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Lifting the Spin-Momentum Locking in Ultra-Thin

Topological Insulator Films

Arthur Leis, Michael Schleenvoigt, Vasily Cherepanov, Felix Liipke, Peter Schiiffelgen,
Gregor Mussler, Detlev Griitzmacher, Bert Voigtlinder,* and F. Stefan Tautz

3D topological insulators are known to carry 2D Dirac-like topological surface
states in which spin-momentum locking prohibits backscattering. When
thinned down to a few nanometers, the hybridization between the topological
surface states at the top and bottom surfaces results in a topological quantum
phase transition, which can lead to the emergence of a quantum spin Hall
phase. Here, the thickness-dependent transport properties across the
quantum phase transition are studied on the example of (Bij ;5Sbg 34 ),Tes
films, with a four-tip scanning tunneling microscope. The findings reveal an
exponential drop of the conductivity below the critical thickness. The
steepness of this drop indicates the presence of spin-conserving
backscattering between the top and bottom surface states, effectively lifting
the spin-momentum locking and resulting in the opening of a gap at the Dirac
point. The experiments provide a crucial step toward the detection of

1. Introduction

Since the discovery of 3D topological in-
sulators (TIs),['*) an increasing number of
novel topological phases have been realized.
For example, in magnetically doped 3D
TI thin films, a quantum anomalous Hall
(QAH) phase with 1D chiral edge states was
reported.>7] More recent examples are co-
existing QAH and axion insulator phases
in a stoichiometric magnetic topological
insulator.*¥] The emergence of these exotic
topological phases is underpinned by the
breaking of time-reversal symmetry, which
opens a gap at the Dirac point and leads to
massive Dirac fermions. Yet another pos-
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sibility to gap out the Dirac point of a 3D
T1 is to reduce its thickness below a critical
value at which the topological surface states
(TSS) at the top and bottom of the film
start to interact. In the prototypical 3D TI (Bi,_,Sb, ),Te; (BST),
this occurs at thicknesses below =~ 5 quintuple layers (QL).

While 180°-backscattering of electrons in the TSS is prohib-
ited by spin-momentum locking as long as the states on opposite
surfaces are strictly separated,!'%! spin-conserving backscattering
becomes possible if opposite TSS interact and electrons are able
to scatter from the top to the bottom surface and vice versa, as
illustrated in Figure 1a. In such ultra-thin TI films, a quantum
spin Hall (QSH) phase with 1D helical edge states is predicted to
emerge.[''"1*] Intuitively, the latter can be understood as a rem-
nant of the 2D TSS on the side faces of the film, when upon film
thinning they are reduced to 1D edges.

Figure 1b indicates that the coupling between opposite TSS in
an ultra-thin TI film has two consequences: On the one hand,
the band structure will change from two separate Dirac cones to
a single gapped structure. Note that the continuity of transport in
aloop around the material means that the Dirac cones on the top
and bottom surfaces have interchanged spins (Figure 1b, left).
Precisely, this allows spin-conserving scattering from k to —k if
top and bottom surface states interact (Figure 1b, right), which
effectively corresponds to a lifting of spin-momentum locking in
the TSS. Therefore, as a second consequence, in addition to the
modification of their dispersion, the lifetime of the electrons in
the surface states is expected to drop. While the gap opening at
the Dirac point has been detected in angle-resolved photoemis-
sion spectroscopy and scanning tunneling spectroscopy experi-
ments on ultra-thin TI films,[*>""7] the second effect has not yet
been observed, since it requires the systematic measurement of
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the transport properties of pristine samples, which is difficult in
lithographically patterned samples, because the processing tends
to degrade the ultra-thin films. For this reason, we apply here the
methodology of multi-tip scanning tunneling microscopy (STM)
as a “multimeter on the nanoscale” to study (Bi,_,Sb, ), Te; films
in situ.[18-20]

