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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 studies theoretically. Since the van der Waals force turns out inap-
propriately weak, adatoms have to be secured with chemical bonding to the substrate atoms, but then electronic
isolation between the adatom and substrate systems is not always guaranteed. A chain model shows that good
isolation is expected on as-p crossing substrate such as Si, Ge, or GaAs through surface localization,
reflecting thebulk nature of the substrate. Isolation is better if adatoms are electronically similar to the
substrate atoms, and can be manipulated by hydrogenation. Chain structures with group IV adatoms with two
chemical bonds, or group Il adatoms with one chemical bond, are semiconducting, reflectisigftue
nature of the substrate. These structures are unintentionally doped due to the charge transfer across the
chemical bonds. Physical properties of adatom chains have to be considered for the unified adatom and
substrate systempS0163-182609)00223-4

I. INTRODUCTION model in Figs. 1a) and Xb). Table | lists the Mg-adatom
height from the upper Si plane, the binding energy, and the
When the semiconductor device size is reduced teffective potential barrier for four sites in Fig(k). The po-
0.07 um, the number of dopant atoms in the channel is ndential minimum occurs at site 3, but the barriers at sites 1
|Onger macroscopicl typ|ca||y less than a hund]ré’dé\ spa- and 4 are so .|OW, 0.39 and_ 0.52 meV, reS-pectively, that the
tial distribution of these dopant atoms fluctuates statisticallyMd adatom will not be confined satisfactorily even at liquid-
from device to device even though each device is identically€lium temperatures. The situation may not improve drasti-
designed and fabricated, and this places a serious limitatiof@lly for other kinds of substrates within this scheme.
for integration. It may be possible to control dopant positions ~ Therefore, the chemical bonding scheme needs to be ex-
to some exent,but an ultimate control with atomic precision @mined. The worst possible scenario is that an adatom wave
might be difficult. One fundamental solution to this problem function penetrates deep into the substrate and independent
is to create electronics that are atomically precise, ordereddatom structures couple, leading to poor electronic isola-
and preferably simple. Atomic chains, which are preciseion. This problem |s_closely relaf[ed to surface localization or
structures of adatoms created on an atomically regulated suRoWw the wave function decays into the substrate. We use a
face using atom manipulation technoldbgre candidates for chain model and clarify the _eX|stence conditions for surche
constituent components in future electronics. All the adatomstates. H atoms can manipulate the surface states in a
will be placed at designated positions on a substrate, and gi°mplementary manner on two distinct types of substrates. A
the device structures are precise, free from any statisticalrescription for semiconducting adatom chains is described
deviations. It was predicted using a tight-binding methodWith special requirements for the substrate surface.
with universal parametet§ that Si chains were metallic and N Sec. ll, the localization and isolation conditions are
Mg chains were semiconducting regardless of the |attiC§Iar|f|ed: In Sec. 11l a prescription for semmonduqtmg chains
spacing if the influences of the substrate were neglected. AlS described and Ge-adatom chains ofi@0) are discussed.
possible doping scheme was also propdsed. The_ |mpI|cat|9n of these results for electronics applications
The substrate has to serve as a template for mounting tHé discussed in Sec. IV.
adatoms so that they are confined with a reasonable strength,
and yet has to be electronically isolated from the adatom
system so that independent adatom structures do not couple.
These requirements often conflict. We need to compromise
with either excellent electronic isolation but probably poor Edge states, zero-dimensional counterparts of higher-
structural stability by forbidding chemical bonding betweendimensional surface states localizing at the vacuum bound-
adatoms and substrate atoms, or excellent stability but prokary, will be studied using a chain model representing a sub-
ably poor isolation by allowing chemical bonding. In the strate. Surface states are supported by many atomic planes
former scheme, the only available mechanism to secure adgarallel to the surface as we will see later. Besides the diffi-
toms is van der Waals bonding. To evaluate its strength, aoulty in multidimensional modeling with many layers, the
ab initio study (Appendix A has been performed for a Mg physics we are interested in is essentially one dimensional
adatom on the hydrogenated ($i.1) surfacé using a cluster and the chain model prevails for a qualitative study. In fact,

