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Abstract— Surface roughness causes random shifts in the
lowest sub-band level around its ideal position. This gives rise to
tail states of an otherwise step-like DOS of the 2D electron gas in
the channel. These tail states cause a gradual onset of tunneling
in a TFET with vertical tunnel paths and degrade the sub-
threshold swing. The impact of roughness of the
semiconductor/oxide interface on the transfer characteristics is
analyzed in this paper. Quantum-mechanical calculations are
performed on a (pseudo)-one-dimensional TFET to obtain the
drain current in the presence of randomly shifted sub-band
levels. It is found that, the larger the roughness amplitude, the
stronger the degradation of the sub-threshold swing.
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I. INTRODUCTION

To minimize the frequency of charging batteries, it is
necessary to reduce the energy footprint of integrated circuits
used in mobile communication equipment. Supply voltage
scaling is one way of reducing energy consumption in
integrated circuits. However, due to the physical limit on the
mechanism of operation of Metal Oxide Semiconductor Field
Effect Transistors (MOSFETs), the supply voltage of
MOSFET based integrated circuits cannot be further scaled at
this stage. Therefore, alternative energy-efficient solid-state
electronic switches are sought after to replace MOSFETSs. The
Tunnel Field Effect Transistor (TFET) is a switch which works
on the principle of band-to-band tunneling (BTBT) in
semiconductors. It offers the possibility of scaling down the

supply voltage [1].

In a TFET, BTBT either takes place parallel to the gate
(often referred to as point tunneling), perpendicular to the gate
(often called line tunneling), or inclined. In a vertical TFET,
called Line TFET (LTFET) in the following, vertical tunneling
prevails. With the special device geometry shown in Fig. 1(a)
point tunneling can be completely suppressed. Line tunneling
takes place between two-dimensional electronic states in the
triangular well at the oxide-semiconductor interface and the
three-dimensional hole states in the bulk region. A sharp step-
like onset of BTBT is a peculiar characteristic of the 2D-3D
DOS matching. This sharp onset of BTBT results in a small
sub-threshold swing (SS). Scaling of the gate area can scale up
the on-state current in a LTFET. However, field-induced
quantum confinement in the channel degrades the on-current
[2,3]. Additionally, the rough oxide-semiconductor interface
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Figure 1: (a) InGaAs LTFET with counter-doped
pocket. The special geometry favors vertical ("line'")
tunneling and is used to analyze the impact of channel
quantization and surface roughness. (¢) (Pseudo-) one-
dimensional TFET used for quantum-mechanical
calculations.
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results in band tail states [4] which cause a more gradual onset
of line tunneling and thereby degrades the SS.

In this work, the impact of surface roughness on the
steepness of transfer characteristics of LTFETs is analyzed.
Quantum-mechanical calculations are performed to obtain the
tunnel current for sub-band edges at different energies adjacent
to the energy of the first sub-band. The drain current for a
LTFET with surface roughness is calculated by an ensemble
average of these tunnel currents. The variation of the influence
of surface roughness with source and channel doping is
analyzed. Finally, the drain current resulting from the quantum-
mechanical calculations is compared with that obtained from
the semi-classical model from [3].

II. SIMULATION SET-UP

The special geometry of a LTFET which suppresses point
tunneling is shown in Fig. 1(a). The wide gate overlapped on
the source region provides a large area for vertical tunneling.
The thin long undercut region between the source edge and
drain ensures low off-state leakage. A 5nm thick counter-



doped pocket is introduced under the gate to advance the onset
of the device. A two-dimensional quantum transport simulation
of such a large device is computationally not feasible.
Therefore, a cut-line normal to the interface was used for one-
dimensional quantum-mechanical calculations. This uni-
dimensional device is schematically shown in Fig. 1(b).

A. Quantum-mechanical Calculation of the Tunnel Current

The one-dimensional device in Fig. 1(b) is simulated using
a self-consistent 1D k-p-Poisson solver available in the S-
Band package [5]. For each gate bias, the energy levels and
the quantized electron wave functions of the first sub-band are
obtained from the solver. The Numerov method is used to
calculate the valence band (VB) wave functions in the bulk
region for all energies E* of the tunnel window. The tunnel
probability is calculated for each E* using Fermi’s golden
rule. The total drain current per unit gate area is then
calculated in the Landauer formalism. The entire procedure is
described below.

