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The investigation of electron transport processes in nano-scale architectures plays a crucial role in
the development of surface chemistry and nano-technology. Experimentally, an important driving
force within this research area has been the concurrent refinements of scanning tunneling microscopy
(STM) techniques. The theoretical treatment of the STM operation has traditionally been based on
the Bardeen and Tersoff-Hamann methods which take as input the single-particle wave functions and
eigenvalues obtained from finite cluster or slabs models of the surface-tip interface. Here, we present
a novel STM simulation scheme based on non-equilibrium Green’s functions (NEGF) and Wannier
functions which is both accurate and very efficient. The main novelty of the scheme compared to the
Bardeen and Tersoff-Hamann approaches is that the coupling to the infinite (macroscopic) electrodes
is taken into account. As an illustrating example we apply the NEGF-STM method to the Si(001)-
(2x1):H surface with sub-surface P doping and discuss the results in comparison to the Bardeen and

Tersoff-Hamann methods.
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1 Introduction

The past decades have witnessed substantial advances
and considerable technical progress in the field of STM.
Its applications, consequently, have extended far beyond

the original function of mapping surface topography, now
encompassing a wide range of engineering and analyti-
cal areas [1-8]. As the STM tip provides direct access
to individual atoms or molecules in real space, one of
its most innovative applications is to construct artificial
nano-structures by means of “bottom up” fabrication on
metal or semiconductor surfaces. The electronic proper-
ties of these nano-scale architectures can then be inves-
tigated by STM measurements. The major impetus of
these studies arises from the ambitious goal of replacing
conventional semiconductor devices with future molecu-
lar electronics. As the device features today have shrunk
to the size of 10-100 nanometers, classical models like
the Ohmic conductance relation,

G=0A/L (1)

where G is the conductance, o the conductivity of a con-
ductor of length L and cross section A start to break
down. Consequently, the working principles of desired
device characteristics must be based on completely new

ideas. This represents a profound scientific challenge.
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One of the key problems in this field is to obtain a
fundamental understanding of the electronic structure
and conducting properties of semiconductor based nano-
structures. Due to the complexity of the studied systems
in terms of both electronic structure analysis and elec-
tron transport measurement, the collaboration between
experiment and theory becomes necessary to arrive at
successful interpretations of experimental observations.
An accurate STM simulation provides not only the in-
sight on the origins of observed image contrast, but also
sheds light on the energy landscape governing the work-
ing principles of device systems.

In this paper, we first discuss to some extent the com-
monly used Tersoff-Hamann (TH) and Bardeen meth-
ods [9-13]. Their characteristic working principles and
limitations are presented in relation to actual applica-
tions of the models. In practice these simulation meth-
ods are implemented using wave functions obtained from
finite cluster or slab calculations. This introduces a need
for artificial broadening of the discrete energy levels —
a technique that can affect the result of the STM sim-
ulation. During the past few years, we have therefore
developed a more complete, first-principles STM simula-
tion scheme based on non-equilibrium Green’s functions
(NEGF), which provides a unified description of the elec-
tron transport through the whole STM circuit, consisting
of substrate, interface, vacuum, interface, and tip.

The problem with the NEGF transport method as im-
plemented in a number of existing codes (see Ref. [14],
and references therein) in the context of STM operation
is the need for positioning the STM tip at an arbitrary
offset with respect to the surface plane. This together
with the fact that tip and sample materials are in gen-
eral different, makes it highly problematic to represent
the combined substrate-tip interface within the same su-
percell. Therefore, our method deviates from the usual
L-C-R setup applied in standard NEGF transport calcu-
lations, in that it models the tip and substrate as two sep-
arate systems in thermal equilibrium and treats the cou-
pling between these perturbatively. The Green’s func-
tion of these semi-infinite systems is obtained once and
for all at the beginning of the simulation. We use Den-
sity Functional Theory (DFT) to model the electronic
structure of tip and substrate, and represent the Hamil-
tonian, self-energies, and Green’s functions in terms of
atom-centered Wannier functions. As the tip is scanned
over the surface only a small number of coupling matrix
elements has to be calculated which can be easily done
on-the-fly.

2 Electron tunneling theory: The traditional
approach

In general, a complete single electron transport process
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in an STM operation can be divided into three elemen-
tary steps:

1) Propagation of the electron from the bulk of the

sample material to the surface—vacuum interface.

2) Tunneling over the vacuum region between tip and

surface.

3) Transport of electron from tip-vacuum interface

into the bulk of tip material.

In the simplest case, the electron transport in the first
and third step can be regarded as due to free electron
modes. The value of tunneling current is then propor-
tional to the probability of finding the surface electron
in the tip apex region. If the electron—electron inter-
action can be ignored, and the potential barrier in the
vacuum region has a constant value U, the electron can
be described by a single particle Schrodinger equation:

R? d?

