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L -to-X crossover in the conduction-band minimum of Ge quantum dots
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Screened-pseudopotential calculations of large8Q00 atomsy surface-passivated Ge quantum dots show
that below a critical dot diameter that depends on the passivant, the character of the lowest conduction state
changes from ah-derived to anX-derived state. Thus, in this size regime, Ge dots are Si-like. This explains
the absence, in a pseudopotential description, of a crossing between the band gaps of Si and Ge dots as a
function of size, predicted earlier in single-valley effective-mass calculations. The predieted crossing
suggests that small Ge dots will have Xtike, red shift of the band gap with applied pressure, as opposed to
an L-like blue shift of large dots.

Although the band gap of bulk G@®.76 eVj is smaller beingL character in the large size regime to beMgharac-
than that of bulk S{1.17 e}, Takagahara and Taked&ig.  ter in the small size regime. Consequentiii) small quan-
1(a)] and Hill et al? [Fig. 1(b)] predicted that small Ge quan- tum dots of Si and Ge have similar gaps and wave functions,
tum dots would have &rger band gap than Si dots of the because in both materials the CBM is derived from the
same size. This predicted crossing of the optical gap as minima nearX. (iv) We predict that this change might be
function of size raises the promise of easier access to bluebserved experimentally in Ge dots under pressure by noting
light emission using Ge instead of Si dots. In the effective-a redshift(i.e., X,.-like) of the PL with pressure for small
mass approximatioh,(EMA) one would indeed expect a dots, but a blueshifti.e., L,.-like) in larger dots.(v) The
crossing of the gap energies of two semiconductors A and EBM of Ge dots mixes in mor€ character than in Si, so in
at sizeR if
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whereeB"“ and £EU'* are the band gaps of semiconductors 0
A and B, whilem} (X) andm; (X) are the isotropic effective 4

masses of electrons and holes, respectively, in the material%
X, and « is a geometric factor that depends on the shape of a 3|
the dot. Whereas the measured masses of Si and Ge indee(® R,=12.6A

suggest that a crossing existéat R~31 A), in this size 2] k
Si

(b) Hill et. al (ETB)

regime the validity of the EMA and Ed1) is questionable:

The observation of photoluminescen@d) in dots made of 1] Go

indirect-gap semiconductors implies the presence of some

k=0 (I' like ) momentum components in the electronic 0

wave function. Buk=0 is quite distant from the momentum 4

corresponding to the indirect conduction-band minimum in s (c) present (EPM)

these materialgat theL and near theX points in Ge and Si,
respectively. Because the components of the wave function,
which are far away from the band edges, are poorly de-
scribed by the EMA, a more general method that describes
the full-zone band structure is required in order to reliably
account for the optical properties of such indirect-band-gap
dots. B , 5 10 15 20 25 30 35
In this paper we report empirical-pseudopotential calcula- Quantum Dot Radius (A)
tions for Ge dots and compare them with equivalent calcula-
tions for Si dots. We findi) there is no clear crossing inthe  F|G. 1. Theoretical predicion for the gaps of Ge and Si dots as
band-gap energies of Ge and Si dots as a function of sizg function of size(a) Takagahara and TakedRef. 1) EMA calcu-
[Fig. 1(c)]. (ii) The reason is that the wave function at thelations. (b) Hill et al. (Ref. 2 empirical tight binding calculation
conduction band minimuriCBM) in Ge dots changes from (ETB). (c) Present empirical pseudopotential calculatiGBBM).

