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Electronic and structural properties of substitutional group-V donorssN, P, As, Sbd and group-III acceptors
sB, Al, Ga, Ind in silicon nanocrystals with hydrogen passivation are explored using first-principles calculations
based on hybrid density functional theory with complete geometrical optimization. The bonding near the
impurity is similar to that found for the impurity in bulk crystalline silicon, with some quantitative differences.
The N case shows large local distortions, as it does in the bulk, characteristic of a deep trap. For the other
impurities, no evidence is found for a transition to atomic scale localization induced by the small size of the
nanocrystal. The chemical trends of the donor and acceptor binding energies and the donor excited state
energies in doped nanocrystals are similar to those in the bulk; however, the absolute magnitudes are substan-
tially larger. The increase in the magnitude of the binding energy is mainly due to the quantum confinement
effect combined with the reduced screening of the impurity potential in small nanocrystals. The screening of
the impurity potential is carefully examined using the self-consistent electrostatic potential from the full
calculations. Strong chemical and local-field effects are seen within the radius of the first neighbor bonds to the
impurity atom. This explains the large increase in the donor excited state energy level splittings and the relative
importance of the central cell contributions to the binding energies. The acceptor and donor orbitals have
different atomic character on the impurity site, leading to substantially different acceptor and donor energy
level splittings.
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I. INTRODUCTION

Silicon nanocrystals are different than bulk silicon in sev-
eral significant ways. The nanocrystal band gap increases
with decreasing size down to about 3 nm diameter in passi-
vated nanocrystals, as expected from a quantum size effect
model.1 Below about 3 nm in size, oxide passivated nano-
crystals luminesce at lower energy than hydrogen passivated
nanocrystals.2 Calculation shows that the size of the band
gap, and the corresponding spatial pattern of the highest oc-
cupied molecular orbitalsHOMOd and lowest unoccupied
molecular orbitalsLUMOd, depend upon the electronegativ-
ity of the passivating layer at such small size.3,4 In oxide-
terminated nanocrystals the HOMO is drawn to the surface
and resides in weakened Si–Si backbonds on interfacial Si
atoms directly bonded to oxygen. The band gap is relatively
independent of size below 3 nm with oxide passivation, in
contrast to H terminated nanocrystals.

As first discovered in porous silicon,5 the 23 °C Si nano-
crystal luminescence quantum yield is very high compared
with bulk Si. This is principally a kinetic effect in that quan-
tum confinement keeps the photoexcited electron and hole
superimposedsunlike the bulk crystald in one crystallite.6

Such small nanocrystals remain essentially indirect gap ma-
terials in which the phonon-assisted radiative processes
dominate over most of the observed size range.7 In Si nano-
structures there is also a major change in electrostatics, due
to the presence of interfaces between highssilicond and low
soutsided dielectric constants.8,9 Electric fields from electrons
and holes fringe outside of the nanocrystals. This effect leads

to size-dependent chargingsi.e., ionizationd energies, and to
electron and hole kinetic relaxation rates that depend
strongly upon the polarizability of matter outside the
nanostructure.10

Microscopic understanding of defects and impurities in
silicon nanocrystals is still in an early stage. Nevertheless,
recent proposals have been put forward to use the P electron
spin near a gate electrode in a nanostructure as the physical
basis for quantum computing.11 In bulk semiconductors, the
chemical trends in donor and acceptor energy levels proved
to be a critical challenge for the simple hydrogenic Wannier
model and stimulated a much deeper microscopic under-
standing of semiconductor physics.12 In a similar way, many
trends in the electronic and optical properties of semiconduc-
tor nanocrystals can be understood based on ideas from ef-
fective mass theory. However, given the dramatic impact of
altered screening in semiconductor nanocrystals, and the
possible occurrence of a sudden transition to atomic scale
localization of the carrier, it is a fundamental question as to
how localized the donor or acceptor wave functions will be.
An intriguing recent paper13 suggesting that the ionization
potential of a P-doped silicon nanocrystal is independent of
size, highlights this possibility. In this work, we present a
detailed study of group V donors and group III acceptors in
Si nanocrystals based onab initio calculations with complete
geometrical optimization. Since controlled experiments with
doped nanocrystals are not yet possible, such atomic scale
calculations provide the first view of this problem.
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II. THEORETICAL METHODS