2. Results and Discussion

Samples are prepared by molecular beam epitaxy (MBE) with a
shadow mask, which allows the deposition of a (Bi,_,Sb, ), Te,
wedge in which the film thickness increases in steps of single
quintuple layers, as suggested conceptually in Figure 1c, from 1
QL ~ 1 nm at the edge of the film to 12 QL in its center (see Ex-
perimental Section for details). We have chosen a stoichiometry
of x = 0.84, because for this value the Fermi level in the bulk of
the film is located in the bulk band gap close to the Dirac point,
which reduces parasitic charge transport through the interior
of the film.*122] Large-scale STM scans at the edge of the film
show the step-wise increase of the film thickness (Figure 2a)
from the Si(111) substrate. For the transport measurements,
the four tips are individually navigated into the boundary
region of the film, as monitored with an optical microscope
(Figure 2b). To measure the local conductivity of the TI film,
the four STM tips are positioned in a linear configuration on a
single terrace, with distances of s ~ 250 nm between adjacent
tips (Figure 2¢). In this configuration, the four-point resistance
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Figure 1. Scheme of the multi-tip STM experiment to detect scattering between topological surface states. a) Scattering between topological surface
states at the top and the bottom surfaces of a (Bi;_,Sb, ),Te; thin film with thickness L below a critical value of 5 QL. b) Because of the hybridization of
the overlapping wave functions of both topological surface states, a gap opens at the Dirac point. Hybridization also enables spin-conserving scattering
from k to —k. c) Experimental setup. The boundary region of the BST film forms a wedge with step heights of single quintuple layers. Positioning the tips
of a four-tip STM on a single terrace allows measuring the sheet conductivity o as a function of the film thickness L. The arrows in the sketch indicate
current flow.

is measured, from which the 2D sheet conductivity ¢ can be cal-
culated (see Experimental Section for details). Topography scans
demonstrate that the film surface, including the local terrace
structure, is still intact after the electrical measurements. Thus,
our experiments yield sheet conductivities for well-defined film
thicknesses L.

The sheet conductivity displays an exponential increase from
1 QL to 5 QL (Figure 3a). Note that for L > 5 QL, it is not pos-
sible to realize the four-point measurement on a single terrace,
because the terraces are too narrow to reliably place the four tips
on them. However, large-scale conductivity measurements far
away from the film edge with a tip spacing of s = 50 ym yield,
within measurement error, the same conductivity for the 12 QL
interior of the film as for the 5 QL terrace. This saturation of the
thickness-dependent conductivity verifies that the TSS at the top
and bottom of the film dominate the charge transport. A possible
parasitic contribution from bulk states would result in a linear
dependence of the conductivity on the film thickness L. We
identify the thickness of 5 QL as the film thickness below which
the surface states of the two interfaces start to interact noticeably.
We note that at this stage (at the latest), the distinction between
bulk and surface states will have become obsolete.

According to the Drude model, the sheet conductivity o is
given by carrier concentrations n and carrier mobilities y in the
top and bottom TSS,

c= e[utnt(A, Eg,) + myny (A, EF,b)] ()
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Figure 2. Measurement configuration and tip positioning method. a) A
large overview STM scan is performed with one of the tips to map the
topography of the Tl film boundary region, as indicated by the green rect-
angle. This large overview scan serves as a reference map to place all four
tips on a single terrace. In the entire overview area, single steps of QL-
height are seen, revealing the wedge-shaped structure of the film bound-
ary region. b) Optical microscope image of the final tip configuration. c)
The tips are navigated to the desired positions using a method of overlap-
ping STM scans.[?%] The tip positions are located by identifying the same
topographic features in the small scans and in the overview scan.

where e is the elementary charge. Apart from the Fermi energy
Ej, which we consider relative to the Dirac point,[?2l and which —
due to the presence of the substrate — may differ between the top
and bottom surfaces of the film, it is the gap A in the topological
surface state at the Dirac point that predominantly determines n,
and n,, through the dispersion relation

E(k, L) = £/[kve]* +[A(L) /2] (2)

of the massive Dirac fermions in the vicinity of the I'-point.[3]
A(L) has been measured spectroscopically on Sb,Te,,¢
yielding the opening of a gap below 5 QL that increases up
to a value of A ~ 250 meV for 2 QL, in agreement with theoret-
ical predictions.I'* Since our sample has similar composition,
we use these values for A(L). v; is the Fermi velocity, which
determines the slope of the Dirac cone and therefore does not
depend on the film thickness. We use a value of v; = 4.2 x 10°

Adv. Quantum Technol. 2021, 4, 2100083 2100083 (3 of 7)

www.advquantumtech.com

ms~!, as measured in a previous photoemission study on sam-
ples of identical composition and confirmed by an interpolation
(see Experimental Section).?*] Before we can determine o, we
still need the Fermi levels. While Eg, is accessible through
photoemission experiments, Ep, follows from gate-dependent
transport experiments (see Supporting Information). For the
present sample, we find Ep, ~ 50 meV and Ep) ~ —50 meV
for L > 5 QL (see Experimental Section). In principle, substrate
interaction can also introduce asymmetries between the top and
the bottom surface of the TI film regarding spin-momentum
locking. However, in our model, we only allow for different
positions of the Fermi level and different carrier mobilities at the
top and bottom interfaces in the form of three open parameters,
but assume no further effect of the substrate, because in the
investigated sample system the substrate is separated from the
TI film by the van der Waals gap and a tellurium passivation
layer (see Experimental Section), which help to electronically
decouple the film from the underlying silicon.

