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Geometry and strain effects on single-electron charging in silicon
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We investigate by numerical simulation the effects of geometry and strain on single-electron
charging in 100-A-diameter silicotiSi) nano-crystals of various shapes, embedded in silicon
dioxide (SiQ). Our approach accounts for the Si band structure within the effective mass
approximation and a continuum strain model based on the deformation potential theory. Electron—
electron interactions in nano-crystals are treated within the density-functional theory. We show that
the interplay between the Si nano-crystal geometry and the particular spatial symmetry generated by
the strain potential enhances confinement in the quantum-dot and dramatically influences the
electronic structure and single-electron charging behavior. In particular, fo(0@1pbriented
truncated-sphere and hemispherical nano-crystals, the 001-oriented ofbitélsstate$ are
relatively insensitive to nano-crystal strain compared to orbitals originating from conduction band
valleys oriented in the other directions. 001 American Institute of Physics.

[DOI: 10.1063/1.1415543

I. INTRODUCTION ing on the nc size and the process annealing temperature.
Since single-electron charging and quantum-mechanical car-
Efforts to integrate aggressively scaled logic comple-rier tunneling properties are highly sensitive to nc confine-
mentary metal—oxide—semiconductor devices and nonvolanent potential, geometry and strain will play important roles
tile memory for future ultracompact system-on-chip applica-in this context. Though single-electron charging in nc
tions are spurring an intensive search for nonvolatilememory devices has been theoretically investigatégtud-
technology with comparable scalability and process requiretes of geometry and strain influences on the electronic struc-
ments as logic devices. Among potential configurations, theure of Si-nc have been scart®if not absent. In this paper,
nano-crystalnc) based flash memory is a promising candi- we use a 3D self-consistent computer simulation to study the
date. The first device proposed by IBMtilizes ultrasmall  combined influence of geometry and strain on the electronic
nc’s functioning as charge-storage nodes deposited abovesgucture, and single-electron charging in 100-A-diameter Si-
thin tunnel oxide, instead of using a single continuous floatnc’s.
ing gate. These Si-nc’s, ranging between 5 and 10 nm in
diameters, are essentially quantum dots with strong three-
dimensional3D) quantum-mechanical confinement of carri- !l MODEL

ers, giving r.ise to pronounced single-eleqtron charging_ phe- A single Si-nc embedded in the Si@ielectric between
nomena. Discrete threshold voltage shifts due to singleg ¢ontrol gate and p-doped silicon substrate represents the
electron charging inn-channel %C memory have been neriggic unit-cell of the nc layer in our simulatidfig. 1).
demonstrated at room temperatargvhile this approach  gjnce the Si-nc's are well-isolated from one another, we as-
may lead to accurate multibit ultrasmall-size memory démeq that the randomness of their positions in the two-
vices, the quantum properties of Si-nc's also provide 0ppOryimensional layer have negligible electrostatic influence
tunlt!es _to |nyest|gate Iow-dlmen3|onal physics for pOtent'alamong them. Moreover, the fringing fields from the device
applications in room-temperature Si quantum systems.  gqges should only affect a limited number of nc's. Hence the
Unlike pattern-defined nanostructures, Si-nc's are uUsUyse of the periodic boundary condition on the potential for
ally produced through self-assembling process techniques ifpe sides of the unit cell is well-justified.
volving logw—pressure chemical vapor deposition and o, model considers only nc's oriented along the
oxidation. Hence nc sizes are not limited by lithographic gj001] direction (Fig. 1) and normal to the Si/SiOtunnel
resolution. However, due to inherent variations in growthg,iqe interface, for which electrons occupy only the lowest
conditions during sglf—assembly, variations in nc size, Shapesixfold—degeneraté( valleys. Thesek-space valleys are la-
and coverage density are expected. In addition, high resolyse|eq according to the orientation of their principal axes, i.e.,
tion transmission electron microscopy and x-ray analysis of,e two equivalent valleys along the direction are labeled
nano-crystalline Si in Si/SiPsuperlattices have revealed an joy_x’ and similarly,Y-Y’, Z-Z', for the valleys alond
. . . b 1 L 1 y
inhomogeneous strain ranging from 0.1% to 3.25%, depends,q4 k,, respectively. Though the nc's are likely to be ran-
domly oriented, our choice of the crystal orientation does not
dElectronic mail: leburton@ceg.uiuc.edu limit the generality of our approach towards basic nc physics
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t de 90 " Nl X AE(00D) =E{" (e, + €y + €,) + E1 V¢, )
1o z .V' where ,, €,,, and e,, are the position-dependent strain
Mt qu y | by tensor components in the y, andz directions, respectively.
Q‘lﬂ ¥ AE(100), AE(010), andAE(001) are the Si strain energy
. i 1008 £V contributions to the electronic potential energy for the con-
s ' ¥ g duction band valleys along th&00), (010), and(001) crystal
: Spherical Truncated-Sphere  Hemispherical directions, respectivelyZ (1% and E{°* are deformation
_________ 3 Nano<rystal Nanocrystal  Nano-crystal potentials along th€100) crystal axis with values obtained
Unit-Cell from Hinckleyet al1® Since the nc electronic wave functions

