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Quantum confinement of edge states in Si crystallites
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A theoretical investigation exploring the major physics on the quantum confinement of Si crystallites related
to the many band structure, multiple conduction band minima and degenerate valence band maximum of bulk
silicon is presented, it shows the overlaps in khepace between the highest occupied states and the lowest
unoccupied states in Si crystallites become more significant when the diamet#5 i8. The highest occupied
T, states, rather than the highest occupigdstates, could play a more important role for optical transitions in
nano Si crystallites[S0163-18206)02043-7

I. INTRODUCTION and their partner states. Hekgx=(ko,0,0) ko is the loca-
tion of CBM on theA axis, andA; means the lowest con-
The quantum confinement of Si crystallites is a problemduction band in one of thA directions.

with great practical and theoretical significance. Practically, Correspondingly, in the limit of infinite cluster the three
it is directly related to the potential applications of lumines-highest occupied statg$1OS’s) transforming according to
cence in nano Si crystallites and porous-SiTheoretically, the T, irreducible representations of the point grolip are
although the ordinary quantum confinement of a simple parmade of the threé',s states of the bulk Si,
ticle in a potential well is well understood and treated in
almost any standard quantum mechanics textbook, however, [ T2x,HOS =I5 ), 4

Qnd its partner states. The problem that we are interested in

. . . %ere is how the LUS’s and HOS's develop under the quan-
quantum confinement effect contains more physics and i§,m confinement, as the size of the cluster decreases.
understandably even more interesting. Although there are

many theoretical investigations on the quantum confinement
of Si crystallites>=® we do not see that any of them explores Il. FORMALISM
the physics characteristic of the all major points of the Si e employ an empirical tight-binding formalism to in-
band structure, like its six conduction band minik@BM),  vestigate the electronic structure of hydrogenated Si clusters
degenerate valence band maxim@«BM), and many en-  of different size, as in our previous wotKhis tight-binding
ergy bands. Here we present such an investigation, it proformalisni reproduces the electronic structure of bulk Si
vides a basic physics picture on the edge state developmepither well in the limit of infinite cluster size: It gives the
coverin_g the entire range from the bulk silicon to nano Sicorrect band gagby constructioh, good valence bands, and
crystallites. a fairly good indirect lowest conduction band. The calculated
We consider spherical hydrogenated Si clusters havinggm are located at 2/a(0.73,0,0 and its symmetrical
the symmetry of theTy group. In the limit of cluster of points (Fig. 1). We calculated all eigenenergies and wave
infinite size, the six lowest unoccupied staésJS’s) are  fynctions of different symmetry using this tight-binding

made of the six CBM of the bulk Si transforming according Hamiltonian for spherical hydrogenated Si clusters of eight
to three irreducible representatioAs, E, and T, under the

operations of the point groupy. They are
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24 . - ; ; WDBS for a=A;, E; or Ty, j=LUS anda=T,, or Ty,
@ 22 and j=HOS for the clusters of diameter 49.14, 14.10, and
f% 4.70 A. We take the coefficient€ , ; to be 6, 3, and 2,
+T respectively, for theA;, E;, and T,, LUS and 1 for the
T,x and T, ; HOS, considering the proportionality coeffi-
cients in Egs(1), (2), (3), and(4).
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From Fig. Za), we see that all of these lowest unoccupied
energy levels go up monotonically as the cluster size de-
creases, while the very lowest three are always one from
h m pvs a0 20 o A4, E, andT, each® and at least for the clusters of diameters
Diameter(A) >20 A, they are well separated from all other energy levels
above them, but very close to one another. From Fig), 3
corresponding to the cluster of diameler=49.14 A, we see
that the three LUS’s show almost mutually indistinguishable
strong peaks nedt, obviously these three states are directly
developed from the CBNIEgs.(1), (2), and(3)] in the bulk.
In fact, the quantum confinement of the LUS’s for clusters of
D>49.14 A can be considered as each conduction band
minimum changing independently: the spread of the peaks
caused by the quantum confinement is narrow for
| D>49.14 A and therefore the intervalley couplings between
oA different CBM can be neglected and all these three LUS’s
Ak have almost the same ener@yn our calculation they are
f% 1.2206 eV forA,, 1.2212 eV forE, and 1.2208 eV fof, for
R the clusterD=49.14 A). As the cluster size decreases, the
+ m o . . . | peaks corresponding to different symmetry decrease in am-
0 10 20Diameter(A)30 40 50 plitude, spread more in widthk and separate from each
other. At the same time, the intervalley couplings increase
FIG. 2. (a The three lowest unoccupied energy levels for eaChand the originally almost indistinguishable energy levels of

