A simplified approach to include confinement
induced band structure changes into the NsFET
compact model
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Abstract—This work presents a simplified mathematical
method to capture the k.p-based band structure modifications
with confinement and device substrate/transport orientation in
the compact model of quantum confined Nanosheet FETs. The
change in effective mass with confinement is captured in terms
of non-parabolic sub-bands. The estimated sub-bands are used
to compute inversion charge density and gate capacitance using
a bottom-up scalable compact model for different device dimen-
sions and substrate/channel orientations. The accuracy of the
proposed method is confirmed using k.p simulation in Global
TCAD Solutions (GTS).

Index Terms—non-parabolic subbands, nanosheet FET, Kk.p
based bandstructure, quantum confinement, channel orientation,
effective mass, bottom-up scalable compact model

I. INTRODUCTION

The Silicon Nanosheet FETs (NsFET) have been identified
by the semiconductor industry as the leading architecture to
continue CMOS technology scaling beyond the 5 nm node
[1]. The NsFETs offer excellent gate electrostatics with negli-
gible short-channel effects. Fig. 1 shows schematic diagram
of a NsFET with the extremely thin body (H) and width
(W). For such a confined system, the Quantum Mechanical
Confinement (QMC) induced effects play a major role in
device performance. The QMC causes the separation of energy
bands, resulting in sub-band formation and thereby affecting
the density of states (DOS). Unlike the bulk MOSFETs, energy
bands in confined structure can no longer be considered as
a continuous 3D stack of energies. This affects the inversion
charge density and this phenomena is more pronounced in thin
and narrow NsFETS.

Fig. 2 shows the E-K diagram of a (100)/[110] oriented
silicon channel. Here, two out of the six valleys (as shown
in Fig. 3), residing in the confinement direction (x-y in Fig.
1), are projected at the I' point (k, = 0). The pair of two-
fold degenerate valleys are projected at the off-I" axis. Note
that only the lowest energy sub-band in each valley is shown.
As shown, the relative position of the bands as well as their
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Fig. 1: Cross sectional view of a NSFET confined in the x-y
direction. W and H are width and thickness of NSFET respec-
tively. The vertical and horizontal sidewall of the channel has
different crystallographic orientation.
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Fig. 2: The k.p based E-K diagram for Si channel oriented in
(100)/[110] direction for W (nm) x H (nm) = 10x10 and 10x3.
Two fold degenerate band (As) in confinement direction are
projected at I' (k, = 0) and pair of two fold degenerate band
(Ay) at off-T" (negative and positive k, respectively).

curvature changes with confinement. This results in the change
of the sub-band energies, effective mass and DOS. In addi-
tion, these variations are different for each substrate/channel
orientation [2]. Moreover, due to the non planar nature of the
NsFET channel, the channel’s vertical and horizontal side wall
has different crystallographic orientations. Therefore, these
different orientations need to be properly considered. Note that
all the orientations mentioned in this work are along the length
of the channel.
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Fig. 3: Six equivalent energy ellipsoids of bulk Silicon oriented
in kg, ky and k, directions.

In earlier literature, it has been shown that the conventional
model for bulk MOSFETs needs to be modified to accurately
reproduce the NsFET characteristics [3], [4]. The sub-band
information has to be accurately calculated and included in the
compact model. Since both H and W change with technology
or device/circuit design, anywhere from a few to several
100 sub-band energy levels needs to be calculated for the
model to seamlessly scale from thin to thick and narrow
to wide NsFETs. The BSIM extension for NSFETs uses an
empirical equation to calculate sub-band energy levels that
require several fitting parameters [3]. In addition, an empirical
fitting is used to capture the effective mass change with the
confinement. Several reports to model the change in effective
mass with confinement are available. However, almost all of
them use curve fitting to experimental or simulation data [5].
Further, as such calculations are required for every valley,
which differs depending on substrate/channel orientation, this
requires extensive fitting as well as different equations to
match the characteristics. Such extensive use of fitting param-
eters not only make the model prone to convergence issues but
also makes it complicated and empirical (by losing physical
insight).

