M (q)=
vp”(q) whereF[E,(7)] is a negative term representing the interac-

tion of the rapidly varying “Bloch part” of the wave func-
with  b;=-0.1770, c¢;=0.1534, b,=0.02982, c, tion with the passivation potential,” , the factorR™* takes
=0.085228, b3;=-0.01024, ¢3=0.630689, b,= into account the size scaling of the amplitude of the square-
—0.1035, andc,=0.3409 in atomic unit§® Here 7 is  envelope function off, as the size of the dot increases, and
scanned to alter the passivation. fpr —1 we find that the  a[n,E,(7)] accounts for the extension of the envelope func-
passivant has a single bound stdtevith E,=—18 eV  tion into the positions of the passivants. Becaig¢n, ) is
=Ey—12.9 eV, while for»=1 we haveE,=—15 eV  anintegral over the passivation potential, it becomes increas-
=Ey+3.6 eV whereE, is the VBM of bulk Ge. In all cases ingly negative a€E,— —. Although the bulk Ge pseudo-

235314-2



SURFACE-PASSIVATION-INDUCED OPTICAL CHANGE . .. PHYSICAL REVIEW B 63 235314

E,=Egu + 8 €V E,=Eygy - 12.9 6V
(a) VBM ;g (t,) (b) VBM g (t;)

FIG. 1. (Colorn (a)—(d) calcu-
(C) CBM Vs (31) {d) CBM Vs (3.1) lated wave functions db=37.2 A
Ge dot, depicted along th@01)
plane as explained in the text. Red
indicates positive values, green
corresponds to negative values,
and light blue corresponds to zero
values.(e) and (f) Bloch-function
content of the CBM. Red points
are close to theL minima, and
blue points are close to th&
minima.

(e) CBM v, (a,) () CBM v, (a,)

potential and the size of the dot are fixed, a crossing betweereal structure of the wave function is more complex: the
vs,(t2) and theyg,(t;) states can occur e[ yg,(t,), 7] is  Bloch part of the VBM is a strongly varying spatial function,
different fromA €[ y5,(t1), 7] as a function ofy. As can be changing sign on an atomic scékee Figs. (8 and 1b)]. A
seen in Fig. 1a) the yg,(t,) state has am,(s) envelope node in the envelope function actually means that one of the
function forE,=E,+0.8 eV, while forE,=E,—12.9 eV  nodes of the Bloch part is removed, which results in a lower
[Fig. 1(b)] the yg,(t;) VBM has at,(p) envelope. Because kinetic energy. Therefore, for infinite barriers, thg,(t;)

the s-like envelope function has the lowest angular momen-stategwith a p envelope and a missing nodeave a lower
tum, within the single-band effective-mass approximationabsolute energy than thgs,(t,) state(with ans envelopeg.
(EMA) treatment, and assuming infinite barriers, one wouldBecause the-like yg,(t,) states indeed have one more node
always obtain ars-like envelope for the VBM. Therefore, a thanp-like yg,(t;) states, theyg,(t,) have higheitotal an-
p-like envelope might be seen as surprising. However, thgular momentum components tham,(t;). Thus yg,(t,)
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states can travel longer distances into the vacuum barrier, 1V. PASSIVATION-INDUCED CHANGE OF THE
and have a larger amplitude at the passivant positions than CONDUCTION BAND FROM L TO X
ve,(t1) states. This implies in Eq(4) that af yg,(t5)]
>af vg,(t1)]. Assuming thatF[Ey(7)] is the same for

. tive passivants g=+5) with E,=E,+0.8 eV, whereas
Vau(t2) andyg,(t2), a crossing betweepg, (t;) andyg,(t2) Figs. Xd) shows the CBM of a highly electronegative passi-
states will occur when the difference in potential energy '

. " vant (p=—1) withE,=E,,—12.9 eV. We see that for both
gained at the surface, (afyg(t2)]—al¥s,(t1)]) assivants, that the CBM hasyg. symmetry, derived from
F[Ep(7)]/R, compensates for the kinetic energy saved b the a, orbitaP® symmetry [denoted yg,(a,)]. The Bloch-
eliminating a node in the total wave function. Indeed, a di- 1 y y Yéciau) -

rect calculation of Eq(3) for the case of Fig. (b) shows that I;J;Cg;gvceogﬁm_ﬁfk;h; fggﬂct(; gﬁgggz\rggec_gresfoé)e;%
A€l yg,(to), — 11— A€ yg,(t1), —1]= — 72 meV. Since the - P Lo 9 gs-

-/ L i 1(f)].
spl|.tt|ng b'(,atweepygv(t?) anq Ye,(11) is —34 meV, the “ki The conduction band crossing fromto X derived states
netic part” of this spliting is 38 meV.