With these parameters, we can calculate the expected sheet
conductivities for different L from Equation (1) under the as-
sumption that n,, n,, g, and p, change due to the gap opening,
in particular y,, according to

winy _ml)
w(L)  mir) T

m (L)

()
Ee? +[A(D)/2]

where m*(L) is the thickness-dependent effective carrier mass
(see Experimental Section). Here, the electron mobility p, =
et,/m* at the top of the film changes only through the change
in the band structure associated with the gap opening and the re-
sulting change in effective mass m*, while the scattering time
7, stays fixed. In addition, we assume a ratio r, between the
top and bottom mobilities. The minimum sheet conductivities
o(L) predicted by this model (see Experimental Section for de-
tails) for I’ =5 QL are displayed as black dots in Figure 3a.
For this purpose, the global minima of the model conductiv-
ity are determined from variation of the three open parameters
within reasonable ranges of E,, E;, € [-50 meV; 50 meV], and
r, €[0.3;1]. This is shown exemplary for Eg, in Figure 3b. We
find that this model cannot explain the sharp drop of the ex-
perimentally determined sheet conductivity. Finding the global
minima of the calculated conductivity to be larger than the ex-
perimentally observed values in the range of the three open pa-
rameters, we therefore conclude that the measured thickness-
dependent conductivity drops too sharply to be explained by a
mere band structure effect, assuming gap values of A(2 QL) ~
250 meV, A(3 QL) ~ 60 meV, A(4 QL) ~ 25 meV from scanning
tunneling spectroscopy.!®!

If a new efficient scattering channel appears at small film
thicknesses L < 5 QL, Matthiesen’s rule 7! = 7, + ™! predicts
a decrease in the overall scattering time 7, which could explain
the sharp drop in the sheet conductivity by a corresponding drop
in the mobility. In fact, once the top and bottom surface states
interact, we expect the emergence of inter-TSS scattering 7, in
addition to the intra-TSS scattering r, which originates from sur-
face (or interface) defects and the electron—phonon interaction.
Including this additional scattering mechanism in our model, we
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Figure 3. Measured thickness-dependent sheet conductivity compared to calculations based on the TSS band structure. a) Thickness-dependent con-
ductivity (red squares with error bars) as obtained from four-point measurements on single terraces of different layer thickness in the TI film. The
minimum of the calculated conductivity, obtained when varying Eg,, Eg}, € [-50 meV; 50 meV], and r,, € [0.3; 1], is indicated by black dots. The inset
shows a logarithmically scaled plot of the same data. b) Calculated conductivity as function of Eg,, with r, = 1and E j, = =50 meV (Equation (1)).
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Figure 4. Thickness-dependent electron mobility as inferred from experi-
mental results. For L < 4 QL, the mobility u.g, is the mobility in the cou-
pled top and bottom TSS. It is reduced below the value for L > 5 QL by the
lifting of the spin-momentum locking in ultra-thin films, as effected by the
onset of of spin-conserving 180°-backscattering between the top and the
bottom surfaces of the film (inter-TSS scattering). For L > 5 QL, the mo-
bility sy corresponds to the electron mobility in the top TSS, limited by
intra-TSS scattering only. The band indicated in red represents the range of
mobility values obtained for the range of the parameters Eg;, Egp, and r,
discussed in the main text and the Experimental Section. The correspond-
ing inter-TSS scattering times are 11fs < 7,5, <56fs, 10fs < 735, < 19
fs, and 8 fs < 7, <45 fs. For L > 5 QL, E; is known and the red band
is influenced only by r,, and Eg .

obtain from the experimental data in Figure 3a the effective elec-
tron mobility in the top TSS according to Matthiesen’s rule