FIG. 1. (left) Schematic of the simulated unit cell of the metal—oxide— have_very IImlted _eXtent_ '”t9 the Syarrier, the strain en- .
semiconductotMOS) structure with a hemispherical nc-Si embedded in the €rgy in the dielectric region is neglected. The effects of strain
SiO,. (right) Schematic of nc shapes and orientations with the six doublyon the effective mass are expected to be small since they are
degenerate conduction band valleys considered in our model. The valleyg higher order effe¢t and will be left for future investiga-
are labeled with respect to the orientation of their principle axis $pace. . . . .
tion. To characterize the nc strain we define the average
strain, e, by averaging the sum of the hydrostatic strain com-
ponents over the Si nc region,
of the anisotropic Si band structure. Three different nc pro- 1
totypical geometries are considered in our .analysl|s, namely —o— \_/f (exxt €yy+ €,)dxdydz (4
spheres, truncated-spheres, and hemisph€igs 1 (right)], %
wh|(|:h rtr_ugh]'f rezgfl; fron: varloE[Js deg;gtgs of v&sttmg durmggt#ctwherev is the nc volume.
nucleation for difterent growth conditions. Ve assume tha In order to gain insights into the nc electronic properties,

the lateral 100-A-diameter spherical profile is mamteuned,we compute numerically the quantized electron states

while tlhe _r:jc height alorl1g t%& dri]r_eﬁtion s varieg, and the #1(r)] and energy levelsH,) of the nc by solving three 3D
control oxide and tunnel oxide thicknesses are kept constani. tive-mass Schdinger-like (Kohn—Sham equations de-

Disorder effects due to lateral geometrical variations are IefgCribing the six triply degenerate conduction band valleys
for future investigations. (I=XX', YY', andzZ')®

The strain in Si/Si@ material systems results from the
stress buildup caused by molar and thermal expansion during h? 1
the oxidation of Si into Si@ which lead to the bond density 2 VIMUVIG( +[=ad(r) + (1) + exc(n(r))
mismatch and local strained regions around the interface. strai
Although first-principles atomistic calculations of local AT (1) =Eg(r). 6)

strained regions have been performed for pland0®)-  HereM, is the electron effective mass tensor ah@) is the
crystalline SiQ,"” an atomistic treatment of nc's is compu- conduction band landscape of the nc structure, containing the
tatlonglly prohibitive due to their cpmple_x geometry. _How— conduction band offset between Si and Si@gions.
ever, in our case, becau§e of 'thelr rel'atlvely Iarge size, thg ES"™Nr) is the strain potential relative to thevalley, ob-
100-A-diameter nc’s retain their bulk-like behavior. There-tained from Egs(1)—(3). The quantum many-body electron—
fore we choose to investigate the strain arising from the latg|ectron interactions in nc's are treated within the density
tice mismatch between Si-nc and 3i@ithin the continuum  fynctional theory, with the exchange-correlation potential
strain model! We define the relative lattice mismatch be- e.(n) computed from the local density approximation
tween Si and Si@ to be A=((asio,) ~as)/asi, where (L pA)17 The numerical iteration algorithm for computing
(asio,) is the effective lattice constant that represents thehe eigenvectors and eigenvalues is based on the iterative
isotropic dielectric material and is estimated empiricallyextraction and orthogonalization method technique devel-
from strain measurements with planar amorphous,Sibe  oped by Jovanovic and LeburtdhThe boundary conditions
lattice constant for silicon isg=5.431A. With the lattice for the Kohn—Sham equations are imposed such that the
and bulk elastic constants as parameters, the inhomogeneowave functions decay to zero before reaching the device
strain field is computed at every point according to the conboundaries. The validity of the LDA for small quantum dots,
tinuum strain model by minimizing the elastic energy of theeven for one or two electrons, has been demonstrated by
systemt! which has been described elsewhEreSimilar ~ Fonseceet al. and Shumwayet al. by using quantum Monte
models have successfully studied self-assembled InAs/GaASarlo simulation:**°

pyramidal quantum dot¥'* and have shown good agree-  The 3D potential,¢(r), within the device is obtained
ment with atomistic strain calculations for small strain from the solution of the nonlinear Poisson equation,
<7%).1° _