It is important to use methods that are known to quanti-
tatively reproduce a diverse range of chemical bonding situ-
ations in finite structures with real surfaces. We use a real
space, atom-centered basis and a hybrid functional in density
functional theorysDFTd that combines exact Hartree-Fock
exchange with the generalized gradient approximation. In-
vented a decade ago, hybrid functionals reproduce experi-
mental bond energies and ionization potentials in a standard
test set of small molecules with residual errors of 0.13 eV,
about 10% of the residual errors found for the commonly
used local density approximationsLDA d.14,15 More recently,
it was found that hybrid functionals give an improved band
structure and band gap for semiconductors such as crystal-
line Si in comparison to LDA.16 The improvement for com-
plex crystalline oxides such as La2CuO4, CaCuO2, LaMnO3,
Cr2O3, NiO, TiO2, and UO2 is more dramatic; in these ox-
ides LDA often gives qualitatively incorrectsmetallicd
results.16,17 Overall, the accuracy and utility of hybrid func-
tionals is being established through widespread application.18

We use the B3LYP hybrid functional.14 The static DFT
calculations were performed on personal computers using the
Jaguar 5.0 code.19 Complete geometric optimization of spe-
cies with up to about 200 atoms can be done. We do not
assume any symmetry. Calculations were done with all elec-
tron 6-31g* basis for the Si, the passivating H and the first
and second row impurities under study. Heavier impurities
were studied using pseudopotentials with the LAV3P basis.20

Spin orbit effects are not included in our calculations. In the
case of the ionized species, we reoptimize structure in the
presencesor absenced of the extra charge, in order to under-
stand changes in the doped nanocrystal geometry as a func-
tion of charge state. The vertical ionization potential is the
total energy difference when the ion is converged for the
fixed geometry of the neutral. The adiabatic ionization po-
tential is the energy difference when the ion is also geometri-
cally optimized. The difference between the vertical and
adiabatic ionization potential is the hole Franck-Condon re-
organization energy. Similarly, vertical and adiabatic electron
affinities are calculated. The difference between them is the
electron reorganization energy. The average of the ionization
potential and electron affinity gives the chemical potential
while the difference between them is the chemical hardness,
corresponding to an effective charging energy.

III. RESULTS

A. Donors

As previously reported,3 the optimized Si35H36 and
Si87H76 nanocrystals in Fig. 1 areTd symmetry with H ter-
minated 111 surface facets. We study four different chemi-
cally doped Si nanocrystals with group V elements: N, P, As,
and Sb. With P in the center position, there is little change in
geometrical structure. The foursp3 P–Si 2.41 Å bonds in the
larger nanocrystal are just slightly expanded from the parent
nanocrystal 2.38 Å Si–Si lengths. If the extra electron is
removed, the reoptimized bond length contracts slightly to
2.38 Å. If an extra electron is added to form an electron pair

in the P-centered orbital, the P–Si bonds expand slightly to
2.45 Å. Thissp3 physical structure, relatively independent of
charge state, is very similar to a substitutional P dopant in
bulk Si.21,22 In Si86AsH76 and Si86SbH76, the four centralX
-Si bond lengths are 2.51 and 2.64 Å, respectively. This ex-
ceeds the bond expansion calculated for substitutional As
and Sb impurities in bulk crystalline Si by about 0.1 Å.21

Similarly, if an extra electron is removedsaddedd, the reop-
timized bond length shortensslengthensd slightly by 0.04 Å.
Since N is a deep donor in bulk Si, it is perhaps not surpris-
ing that the local bonds around the N in the nanocrystal
distort substantially. The symmetry of the nanocrystal is low-
ered to C3v. In the neutral state, one bond is essentially bro-
ken s3.23 Åd while the remaining three N–Si bonds shorten
to 1.87 Å and the Si–N–Si bond angles are close to 120°.
This is very similar to the relaxed bond length calculated for
neutral substitutional N in bulk Si.23 Ionization to form the
cation nearly restores the local symmetry, but with short
N–Si bondssabout 2.05 Åd.