S 2mdz?
Here, z indicates the distance of electron from the sam-
ple surface. In the classically forbidden region (E < U),

it is known that the surface states decays exponentially
with a constant exponent:

¢(z) = ¢(0)e™"* (3)
k= /2m(U — E)/h is the decay constant of the elec-

tron state, and for states at the Fermi level it is related
to the square root of the work function. In the Tersoff—
Hamann model, the unknown tip electronic structure is

P(2) + Udp(z) = Ey(2) (2)

approximated by an atomic s orbital which has the same
work function as the sample. As a consequence, there is
a non-vanishing probability |5, (0)e=2%%| for a surface
electron from the nth state ¢5, with energy E; to tun-
nel into the corresponding tip state. Assuming that the
bias voltage is very small so that the electronic properties
of tip and sample are not affected, the tunneling current
can be evaluated from the Tersoff-Hamann formula [9,
10]:

Esn <Ep

D

Es, >Er—eViias

1(z) o [¥(2, Bs,)I” (4)

where Er denotes the Fermi level of the sample sur-
face states. In practice, the obtained tunneling current
map from the TH model is simply the Local Density of
States (LDOS) of the sample at the Fermi level. In par-
ticular, the electronic structure of the tip is completely
disregarded. Due to its simplicity, the Tersoff-Hamann
method has been incorporated into most existing DFT
codes. Figure 1(b) shows an STM simulation of a hydro-
gen terminated Si(001)-(2x1) surface with the Tersoff-
Hamann method. Despite the fact that the TH method
cannot explain the origin of atomic resolution in STM
measurements, it often provides a fairly good qualitative
prediction of the experimental observations [15].
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In reality, however, the work functions of tip and sam-
ple are different, and the decay of the electrons states is

Fig. 1 (a) A hydrogen passivated Si(001)-(2x1) surface. The
small white circles represent H atoms while the yellow circles are
Si atoms. (b) Simulated STM image with the Tersoff-Hamann
method, Viias =—1.6 V.

not constant. More importantly, a large number of ex-
periments show that the tip effects can play a vital role in
the STM imaging process. A typical example is shown in
Fig. 2 [16]. In this case the adsorbed perylene molecule
on an Ag(110) surface is imaged with a clean tungsten
tip and a tungsten tip with an attached molecule. In
the first case, perylene molecules appear as four bright
lobes, seen in Fig. 2(a). However, if this STM tip had
been functionalized by a molecule, the molecular eigen-
states have a vanishing overlap with the states of the
molecule attached to the STM tip. As a consequence,
only the substrate surface states are imaged, while the
molecules, due to charge transfer between surface and
adsorbed molecules, appear as depressions.

Fig. 2 (a) High resolution STM image of 1ML perylene
molecules on a Ag(110) surface with a clean W tip, Vpias =
—1.8V,I =90 pA. (b) STM image of low coverage of perylene on
a Ag(110) surface with a functionalized STM tip, Vpias = —1.5 V,
I = 149 pA [16].

If we assume that the tunneling current will be deter-
mined by electron transport in the vacuum region, and
make no assumption about the tip orbitals contribut-
ing to the tunneling process, then tip effects can be in-
cluded by the Bardeen approach [12]. In this case, tip
and sample surface are assumed to be sufficiently far
apart, so that the presence of the tip can be regarded
as a small perturbation of the electronic properties of
the surface. When the bias voltage is low, the tunneling
current can be regarded as the net effect of independent
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scattering events that transfer electrons across the tun-
neling barrier. Thus, instead of treating the combined
surface-tip system as one quantum mechanical system,
the Bardeen approach takes the electronic structures of
the two subsystems separately and then calculates the
electron transfer between the tip and surface using time
The method is based
on four assumptions: (i) the surface—tip interactions are
very weak, (ii) the electron—electron interactions can be
neglected, (iii) occupation probabilities of the surface
and the STM tip are independent from each other and do
not change during tunneling and (iv) the eigenstates of
the two electrodes are approximately orthogonal. These
assumptions allow us to state that the electrons are gov-
erned by the following single-electron Hamiltonian:

H=H,+Hrp+ Hr (5)

dependent perturbation theory.