II. SURFACE LOCALIZATION AND ELECTRONIC
ISOLATION
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FIG. 2. Electronic states as a function of lattice spacif@:
energy levels an¢b) edge population for states with thick line in 24
Si chain;(c) and(d) the same plots in 22 Si chain with two edge H
adatoms.

those for the surface states. When chains are brought closer,
FIG. 1. SigH,, cluster used to model hydrogenated ($11),  the adatom bands may overlap with the bulk bands, but the

where surface Si atoms are shad@:side and(b) top views with  valence-band maximum and conduction-band minimum that
four representative sites. are most important for electronics applications tend to re-

main inside the bulk band gap. Thus, the tendency of how
the wave function decays vertically since a reflection fromthe edge states behave for various situations will survive in
each atomic plane interferes more destructively at a deepehis limit. In the following, energy levels for a finite chain
point. This destructive interference is the origin of the sur-with edge adatoms are calculated as a function of lattice
face states, and is one dimensional in nature. In applicatiospacingd. Such plots show how surface states originate from
of the edge-state results to surface states, we can rely onaaomic states of constituent atoms éss reduced and the
perturbation picture. When independent, infinitely apartcrystal is formed?-12
chains are being grouped in bunch to form a finite substrate We might think intuitively that unsaturatetdangling-
so that chain edges will form substrate surfaces, the enerdyond states always localize at the surface, but this is not the
levels corresponding to the edge states start widening. Sinaase. Figure 2 shows electronic states of a Si atomic chain
the bulk valence and conduction bands are widening, thevith ans orbital and gp orbital (representing symmetric and
bulk band gap is narrowing. As long as chains are distant, thentisymmetric bas¢ss a function ofd, calculated with the
adatom band widths are narrow and the entire adatom bandight-binding theory with universal parametér$(a) energy
are located inside the bulk band gap. In this situation, théevels and(b) edge population for states with thick line in
existence conditions for the edge states are equivalent tensaturated chain of 24 Si atongs) and(d) are the same set

TABLE |. Mg adatom height and binding energy for a45i,, model of hydrogenated $111).

Site? Height® (A) Binding energy’ (meV) Effective potential barrief (meV)
1 4.55 57.20 0.39
2 4.86 53.08 451
3 4.69 57.59 0.00
4 4.57 57.07 0.52

aSites shown in Fig. (b).

bDistance from the surface Si-atom plane to the Mg adatom.

‘Bond functions added midway between the surface H-atom plane and the Mg adatom.
dEffective potential barrier measured from site 3.
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of plots for a hydrogenated chain of 22 Si atoms. These

results are essentially the same if the number of atoms is d>dspc ;

greater than 16. In both unsaturated and hydrogenated cases, qurface state |

the majority of levels, bulk-penetrating modes, behave simi- :

larly. Whend is large, we see 8and 3 bands in principle. — < \7
|

Band widths become wider asis reduced. Atd~2.7 A,
both bands meet. This is @p crossing point and the spac- '
ing is denoted byg,.. Ford<dg,, a band gap reopens. no surface state
In the unsaturated case, edge states appear<afy,. as
shown in Fig. Zb). They are significant mixtures afandp — — Vo
1
[

states and there is no apparent correlation for isolated atomic
states. There are two edge states, one from the valence band
and the other from the conduction band as is obvious by
examining the number of states, and they constitute symmet-
ric and antisymmetric modes for the chain center. Twenty-
four states will be filled if all the atoms, including adatoms,
are assumed to create two chemical bonds to the neighboring
chains, and thus the edge states are half filled. Since the
filling can be changed by changing the number of adatom
chemical bonds, we can eventually design metallic or semi-
conducting structures using this property as will be discussed
in Sec. lll.

