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Abstract Mobility in high-k/metal-gate Ultra-Thin Body
and Box Fully Depleted SOI devices has been extensively
investigated by means of multi-scale simulations and exper-
imental data. Split-CV mobility measurements have been
performed for various Interfacial Layer Equivalent Oxide
Thickness allowing an investigation of the physical mech-
anisms responsible for the mobility degradation at high-
k/Interfacial layer interface. The impact of the back bias
on transport properties is investigated and mobility enhance-
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ment in the reverse regime (back gate inversion) is studied.
A multi-scale simulation strategy is ranging from quantum
Non-equilibrium Green’s Functions to semi-classical Kubo
Greenwood approach. These advanced solvers made possi-
ble a throughout calibration of empirical TCAD mobility
models.
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1 Introduction

Ultra-Thin Body and Box Fully Depleted SOI (UTBB-
FDSOI) device is considered as one of the best alternative
solution to overcome conventional planar Bulk CMOS lim-
itations [1-3]. Thanks to an excellent electrostatic control
and transport properties, this architecture is suitable to reach
ITRS requirements for 14 nm technology node and beyond
[4]. The threshold voltage can be easily adjusted by applying
back biases (BB) and it has recently been demonstrated that
the mobility can be enhanced in the reverse regime (VB >
0V for nMOS and VB < 0V for pMOS) [5]. The mobility in
high-k UTBB-FDSOI devices is limited by a complex com-
bination of scattering mechanisms: the presence of high-k
dielectrics can induce mobility degradation through Remote
Coulomb (RC) [6-10], Remote Phonon (RP) [27] and Re-
mote Surface Roughness scatterings (RSR) [11]. Moreover,
phonon and Surface Roughness (SR)-limited mobility are
strongly dependent on the channel thickness (7s;) [12]. Ad-
ditionally, it has been demonstrated that mechanisms limit-
ing the mobility can highly depend on the voltage applied
on the front and the back gate [12, 13].
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Technology Computer Aided Design (TCAD) support for
UTBB-FDSOI technology development can reduce cost and
development time but also secure technology choices. For
efficient TCAD predictions, a preliminary identification of
the mechanisms responsible for transport degradation, as
well as a calibration of empirical TCAD transport models,
is mandatory. TCAD models parameters calibration based
on measurements only can bring to misleading conclu-
sions. Indeed, TCAD solvers are based on empirical mod-
els that are developed for single scattering mechanism and
the de-embedding of these mechanisms from measurements
is often difficult. A more rigorous approach consists in fit-
ting models parameters on advanced solvers such as Kubo-
Greenwood (KG), Multi-subband Monte Carlo (MSMC)
and quantum Non-Equilibrium Green’s Functions (NEGF)
solvers.

In this paper, we present a multi-scale simulation strat-
egy for UTBB-FDSOI devices featuring high-k/metal-gate.
Based on a large series of measurements in devices with var-
ious Equivalent Oxide Thicknesses (EOT), the effect of BB
on the electrostatics and on the transport properties is pre-
sented in the first part of the paper. From split-CV measure-
ments at various BB, we demonstrated that the mobility can
be significantly improved, which is a direct consequence of
back gate inversion at high Body Voltage (VB) [13]. In the
second part of this paper, we present a direct comparison
between NEGF and KG solvers in the view of obtaining ref-
erence mobility curves for TCAD model parameters calibra-
tion. By adapting the KG parameters for surface roughness
and remote Coulomb, we show that KG solvers can repro-
duce the NEGF results and be used as a reference for TCAD
mobility models parameters calibration. In the third part of
the paper, TCAD mobility models are presented and their
parameters determined using the previously mentioned KG
reference simulations for the three main degradation mech-
anisms: (1) phonons, (2) surface roughness and (3) remote
Coulomb scattering. Special care is paid to the impact of
BB on mobility, as well as the EOT and the temperature de-
pendencies of the mobility. We demonstrate that, once cali-
brated, TCAD tools efficiently predict device performances
and therefore can be used to optimize device architectures.

