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Abstract

®

CrossMark

Electronic properties of low dimensional structures on surfaces can be comprehensively explored
by surface transport experiments. However, the surface sensitivity of this technique to atomic
structures comes along with the control of bulk related electron paths and internal interfaces.
Here we analyzed the role of Schottky-barriers and space charge layers for Si-surfaces.

By means of a metal submonolayer coverage deposited on vicinal Si(1 1 1), we reliably

accessed subsurface transport channels via angle- and temperature-dependent in sifu transport
measurements. In particular, high temperature treatments performed under ultra high vacuum
conditions led to the formation of surface-near bulk defects, e.g. SiC-interstitials. Obviously,
these defects act as p-type dopants and easily overcompensate lightly n-doped Si substrates.

Keywords: space charge layer, surface transport, silicon surface

(Some figures may appear in colour only in the online journal)

1. Introduction

The working principle of semiconductor-based devices rely
on band bending [1]. For instance, the skillful engineering
of the band structure controls the efficiency and operation
parameters of solar cells, rectifiers, or transistors [2]. For
metal/semiconductor systems this comes inherently along
with the formation of Schottky barriers, which are controlled
by interface states and internal interfaces [3, 4].

This concept can be successfully applied to semiconductor
surfaces, where surface states now pin the Fermi level in the
system [5]. Based on the energetic positions of these states
with respect to the valence band maxima and doping levels,
surface states can become electronically decoupled from the
bulk [6, 7]. This opens a pathway for surface transport experi-
ments to study fundamental aspects in low dimensional elec-
tron gas systems, which are manifoldly realized by various
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metallic monolayer phases on Si(11 1) [8]. Recent examples,
probed by in situ surface transport, are superconductivity
or metal-insulator transitions in Si(11 1)—Pb\ﬁ x /3 or
Si(111)-In 4 x 1, respectively [9, 10].

However, there are various studies on nominally iden-
tical surface phases showing a significant variation in surface
conductivities, e.g. Si(111)-7 x 7 and Si(111)-Agv/3 x v/3
reconstructions [5, 11]. To some extent these variations are
explained by surface defects, e.g. physisorbates, grain bound-
aries within the surface phase or even substrate steps, which
easily hinders the propagation of electrons. For example, the
Si(111)-In 4 x 1-system revealed an extremely high o} /o1
anisotropy ratio [7]. However, subsequent transport experi-
ments never obtained such a high ratio again and rather showed
strong variations of conductivity components [12—15]. Since
systematic studies are missing to date for this system, temper-
ature induced modifications of the Si(1 1 1) step structure may
be a possible reason for this finding.

Besides the surface also the bulk properties are important.
Although the potential contributions from the bulk for these
systems are minimized due to Schottky barriers [6], mobile

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) A schematic of the Si(55 3)-Au system showing the surface reconstruction (blue dots), SCL (red) and bulk channel (yellow).
(b) The energetic position of the surface state (SS) on n-type Si leads to the formation of an inversion layer. This case refers to the intrinsic
SCL. (c) Band bending after p-type layer formation giving rise to a parasitic SCL contribution.

excess carriers are accumulated in the so-called space charge
layer (SCL), located close to the surface, and can significantly
contribute to the surface conductance [13, 16]. In case of Si,
crystalline and long-range ordered surfaces, e.g. as templates
for the subsequent growth of metallic adsorbates, are usually
obtained by high temperature treatments in order to desorb
the oxide and to enable Si surface diffusion. However, flash
annealing of doped semiconductors easily leads to irrevers-
ible changes of the doping in terms of type and concentration
[13, 17-20]. In particular, n-type doping was replaced by a
p-type doping behavior explained either by B diffusion [18]
or, more likely, C contaminations during flashing, which are
resulting in interstitial defects [17]. This effect is especially
distinct and effective for high flash annealing temperatures
above 1150 °C [13]. Such parasitic subsurface effects change
severely the contribution of the SCL and make the analysis of
the surface state conductivity even more challenging.