Recently, a bottom-up compact model has been reported for
the NsFETs, which modifies the energy calculation equation
of an infinite potential well to capture the wave-function
penetration in_an explicit manner [4]. This allows for the
accurate calculation of any number of sub-bands without the
use of fitting parameter, making the model computationally
efficient and scalable. However, the proposed model in [4]
uses-an average DOS effective mass and does not include the
effect of orientation and thickness/width scaling.

In this work, we have shown that the problem of change in
effective mass with confinement can be formulated in terms
of having non-parabolic sub-bands. Therefore, by modifying
the widely used non-parabolic effective mass approximation,
all the effects discussed above can be included in the compact
model. The model [4] is then extended to calculate the sub-
band energy explicitly using only a couple of additional
fitting parameters. This method makes the model simple,
computationally efficient and predictable.
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Fig. 4: Drain current (Ipg) as a function of Vg for a NsFET
with three sheets and W (nm) x H (nm) = 20x5, gate
length (Lg) = 12 nm for Vpg = 50 mV and 0.7 V. The
symbols represent the TCAD data and solid lines represent
the experimental data [6]. The TCAD deck is well calibrated
against the experimental data.

II. SIMULATION SETUP

The simulated NsFET device (shown in Fig. 1) is confined
in the x-y direction with transport in the z-direction. The
simulations are done using the Global TCAD Solutions (GTS)
framework [7]. The TCAD deck is first calibrated with the
NSFET experimental data obtained from [6]. Fig. 4 shows the
calibrated drain current for a 12 nm long n-type NsFET with
three sheets and W (nm) x H (nm) = 20x5 for both linear (Vpg
= 50 mV) and saturation (Vps = 0.7 V) region. The calibrated
deck is then used to simulate the 2D cut surface of single
sheet NsFETs with different H, W and surface orientations.
The k.p along with the Poisson equation is used to simulate
the electrostatic characteristics. This methodology accurately
captures the QMC effects such as sub-band energy change,
valley splitting, and effective mass variations. The compact
model proposed in [4] is used as the baseline model, which is
then modified using the approximation proposed to match the
k.p simulation data.

III. METHODOLOGY

The energy value of the sub-band can be calculated as,
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Here, the subscript i, j indicates i™ and j™ sub-bands, &
is the reduced Planck’s constant, m" is the average DOS
effective mass, Wy, and H, are the modified width and height
respectively as reported in [4]. Fig. 5 shows the simulated
gate capacitance (Cg,) for (100)/[110] oriented silicon channel
NsFETs with W (nm) x H (nm) = 10x3 and 3x3 using both
k.p and the model developed in [4]. The model in [4] uses
(1) for sub-band energy calculation. The observed deviation
from k.p simulation is due to the assumption of average DOS
effective mass in (1). The average DOS effective mass affects
both the lowest energy subband level and DOS, thus directly
affecting the threshold voltage of the device.



TABLE I: Confined (x-y direction) and Transport (z direction) effective mass

substrate/transport orientation

of Silicon ellipsoidal valleys in different

Orientation | Principal axis | Valley my* my* m;*
Along ky E-1,2 | 2mm¢/(m;+my) m¢ (my+m¢)/2
(100)/[110] Along ky E-34 | 2mm¢/(m;+my) m (my+myg)/2
Along k, E-5,6 my my my
Along kx E-12 m my m
(100)/[100] Along ky E-34 m; my my
Along k, E-5,6 m m m
Along kg E-12 (my+my)/2 2mym¢/(my+my) m¢
(110)/[100] Along ky E-34 (my+my)/2 2mym¢/(my+my) my
Along k, E-5,6 m mg my
Along kx E-1.2 my 2mym¢/(mp+my) | (my+my)/2
(110)/[110] Along ky E-34 m¢ 2mymy/(my+mg) | (my+my)/2
Along k, E-5,6 my my mg
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Fig. 5: Gate capacitance (Cg) for (100)/[110] oriented NsSFET
with W(nm) x H(nm), (a) 10x3 and (b) 3x3 using k.p (open
circles) and model [4] (solid lines). The deviation in Cg is due
to the assumption of average DOS effective mass in model [4].