The triangular potential well in the channel results in the
quantization of the conduction band (CB) states. These states
are obtained by solving the following envelope equation
numerically using a 1D k-p-Poisson solver available in S-
Band [5]:

2 2
<_2f17c%+ U(Z)> Xc,n(z) =E, Xc,n(z)- €y
For Eq. (1) it is assumed that the device is homogeneous in
the xy-plane. Hence, the x- and y-dependent components of the
envelope function are given by plane waves. This adds an
additional energy term to the total energy. The total energy thus
becomes E, |, = E, + E*.

Since VB states are not quantized, an envelope function
exists for each available value of EL. The envelope functions
for the VB states are obtained solving the following equation
by the Numerov algorithm:
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Hard-wall boundary conditions at the oxide-semiconductor
interface (y,(z = 0,E*) = 0) are used as boundary condition
for the wave function as required for the Numerov algorithm.

The envelope functions for the CB and VB states obtained
by the above method are exact solutions of the Schrodinger
envelope equation. The inter-band matrix element as a function
of E* can be obtained by treating the field-dependent inter-
band coupling term as perturbation,

My (En s E') = f Xen (O H'(O) 2, ENdx, (3)

where H' (x) = — VU(x).

g

Here, P is the momentum matrix element and E, is the
band gap. The tunnel probability can then be calculated using
Fermi’s golden rule,
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Note that although E;, is discrete, Ey,, is continuous as it

involves the transverse energies. The above integral gives a

Heaviside function on integration, which implies that E' >
E,, for tunneling to take place. The total electron current can be
calculated by integrating the tunnel probability over all
available transverse energies,

Jr= f maxT(E’L)p(E’L)dE’L. 5)
0

The current density obtained by this approach is in units of
A/m?, It can be multiplied by the gate area to obtain the drain
current. In this way, the drain current is calculated per unit area
for the given sub-band energy.

B. Introducing the Effect of Surface Roughness in the
Calculation

The oxide-semiconductor interface (assumed to be in the
xy-plane) is not atomistically smooth. Its roughness causes
random shifts of the (assumed infinitely high) potential wall of
the triangular well along the z-axis. This results in random
shifts of the first sub-band level around its mean energy as
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Figure 2: (a) Schematic showing the Gaussian spread
of the energy of the first sub-band level. (b) Sketch of
the weighted average of the DOS of all the randomly
shifted first sub-band levels resulting in an error-
function like DOS with tail states below the mean sub-
band level.
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Figure 3: Comparison of transfer characteristics of the
uni-dimensional LTFET for different values of the
roughness amplitude.

shown in Fig. 2(a). This means that the value of the first sub-
band energy level is different at different locations in the xy-
plane. If the sub-system at each location in the xy-plane acts
as an independent 2D sub-system, the DOS of the quantized
electronic states in the sub-system is step-like. The average
DOS of the total system is obtained by taking the weighted
average of the DOS of each of such localized sub-systems at
each location in the xy-plane. The weights are the probability
of existence of a sub-band level at a given energy. For a rough
interface with Gaussian correlation, the spread of the sub-band
levels is a Gaussian with the center at the mean energy of the
first sub-band as shown in Fig. 2(a). Averaging of the DOS as
described above with a Gaussian as a weighing function
results in the average DOS with the shape of an error function
as depicted schematically in Fig. 2(b). The aggregate effect of
this random shift of the sub-band level is the formation of
band tail states below the mean energy.

The quantum-mechanical treatment of a 2D electronic
system in the presence of an arbitrary random potential in 2D
by Quang and Tung [6] yields an error-function-like DOS
which is in agreement with our argument described above.
The standard deviation (1) appearing in the Gaussian
distribution and the error function is calculated in [8] by
inserting Ando’s roughness potential [7] as an arbitrary
random potential. It is given by,

n=FegA, (6)
where 1 is the characteristic energy, Fee is the effective

T
electric field given by Feff=w, and A is the
Jy dzn(2)
roughness amplitude.
Assuming that the tunnel rate can be independently
calculated for each localized sub-system, the total tunnel

current in the presence of surface roughness is given by
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Here, Jp(E) is the drain current calculated by the quantum-
mechanical treatment described in sub-section II-A (see Egs.
(1) - (5)) for a system with the sub-band lying at energy E. In
this way, the fotal drain current is calculated by taking the
ensemble average of the drain currents arising from the spread
out levels of the first sub-band at each of the energies E
(=00 < E < Ep,4,) around the mean sub-band level (Ej).

