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Quantum Modeling of the Carrier
Mobility in FDSOI Devices

Viet-Hung Nguyen, Yann-Michel Niquet, Francois Triozon,
Ivan Duchemin, Olivier Nier, and Denis Rideau

Abstract— We compute the electron and hole mobilities in
ultrathin body and buried oxide, fully depleted silicon on
insulator devices with various high-«x metal gate-stacks using
nonequilibrium Green’s functions (NEGF). We compare our
results with experimental data at different back gate biases and
temperatures. That way, we are able to deembed the different
contributions to the carrier mobility in the films (phonons, front
and back interface roughness, and remote Coulomb scattering).
We discuss the role played by each mechanism in the front
and back interface inversion regimes. We draw attention, in
particular, to the clear enhancement of electron- and hole—
phonons interactions in the films. These results show that FDSOI
devices are a foremost tool to sort out the different scattering
mechanisms in Si devices, and that NEGF can provide valuable
inputs to technology computer aided design.

Index Terms— Carrier—-phonon interactions, FDSOI devices,
Green’s functions, mobility.

I. INTRODUCTION

LTRA thin body and buried oxide (BOX), fully depleted
Usilicon on insulator (UTBB-FDSOI) devices are very
attractive alternatives to bulk CMOS for the 14-nm node and
beyond [1]-[3]. Indeed, they afford tight electrostatic control
and are very versatile. In particular, the substrate acts as an
efficient back gate thanks to the thin BOX, which can be
used to tune the threshold voltage and optimize the transport
properties of the devices. It has notably been demonstrated
that the carrier mobility can be significantly enhanced at high
density in the reverse regime (back bias Vg > 0 for nFDSOI
and Vpg < 0 for pFDSOI devices) [4], [5].

The mobility in UTBB-FDSOI devices is actually
limited by a complex interplay between -carrier—phonons
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interactions [6], [7], front interface roughness (FSR) and back
interface roughness (BSR) [8], [9], remote Coulomb scat-
tering (RCS) [10]-[12], and possibly remote phonon
scattering (RPS) [12], [13]. The strength of most of these
mechanisms depends a lot on the applied front and back
gate bias voltages. UTBB-FDSOI devices, therefore, appear
as a foremost tool to investigate the impact of different
scattering mechanisms on the transport properties of silicon
thin films. However, deembedding the various contributions
to the mobility is far from straightforward and requires the
support from accurate models for the physics of these devices.
Such a deembedding is also an essential step toward the design
of efficient Technology Computer Aided Design (TCAD)
models [14] that can speed-up and secure the development
of FDSOI technologies.

For that purpose, we have developed a multibands k - p non-
equilibrium Green’s functions (NEGF) code able to deal with
realistic, large scale structures [15], [16]. NEGF solvers are
based on an explicit description of real space disorders, such as
surface roughness and remote Coulomb charges, and deal with
scattering nonperturbatively. They are, therefore, particularly
well suited to the description of these mechanisms in quantum
confined devices. Although expensive, NEGF has benefited
from advances in numerical algorithms and from the increasing
availability of supercomputers. We have recently setup a
solid methodology for the calculation of carrier mobilities
within the NEGF framework [16], and shown, in particular,
that NEGF provides a more accurate description of surface
roughness scattering than most models used in semiclassical
Kubo-Greenwood (KG) solvers.

In this paper, we demonstrate that NEGF solvers are ready
to address present (and future) technologies. Using NEGF
calculations, we deembed the different contributions to the
mobility measured on advanced n and pFDSOI devices.
We discuss the physics and operation of these devices, and the
role played by carrier—phonon interactions, surface roughness,
and remote Coulomb scattering at different back gate voltages.

We introduce the devices and present the experimental
data in Section II, then review our NEGF methodology in
Section III, and discuss the deembedding strategy and results
in Section IV.

II. DEVICES AND EXPERIMENTAL DATA

The devices have been processed on 300-nm (100) SOI
wafers with an undoped, 7.5-nm-thick Si film on a 25-nm
BOX [17]. The substrate below the BOX acts as a back gate.
The front gate-stack is made of a 1.8-nm-thick HfSiON layer
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Fig. 1. Room-temperature electron mobility as a function of carrier
density in nFDSOI devices with various ILs (see text), at back gate voltages
(@) Vog =0V and (b) Vpg = 8 V. The solid lines with symbols are the NEGF
calculations, the dotted lines the experimental data.

on top of a SiON interfacial layer (IL) with thickness 1,
ranging from 1.2 to 4 nm. The electron and hole mobilities
have been measured along [001] with a split CV method on
W =09 um x L = 0.9 um devices, and corrected from
contact resistances Rycc ~ 2 x 60 Q.xm.