Therefore, to capture the effect of device orientation on sub-
band energy levels, (1) needs to be modified by introducing
orientation dependent effective mass. The modified equation

can be written as below.
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e (—) @
my Hb

2R2 1\’
B = e (7)

Here, my, my are confined effective masses in x and y
directions respectively. It can be calculated by using the
effective masses associated with the principal axis of ellip-
soids (transverse (m;) and longitudinal (m;) effective mass).
Generally, due to the non-alignment of the principal axis of
ellipsoids with substrate/channel orientation, these effective
masses are tensor quantities [8]. To relate the effective mass
involved in the device coordinate system with the effective
mass associated with ellipsoids, a rotation matrix is used in
this work. This transforms the ellipsoid coordinate system into
the device coordinate system and results in the formation of the
inverse effective mass tensor symmetric matrix in the device

Fig. 6: Variation of conduction band minima E, with respect to
W using k.p (symbols), (2) (solid lines) and (1) (dotted line)
for H = 3 nm for both I' and off-I" valleys for (100)/[110]
orientation.

coordinate system. Using this matrix, effective mass can be
computed for any arbitrarily oriented device in both confined
directions and transport directions. Table I shows the effective
mass of Silicon ellipsoidal valleys shown in Fig. 3 in terms of
bulk m; (0.89mg, my is the rest mass of an electron) and m,
(0.19my) for different substrate/transport orientations.

Fig. 6 shows the variation of ground state energy (conduc-
tion band minima (E.)) for NSFET with H = 3 nm and varying
W. It corresponds to NSFET of dimension W (nm) x H (nm)
= 10x3 with quasi 2D channel to NsFETs of dimension 3x3
with quasi 1D channel. Here the symbols and the dotted line
shows E; obtained from the k.p simulations and the original
equation (1) as proposed in [4], which uses the average DOS
effective mass. It can be seen that the average DOS effective
mass not only fails to capture the variation of effective mass
with thickness, but it is also erroneous for W = 10 nm. The
modification of [4] as given in (2) with the use of m] and m;



presented in Table I is plotted using solid lines in Fig. 6. The
modified model accurately predicts the value of E. for W =
10 nm for both I' and off-T" valleys. However, it still does not
capture the accurate variation of effective mass with W.

A. Modified Effective Mass Approach

Due to confinement, the effective mass is not constant
with thickness [2]. This behavior can be mimicked using
the non-parabolic correction for E-K dispersion. The non-
parabolic correction increases the effective mass with energy
[9], whereas in the confined system, the effective mass changes
with the reduction in thickness. Further, with the confinement,
the energy of the sub-band also increases along with the
change in the curvature of E-K. Therefore, we are looking at
sub-bands with higher effective mass, which are also higher
in energy with respect to the unconfined structure. Hence, if
the non-parabolic correction equation is modified in such a
way that it changes the effective mass with the same energy
which corresponds to the desired energy of E-K for reduced
thickness, the change in effective mass with the reduction in
thickness could also be captured. The energy calculation can
thus be modified using the method proposed in [10] as,
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Here, k, and m; are the wave vector and effective mass at the
bottom of sub-band in the transport direction (z). E?fjp denotes
the sub-band energy minima at k, = 0 and can be written as,
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Here, E;; can be calculated using (2), Uj; is the expectation
value of potential energy with respect to wave function of i,
j sub-bands (¥; ;) and a1, g are used as fitting parameters.
The U;; for NsFET is calculated as,

