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ABSTRACT

Tunnel field-effect transistor (TFET) has receittden considered as a promising candidate
for low-power integrated circuits. In this papee present an adequate examination on the roles
of gate-oxide thickness reduction in scaling butid dhin-body TFETSs. It is shown that the
short-channel performance of TFETs has to be ctearaed by both the off-current and the
subthreshold swing because their physical origies campletely different. The reduction of
gate-oxide thickness plays an important role inntaéning low subthreshold swing whereas it
shows a less role in suppressing off-state leakaghort-channel TFETs with bulk and thin-
body structures. When scaling the gate-oxide tl@sknthe short-channel effect is suppressed
more effectively in thin-body TFETs than in bulkvites. Clearly understanding the roles of
scaling gate-oxide thickness is necessary in degjgadvanced scaled TFET devices.

Keywords: gate-oxide scaling, SOI structure, short-channicef low-bandgap device, tunnel
field-effect transistor (TFET).

1. INTRODUCTION

In order to reduce the power consumption of eleitraevices, one needs scaling down
supply voltage because the dynamic power consumpmtfointegrated circuits is a quadratic
function of applied voltage [1]. For that purpotamnel field-effect transistor (TFET) has been
recognized as a feasible choice since its subtblésiwing at room temperature is able to be
less than 60 mV/decade which is a physical limittofventional metal-oxide-semiconductor
field-effect transistors (MOSFETS) [2 - 4]. The egtesubthreshold swing of TFETs is a
fundamental advantage to allow of scaling down sheply voltage while still keeping an
acceptable drive current [5, 6]. The essentialed#iice between TFETs and MOSFETS is that
the conduction current in TFETSs is generated bybted-to-band tunneling (BTBT) of valence
electrons from the source to the drain [7], wherdnes mechanism of electrical transport in
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MOSFETSs is the injection of free electrons throagthermal energy barrier [2]. Because of this
new conduction mechanism, TFET devices are notruth@eBoltzmann limit of 60 mV/decade
subthreshold swing [8]. Since the BTBT probabilgyexponentially inverse-proportional to the
energy bandgap, using low-bandgap semiconductdieisnost effective method to achieve a
sufficiently high on-current for the practical ajgptions of TFETSs [9, 10].

Similar to MOSFETS, the role of gate terminal inEIs is also to control the potential
profile in the channel region to establish the and off-states of transistors [7]. Because the
channel potential is induced by the gate field uigio the gate-oxide layer, the gate-oxide
thickness is an important factor in determining timeoff switching of TFETs. Previous works
have shown that the on-current and subthresholdigswi TFETs depend significantly on
electrical oxide thickness (EOT) [11-13]. Particlyadecreasing the EOT makes the on-current
increased [12] and the subthreshold swing decrefikkd13], regardless of point- or line-
tunneling TFET architecture. The improvement of THierformance with scaling the EOT is
positively attributed to the higher gate contrgbahility which results in the stronger and faster
on-off transition of tunnel barrier. Both analyligad numerical results have also shown that the
reduction in EOT is useful in containing short-chalneffects in double-gate TFETSs to allow of
scaling the feature size down to 30 nm [14 - 1&wHver, the roles of gate-oxide thickness
reduction in scaling bulk TFETs have not been itigated properly. Furthermore, an adequate
comparison on the roles of gate-oxide scaling impsessing short-channel effects in bulk and
thin-body TFETSs is necessary for understandingr tevice physics and guiding the design
rules of this advanced transistor.

In this study, we properly examine and comparedhes of gate-oxide thickness reduction
in scaling low-bandgap germanium TFETs with bulld ahin-body architectures. The bulk
structure is a single-gate TFET and the thin-bddycture is a silicon-on-insulator (SOI) single-
gate TFET. The electrical characteristics of TFEFe produced by using two-dimensional
device simulations [17]. The paper consists of feertions, including the Introduction (section
1) and the Conclusions (section 4). Section 2 dessthe device structures and physical models
used in the simulations. The detailed investigatiohshort-channel effects depending on EOT
in bulk and thin-body TFETS are presented in maatisn 3.

