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Impact of Floating Body Effect, Back-Gate Traps,
and Trap-Assisted Tunneling on Scaled
Ing 53Gag 47As Ultrathin-Body MOSFETs
and Mitigation Measures
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Lukas Czornomaz, and Andreas Schenk

Abstract— Ultrathin-body (UTB) IlI-V channel MOSFETs
are known to suffer from the floating body effect which
turns on a parasitic bipolar junction transistor (BJT) and
increases the off-state leakage current. This paper presents
a TCAD simulation study of UTB Ing 53Gag 47As n-channel
MOSFETSs with nanowire and planar device geometry, each
with different gate lengths (Lg) ranging from 13 to 300 nm.
A single set of parameters results in good agreement with
measured transfer characteristics of all six different device
geometries. The impact of band-to-band tunneling (BTBT),
trap-assisted tunneling (TAT), and the electrostatic effect of
traps at the buried-Al,03/InGaAs interface has been decon-
voluted during the TCAD analysis. Itis found that the turn-on
of the parasitic BJT is mainly caused by the combined effect
of BTBT at the channel-drain junction and TAT at the gate-
oxide/drain overlap. Furthermore, it is revealed that traps at
the buried-Al;,03/InGaAs act as a backgate and degrade the
subthreshold swing of the planar MOSFETs. The off-state
leakage due to the parasitic BJT could be minimized with
the help of an oxide spacer between HfO, and InGaAs drain
and by introducing a dopant grading at the source-channel
and the drain—channel interfaces.

Index Terms—IlI-V MOSFETs, floating body effect,
parasitic bipolar junction transistor (BJT), trap-assisted tun-
neling (TAT).

I. INTRODUCTION

UE to superior electron transport properties, InGaAs
is gaining more attention as a channel material for
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future CMOS applications. Increasing the indium content
in InGaAs improves the electron mobility but reduces the
band gap. The former imparts higher driving capability while
the latter is known to increase gate-induced drain leakage
due to band-to-band tunneling (BTBT). The intermediate
composition Ings3Gap47As represents a reasonable compro-
mise. Requirements for high-performance computing call for
ultrathin-body (UTB) MOSFETs which offer a small parasitic
capacitance. These UTB MOSFETs tend to suffer from the
so-called floating body effect [1]-[3] which gives rise to
a higher OFF-state leakage current, an abnormal subthresh-
old swing (SS), current instability in switching operation,
etc. In addition, traps at the gate-oxide/InGaAs interface
and InGaAs/buried-oxide interface adversely affect the device
characteristics.

Yet, the exact mechanisms that deteriorate the MOSFETSs
device performance have not been analyzed to date. To over-
come this gap and hence to be able to help future optimization
of such MOSFETs, we present in the following, two sets of
Ing.53Gapa7As UTB MOSFETs. These have been analyzed
to understand the mechanisms responsible for the OFF-state
leakage current and the associated degradation of the SS.
The individual physical mechanisms are deconvoluted through
simulations to obtain a detailed photograph of how they impact
the /-V curves.

Il. SIMULATION SETUP
A. Device Geometry

The two sets of MOSFETs mentioned above were integrated
on Si by direct wafer bonding and were fabricated follow-
ing a CMOS-compatible self-aligned replacement-metal-gate
process. Fabrication details are described in [4] and [5]. The
UTB MOSFET with a fin width of 17 nm has a nearly
circular cross section resulting from the fabrication process
[see Fig. 1(d)]. Therefore, it was simulated with the device
simulator Sentaurus-Device [6] in 2-D as a nanowire (NW)
FET using cylindrical coordinates. As shown in Fig. 1(a),
the channel of this NW MOSFET consists of unintentionally n-
doped Ing 53Gag 47As, whereas the raised source and drain are
composed of n-doped Ing 53Gag 47As. The device dimensions
and the doping profile are marked in Fig. I(a). The gate
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Fig. 1. (a) Axial cross section of the NW MOSFET with Lg = 13 nm.
(b) Vertical cross section of the planar MOSFET with W = 500 nm and
Lg = 13 nm. (c) Band diagram along the axis of the NW MOSFET at
Vps = 650 mV and Vgg = —250 mV. Locations of STDT and BTBT are
marked. (d) TEM image of the cross section of the NW MOSFET normal
to the transport direction.

oxide is an Al,O3/HfO;, bilayer with an equivalent oxide
thickness of 8.5 A extracted from CV measurements. Similarly,
the planar MOSFET with a channel width of 500 nm was
analyzed by simulating a vertical cross section of the device.
Device dimensions and doping profile are shown in Fig. 1(b).
The planar MOSFET differs from its NW counterpart by the
presence of a buried-Al,O3/InGaAs interface.