In order to discriminate between different transport chan-
nels and to circumvent the problem of irreversible changes of
the surface morphology, vicinal Si(111) surfaces with (sub)
monolayer phases of metals are promising. These surfaces
can provide regular and stable step arrays. Moreover, previous
experiments showed that the semi-metallic character of the
(7 x 7)reconstruction makes it difficult to realize stable ohmic
contacts [5, 11, 21, 22]. Hence, adsorbates are helpful to pro-
vide robust surface states, a defined Fermi-level pinning and
the stabilization of a well-defined vicinal surface orientation.
The Si(hhk)-Au family entails these conditions. In particular,
the Si(553)-Au system provides, in contrast to Si(111)-Au
structures, a long-range ordered single domain structure with
a surface state which is pinned 0.25 eV above the valence band
maximum of Si [23]. For n-type Si a surface Schottky bar-
rier is expected, which decouples the bulk states (figure 1(b))
[7]. However, this idealized scenario dramatically changes if
the surface-near doping profile is altered, e.g. by high temper-
ature treatments (figure 1(c)). The Si(553)-Au system pro-
vides metallic 1D surface states only along the [1 10] direction
[23-26]. This at first will enable us to characterize the SCL by
evaluating the conductivity o, measured perpendicular to the
step direction.

In this paper we performed four point-probe (4PP) in situ
transport measurements on Si(553)-Au. The gradual rota-
tion of a squared tip configuration allowed us to deduce the
conductivity components both along and perpendicular to the
wires and, hence, to measure accurately the conductivity of

the SCL. Using both heavily and lightly doped Si samples,
we studied systematically the influence of high temperature
annealing steps towards the modification of surface-near
doping profiles. The modeling of temperature-dependent
transport measurements showed that upon annealing, even
under ultra-high vacuum conditions, parasitic p-type doping
occurs with dopant concentrations up to 10'® cm = within a
surface-near region of 1 pum deep.

2. Experimental setup

The experiments were performed using lightly and heavily
n-type doped (phosphorus) Si(553) crystals with a nominal
bulk resistivity of p = 1700 Qcm (Np ~ 3 x 10> cm™)
and p=0.015 Qcm (Np ~ 2 x 10" cm™3), respectively.
The crystals were cut into samples of 1 x 0.5 cm? size and
cleaned sequentially using acetone, isopropyl alcohol as well
as deionized water in an ultrasonic bath. To ensure low pres-
sures during sample preparation, the samples were carefully
degassed in an ultrahigh-vacuum (UHV) chamber operated at
a base pressure of 1 x 107! mbar for several hours by direct-
current heating at 700 °C. Au atomic chains were prepared
as follows: in a first step, the samples were flash annealed
several times (see discussion in section 3) at 1150 °C for a
few seconds (2-3 s) while the pressure was always kept below
1 x 10~° mbar. Afterwards, 0.48 ML of Au was evaporated at
650 °C using a flux-controlled e-beam evaporator to realize
stable ohmic contacts.

The overall quality of the sample preparation was con-
trolled by high-resolution low-energy electron diffraction
(SPA-LEED, see figures 2(a) and (b)). The spot splitting
along the [112]-direction as well as the x2-streaks along
the [110]-direction evidence the formation of long-range
ordered single domain chain structures on Si(553). More
details can be found in [27]. The transport properties of the
Au chains were analyzed in the same UHV chamber by
means of a 4PP setup consisting of scanning electron micro-
scope (SEM) and four independently operating scanning
tunneling microscope (STM) scanners, each equipped with
NaOH-etched W tip [28]. The SEM is used for a precise
positioning of the tips. In particular, the squared tip config-
uration was used in this study as it allows measuring inde-
pendently the two transport components (o and o) within
the plane. For more details the reader is referred to [29].
Temperature dependent 4PP measurements between 40-300 K
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Figure 2. (a) and (b) SPA-LEED patterns of single domains of Au adsorbed on high- (a) and low-doped (b) Si(553) samples. (c) I(V)
curves obtained for a squared probe geometry on Si(553)-Au (p = 0.015 {2cm), where the current is probed along the parallel (blue) and
perpendicular direction (red) to the chains. The inset shows the squared assembly of the tips with a tip distance of 75 pum. (d) Resistances
measured for various angles by using the rotational square method done on the same surface reconstruction, but on differently doped
Si-samples (p = 1700 Qcm (purple) and p = 0.015 Qcm (green)). /2 corresponds to a current along the perpendicular direction. All
measurements were performed at room temperature. Both surfaces were flash annealed five times before Au adsorption.

were performed using ¢He flow cryostat. The temperature
was measured with a Pt100 resistance mounted on the sample
stage.

