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A substrate for future atomic chain electronics, where adatoms are placed at designated positions
and form atomically precise device components, is studied theoretically. The substrate has to serve
as a two-dimensional template for adatom mounting with a reasonable confinement barrier and also
provide electronic isolation, preventing unwanted coupling between independent adatom chains. For
excellent structural stability, we demand chemical bonding between the adatoms and substrate
atoms to secure the positions~chemical bonding scheme!, but then good electronic isolation is not
always guaranteed and necessary conditions are clarified. The substrate influences fundamental
chain properties through chemical bonds. A chain with group IV adatoms having two chemical
bonds each, or a chain with group III adatoms having one chemical bond each, is semiconducting.
Charge transfer from or to the substrate across the chemical bonds brings about unintentional doping
for semiconducting chains. The electronic properties have to be considered for the combination of
the adatom and substrate systems in this scheme, even though the adatom modes are well localized
in the adatom chains. ©1999 American Vacuum Society.@S0734-2101~99!01304-4#
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I. INTRODUCTION

When the semiconductor device size is reduced to 0
mm, the number of dopant atoms in the channel is no lon
macroscopic, typically less than a hundred.1–3 A spatial dis-
tribution of these dopant atoms fluctuates statistically fr
device to device even in identically designed, fabricated
vices, and this places a serious limitation for integration
may be possible to control dopant positions to some exte3

but an ultimate control with atomic precision might be dif
cult. One fundamental solution to this problem is to cre
electronics that are atomically precise, ordered, but pre
ably simple. Atomic chains, which are precise structures
adatoms placed on an atomically regulated surface u
atom manipulation technology,4 are candidates for building
components in future electronics. All the adatoms will
placed at designated positions on the substrate, and al
device structures are precise, free from any statistical de
tions.

There are two possible schemes to mount adatoms
substrate surface. For excellent electronic isolation betw
the adatom and substrate systems, we may forbid chem
bonding between the two systems so that electrons are lo
ized in the adatom system. Then the adatoms will have to
confined by the van der Waals interaction, but it is usua
too weak to provide satisfactory confinement even at l
temperatures.5 For excellent structural stability, we may i
turn allow chemical bonding so that the adatoms are
displaced with thermal agitation from their ideal position
but this scheme may suffer unwanted substrate effect
poor isolation. In the worst scenario, the electron wave fu
tion penetrates deep into the substrate, resulting in cross
between chains, which is fatal for electronics application

In this article, the latter chemical bonding scheme is st
ied in detail. We clarify the necessary conditions for t

a!Electronic mail: yamada@nas.nasa.gov
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adatom modes to be localized at the surface, using a o
dimensional tight-binding model in Sec. II. The substra
influences, through chemical bonding, the fundamental pr
erties of adatom chains such as whether they are metalli
semiconducting, and this is explained based on a tig
binding picture in Sec. III. The band structure of semico
ducting Ge-adatom chains realized on a Si~100! surface,
where unused Si dangling bonds are saturated with H ato
is studied with a self-consistent tight-binding method, a
unintentional doping is predicted due to the charge tran
from and to the substrate. A summary is given in Sec. IV

II. CONDITIONS FOR EDGE LOCALIZATION AND
ELECTRONIC ISOLATION

Electronic isolation can be achieved when an elect
wave function is localized at the surface and decays ex
nentially into the substrate. Therefore, finding electronic i
lation conditions can be reduced to finding localization co
ditions. In order to study the qualitative aspect
localization, finite-length atomic chains are analyzed usin
tight-binding method with universal parameters.6 We imag-
ine that the substrate is made by grouping atomic chain
bundle as in an inset in Fig. 1, where the chain edges fo
the top and bottom surfaces. In an atom of each chain,
orbitals along the chain provide a physical mechanism
the exponential decay of the wave function leading to surf
~edge! states, while remaining two simply create chemic
bonding to other neighboring chains and do not contribute
the localization. Thus, the former two orbitals are included
the current model while the later two are not, and this refle
that the chains are grouped to form a three-dimensional s
strate, in contrast to the previous chain models with fo
orbitals in Ref. 9 used for different purposes. Full multid
mensional modeling is not quite rewarding since the deca
essentially a one-dimensional phenomenon perpendicula
the substrate that has to be supported by many lattice p
146317 „4…/1463/6/$15.00 ©1999 American Vacuum Society
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ods. Typically more than fifteen periods are necessary
have results independent of the number of periods, but s
many periods are not easily treated in multidimensio
modeling.