The electron and hole mobilities measured for three different
ILs are plotted in Figs. 1 and 2, for back gate voltages
Vg = 0 V and Vpy = £8 V. The carrier mobilities show
a strong dependence on Vj, as the device switches from front
to back interface inversion (at positive Vi for electrons and
negative Vi for holes) [5]. In particular, the electron and hole
mobility peak shifts from low-carrier density for Vpg =0V,
to high-carrier density n ~ 10'3 cm~2 for Vog = £8 V. These
data will be discussed in detail in Section IV.

The dielectric constants of the oxides have been obtained
from the capacitance C(Vfg, Vbg) and threshold voltage
Vin(Vbg) maps: enssion ~ 20, i = 5.2 for #1, = 2.4 nm and
ti. = 4.0 nm (oxide GO1), and ¢y, = 6.6 for 1, = 1.2 nm
(oxide GO2). GO1 and GO2 actually result from a different
nitridation process.

III. NEGF METHODOLOGY

The carrier mobility has been computed with NEGF [18]
along the lines of [16], on devices which are 20-nm wide and
up to 90-nm long. The electron band structure is described
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Fig. 2. Room-temperature hole mobility as a function of carrier density in
pFDSOI devices, at back gate voltages (a) Vpg =0 V and (b) Vpg = —8 V.
The solid lines with symbols are the NEGF calculations, the dotted lines the
experimental data.

with a nonparabolic two bands k - p model coupling opposite
A valleys [19], and the hole band structure with a three
bands k - p model (no spin—orbit coupling) [20]. We use
a longitudinal mass m; = 0.916mo and a transverse mass
m; = 0.191mg in Si, and an isotropic mass m* = 0.5mg in
Si0,, with a barrier AV = 3.15 eV at the interface. As for
holes, we use Luttinger parameters y; = 4.270, y, = 0.315,
and y3 = 1.387, and a barrier AV = —4.5 eV at the Si/SiO;
interface. The carriers can penetrate up to 1 nm in SiO,. NEGF
is based on an explicit, highly accurate real space description
of disorder and screening (Fig. 3), and is able to deal with
elastic (surface roughness and Coulomb) and carrier—phonon
scattering nonperturbatively [16]. For electrons, we account
for acoustic phonon scattering with an isotropic deformation
potential D, = 14.6 eV, and for optical phonon scattering
with the three f and the three g processes of [21]. This value
of D, is significantly larger than in bulk (D, = 9 eV),
but is widely accepted in thin films as it reproduces the
universal mobility data much better [6] (also see Section IV).
For holes, we use a diagonal hole—phonon interaction [7] with
one single acoustic deformation potential Z,; and one single
optical deformation potential DKopt (Eic = 10.2 eV and
DKopt = 15 eV/A in bulk). We have also designed a nondi-
agonal model (featuring interband couplings), which does not,
however, produce much different results. Surface roughness
samples are generated from an exponential autocorrelation
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Fig. 3. NEGF hole density in the device at back gate voltage Vpg = —8 V,
for sheet density n increasing from (a) to (c¢) (f; = 1.2 nm). The solid
blue lines delimit, from top to bottom, the gate, the HfSiON and SiON
layers, the Si film, and the BOX. The front gate-stack interfaces have
been chosen conformal. Nonconformal interfaces slightly enhance scattering
(remote surface scattering [24]). There is a transition from (a) back interface
inversion at low density to (c) front interface inversion at high density.

function characterized by rms fluctuations A and correlation
length A [8]. Remote Coulomb scattering is modeled by a
distribution of positive charges at the HfSiION/SiON interface,
with density nrcs, as detailed in [16]. The NEGF equations are
solved self-consistently on three transverse ky points, in a fully
coupled mode space approach [22], with up to 512 modes for
the three bands k - p model [16], [23]. The back gate substrate
is modeled as a doped semiconductor, treated semiclassically.