Hr is called the “transfer Hamiltonian”. It describes the
elastic transport of electrons from one lead to the other.
Hy and Hp are the left and right lead Hamiltonian re-
spectively, they are defined as:

Hu = — 3 V(r) + Vi (r)(r) (s
and
Hi = =5 F20(r) + V(r) ¥ (r) (7

Here, Vi(r) = V() for 7 in the left lead region and the
vacuum. Correspondingly, Vr(r) = V(r) for r in the
right lead region and the vacuum. Based on first-order
perturbation theory, the probability of elastic tunneling
from state v, of the left lead to the right lead is

27
P = T Z |Muu‘25(EL,u - ER,V) (8)

where the matrix element M, is expressed by

My = (xv|H — Hp|[y) (9)
At the right lead, H = Hp, we therefore can write

Moo = [T~ Hu 8 — Gl

ZAWﬁ%—ﬁ%ﬂwWﬁﬁ

+Yux; Ery)d’r (10)

As we are interested only in elastic transport (Fr, =
Er,), the second and last term in Eq. (10) cancel. Keep-
ing in mind that H = Hp at the right lead region, we
arrive at

ij@ﬁ%%—%%ﬁwr (11)

If we take the right lead as the STM tip and substitute
2

Hpg with —zh—mVQ + V(r) in the equation above, the tun-

neling matrix M, can be written as:
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h2

M = 50

| @9 - VoS (12)
Qr

Here, {21 represents the enclosed surface surrounding the
STM tip. In practice, however, it can be replaced by the
separation surface between the two electrodes. Taking
occupation probabilities into account, the tunneling cur-
rent can be written as [12]:

oo

= 4%6 [f(Ex — eV +€) = f(Ep +¢)

ps(Er — eV + €)pr(Er + €)|M,, (E)|*de  (13)

where f(E) = [l + exp(E — Er)/(kgT)]~! is the Fermi
distribution function while pg and pr denote the Densi-
ties of States (DOS) of the sample and tip respectively.

In Bardeen’s approach the wavefunctions of tip and
sample are calculated separately and kept fixed in the
following current calculations. In realistic situations,
however, as an STM tip moves very close to the sam-
ple surface or a large bias voltage is applied, the wave
functions of both sub-systems will be distorted and so
will their eigenvalues and occupation probabilities. As
a result, the application of Eq. (13) is inherently lim-
ited to STM simulations of low bias voltage and large
tip-sample separations. Despite these limitations, the
model has proved to be successful in a wide range of
applications and has become a fairly reliable method in
interpreting experimental observations.

Let us finally note that the derivation of the Bardeen
current formalism [Eq. (13)] is not unique [23]. Based
on multiple scattering theory, electron tunneling through
a vacuum barrier can be generalized by the Landauer—
Biittiker equation [24, 25]:

1= [ ael (s, ) — Flpr, )

Te[Dr(e)GR(e) I's (€) G2 (€)] (14)
Here, g and pr denote chemical potentials of surface
and tip respectively. G and G4 are the retarded and
advanced Green’s function of the vacuum barrier. I's, I'p
represent the surface and tip contacts, which are defined
by the difference between retarded and advanced selfen-
ergies of the corresponding electrodes:

Is =i[2E -x4], Ir=ink - x4 (15)

Palotés and Hofer have demonstrated that Eq. (14) and
Eq. (13) are equivalent at zero bias if the Green’s func-
tion of the vacuum barrier is approximated to zero order

[26]:
Gg()A)(rl, To,€) = Gg‘(A) (r1,72,€) + G?m)(rl, ra,€)
(16)

In higher order approximations of the Green’s functions
via the Dyson equation tip-sample interactions and mul-
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tiple electron pathways can also be taken into account
[27-30] In this case the tunneling process from the sur-
face to the STM tip can in principle be described with
arbitrary precision. However, the electron transport into
the leads of the STM circuit is not part of this multiple
scattering approach.

3 Complete electron tunneling model for
STM simulations

In practical applications of the Bardeen and TH methods
the wave functions, overlap matrix elements, and state
densities entering Eq. (13) are obtained from DFT cal-
culations where the surface and tip (if the tip is modelled
explicitly) are represented as finite clusters or slabs. The
fact that the real system contains infinite (macroscopic)
electrodes is then modelled by artificially broadening the
discrete energy levels to obtain a continuous DOS.

Rather than using wave functions, the transport the-
ory can be formulated in terms of non-equilibrium
Green’s functions (NEGF) which allow for inclusion of
infinite electrodes thus removing the need for artificial
level broadening [31-35]. As discussed in the introduc-
tion, the standard implementation of NEGF-transport
is, however, unsuited for STM simulations where high
efficiency for large and complex systems is crucial. Be-
low we describe how the NEGF formalism can be used in
conjunction with a Wannier function basis set to achieve
highly efficient and accurate STM simulations taking the
bulk nature of the electrodes fully into account.

We begin by making the following assumptions similar
to the ones underlying Bardeen and TH theory:

1) The tip and surface are weakly coupled so that the
effective potential of the combined tip+surface sys-
tem can be expressed as the sum of the effective
potentials of the separate systems. This assump-
tion also implies that the current can be calculated
to lowest order in the tip—surface coupling.

2) Electron—electron interactions in the tunneling pro-
cess are negligible so that the independent particle
approximation is valid.