one of the five irreducible representations as functions of the clusteél’ E. andT, develop to three separated oriéfg. 2a) and

e ig. 3.
size: note that thé\,, E, and T, LUS are the very lowest three ,
levels and are almost always well separated from other levels We see the WDBS of LUS's from only the lowest con-

above.(b) The three highest occupied energy levels for each one oflUction bandA, in Fig. 3(a), the largest cluster calculated.
the five irreducible representations as functions of the cluster sizé}S the cluster size further decreases, except that the peaks
note that ther, andT, HOS are almost always the very highest two Pe€come weaker and broader, the WDBS from other bands,

levels and well Separated from other levels below. the CondUCtion band&2! firSt and then Other bandS, aISO
emerge and become stronger step by step, as can be seen in
different sizes, their diameters are 49.14, 36.0, 27.0, 20.3F,i9. 3(b) and then Fig. &). For small clusters, even the
14.10, 10.81, 7.68, and 4.70 separately A and the correYDBS from energy bands with the curvature of different
sponding numbers of Si atoms in the clusters are 3109, 1235ign (like the valence band,, to A; LUS, etc) can be
525, 239, 87, 35, 17, and 5 separafelyhe three lowest significant. Finally, for the smallest cluster, the WDBS from
unoccupied energy levels and three highest occupied energmost all bands come out and become flafteig. 3(c)],
levels for each one of the five irreducible representations agorresponding to highly localized states in the real space.
functions of the cluster diameter are shown in Figs) and Therefore a theory which could predict the energy gap of
2(b). small Si crystallites correctly must contain the following
In order to have a clear understanding on the physicéhree major physics pointst) The effect of state spread in
about how the specific band structure of Si affects the quark space—the “average effective mass” becomes heavier due
tum confinement of Si crystallites, we calculated the wavelo the nonparabolicity of the bulk band structure as the clus-
function distributions in Bloch spad&VDBS) of some edge ter size decreasesi) The intervalley couplings. It can be
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states in the clusters. This quantity is defined as proven that not including the intervalley couplings always
makes the gap largetiii) The effect of state spread in other
Prl=C, il(n.Ka,j). (5)  bands—even the bands with a curvature of a different sign

can have a significant contribution in small crystallites. The
Here|n,k) indicates the Bloch states amdis the index for  standard effective mass approach does not contain any one of
symmetry and is the index for the energy level position for them and therefore always overestimates thé ¢ small