Single Particle Gap (eV) Single-Particle ga

0163-1829/2000/62)/22754)/$15.00 PRB 62 R2275 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R2276 F. A. REBOREDO AND ALEX ZUNGER PRB 62

the absence of symmetry-induced selection rules, the PL etonduction-band-edge and the valence-band-edge energies.
ficiencies would be larger in the Ge case. Findly), we In effective-mass theory, the shift is in inverse proportion to
find that the dependeneg ~R™ ¥ of the band gap on size is the respective effective masses, so the Ge gap is expected to
changed when band crossings exist. increase more quickly than the Si gapRas reduced. In our
We consider approximately spherical Ge crystallites cenpseudopotential approach we indeed fisde in Fig. 1c)]
tered around a Ge atom. The dots thus hayedint-group  that the blue shift of Ge dots &~25 A is sgg—sgg'k
symmetry. All Ge atoms are assumed to be located at thei0.57 eV, which is larger than in the Si case,
ideal bulk positions. The surface atoms with three danglinggiD—ggi“'k~0_38 eV. However, both shifts are smaller than
bonds are removed, while those with one or two danglingthose predicted by the EMA(~0.94 eV Ge and~0.42 in
bonds are passivated with pseudohydrogen atoms. The pasp [Fig. 1(a)]. Furthermore, in sharp contrast to the expec-
sivated dots are then surrounded by a vacuum and placed {gtions based on the EMA, Fig(c) shows that as the size of
a large supercell that is repeated periodically. We calculatéhe dot is further reduced, the gap of Ge dots becomes simi-
the electronic structure of this artificial periodic structure viajar to that of Si. This means that, although at first the gap
ordinary “band structure” methods applied to the supercellincreases more quickly in Ge dots, at some special size the
where the Hamiltonian, including spin-orbit, is given°by  dependence of the Ge gap changes to a Si-like behavior. We
52 can explain this non-EMA effect by inspecting the structure
__ " v _ _ of the wave function in reciprocal space:
H="2m" +%e vedlr RGEHRZP vp(r=Re). (2 L-to-X crossover The L point in the Brillouin zone of

wherem is the free electron mass whilgs, andup are the bulk Ge is degenerate with fourfold equivalent valleys in the

screened-atomic-empirical pseudopotentials of Ge and thgll) directions. Thus, in a large quantum dot, theninima

passivant. Herey g, was fitted to the measured bulk gaps atWIII give rise to four energy Igvel$elght including spin
. . . However, because the finite size of the dot breaks the trans-
L, nearX, and atl’, the anisotropic electron effective masses

: . ; o lational symmetry, these eight levels are no longer degener-
at thel. andl“_ points, the spln-orl_:)lt splitting, the h(_)l(_a MaSSeS ate in the dot. In fact, in absence of spin-orbit couplirige
at theI' point, and the energies of the remaining high-

. . eight bulk states at thd. point would give rise in a
symmetry points of_bulk band structure. The pseudopoten'ua(]fd_symmetriC dot to six states with orbital symmetry and
vp Of the passivatingyp was fitted to remove gap states

within 1.5 eV of the band edgsrising from the Ge dan- two states with a orbital symmetry with a total of eight

gling bonds on(111) and (100) surfaces. We thus assume !evels. When spin-orbit is included, the sixfdigstates split

that the dots are perfectly passivated and that the band-edInto a twofold y, state and a fourfolds state, while the a

S ,
wave functions are confined in the bulk regions of the dots%rbltal is a twofold state withys symmetry. The calculated

We do not consider here the case incomplete passivation thgyMmetry projections f_or th_e Iarg_est dot StUd'é.d:(Z‘l.'S A
would produce surface states due to dangling bonds. Th onfirm these conclusions: We find that the first eight elec-
passivation shell is characterized by its highest occupieJJron levels are in a mulUpIé*t,have symmetr_les/7, V8 ?‘”d
level (HOE) Epoe. In the present StudyEpog=Eyay—5.2 ve and degeneracies 2, 4, and 2, respectwely. In.Flg. 2 we
eV, i.e., we assume a rather ionic passivant show the charactes-g(k) of some wave functions in a Ge
We éxpand the wave functiongr) in a plane wave basis dot. We repr_esemc_B(k) of Eq. (4) b_y solid circles centered
set and diagonalize the Hamiltonian of E@) using the &t Pointk with a diameter proportional tVpce(k) pro-
folded spectrum methciThe symmetry of the wave func- Ject_ed in the(O_Ql) plane. The inset §hows the corresponding
tions was obtained using the method explained in Ref. 5. iprojected p05|t|9ns Of. the: andX points. As expecteq fro”?
order to obtain information on the reciprocal-space represerf'€ @P0ve consideration for such a large dot, the first eight
tation of the dot wave function, we expanded tfiémterms electron states are derived primarily from thestate[see