In the hydrogenated case, edge states appeardfor
>dgpe. They are mostlys-like as in Fig. 2d), and are iden- substrate  vacuum
tified as isolated 4 states in H. Ford<dg,., edge states
disappear. Thus, the edge states in the hydrogenated case Space
behave in a complementary manner to those in the unsatur- ) )
ated case. Counting an electron from each H atom, 23 states FIG. 3. Schematic plots of wave functions for unsaturated and
are filled, and edge states are again half filled if the substratdYdrogenated cases at the vacuum boundargl fod. (lower two)
atoms create two chemical bonds to the neighboring chaing"dd> dspe (UPPET tWO.

The physical mechanism for this complementary behaviofeal-space pairing of atoms, the valence and conduction
can be intuitively understood as follows. Figure 3 schematihands split into two, respectively, but edge states still appear
cally shows the envelope of a wave functigrat the vacuum  in the main band gap fat<dg,, in the same way as they do
boundary. Fod<dg,in the unsaturated casé,can connect in the symmetric cases.
smoothly into the vacuum and there exist edge states. A H Different adatoms having bothiand p orbitals (thus ex-
atom provides a symmetricsdlike wave function(nop or-  cluding H) can also create edge states der dg,, but local-
bitals involved in the cell, and flipsd¢/dx without chang- ization is not as good as that for identical adatoms. Figure 4
ing the value¢ at the vacuum boundary. Therefore, onceshows(a) energy levels andb) edge population for states
hydrogenatedg cannot connect smoothly without having a With thick line in a Si chain with Ge adatoms, a@ and(d)
notch, and edge states are eliminated. Bordg,, in the  are the same set of plots with Ga adatoms. Ge is electroni-

unsaturated case) has a notch and edge states are forbig-cally similar to Si in that Ge relevarstandp levels are very

den. When hydrogenated, the smooth connection is now po§l0Se to those counterparts in Si, but Ga is not. Ge edge

; ; tates appear essentially the same way as the unsaturated Si
sible because of the flip af¢/dx, and edge states appear. S S X
When a crystal has a naturdlsuch thatd<dgp, it is case in Fig, &)Af‘gr d<dSPfg’\ while Ga edge states do not
calleds-p crossing, and whed>dg., s-p uncrossing. Ex- aptﬁet?]r for st ’ d;z.g Fc'ufd<uze ;oAanthoverlap in energ;l/
amples ofs-p crossing crystals are semiconductors such adVIth the conduction band. ' » (Nere appear usual
Si, Ge, or GaAs and many metals, and those-pfuncross- S-p mixed edge states in the band gap. Thus, localization is

ing crystals are alkali halides, such as LiF or KEPracti- better for electronically similar adatoms fdr dg,c. This is

cally, semiconductor substrates may be better since they aﬁore important in a realistic three-dimensional case, where

widely used in the current device technologies, can easil e bandwidths are wider and the band gaps are narrower.

have an atomically regulated surface, and s crossing e note that Ga edgg stat.e.s also appearin the main pgnd gap

supporting surface states at dangling 'bonds " for d>dg,, and are identified as atomis4tates, reminis-
Edge states are quite robust. In his ériginal whrk~ cent of 1s-like edge states for the hydrogenated case. In

Shockley assumed geometrical symmetry for the chain cerfe—Ither Ge or G‘T" cases, ellectrons are f|.||ed up to the edge
ter, but it turns out that this assumption is not essential foptates, and again the de§a|l of the filling is dependent on the
the existence of edge states as he had predicted. In order twmber of adatom chemical bonds.

see it, we have studied an unsaturated chain of 23 Si atoms
where short and long spacings repeat alternatingly and the
chain is nontrivally asymmetric for the central 12th atom.
This kind of situation is not rare practically; e.g., Qi11) Semiconducting adatom chains are obtained by either
planes align with alternating spacings of 1 and 3. Due to thegroup IV adatoms with two chemical bonds each, or group

' @ substrate atom

d<d o Hatom

spe

Wave Function

no surface state

surface state

11l. SEMICONDUCTING CHAINS WITH GE ADATOMS
ON Sl (100
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[l adatoms with a chemical bond each, to substrate atoms. A
tight-binding view explains this in Fig. 5a) group IV and