Figure 1~a! shows the energy levels and 1~b! the electron
existence probability at the edge atoms for a chain of 24
atoms; 1~c! and 1~d! are the same set of plots for a chain
22 Si atoms with a H atom placed at each edge, as a funct
of the lattice spacing. By changing it from infinity to a finit
value as a gedanken experiment,7 it is shown that how edge
states arise from isolated atomic states. 3s and parallel 3p
orbitals represent symmetric and antisymmetric bases in
chain direction, respectively, and are considered in
model. Other two perpendicular 3p orbitals are used for
chemical bonding with other chains and not considered. G
eral linear combinations ofs and p orbitals reflecting more
realistic crystal symmetry for the substrate can be taken
bases, but the difference can be absorbed in the redefin
of tight-binding parameters, and there is no change in
qualitative conclusions. In the unsaturated Si chain in F
1~a!, the 3s-originated filled ~valence! band and the
3p-originated empty~conduction! band become wider as th
lattice spacing is reduced. Around 2.7 Å, there is ans-p
band crossing, where 3s- and 3p-originated bands cross. Fo
shorter lattice spacing, a new band gap opens, and there
pear two edge states, one from the top of the valence b
and the other from the bottom of the conduction band. Si
they are located inside the band gap, they are strong mixt
of s andp orbitals and are mostly located at the edge ato
as in Fig. 1~b!. All the other states are of the penetratin
type, spreading over the entire system. Edge states ca

FIG. 1. Edge states as a function of lattice spacing:~a! energy levels and~b!
population at edge atoms for band gap modes~thick line! in 24 Si chain;~c!
and~d! the same plots in 22 Si chain with two edge H atoms. The numbe
states is indicated in~a! and ~c!, and s- and p-orbital contributions are
separately shown in~b! and ~d!. The inset shows the model schematicall
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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manipulated with H atoms.8 In the H-saturated chain, th
edge states appear withs-p uncrossing lattice spacing longe
than the crossing point, and disappear withs-p crossing,
shorter lattice spacing as in Figs. 1~c! and 1~d!.

This complementary behavior can be interpreted based
the Wigner–Seitz picture.7 Figure 2 is a set of schemati
plots of an envelope for an edge-state wave function near
vacuum boundary. In the unsaturated chain withs-p un-
crossing spacing in Fig. 2~a!, the wave function has a notc
at the vacuum boundary and cannot smoothly connect to
vacuum. Tuning the electron energy does not help sinc
can change only the gradient of the wave function, but no
sign, and it is impossible to achieve smooth connection. W
s-p crossing spacing, the smooth connection is possible
time since the wave function has an opposite sign at
vacuum boundary as in Fig. 2~b!. Narrower unit cells are
stretched for clarity. In the H-saturated case, the role of
additional H cell is to flip the gradient without changing th
functional value. This is possible since a H atom has only
one relevant orbital, 1s, which is symmetric in the unit cell
Because of this gradient flip, the edge states exist withs-p
uncrossing spacing as in Fig. 2~c! and disappear withs-p
crossing spacing as in Fig. 2~d!, and this explains the
complementary behavior.

Examples ofs-p crossing substrates are semiconduct
crystals Si, Ge, or GaAs, and many metallic crystals.S-p
uncrossing substrates are alkali halides, such as KCl or
On ans-p crossing substrate, the dangling bonds are wh
electrons are localized, and if saturated with H atoms, th
localized states are eliminated. Oppositely on ans-p un-
crossing substrate, H-saturated sites are where electron
localized, and if H atoms are removed, these localized st
are eliminated. For electronic applications, theabsenceof H
atoms on ans-p crossing substrate, or thepresenceof H
atoms on ans-p uncrossing substrate provides an area w
surface-localized electrons, which can be regarded as an
tive device area.