The electronic energy levels near the HOMO and LUMO
for the undoped and doped nanocrystals are shown in Fig. 2.
In the parent undoped nanocrystal the LUMO is composed of
three essentially accidentally degenerate orbitals—A1, E, and
T2. This result is consistent with previous calculations,24

which indicate that the symmetry of the HOMO is usuallyT2
while the LUMO is A1, E, or T2 depending on size. For
larger size nanocrystals, the energies of those three types of
orbitals are essentially degenerate. These groups of oneA1

FIG. 1. sColor onlined The HOMO isosurface plots of six
hydrogen-passivated species:sad Si35H36 anion, sbd Si34PH36 neu-
tral, scd Si87H76 anion,sdd Si86PH76 neutral,sed Si87H76 cation, and
sfd Si86BH76 neutral.
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state, one twofold-degenerateE state, and one threefold-
degenerateT2 state in our DFT calculation for the finite-size
Si nanocrystal originate from the six degenerate conduction
band minima alongs100d and equivalent directions. The or-
bital shapes are illustrated in Fig. 3. TheA1 orbital is s-like,
with a large component on center atom. TheT2 andE orbit-

als have a node on the center atom due to symmetry.
The impurity potential splits theA1, T2, andE states. For

the electron-doped nanocrystals Si86XH76 or undoped nano-
crystal anion Si87H76

− , the ground electronic state has a singly
occupiedA1 orbital. For the P, As, and Sb impurities, as seen
in Fig. 2, the emptyT2 andE orbitals are about 1 eV higher

FIG. 2. sColor onlined The electronic energy
levels near the HOMO and LUMO for the doped
Si86XH76 and undoped Si87H76 Si nanocrystals.
Key energy levels are labeled according to sym-
metry and the dots indicate occupancy of the
HOMO. The long dashed lines indicate the
HOMO and LUMO energies of the parent un-
doped nanocrystal.

FIG. 3. sColor onlined The isosurface plotssad–scd and line plotssdd–sfd for the three symmetry distinct P impurity states of Si86PH76. In
sdd, the whole range of the wave function near the center is not shown.
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than the singly occupiedA1. For the N case there is a much
larger splitting, consistent with the large change in geometry.
By manually changing the occupation of the initial wave
functions, convergence to two excited states is also obtained,
corresponding to a singly occupiedT2 orbital andE orbital,
respectively. The symmetry of these two optimized excited
nanocrystals is lowered toD2 from Td. The total energy dif-
ference between these excited states of singly occupiedT2 or
E and the ground statescalled “donor excitation energy
A1-T2sEd” in the Table Id corresponds to the valley-orbit
splittings of donor states in bulk Si. The vertical value is
calculated at the same geometrysthe ground state geometryd.
The adiabatic value is calculated at the individually opti-
mized geometries. The vertical donor excitation energiesA1
-T2 for P, As, and Sb doped nanocrystals are 0.48, 0.57, and
0.37 eV, respectively. The trend is consistent with the corre-
sponding experimental bulk values:25 0.012, 0.021, and
0.010 eV.

Just as in the bulk, the order of the donor state energies
follows the weight of the orbital near the donor atom. As
shown in Fig. 3, theA1 orbital has a large projection on the
central dopant atom withs-like symmetry. TheT2 orbitals
have less weight andp-like symmetry and theE orbitals
have the least weight. Therefore, the dopant atom in the cen-
ter stabilizes theA1 state more than theT2 and E states.
Figure 1 compares thisA1 orbital in the undoped parent an-
ion to the P-doped crystallite. Although the tetrahedral lobe
structure is similar, the P dopant causes significant contrac-
tion of the orbital with large density on the P–Si bonds. The
central portion of theA1 state is very similar for the smaller
Si34PH36 and the Si86PH76 nanocrystals. In contrast, theT2
sEd orbital of the Si86PH76 excited state withT2 sEd singly
occupation is the same as the corresponding orbital of the
Si87H76 anion excited statesnot shown in Fig. 1d.

In Table I, the ionization and affinity energies for the P-,
As-, and Sb-doped nanocrystal are compared to those of the
parent. Relative to the undoped parent, the ionization poten-

tial is reduced by about 3 eV in each case while the electron
affinity is increased by about 0.4 eV. The electron and hole
reorganization energies are similar in magnitude to the par-
ent. For theT2 and E excited states, the Jahn-Teller relax-
ation is about 0.15 eV. This relatively large relaxation energy
is often seen for deep level defects in bulk semiconductors,
but not for shallow impurities like P. The chemical potential
is shifted up by 1.2–1.3 eV, consistent with electron doping,
while the hardness is reduced substantially. The effective
charging energy drops to about 2 eV. An effective donor
binding energy is defined by the difference between the ion-
ization energy of the doped nanocrystal Si86XH76 and the
electron affinity of the undoped nanocrystal Si87H76, corre-
sponding to