(7 V[NV (1)]=—g[p(r) ~n(1) ~Na (1], ©)

In the deformation potential theory, the strain energy
modifies the electronic potential energies which, according tavhere n(r), p(r), and N, (r) are the electron, hole, and
a first-order bulk strain perturbation Hamiltonidn'® gives ionized acceptor densities in the Si substraig(r) is cho-
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SPHERE TRUNCATED-SPHERE = HEMISPHERE ces (,ny,n,) describe the number of nodes of the wave
z X @ @ function in thex, y, andz directions, respectively. The spheri-
@ ) (200 002}, cal nc shows three quadruple-degenesdike ground states
‘ @ vy @ oo @ ¢ [(0,0,0%x , (0,0,0)y, and (0,0,0).] which arise from
“ @ 2,0,0),, ©02;; | o the symmetry of the spherical confinement and the multival-
(2,00}, (02,0}, (0.0.2), @ °§" 2l ley band structure. Despite the spherical nc potential sthe
(190 @ Oz | (o0 vl wave functions are not spherically symmetric due to the
6 g e @ v mass anisotropifig. 2 (left)]. Spatially, the wave functions
(100 010y 001 © m‘"‘@ L B0y extend more in the direction of the lighter effective mass due
ﬁ g g (0,00}, ©09% | 000y, (o,o,oiz, to the higher kinetic energy contribution. Similar arguments
© apply to the(0,0,0-states from theYY’' andZZ’ valleys;
000 000y 0007 B @00 they are oriented such that their major and minor axes are

always along the direction of lighter and heavier effective

masses, respectively. Since electrons tunneling from or into
the nc is a strong function of both the quantum-mechanical
coupling of the Si channel and the nc wave functions, as well
as the effective tunneling cross section, it is worth noticing

that the orientation of the degenerate orbitals and their occu-
pations will have a strong influence on the electron transit

FIG. 2. Orbital ordering in the nc-electronic spectra illustrated by three-
dimensional isosurface plots of the first doubly degenerate nine/ten wav
functions for 100-A-diameter spherical ndeft column, 75-A-high-
truncated-sphere n@niddle column, and the hemispherical rcight col-
umn). The energy separation between orbitals are not to scale.