B. Model Parameters

The aim of the simulations was to understand the origin of
the high OFF-current and the large SS. Since both depend only
weakly on the carrier mobility, the latter was fixed to a constant
value of 300 cm?/(V - s) in planar devices and 80 cmZ/(V - s)
in NW devices. As this approach ignores the mobility degra-
dation at high gate bias, it cannot predict the ON-current
accurately. The effect of electron rearrangement due to quan-
tum confinement in the channel was taken into account by
using the anisotropic density gradient model [7], [8]. The
scaling factor y [6] was calibrated to the electron density
profile obtained from a 1-D Schrodinger—Poisson solver which
gave y = 1.5. Wave function penetration into the oxide was
activated in the model. BTBT at the gate—drain junction was
modeled by the dynamic nonlocal path BTBT model [9].
Source-to-drain tunneling (STDT) of electrons was modeled
by the Wentzel-Kramer—Brillouin-based nonlocal tunneling
model available in Sentaurus-Device following the approach
used in [10]. The required electron and hole effective masses
were set to m, = 0.043 mo and ml°°") = 0.052 mg [11].
Electron and hole lifetimes which determine the Shockley—
Read-Hall (SRH) recombination rate were set to 1 ns. Auger
recombination was included with Auger coefficients adopted
from the experiments in [15] and [16]. Their values were set
to 2.5 x 10728cmS - eV~! for both electrons and holes. The
work function (WF) of each device was adjusted to match the
experimental data. It ranges from 4.65 to 5 eV.

C. Interface Trap Density and Model Parameters

In a long-channel NW MOSFET at Vps = 50 mV,
the effect of traps at the HfO,/InGaAs interface on the device
characteristics is merely electrostatic. Therefore, Dj; at the
interface was set to 2 x 10'2cm™=2 - eV~! to obtain a good
fit to the subthreshold characteristics of the long-channel NW
MOSFETs at Vps = 50 mV. Following the experimentally
extracted distribution of traps at the InGaAs/Al,O3 interface
reported in [12], the donor-type Dj; at the back-side interface
in the planar MOSFETs was assumed to be uniform with a
value of 1.5 x 102> cm~2-eV~! throughout the band gap. This
distribution of traps was superimposed with a Gaussian profile
energetically located at the valence band (VB) edge of InAs
with a peak Dj; of 3 x 1013 cm™2 . eV~! and a full-width-
half-maximum of 480 meV.

Trap-assisted tunneling (TAT) at the HfO,/InGaAs interface
was modeled by a nonlocal model [13] after creating a non-
local mesh normal to the gate—drain overlap. The parameter
trap volume in the TAT model was set to 50 A3, whereas the
capture cross section in the multiphonon excitation model was
fixed to 50 A2. Bulk values of the effective masses m, and
min were used for the calculation of the tunnel probability in
the TAT model.

[1l. SIMULATION RESULTS AND DISCUSSION

Fig. 2(a)—(f) presents a comparison of the simulated and the
experimental transfer characteristics of the NW and the planar
MOSFETs, respectively, with different gate lengths. The good
match suggests that the simulation setup can include the effects
of all leakage mechanisms and traps.

A. Band-to-Band Tunneling and Floating Body Effect

Fig. 3(b) shows a color-mapped diagram of the BTBT rate
in the OFF-state of the NW MOSFET with L = 13 nm. Holes
generated in the channel lower the potential in the channel and
enhance the forward-biased p-n junction at the source—channel
interface. This turns ON a parasitic bipolar junction transis-
tor (BJT), as shown in Fig. 3(a). The hole current is supplied
to the base by BTBT generation as represented by a fictitious
current source in Fig. 3(a). A color-mapped diagram of the
SRH recombination rate confirms that all the holes indeed
recombine at the source—channel junction suggesting that the
forward-biased p-n junction is active. This effect is prominent
at high Vpg and is found to be absent at Vpg = 50 mV. Since
the lifetimes 7,5 in the UTB InGaAs are not known, they
are adjusted to match the leakage current. The OFF-current
is dominated by BTBT generation and SRH recombination.
Since the parameters of BTBT are taken from experiments,
adjusting the lifetimes is a reasonable approach. As shown
in Fig. 3(b), the leakage current increases with 7. due to
increased gain of the parasitic BJT. The device characteristics
are found to be unaffected by Auger recombination.