Si86XH76
0 + Si87H76

0 → Si86XH76
+ + Si87H76

− . s1d

First, the doped dot is ionized; i.e., the electron is physically
removed from the nanocrystal. Then it is added to a dot of
equivalent size without an impurity atom being present. This
definition of electron binding energy for the donor in a nano-
crystal is equivalent to the usual bulk definition. A similar
approach was used in the literature.13,26Our calculated donor
binding energies for P-, As-, and Sb-doped Si87H76 are 2.38,
2.42, and 2.29 eV, respectively. The trend is in agreement
with the experimental bulk binding energies,25 which are
0.046, 0.054, and 0.043 eV, respectively. The trend is also
consistent with the energies of the singly occupiedA1 orbital
as shown in Fig. 2. The N case is again different, showing
large reorganization energies and a chemical potential similar
to the parent nanocrystal.

In Si34PH36 the verticalsadiabaticd ionization potential is
4.07s3.83d eV; in Si86PH76 it is 3.95s3.84d eV s6-31g* basis
setd. Our results for center-doped Si86PH76 agree well with
those of Melnikov and Chelikowsky.13 Using different DFT
methods they report the vertical ionization potential is
4.2 eV. Although the ionization potential changes by a small
amount with size, theuCs0du2 for the A1 orbital systemati-

TABLE I. The properties of the structurally optimized group V element-doped Si86XH76. All energies are
in eV.

Species Si86NH76 Si86PH76 Si86AsH76 Si86SbH76 Si87H76

Symmetry of neutral species C3v Td Td Td Td

Donor excitationA1-T2sverticald 0.48 0.57 0.37

Donor excitationA1-T2sadiabaticd 0.30 0.42 0.23

Donor excitationA1-Esverticald 0.59 0.70 0.57

Donor excitationA1-Esadiabaticd 0.44 0.51 0.43

Adiabatic ionization potentialI a 4.98 3.84 3.88 3.75 6.79

Vertical ionization potentialI v 5.68 3.95 3.99 3.86 6.87

Hole reorganization energylh 0.70 0.10 0.11 0.11 0.08

Adiabatic electron affinityEAa 3.11 1.87 1.92 1.84 1.46

Vertical electron affinityEAv 2.72 1.79 1.83 1.76 1.43

Electron reorganization energyle 0.39 0.08 0.09 0.09 0.04

Donor binding energyEb 3.52 2.38 2.42 2.29

Adiabatic chemical potentialm −4.04 −2.86 −2.90 −2.80 −4.12

Adiabatic chemical hardnessh 1.87 1.97 1.96 1.91 5.33
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cally drops. The hyperfine splitting in the electron spin reso-
nance is proportional to the orbital weight on the P nucleus.
In the present calculation, the predicted ratio of hyperfine
splitting between Si34PH36 and Si86PH76 is 1.28, which is
consistent with Melnikov and Chelikowsky.13

B. Acceptors

The optimized structure for center B doping has a nearest
neighbor B–Si bond contraction, to 2.12 Å from 2.38 Å
Si–Si bond in the parent nanocrystals, and a symmetry low-
ering toD2. The shortened bonds also occur in substitutional
B doping of bulk Si, with very similar magnitude.27 There is
only a very slight change in structure for the positive and
negative ions. The local bonding remainssp3. In Si86AlH 76,
Si86GaH76, and Si86InH76, the four centralX-Si bond lengths
are 2.47, 2.46, and 2.58 Å, respectively. If an extra electron
is addedsremovedd, the reoptimized bond length shortens
slengthensd slightly by 0.03 Å.

The electronic energy levels for the acceptor-doped nano-
crystals are compared to the parent in Fig. 2. The lowered
symmetry splits the threefold degenerate parentT2 HOMO
states intoB1, B2, andB3 states. The highest singly occupied
B1 states are shifted into the parent HOMO-LUMO gap by
0.2–0.5 eV. The drop in symmetry fromTd to D2 is only
nominal in these cases. The doubly occupiedB2 andB3 or-
bitals are only split from theB1 state by about 0.02 eV. Fig-
ure 1 shows the singly occupiedB1 orbital is essentially same
as the highest singly occupied orbital of the parent cation.