(b) group lll adatoms, respectively. In Fig(a8h, an adatom
forms four sp*-hybrid orbitals and is ready for chemical
bonding to substrate atoms. When tw@® orbitals meet,
they form bonding and antibonding orbitals separated by
double the covalent energytypically on the order of several
eV. The remaining two danglingp® orbitals will rehybrid-

ize and form ansp orbital and ap orbital >33 If these
adatoms are arranged periodically, they form adatom bands.
The sp orbital forms a valence band and therbital forms

a conduction band. Since two additional electrons are pro-
vided from substrate atoms, we accommodate six electrons
in total per unit cell. Thus, two bonding orbitals are filled and
create two chemicalcovalenj bonds, and the adatom va-
lence band is fully filled, resulting in a semiconducting ada-
tom structure.

In Fig. 5(b), the discussion runs parallel to the above. The
difference is that in rehybridization, we now have t&p
orbitals and twa orbitals, and one of the twep orbitals is
used for chemical bonding to a substrate atom. Ppwabit-
als form two conduction bands correspondingstcand 7
configurations, while the othesp orbital forms a valence Lattice Spacing (A)
band. Including an electron from the substrate atom, we now
have four electrons per unit cell and they fully occupy the
adatom vanence band as well as a bonding orbi@falent
bond, resulting again in a semiconductor.

Ge adatom structures on the (D0 unreconstructed sur-
face with two dangling bonds in an inset of Fig. 6 are a good
example for a semiconducting chain achieving electronic isofunction of voltage, known to correspond to the density of
lation. Unused Si dangling bonds are hydrogenated to elimistates, showed five peaks, four attributed to surface states
nate unwanted surface states. The ideal tetrahedral angles aed one to bulk staté.These peak positions were consis-
assumed everywhere. This structure may not be unrealistient with those of uncoupled, unperturbed surface and bulk
considering that Si and Ge are not significantly different instates® We may argue that the coupling between these states
size, although no geometrical optimization has been perwas so weak that no significant modulation in peak positions
formed. There are two types of adatom chains with the sameccurred, although the experiment did not directly detect
lattice spacing of 3.84 Ag and = chains, depending on the electronic isolation in the context of device applications.
danglings p*-orbitals arrangement. No rehybridization is as- Adatoms are slightly depletedz) by —0.0124 and
sumed for dangling bonds in the figure for clarity, but in fact —0.0062& (e the unit charggand the entire adatom bands
resultant adatom bands are not influenced by whether damre shifted by—0.754 and—0.0552 eV in thes and
gling bonds are rehybridized or not, or mathematically thechains, respectively. Both chains are positively charged, and
choice of the bases. the Fermi energy is slightly below the valence-band maxi-

Taking into account the charge-transfer effects among atmum, resulting in unintentiongb doping. This simply re-
oms up the second-nearest neighb@ppendix B, we ob- flects that the ¢ levels in Ge are slightly shallower than the
tain adatom band structures in Fig. 6. Thechain has a 3p levels in the Si(the same relation for thep*-hybrid
conduction-band minimum and a valence-band maximuntevels, so that electrons tend to flow from the Ge adatoms to
both atX, typical to one-dimensiona-p bands, while ther  the Si substrate atoms. In fact, in thechain, the nearest and
chain has a conduction-band minimumlatand a valence- second-nearest neighbdtsoth S) are accumulated slightly.
band maximum a¥, because of two independentbands In the o chain, the nearest neighbdiSi) are depleted, while
involved. The band widths are much wider than the Si bulkthe second-nearest neighbdid) are accumulated. This is
band gap(1.1 eV), and we expect that there would be a because thedlevel in H is deeper than the relevantevels
significant overlap between adatom and bulk Si bands. Than Si or Ge so that H atoms tend to absorb electrons from
situation is more serious in the chain since the adatom neighbors more efficiently. Since thep2evels in C are
band gap is as wide as 4 eV, so that at least either the comleeper than theBlevels in Si, the electron flow is opposite,
duction band or the valence band will have an entire overlagrom the Si substrate atoms to the C adatoms. Thus, C ada-
with the bulk bands. tom chains will be unintentionally doped. When the con-