3) Tip and sample are in their respective thermal equi-
librium at all times, i.e., injected hot electrons are
instantly thermalized.

4) The voltage drop due to the finite bias is located in
the vacuum region and does not affect the coupling
matrix elements.

Initially, the tip and sample surface are decoupled and
in their thermal equilibria with chemical potentials pr
and pg, respectively. In STM operation, as they are
brought close to each other, a net tunneling current
starts to flow provided that pur # ps. After a transient
period the current flow becomes steady. By introducing
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a basis set consisting of localized basis functions, the
Hamiltonian of the combined system can be written as:

H = Hg+ Hr + H" (17)

Here, Hg and Hr are the Hamiltonian operators for the
tip and sample, while H® represents the coupling be-
tween the two subsystems. In second quantization they
are expressed as:

Hg =Y Hijdd! (18)
i,jES

HT = Z Hijcicj- (19)
i,j€T

HY = 3" (Vyeld; + Vidle) (20)
€T, jes

The assumption of orthogonality of the basis functions
is adopted here to simplify the presentation. In practice,
however, most localized basis sets (including the Wannier
functions used in the present work) are non-orthogonal.
For an extension of the second quantization and NEGF-
transport formalism to non-orthogonal basis sets we refer
the reader to Ref. [22].

Note that V;; is the coupling matrix element for the full
Hamiltonian of the combined system, Vi; = (¢;|H|¢;),
i.e., including the potential due to both tip and sample.
It is equivalent to Bardeen’s transition matrix element
and expresses the transition probability from the jth ba-
sis function of the surface to the ith basis function of
the tip. The current flowing between the two systems
is given by the change of the number of electrons in,
e.g., the tip, I(t) = —e(Ny), where Np = Zichi is
the number operator. The time derivative can then be
evaluated from the equation of motion:

i%qH, Nrl)(®)

_1— g ]z

From this expression we identify the lesser Green’s
functions, G75;(t,t) i(cl(#')d;(t)) and G5(t,t)
i(d}(t’ )ei(t)). To lowest order in the tip—surface interac-
tion, V;;, we have the following relation for the (contour-
ordered) Green’s function

I=-—

5(0) = Vi (d] (B)ei(t)] (21)

Gsr(r,7) = / dr Gss(r,m)VerGrr(m, ™) (22)
C

GTs(T,T/)Z/dT1éTT(T,T1)VTséss(T1,7'/) (23)
c

where C' denotes the Keldysh contour and matrix mul-
tiplication in the basis function indices is implied. Here,
éss and G’TT represent the equilibrium Green’s func-
tions of the isolated semi-infinite surface and tip respec-

tively. Applying the Langreth rules for converting the
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above expressions to the real time we obtain [36]
Gir(t.t) = [ anlGls(t.)VerGipn. )
+G5s(t 1) Ver G (tr, 1)) (24)
Gislt.t) = [ Al VesGis(01.)
+Gr(t, 0 VrsGis(ti, 1)) (25)

In steady state, the Green’s function will only depend
on the time difference ¢t — /. This allows us to make a
Fourier transform of the current formula from the time
domain to the frequency domain:

it

As G5y and G5g in Eq. (24) and Eq. (25) are lesser
Green’s functions in equilibrium, they can be expressed
in terms of the spectral function [27]:

Gir = fr(w)Arr(w)
G5s = fs(w)Ags(w)

where the spectral function A = i[GF —
sequence, Eq. (26) can be rewritten as:

/ dw[fs(w) — fr(w)]

Tr VSTATT( )VTSASS( )}

If the tip—sample coupling is weak enough, so that the
wavefunctions and eigenvalues of the two subsystems are
not distorted, the effects of a finite bias V' then enters
solely through a shift in energy of the surface eigenstates
relative to the tip eigenstates by an amount of eV. With
this approximation, the current formula becomes

VSTGTS( w) — VTSG;T (w)] (26)

(27)
(28)

G4]. As a con-

(29)

262 Ep+eV

I
h Jg.

Tr[Ver Arr(w — eV)VrgAgs(w)]dw
Because the spectral function Apr and Agg are inde-
pendent of the tip—sample configuration, they need to be
calculated only once in STM simulations. The retarded
Green’s function of, e.g., the tip is given by

é?T(W) =

where St and Hp are the overlap and Hamiltonian ma-
trices of the “active” part of the tip electrode (blue region
in Fig. 3) and X% is a self-energy describing the coupling
to the semi-infinite periodic bulk. The latter can be de-
termined iteratively by the decimation technique [37].

As the tip scans across the sample surface, the cur-
rent change is determined by the changes in Vg = VgT
which are given by

[(w+i0")Sy — Hp — BF(e)] 7! (30)

hQ
Virs,ij = (97 | — %VZ + %H(T)‘¢f> (31)
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where the effective potential is

Vet (1) = Vet s(7) + Vst (7) (32)
and

Vett,a (1) = Vitartree,a (1) + Vion,a (1) + Vica(r)  (33)
with a = S, T.