3. Results and discussion

3.1 In situ measurement of the space-charge layer

Figure 2(c) shows I(V)-curves obtained on Si(553)-Au mea-
sured in a square 4PP geometry on a sample with a nominal
bulk resistivity of p = 0.015 2cm. The probe spacing for all
measurements was 75 pym. Here, R” corresponds to a current
injected along the [1 1 0]-direction, i.e. parallel to the atomic
wires, while for R along the [1 12]-direction. Clearly, we
can distinguish two different slopes and the corresponding
resistances are R =3 k2 and R, = 109 kf), respectively.
The conductivities can be deduced with high precision from
the angular dependence of the anisotropic resistance values by
the so-called rotational square method [29]. The dotted green
line in figure 2(d) is the best fit to the data obtained on Au/
Si(553) sample with p = 0.015 Qcm and reveals conductivi-
ties of o = 15 S/ along the chains and o = 0.97 uS /O]
in the perpendicular direction, respectively. The anisotropy for
this system is around 15.

As explained in detail in the introduction, the conductivity
o is not triggered by the surface state band structure and

must be related to transport across the Si-bulk, i.e. the SCL.
We will show below, that the thickness of this bulk channel
is smaller than the probe spacing, thus the rotational square
method for 2D electron gas systems is applicable and meas-
ures both the anisotropic surface and isotropic bulk channels.
Indeed, the LEED image (see figure 2(a)) revealed long range
ordered wire structures. Therefore, we assume that hopping
via surface defect states is not dominating in our transport
experiments.

We prepared the same surface reconstruction on nominally
lightly doped samples (p = 1700 Q2cm, see figure 2(b)), which
underwent also five flash annealing cycles. The corresponding
rotational square measurement is shown in panel (d) as well.
Apparently, the absolute resistances strongly differ compared
to the previous case [15, 26, 30, 31]. The analysis reveals con-
ductivities of o) =239 pS/0 and o) = 186 uS/C1. Albeit
the surface structure is similar, the conductivity ratio is low-
ered by one order of magnitude. Hence, the surface transport
experiment is extremely sensitive to the concentration of the
bulk dopants.

Our conductivity measurements together with results
of a former study performed on samples with an interme-
diate doping (p = 1-10 Q2cm) are summarized in figure 3(a)
[15, 30, 31]. There is a clear correlation between the conduc-
tivities and the bulk dopant concentrations. Moreover, also the
ratio, o /o, depends on the initial dopant concentration as
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Figure 3. (a) Conductivity components measured parallel (o) and
perpendicular (o ) to the Au atomic chains on Si(553) at 300 K on
samples with p = 0.015 Qcm, p =1-10 Qcm (data from [31]) and
p = 1700 Qcm. The inset shows the anisotropy ratios as a function
of the sample resistivity. The lines are a guide to the eyes. (b) and
(c) Schematic drawing of the space-charge layer illustrating the
different dopant concentrations Np and Debye lengths Ap.

shown by the inset. Surprisingly, the higher the dopant con-
centration, the lower the conductivities and the higher the
anisotropy between the parallel and perpendicular direction.
Qualitatively, the dependence of the conductivity comp-
onents on the bulk resistivity can be rationalized taking into
account the expansion of the SCL which forms beneath
the Si-surface due to Fermi-level pinning of the surface
states: from the position of the surface state with respect to
the valence band maximum the band bending is around
® ~ 0.8 eV [23]. This Schottky barrier decouples effectively
the Si-bulk from the surface transport channels, which we
only access by our nanoprobes [7]. Assuming a homogeneous
dopant distribution in silicon (e = 11.7) the Debye lengths
Ap = \/€eeo®/Npe? for the low- (Np ~ 3 x 10'> cm~?) and
high-doped (Np ~ 2 x 10'® cm~3) samples for this idealized
scenario are in the order of 10 ym and 10nm, respectively
[32]. Thus, in heavily doped Si-samples the bulk charge car-
riers are confined in a very small near-surface area as sche-
matically depicted in figure 3(b) and the high resistances are
explained by the high concentration of ionized bulk donors
in this area. The detailed calculation of the carrier concentra-
tions within the SCL revealed that mainly holes are contrib-
uting. Moreover, the strongly confined holes experience also
the step structure of the vicinal Si-surface resulting in a high
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Figure 4. Conductivity (o) measured along the [1 1 2]-direction at
300 K as a function of the flash annealing cycles. Different symbols
refer to different samples (S1-S5). The dotted lines are fits to the
data.