B. Impact of Source-to-Drain Tunneling

Simulations of the short-channel (Lg = 13 nm) NW
and planar MOSFETSs can match the experimental data with-
out activating traps and TAT models at either of the two
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Fig. 2. Comparison of simulated (solid) and experimental (circles) transfer characteristics of (a)—(c) NW MOSFETs and (d)—(f) planar MOSFETs

with gate lengths of 13, 100 (planar only), 130 (NW only), and 300 nm.
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generation rates along the axial cross section of the NW MOSFET with
Lg = 13 nm. A parasitic BJT is formed as sketched in (a). BTBT in
(b) acts as a current source supplying holes to the base of the BJT.
(c) Effect of variation of carrier lifetime on the OFF-current.

oxide/semiconductor interfaces. Thus, a large parasitic BJT
effect in short-channel MOSFETs dominates the leakage cur-
rent at high Vpg [see Fig. 2(a) and (d)]. At Vps = 50 mV, sim-
ulations predict a degradation of the SS of the short-channel
devices. This could be attributed to STDT, since the traps and
the TAT models are not activated in the simulation. As traps
are still present in the fabricated devices, this means that the
effect of STDT is more dominant than TAT or electrostatic
screening of the channel by the HfO,/InGaAs traps.

A degradation of the SS due to the electrostatic screening of
the channel by the traps at HfO,/InGaAs interface is observed
in the long-channel NW MOSFETs in which STDT is absent.

C. Trap-Assisted Tunneling at InGaAs/HfOo Interface

The strong negative Vgp in the OFF-state of the MOSFETSs
creates a triangular-like potential well adjacent to the
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Fig. 4. Transfer characteristics of the long-channel (a) NW MOSFET and
(b) planar MOSFET with TAT and without TAT. Transfer characteristics of
the planar MOSFET in (b) with and without buried-AloOz/InGaAs traps
confirm the degradation of the slope due to back-side traps.

gate—drain overlap region (vertical right-side wall of the gate).
As a result, electrons from the VB can undergo multiphonon
excitation to the trap levels followed by tunneling into the
conduction band [14]. This TAT process causes generation of
electron-hole pairs. Electrons flow to the drain adding to the
leakage current, while holes drift toward the channel along
the interface. In long-channel MOSFETs, this supplies holes to
the parasitic BJT. As shown in Fig. 4(a), the OFF-state leakage
current in the NW MOSFET with Ls = 300 nm resembles the
experimental leakage current as soon as the TAT at the gate—
drain overlap region is activated in the simulations. A similar
effect is observed for the planar MOSFET with Lg = 300 nm
[see blue solid curve versus green dashed curve in Fig. 4(b)].

D. Gain of the Parasitic BJT

The OFF-state leakage may arise from BTBT, TAT, or
STDT. In long-channel devices, STDT is negligible due to
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the thick tunnel barrier. Therefore, the drain current (Ip) at
Vgs = —0.25 V is the sum of collector current (I/¢) and base
current (/) of the parasitic BJT. Considering this, the gain
(p) of the BJT can be calculated as
p=C=t0" T8 (1)
Ip Ip
Since BTBT as well as TAT supply holes to the BIT,
the base current is the integral of the electron generation rates
of BTBT and TAT processes throughout the channel and drain
regions of the device

Ip=e / (Garer(r) + Grar(r)ld®r @)

where e is the elementary charge. For a planar MOSFET
with Lg = 300 nm, the abovementioned integration yields
I =2.62x 10710 A/um. Using I and Ip to calculate 3, one
obtains f ~ 19 at Vgs = —0.25 V. Similar calculations result
in f ~ 25 for the planar MOSFET with Lg = 100 nm. The
gain of the parasitic BJT increases with decreasing channel
lengths. This is because the gain of a BJT is inversely propor-
tional to the base width. (The channel acts as the base of a
parasitic BIT.) However, the above calculations yield g ~ 10°
for the short-channel planar MOSFET with Lg = 13 nm.
Such an unphysical value of £ arises from the violation of
the assumption that only the parasitic BJIT contributes to the
OFF-state leakage current (i.e., Ip = Ip + Ic). In the short-
channel planar MOSFET, the gate does not control the region
at the bottom of the channel. Since the channel region is
unintentionally n-doped, current conduction continues near the
bottom of the channel at Vgs = —0.25 V, resulting in a large
leakage current. Since this leakage mechanism is not taken
into account in the abovementioned calculation, it yields an
unphysically high f.