Figure 3 depicts how the electronic states of an ada
arise in the chemical bonding scheme with a tight-bind
picture. There are two ways to obtain a semiconduct

f

FIG. 2. Schematic plots for envelope shapes of wave functions at vac
boundary, where unit cells are scaled to be of the same size. For unsatu
chain,~a! long lattice spacing without edge states~forbidden! and ~b! short
lattice spacing with edge state~allowed! are shown. For H-saturated chain
~c! long lattice spacing with edge states~allowed! and~d! short lattice spac-
ing without edge states~forbidden! are shown.
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chain: ~a! use group IV adatoms with two chemical bon
each, or~b! use group III adatoms with one chemical bo
each. Two- and one-chemical-bond schemes are possible
example, on unreconstructed Si~100! and ~111! surfaces, re-
spectively. In a group IV adatom, ones and threep orbitals
are rehybridized to form foursp3 orbitals as in Fig. 3~a!. We
require that twosp3 orbitals be used to form two chemica
bonds with the substrate atoms. When an orbital from
adatom and another orbital from the substrate atom m
they form bonding and antibonding orbitals, separated
double the covalent energy~typically several eV!.6 Two elec-
trons, one from the adatom and the other from the subst
atom, occupy the bonding orbital completely and creat
covalent bond. Because of the large covalent energy,
bonding orbital has a very low energy and does not cont
ute to the adatom properties directly. Since there are
chemical bonds, two adatom electrons are wasted. The
maining two adatomsp3 orbitals are then rehybridized an
form an sp orbital and ap orbital, where thesp orbital is
completely filled with remaining two adatom electrons. Aft
the formation of a chain structure, thesp andp orbitals will
become valence and conduction bands, respectively.
situation is similar for a group III adatom in Fig. 3~b!. The
only difference is that after thesp3 hybridization, orbitals are
rehybridized to form twosp orbitals and twop orbitals. One
sp orbital is used for a covalent bond with a substrate ato
and therefore one adatom electron is wasted. The othesp
orbital is fully filled with two adatom electrons and twop

FIG. 3. Tight-binding view for semiconducting adatom chains in t
chemical-bonding scheme:~a! group IV adatom with two chemical bond
and ~b! group III adatom with one chemical bond. Oval dots are electr
and the number of states are indicated with thickness of lines.
JVST A - Vacuum, Surfaces, and Films
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orbitals are empty. Thus, thissp orbital forms a valence
band, and twop orbitals form two conduction bands. Adatom
bands can be calculated with a self-consistent tight-bind
method based on this picture. With a similar argument
chain with group II adatoms with no chemical bonds is sem
conducting, and this is consistent with the previous resul9

Although the edge states for a single adatom has an
ergy level inside the bulk band gap on ans-p crossing sub-
strate as discussed above, the entire adatom bands ar
necessarily included in the bulk band gap. Generally, th
may be beyond the band gap. For electronics applicatio
this is not plausible, but not fatal, either. There has been
experiment observing such surface and bulk states in
current–voltage characteristics of scanning tunneling micr
copy for Si~111!.10 The normalized conductance plot as
function of voltage showed five peaks, four attributed to t
surface states and one to the bulk states, where the
positions were consistent with a model assumingunper-
turbed surface and bulk states. We can argue that the c
pling was so weak that no significant modulation in pe
positions resulted, although this did not directly clarify wh
happened for electronic isolation between the surface
bulk states in the context of unwanted crosstalk raised ab
In the following, we assume that this coupling is sm
enough, but this problem has to be studied in more deta
the future.

III. ADATOM BANDS WITH SELF-CONSISTENT
TIGHT BINDING

We study the band structures of a Ge adatom chain
Si~100!, where unused dangling bonds are saturated with
atoms as shown in Fig. 4. Such a hydrogenated Si surfac
quite stable.11 According to the tight-binding picture above
this chain is semiconducting, and the wave function is loc
ized at the chain with dangling bonds, not in the hydrog
nated area. Since Ge atomic levels are quite close to thos
a Si atom, the edge states are localized well at the surf
whose energies are deep inside the bulk Si band gap. C
trary to this, if the adatom levels are quite different fro
those of substrate atoms, electrons will not be easily loc
ized on ans-p crossing substrate.5 We note that there are
two kinds of adatom chains with the same lattice spacings
and p chains as in Fig. 4, depending on how the coval
bonds align with respect to the chain direction. The result
band structures are qualitatively different as we shall see

We first discuss the charge transfer in thes chain. An
adatom~Ge! is 0, two nearest neighbors~Si! are 1, and two
second nearest neighbors~H! are 2, where last two neighbor
belong to the substrate. Charges are assumed to be dis
uted up to these second nearest neighbors, and there
charge neutrality holds within this range. Chargezi indicates
the amount of excess electrons on atomi, and reflects the
wave function amplitudes. Thus,zi ’s are determined by the
tight-binding parameters, diagonal elements« i ’s, and off-
diagonal elementsV’s. In turn, these tight-binding param
eters are functions of charge amountszi ’s through the Cou-
lomb interaction, and have to be determined s

s



ed

a

ix

fo
.