anisotropy. The conductivity measured along the Si-steps is
not affected by the surface step structure. As obvious from
figure 3(a) the conductivity decreases by one order of mag-
nitude when the dopant concentration changes by 5 orders of
magnitude. This is in good agreement with quantum-mechan-
ical based numerical simulation of the electron mobility in Si
at room temperature [33]. Therefore, lightly doped samples
should result in a better SCL performance (see figure 3(c)).
However, these surfaces are extremely prone to changes of
the dopant concentration and distribution upon in situ sample
preparation, as we will show in the following. Regarding
the contribution of the surface state to the conductivity, we
assume that the filling factors do not severely change as a
function of the bulk doping concentration, so that the surface
state conductivity along the steps is on average the same for
all samples. We will show below that quantitative description
based on a simple Schottky model is feasible.

3.2. Effect of flash annealing

As mentioned, the surface-near area in semiconductors easily
degrade upon high temperature annealing. For a systematic
approach towards these modifications, we studied the change
of the SCL contribution as a function of the flash annealing
time. Figure 4 summarizes o, measured in the direction
perpendicular to the Au-chains for five different samples. The
conductivities were measured after each step of preparation
using the above mentioned rotational square method. Lightly
doped samples are much more susceptible to high temper-
ature in situ flash annealing cycles compared to high-doped
samples. The increase of the conductivity for the lightly
doped samples on average is 3.3 uS/0 per annealing step
while for high-doped samples the change is almost negligible
(0.2 1S/0O per flash). Obviously, the formation of a parasitic



J. Phys.: Condens. Matter 31 (2019) 214001

F Edler et al

(a) t ' 1 ' 1 ' 1 ' 1 ' 1
..® p=0.015Ocm
. [}
10° |- . -
™ L)
] °
= H gn am
g NS u = ..‘ ° ".l..‘ ..
§ 10° | ° Lo
g %
K2 2 »
S 10° | . -
e 4
LWL p=1700 Qcm
o
100 | " -
< . __‘___..---"' [y
“»
1 M 1 M 1 M 1 M 1 M 1
50 100 150 200 250 300
Temperature (K)
10* — 7T
(b) T T T T

@ o, (1700 acm)

10° | 5 -
B 5 (0.0150cm) pSCL-LD

10?

OpscL-HD

Conductivty (uS/0)

2 ’ -
10 5,
&
10° | %, 2
’I \:,29,1'
’ O
10* | J S
(4
10% RS BPEPETEE LTS PR P P
50 100 150 200 250 300

Temperature (K)

Figure 5. (a) Temperature dependence of the resistance R of
eight different Si(5 5 3)-Au samples. Notably, all data sets see

a drastic change of resistance occurring at around 100-110 K.

(b) Conductivity measured perpendicular to the wire direction
plotted exemplarily for two circles data sets from (a). While the
conductivity can not be explained by a model of an intrinsic SCL
for both low- (LD) and high-doped (HD) sample (dashed lines), a
parasitically formed p-type layer beneath the surface reasonably
explain the conductivity (solid lines).

p-type layer (see below) upon annealing cannot overcom-
pensate our high-doped samples. From this we can already
conclude that the parasitic dopant concentration is small com-
pared to Np = 2 x 10" cm ™.

In order to quantify the conductivity with respect to the
doping concentration and doping profile we performed
temperature dependent transport experiments between
50-300 K. Figure 5(a) shows the resistance component R
measured along the [1 1 2]-direction on eight different samples
(six samples with p = 1700 Qcm and two with p = 0.015 Q
cm). The direction perpendicular to the chains is not strongly
influenced by the details of the surface states [23-25]. Notably,
all datasets show at around 100 K for R, an increases by 2-3
orders of magnitude. The difference of the absolute values for

the high- and low-doped samples was discussed already in
context of figure 3(a).