sen to be K10cm 2 while other regions of the device P :
structure remain undoped. In the nc, the hole dersity is M€ across the oxide. _
set to zero and the electron density is given br) ~ Truncating a 100-A-diameter sphere by 30 A in the
=3,0,|#1|% whereg, is the electron state occupation. Oth- direction removes the spherical symmetry of the confinement
erwise, in bulk siliconn(r) andp(r) are computed within Potential, thereby lifting some of the quantum state degen-
the Thomas—Fermi approximation. In this analysis we do nogracies due to the spherical geometry. Figufeniddie)
resolve individual electron spins. The metallic control gate ashows the wave functions of a nc shaped like a truncated
the top of the structure is modeled as a Dirichlet boundarygphere. The0,0,0 states are no longer at the same energy.
condition on the electrostatic potential which varies with The tighter confinement in thg direction now selects the
gate voltagé? The substrate is chosen to be thick enough(0,0,0),y, orbitals, which have the heaviegtoriented lon-
(>2 um) so that a zero-electric-fielon-Neumanhbound-  gitudinal effective mass, as the energetically lowest state.
ary condition is imposed at the bottom of the structure. The higher (0,0,0)x and (0,0,0}, states remain degener-
Single-electron charging is simulated in the low tem-ate because the cylindrical symmetry aboutythigrection of
perature limit T=0 K). This enables us to determine the the nc is preserved. We note that the states irvtlevalleys
lowest integer number of electrons, in the nc, by using the are not always lower in energy than their counterpart states
Slater formuld®?* which gives directly the difference be- with the same quantum numbers in %X’ andZZ’ valleys.
tween the total free energ¥r, for two electron occupa- In Fig. 2(middle), the (0,2,0),, states, unlike its parent
tions,N andN+1, at each gate bia¥g . (0,0,0 and (0,1,0 states, are higher in energy than their
1 counterparts in the other two valleyse., (2,0,0xx and
ET(N+1)—ET(N)=f eLao(N)dn=~e€ a0(3) —EE. (0,0,2),, stateg. This reordering reflects the competition
0 7 between the heavy longitudinal effective mass along Yhe
™ direction, which lowers the energy states, and the increasing
Here € 0 Is the eigenvalue of the lowest available orbital influence of the confinement caused by the nc truncation,
computed from the Kohn—Sham equation occupied by halfyhich lifts the energy states oriented in the sarrdirection.
an electron.E is the Fermi energy, which in the present These coupled effects of the geometry and the anisotropic
analysis is chosen as the energy reference since the deviceggnd structure can only be captured by a full 3D quantum
at equilibrium. Hence istAo(1/2)—EF. is positive then teatment that accounts for complex geometry.
Er(N+1)—Er(N)>0 and the nc contain electrons, oth- Further reduction of a truncated-sphere into a hemi-
erwise it containsN+1 electrons. Therefore Eq7) deter-  gphere leads to dramatic changes in the higher energy portion
minesg; . of the electronic spectrurfFig. 2(right)]. The states with
nodes along the lateral directiolts and z directiong now
Il RESULTS stand lower in the energy spectrum. In fact, we see that the
Figure 2 shows the electronic wave functions for thep-like states from theYY’-valleys [i.e., (1,0,0)y and
three nc geometries under the same flat-band condftion (0,0,1),y], which stand much higher in the spectrum of the
applied electric field The wave functions are arranged in truncated sphere, are now less energetic than(@h@2-
ascending order of energy according to their electronic specstates in theXX' and ZZ' valleys. This observation illus-
tra, beginning from the ground state at the bottom of eaclrates the fact that a slight alteration in nc geometry results in
column. The states are labeled in the form ([, ,n,);, dramatic changes in the nc-electronic structure, which are
where thei index corresponds to the label for the pair of absent in systems with uniform effective mass like the GaAs/
degenerate valleys described by Fig(right), and the indi- AlGaAs quantum dots.
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FIG. 3. (a) Electronic energy spectra of an empty nc as a function of nc
heightD, under flatband conditiotzero applied electric fie)d (b) Coulomb
staircase describing single-electron charging for spherical, truncated-spherg

and hemispherical nc. Inset: The write-voltage vs nc helsht hape varies from a sphere to a hemisphere. In addition, from

the step-size difference between the three nc’'s changes as a
function of the electron number, we see the charging voltage

In Fig. 3(@) we show the variation of the electronic lev- variation increases with the electron number. This implies
els with the nc heightD, under flatband condition in the that the write-voltage distribution for a collection of nc's
device. AsD varies from 50 to 100 A, the nc shape changeswith height variations would have a nonuniform dependence
continuously from a hemisphere to a sphere, and all the eren the charging states as well. If one can exclude the effects
ergy levels decrease, with the electronic states becomingf size, lateral shape, and position variations, then the mini-
more degenerate. However, the energy-level variations diffemum and maximum programming voltages would be bound
greatly from state to state. In particular, tH&” orbitals with by that of the sphere and the hemisphere, respectively. The
no node in theY direction are much less sensitive@than  inset of Fig. 3b) traces the write-voltage variation for charg-
the higher states. For instance, the (0,0,0) (0,0,1),ys, ing the nc’s with the first electron as a function nc height.
and (1,0,0)y states only undergo a change of approxi- The plot shows that the write-voltage decreases by 70 meV
mately 20 meV, while the other statfiacluding (0,1,0)y.]  as the nc is changed from a 100-A-diameter hemisphere to a
vary three times or more, wheb increases from 50 to 100 sphere, even though the ground state in an empty nc only
A. We notice that as the height of the nc increases along thexperiences less than one-third of this change, as seen in Fig.
Y direction, the single-nodg0,0,1),y+,(1,0,0),y |p states, 3(a). This means that the write-voltage variation cannot be
that are orbitals with the heavigroriented longitudinal ef- solely explained by the change in the single-particle elec-
fective mass, move down the spectrum rapidly, crossing th&onic level, but also includes the subtle quantum and Cou-
double-nodel stateq (0,0,2)x: ,(0,0,2),,/] in theXX" and  lomb many-body effects. Moreover, it is expected that the
ZZ' valleys, at approximately 65 fFig. 3@)]. variation in coupling capacitances between the nc and the