rs
-

e
t

nd
e

fu

nd

to
n

or-
e

s-
a-
ers
nts

tine

not
We
th
ied

le-
l.
om
the
Eqs.

to
he
ntire
d, or
e
ains
r.

nce

or
ar

1466 Toshishige Yamada: Substrate effects on electronic properties of atomic chains 1466
consistently.12 As usual, the Coulomb interaction is assum
to change diagonals from« i

orig’s, equivalent to atomic term
values,6 to « i ’s, but not off-diagonalsV’s. Using a bond-
orbital approximation introducing the simplest off-diagon
parametrization6 and appropriate linearization,12 we express
this self-consistency by the following six equations for s
unknowns«0, «1, «2, z0, z1, andz2:

z05~«12«0!/V01, ~1!

z15~«02«1!/2V011~«22«1!/2V12, ~2!

z25~«12«2!/2V12, ~3!

« i5« i
orig1ci0z01ci1z11ci2z2 , ~ i 50, 1, &2!, ~4!

whereV01 is an off-diagonal element, the covalent energy
atoms 0 and 1, andV12 is the same for atoms 1 and 2
Equations~1!–~3! show how the tight-binding paramete
determine the charges~wave functions!. A charge conserva
tion relation ofz012z112z250 automatically holds in this
formalism. Equations~4! show how the charges modify th
diagonal tight-binding parameters.ci j stands for a coefficien
of the Coulomb interaction for atomi due to chargezj . Cou-
lomb interaction is due to intra-atomic~self-charging! repul-
sion, interatomic repulsion from the same unit cell, a
Madelung interaction from the other unit cells. The Mad
lung energies are evaluated numerically, expressed as a

FIG. 4. Adatoms andp chains on hydrogenated Si~100! surface with ada-
tom chargez0, nearest neighbor chargez1, and second nearest neighb
chargez2. Adatom dangling bonds before rehybridization is shown for cl
ity, and the distances are indicated in Å.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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tion of z1 andz2 using the charge conservation relation, a
normalized toW5e2/3.84. Eachci j is given by

c005U0 ,

c0152e2/2.3520.732W,

c0252e2/3.1721.17W,

c105e2/2.35,

c115U11e2/3.8420.00644W, ~5!

c125e2/5.121e2/1.4821.05W,

c205e2/3.17,

c215e2/5.121e2/1.4820.177W,

c225U21e2/6.2620.382W,

whereUi is a self-charging energy for atomi. For example,
c00 corresponds to a Coulomb energy shift for atom 0 due
its own chargez0, represented by the intra-atomic repulsio
U0. c01 corresponds to the shift for atom 0 due to neighb
ing chargesz1’s that are 2.35 Å apart from atom 0 in th
same unit cell~interatomic repulsion 2e2/2.35! and due to
charges z1’s in the other unit cells~Madelung energy
20.732W!. Other coefficients are derived similarly. Nece
sary tight-binding parameters for H including the intr
atomic repulsion energy are taken from Ref. 13 and oth
for Ge and Si are taken from Ref. 12. Once all the consta
are determined, numerical solution is easy after a rou
matrix inversion. A similar procedure applies to thep-chain
case.

It should be noted that in the present formalism, we do
have any quantity corresponding to a chemical potential.
may tend to think that electrons will flow from an atom wi
a higher occupied level to an atom with a lower occup
level, and a certain quantity~chemical potential! becomes the
same over the entire system in equilibrium. Diagonal e
ments« i ’s do not play the role of this chemical potentia
Indeed electrons do flow from a higher-occupied-level at
to a lower-occupied-level atom, but the flow stops before
diagonal elements become equal. This is clearly seen in
~1!–~3!, where the difference in« i ’s supports nonzero
charges.

Once the charges are calculated, it is straightforward
obtain the band structures with a tight-binding method. T
charges do not change the band shape, but shift the e
adatom bands upwards if adatoms are negatively charge
downwards if positively charged. This shift occurs with th
change of the Fermi energy, and hence semiconductor ch
are unintentionally doped because of this charge transfe

The bands fors chains are given by

«~k!5$«a1«b6@~«a2«b!218Vsps
2 sin2 kd#1/2%/2, ~6!

where the lower and upper signs correspond to the vale
and conduction bands, respectively.d is the adatom lattice
spacing equal to 3.84 Å, andk is the momentum along the
chain.Vll 8m is an off-diagonal element between orbitalsl and
l 8 ~either s or p! for m bonding ~either s or p!, and are

-
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generally expressed with universal parameters in the f
proportionate tod22.6 «a and«b are defined by

«a5~«s1«p!/22~ uVsssu1uVpppu!coskd,
~7!