Although the solubility of Au in Si is not negligible [34],
the adsorbate itself is not inducing this effect for the fol-
lowing reasons: first of all, Au is known to form deep level
traps at around 300 meV above the valence band edge of Si.
Any significant contribution of Au should have result in an
activated transport signal at higher temperatures. Secondly,
Au-adsorption after each high temperature annealing step
as well as at the end of these steps revealed similar results.
Moreover, a similar degradation mechanism in Si(111)
was observed in the course of surface transport experiments
with In-submonolayers [13]. Therefore, we exclude that the
Au-submonolayer is responsible for the formation of a para-
sitic transport background.

3.3. Modeling of transport data

For a quantitative description, various conduction channels
are contributing. The total conductivity in our case is the
sum of transport from the surface (os), the bulk (op), and the
surface near area (oscr). Thereby, the charge carriers can be
transmitted via hopping or band conductivity. As outlined
above, for the Au(553) system we can assume og =~ 0 along
the [1 12]-direction, i.e. perpendicular to the direction of the
wires, in view of electronic bands, that were found only along
the wires around FEFf, and a low surface defect concentration.
Similarly to the In/Si(11 1) system, the intrinsic p-type SCL
(inversion layer) in case of a n-type Si is electrically decoupled
from the bulk and penetration of current into the bulk can be
ignored (o = 0), thus only the SCL should contribute [6, 7].
Due to the long-rage order of the surface structure and the low
bulk defect-concentration of the Si wafers, hopping is only of
minor importance for the following discussion. Details about
the calculation of the band conductivity of the SCL are out-
lined in the appendix.

We will show in the following, that an intrinsic SCL (iSCL)
contribution cannot explain the experimental findings. Instead,
a parasitic SCL (pSCL), which results obviously from high
temperature treatments in vacuum, is dominating. While for
the pristine n-type Si surface the Schottky barrier is located
at the surface, it shifts towards the location of the pn-junction
that is formed upon the flash-annealing induced modifica-
tion of the surface (see figure 1(c)). Although for both types
of SCL channels the transport is mainly mediated by holes,
the carriers refer to a minority and majority charges for the
intrinsic n-type and parasitic p-type doping, respectively.

For instance, figure 5(b) shows two conductivity curves
measured on a lightly and a heavily doped Si sample. As
obvious, a description of the data based on iSCL (dashed
lines) fails entirely for both heavily and lightly doped samples.
Thereby, the minority concentration p and hole mobility i,
for the iISCL were calculated solving the Poisson equation and
using empirically derived models [35, 36]. For further details
we refer to the appendix.

A reasonable modeling of our data is obtained yet for both
nominally heavily and lightly doped samples if p-type dopants
with an ionization energy of Ej ~ 45 meV are assumed.
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Thereby, we assume an exponentially decaying parasitic profile
into the bulk (see appendix). For the high-doped sample the fit
reveals a doping concentration in the order of Ny = 1 x 10'®
cm 3 with a SCL thickness ¢ of around 1 nm. This thickness is
close to the nominal Debye length which we estimated before,
thus heavily doped samples are only marginally affected by
our flash-annealing cycles. Strictly speaking, also the iSCL,
which is located at the inner pn-junction, should be consid-
ered. However, this contribution is smaller by at least 2 orders
of magnitude (see green dashed line in figure 5(b)) and can
be neglected at this point. For the case of the lightly doped
samples, the best fit to the data is obtained for an acceptor
concentration in the order of Ny = 5 x 10'® cm~3 and a SCL
thickness ¢# ~ 0.5 pm, again with an ionization energy of
around E, = 45 meV. Nonetheless, the ionization energies
found for the low-doped samples vary between 45-70 meV
and may be indicative for interstitial carbon defects rather
substitutional doping with B [17].

Apparently, upon annealing the initial doping concentra-
tion of the lightly doped sample is changed by three orders of
magnitude to the high temperature annealing steps in UHYV,
thus overcompensating the initial dopant profile. It should
be noted that the sheet equivalent of this C-induced acceptor
concentration is as low as 10'° cm~2, i.e. heating the sample
at 1150 °C for only 1 s at 1 x 10~° mbar can easily cause
such a contamination (assuming a sticking coefficient of 1).
Also, the concentrations found are well-below the solubility
limit of C in solid Si. With an enthalpy of roughly 2.3eV/
atom the solubility at the high temperatures is still as high as
10%* cm ™2 [37].