Simulations with carrier—phonons scattering only (which
can be made on simpler test structures) suggest that the three
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bands k - p model overestimates the mobility by around 5%
with respect to the six bands k - p model with spin—orbit
coupling.

IV. RESULTS AND DISCUSSION

We successively describe our deembedding strategy, the
results for electrons, then for holes.

A. Deembedding Strategy

We have first computed reference mobilities for
FSR (uffh), BSR (uif:), and RCS (uklg), assuming
NRCS = Nref = 5 X 1013 cm™2, and A = Aref = 0.47 nm,
A = Arr = 1.3 nm at both interfaces [9]. These partial
mobilities are defined with respect to the phonon-limited
mobility upy as

A = Hpriy — Fepi Q)
where M is a given elastic mechanism (FSR, BSR, or RCS),
and uppyypy is the NEGF mobility computed with only
phonons and this mechanism enabled. As discussed in [16],
including phonons (which are the only intrinsic source of
scattering) in all simulations softens long-range interference
effects in quantum transport calculations. Those mobilities
also satisfy Matthiessen’s rule much better than the usual,
direct single mechanism calculations, even when RCS is
strong [25]. Indeed, Matthiessen’s rule is satisfied by design
for upy and u 7, and holds reasonably well when two or more
elastic mechanisms are concurrent [16].

Since the RCS mobility is expected to decrease
as 1/nrcs [10], [12], and the surface roughness mobility
as I/A2 [8], [16], we might tentatively write the total
mobility u as

2
_ 1 . NRCS _ ApsrR _
ph = ppy + ——(uies) 1+( A ) (i) ™!
Nref ref
Asr ? ref \—1
+{——) (#Bsr) 2
Aref

and deembed the different mechanisms by looking for the
nrces, Arsr, and Apsr that best reproduce the experimental
data. Note that surface roughness mobilities also depend on the
correlation length A in a rather intricate way [26]; different
(A, A) pairs can yield almost the same mobility curves,
so that it is, practically, neither possible to assess A and
A independently, nor to distinguish between exponential and
Gaussian surface roughness autocorrelation profiles [8]. Yet
the extracted surface roughness mobilities shall be accurate,
even though the resulting A and A might not match the actual
structure. In the following, we set A = 1.3 nm, which is a
widely accepted value [8], [9], and fit A on the experiment.

B. Electrons
Such a procedure applied to the nFDSOI data collected for
the different ILs and Vi,’s yields
nres = 3.5 x 1013 ecm™
Apsr = 0.37 nm
Agsr = 0.33 nm. 3)
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Fig. 4. Breakdown of the electron mobility in PH, FSR, BSR, and RCS
components, at back gate voltages (a) Vpg = 0 V and (b) Vpg = 8 V. The
PH, FSR, and BSR components are weakly dependent on #11, (and are given
for f1, = 2.4 nm), while the RCS component is plotted for different ILs.
BSR scattering is negligible at Vg = 0 V and has not been plotted in (a) for
the sake of clarity. The total mobility (MATT) of the #;, = 1.2-nm device
has been computed with Matthiessen’s rule. It is close to the direct NEGF
calculation shown in Fig. 1.

The electron mobilities recomputed with these parameters are
compared with experiment in Fig. 1. NEGF data extrapolated
for i = 0.6 nm (GO2) have been added to Fig. 1(a) to
highlight trends down to very thin ILs (see later Section IV).
NEGF reproduces the experimental data very well except
possibly at large densities for Vpg = 8 V. The breakdown of the
mobility in different components is plotted in Fig. 4 along with
the result of Matthiessen’s rule (2) for the 1.2-nm-thick IL.
As discussed above, Matthiessen’s rule holds surprisingly well
(up to ~10% for all ILs) using (1) as a definition of the partial
mobility.