the states in the clusters. In Fig9aB-3(c), we show the crystallites.
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FIG. 3. Pﬁ;ﬂ; of theAy, E;, andT,, LUS fork in the[1,1,1] and[1,0,0 directions and of th&,,, T, ; HOS fork in the[1,1,1] and[0,1,0]
directions, and of th&,, HOS for thek in the[1,0,q direction, all in the unit of MM (N is the number of unit cells in the bylkThe two
solid lines for theT,, HOS in thel'-L region correspond the contributions from theg (uppe and theA ; (lower), but the two solid lines
for the T, HOS in theI’-X region correspond the contributions from the for k in the[0,1,0 direction(uppe) and from theA,, for k
in the[1,0,0 direction(lower). TheT, ; only has contributions from double degenerate bakgsndAs, so it only shows one long dashed
line in (a) and(b). (a) Hydrogenated Si cluster of diameter 49.14 A: note that the three peaks f&x;, andT,, LUS are all composed of
components oA, and are almost indistinguishably located niegrwell separated from the HOS located nEakb) Hydrogenated Si cluster
of diameter 14.10 A: note that all peaks are much lower and broader, the conduction parwhtributions can be clearly seen for three
LUS; the overlaps between the LUS and HOS are signifigahtlydrogenated Si cluster of diameter 4.70 A: note that the WDBS are flatter
(vs k) and have stronger contributions from other bands, corresponding to the states being highly localized states in the real space.

IV. QUANTUM CONFINEMENT

degeneracy of bulk Si. Before further discussing this, we
OF HIGHEST OCCUPIED STATES

point out that there are some general orthogonality relation-
The quantum confinement of the HOS is even more inter-Shllos betwgen the states in the sp_herlcal clugterg) and
. \ e the states in the bulkn,k). Especially, we have for the
esting. Obviously th@, HOS has a peak dt, the VBM; it T. . state of the clusters
behaves very similarly to thé,, E, and T, LUS thus this 11 ’
peak weakens and broadens and its corresponding energy

level goes down as the cluster size decre@bas 2(b) and (B2 ka[T12,) =0, (©)
Fig. 3]. All of these behaviors seem easy to understand. But (Ayka|T11,))=0 )
from Fig. 2b), we see that there is alsdla HOS level, well LRSS '

separated from the energy levels below but so close to the Fnq

» HOS level, as if they come together from the HOS of the

bulk, like the case oh, E, andT, LUS. TheT, HOS level (T38| T11,i)=0. (8)
could be even above th€&, HOS level for some smaller

clusters. The WDBS of thi§; HOS is very different from Herek, meansk in the[1,0,0 or its symmetrical directions,
the other LUS’s and HOS's discussed before: it has a zerk, meansk in the[1,1,1] or its symmetrical directions.

rather than a peak &t, the location of the VBMFig. 3). We For T, states of the clusters,

know that in bulk Si we only hav&é, symmetry for the HOS

[Eq. (4)]. Where does this very differently behavég HOS (As,Kax T2x:i) =0, 9
level come from and what is its significance? We will see in

the following that this is a direct consequence of the VBM (Ap,Kay2)| T2x:)=0, (10
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and tant role for optical transitions in Si nanocrystallites than the
T, HOS, especially for clusters of diameter1l0 A. How-

(Az2.Ka|T2x.0)=0. (1) ever, so far many previous calculations concerning the opti-
Herek ., lablesk in either the[0,1,0] or the[0,0,1] direc- cal transitions in spherical Si nanocrystallites only consid-
tion. ered theT, HOS—a practice probably carried on from the
For A, states of the clusters, similar calculations in the bulk. Now we know this is not
good enough—a small energy change might mean that com-
(As,kalA1,j)=0, (120 pletely different symmetrical states are involved.
and From the WDBS calculations of clusters of different
sizes, we found that the overlaplnspace between the LUS
(A3,kp|AL,j)=0. (13)  and HOS is noticeable for the cluster of diameter 20.31 A

All of these general orthogonality relationships were Ob_and becomes more significant for clusters of diameters 14.10