Equation(4) suggests that the passivation-induced Sp“t'ztso%[aTn_temrrﬁQ%\:‘vgcl:(L;:' I%ijg?i)vggdst]gt)egaar:eb?nglrzoel:(?edr?c;é d
ting scales a®\R™ !, where the coefficienA is increasingly <

negative a&,— . The critical size at which &g, (t,) to than X-derived states because of the large effective mass

) ) ; : : (1.57m,) of the L minima along theg(111) directions. As a
vg,(t5) crossing occurs will depend dp) the size scaling of - ; ! -
the “kinetic part” splitting, and(ii) the passivation-induced consequence,-derived states interact more with the passi

- U ; vation potential at the surface. Therefore, a sufficiently deep
splitting (which n tl.”n dependg,). Qu_r calculaﬂonsisug- passivation potential can drag down thelerived states.
gest thaF the “_k_|net|c part” of th_e .Sp"‘F'”g scales BSR " In a recent paper, Niquet al.2° reported calculations of
\(/jvhereB 'S positive andy>1|. -Eh's implies thz;t flor mte(rjme- Ge quantum dots with an empirical tight-binding method
late passivation potentialEf=Ey—1.4 eV) larger dots 0 qh thei hod is sianifi v diff f h '
would have ayg,(t;) VBM and smaller dots ays,(t,) ough their method is significantly different from ours, the

- ) agreement of their single-particle energies and our
VBM. Indeed forE,~Ey—1.4 eV, we find that for dots .50 1ationd is very good. Both calculations show that the
with diameters 28 and 37.2 A, yg,(t,) is aboveyg,(t;)

; optical properties of Ge crystallites remain typical of an
by_51 ancg\4 mev, wherelas tlhe level orgier IS revgrsged fofndirect—gap semiconductor. As Figgeland Xf) show, the
9_50'9 - For extremey_ electronegative potentials, ( CBM remains indirect(either X- or L-like). Both Niquet
~Ey—12.9 eV), the VBM is alwaysyg,(ty). et al’s,?° calculations and ours show, however, that there is a

The passivation-inducetd ~t, crossing reported here be- gignificant increase on the reciprocal-space overlap of the
haves In an opposite way to the.orlle. predlc'Fed by Grigoryagsgp; and VBM for R~15 A. However, in contradiction
et al® within the k-p method or infinite barriers and small with Niquetet al,?° we find° that such an increase also oc-

spin-orbit couplings. In that caSéhe t,-to-t; crossing was ¢y in spherical dots and not only in cubic ones. However,

claimed to be due to a change of sign on the kinetic-energ}éhape and size can change the symmetry of the band edges,
splitting. In contrast here, we find that for Ge dots the kinetic,;yich can make the transition forbidden.

energy part of the splitting is always positive. We believe

that the kinetic part is positive as a result of the laf@e3

eV) spin-orbit splitting in Ge dots(which, according to v, vALENCE- AND CONDUCTION-BAND CONFINEMENT
Grigoryanet al? favorst,) and the failure of thé - p treat- ENERGIES

ment on the very small size regime.

A study of the effect of passivation for Si dots was per- One of the interesting quantities measured for quantum
formed in the framework of the empirical tight-binding dots’ is the valence-band shift\Eygu(R)=—Eygu(R)
method by Xia and Chedfi.In this case an additional or- +Eyew(®) and the conduction-band shifAEcgu(R)
bital, simulating the passivation, is added to the surface=Ecem(R) —Ecgm(*), where E(=) denotes the energies
Though this state can be thought of as analogous to owdf thebulk band edges. In H-passivated Si dots it was found
passivation potential, it is different in an important way. In experimentally that the ratio AEygu(R)/AEcgu(R)~2.
the empirical tight-binding approach of Xia and Cheah, theHowever, in that experimenrAEcgy(R) included a Cou-
Hilbert space at the surface is restricted to a state with energpmb interaction between the electron and the Hole:
E,. thus excluding scattering-nonbonded states. Therefordcou- Empirical  pseudopotential calculatidhs gave
whenE, is sufficiently far from the band-edge energies, theAEygm(R)/(AEcem(R) —Jcou) ~2, Wwith a passivation
second-order correction to the band-edge energies vanisheotential that fit the density of states of hydrogenated
However, in our calculation with passivation potentials, we(001) Si surfaces. Figure 2 gives the values of
do not truncate the Hilbert space at the band-edge energie8 Evgm(R)/AEcgm(R)  and  AEygw(R)/(AEcgm(R)