The derivations of Eq. (30) and Eq. (13) are based
on the same approximations, and it is straightforward to
show that the two conductance formulas are equivalent.
The spectral representations of the lead Hamiltonians
are

Hg = edldy (34)
k

Hp = Z e{c};ck (35)
k

Here, €, represents the eigenvalues of the isolated sam-
ple or tip Hamiltonians. The spectral functions are also
diagonal and are given by [38]:

Ass(k,w) = 2m8(w — €7) (36)

Apr(k,w) = 216(w — €}) (37)

Substituting Eq. (36) to Eq. (30) we recover Bardeen’s
formula:

4 2
I = W—evbias

- > Viw|*(Er — € )5(Er — )

kET,k' €S
(38)

When the assumptions of the Tersoff-Hamann model are
used, the tunneling matrix element is proportional to
the sample wavefunction at tip position z. The equation
above then leads to the Tersoff-Hamann current formula:

I x Z [k (2) 26 (Er — €7)

kes

(39)

As illustrated, the characteristic working principles
and limitations of Eq. (30) are identical to those of
Bardeen’s approach, but the description has been ex-
tended to a complete transport process by taking the
coupling to the macroscopic electrodes fully into account.
However, it should be noted that the NEGF formalism
requires a set of basis functions localized in the trans-
port direction in order to achieve the division into the
interaction region and leads, see Fig. 3. At present, the
most common choice to fulfill this requirement in first-
principles calculations are atomic orbitals. However, re-
cent work by Garcia et al. [39] has demonstrated that
a strictly localized basis, optimized from bulk calcula-
tions, is insufficient to describe the surface properties of
the sample, such as the electronic structure of the surface
states and the decay of wavefunctions into the vacuum
region. By contrast, first-principles calculations based on
plane waves and a grid basis are generally more accurate,
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but they do not lend themselves directly as basis sets for
transport calculations. An ideal approach is to generate
a set of localized orbitals (Wannier functions) from the
extended eigenstates obtained from a plane wave or grid
based calculation [18-21]. In this way accurate transport
calculations can be carried out at very low computational
cost [14, 17].

Semi-infinite tip Interaction region  Semj-infinite surface

My Hg

Fig. 3 A schematic representation of the combined tip and sur-
face system. The tip and surface electrodes are modelled as semi-
infinite bulk systems. The interaction region (blue area) includes
the vacuum region and the outermost atomic layers of the parts
of the sample and tip subsystems. Each semi-infinite lead is com-
posed of a non-periodic part and an infinite number of periodic
part of atoms.

4 Applications

4.1 Experimental background

STM has been used for the study of buried dopants in
silicon [40-43]. However, STM lithography [44] also al-
lows the possibility to position dopant atoms in silicon
with near atomic precision [45]. Recent studies have
adopted this technique to the fabrication of atomically
controlled dopant devices in silicon [8, 46, 47]. In these
experiments, the clean Si(001)-(2x1) surface is exposed
to atomic hydrogen so that all surface dangling bonds are
saturated by the formation of Si-H bonds, see Fig. 1(a).
In a second step, the STM tip is employed to selectively
desorb hydrogen atoms from the monohydride Si(001)
surface. The recreated Si dangling bonds then react with
dosed phosphine (PHg3) from the gas phase, leaving the
surrounding hydrogen terminated area intact. Annealing
the surface at around 350°C results in the incorporation
of P atoms from phosphine into the Si subsurface. The
precision lithography of 3 adjacent dimers individual for
placement of P atoms has also been demonstrated previ-
ously [45]. Once dosed and annealed to incorporate the
dopants, the surfaces are then encapsulated with epitax-
ial silicion to activate the dopant.

The electronic property of the buried devices can
then be investigated with STM techniques [43]. Because
the calculation of the tunneling current for this kind of
systems should include a complete electron transport
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process  (semi-infinite  substrate-interface-vacuum-
interface-semi-infinite tip), the prevalent Bardeen ap-

proach becomes unreliable.

Fig. 4 An STM tip is used to selectively removed the H atoms
on Si(001)-(2x1):H surface to form (a) a rectangular patch (b)
two parallel lines of surface dangling bonds and (c) five single H
atoms desorption sites. Vpias = +4 V and I = 1 nA [45].