The calculated ionization potential and electron affinity
energies are summarized in Table II. Relative to the parent
nanocrystal, the ionization potential is reduced by
0.2–0.5 eV while the electron affinity is substantially in-
creased by about 3 eV. The reorganization energies show
more chemical dependence with the Ga and In cases being
noticeably larger then the parent undoped nanocrystal. The
chemical potential is deeper by 1.1–1.5 eV, consistent with
hole doping. The chemical hardness is much smaller, about
2 eV, which is similar to the donor case.

Similarly to the donor binding energy, we define the ac-
ceptor binding energy as the difference between the ioniza-
tion energy of the undoped nanocrystal and the electron af-

finity of the hole-doped nanocrystal. As shown in Table II,
the acceptor binding energies for B-, Al-, Ga-, and In-doped
Si87 are 2.13, 2.34, 2.38, and 2.55 eV, respectively. This
trend with acceptor is consistent with the corresponding ex-
perimental bulk values:25 0.045, 0.069, 0.071, and 0.155 eV.
The absolute values of the changes with acceptor species are
larger, but the relative impact is much smaller than in the
bulk. This trend also agrees with the acceptor energy levels
of singly occupied orbitals as shown in Fig. 2. Finally, we
note that the change in the verticalsadiabaticd electron affin-
ity for the B-doped crystallites with size is relatively small:
4.58 s4.66d eV for Si86BH76 versus 4.30s4.57d eV for
Si34BH36.

IV. DISCUSSION

The understanding of electronic states of shallow donors
and acceptors in bulk semiconductor starts from the hydro-
genic model: an extra electron or hole attracted to the ionized
donor or acceptor by a statically screened Coulomb attrac-
tion e2/«r, moving with effective massm* . This picture can
be refined to include anisotropic band mass, multiple valleys
sdonors in silicond, multiple bandsslight and heavy holesd,
and incomplete screening at short range.12 The chemical
trends highlight the importance of the dopant potential near
the dopant atom caused both by differences in the dopant
core region as well as differences in local bond lengths. For
a doped nanocrystal, all of these factors change: the local
bond lengths may differ, the extra hole or electron wave
function is strongly influenced by the surface of the crystal-
lite, and the screening of the Coulomb interaction may be
altered. Indeed, for the smaller nanocrystals, the notion of
using a continuum dielectric model has been seriously
questioned.26,28 Based on theab initio calculations, some of
these issues can be addressed.

For a strong perturbation, such as the region near an im-
purity, the screening response need not even be linear. How-
ever, with the full self-consistent calculations, we can define
an effective impurity potential, one with which the extra
electron or hole associated with the impurity interacts. For
example, for the P donor case we consider the difference of

TABLE II. The properties of the structurally optimized group III element-doped Si86XH76. All energies
are in eV.

Species Si86BH76 Si86AlH 76 Si86GaH76 Si86InH76 Si87H76

Symmetry of neutral species D2 D2 D2 D2 Td

Adiabatic ionization potentialI a 6.56 6.39 6.39 6.24 6.79

Vertical ionization potentialI v 6.66 6.47 6.53 6.40 6.87

Hole reorganization energylh 0.10 0.09 0.14 0.16 0.08

Adiabatic electron affinityEAa 4.66 4.45 4.40 4.24 1.46

Vertical electron affinityEAv 4.58 4.28 4.22 4.06 1.43

Electron reorganization energyle 0.07 0.17 0.18 0.18 0.04

Acceptor binding energyEb 2.13 2.34 2.38 2.55

Adiabatic chemical potentialm −5.61 −5.42 −5.40 −5.24 −4.12

Adiabatic chemical hardnessh 1.90 1.94 1.99 1.99 5.33
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electrostatic potentialsESPd between the Si86PH76 cation and
the Si87H76 neutralsat the Si86PH76 geometryd:

DVDonor = VESPsSi86PH76
+ d − VESPsSi87H76

0 d. s2d

This isolates the screening response of all of the other elec-
trons to the change from Si to P at the center of the nano-
crystal. The potential so calculated is the analog of the usual
screened Coulomb potential, but taking into account the local
fields and nonlinearities in the screening.29 This has been
calculated on a cubic grid points in real space from the Jag-
uar program19 and averaged to give a radial, effective poten-
tial energy. This is shown in Fig. 4sad for three examples:
donors P and As and the acceptor Al. Several features are
evident. First, the effective potential energy is essentially the
same outside a radius of 3 Å for all three cases. Second,
there are substantial differences inside 2 Å. The polarization
of the four inner bonds connected to the impurity atom is
quite different among the impurity atoms consistent with
their different Pauling electronegativity values,30 i.e., Si
s1.8d, P s2.1d, Al s1.5d, and Ass2.0d. Third, we note that the
P case, with a larger electronegativity, shows more screening
than the As case. The effective potential energy is smaller in
the region out to 2 Å. Fourth, the Al acceptor case, shown
here with a choice of sign that corresponds to binding of a
hole, is remarkably similar to the P case. This is consistent
with the difference in electronegativity being the same mag-
nitude s0.3d, but different in sign.

The effective impurity potential illustrated in Fig. 4sad can
be compared to the dielectric screening model in two ways.
First, the model of a spherical, uniform dielectric medium
with a point charge at the center predicts8,26

Vmodelsrd =5−
e2

«ef fr
− S1 −

1

«ef f
De2

R
sr ø Rd,

−
e2

r
sr . Rd.6 s3d

In Eq. s3d, r is the distance from the nanocrystal center,R is
the radius of the nanocrystal,«ef f is the effective dielectric
constant of the nanocrystal, ande is the electron charge. This
model potential is compared to the effective impurity poten-
tials in Fig. 4sad, using a radius of 8 Å for Si86XH76 and an
effective dielectric constant of 6. The agreement between this
empirical model and the full quantum mechanical calculation
is very good forr greater than 4 Å. The value of the effective
dielectric constant entering the model is quite close to the
empirical value proposed by Lannooet al.26 for use with
nanocrystals of 8 Å radius. In the short range, there are sub-
stantial deviations from the uniform dielectric medium
model. These deviations, which depend on the impurity, cor-
respond to the central cell effect in the literature on shallow
impurities in bulk semiconductors. A second way to repre-
sent the screening of the impurity potential is to define an
effective position-dependent dielectric constant through the
equation

Vimpuritysrd = −
e2

«̃srdr
, s4d

where theVimpuritysrd is the effective impurity potential, as in
Fig. 4sad. This is equivalent to the analysis used by Ogutet
al.28 to represent their quantum mechanical calculation of the
linear response dielectric screening in silicon nanocrystals.
The results for the position-dependent dielectric constant are
shown in Fig. 4sbd. For comparison to Ogutet al.,28 the
results for the Si34PH36-doped cluster are also plotted. The
overall shape is similar to their linear response results. How-
ever, the peak value is larger and occurs at smaller radius.
This is due to a combination of the polarization in the Si–P
bond and nonlinearities in the response. The results in Fig.
4sbd for the Si87-based nanocrystals are consistent with the
observations above. Outside a radius of 3 Å, the screening is
independent of the chemical details of the impurity. Inside
2 Å, the variations with impurity are large and consistent
with electronegativity differences.

Based on the qualitative features in Fig. 4, we can analyze
the physical effects that lead to the large donor and acceptor
binding energies in Si nanocrystals. The most significant ef-
fect is the reduced screening of the impurity potential. As
seen in Fig. 4sbd, the screening inside the nanocrystal is
much less effective than long range screening in bulk Sis«
=11.4d. As a base line, Fig. 4sad suggests that the uniform
dielectric medium model describes the impurity potential
outside the first neighbor shell. If the confinement of the
impurity electron or hole is described by a simple envelope
wave functionfsinspr /Rd / rg, then the estimated binding en-
ergy would bes1+1.44/«ef fde2/R.26 For Si86XH76, the bind-
ing energy estimated from this model is 2.2 eV, remarkably
close to our calculated donor and acceptor binding energies
from the all-electron quantum mechanical calculations in
Tables I and II. The residual contributions to the donor and

FIG. 4. sColor onlined sad The effective impurity potential for
the doped nanocrystals Si86XH76. together with a model potential as
described in the text.sbd The effective radially dependent dielectric
constant for each doped nanocrystal as defined in the text. The lines
are guides through the data points.
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acceptor binding energies of a few tenths eV are then due to
the central cell effects. In the usual terminology, this captures
the deviations from the uniform dielectric medium model at
short range due to local field effects, chemical differences,
and bond length changes. The influence of local bond length
changes was not included in Fig. 4. Valley orbit splittings,
the donorT2-A1 and E-A1 splittings, derive from the same
short range potentials and have a similar magnitude in our
calculations for the Si nanocrystalssabout 0.5 eVd.