The overlap does not immediately mean poor isolationditions for a semiconductor are not satisfied, adatom struc-
Surface and bulk states may be able to exist independentlyures are expected to be metallic, as long as the Peierls
This is at least not contradictory to the experimental findingstransition or Mott transitioll are irrelevant. For different
In fact, a Si(111) substrate was studied using scanning tun-adatoms, these transitions are not likely to occur since ada-
neling microscopy, and a normalized conductance plot as tom structures are unintentionally doped through charge

o
i

Population

atomic Ga 4s

Energy (eV)
=

Population

Energy (eV)

FIG. 4. Electronic states of Si chains as a function of lattice
spacing:(a) energy levels andb) edge population for states with
thick line with two Ge adatomsgg) and(d) the same plots with two
Ga adatoms.
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FIG. 5. Tight-binding view for semiconducting adatom chains in r X

the chemical-bonding scheméa) group IV adatom with two

chemical bonds an¢b) group 11l adatom with one chemical bond. Momentum

. e FIG. 6. Band structures far and 7 chains with Ge adatoms on
transfer as discussed above, and the electron filling is almoﬁgldrogenated Si100) surface and transferred charges.

always off the exact full or half.

there are many different surfaces for a given crystal, but the
IV. SUMMARY AND DISCUSSION existence does npt depenq on the surface orientatiqn. As long
as the substrate &p crossing, the surface states exist on all
In the chemical bonding scheme, the electronic isolatiorthe substrate surfaces: the substtatk properties determine
between the adaton and substrate systems is achievée existence of the surface states. In fact, we have observed
through the creation of adatom surface states localizing at thihis kind of robustness in an asymmetric chain, or chains
surface. The surface states exist at the dangling bonds on avith different kinds of adatoms, where the existence of the
s-p crossing substrate such as Si, Ge, or GaAs. The isolatiosurface states is quite insensitive to the substrate chain struc-
is better if the adatoms are electronically similar to the subture or the adatom species: only whether the bulk substrate is
strate atoms. We can eliminate or create such surface stategp crossing or not matters. All the quantitative results such
by hydrogenation ors-p crossing or uncrossing substrates, as the decay length of the wave function or the edge-state
respectively. Group IV adatoms with two chemical bondsenergies do sensitively depend on the adatom positions, the
each, or group Il adatoms with one chemical bond each, candatom species, or the substrate surface orientation.
form semiconducting structures. As an example for a semi- In Sec. lll, a tight-binding view is developed to consider
conducting adatom chain with electronic isolatisnand7  whether a given adatom structure is semiconducting or not.
chains with Ge adatoms on $100) are studied, and unin- This is also insensitive to the details of the adatom
tentionalp doping is pointed out. positions'® The crucial information is how many adatoms
We need to examine practical effects on the existence adnd dangling bonds there are per unit cell, and as long as the
the surface states. First, an adatom may not sit directly on aumbers do not change, the electron filling remains the same
substrate atom in many situations. One may model this byn the adatom bands and the same criteria apply. Since a
using two parallel chains representing a substrate with adifferent substrate surface has generally a different number
adatom placed somewhere at each end, for example. Thef dangling bonds per unit cell, trmurfacechanges the elec-
decay of the wave function is again a one-dimensional phetronic properties of adatom chains, in sharp contrast to the
nomenon, and is described as a mixture of symmetric andbove existence conditions. The details of the adatom bands
antisymmetric bases in each unit cell. Although the baseas well as other quantitative results do depend on the exact
themselves are modified from those of the single-chain modadatom positions.
eling, neither of them is eliminated and therefore, the effects In the chemical bonding scheme, we cannot define intrin-
can be absorbed in the redefinition of tight-binding paramsic properties of an adatom chain. The existence of the sur-
eters: the existence conditions remain unchanged. Seconf@ce modes depends on the bulk properties of the substrate,
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and the electron filling of the adatom bands depends on the On the basis of the above calibration calculation, we have

surface properties of the substrate. Adatom properties haweptimized our Sj;H,, model as in Fig. 1, at the MP2 level
to be considered for the unified adatom and substrate sysising the 6-311G* basis set with the bond functions. The
tems. height of the Mg adatom above the surface is optimized at
the MP2 level using the 6-311G* basis set with bond func-