In order to demonstrate the potential of this new STM
simulation scheme, we take a single P-doped Si(001)-
(2x1):H surface as a test system. Figure 5 shows empty
states and filled states STM imaging of the same area of
the sample [43]. The P dopant is known to be buried
several atomic layers below the surface. As can be seen,
the surface area above the P atom is imaged as a rectan-
gular protrusion at all biases. The bright peak extends
over two dimer rows in the [110] direction and about
three dimers in the [110] direction. This feature has been
frequently observed for buried dopant atoms beneath
Si(001)-(2x1):H surfaces, and can therefore be used as a
benchmark to identify the location of the dopant atoms.
Interestingly, the apparent height of this bright feature
decreases as the voltage value increases from 1.0 V to
1.6 V and fade out at =2 V bias. An STM simulation
of this bias-dependence of the imaging contrast is thus a
suitable challenge to the new method.

4.2 DFT calculations

The DFT calculations for the Si surface are performed
with the Vienna ab-initio Simulation Package (VASP)
[49-52] and the Grid-based Projector-Augmented Wave
(GPAW) code [53, 54]. STM simulations using the TH
and Bardeen approach are carried out using the BSKAN
code, which is described in Ref. [55]. In these calcula-
tions the LDOS and overlap of vacuum wavefunctions of
the tip and sample at the separation surface are calcu-
lated numerically based on the VASP results. The elec-
tronic structure calculations used as input to the new
NEGF-STM scheme are performed with GPAW. In all
calculations we use the LDA exchange-correlation func-
tional. We use a 400 eV plane wave cut off in the VASP
calculations and a grid spacing of 0.2 A in the GPAW
calculations. Because of the large size of the system the
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first Brillouin zone was sampled at the I'" point only.

T3
Distance /nm
Fig. 5 STM images of a single P-doped Si(001)-(2x1):H surface
[43]. The P atom is buried a few atomic layers beneath the sample
surface. In the empty states (+1.0, 1.2, 1.4 and 1.6 V) images,
the dopant feature appears as a characteristic glow. A line profile
shows that the brightness of the buried P atom superimposed on
the surface dimer structure increases with decreasing sample bias.
In the filled states (-2 V), the dopant feature is imaged as a very
faint protrusion. The two dihydrides at the left-bottom corner ap-
pear as small bright single protrusions at positive bias and double
protrusions at negative bias. The tunneling current is kept as 0.129
nA for all STM measurements.

Figure 6(a) shows the supercell used to represent the
P-doped Si film. The P atom is placed 6.6 A below the
top H atoms. The top three layers of Si atoms and all
H atoms were fully relaxed until the residual force was
smaller than 0.01 eV/ A. The non-periodic part of the
semi-inifite surface lead is illustrated by Fig. 6. A cou-
ple of convergence layers of silicion atoms (in red color)
are included to assure the convergence of the potential
inside the surface. All the atoms above convergence lay-
ers are referred as the non-periodic part of the surface
lead (see Fig. 3). The convergence layers are then cut
out and the surface atoms are extended with an infinite

The P atom

(a) (b)

Fig. 6 (a) The supercell used to describe the P-doped Si(001)-
(2x1) surfce with hydrogen saturation. The P dopant is located
6.6 A below the top H atoms. The atoms indicated by pink color
represent a principle layer. Atoms below this layer are replaced
by Si bulk for the transport calculation. (b) The Si surface cou-
pled to a semi-infinite Si bulk electrode as used in the NEGF-STM
simulations.
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number of principal layers from silicon bulk calculations.
The STM tip is modeled by a W(111) film composed
of three periodic layers along the [111] direction and a
small pyramid attached to one side, see Fig. 7. Atomic
relaxations in the tip calculation are limited to atoms in
the surface layer.

A principal layer

(a) (b)

Fig. 7 (a) The supercell used to represent the W STM tip. One
principal layer is indicated (pink colour). (b) Above this princi-
pal layer, the supercell is extended in the [111] direction by W
bulk. The semi-infinite W(111) tip is constructed by repeating the
principal layers to infinity.

4.3 Bardeen and Tersoff-Hamann models

The STM simulation using the TH model is shown in
Fig. 8. The position of the buried P atom is marked
with a blue circle. At short tip-sample distances (around
3.5 A), the TH model leads to surface topographies at all
biases [Fig. 8(a)—(c)]. However, when the tip-sample dis-
tance increases to about 5.5 A, the dopant induced mod-
ification on surface states becomes visible [Fig. 8(d)—(f)].
At +1.0 V, the H atom above the phosphorus appears
as a

(a) (b) (c)

(d) (e) (f)

Fig. 8 Calculated STM images with the TH model at short tip-
sample distances (about 3.5 A) (a)—(c), and larger tip-sample dis-
tances (about 5.5 A) (d)—(f). The values of applied bias voltage:
(a) and (d) Vhias = +1.0 V; (b) and (e) Vhias = +1.4 V; (c) and
(f) Vbias = —2.0 V. In all images, the position of the buried P
atom is marked with a blue circle.