Figure 3b) shows the variations in the single-electron rest of the device structure as a consequence of the change in
charging behavior of the nc’s due to changes in their geomnc shape, would also influence the write-voltage variation.
etry. We notice the charging voltage for each electron is the  Next we examine the coupling between geometry and
smallest for the sphere, and the largest for the hemispherapnuniform strain in the nc's, which introduces new effects
while the truncated-sphere is somewhere in between, becausa their electronic properties. Figure 4 shows the strain ten-
of the reduction in the effective confinement volume as thesor componengt,, and the strain potential energies along the
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under an average strain of 3.5¢%he contours are taken from slices through @, \me*“: __."‘

the centers of the nck. u? 0.173 Lo It
v OOl

y direction in three nc’s with the same 1% lattice mismatch 0.123 . __.—"

(A=1%). Theshape and orientation of the nc's are indi- i

cated in the insets. Due to the tension exerted by the &0 It Lot
the Si-nc’s, the strain energies are largely positive in all three 0.073 b=~ __--" (0,00)
structures. In contrast to the spherically symmetric potential . -"
energy variationAE(001), AE(010), andAE(100) of the 0.043
ol (001), AE(010) (100) 00 05 1.0 15 20 25 3.0

spherical nc, the truncation leads to an increase in the biaxial
tensile strain in the radiak-Z directions (,y,€,,) and a
mildly compressivey component §,,) at the flat Si/SiQ

€ = Averaged Strain (%)

. . P FIG. 6. (a) Effects of strain €=3%) on the spherical, truncated-sphere
interface causmgAE(lOO) andAE(OJ'O) to increase and (D=75A), and hemispherical nc's. The arrows illustrate the trend in the

AE(001) to decrease along In Figs. 4c) and 4e) We S€€  gyrain-induced electronic energy change, as the nc geometry varies from a
the development of the,, biaxial strain increase due to an sphere to a hemispheré) First few energy levels as a function of the
areal increase of the flat interface as the shape changes frotyeraged strairk, in the hemisphericalsolid) and sphericaldasheginc's.
iuncated sphere {0 a hemisphere, which causes a porion (e /5% S5 172 restond o e degenast s e
AE(001) to actually turn negative at the flat Si/Sidter-  10.0...),(0.1,0)y,(0,0,1),] manifold and the [(2,0,0XX,

face when the truncated sphere is reduced to a hemisphe@2,0)y Yr ,(0,0,2)2Z+] manifold, respectively.

[Fig. 4(f)]. This change in strain characteristics not only lifts

the degeneracy between theY’ valleys and the fourfold

degeneratXX'-ZZ' valleys, but also introduces nonuniform Figure §a) summarizes the effects of strain on the first
strain-enhanced confinement of the electronic states. This &x orbitals pertaining to three different nc geometries. Each
especially evident when we examine the wave functions obar on the plot represents the energy difference between the
the strained hemispherical f€ig. 5. In Fig. 5a we see strain and unstrained case, for empty electronic states in nc’s
that thes-like (0,0,0),v wave function corresponding to the and the bars are grouped into threésphere, truncated-
strained nc(shadedl is “squeezed” along theY direction  sphere, and hemispherfer each orbital designated along the
against the flat interface, with respect to the unstrained cadworizontal axis. We see that the strain affects the six orbitals
(dashed lines We show that though the strain has increasedf the spherical nc uniformly. However, the effects experi-
the confinement vertically alonyg it has little effect radially ~enced by the truncated-sphere and the hemispherical nc’s are
in the X-Z directions[Fig. 5b)]. Figure gc) and §d) show  more subtle. First, an orbital-dependent trend in the energy
the behavior of the-like (0,0,0)x wave function under the variation due to strain develops, as one changes the nc shape
same amount of strain. In this case the strain has shifted tHfeom sphere to hemisphere. For the states invtiYé valleys,
orbital, alongy, towards the top of the nc and the radial the energy variations tend to increase, changing from sphere
profile of the orbital remains hardly affected. This qualitativeto hemisphere, while th& X’ andZZ’ states show the op-
difference in the strain effects on electronic states from dif-posite trend. This is due to the fact that th¥’ states in the
ferent valleys illustrates the complex interactions betweeremisphere are much lower energetically than those for the
the geometry, strain field, and the band structure. other two shapes, due to the negative dip in strain energy,
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FIG. 7. Write voltages for the first six electrosnly three are shown for
the spherkas a function of average strain for the spherical nc, truncatedgccurs beyond 1.5% strain. These crossings imply that under
sphere D=75A), and the hemispherical nc's. strain, the energy required to charge a single electron could
actually be smaller for the hemispherical nc, despite it being
, a smaller quantum dot. The locations of these crossings are
AE(001), at the bottom of the niFig. 4(f)], whereas the 54 gependent on the number of electrons, and they tend to