«b5«p12uVppsucoskd.

In the above,«s and «p are modifieddiagonal matrix ele-
ments fors andp levels for adatomafter self-consistent dis-
tribution of charges and the modification is calculated w
Eqs.~4!, while Vll 8m’s are unchanged. The valence and co
duction bands forp chain are given, respectively, by

«~k!5~«s1«p!/22~ uVsssu1uVpppu!coskd,
~8!

«~k!5«p22uVpppucoskd.

An inserted table in Fig. 5 summarizes the calcula
charge amounts,z0, z1, andz2. They are quite small becaus
of the electronic similarity between Ge and Si, and the l
earization in deriving Eqs.~1!–~3! has been justified. Elec
trons are transferred from the Ge chain to the substrate a
~thus unintentionalp doping!, and the shifts are20.745 eV
(z0520.0124e) and20.0552 eV (20.00626e) for s andp
chain, respectively, withe being the unit charge. The shift i
larger in thes chain than in thep chain. This is because th
second nearest neighbors are H and Si, respectively, wh
H atom can absorb electrons more effectively than a Si at
due to the deeper H 1s level than the Si 3p levels. Since the
C 2p levels are deeper than a Si 3p level, the opposite situ-
ation arises for C adatom chains. Electrons flow from the
substrate atoms to the C adatoms, resulting inn doping. Be-
cause of such unintentional doping, electron filling is alwa
a little off the exact full or half, and this makes the Peierls
Mott transitions14 irrelevant.

Figure 5 shows the band structures fors andp chains. As
is obvious in the plot, thes chain has a typical band structu

FIG. 5. Adatom band structures ofs and p chains with Ge adatoms on
hydrogenated Si~100! surface and transferred charges~inserted table!, where
the vacuum level is the energy origin.
JVST A - Vacuum, Surfaces, and Films
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made of symmetric and antisymmetric orbitals,sp andp or-
bitals, respectively, in a unit cell: the conduction band ma
mum and valence band minimum occur atG and the conduc-
tion band minimum and valance band maximum occur at
band edgeX. This has been already apparent in Eq.~6!. The
p chain has two independentp bands made of two symmet
ric orbitals,sp andp. Since thep orbital is perpendicular to
the chain as in Fig. 5, it is symmetric in thep chain, in
contrast to the antisymmetricp orbital in thes chain. There-
fore, the band minimum occurs atG and the maximum atX
for both valence and conduction bands. The entire structu
for s and p chains range around several eV, much wid
than the bulk Si band gap. As discussed above this does
immediately mean poor isolation between the surface
bulk modes, and probably is not a serious problem, but ne
to be studied in the future.

IV. SUMMARY

We consider the substrate effects on the adatom prope
in the chemical bonding scheme. When the adatoms fo
chemical bonding to the substrate atoms, some electrons
exclusively used for covalent bonding, and only the rema
ing electrons can determine the adatom properties: the
strate kills some adatom electrons. Therefore, chain st
tures with group IV adatoms having two chemical bon
each to the substrate atoms, or group III adatoms having
chemical bond, are semiconductors, as well as group II a
toms with no chemical bond.

A main concern in this scheme is that the electron wa
function may not be localized in an adatom structure,
penetrate deep into the substrate. This is in fact the case
an s-p uncrossing substrate such as alkali halide crystals
turn, adatom states are localized at the surface if the subs
is s-p crossing such as many semiconducting and meta
crystals. On ans-p crossing substrate, we can eliminate u
wanted surface states by saturation with H atoms, wh
elimination of dangling bonds means elimination of surfa
states~complementary situation for an uncrossing substra!.
Ge adatom chains are studied using a self-consistent ti
binding method, and it is shown that two different kinds
chains are possible regardless of exactly the same la
spacing,s andp chains, depending on the geometrical re
tion between the covalent bonds and the chain direction, w
unintentional doping. All of them are due to the substra
through the chemical bonds, and the electronic proper
have to be assigned for the combination of the adatom
substrate systems in the chemical bonding scheme.
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