2 Experimental observations and electrostatic
calibration

Devices have been processed on 300 mm SOI wafers with
a 25 nm thick BOX. The oxide stack is made of a 1.8 nm
thick layer of high-k oxide (HfSiON) deposited on top of a
SiON interfacial layer (IL) with various physical thicknesses
(1.0 nm, 2.4 nm 3.5 nm and 4 nm). The final silicon channel
thickness is 7.5 nm and the effective mobility was extracted
using split-CV method on 0.9 x 0.9 um? (W x L) devices
(corrected from access resistances Ryccess =2 X 60 €2-um).
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Fig. 1 Gate capacitance as a function of the gate voltage for various
back biases ranging from —10 V to 10 V in steps of 2 V for n- (a) and
p-MOS (b) devices. Tipy = 2.65 nm; Ts; = 7.5 nm; T = 300 K. TCAD
calibration shown for VB = —8, 0 and 8 V

2.1 Impact of the back bias

The impact of voltage VB, applied at the back terminal, on
the gate capacitance is shown in Fig. 1 for both n- and pMOS
devices. As previously demonstrated in [14], in the reverse
regime, the capacitance is distorted and reaches a first level
whose magnitude is related to the active layer capacitance
Cs; in series with the oxide one Cj,y. Figure 2 shows the
threshold voltage (VTH) variation with VB for n- and pMOS
devices. As can be seen, the VTH can be shifted by —1.5 V
to 1 V for VB ranging from —10 V to 10 V. The correspond-
ing drain current measurement at various VB is shown in
Fig. 3. We found out that the sub-threshold slopes remains
almost unchanged with back bias (% <7 %).

Using the variation of the capacitance (Fig. 1) and
the variation of the threshold voltage with respect to VB
(Fig. 2), we determined the physical IL thickness Ty, =
2.4 nm (for the device in Fig. 2), the channel thickness
Tsi = 7.5 nm, the SiO; BOX thickness Tgox = 25 nm as
well as the material permittivity: €. = 5.2€0, €nigh-k = 22€0
and egox = 3.9¢g.

All simulations which follows are performed using these
parameters excepted for the IL physical thickness which de-
pends on the considered device (part II.B), and assuming a
channel doping concentration of 1e15 cm™3 (undoped sub-
strate) and a ground plane doping of 2e18 cm™3 (these latter
results are obtained from TCAD process simulation).

The dependence of the mobility on inversion charge for
various back biases for n- and pMOS is shown in Fig. 4. For
a given inversion charge, an increase of the mobility is ob-
served for VB > 0 V in nMOS and for VB < 0 V in pMOS
devices. In reverse region, a non-monotonic behavior of the
mobility is shown (not to be confused with the RC-limited
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Fig. 2 Threshold voltage variation (reference at VB =0 V) as a
function of the back bias in n- and pMOS devices. Tjny = 2.65 nm;
Tsi=7.5nm; T =300 K
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Fig. 3 Drain current as a function of the gate voltage for various back
biases ranging from —10 V to 10 V in steps of 2 V) in n- (a) and pMOS
devices (b). Tipy = 2.65 nm; Ts; = 7.5 nm; T =300 K

contribution observed at lower density). This is further de-
picted in Fig. 5 which represents the mobility variation as a
function of VB for fixed inversion charge for both devices.

Figure 6 shows the profile of the potential and the
electron density in the channel simulated using Poisson-
Schrodinger solver (PS) for three front and back gate voltage
conditions specified in Fig. 5 (Nijpy = le13 cm™2). The ap-
plication of a high positive BB induces a back gate inversion
for nMOS devices. No clear “volume” inversion regime is
however reached as the majority of carriers are still confined
at front and back interfaces. This is expected since the sili-
con channel is too thick (7si = 7.5 nm) to reach this regime
[15]. The mobility enhancement can be explained by the
shift of the inversion charge centroid away from the front
interface affecting surface-roughness and the screening of
the coulombic effect at the high-k/IL interface [13, 16].
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Fig. 4 Experimental effective mobility as a function of the inversion
charge for various back biases ranging from —10 V to 10 V in steps of
2V, in n- (a) and pMOS devices (b). Tiny = 2.65 nm; Tg; = 7.5 nm;
T =300 K. Raccess =2 % 60 Q-um
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Fig. 5 Effective experimental mobility as a function of the back bias
for various inversion densities: Njpy = lel3, 5e¢12 and 2el2 cm™2.
Tinv = 2.65 nm; Ts; = 7.5 nm; 7 = 300 K. Symbols represent
biases conditions whose density profiles are extracted in Fig. 6:
(1H)VB=-5V,VG=20V;2)VB=0V,VG=1.6V;(3)VB=5YV,
VG =12 V. Ryccess =2 x 60 Q-pm