E. Effect of Back-Gate Traps at AloO3z/InGaAs Interface

Planar MOSFETs have a buried-Al;O3/InGaAs interface
with a large donor Dj;. Due to the absence of a triangular-like
potential well at this interface, no TAT takes place. However,
the traps are occupied/emptied by a multiphonon excitation
process when the Fermi level in the channel is changed by
the gate bias. Because of the large Dj; [12], this interface
carries a high sheet charge and acts as a weakly controlled
backgate. Electrons are attracted to the positively charged
traps and accumulate in the channel. As a result, the channel
remains conductive even at low gate bias. In this way, back-
gate traps reduce the gate control of the channel and degrade
the SS. Transfer characteristics of the planar MOSFET with
Ls = 300 nm show a degradation of the SS as soon as
the Al,O3/InGaAs traps are activated in the simulations. This
effect is also present in the NW MOSFETs, but to lesser
extent due to the narrow Al»O3/InGaAs interface at the bottom
of the NW noticeable in the TEM image [see Fig. 1(d)].
Our simplified 2-D simulations with cylindrical coordinates
cannot capture this effect. Therefore, a slight disagreement
between simulated and experimental data of the long-channel
InGaAs NW MOSFETs is observed around Vgs = 0 V in
Fig. 2(b) and (c). A 3-D simulation of the actual geometry
could reproduce this effect.
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Fig. 5. Transfer characteristics of the planar MOSFET obtained by
changing Dj; at (a) InGaAs/HfO, and (b) InGaAs/Al,Og interface by
factors of 0.5 and 2, respectively. Variation of Dj; at the InGaAs/HfO»
interface has a rather small effect on the I~V plots.
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Fig. 6. Transfer characteristics simulated by varying (a) trap volume

(needed in the TAT model) and (b) capture cross section (needed in the
multiphonon excitation model) by factors of 0.5 and 2, respectively.

F. Sensitivity Analysis of Trap Parameters

In the abovementioned analysis, Dj, trap volume, and
capture cross section at the InGaAs/HfO» interface have been
adjusted for a good match with the experimental transfer
characteristics. In the long-channel NW MOSFETsS, only Dj;
affects the electrostatics, which in turn increases the SS.
Using this property, Dj; was extracted to match the swing
in the subthreshold region. The remaining parameters were
taken from [14]. Simulations were carried out to assess which
impact a variation of each parameter in the conclusions of
this work. The transfer characteristics of a planar MOSFET
with L = 300 nm obtained by doubling and halving Dj,
active trap volume, and capture cross section are presented in
Figs. 5(a) and 6(a) and (b), respectively. The results suggest
that an error in the determination of Dj; would introduce
a small uncertainty in the subthreshold region, whereas the
variations of active trap volume and capture cross section have
almost negligible effect on the OFF-current at Vgs = —0.25 V.

D;; at the InGaAs/Al,O3 interface has been modeled based
on a measured distribution [12]. However, it might be different
in the devices studied here due to a different process flow. The
transfer characteristics obtained by doubling and halving the
uniform Dj; at the InGaAs/Al,O3 are shown in Fig. 5(b). The
current is sensitive to an increase of Dj, but does not alter
significantly when Dj; is lowered.
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As observed in Figs. 5 and 6, uncertainties in trap concen-
tration, trap volume, and capture cross section do not change
the transfer characteristics to an extent that would foil the
conclusions of this work.

IV. MITIGATION OF FLOATING BODY EFFECT
A. Suppression of TAT at InGaAs/HfO. Interface

In an NW MOSFET under low gate bias (Vgs < 0 V),
TAT at the InGaAs/HfO; interface results in hole generation
at the HfO,/InGaAs-drain interface. These holes drift to the
channel and enhance the leakage due to the floating body
effect. A thick-SiO, spacer between HfO, and n+ InGaAs
in the drain [as shown in Fig. 7(a)] can reduce the leakage
current by 2 orders of magnitude as shown by the transfer
characteristics of the long-channel (Lg = 300 nm) NW
MOSFET with and without spacers [see Fig. 7(b)]. This is