All data sets shown in figure 5(a) were analyzed in detail
with the above mentioned model. Figure 6 summarizes the
dependence of N, and ¢ from the flash annealing cycles for
the lightly doped samples. Albeit the error bars are quite large,
there is general trend that under our conditions the thickness of
the new parasitic p-type layer is around 1 pm. This thickness

might be surprising at first sight, but is in line with carbon diffu-
sion experiments in silicon [38]. Particularly, for interstitial C in
Si the activation energy is around 0.87eV [39]. With a reported
diffusion prefactor of 0.44cm? s~, easily diffusion lengths in
the um-range are obtained. For the high-doped sample, the SiC
interstitials also should diffuse by around 1 pum into the bulk.
Of course, for higher and longer flash annealing temperatures
and a worse vacuum, the thickness ¢ and dopant concentration
Ny should further increase. However, it seems experimentally
almost impossible to reduce these numbers significantly.

Figure 6(c) shows a schematic of the exponentially
decaying acceptor concentration into the bulk. The dashed
(horizontal) lines denote the donor concentrations for the high-
doped and low-doped Si-samples. As obvious, the Ny doping
profile intersects these intrinsic levels at different depths giving
rise to different parasitic SCL thicknesses. At least, where the
acceptor concentration is large compared to the donor concen-
trations, overcompensation takes place. Up to this depth, the
band structure is changed as sketched in figure 1(c). This qual-
itatively explains, why the SCL-thickness differ for heavily
and lightly doped samples, while the acceptor profile itself,
induced by high temperature annealing, should not depend on
the pristine doping concentrations.

4. Summary and conclusion

In summary, we analyzed in detail the SCL conductivity on
vicinal Si(111), coated with 0.48 ML of Au, as function of
high temperature in sifu annealing steps. Using angle- and
temperature-dependent 4PP-measurements, the conductivity
component across the wire direction was reliably measured
and correlated with the transport along the space charge layer
channel. Even under extremely clean conditions, this internal
interface is altered. Parasitic surface-near doping due to SiC-
interstitials occurred with typical concentrations in the order
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of 10"-10'® cm~3. Therefore, in particular lightly doped Si
samples seem to be prone to this effect upon high temperature
treatment.

Intuitively, lightly doped Si samples for surface sensitive
transport measurements are used. Our results clearly revealed,
that these samples are extremely sensitive. Therefore, mod-
erately doped samples are more suitable. Lowering the flash
temperatures will reduce the parasitic doping effect [13], but
at the expense of less ordered surfaces. A way out of this
dilemma might be homoepitaxial growth at step flow condi-
tions of around 700 °C for future transport experiments [40].
We showed that our experimental findings can be satisfac-
torily described by means of a simple band bending model.
Changes of the electrochemical potential at the surface state
induced by variations of bulk doping were not considered. We
expect that these effects are small, but any systematic invest-
igation of such effects requires an even better control of the
interfaces than what could be achieved here.
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Appendix

As sketched in figure 1(a) the Si(553)-Au system provides
several transport paths (surface, SCL and bulk). However,
atomic Au wires grown on n-type Si(553) surfaces provide
a Schottky barrier and no dispersing surface states long the
[11 2]-direction. Therefore, we have direct access to the space
charge layer (SCL). According to ARPES measurements, the
valence band maximum is around 0.25eV below the Fermi
level [23]. Besides the SCL contribution, which is a result of
the Fermi-level pinning of the surface states giving rise to an
inversion layer, we also consider a SCL-like transport channel,
which is formed upon high temperature treatment of the sur-
face and which mimics rather a p-type doped layer. We term
the two types intrinsic (iSCL, figure 1(b)) and parasitic SCL
(pSCL, figure 1(c)). In contrast to iSCL, the transport is medi-
ated by majority charge carriers for the pSCL. In the following
we will briefly sketch how these different contributions were
calculated. The results are discussed in context of figure 4(b).