small peak. TIts surrounding area is shown as depres-
sions; however, the dimers at the corners of the unit cell
are imaged as the highest protrusions. When the bias
changes to +1.4 V, we see that the symmetry of the
contrast changes dramatically. The surface area directly
above the P atom is now the highest peak. Its neighbour-
ing Si-H from the same silicon dimer is imaged as a hole
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while the adjacent dimer row appears a valley. At 2.0 V
voltage, however, the contrast of the calculated STM im-
age remain unchanged. Figure 9 shows STM calculations
at the same biases (+1.0 V, +1.4 V and —2.0 V) with
the Bardeen model. Not surprisingly, the obtained im-
ages qualitatively agree with the TH results at larger tip-
sample distances. However, the simulated STM images
from the TH and Bardeen methods do not fit the exper-
imental observations, as the surface atoms near the blue
circle should appear as bright protrusions at all these
biases.

(a) (b) (c)

Fig. 9 Calculated STM images with the Bardeen model. (a)
Viias = +1.0 V; (b) Vijas = +1.4 V and (€) Vijas = —2.0 V.
I = 0.1 nA is used for all simulations.

From the DFT calculations we know that the dopant
state is in the band gap of the Si(001)-(2x1):H surface
positioned about 0.3 eV below the conduction band edge.
The band decomposed charge density calculation allows
a view of the dopant states in the unit cell and quite
helpful in understanding the calculated STM images:

p(r) = [(n,r)]

Here, N represents the number of bands in the selected
energy window and n denotes band index. Figure 10(a)
and (b) show the calculated band decomposed charge
density of the P states in the band gap of undoped
Si(001)-(2x1):H. As can be seen, the states of the ex-
tra electron from P dopant are well confined below the
vacuum-sample interface and therefore do not directly
contribute to the Bardeen’s tunneling current. Figure
11(a) shows the site Projected Density of States (PDOS)
of top-most Si and H atoms of the doped and undoped
sample. The Fermi level of the undoped surface is used

o
b

8§ & Y

Lu:[lluj el L-[—HU]

(a) (b}
Fig. 10 The band decomposed charge density calculation shows
that the dopant states are confined below the top surface atoms,
and located around the P atom: (a) side view from [-110] direc-
tion, and (b) Side view from [110] direction.

(40)
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as a reference. As can been seen, the PDOS of the Si
and H atoms on the doped surface have some states in
the energy window of 0.2-1.5 eV relative to the Fermi
level. These states arise because of the long range effects
of the P dopant. The STM contrast obtained from the
Bardeen method in Fig. 9 is thus attributed to the indi-
rect effect of the buried P atom. The mismatch between
STM observation and the Bardeen model arises from the
incomplete calculation of the electron transport process.
As shown in Fig. 11(b), the dopant atom has a much
stronger effect on the Si atoms close to it. An immedi-
ate and important consequence is that when the electron
propagates from surface into bulk, the scattering prob-
ability is strongly dependent on the local environment
below the surface. The calculation of electron transport
inside the sample is thus the dominating step for evalu-
ating the tunneling current.

121
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— P doped surface
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Fig. 11 Site PDOS of (a) the top-most 16 Si and 16 H atoms of
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doped and undoped sample; (b) the four nearest neighbouring Si
atoms of the doping site.

4.4 NEGF-STM simulations

In this section we apply the NEGF-STM method to the
P-doped Si(001)-(2x1):H system. In order to fulfill the
basic approximation of weak sample-tip coupling, the
apex of the W(111) tip was always kept at least 5 A above
the top H atoms. The atom-centered Wannier functions
are generated from Bloch states of GPAW DFT calcula-
tions. All the eigenstates below an energy of Ex + 3.5
eV are included in the construction of the Wannier ba-
sis. The locality of the Wannier functions is exploited by
representing each basis function in a small box of dimen-
sions 10 x 10 x 10 A, see Fig. 12. Outside the box the
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Wannier function is set to zero. We have checked that
the results are converged with respect to the size of the
localization box. The Hamiltonian and overlap matrix
elements of two orbitals can be evaluated by considering
only the overlapping area of the corresponding localiza-
tion boxes, see Fig. 12. As the tip scans over the surface
only a small number of matrix elements, corresponding
to localization boxes with non-zero overlap, needs to be
calculated. The Green’s functions of the tip and sample,
GTT and éss, are calculated at the beginning of the
calculation using standard techniques, see e.g. Ref. [14].

G

(a) (¢)

Fig. 12 To reduce memory and computation cost, the localized
Wannier functions are truncated (set to zero) outside a small lo-
calization box. The calculation of Hamiltonian and overlap matrix
elements are efficiently carried out in real space by considering only
the overlapping region of the localization boxes.

