Doping scheme of semiconducting atomic chains
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Atomic chains, precise structures of atomic scale created on an atomically regulated substrate
surface, are candidates for future electronics. A doping scheme for intrinsic semiconducting Mg
chains is considered. In order to suppress the unwanted Anderson localization and minimize the
deformation of the original band shape, atomic modulation doping is considered, which is to place
dopant atoms beside the chain periodically. Group | atoms are donors, and group VI or VIl atoms
are acceptors. As long as the lattice constant is long so that thieand crossing has not occurred,
whether dopant atoms behave as donors or acceptors is closely related to the energy level alignment
of isolated atomic levels. Band structures are calculated fopBtype) and Cs-dopedn type) Mg

chains using the tight-binding theory with universal parameters, and it is shown that the band
deformation is minimized and only the Fermi energy position is modified.1998 American
Vacuum Society.S0734-210098)59003-3

[. INTRODUCTION cause a serious deformation in the band structure, and may
result eventually in a different material with little relation to
When the transistor size is reduced beyondni, there  the original. In order to overcome this dilemma, atomic
arise a lot of unwanted effects which will lead to malfunc- modulation dopmg is considered, which is to p|ace dopant
tioning of the devices. It has been pointed’aiiat the spa-  atoms beside the chain periodically.
tial fluctuation of dopant atoms would be a serious problem The energy level ordering of Mg and the dopant atom has
in the 0.07um gate length regime. The number of dopanta close relation for longl where thes-p band crossing®®
atoms in the channel in such a small device is typically lessas not occurred. This is in sharp contrast to the usual doping
than 16 and electrons see discrete dopant atoms that argy macroscopic Si, where the number of chemical bonds
scattered randomly inside the channel. This causes signifiecides whether the dopant is an acceptor or a dditas
cant deviation in input/output characteristics from device toshown that group | atoms serve as donors and group VI and
device even though devices are designed to be the same, thy§ atoms serve as acceptors. In the following, the doping
placing limitation for integration. Controlling dopant posi- scheme is discussed in detail, with examples of band struc-

tions within atomic scale accuracy is practically impossible.tyres for Mg chains calculated using the tight-binding theory
A fundamental solution to the above problem is to creatgyith universal parametefs’

electronics with simple but atomically precise structur%s us-
ing rapidly advancing atom manipulation technoldgy.
Ag)micpchgin eIectron?SSfalls into thiz category. Foreigril Il. s-p BAND CROSSING AND METALLIC/
atoms are placed as adatoms on an insulating substrate sﬁngCONDUCTING ELEMENTS
face. The surface is atomically flat, regulated by surface re- As long as a system has periodicity and a one-electron
construction, for example, and provides a two-dimensionapicture prevails, the behavior of the electronic states as the
periodic potential to hold adatoms. We manipulate the latticdattice constantl is reduced from infinity can be classified to
constantd in these adatom structures, usually in the rangesome prototype patterns depending on the symmetry and
longer than the natural one, and design the electronic progtimension®®~® When d is large, the energy levels are in
erties. Such longd is necessary to eliminate the possible principle those of isolated atoms, e.g., silike state and
spontaneous deformation such as dimerization, but the eletiaree p-like states per atom, in addition to the stable core
tron wave still can spread over an entire structure coherentlystates. Ad is reduced, the band widths become wider and
as demonstrated in Ref. 4 where a Bloch wave was observegider, and at some stage they are so wide that one of the
along a dangling bond chain. upper bands and the lower band touch. This is cadiqu

It has been shown theoreticallihat Si chains are metallic band crossing. With further reduction thseveral scenarios
and Mg chains are semiconducting, regardlesd.dh order  are possible:(1) in diamond-structure crystals, these two
to create electronics, it is mandatory to establish a dopindgpands stick together and a new band gap appears changing
method for semiconducting Mg chains, but it is not straight-the partition of states, two lower states and two upper states,
forward. The random replacement of Mg atoms with dopantdue to thesp® hybridization®~® (2) in one-dimensional
atoms will result in unwanted Anderson localizatowhich  chains, the two bands repel each other to reopen a gap, with-
localizes electrons in solids and is most marked in a oneeut changing the number of upper and lower stdté); in
dimensional system. However, periodic replacement willtwo-dimensional square arrays, the two bands overlap sig-

nificantly, and there appears a large unified allowed energy
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Using the tight-binding theory with universal 2.0 @ ®) ©
parameter&? it has been showhthat Si chains are always intrinsic
metallic with the band crossing dt=2.7 A, while Mg chains
are always semiconducting with the band crossind-aé.2
A. This can be understood based on the fact that the highest
occupied molecular orbitdgHOMO) in a Si atom is P and
is partially filled while the HOMO in a Mg atom iss3and
fully filled, and the band structure of the chain follows sce-
nario (2) asd is reduced.