A.1 Intrinsic SCL (iSCL)

Depending on the Fermi level at the surface and type of the
surface states (acceptors or donors), electrons are transfered
from the bulk into the surface states which are screened by an
equivalent space charge within the semiconductor resulting in
an intrinsic formation of a SCL.

This SCL distribution is described by solving the Poisson’s
equation

¢2(z)  p(2)

= —— A.l
= = (A1)

where ®(z) is the potential variation, i.e. the band bending of
the SCL, ¢ the dielectric constant of Si and p(z) the charge
density, which depends on the density of ionized acceptors N
and donors Np, as well as the concentration of the electrons
n(z) and holes p(z), respectively:

p(z) = e(Np — Na +p(z) — n(z)). (A2)
It is convenient to define the dimensionless potential u
u(z) = e®(z)/(keT) = Er — Ei(z)/(ksT).  (A.3)

Here E;(z) is the z-dependent position of the bulk midgap
energy.

Following the arguments given in the review article by
Hasegawa er al [8], the accumulation of the excess charge, i.e.
hole and electron concentrations across the SCL interface for
the case of a n-type Si material can be calculated via

Bp= [ 1p(@) N
0 (A4)
and
An = / [n(z) — Npldz, (A.5)
0
where p(z) = nexp(—u(z)) and n(z) = n;exp(u(z)) denote
the hole and electron concentrations across the interface. »; is
the intrinsic carrier concentration

X 3/2
n=2 <"; :7‘_:; ) exp(—Ey/2ksT) (A.6)
with the band gap energy E,.

The mobilities p, and g, of the excess carrier concen-
trations are also a function of the temperature 7. Moreover,
the mobility is limited by phonon- and impurity-scattering.
Based on results by [35, 36, 41, 42] the temperature dependent
mobility (in units cm?/(Vs)) in our case for a given donor
concentration Np is approximated by (7 and Np in units of
K and cm 3, respectively) [35]:

p1p(T, Np) = 54.3(T/300) "

1.36 x 103722

* 1+ [Np/(2.35 x 1017(T/300)24)]0.88(T/300)—0-146
(A7)

and

pe(T, Np) = 88(T/300) %7
7.4 x 108723
+ 1 + [Np/(1.26 x 10Y7(T/300)24)]0.88(7/300)—0-146"
(A.8)

These mobilities of the carriers are bulk drift mobilities and
provide a correct description for carriers close to the surface
if specular scattering is assumed [16]. Finally, the temper-
ature dependent SCL-conductivity was calculated using
Mathematica [43] via

oscL = e(ppAp + pmAn). (A.9)
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The results for a n-type Si material with a resistivity of
p = 1700 Qcm is shown in figure 5(b). At room temperature
this value well below 1 uS.

A.2. Parasitic sub-surface p-type SCL (pSCL)

High temperature annealing of Si-surfaces causes irrevers-
ible changes of the surface near doping profile. Apparently,
acceptors are introduced from the surface and their concentra-
tion is assumed to decay exponentially towards the bulk, i.e.
Na(t) = Na exp(—t/X)), where N, denote the concentration at
the surface (r=0). The hole concentration, i.e. ionized acceptor
density as a function of the SCL thickness ¢ was calculated via [36]

NA(t)

1+ [4 + 2exp (—é—’})} exp (%)

(A.10)
where Ej is the acceptor energy. As shown, the concentration
of parasitic acceptor states is at maximum 10'® cm™3, thus the
dependency of the ionization energy on the acceptor concen-
tration was neglected in our calculations [36].

In order to capture the depth distribution of the acceptor
states, which give rise to hole majority charge carriers, the
sheet conductivity is obtained by integration of the SCL
thickness:

P(T,Na,t) =

OscL,O Ze/ (T, t,NA) p(T,t,Na)dt.  (A.11)
0

Again, from fitting temperature dependence of the pSCL
conductivity, using Mathematica [43], we deduced the decay
constant A and doping concentration Na. Thereby, the space
charge layer thickness can be identified with the decay con-
stant (tscp, = A), if the acceptor concentration is large com-
pared to the intrinsic n-type concentration Np. For this
scenario, overcompensation by the parasitic acceptors takes
place. Besides the exponentially decaying profile, we mod-
eled also homogeneous as well as triangularly shaped profiles
which all gave qualitatively the same findings (within 20%).
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