1) = L “
D)+ (D)

being composed of the intra-TSS mobility p, and the inter-TSS

mobility fi,, depending on the three parameters Eg,, Eg), and

r, for the different film thicknesses L (Figure 4). Details on

the determination of the total mobility from the experimental
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values are found in the Experimental Section. Because the
parameters Eg,, Egy,, and r, are not known, it is only possible
to display a band within which the mobility ¢, must lie. More
specifically, the limits displayed in Figure 4 are obtained from
finding the global maximum/minimum of the mobility from
the experimentally observed sheet conductivity upon variation
of Eg,, Eg), € [-50meV;50meV], and r, € [0.3;1] for each film
thickness. In doing so, the parameters Eg, and Eg), are found
to have the strongest influence on the limits. The plot shows a
dramatic decrease of the total mobility of the top surface p.g,.
This decrease explains the deviation between experimental and
calculated data points in Figure 3a. Regarding the strength of
the inter-TSS scattering, we find that 7 < 7, for all thicknesses
2QL < L £ 4QL, that is, the inter-layer scattering dominates the
intra-layer scattering. For 2 QL, 7, is between two and eight times
larger than %, and values for 7 range between approximately 10
and 50 fs. We also find that the dependence of 7 on Lis weak, as 11
fs < 7,4, < 5615,10fs < 734, < 19fs,and 8fs < 7,4, < 45fs. This
can be rationalized as a compound effect of an increasing matrix
element for scattering as a result of rising wave function overlap
on the one hand, and a decreasing density of states at the Fermi
level to scatter into as the band gap opens on the other hand.

3. Conclusion

In conclusion, using the BST sample system, we deduce that
in ultra-thin films of 3D topological insulators, the scattering
between topological surface states on opposite faces of the film
significantly reduces the sheet conductivity beyond what is
expected from the opening of a Dirac gap alone. This inter-TSS
scattering is in fact the dominant scattering mechanism, be-
cause the interaction of top and bottom surface states effectively
lifts the spin-momentum locking and spin-conserving 180°-
backscattering becomes possible between the top to the bottom
surface state, thus opening an additional scattering channel
(Figure 1a). So far, our modeling of the four-tip transport data
requires us to employ several parameters from spectroscopic
measurements on similar samples. Currently, we are construct-
ing a four-tip STM that will allow magnetoconductance and Hall
measurements at low temperatures, which for future transport

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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studies will provide experimental access to all necessary sample
parameters, thereby eliminating the need to use parameters
from spectroscopic experiments. Additionally, potentiometry
measurements can offer further microscopic information on
transport in topological insulator films.[*>%]

Even if the Fermi level is not located in the hybridization gap
A and the influence of the gap on the transport is hence expected
to be small, the additional inter-TSS scattering decreases the sur-
face state conductivity. This effect helps to establish an insulating
2D interior against which 1D edge states, for example, in a QSH
phase, prevail. A requirement for the actual measurement of 1D
edge channels in transport measurements is that the edge state
conductivity is not overwhelmed by a large parasitic 2D conduc-
tivity. The 2D conductivity we have found in the studied ultrathin
TI films is sufficiently small to disentangle this parasitic contri-
bution from the auspicious 1D edge state conductivity in future
experiments. Experiments with multi-tip STM on pristine sur-
faces on the sub-um scale are thus an important step toward the
detection and characterization of possible 1D edge states in trans-
port measurements.

4. Experimental Section

Sample Preparation: The (Big 14Sbg g4 ), Tes thin films were grown on
a silicon-on-insulator (SOI) substrate, the latter consisting of a degener-
ately doped Si(100) handle wafer, a 300 nm oxide layer, and an undoped
70 nm Si(117) template layer. Employing a thin intrinsic Si layer as tem-
plate for growth reduces the substrate sheet conductivity in the experi-
ments to ~ 2 nS.

The substrate was cleaned by Piranha solution (H,SO4:H,0, 2:1) and
an HF (1%) dip to remove organic contaminations and native oxides, re-
spectively, while also supplying a protective hydrogen passivation. After
transfer into the MBE chamber (base pressure p ~ 1x 107° mbar), the
substrate was heated to 700 °C for 10 min for hydrogen desorption and
subsequently cooled down to 262 °C for growth. Bi, Sb, and Te were evap-
orated from standard Knudsen effusion cells at temperatures of 440, 470,
and 330 °C, respectively, resulting in a flux ratio of 1:20:120. Initially, the
substrate was flushed with Te to saturate the Si dangling bonds before sup-
plying Bi and Sb for TI growth, which also helped to decrease the influence
of the Si substrate on the electronic structure of the TI.

Growth takes place through a removable shadow mask in order to
achieve a Tl film with boundaries on the SOI substrate without the need of
ex situ processing. In the boundary region of the shadow mask, the thick-
ness of the Tl film decreases in steps of single quintuple layers from the
maximum film thickness of 12 QL to zero, exposing the Si(111) template
layer. Apart from quintuple layer steps of T nm height each, substrate steps
of 0.3 nm height in the topography (diagonally oriented in Figure 2a) are
seen, which are easily distinguishable. Note that counting steps of specific
height from the substrate excludes film thickness errors.