Br

[ll. ATOMIC MODULATION DOPING OF Mg CHAINS

Having found metallic and semiconducting elements, it is
important to establish a scheme to fopn or n-type semi-
conductors. The typical doping concentration for modern Si
devices is so smallat most~10?° cm?, only ~0.1% are
dopants that the original Si band structure does not undergo
major modifications. The doping changes the Fermi energy
position and keeps the band shape the same, except for minor
effects such as band gap narrowiig.

In atomic chain electronics, the ratio of dopant atoms to
the host chain atoms may not be extremely small since a
chain will be formed with preferably less than?18toms. 8.0
Adoption of only one dopant atom per chain will destroy
translational symmetry in the system and create a large pag«c. 1. Band structures of Mg chains with lattice constagt5 A for
tential barrier, which is not appropriate. Placing multiple different doping schemesa) instrinsic chain,(b) Br-modulation doped
dopant atoms randomly will cause the onset of unwantetg'tyloe chain with chain-dopant separatiog=5 A, and (c) Br-directly
Anderson localization.The electrons spatially localize in the opedp-type chain.
random potential created by dopant atoms and the resistance
exponentially depends on the chain length under the coherent
limit. Even if not all conditions for the Anderson localization
are satisfied, there would still be a significant degradation irwhere an acceptor atom Br is placed at one side of every
transport due to the random doping. This point has beethird Mg atom 5 A apart laterally, normaly direction to
elucidated experimentafty using a two-dimensional elec- chain. All Br related bands are so dee, 3-27.0 eV} and
tron gas, where two doped samples were compared, one wip (—12.4 eV}, that they cannot even be seen in the plot.
spatially correlated dopant configuration and the other wittEach Br atom accepts approximately one elecftess than
random configuration, and a clear mobility enhancement foone practically due to the Coulomb interaction as discussed
the former was observed. Therefore, we must dope periodiaten to form fully filled 3p bands. the degeneracy in the
cally. However, if we simply replace chain atoms with dop- band is slightly lifted, but the band deformation is minimized
ant atoms periodically, dopant bands will appear and changeand only the Fermi energy positidhroken ling is modified.
the original band structure qualitatively. In order to over-The periodN=3 introduces small band gaps opening at the
come this dilemma, atomic modulation doping is consideredzone edges, on the order 6fL0 meV. Because of these band
Dopant atoms are placed laterally, beside the Mg chain atgaps, the valence band is divided into three, and the upper-
oms at even\N period. Because dopant atoms do not directlymost valence band is exactly half-filled. The system will not
constitute the chain, the band deformation is minimized andlways be vulnerable to the Peierls or Mott transitiths,
the structure is still periodic. known as insulator transitions. In fact, if we increase the

This ideal is demonstrated using the tight-binding theoryperiodN or the chain-dopant separatidy, it is eventually
with universal parametefs’ Figure Xa) shows the band possible to eliminate the small band gaps and make these
structure of an intrinsic Mg chain with the lattice constanteffects irrelevant. We have satisfied the requirements of dop-
d,=5 A (x along the chaih a unit cell is assumed to contain ing, to modulate the Fermi energy position without changing
three Mg atoms, so tha€= =/(3d,), and thus original Mg the band shape. Figuréc) shows the band structure of di-
bands are folded three times without any band gaps at thesct doping, where every fourth Mg atom is replaced by a Br
zone edges. The lower bands originated fromsSand 3,  atom, preserving the same doping densitylasThe degen-
orbits are completely filled. The upper bands, separated witkracy in ther band is not lifted because of the symmetry in
the only band gap, are completely empty and consist @f a they andz directions, but wide band gaps open at the zone
band originated from 8 and 3,, and a degenerate band edges and there is very little correlation to the originalan
originated from $, and 3, normal to the chain. Figure(li) resulting in a different material. Although the Anderson lo-
shows the band structure under atomic modulation doping;alization is avoided, all bands have a significantly flatter
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and lower dopant levels have three and one states, respec-
tively, but after the crossing, the states an@ hybridized