2.2 Influence of the IL EOT

The gate capacitance for three devices with physical IL
thicknesses of 2.4 nm, 3.5 nm and 4.0 nm is shown in Fig. 7.
The mobility variation with respect to the inversion charge
for four structures with different IL physical thickness (1.0,
2.4, 3.5 and 4.0 nm) is shown in Fig. 8. A significant degra-
dation of the mobility is observed and can be attributed to
the presence of interfacial charge at the high-k/IL interface.
The degradation of the mobility in presence of high-k oxide
is well known and can be attributed to remote Coulomb [6—
10], remote phonon [27] or remote surface roughness scat-
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Fig. 6 Simulated profile of the potential (a) and the electron density
(b) in the channel for various biases conditions using PS simulations:
() VB=-5V,VG=2.0V;2)VB=0V,VG=1.6V;3)VB=5YV,
VG = 1.2 V.nMOS device, Tipy =2.65 nm. Tsi =7.5nm; T =300 K
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Fig. 7 Gate capacitance as a function of the gate voltage for various
back biases (VB): VB = —10, 0 and 10 V. IL physical thicknesses of
the devices: 2.4, 3.5 and 4.0 nm

tering [11]. However, it has been demonstrated in [10] that
the remote phonon scattering mechanism is significant for
IL EOT < 1 nm. Concerning remote surface roughness scat-
tering, there is a controversial debate about its importance.
Indeed, some groups suggest that it may degrade the mobil-
ity [18, 19] but there is no publication demonstrating it by
means of experimental data. Moreover, for IL EOT > 1 nm,
our simulations tend to demonstrate that RC is the main
mechanisms responsible for the mobility degradation (vari-
ation of the mobility with the IL EOT is well reproduced
by considering RC only). In this paper, since simulations
targeted to reproduce devices with IL EOT > 1 nm, remote
phonon and remote surface roughness have been neglected.

@ Springer

Fig. 8 n- (a) and pMOS (b) experimental effective mobility as a func-
tion of the inversion charge for structures with various IL physical
thicknesses (VB =0 V). Ryccess = 2 X 60 Q-pm

3 Advanced solvers for reference mobility simulations

3.1 NEGF

It has been recently shown that fundamental mobility cal-
culation in advanced high-k devices can be performed with
NEGF solvers [12, 13, 16, 31]. NEGF mobility simulations
have been performed [17] with a view of obtaining accu-
rate and reliable references for RC-limited mobility and
SR-limited mobility. The methodology presented in [16] is
briefly summarized hereafter: either SR or RC-limited mo-
bility is obtained by means of geometrical fluctuations of the
Si0,/Si front and back interfaces and the inclusion of ran-
dom coulombic centers. Random samples of disorder with
width W =20 nm and length L = 30 nm are generated and
then, we built devices made of these units repeated once,
twice (L = 60 nm), and up to three times (L = 90 nm).
One nanometer of SiON is included in the effective mass
Hamiltonians on both sides of the film. We next computed
the resistance of the devices in a mode space approach, in-
cluding electron-phonon scattering. As expected, in a long
channel device, the resistance of the devices is proportional
to their length, allowing for an accurate extraction of the
resistance of the disordered sample. We finally computed
the phonon-limited mobility ppy in smooth films and ex-
tracted an “effective” mobility ,uS_Rl = MS_RI 4PH — Mg}l, (SR)
or ME(IZS = “E(]:s 4PH — u;ﬁ (RC). Note that direct NEGF
calculation of the SR or RC-limited mobility is not possi-
ble. Indeed, in absence of inelastic scattering such as the
one with optical phonons, quantum transport cannot reduce
in a conventional ohmic regime even in long channel device,
because of extreme localization.
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3.2 Semi-classical approach