The calculated STM images are shown in Fig. 13.
As can be seen, in the doped system, the surface atoms
above the P atom appear as protrusions at all biases,
marked with the red boxes in Fig. 13(a)-(d). As our
unit cell includes only two dimers rows and four dimers
in each dimer row, the contrast of the characteristic peak
is not very obvious. However, comparing the STM simu-
lations of undoped Si(001)-(2x1):H, seen in Fig. 13(e)-
(h), the doped surfaces appear brighter at all biases. The
image contrasts inside the red boxes in Fig. 13(a)-(d)
are smaller than those in the undoped Si(001)-(2x1):H
surface. This is also consistent with experimental re-
sults. Of importance, the increased image contrast has
also been seen at the edges of doped surface unit cell,
indicating the calculated characteristic protrusion is of
the same dimension as observed experimentally. Figure
13(i) shows a height-profile along the line indicated in
Fig. 13(a). The value of apparent height in the line-
profile is obtained by subtracting the average height of
clean surfaces at the same biases. The decrease of appar-
ent height with increasing bias voltage from +1.0 V to
+1.6 V has also been reproduced. In addition, Fig. 13(i)
shows that at —2.0 V, the apparent height of the bright
feature is almost the same as for the undoped surface.
This also agrees well with the experimental observations.

In order to understand the origin of the characteristic
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Fig. 13 STM simulation of a single P-doped Si(001)-(2 x 1): H
surface with bias voltage of (a) +1.0 V, (b) +1.4 V, (c¢) +1.6
V, (d) —2.0 V. and calculated STM images of undoped Si(001)-
(2 x 1): H surface at corresponding biases: (e) +1.0 V, (f) +1.4
V, (g) +1.6 V, (h) —2.0 V. The tunneling current is 0.1 nA for
all simulations. The position of the buried P atom in the doped
Si(001)—(2 x 1): H unit cell is indicated by blue circles and the
characteristic protrusions are marked with red boxes. (i) A height-
profile crossing the dimer row and above the buried P atom, as
shown in (a).

=
LA

protrusion for Si encapsulated dopant atoms, we per-
formed band decomposed charge density calculations of
the P-doped Si(001)-(2x1):H system at the energy win-
dow from 0 eV to +1.0 eV, +1.6 eV and —2.0 eV relative
to the surface Fermi level. As shown in Fig. 14, at small
biases, the dopant states provide the majority of states
This en-
hancement is imaged as a protrusion in STM measure-
However, as the absolute value of bias voltage
increases, more and more Si states get involved in the
electron transport, the contribution from dopant states
becomes less important. Correspondingly, the apparent
height of the characteristic protrusion decreases. For the
characteristic protrusions, both experiments and theory
show that one dimer row appears higher than the other.
This is to some extent due to the relaxation of surface
atoms. However, PDOS calculations reveal that the elec-
tronic properties of these surface atoms are not identi-

for the tunneling current inside the surface.

ments.

cal either. The electronic effects can therefore also be
important in interpreting the contrast difference of the
two dimer rows. As we have shown, the calculation of
STM images based on non-equilibrium Green’s functions
reproduces all features of the experimental data. This
new STM simulation scheme is thus capable of address-

ing electron transport in STM junctions comprehensively

Front. Phys. China, 2010, 5(4)

and even allows to address the hitherto difficult to ana-
lyze transport on doped semiconductor surfaces.

b.“.b a j: eb& .
i B 8 $°ooo°
¢ v vav“g f! QQOQOQQQ

(a) {b}

Fig. 14 The band decomposed charge density calculations of a
single P-doped Si(001)-(2x1): H surface from Fermi level to (a)
+1.0 eV, (b) +1.6 ¢V and (c) —2.0 eV.

5 Summary

We have presented an accurate and efficient STM sim-
ulation method based on non-equilibrium Green’s func-
tions (NEGF) and a Wannier function basis set. The
scheme has been compared to the more traditional STM
schemes, i.e., the Tersoff-Hamann and Bardeen’s models,
with particular focus on doped semiconductor systems.
The main novelty of the NEGF-STM method is the
proper account of the semi-infinite (macroscopic) elec-
trodes which provides the correct continuous spectrum
at the surface thus removing the need for an artificial
level broadening inherent in practical applications of
the Tersoff-Hamann and Bardeen’s models. In order to
show the difference between this new method and the
Bardeen model, we performed STM simulations on a
single P-doped Si(001)-(2x1):H surface. In this system,
the important transport region that determines the STM
contrast is not the separation vacuum but the interface
below the sample surface. Consequently, the Bardeen
model fails to reproduce the experimental observations.
The new STM simulation scheme, by contrast, evaluates
electron transport in the whole circuit. As a result, the
simulated STM images completely agree with the bias
dependent experimental data. The scheme, introduced
in this paper, thus substantially improves the state of
the art in STM theory, and should become the de facto
standard of simulations within the next years.
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