2 ach Al s-p crossing and there are two states for each. Once the crossing occurs,
\ ~J2 L Al3p the memory for the energy level ordering in isolated atoms is
NN B 3o Si 3p totally lost.
~ o T----3"""P3p We have emphasized using a long lattice constant in

g atomic chain electronics for the mechanical stability, and for-

Si3s tunately this now makes the dopant selection much simpler
P 3s for the reason above. We need to choose a donor atom with
its HOMO shallower than the conduction band minimum,
and an acceptor atom with its HOMO deeper than the va-
lence band maximum. Judging from this criterion, group |
small d large d atoms are donors, and group VI and VIl atoms are acceptors,
> somehow reminiscent of the dopant selection for polyniérs.
The band deformation has to be minimized. Thus, Cs will be
the best donor, since itssHOMO level of —3.37 eV is the
shallowest in group (except for unfamiliar Br. This HOMO
Fic. 2. Dopant I<_ave|s. in'diamond—structure Si as af_unction of lattice con-jave| is within the conduction band of a Mg chain with a
stantd. Dotted lines indicate Al levels and broken lines P levels. Shades_ . . . .
correspond to allowed energy regions, where electrons are filled in théyp'cal lattice constant, e.g. S A’ causing some disturbance
darker shades. The number of states is indicated per atom of interest. ~ for the = bands but practically no serious effects overall.
There are much wider choices for acceptors, since HOMO
levels in group VI and VIl atoms are quite deep, far below
. . - . . —10 eV. F may be the most preferable with the deepest
dispersion compared t@), and this is certainly not benefi- HOMO in group VI, but Cl, Br, or S will also be fine. It

R 3
cial for transport hould be emphasized that the usual argument of counting

One may wonder how to find acceptors and donors, anﬁqe number of chemical bonds does not wdekg., group |

how the dopant levels in a chain or a crystal are correlated t?itoms are not acceptors and group Il atoms are not djnors
the isolated atomic levels. For this problem, the diamond- P group

structure Si crystal serves as an instructive example. It i?nd the dopant levels are not within the band gap, either.

known that group Ill atoms such as Al become acceptors, The reason for this unfamiliar dopant level position is

while group V atoms such as P become donors when subst?—mirely due to the choice of large lattice constant, and has

tutionally doped This is understood by a usual argument of nothing to do with the one dimensionality. Figure 3 shows

counting the number of chemical bonds: an Al atom has onéhe dopant positions of K-doped Mg chains: a dense chain
g ith d,=3 A, (a) intrinsic (reference and (b) K doped with

less chemical bond than a Si atom and thus behaves as &ﬁt

acceptor whit a P atom has one more chemical bond andly =3 A; a sparse chain wittl,=5 A, (c) intrinsic and(d) K

thus behaves as a donor. The energy levels align as the SPPed W'thdg_:5'5 A, so that we scale the structure in all
conduction band, the P donor level, the Al acceptor |eve|g|rect|§)n53 is smaller than the Mg chain crossing point of
and the Si valence band in the descending of@ath donor 42 A? but would also be smaller than the natural Mg-K
and acceptor levels are located inside the band gap. HovfliStance, so that the plots should be considered a gedanken
ever, the HOMO levels of isolated Al and P atoms align aseXPeriment. In a dense chain with=3 A, an additional
Al3p (=5.71 eV}, Si3p (—7.59 eV}, P 3p (—9.54 eV}, and fairly flat band appears around5.2 to —5.3 eV inside the

Si 3s (—14.79 e\ in the descending order. Not only Al and band gap, and is identified as a dopant lefagtow. In a

P levels are reversed in the Si crystal, but Al B not even  Sparse chain witd,=5.5 A, the dopant level appears around
located between Sis3and Si P levels. This intriguing be- —4.2 €V, and is, this time, within the conduction band. The
havior is exp|ained with ths-p band Crossing_ Figure 2 dopant level is within the conduction band in the sparse
schematically shows how the atomic Si levéslid line9 chain but can move into the band gap in the dense chain if
are modified to form bands, together with dopant levett- ~ We go beyond the-p band crossing.