Advanced and computationally efficient solvers based on
Momentum Relaxation Time (MRT) approximation are of-
ten used to calculate the SR and RC-limited mobility [12,
13, 20]. In a previous study [12], we have compared KG and
NEGF mobility calculations in SiO;-based FDSOI device.
We extend our comparisons to back biased devices featuring
RC effects. In order to make relevant comparisons, we care-
fully choose identical parameters for both methods. As for
NEGEF, acoustic phonons are treated as an isotropic, elastic
mechanism and inter-valley phonons as isotropic with fixed
phonon energies. Surface roughness is treated as elastic,
anisotropic mechanism within the generalized Prange-Nee
model [22]. Coulomb scattering is treated as an intra-valley,
elastic scattering mechanism and RC and SR matrix ele-
ments are screened using the scalar Lindhard approach [7].

3.3 Mobility extraction: discussion about the Matthiessen’s
rule

As mentioned, in NEGF simulations, the SR or RC-limited
mobility cannot be extracted directly by turning off the
phonon scattering mechanisms. An “effective” mobility pm,
based on the Matthiessen’s rule is defined and used for the
comparison between the different solvers:

—1 —1 —1
MM = Harpa — MpH e

A is the considered scattering mechanism: SR or RCS in this
paper.

The validity of the Matthiessen’s rule has been recently
questioned and quantitative errors have been evaluated using
the following expression [23, 24]:

UM~ MA
N

E 2
With pa the mobility for mechanism A directly calculated
using KG simulations.

An error ranging from —20 to —12 % is observed
(Fig. 9) when extracting the SR-limited mobility using
the Matthiessen’s rule. This is consistent with simulations
in [23]. Concerning RC scattering, the error can reach
—80 % which is of the order of magnitude than the error
found for local Coulomb scattering [23]. It is therefore im-
portant, for the solvers comparison, to use the same method
to extract the mobility. The SR-limited mobility comparison
between NEGF and KG is done by using Matthiessen’s rule
and, concerning RC-limited mobility, Phonon scatterings
are included. Moreover, since TCAD mobility models use
the Matthiessen’s rule to combine all single mechanisms,
parameters are calibrated on mobility extracted using the
Matthiessen’s rule.
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Fig. 9 Error E produced by the extraction of mobility compo-
nents (surface roughness and remote Coulomb scattering) using the
Matthiessen’s rule

3.4 Results

Advanced solvers comparison has been performed for
electrons using the effective mass approximation (purely
parabolic band structure) with a Si/SiON barrier of 3.15 eV.
In silicon, the longitudinal and transversal masses are m; =
0.916m( and my = 0.191m respectively and the effective
mass in oxide is m™ = 0.5m¢. The gate stack of the device is
made of 2 nm of HfO; (¢ =22¢) on top of 2.4 nm of SiON
(e = 5.21¢p). The silicon channel and the BOX thicknesses
are 7.5 nm and 25 nm respectively.

Following [12] which reports an overestimation of the
SR-limited mobility when calculated with the KG solvers,
the SR parameter Aggr is increased up to 0.62 nm using
an exponential autocorrelation function with Agg = 1.3 nm
(while in NEGF a more usual value Aggr = 0.47 nm is
used with Asg = 1.3 nm). On the other hand, we found
out that RC-limited mobility tends to be slightly underes-
timated (for Ty, = 2.4 nm) with the KG simulations when
compared to NEGF [13, 16]. Consequently, the charge den-
sity at the high-k/IL interface is adapted (3e13 cm™—2 for KG
and 5e13 cm™2 for NEGF). The difference can be due to the
first order approximation of the Boltzmann Transport Equa-
tion when calculating the RC-limited mobility or the use of
the Matthiessen’s rule in the MRT-based approach. These
approximations are well discussed in [28]. Once these pa-
rameters have been adjusted, a good correlation has been
found as depicted in Figs. 10 and 11, for VB =0 V and
VB = 8 V. An interesting point can be noticed in compar-
ing Figs. 10 and 11. While in an unbiased device, the RC
contribution to the total mobility is large, in the back biased
device, the RC contribution appears much weaker.