Figs. 1 and 4 give complementary insights into the physics
and performances of these devices. The analysis of the carrier
distribution in the film shows that inversion takes place at the
front interface at V,g = 0 V. The current at Vpg = 0 V is,
therefore, essentially probing the quality of that interface, as in
a conventional bulk MOSFET. Fig. 4(a) shows that scattering
is actually dominated by phonons + RCS at low-carrier
density, and by phonons + FSR at high-carrier density. The
back interface roughness plays little role at zero or negative
Vbg [and has not been plotted in Fig. 4(a)]. As expected,
the RCS mobility increases with increasing density, as the
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Room-temperature (a) electron and (b) hole mobility as a functi02n

remote charges get screened by the electron gas, while the FSR
mobility decreases, as the electrons get confined closer to the
interface by the effective field. Since the scattering strength
of remote Coulomb charges increases (almost exponentially)
with thinning the IL, the mobility at Vyg = 0 V is strongly
dependent on # at low-carrier density. However, in the
thinnest ILs, RCS can significantly hinder the flow of electrons
over the whole range of operation, as shown in Fig. 5(a).
The data at Vyg = 8 V bring additional information specific
to FDSOI devices, and about electron—phonon interactions.
As shown in Fig. 3 (but for holes), there is a transition
between back interface inversion at low density to front
interface inversion at high density. Consequently, scattering is
dominated by phonons + BSR at low density, and by phonons
+ FSR at high density. The quality of the back interface
can therefore also be probed in that regime. RCS plays a
minor role at large back bias. Indeed, the electrons are either
flowing very far from the front interface at low density, or
screen the remote charges as they move to the front interface
at high density. The interplay between the back to front
interface transition (which strengthens RCS) and the screening
(which weakens it) results in the complex behavior of the RCS
mobility visible in Fig. 4(b). Interestingly, there is a range of
densities around the peak mobility (n & 9 x 10'> cm~2) where
the mobility is mostly limited by electron—phonon interactions.
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These devices therefore bring direct insights into the strength
of these interactions. In particular, there is no doubt that the
acoustic deformation potential needs to be increased around
Dy = 15 eV to reproduce the experimental data [6], [27].
Interestingly, the holes Z,. must also be increased to match
the experimental mobility, as discussed below.

We shall make a critical assessment of the structural parame-
ters obtained with our procedure (3). These data suggest that
the back interface is slightly better than the front interface,
which might result from the complex gate-stack processing
(oxide nitridation, high-x, and TiN metal gate deposition). Our
Arsr and Apgr are significantly smaller than those typically
used in semiclassical KG solvers [16] (which would be closer
to 0.5 nm), yet they are larger than most available AFM
measurements (around 0.2 nm [26], [28], [29] on the top
surface before processing). As discussed earlier, increasing the
correlation length A around 2 nm or switching to a Gaussian
autocorrelation function model [8] helps in reducing Afgsr
and Apsr, but has little impact (as we have verified on
some test cases) on Figs. 1 and 4. As an example, using a
Gaussian instead of an exponential auto-correlation function
(with the same A = 1.3 nm) brings Apsr and Agsr in
the 0.25 — 0.3 nm range. As for RCS, the extracted ngrcs is
quite large but in line with the literature [12], and provides an
excellent description of the behavior of the mobility with #,
[Fig. 5(a)]. Such a large nrcs shall however, be responsible
for a threshold voltage shift AV; = —0.55 V, which does
not seem to be observed experimentally (although there are
experimental uncertainties on some parameters controlling V;).
As discussed in [12], one possible solution to this dilemma
is to assume a balanced distribution of positive and negative
charges at the SION/HfSiON interface or in the HfSiON itself.
Further investigations are needed in that direction. In addition,
we have neglected RPS in the front gate-stack [12], [13],
whose description in NEGF is still challenging. Yet RPS is
expected to make a significant contribution only in the thinnest
ILs (fi < 1 nm) [12]. The marked loss of mobility predicted
by NEGF in the 0.6-nm-thick IL (Fig. 1) might therefore be
underestimated.

C. Holes

Holes shall provide a decisive test of the relevance of our
description. The hole mobility at Vpg =0 V and Vpg = -8 V
is plotted in Fig. 2, and the breakdown of the mobility in PH,
FSR, BSR, and RCS components is given in Fig. 6. As for
electrons, the holes are essentially probing the front interface
at Vpg = 0 V, while they switch from back to front interface
at Vpg = —8 V (Fig. 3), and are therefore also probing the
back interface.