ted lines for Al and broken lines for)Pwhen the lattice It is recommended that the dopant atoms be placed far
constand is reduced from infinityscaling in all directions ~ apart from the chair(increase the chain-dopant separation
Shades correspond to allowed energy regions, where eley) to minimize the band deformation. Figure 4 compares the
trons are filled within the darker shades. The number oband structure of Br-doped Mg chains with the saipe5 A
states is indicategoer atom of interestand the partition but differentd, : (a) 4, (b) 5, and(c) 6 A, respectively. The
weight for Si bands and dopant levels is not considered. Bedeformation can be seen in the band gaps at the zone edges,
cause of the usual thin, random doping, the dopant states aaad clearly decreases for widey. We can use the probabi-
discrete and only null momentufh) is allowed.s lines atI’ listic interpretation of wave functions and estimate the effec-
tend not to cross one another apdines atI’ tend not to tive charge. Within the current calculation scheme using the
cross one another, either, and therefores-amband crossing free-atom term valuegeglecting Coulomb interactipnthe
occurs for Al and P levels, respectively. Originally, the upperresults arga) Br: —0.960, Mdl): 0.330, Mdll): 0.315,(b)

P s-p crossing

natural|d
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Fic. 3. Dopant level positions in Mg chains: small structures with lattice Fi. 4. Band structures of Br-doped Mg chains with the same lattice con-
constantd,=3 A, () intrinsic and(b) K-doped with chain dopant separation satntd,=5 A but different chain-dopant separatias: (a) 4, (b) 5, and(c)
d,=3 A; large structures witl,=5.5 A, (c) intrinsic and(d) K-doped with 6 A

dy=5.5 A.

Br: —0.984, Mdl): 0.332, Mdll): 0.326, and(c) Br: 7.28/3=2.43 eV for Mg? while the typical Madelung en-
—0.993, Mdl): 0.333, Mdll): 0.330, where M()) is the ergy, e.g., fod,=5 A, is —2.34,—0.650, and—0.137 eV for
atom beside the Br atom and Mbs are the remaining two Br, Mg(l), and Mdll) assuming that the charges aré, 1/3,
atoms in a unit cell, and the charges are normalized to thand 1/3, respectively. Since the Madelung energy is not large
unit charge. The total charge is conserved within a unit cellenough to cancel the charging energy for this lahg the
We can observe a clear tendency for the dopant atom to bese of free-atom term values throughout the calculation is
more charged for wided, , which may seem puzzling at first not quite appropriate: the problem will have to be solved
glance. However, a similar phenomenon is well known in aself-consistently. This has not been done, but the qualitative
diatomic molecule, which can be analyzed using the tightresults would remain the same due to the extremely shallow
binding theony? If two atoms|a) and|B) have an isolated or deep HOMO levels in donor or acceptor atoms, respec-
energy levelE, andE; (2V3=Ez—E,>0), respectively, tively.
and interact with(e|H|B)=(B|H|a)=V,, then the probabili- So far, we have assumed three Mg atoms and a dopant
ties to find an electron on atomsand 8 are expressed by atom per unit cell. We can increase the perlddand this
(1+ap)/2 and (1- a;)/2, respectively, wherezp=V3/(V§ reduces the band deformation, simply because the dopant
+V3)¥2. Widening d, corresponds to decreasing while  atoms are more distant. For peridd doping with group |
fixing V3, and this makes, approach unity, and the atoms atoms, thes- and 7-conduction bands are folded intd,
are more charged. Widek, decreases the band deformation respectively, with small band gaps opening at the zone
and would be preferred, although too widg beyond some edges. The lowest conduction bandriand is half-filled. For
threshold would practically result in inefficient charge trans-group VII atom doping, ther-valence band is folded intd
fer. The uppermost valence band is always half-filled regardand the upper-most valence band is half-filled. For group VI
less ofd, . atom doping, the uppermost valence band is completely
We may need to consider the influences of Coulomb inempty and the rests are completely filled. By adopting large
teraction. The charge transfer from Mg atoms to Br atoms\, we can also avoid the unwanted insulator transitions, due
would change the atomic levels of Br and Mg effectively to the Peirels transition for group | and VII and due to the
(intra-atomic repulsion which is modified by the Madelung formation of band gaps for group VI.
interaction(interatomic attraction®'? The substrate support- Figures %a) and b) compare the band deformation of
ing the atomic chain will cause relaxatidmnd this form of ~ Br-dopedp-type Mg chains with the sama,=d,=5 A but
Coulomb interaction will be discussed in Sec. IV, but nota different periodN=3 and 6, respectively. The Brillouin
here. The Coulomb charging energy is 9.78 eV for Br andzone in(b) is half of (a) and the number of dispersion curves
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2.0 fer between chain and dopant atoms will be modified with

(@ (b) © (@ : . . .
Br the Coulomb interaction but is would not change the quali-
tative results here.