tained by pure symmetry considerations, and therefore a/é‘ and smaller. If combined with the fa_ct that tfig HOS is
model independent. So the conclusions based on these oqpove theT, HOS for the cluste_rs of d|a_meter of 14.10 af‘d
thogonality relationships are also model independent. Thesto-8° A, we could expect that in that size range the optical
orthogonality relations provide very powerful tools for un- transitions in the clusters might be much stronger. It may be
derstanding the physical behaviors of electronic states ifioticed that very recent experimehtietermined the lumi-
fully semiconductor quantum dots, nanocrystallites, and€scence structure in porous Si, with the wavelength peak in
clusters. the visible range, is particles whose short range character is
Referring to Fig. 1, we can consider that the andA,  crystalline and whose dimensions are typicatiyl5 A.
correspond to a heavier hole mass akg and A; corre-
spond to a lighter hole mass, near the degenerate VBM. The
T, HOS is affected only by the heavier hole bands in the V. SUMMARY
A andA directiong Egs.(6) and(7)], this makes its quantum
confinement energy change the least. So, although in the |n summary, we have shown clearly how the band struc-
infinite cluster limit there are many states just below theyyre of Sj, like its multiple conduction band minima, the
I'55, as the cluster size decreases, eHOS is the state gegenerate valence band maximum, and the many band
whose energy level goes down the least and therefore thgycryre, specifically affects the quantum confinement of the
state closest to thé, HOS. On the other hand, thg, HOS  oqge states in Si clusters. In particular, we have pointed out
is composed of the lighter hole bang, for k in the[1,0,0 5 independent of any special model, thevalence states

([j(;n(a)ci]ioc;]irggtti:r?;v;r dhics)lzggng‘?eggg tI:)r;/ tSStLOhlcégv?er;dholealways have the weakest quantum confinement effect and the
A, and lighter hole\ ; bands in thé1,1,1] and its symmetri- A, valence states always have the strongest quantum con-

cal directions. Therefore, its quantum confinement energflnement effect. We have also given the wave-function dis-

variation is often stronger than that of tfig HOS. These ¥ributi0ns in the B_riIIouin zone for some o_f the most impor-
two effects make th@, HOS level andT, HOS level very t?”t edge_states n the hydrogenated Si c_Ius_t ers of sev_eral
close to one another. The general analysis presented hefdferent sizes, which could play a rather significant role in
could be applied to almost any cubic semiconductor, therednderstanding the physics process in Si nanocrystallites.
fore, the very highest occupied state in a spherical nanocrys- We have also pointed out that tfig highest occupied
tallite of almost any cubic semiconductor should be eitheState, could play a more important role in the optical transi-
the T, HOS or theT, HOS. However, whether th€; HOS tions in Si nanocrystallites than thie, HOS developed di-
could be above th&, HOS or not—and if it could, in what rectly from the VBM of bulk Si.

size range of the crystallites—is a matter depending on the It may be noteworthy that some major conclusions ob-
specific band structure, mainly the valence band structure, dfined hereare notonly restricted to the fully symmetrical
the bulk® On the contrary, thé; HOS level is only affected crystallites. In a small asymmetry, three states will come
by the lighter hole bands in th® andA directions[Eqs.(12) from basically the linear combinations of the triple degener-
and(13)] and therefore always changes the most as the crygte Ty HOS states, according to the perturbation theory.

tallite size decreases, as can be seen clearly from the Fighen these three states will also have the major properties of
2(b). the T, HOS, like these states have the weakest quantum

It is also interesting to notice that tig HOS, not like the ~ confinement effect and overlap more with the LUS than the
T, HOS, is orthogonal to thE - states of the bulkEq.(8)].  T2-like states, etc. Of course, how small an asymmetry can
This orthogonality relation pushes the WDBS of theHOS ~ be is the subject of further investigations.
away fromI' at the center of th& space, and therefore
closer to the LUS, as clearly seen from Fig. 3. Obviously the
overlap with LUS of thisT; HOS is larger than the one of ACKNOWLEDGMENTS
the T, HOS. In fact, this larger overlap with the LUS of the
T, HOS over theT, HOS could be even further enhanced by  The author is grateful to Professor Kun Huang and Pro-
the lower peaks of th&, HOS than thel, HOS. The dipole fessor John D. Dow for their stimulating discussions. This
transitions between the; HOS and theée LUS andT, LUS  research is supported by the National Natural Science Foun-
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