of the Bloch wave functions of bulk Ge: Fig. 2(a)]. . .
The next group of twelve states are 50 meV higher in

dot (I cikr - bulk energy. These states are not derived frbnstate, instead
i (T)ZEk Crile™ un (N1, (3)  they are derived from the six degenerate valleys neaiXthe
" point in the Brillouin zone, similar to those found in the
whereuP' is the Bloch part of the bulk wave function, and lowest conduction band of Si dots=or brevity, we will refer
c is the projection of the/2°'(r) on the bulk statek. The  to them as theX states orX-derived states, although the
contribution to the dot statgs"°(r) from the conduction- Minima in the bulk conduction band are not at Heoints
band-bulk-Bloch states within the momentum shiellk  but nearX. One example of thesk-derived statesCB+8
+ Ak is defined as with yg symmetry is shown in Fig. 2b). Note that a single-
valley description of the conduction banaould have com-
. letely ignored the existence of the energetically close
Pcs(k)”—‘AkS% Ol enk'“— L2 iyt evam ICRIZ (4 ?(—der?(/eg states. ’ ’

For R=24.5 A, Ge dots already show importaht- X
where e0i'* is the dispersion of the bulk-band at wave  mixings in the conduction band minimufsmall dots neak
vectork and 6(x) is the Heaviside function. regions in 2(a)], so one might suspect dn— X crossing to

The indirect band gap of bulk Si is 1.17 eV while that of occur if the size of the dot is reduced. This is shown in Fig.
Ge is only 0.76, so the band gap of larde{«~) Ge dots is 3, demonstrating that as the size of the dot is reduced, the
expected to be smaller than for Si dots. When the size of theharacter of the wave function of the lowest electronic state
dots is reduced, quantum confinement effects shift both thehanges from being essentially derived in large dots, to
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FIG. 2. Brillouin zone projection[see Eg. (4)] of the FIG. 3. Brillouin zone projection of the CBM wave functions as
conduction-band wave functions for different energies. The size ofi function of size. Same conventions as in Fig. 2
the points shows the weight of the wave functippg(k) on a
particulark point which is projected in th€001) plane. The inset
shows the position of thie andX points after being projected in the
(001 plane. Casdéa) corresponds to the CBNan L derived statg
while case(b) to CB+8 which isX derived.

of semiconductors such as InP, Si, or CdSe, where the
second-conduction-band minima is energetically far above
the lowest-conduction-band minin@.g., in SiI'-X=2.38

eV, L—X=1.17 eV}, we have found a size dependence of

. . Lo . . the band gap of the forne24*+ AR™”. Palummoet al2°
being essentiall)X derived in small dots. The particular size .gap .
g lallyX derived | particu 'z have recently reported tight-binding calculations for Ge

where theX-to-L crossing occurs depends on the surface pas- ; dots findi e d q ¢ th ¢ th
sivation potentialE,og. Deep passivation potential& (o quantum dots Tinding size dependences ot the gap of the

far lower than VBM) shift the crossing to smaller sizes while form same witlty as low as 0.8. However, in Ge, where the

shallower passivation shift it to larger sizes. Similar cross-L’ I', ‘and X conduction-band extrema all lie in a narrow

ings in the character of the CBM wave functions were al-€nergy window of 0.4 eV, we find that there are crossings of

ready found in GaAs quantum dots where the CBM changegifferem minima as a function of H(we sizeyqr shape of thg dot.
from T to X as a function of siz&. Therefore, a single dependensg'“+ A/R?” is not appropri-