III. SIMULATION RESULTS AND DISCUSSION

The drain current in the presence of broadened sub-band
energies due to surface roughness was calculated using the
above described procedure. A roughness amplitude A of 1.8 A
and a correlation length L of 1.9nm was experimentally
extracted for a InAs/GaSb hetero-junction by Feenstra ef al. [9]
Also, roughness amplitudes ranging between 5A and 11 A
have been reported for thin Ing75Gag2sAs pHEMT structures
[10]. Taking these values as guidelines, the quantum-
mechanical calculations were performed with A=
1.84,3.6 4, and 5.4 A. The simulation results are presented in
Fig. 3. As observed in the figure, an increasing roughness
amplitude degrades the sub-threshold swing, as one would
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Figure 4: Comparison of (a) transfer characteristics
and (b) sub-threshold swing of the LTFET with and
without considering surface roughness for two different
values of the bulk doping.
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Figure 3: Comparison of transfer characteristics of the
1D LTFET -calculated quantum-mechanically and by
the semi-classical model for different values of the
roughness amplitude.

expect. The sub-threshold swing averaged over four orders of
magnitude of the drain current is plotted vs. roughness
amplitude in Fig. 4(b) (blue line). The plot confirms that the
steepness of the /V-plots at the onset degrades with increasing
A.

The effect of the source doping level on the /V-plots with
and without roughness was studied by calculating the transfer
characteristics for two doping concentrations, 5 X 1018 cm
and 1 X 10° cm™. The IV-curves are compared in Fig. 4(a).
The average sub-threshold swing of the LTFET is plotted in
Fig. 4(b) vs. roughness amplitude for the two doping values.
The lower the doping, the smaller Feg and the characteristic tail
energy 1. Hence, the reduction of doping is expected to result
in a lowering of the sub-threshold swing. On the other hand, a
smaller doping concentration increases the tunnel length which
in turn degrades the sub-threshold swing. A degradation of the
swing due to the reduced doping is observed for smaller A . For
A =544, the effect of a smaller n due to lower doping
becomes dominant and the subthreshold swing is improved
with decreasing doping concentration.

A. Comparison with Semi-classical Model

A semi-classical TCAD model was presented in [8] to
account for the formation of band tails due to interface
roughness and their impact on line tunneling. Here, this model
is employed on the uni-dimensional LTFET for comparison.
The band diagrams extracted from the k-p-Poisson solver at
each bias point are processed to obtain the active tunnel paths.
The semi-classical model is then used on these tunnel paths to
calculate the tunnel current. In Fig. 5, the drain current
obtained from the quantum-mechanical calculations is
compared with the semi-classical drain current. The good
agreement confirms the validity of the semi-classical TCAD
model.

It must be noted that the above treatment is only applicable
for vertical (line) tunneling. Furthermore, various non-idealities
such as bulk band tails, interface and bulk traps, etc. affect the
TFET performance in addition to interface roughness. It is
observed that, among all the non-idealities, traps have the
strongest impact [11]. However, the detrimental effect of traps
is going to fade out with improving technology. If that
happens, interface roughness may become an important non-
ideality that degrades the sub-threshold swing.

IV. CONCLUSION

In summary, the impact of a rough semiconductor/oxide
interface is assessed by quantum-mechanical calculations of a
uni-dimensional LTFET. The simulations show that surface
roughness degrades the sub-threshold swing and results in a
gradual turn-on of the device instead of a sharp, step-like onset.
The larger the roughness amplitude A, the more severe the
degradation of the sub-threshold swing. Also, for larger values
of A, reducing the source doping reduces the degradation of the
swing. It must be noted, that the above results only apply to
vertical (line) tunneling.
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