Considering the good agreement between the two solvers,
an exhaustive series of simulations with the much more

@ Springer
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Fig. 11 nMOS effective mobility components (PH, SR and RC mo-
bility) at VB = 8 V. Comparison between NEGF and KG results. Pa-
rameters for SR: exponential SR autocorrelation with Agg = 0.47 nm
and Asgr = 1.3 nm for NEGF and Agg = 0.62 nm and Asg = 1.3 nm
for KG. Charge density at high-k/IL interface: 3e13 cm~2 for KG and
5e13 cm™2 for NEGF

CPU efficient KG solvers has been performed varying the
IL thickness, the temperature, the interface charge density
and the back bias (part IV). Unfortunately, direct hole mo-
bility comparisons between NEGF and KG are still missing.
Therefore, for the purpose of TCAD calibration in pMOS
device, a series of 6k.p-based KG simulations [20] (with
Luttinger-Kohn parameters: y; = 4.27, y», = 0.315 and
y3 = 1.387 [30]) has been performed using the same Asgr =

@ Springer

1.3 nm parameter as for nMOS while Agr = 0.40 nm has
been adjusted on measurements.

4 TCAD models calibration
4.1 TCAD mobility models calibration

As already mentioned, mobility in TCAD software (all sim-
ulations shown here are performed with Sentaurus Device—
Sdevice [21]) is determined using empirical models which
depend on a series of unknown parameters that have to
be calibrated. A recent model accounting for the mobility
degradation in thin channel at both front and back interfaces
has been developed in [25] (Eq. 297 in [26]). The param-
eters of this model have been carefully calibrated in [26]
and therefore are used in the present study. Note neverthe-
less that a slight change of the SR parameters was manda-
tory to better reproduce measurements (§ = 2.5¢18 cm?/V's,
n = 1e50 V2/cm/s for nMOS and 8§ = 4.10e15 cm?/V's,
n = 5.82e31 V?/cm/s for pMOS in Eq. (3)). The SR-limited
mobility is given by:

A* 3\ -1
s = (W% + %) )

The RC-limited mobility was modeled using the following
equation [26]:

_ 11+ (¢/cuans)?)
(§5)™.D

“

With D = exp(— chj), x is the distance from high-k/IL inter-
face, N. is the negative or positive interface charge density,
c is the local carrier concentration in the channel and the
other terms are fitting parameters. The mobility variation
with the temperature can be expressed for each scattering
mechanisms through the law Ma(ﬁ)y. From KG simula-
tions, we have determined the values of these coefficients for
nFDSOI devices: ypy >~ —1.7, ysr =~ —0.95, yrc >~ —0.41
and y1ot =~ —1.1. There is a strong difference in our TCAD
models as the dependence of the SR and RC-limited mobil-
ity with temperature is neglected.

The calibrated RC-limited mobility model (Eq. (4)) is
compared to KG results. Figure 12 shows the variation of
the nMOS RC mobility with respect to the inversion charge
for various high-k/IL interface charge densities (Fig. 12a)
and for various IL EOT (Fig. 12b). The calibrated empiri-
cal model reproduces well the mobility determined with KG
solvers. Similarly, RC-limited mobility has also been cali-
brated for pMOS in Fig. 13.
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4.2 Comparison to experimental data

In order to investigate the accuracy of calibrated TCAD
models, the total mobility for nMOS is then simulated us-
ing TCAD and KG solvers (parameters in Table 1) vary-
ing the IL EOT (Fig. 14) and the temperature of the device
(Fig. 15). Concerning nMOS, a charge density of 3e13 cm™2
at high-k/IL interface is used to fit experimental data and
excellent agreements are found between solvers and exper-
imental data. This charge density theoretically leads [10] to
a variation of VTH of nearly 0.45 V.

0 5 10 15
INVERSION CHARGE [cm'2] X 1012

Fig. 14 n-MOS mobility as a function of the inversion charge for
structures with various IL EOT. Comparison between TCAD, KG
solvers and experiments. Raccess = 2 X 60 Q-um
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Fig. 15 n-MOS mobility as a function of the inversion charge for vari-
ous temperatures. Comparison between TCAD, KG solvers and exper-
iments. Ryccess =2 X 60 Q-um

These simulations have been also performed for pMOS
devices, see Figs. 16 and 17, using a charge density of
6e13 cm~2 at high-k/IL interface. In TCAD, the slight un-
derestimation of the mobility variation with temperature can
be due to the fact that our RC and SR-limited mobility mod-
els neglect the variation with the temperature.