The single-band EMA prediction of crossings between the?t€ 1O fit the Ge band gap daia partlculaédlrﬂ( the crossover
gaps of Si and Ge ddtxan be reinterpreted as a crossing "€9i0n, because the parametefsy, andeg,  must change
between thel and X valleys of the conduction band of Ge as @ function of size. For example, for small dots one should
itself. The conduction-band structure of Ge n¥as indeed ~ Use&gs < corresponding to th&—T" gap and not the. — I
very similar to the one of Si neat both in the value of the gap as in large dots.
masses and in the band gap, implying that Ge dots have a Expected PL intensities In dots made of indirect-gap-
“hidden Silicon persona“ty_” Therefore, even in the frame bulk solids, the emission intensities depend on the extent of
of the EMA, one would expect to find a critical sigfor Ge ~ I'-like mixing into the lowest conduction-band state of the
dots where states derived from the minima n&abecome dot. Though in bulk Ge thé' conduction-band minimum is
lower in energy than those derived from thepoints. Be-  only 0.14 eV higher in energy than tiestates, the mass at
cause the Ge effective masses in the conduction-banll (mg-=0.038 m) is lighter than at the minima dt and
minima nearX and atL are both highly anisotropic, similar near theX points. Therefore, the states derived mainly from
crossings fronL to X can occur as a function of shape alone.I’ remain above the CBM for all dot sizes. However, because

Because the CBM wave function in Ge dots becomesn the bulk thel" minimum is much closer in energy to the
X-like at small sizes, the band gap of Ge dots is similar toCBM Ge (0.14 e\ than Si(2.38 eV}, in quantum dots th&
that of Si dotgFig. 1 (c)]. This explains the absence cross- components of the wave functions are much larger in Ge
ings in the band gaps of Ge and Si dots for small sizes in outhan in Si. For example, in a dot wiR~11 A, thel' com-
pseudopotential calculation. ponent in Ge dots is four orders of magnitude larger than in

The size-scaling of the band gapln quantum dots made Si dots. Therefore, provided that symmetry-derived selection
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8 - - - correlation with the change on the character of the CBM as a
. L limit function of size(see Fig. 3 we predic_t that the band gap of
S 6 ° large dots behaves under pressure like the bylk L. gap,
2 having a positive pressure coefficient, while the band gap of
> small dots behaves like the bulk,—X. gap, having a
g 4 slightly negative pressure coefficiéﬁt]’he measurement of
I the pressure dependence would be a direct test of the pre-
T 2] dicted L-to-X crossing in the structure of conduction-band-
g minimum wave function of Ge dots.
R In summary, Ge quantum dots present states which are
X limit denve_d from different minima of the bulk conduction band
2 . . , and lie very close in energy. Because the quantum-
10 15 20 25 confinement shift as a function of size is different for each

Quantum dot Radius ( A ) minin_1a, th_e conduction-band structure chf_:lnges from being
L-derived in large dots to bein¥-derived in small dots.
FIG. 4. Calculated pressure dependence of the band gap of Gdecause the deformation potentials of thendL states are
dots as a function of size. different, we predict that the change of the wave-function
structure of dots as a function of size could be measured as

rules are absent and that the surface is perfectly passivate(a?anges in the pressure dependence of the gap of Ge quan-
tUm dots. Since the wave function corresponding to the

radiative electron-hole recombination times are expected t(c):onduction-band minimum of small Ge dots is Si-like. the

be much shorter in Ge dots than in Si dots. band gaps of Ge and Si dots do not cross as a function’ of the
Pressure dependence of the band gapt bulk Ge the dot sigep

pressure dependence of theand X andI” conduction-band '

edges are 5.8, 0.7, and 14.6 meV/kbar, respectivéfyBe- The authors would like to acknowledge A. Williamson,

cause in Ge dots the CBM wave function changes fronmlL.-W. Wang, and H. Fu for discussions, advice, and for sup-

L-like to X-like as a function of size, one would expect a plying part of the programs used in this work, and also M. L.

qualitative change in the pressure coefficients as a functioBruschi and R. Trinchero for discussions on the treatment of

of size. Our calculated values of the pressure coefficients ahe double group. This work was supported by BES-SC-

the band gap Ge dots are given in Fig. 4 showing a direcDMS under Contract No. DE-AC36-99-6010337.
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