Since chain and dopant atoms, adatoms, are charged in
the current doping scheme, one may think that there would
be Coulomb forces among adatoms, and they might be dis-
placed from their ideal positions. We may be able to avoid
this in a realistic situation where adatoms are placed on a
substrate. A charged adatom on top of the substrate will cre-
ate an electric field and polarizes the surrounding substrate
atoms. This polarization in turn attracts the adatom towards
the substrate. We can view this process as a formation of an
image charge and a resulting image force. In fact, the image-
charge concept prevails even in atomic dimenstoasd has
been applied to several surface problems successfully with a
macroscopic dielectric constalftWe demand that the image
force be more dominant than other Coulomb forces to keep
the ideal positions. This condition will be satisfied when the
image charge is placed more closely to the original than any
others(hence again prefer a chain of a long lattice congtant
and the ratio of the image charge to the original,
—1)/(eguy+1) is large, close to unitythus prefer a large

-8.0 = XT X T XT X dielectric_: constar!te_syt). A H-terminated_ Si reconstructed
N i surfacé is a possibility, where all dangling bonds are satu-
Fic. 5. Band structures of Mg chains with the same lattice constan A . .
and chain-dopant separatialy=5 A but different doping period: Br rated. with _H atoms and the adatoms do not form Ch?m'ca'
doped,(a) 3 and(b) 6; Cs doped(c) 3 and(d) 6. bonding with the substrate atoms. Neutral adatoms will stay
at the minima of a two-dimensional van der Waals potential.
Charged adatoms will also be confined at the minima but

is double. The band gaps at the zone edges clearly reduce \IAI!]Ith the help of an image potential, estimated to be several

(b). For example, the band gap Biaround—6.7 eV is 23.6 eV in_this atomic dimension: owing to largg,, (11.7) in Si.
meV in (a) and 1’2'9 meV inb). Adopting further largeN The image charge formation will eventually double the

will eventually eliminate these small gaps, and the nature O]f\/ladelur}g energy pompared to the estimation in ”.I’ and can-
the half-filled band is less and less important. Figurés 5 cel the intra-atomic Coulomb energy more effectively. One
and 5d) are the same plots for Cs dopaetype cases, and may concern whether the strong potential to hold adatoms
again the largeN reduces the band deformation. The atomicv.vIII change t.he predicted  chain properues,_ even qgallt_a—
HOMO level of Cs is—3.37 e\? and the corresponding dop- tively. This will not happen as long as chemical bonding is
ant level is located around-3 eV The dopant level is not formed, since the potentiéhe intra- and inter-atomic
inside the conduction band and this causes large deformatidnPUlomp interactions as welf will, at most, modify the

for the = band but may not be harmful for device applica-

AN\

Energy (eV)

atomic levels(es and ep)8 deciding the band positions with
tions since it does not introduce any new forbidden regiond€SPect to the vacuum level but will not alter the interatomic
in the conduction band. interactions V,-,)° deciding the band widths, in a simple
chain geometry before the p crossing has occurred. With-
out chemical bonding, low temperature environment is pre-
ferred to suppress thermal vibrations of adatoms and sub-
IV. SUMMARY AND DISCUSSIONS strate atoms.

It is shown that intrinsic semiconducting Mg chains can For a maximum stability of adatom positions, we may
be doped with an atomic-modulation-doping scheme, whictseek a scheme to allow chemical bonding with substrate at-
is to place dopant atoms beside the chain periodically. Thi®ms. We may adopt a regulated Si surface with unused dan-
scheme controls the Fermi energy position with negligiblegling bonds being properly saturated with H atothéda-
band deformation, achieving the purpose of doping. As longoms are forced to forrap® orbitals that are exclusively used
as the lattice constant is long so that # band crossing for covalent bonding with substrate Si atoms, and only the
has not occurred, group | atoms are donors with their HOMO¢emainings andp orbitals, not the full set o§ andp orbit-
much shallower than the conduction band minimum, andals, decide the chain properties. Therefore, even a basic con-
group VI and VIl atoms are acceptors with their HOMO clusion such that Mg chains are semiconducting will undergo
much deeper than the valence band maximum. This is demmodification since the treatment has so far consistently as-
onstrated with the tight-binding calculation with universal sumed no forced p® orbitals. The same chains may turn out
parameters using free-atom term values. Actual charge trant be metallic or semiconducting depending on the number
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