Uy = (V251819.) )

where, ® is the perturbing potential as explained in [4]. The
final expression after solving (5) is,
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Here, Qjny is inversion charge density and C. is centroid
capacitance [4]. The Qj,y involved in (6) can be calculated
using (3) and utilizing the approach explained in [10]. It is

given as,
mod
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Fig. 7: Variation of conduction band minima (E.) with respect
to W using k.p (symbols) and (3) (solid lines) for H = 3 nm
for T valley for (100)/[110] orientation. The modified sub-band
energy (3) fits the simulation data very well.
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Fig. 8: Root mean square (RMS) error in conduction band
minima (E.) calculation for different device orientation for W
(nm) x H (nm) = 10x3 to 3x3 without fitting (2) and with
fitting (3). The significant reduction in error can be seen on
using the proposed model.

Here, Cy; and Cg are the constants [10], . is the potential at
the center of NsFET (x,y = 0), Egi}"d is the sub-band energy
level considering only geometrical confinement given by (4),
Ee““Od corresponds to electrical confinement [10], F.j», Fyjs is
the' Ferml Dirac integral of order -1/2 and 1/2, kg is Boltzmann
constant and T is temperature.

Fig. 7 shows the variation of E. with W obtained from the
k.p simulation and from (3). It can be seen that the modeled E,
matches with the k.p simulation results and accurately captures
the variation of effective mass with confinement. Fig. 8 shows
the root mean square (RMS) error for different orientations of
NsFET ranging from W (nm) x H (nm) = 10x3 to 3x3. It can
be seen that the error is significantly reduced using (3) for all
the different combinations of substrate/channel orientation.

IV. RESULTS AND DISCUSSION

The modified energy expression (3) and charge expression
(7) integrated with compact model in [4] is used for esti-



4 (100)/[110] [ (100)/[110]
| W(nm)xH(nm)= 10F W(nm)xH(nm)=
c | O  10x10 [ O 10x10 2
O 3F © 10x5 —~ Fo
L 8 -
= f 10x3 £ 8
o [ & 3x3 L I a
— oL w 6f
= F Vos(v)=0v St
g fsymbol = k.p ¢ 3 4F Vos(V)=0V
2 1Hine = Model 252 (SR e
o f % 2F ¥ line = Model
F symbol = k.p

v,

o
1
o

00 02 04 08 08 10 60 03 040080
Vgs(V) Ves(V)
(a) (b)
Fig. 9: (a) Inversion charge density (Qj,y) and (b) gate capac-
itance (Cge) as a function of Vgg for NsFET with different

dimensions in (100)/[110] orientation. The model is in good
agreement with k.p simulation data.
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Fig. 10: (a) Inversion charge density (Qj,) and (b) gate
capacitance (Cge) as a function of Vgs for NsFET with
different dimensions in (110)/[100] orientation. The model is
in good agreement with k.p simulation data.

mating the electrostatics behavior of NsFETs. Fig. 9 shows
the Qi and Cg for NsFETs with H = 3 nm and varying
W for (100)/[110] device orientation. The model is in good
agreement with the k.p simulation data. Therefore, the method
proposed here can capture the variation of effective mass using
simplified equation with only two fitting parameters. Fig. 10
shows the Qj,y and Cgg for (110)/[100] device orientation. The
good agreement with simulation data confirms that the pro-
posed model is equally accurate for different substrate/channel
orientations.

V. CONCLUSION

To summarize, a modified approach was proposed to com-
pute sub-band energy levels in quantum confined system. It
was shown that the proposed approach can be used for differ-
ent device dimensions and substrate/transport orientations with
only two fitting parameters. The proposed model captured the
effect of effective mass change with confinement on energies
while ensuring the simplicity of compact model. The modified
sub-bands ‘were used to compute the NSFET electrostatics
using bottom-up scalable compact model [4]. The data from

the modified model agreed very well with the data from k.p
simulations thereby confirming the accuracy of the model.
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