Four-Point Transport Measurements: After growth, the sample was
transferred in vacuum (p < 1x 1072 mbar) into the room-temperature
four-tip STM (base pressure p ~ 4 X 1071 mbar). The vacuum transfer of
the sample and the absence of any processing steps after the growth en-
abled to measure transport properties of the pristine Tl film, avoiding any
detrimental influence of passivation or lithography steps. Aging effects of
the investigated sample in the UHV system were not observed. Even after
4 months of being stored in the system, no changes in surface conduc-
tivity were detected and no signs of surface degradation were observed in
topography scans.

The STM tips were electrochemically etched tungsten wires. An optical
microscope was used to position four STM tips in the boundary region of
the (Big 14Sbg g4 )2 Tes film on the sample (coarse navigation). In the opti-
cal microscope, the wedge-shaped boundary region appeared as a blend
of colors between grey (12 QL Tl film) and pink (Si substrate) (Figure 2c).
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After optical coarse positioning, large-scale STM images were recorded
to obtain an overview of the topography of the Tl film in the correspond-
ing area. Then the STM tips were individually and precisely positioned on
a chosen terrace of specific thickness L (which could be determined by
counting step edges) in a linear four-point configuration with a distance
s ~ 250 nm between the tips. To this end, a positioning method relying on
overlapping small-area STM scans, performed successively with each tip,
was employed.[26]

Once the four tips were positioned laterally, they were driven from the
tunneling regime into contact with the sample surface. In this electrical
point contact regime, the sheet conductivity o of the Tl film was measured
by repeatedly recording the voltage drop V between the two inner tips as
a function of the current I injected between the two outer tips. For each
L, experiments were repeated in at least two different areas of the sample
(see Supporting Information). In the given contact geometry, the sheet
conductivity o of a 2D film is given byl?’]

In2
o =—
Va

®)

<I-

With an inter-tip distance s smaller than the distance between the tips
and the nearest step edge, conductivity contributions from neighboring
terraces were negligible.[?8] It is noted that the conductivity of 1 nS mea-
sured for L = 1 QL is an upper boundary, since the conductivity of the bare
Si substrate is of the same order of magnitude (~ 2 nS).

In the experiment, a maximum current of | ~ TuAwas applied, resulting
in a current density of ~ 1 A m~! between the injection tips. After comple-
tion of the electrical measurements, the tips were retracted and the sample
area was imaged again with STM. In these images, the contact points of
the tips were usually discernible as small spots of typically only ~ 1 nm
height (Figure S1, Supporting Information), indicating visually that there
was no significant damage done to the thin film, neither by contacting nor
by electrical heating due to the applied current.

Sample Characterization: The composition of the (Bi;_,Sb, ), Te; thin
film was determined ex situ by means of Rutherford backscattering spec-
troscopy after the electrical four-point experiments. From these measure-
ments, it was found that the Sb concentration in the sample was x = 0.84.

With the exact material composition known, the position of the Fermi
level Eg; with respect to the Dirac point as well as the Fermi velocity vg
was determined. To this end, spectroscopic data of samples grown pre-
viously in the same MBE system were interpolated. Both parameters are
approximately linearly dependent on the Sb concentration between x = 0.5
and x = 1121 In a previous angle-resolved photoemission study, the Fermi
level Eg, for a (Biy_,Sb, ), Te; thin film with x = 0.94 was found to be lo-
cated at the Dirac point, that is, Eg, ~ 0.241 The corresponding Fermi
velocity was determined as vg =~ 3.8 X 10° ms™'. Another sample grown
in the same system with a Sb concentration of x = 0.47 had Eg, ~ 250
meV and vg ~ 5.6 x 10° ms~".[21] Using these two samples as a reference,
Epy 2 50 meV and vp ~ 4.2 x 10° ms™! for the present (Big 15Sbg g4 ), Te3
sample were obtained.