ACKNOWLEDGMENTS tions. The SjgH,, cluster geometry is frozen to be that of the

free cluster, which is consistent with the full geometry opti-
T.Y. gratefully acknowledges Dr. M. Meyyappan for mizations of the smaller cluster, where the cluster geometry

fruitful discussions and continuous encouragement during,ag essentially unchanged by the presence of the Mg ada-
the course of this work, and is thankful to Dr. T.R. Govindanigm.

for advice and encouragement.

APPENDIX B: SELF-CONSISTENT

APPENDIX A: Ab Initio CALCULATION OF BINDING TIGHT-BINDING METHOD

ENERGY

. Adatoms are denoted by 0, the nearest neighbors by 1,
~ Our preliminary model for hydrogenated Sil11)  znq the second-nearest neighbors by 2 in a unit cell, where
is SHyp, which is a six-membered Si ring with all of |55 fwo belong to the substrate. There are six unknowgs,
the dangling bonds tied off with H atoms. This clustersl’ €5, Zo, 23, andz,, wheres,'s are diagonal elements and

Q?C;srr?sgg nsa/rtl;]rpee:rgegggdrg;/r:rsgri]tastor:ﬁ\s/inv% ;hgst‘?msi;;f?ﬁg Q%é 's are net charges for atomafter self-consistent charge
) ' istribution. Original diagonal elemen#s"9's, equivalent to
;)hmetry at_ thetr?ec6o g(i'loéqer I\gogesri%iéiéMPZ) Iteg\ée_:_r?f atomic term values are modified t(};i’:if;ecause of;’s due
1eory using the b- ang ©-o. asis Sets. 1N€ 44 the Coulomb interaction. In turnz;’s reflect wave-
diffuse functions in the 6-314G* basis set make almost no unction amplitudes and have to be determined self-
d|fference in the geometry. Mg |s_addgd alqng the thr?‘\efOchonsistently bye,’s and V;;'s, off-diagonal elements be-
axis and the geometry of the entire;8i,Mg is fully opti- tween atoms andj. Using”a bond-orbital approximatidn

mized at the MP2 level. The &, geometry is virtually : : P X 3
unchanged by the addition of the Mg, but they show a dis—and appropriate linearizatidi, we express this  self

crepancy of around 20% in the binding energy. Neither Ofcon5|stency by
these two basis sets is expected to yield an accurate Mg

= gOng . ) i=
binding energy without some cancellation of errors for this ei=&j ~TCioZotCinZy+CixZ, (1=0,1,& 2),
weakly bound system. Recently Two and Pasuggested B
that bond functions were a very cost effective way to com- 2o=(e1=€0)/Vaou,

pute accurate bond energies for weakly bound systems, pro-

vided the results were corrected for basis-set superposition  z;=(go—e1)/(2Vg) +(e2—€1)/(2V1)),

error. Our recent resufts support this observation and the

addition of bond functl_ons is the ap_proach that we use in this Z,=(g1—£)/(2V1y).

work. The bond function set consists of three sp functions

with exponents of 0.9, 0.3, and 0.1, twidunctions(0.6 and  ¢;; represents the Coulomb interaction for atondue to
0.2 and anf function (0.3). We note in passing that we also chargez; reflecting their distance, and this includes the intra-
tried density-functional theoryDFT), but the Mg interaction atomic (charging and interatomidMadelung interactions.
energy was very small since DFT is unable to accuratelNecessary tight-binding parameters for H are taken from
describe the van der Waals interaction. The DFT calculaRef. 24 and those for Ge and Si from Ref. 13. Once all the
tions, like the MP2 calculations, were performed usingconstants are determined, numerical solution is easy after a
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