The total mobility is then extracted as a function of the
IL EOT, at Nipy = 2e13 cm™2 (Fig. 18). Good agreement is
found for IL EOT > 1 nm for both devices. The degradation
of the mobility with the IL thickness is well captured by
considering RC scattering only. This tends to suggest that
RP and RSR has a negligible impact for IL EOT > 1 nm.

Figure 19 is the variation of the mobility with the tem-
perature for various inversion charges and for n- and pMOS.
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Fig. 17 pMOS mobility as a function of the inversion charge for vari-
ous temperatures. Comparison between TCAD, KG solvers and exper-
iments. Ryccess = 2 X 60 Q-um

The mobility degradation (due to the increase of phonon
scattering) with increasing temperatures is well reproduced
by simulations for both devices.

As a ultimate benchmark, the variation of the mobility
with VB is accurately accounted for, as testified by Fig. 20.
As can be seen, the experimental behavior (depicted in
Fig. 5) is well captured by KG solvers but also by TCAD
simulations.

5 Conclusions
In this paper, we presented a multi-scale simulation strat-

egy for UTBB-FDSOI devices featuring high-k/metal-gate.
In a first part, we demonstrated from split-CV measurements
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Fig. 19 n- and pMOS mobility as a function of the temperature at fixed
inversion densities (2¢12 cm~2 and 1e13 cm~2). Comparison between
TCAD, KG solvers and experiments. Tipy = 2.65 nm; Ts; = 7.5 nm.
Raccess =2 x 60 Q-pm

that the mobility can significantly be improved by applying
positive and negative BB for n- and pMOS respectively. The
high applied VB induces a back channel inversion and a dis-
placement of the inversion charge centroid affecting surface
roughness scattering mechanisms as well as the screening of
the coulombic effect at high-k/IL interface.

In the second part of this paper, we presented a direct
comparison between NEGF and KG solvers with a view of
obtaining reference mobility curves for TCAD models cali-
bration. Adjusting KG SR parameters (Asr) and the charge
density at high-k/IL interface, we demonstrated that KG
solvers reproduce well NEGF results. These solvers are con-
sequently accurate and more CPU efficient than NEGF to be
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Table 1 Simulations parameters for KG solvers

Band structure Phonon

Surface roughness

Remote Coulomb

Electron  parabolic band structure Parameters of [29] Exponential Autocorrelation Tensorial Lindhard screening.
Agr =0.47 nm and Aggr = 1.3 nm. Charge density at high-k/IL
Scalar Lindhard screening. interface: 3e13 cm™2.
Hole six-bands k. p model Parameters of [29] Exponential Autocorrelation Tensorial Lindhard screening.
Asr =0.40 nm and Asg = 1.3 nm. Charge density at high-k/IL
Scalar Lindhard screening. interface: 6e13 cm™2.
600 ‘ T tional Electron Devices Meeting. IEDM 2007. IEEE Press, New
Lines: KG York (2007)
500k Symbols: TCAD | 2. Fenouillet-Beranger, C., et al.: FDSOI devices with thin BOX and
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Fig. 20 Simulated effective mobility as a function of the back
bias for various inversion densities: Nipy = lel3 and 2el2 cm™2.
Tiny =2.65 nm; Ts; = 7.5 nm; T = 300 K. Ryccess =2 X 60 Q-um

used as a reference to calibrate TCAD empirical mobility
models.

In conclusion, we demonstrated that, after a calibration
on KG solvers, TCAD mobility models can well repro-
duce the mobility behavior in high-k/metal-gate UTBB-
FDSOI devices varying the back bias, the high-k/IL concen-
tration charge and the temperature. Moreover, we success-
fully model mobility degradation in high-k/metal-gate de-
vice with the IL thickness considering RC only (in addition
to PH and SR). This suggests that, for the considered devices
with EOT IL > 1 nm, other high-k degradation mechanisms
can be neglected.
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