Calculation of the Charge Carrier Density:  The dispersion relation Equa-
tion (2) in the vicinity of the Dirac point corresponds to a density of states
of

13

F

O(IEl-A(L)/2) ()

with the energy measured E relative to the Dirac point and © being the
Heaviside step function.[?3] From the density of states, the charge carrier
density was calculated as

n(A(L), E) = /0 D(A(L), B)[fy (E E¢) +, (E E¢)]dE (7)

with the Fermi distribution function

E—E-\\"'
kBTF>> ®

Jo(E Ee) =fo(E —E¢) = <1 + eXP(
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for electrons (n) and holes (p). The charge carrier density n enters the
Drude expression in Equation 1. The TSS gaps A(2QL) =~ 250 meYV,
A(3QL) =~ 60 meV, and A(4 QL) ~ 25 meV were taken from ref. [16] and
were measured on pure Sb,Te;. These results are in agreement with the-
oretical predictions.[14]

Modeling the Surface Conductivity: No Inter-TSS Scattering: The mobil-
ity in the TSS at the top surface of the film is given by

Hi(L) = —==70 ©)

where 7, is the intra-TSS scattering time due to surface defects and
electron-phonon scattering. Because of spin-momentum locking in the
TSS, spin-conserving 180°-backscattering events do not contribute to 7.
Also, 7y does not depend on the film thickness L, since the primary sources
of intra-TSS scattering are not influenced by the physical distance between
the two interfaces film/vacuum and film/substrate. In contrast, the effec-
tive mass m* at the Fermi wave vector kg, being a property of the band
structure, is affected by the presence of a gap A(L) at the Dirac point, and
therefore for L < 5 QL depends on L. Hence,

= (10)

holds. With Equation (2), the effective mass is given byl3%]

e 2 (dEY T
m*(L) =h k(ﬂ) (kzkﬂ

= h2k<2k(th)2

-1
]
2 [hqu]2+[A(L)/2]z> ‘k:kth
Er 2 +[A(L)/2) )

The parametric dependence on Eg,, which in turn may depend on L, is
noted. Equation (3) follows directly from this equation. Setting L’ = 5 QL
in Equation (3), (L) forany L < 5 QL in terms of 4, (5 QL) was calculated,
which in turn is given by (Equation (1))

<
ol =

(5QU) = o9 (12)
e elny(5QL) + (5 QL)]

where p, (L) = r, (L) was assumed, that is, a constant ratio between the
mobilities in the top and bottom TSS. The resulting expression is

(L) =2 o(SQL) m*(5QL, Ery) 1 (13)

T BTG e 7y 2r

which can be inserted into Equation (1)

o (L) = epe(L)[ne (L) +r,ny (L)] (14)

to calculate the sheet conductivity for each film thickness, only consider-
ing intra-TSS scattering (Figure 3b). The parameters E,, Egp, and r, in
this equation were varied in the ranges [-50 meV; 50 meV] and [0.3;1], re-
spectively, always finding sheet conductivities that were too large in com-
parison with the experiment.

Modeling the Surface Conductivity: Including Inter-TSS Scattering: The
scattering between the top and bottom TSS is governed by Fermi’s golden
rule, that is,

2z
- = WD(EF,t)IVHbIZ (15)
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with an equivalent equation for 7. Evidently, the modulus-squared matrix
elements for the scattering from the top to the bottom (|V,_,;,?) and from
the bottom to the top (|V}_|?) surfaces must be the same. The contribu-
tion of inter-TSS scattering to the mobility is given by

o e ;
A = ()

with an equivalent expression for 4i,. Together, both expressions yield

gy m(LEy)
o (L Er)

D(E,)\/ Er i +[A(L)/2)

= (17)

D(Erp)\/ Erp® +[A(L) /2]

Because of the increasing wave function overlap between the two TSS, it
is expected that in thermodynamic equilibrium Eg; approaches Eg}, as L
decreases, such that because of Fermi’s golden rule %, — 7,, and finally
also i, — fip. In this modeling, it was assumed Eg, = Egy, 7, = 7}, and
iy = fip, forall L <4 QL.

Using Matthiesen’s rule, the effective mobility of the top surface
Hefr ¢ (L) including the two scattering mechanisms is given by Equation (4).
An equivalent equation is found for u.gp(L). These expressions enter
Equation (1) to obtain the sheet conductivity

ry”t (L) ﬁt (L)
) O+ A (18)

Hy (L) Ay (L)
Hy (L) + Ay (L)

o(L) =e|n (L)

In this equation, p, (L) is identical to the one from the previous model.
To obtain fi, (L), the above formula, after inserting the experimental sheet
conductivity o for each film thickness, was solved. Since n;, ny, and p,
depend parametrically on Eg; and Eg y,, Eg, Eg , were varied together with
r, in order to find the range in which the effective mobility yig (L) of the
top surface must lie. This range is shown in Figure 4.
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