achieved by suppression of TAT at the InGaAs-drain/HfO,
interface. In the OFF-state, a large Vgp = —0.9 V gives
rise to a hole inversion layer at the interface. A SiO; spacer
causes a gradual drop of the potential across the low-k spacer.
This prevents the formation of a triangular well and a hole
inversion layer at the interface. The band diagram along a
cutline [dotted line in Fig. 7(a)] normal to the drain/oxide
interface was extracted and plotted in Fig. 7(c). It confirms
that the triangular well vanishes as soon as an oxide spacer
is introduced. Consequently, the tunneling step of the TAT
process [Fig. 7(d)], which requires a triangular potential well
at the interface, becomes infeasible. This inhibits TAT at the
InGaAs/HfO, interface and, in turn, reduces the OFF-state
leakage. Note that the same trap distribution was used at the
oxide/semiconductor interface with and without the spacer,
respectively. Simulations suggest that the spacer thickness
of 10 nm is sufficient to minimize TAT at oxide/InGaAs
interface. Leakage does not reduce further if a thicker spacer
is used. Also, the spacer creates an additional series resistance
which could reduce the ON-current. This effect is minimal in
a long-channel MOSFET with Lg = 300 nm due to the high
channel resistance.

B. Dopant Grading in Source and Drain

In the original devices, the doping changes nearly abruptly
between channel and source/drain. If dopant atoms were
introduced gradually during the growth of InGaAs, a gradual
i-n+ junction would form. In the simulations, a dopant grading
of Gaussian shape was used over a distance of 20 nm above
the channel, as shown in Fig. 8(a). The gradual doping alters
the electrostatics of the device. The peak of the electric field
along the channel/drain interface is lowered, and the field
spreads over larger distance [see Fig. 8(b)]. As a result, BTBT
between channel and drain becomes weaker. Also, due to the
reduced n-type doping adjacent to the vertical HfO,/InGaAs
interface, the triangular well does not form or it is shallower
compared to the original devices with high doping. As a
result, the tunneling barrier widens which reduces TAT at
the HfO,/InGaAs interface. Both the abovementioned effects
reduce the supply of holes to parasitic BJT, and the OFF-
state leakage is reduced. Transfer characteristics obtained by
changing thickness of the grading region are compared in
Fig. 9. The simulations show that increasing thickness of
the grading region which is same as reducing steepness of
Gaussian profile decreases the OFF-state leakage current.

The abovementioned techniques indeed reduce the OFF-state
leakage of a long-channel MOSFET. The same modifications
were employed in the simulated short-channel (Lg = 13 nm)
NW MOSFET. Its transfer characteristics are compared with
those of the original device in Fig. 10. Although the proposed
mitigations reduce the OFF-state leakage, they also result in
a severe reduction of the ON-current due to the additional
parasitic resistances. Besides, Vr-shift is observed in the short-
channel MOSFETs, after introducing dopant grading in the
source and the drain. It is due to change in the electrostatics
and the capacitances. Such a Vr-shift is not observed in the
long-channel MOSFETs. Due to the long channel, the relative
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long-channel NW MOSFETSs of Lg = 300 nm with the modified devices
obtained by introducing dopant grading as well as spacer in the original
devices.
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Fig. 10. Comparison between the transfer characteristics of original

short-channel NW MOSFETSs of Lg = 13 nm with the modified devices
obtained by introducing dopant grading as well as spacer in the original
devices.

change in the capacitance after employing the dopant grading
is small in the long-channel MOSFETs, and hence, Vr-shift
is negligible. Vr-shift in the short-channel MOSFETs may be
compensated by intentionally doping the channel or by gate-
WF engineering.

V. CONCLUSION

A detailed analysis of the InGaAs UTB MOSFETs reveals
that channel-drain BTBT as well as TAT at the HfO,/InGaAs
interface at the gate—drain overlap region are responsible for
the activation of the parasitic BJT resulting in a large OFF-state
leakage current at high Vps. STDT is shown to be responsible
for the degradation of the SS in short-channel devices at
Vbs = 50 mV. Dj at the buried-Al,O3/InGaAs interface
deteriorates the SS in planar MOSFETs.

The floating body effect can be mitigated by introducing a
Si0; spacer between HfO;, and InGaAs drain and by a dopant
grading. Both techniques together reduce the OFF-state leakage

of a long-channel NW MOSFET by 2 orders of magnitude.
However, they also degrade the ON-current in a short-channel
MOSFET.
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