2. DEVICE STRUCTURESAND SIMULATION MODELS

Figure 1 shows the schematic views of homojuncBensingle-gate TFETs with bulk and
thin-body structures. For the practical significaraf the study, low-bandgap germanium (Ge)
was adopted since using low-bandgap semicondub@ssbeen known as the most effective
technique to boost the on-current of TFETSs. In otdeexactly elucidate the roles of gate-oxide
thickness reduction in scaling TFETS, a basic hamtijon structure was chosen to eliminate
the influences of material and structure parametére bulk and thin-body structures are
investigated simultaneously because their differgate-controlled bodies may lead to the
significantly different effects of the gate-oxid@akness on the device scalability. The drain of
TFETSs was lightly doped with a donor concentratiéri0*® cm® for minimizing the ambipolar
off-leakage [18], whereas an n-type doping conegioim of 13’ cm® was defined in the channel
region. The electrical oxide thickness of higlyate-dielectric Hf@ was suitably varied for
studying purposes. The doping gradient with a Gangsrofile was set at a practical value of 2
nm/decade. The gate workfunction of 4.2 eV wasdfixeall simulations. For thin-body TFETS,
a 10 nm body thickness was used to maximize theeling current density [19] and to
minimize the quantum mechanical effects [20, 21].
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(a) Bulk TFET Sructure (b) Thin-Body TFET Structure
Source Gate Drain Source Gate Drain
n n

Figure 1. Schematic structures of low-bandgap germaniumeliield-effect transistors with (a) bulk
and (b) thi-body structure

The electrical characteristics of TFETs and assediphysical explanations were provided
by two-dimensional device simulations [17] with aggriate models and parameters. Since the
direct BTBT dominates the conduction current in TEbased on relaxed Ge [22], the nonlocal
direct-tunneling Kane model is applied to deterntime tunneling generation rate in TFETs as
[23]:

2 E3/2
Garar =A£—ex{—B g ] 1)

where E; is the material bandgap ardis the nonlocal electric field at tunneling jurcti
Parameters\ andB which depend on electron and hole effective mastesmiconductors can
be input easily in the simulations. We have cated# andB to get 1.6x18 eV*%cm.s.\} and
9.5x10 V/cm.eV?? respectively. Compared to the experimentally catiénl value of 9.0xf0
Viem.eV?? [24], our calculation of paramet@ is only about 5 % of deviation after including
the effect of heavy-doping bandgap narrowing [TTHis small deviation is mainly due to the
uncertainty of the used effective masses. It idicdit to confirm whether parametek is
experimentally appropriate or not because ther®@imethod good enough to extract the value
of A from experimental data. Fortunately, the BTBT gatien is much more sensitive Bothan
to A, only experimentally calibrateBl can also certify the acceptable validity of thanteling
model [24]. In addition, the Fermi-Dirac distriboi and Shockley-Read-Hall (SRH)
recombination were also incorporated for more séialsimulations.

3. EFFECTSOF ELECTRICAL OXIDE THICKNESS ON DEVICE SCALING

Since the gate control capability is directly rethto gate-oxide layer, scaling the EOT is
an efficient approach to improve the on-off switchiof not only conventional MOSFET but
also TFET devices. Because the slope of curren&gel curves is almost a constant in the
subthreshold region, the short-channel effect aésital MOSFETs can be evaluated by simply
considering the subthreshold swing. For TFETs, wewethe subthreshold swing is a strong
function of gate voltage [8]. In this section, there, the effects of EOT on the short-channel
effects of bulk and thin-body TFETs are exploredabglyzing both the subthreshold swing and
off-current to elucidate the roles of the EOT rddurcto their scalabilities.
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Figure 2. Gate transfer characteristics for bulk Figure 3. (a) Off-state energy-band diagrams of
TFETs with (@) EOT =3 nm and (b) EOT = bulk TFETs with different channel lengths, (b)
0.5 nm as a function of channel lengtl)(L BTBT rates of 30nm bulk TFET at different gate.