These central cell and valley orbit contributions are sub-
stantially larger than in the bulk case. This is not generally
surprising because they scale with the donor or acceptor
wave function at short range. Confinement due to the nano-
crystal surface significantly enhances the relative weight of
the wave function near the donor and acceptor atom. This
has been previously used to explain the hyperfine splittings
in the P-doped Si nanocrystals.13 Using a simple envelope
wave function as a guide once again suggests that the central
cell and valley orbit contributions scale as 1/R3. For small
nanocrystals, this highlights the quantitative significance of
these local contributions, although full calculations may sug-
gest a different power law for the scaling.

One of the striking features illustrated in Fig. 1 is the
strong influence of the donor impurity potential on theA1
donor electron orbital. The HOMO in the P-doped nanocrys-
tal fFig. 1sbdg is much tighter than the corresponding orbital
in the undoped anionfFig. 1sadg. By contrast, the acceptor
impurity potential does not show such a contraction of the
orbital density; the orbital distribution remains relatively
rigid, being determined by the surface of the small nanocrys-
tal. This is also seen in the orbital energies in Fig. 2. The
donor A1 level is split from the parent LUMO by roughly
1 eV, while the acceptorB1 is only split from the parentT2
HOMO by 0.2–0.5 eV, depending on the acceptor. In the
understanding of the shallow donors like P in bulk Si, it was
early recognized through comparison to electron spin reso-
nance data that the donor wave function had much more
weight near the P nucleussby roughly one order of magni-
tuded than predicted by the Wannier model.31 The qualitative
explanation for this is the combination of the strong impurity
potential at short-rangefFig. 4sadg and thes-like symmetry
of the A1 orbital around the impurity site. This significantly
distorts the donor wave function at short range. By contrast,
the acceptor wave functions arep-like around the acceptor
site and are therefore less sensitive to the short-range part of
the potential. The other interesting, related question was
whether the donor state was in fact completely localized on
the impurity site. The hyperfine splitting data as a function of
nanocrystal radius13 already answers this question: the donor
wave function spreads out as the nanocrystal size increases.
The very weak size dependence of the ionization potential13

can be understood when the central cell contribution is ex-
plicitly considered. In the rough scaling of the envelope
function model, it contributes a term that scales as −1/R3.

When this is included in the phenomenological framework of
Lannooet al.,26 with our estimates of the magnitude of the
central cell correction, the donor ionization potential is con-
stant over the 5–25 Å radius range to within 5% or so.

V. CONCLUSION

A dopant in the center of Si87H76 is only three Si–Si
bonds away from the nanocrystal surface. The introduced
carrier is confined in a volume that is roughly two orders of
magnitude smaller than in the bulk hydrogenic Wannier or-
bital. Furthermore, the screening of the Coulomb interaction
is much weaker. Nevertheless, this does not lead to “self-
trapping” on the atomic scale. The local geometry around the
dopant in all cases is very similar to that of the bulk
dopant.32 The orbital of the confined carrier that we calculate
changes smoothly with nanocrystal size and we would ex-
pect that it will evolve smoothly into the Wannier orbital as
size increases further towards the bulk limit. In doped
Si87H76 the nanocrystal structure does readjust modestly if
the extra carrier is removed; the electron and hole reorgani-
zation energies are 0.1–0.2 eV. These vibronic energies cre-
ate barriers to electron transfer; with these energies, rates
could be calculated using standard models.33

Our results for the full range of group V donors and group
III acceptors allow us to isolate the local chemical contribu-
tion and the role of the screened impurity potential. We find
substantially enhanced donor and acceptor binding energies,
largely driven by the reduced screening of the impurity po-
tentials. The local chemical effects on the donor and acceptor
binding energies are also significantly larger than in the bulk
crystal due to the enhanced weight of the donor and acceptor
wave functions on the impurity atoms. The weak dependence
of the ionization potential on size traces to the balance of
kinetic energy, screened Coulomb potential, and local chemi-
cal effects. Finally, the donor and acceptor states have quan-
titatively different interactions with the impurity potential
due to the different atomic character of those states near on
the impurity atom. As a consequence, the energy splittings of
the donor and acceptor states are substantially different.
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