It turns out that it is impossible to reproduce the experi-
mental mobility (at any Vjg) without strengthening the hole—
phonon interactions by about 80%. The data at Vpg = —8 V,
where hole—phonon interactions are the very dominant mecha-
nism, are a clear fingerprint of this trend. This can be achieved
by increasing the acoustic deformation potential Z,;. from
10.2 to 15.5 eV. Although impressive, this enhancement is
consistent with the case of electrons (D from 9 to 14.6 eV).
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Fig. 6. Breakdown of the hole mobility in PH, FSR, BSR, and RCS
components, at back gate voltages (a) Vpg = 0 V and (b) Vpg = —8 V.
The PH, FSR, and BSR components are weakly dependent on f;, (and are
given for #f;, = 2.4 nm). The total mobility of the 71, = 1.2-nm device has
been computed with Matthiessen’s rule (MATT). It is close to the direct NEGF
calculation shown in Fig. 2.

With this change, we are able to reproduce the experimental
data fairly well using the same structural parameters as for
electrons (3).

The main discrepancies with experiment can be found at
Vog = 0 V. We lack scattering at low density [Fig. 5(b)],
which might be corrected by slightly increasing nrcs. We note,
incidentally, that the dependence of the mobility on 711, is much
weaker for holes than for electrons (especially at negative Vi),
because RCS is outmatched by the strong hole—phonons
interactions, and because the hole centroid is slightly farther
from the top interface than the electron centroid at a given
effective field. We can not rule out that n and p devices
show different nrcs. Yet, the mismatch between NEGF and
experiment is not much larger than the 5% error bar we expect
from the neglect of spin—orbit interactions.

Instead of increasing E,c, we might enhance both acoustic
and optical deformation potentials in a similar way. The tem-
perature dependence of the mobility is, however, slightly better
in the former scenario (Fig. 7) than in the latter. Comparisons
between NEGF and experiments [30] on trigate devices with
10 x 11 nm rectangular cross sections also suggest a similar
enhancement of hole—phonons interactions.

The NEGF data for the phonon-limited hole mobility are in
fair agreement with semiclassical KG calculations, as already
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shown for electrons [16]. This is however, not true for the
other mechanisms, so that achieving a consistent description
of electron and hole mobilities with the same structural
parameters can be harder within KG [17]. NEGF is, in this
respect, particularly attractive for holes, as it deals with their
multibands character nonperturbatively.

It is unlikely that we are missing some scattering mech-
anism that we would have mistaken as an enhancement of
carrier—phonons interactions. This mechanism shall be very
strong, and have the same temperature and density depen-
dence as carrier—phonons interactions. The microscopic details
responsible for the enhancement of the electron— and hole—
phonons interactions remain, however, unclear. While NEGF
is very accurate for elastic mechanisms, the local, isotropic
models used for carrier—phonons interactions are, admittedly,
very simplified (but are the same as in most KG solvers).
As mentioned in Section III, we have tried different models for
the hole—phonons interactions (featuring nondiagonal, though
still local self-energies), which all overestimate the phonon-
limited mobility in the films by about 80% (using the same
parameters as in bulk). To get a better insight into this problem,
we are now attempting atomistic tight-binding calculations of
the electron and hole mobility in thin films along the lines
of [31] and [32]. These calculations, which account for all
possible carrier—phonons interactions with a realistic phonon
band structure, might provide the missing clues.

V. CONCLUSION

We have compared experimental electron and hole mobil-
ities in UTBB-FDSOI devices with quantum calculations
in the NEGF framework. Using a new methodology [16],
we have reached a consistent description of electron and hole
mobilities (same structural parameters) in agreement with the
available experimental data. Furthermore, we have been able to
break down the mobility into contributions from phonons, FSR
and BSR, and RCS, in a way consistent with Matthiessen’s
rule. Our analysis shows or confirms that carrier—phonons
interactions are strongly enhanced in thin films (with respect
to bulk), although the underlying mechanisms are still unclear
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(but under investigation from an atomistic perspective).
It also reveals the particular dependence of remote Coulomb
scattering on the back gate bias, and its relative importance for
electrons and holes. Finally, it demonstrates that back biasing
is really a foremost tool to discriminate scattering mechanisms
in thin films and can provide deep insight into the physics
of FDSOI devices. Such calculations also show that quantum
transport methods, such as NEGF, are now mature enough to
handle realistic devices and provide valuable inputs for TCAD
modeling. NEGF can, in particular, be used to extrapolate data
and help clear the field for the next technology nodes, or to
connect the low-temperature behavior of the devices (showing,
e.g., fingerprints of localization on edge states or dopants) to
their room-temperature characteristics [33].
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