This means that band-edge states can visit the surface regionJcoy)) for Ge dots as functions of the binding energy of the
as long as they remain orthogonal to the bonded states at tip@ssivation potentiak,. We see that for highly electrone-
passivation atoms. This condition forces a node of the wav@ative passivants the ratios are 1.3 and 1.8, respectively, but
function (which implies that it must be small at the surface they decrease as the potential becomes shallower. For a wide
but the first-order correction to the band-edge energies igange of passivations thAEygw(R)/[AEcem(R) —Jcoull
different from zero, and increases in magnitudeEgsbe-  ratio is around 1.5-0.3, which is smaller than the
comes more electronegative. H-passivated Si dot case. Previously, it was generally be-

Figure 1c) shows the CBM corresponding to electroposi-
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04 ] VI. OPTICAL CONSEQUENCES
o  AEvypMm/AEcBM . S
22 e AE (AE J We next discuss the implications of the change from a
2 20 vBM/(AECBM-JCouD vg,(t2) VBM to a yg,(t;) VBM on the excitonic multiplets
uj) when spin-orbit and exchange interactions are taken into ac-
1.8 1 . .
<] . count. In Fig. 3l) we discuss case | of Table I, where the
= e VBM is vyg,(t,) and the CBMyg.(a;),%* which is seeh?in
m 8v 6¢c
> 44 conventional direct-gap dots such as InP. In the absence of
L o . : : . .
< 4, . spin orbit (A;,=0) and electron-hole exchange interactions
° o (A,=0) thet,xa; product gives a 12-fold degenerate exci-
0 ° ton with T, orbital symmetry(columnA in Fig. 3 I). Allow-
0.8 : : : : : - - - ance for exchange interaction splits the 12-fdlg into a
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 . N . .
E vV higher-energy spin singlet{3) and a lower-energy spin
P (e ) triplet (X 9). The spin and orbital parts of the exciton wave

h o of val _ hift rat function are mixed by the spin-orbit interaction. But under a
FIG. 2. T € ratio of va ence-band to condgctlon-band Shift ratio,e spin-orbit scenario, the singlets and triplets are almost
for a 37.4 A-diameter Ge quantum dot for different surface passi- . . . s . .

: . unmixed. The singlet gives &5 (X3), while the triplet
vations potentiald,. o t .

splits into A, + E+T, +T5 (we use Blackboard capital let-
) ) ) ters to denote symmetry of the full excitonic wave function
lieved that both conduction- and valence-band shifts are dugat mixes spin and orbital component#& scenario with
only to quantum confinement. However, though the amplifinite spin-orbit and zero exchangdg=0 is given in column
tude of the wave-function square is four orders of magnitudes of Fig. 3. As the spin-orbit interaction becomes strong, the
smaller at the surface passivation atom than at the center ghlence-band maximunt, splits into yg,(t,) (Xx4) and
the dot, the integrated effect of all surface atoms can produce,, (t,) (x2), separated by the spin-orbit splitings,,
a measurable affect. For example, whep—E,, changes while the a; conduction band maximum givesgs.(a;)
from —6 eV to +0.8, AEygu(R) and AEczu(R) change (X2). We thus have two families of excitons: those derived
by 11% and 14%, respectively. The g&p=AEygu(R) from g, (t5) X yge(a)=E+T,+T,, and those derived
+AEcgu(R)+Eg remains almost constanwithin 3%)  from the “split-off” band y7,(tz) X yec(a1) = A, +T,. The
because both the conduction and valence bands a®mbined effect of exchange and spin orbit is given in Fig. 3,
dragged down by the passivation. However, thecolumn C. The exchange interaction affects only the
AEysu(R)/AEcgm(R) ratio changes by as much as 30% T2-Symmetric excitons, dlsplacmg! them to h|gher energy
due to surface passivation. (shown columnA), leaving the forbidderk + T; excitons as
the ground-state excitons of thg,(t,) X ys.(a1) manifold.

(A 5=0 | &%0 ® &-=0 A-0| [© &%0
Aso"o A0_0 Aso—o Ao 0 As 0
(I) T, (x3)

Yo XV (X4) " A, (X1)
a,(e)

ﬁ T, (T, x8) A, -
t2 (h) T, (x12) 3T, (x9) IAx T, (x12) | 74, %%, (x8) -~ E + T,(x5)

(1I) T, (x3)

o 755 4) " My (1)

LT EE LT e TTTTTEETT LT

a,(e)

ﬁ i) R
t; (h) T, (x12) ZST‘ (x9) IAx T, (x12) [ 79,% 75, (68) | / E + T,(x5)

FIG. 3. Structure of the lowest-energy excitonic multiplet as a function of the symmetry of the YBdérresponds to an electropositive
passivation, andll) to and electronegative passivation.
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22 partially allowed excitons, as expected from Figll B col-
S50l . Ep=Ey-1296V umn C. The next statesonly 1 meV higher in energyare a
o . * Ep=Ey+8eV threefold dark multiplet corresponding to thig symmetry.
351 i, s Ep=Ey-15ev Under elgctronegatlye passwfatlbmhgn the \(BM iSyg,(t1)
g . symmetrid, the lifetime of this partially brightl’, ground
s * ey level is almost three orders of magnitude longer than the one
% Ve corresponding to the bright, under electropositive passiva-
514 .. tion [when the VBM is yg,(t,) symmetrid. This results