XX' andZZ' states are pushed upward by the strain. Weycc\r at higher strain, when it comes to charging a higher
notice in Fig. a) that the strain-induced energy change in . mper of electrons.

the nc-electronic spectrum tend to separate Yhé€ -states In Figure 8 we compute the addition energy of the hemi-

! ! H H H
from theXX" andZZ’ states more dramatically in the hemi- goherical nc under an increasing amount of strain as a func-
sphere than for the truncated sphere. Qualitatively, this e;on of the number of electrondy, in the nc. The vertical

ergy separation is a consequence of the increasing straifiyis represents the energy required to charge the nc ffom
induced confinement, as the nc geometry changes from @ N1 1 electrons. Increasing the amount of strain on the

truncated sphere to a hemisphere, which influences the orbifiemispherical nc increases the additional energy for charging
als in theY'Y” and the other valleys differentfFig. 5). _ the first four electrongN=1 to N=3). This variation is

In order to quantitatively investigate the effect of Stra'napproximately 1 meV per 1% increase in average nc strain,
on the nc electronic spectrum, we varied the lattice mismatch 4 corresponds to charging the (0,8,0) orbitals which
A from 0% to 4% to reproduce the average strai)l f1€a-  rq relatively insensitive to strain variations. However, the

sured in Si-nc’s. Figure(B) compares the effects of strain on 4 ygition energy for the fifth electroN=4) shows a sudden
the electronic spectrum for the spheriédash lineg and the change, since the most highly strained nc has the lowest

hemispherical nc's(solid lines, as a function of average ,eak This inversion in the addition energy spectra originates
st_raln,e. TI_1e eigenenergies are computed with respect to the ;i the strain-induced inversion between the (0,0,0Rnd
Si conduction band edg&c, which is the bottom of the nc. 4,4 (0,1,0) states fore>0.5%[Fig. &(b)]. In this case the

Again, we observed that theY’ states in the hemispherical fsh and higher electron@up to eight occupy the (0,0,09

nc are much less sensitive to the strain variation than thgiiais in the unstrained nc. while the (0,1,9) states are

states in theXX" andZZz’ valleys, varying only 5 meV per .cypied in the strained nc. Moreover, the coupling between

1% change in average strain. We note that this change is al§fe nonuniform strain and the many-body Hartree interac-

smaller than the 37 meV-per-1%-strain variation experienceg,s jead to variations in the addition ener@yr N=4) that

by the states in the spherical nc. , are strong functions of botN ande. We see that in terms of
Figure 7 shows the strain influence on single-electrone aqdition energy spectrum, the nc under a mild 2% strain

charging. The three solid lines correspond to charging thejoes not suffer a great change relative to the unstrained case.

spherical nc with the first three electrons as a function ofy, the other hand. the behavior of the 3.5%-strained nc

average nc strain. This corresponds to occupying thepsws dramatic changes in its addition energy spectrum, es-
(0,0,0),ys state under different amounts of strain. We S€€hecially for N=4 and greater.

that the write voltage undergoes a 0.15 V increase as the

average strain increases from 0% to 3.5%, which is consis;:

tent with the monotonic change in theY’ state with strain, . CONCLUSION

discussed in Fig. ®). Comparisons between the three nc's In summary, our numerical analysis shows that the strain
show a significant sensitivity of the charging voltage varia-developed between Si and Si@as dramatic influences on
tion to both the nc geometry and strain. We see that théhe nc electronic states. Specifically, in truncated and hemi-
hemispherical nc has the least sensitivity, while the sphericapherically shaped nc’s, the geometry-dependent strain can
and truncated-sphere nc's are comparable. A feature thidift the degeneracy of the Si conduction band valleys and
stands out from the plot is the write-voltage crossings beinduce greater confinement within the nc’s. By varying the
tween the truncated-sphere and hemispherical nc’s, whichagnitude of the strain we show that the electronic spectra
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