° . from the fact that for thisyg, (t1) X ysc.(21) exciton manifold
1.2 ‘ , ; ‘ : - the orbital symmetry is 99 %T,+E, which gives a zero
20 25 30 3% 40 45 50 S5 contribution to the oscillator strength.
Quantum dot diameter (A) The increase in the lifetime of the bright excitons when

the passivation is electronegative is a direct consequence of

the presence of a node in the envelope function of the VBM.

Departures fronTy symmetry will change the symmetry of

) . the VBM, but the crossing of a nodeless envelope to an
Figure 311) shows the case of g, (t;) VBM, appropri-  enyelope with a node will remain. Therefore, we believe that

ate to dots with electronegative passivatiofEpEy  such an increase in the radiative lifetime of the ground-state

—1.5 eV). In the absence of spin-orbit and exchange interexciton as a function of passivation will persist if the shape
actions, thet; Xa; product gives a 12-fold degenerate exci- of the dot is close to a sphere.

ton with T, orbital symmetry. Exchange interacti¢column
A) split the 12-fold T, into a higher-energy spin singlet
(X 3) and a lower-energy spin tripletx(9). The weak spin
orbit from the singlet produces an exciton with symmetry, In Fig. 4 we show our calculated excitonic gap vs size for
while the triplet states are split intb, + £+ T, +T,. We see  the lowest-energy exciton for the passivation poterigl
that, unlike the previous case, now the exciton multiplet that=E,,—12.9 eV. For comparison we give the results ob-
rises because of exchange Agssymmetry(and notT5). In tained with different passivationsE(=E,+0.8 eV and
a strong spin-orbit and zero-exchange scenacopmnBin  E =E,—1.5 eV) for the size® =28 and 37.2 A. On this
Fig. 3ll) the vyg,(t1) X vec(a,) lower-energy family gives scale the difference between dark and bright states cannot be
Ii+T, +T,. The addition of exchangeolumnC) rises only  resolved. As can be seen, the changes in the excitonic energy
the states witHl', symmetry, leavingli+ T, in the ground induced by the passivation are only significant for the very
state (within the t;Xa; subspace, the exchange interactionsmall size regime, in particular f&,=E, +0.8 eV, as the
only shiftsT; symmetric states, as in colunfshowsg. We  CBM energy draws close to the passivation potential binding
see that now the ground state has a dipole-allowed comp&nergy and the mixing becomes stronger.
nentT, for the yg,(t1) X yec(a1) manifold. In summary, we have found that surface passivation can
We have next conducted a configuration-interactiondrastically modify the lifetime of the lowest-energy states of
calculatiort’ for our Ge dots with various passivations. For a Ge quantum dot by introducing a node into the envelope
the electropositive passivatiathe first column of Fig. J, part of the wave function of the VBM. This node in the wave
after including spin orbit, exchange interaction, and multiple-function of the VBM will also appear in nonspherical dots,
configuration couplingg, we find the results expected from but strong selection rules will be present only in near spheri-
Fig. 3(1), columnC. For this large Ge dot the splitting of the cal dots. Surface passivation can also alter the valence- to
T, bright states and the dark ground states is only 1.9 meVconduction-band-shift ratio, without significant changes in
The present calculations for Ge dots include a spin orbithe optical gap. We anticipate similar effects in dots made of
which reduces the exchange splitting by a factor 2/3, as other materials.
compared with a Si dot of similar size, where the spin-orbit
interaction was not includetiFor this Ge dot size, in the
electropositive passivation cabghen the VBM isyg,(t5)]
the lifetime of theT, exciton is one order of magnitude  The authors would like to thank Lin-Wang Wang, A. Wil-
shorter than a similar case corresponding to Si. This is coniamson, A Franceschetti, and H. Fu for supplying some of
sistent with the fact that Ge dots mix into much mdre the programs used in this work, and for stimulating discus-
character than Si dof$. sions, and M. L. Bruschi and R. Trinchero for discussions on
For electronegative passivatigeecond column of Fig.)1 the treatment of the double symmetry group. This work was
with a vyg,(t1)-symmetric VBM and ayg.(a,)-symmetric  supported by OER-BES-DMS under Contract No. DE-
CBM, our calculation gives a fivefold ground state with three AC36-99-G0O10337.

FIG. 4. Excitonic splitings of Ge dots as functions of the quan-
tum dot diameter.

VII. EXCITONIC BAND GAP
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