3.1. Bulk TFET structure

Figure 2 presents the current-voltage charactesisif bulk TFETs with various channel
lengths ranging from 100 to 20 nm and two valuesE@Ts. The on-current of TFETs is
significantly enhanced by decreasing the EOT frorto 3.5 nm, particularly two orders of
magnitude. This on-current enhancement is surétipated to the increase in the gate control
capability which determines the tunnel barrier Widt the source-channel tunneling junction. In
subthreshold regions, in general, the short-chagffietts are clearly observed in both the thick
and thin EOT TFETs when scaling the channel lemyitvn to 20 nm. However, the short-
channel effect in the EOT = 3 nm TFETSs is sligimigre pronounced than that in the EOT = 0.5
nm TFETs. With EOT = 0.5 nm, the channel lengthhaf bulk TFETs can be scaled down to
60 nm without short-channel effects, whereas timait lof the channel length is 100 nm with
EOT = 3 nm. Notably, while the tunneling currentlie EOT = 3 nm TFETS increases regularly
with increasing gate voltage, there is a clear kinethe subthreshold region of the current-
voltage curves of the short-channel TFETs with EOU.5 nm. The knee point separates the
high swing and low swing regions in the subthrediegime of TFETS.

Although the fact that the short-channel perforneaiscbetter in the thinner EOT TFETS is
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Figure 4. Current-voltage curves of thin-body TFETs with E)T= 3 nm and (b) EOT = 0.5 nm
for various channel lengths J).

obviously ascribed to the strengthened capabilitgaie control, it is important to realize that
the improvement in short-channel effect when desinggaEOT is the result of combining two
different effects. The first one is that with thenher EOT, the gate can effectively control the
deeper range of the channel. Since the high suditble current caused by short-channel effect
is mostly generated at the region far from gate, sbobthreshold current is decreased with
decreasing the EOT. The second effect is relat¢ldet@n-state tunneling onset voltage which is
defined as the gate voltage when the tunnelindn@tupper right edge of source begins. The
onset voltage decreases with decreasing the ECAube@n increased capability of gate control
results in a larger band bending at source-chajunetion. The premature on-state tunneling
onset indirectly assists in decreasing the subtiotdscurrent and swing because the on-state
tunneling onset occurs at the gate voltage thaleteage tunneling current is still small.

In order to explain the short-channel effect ofkbUFETS, Figure 3(a) plots the off-state
energy-band diagrams of bulk TFETs with differeimarnel lengths. The energy-band diagrams
are intentionally extracted along a lateral cugelthat is 20 nm far from the gate-oxide because
the off-leakage current is almost contributed bg tbnneling at that region. For the short
channel of 30 nm, the tunnel barrier width is cdesably small compared to that of the 60nm
TFET. This smaller tunnel width results in a highenneling probability and thus a larger
tunneling leakage current and subthreshold swiregaBse the basic physical mechanism of
short-channel effect does not depend on gate-akimness, the above explanation is also
applied for the TFETs with EOT = 0.5 nm. To phy#icanderstand the existence of the knee
point and the property of the onset voltage intthik TFETs with thin EOTSs, Figure 3(b) shows
the BTBT generation rates of the bulk TFET with B@T of 0.5 nm at different subthreshold
voltages. At the gate voltage of -0.1 V, the BTBIngration at the lower region, which is far
from the gate, is large and thus dominates thehsegitold tunneling current. Because this
region is weakly controlled by the gate, the sudthpld swing at this voltage is very large.
When the gate voltage reaches to 0.1 V, the BTBeg#ion at the upper left edge of channel is
much larger than that at the remaining region. Beeahe upper left edge of channel is right
beneath the gate-oxide, it is the most stronglg-gantrolled region. Therefore, the subthreshold
swing at this voltage is low. Because it has t@tean onset voltage of the tunneling at the upper
left edge of channel, there definitely is a kneénpat which the subthreshold swing varies
abruptly. However, if the EOT is large, the gata@tool on this region is relatively weak and
therefore the subthreshold swing at the gate weltfg).1 V is comparable to that at the gate
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voltage of -0.1 V. Consequently, no knee pointhsasved in the current-voltage curves of bulk
TFETs with 3nm EOT as mentioned previously in Fega(a).
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Figure 5. (a) Minimum subthreshold swing and (b) offfrent as a function of channel length of bulk
thin-body TFETSs with different electrical oxide ¢tkhesses (EOT).

3.2. Thin-Body TFET structure

The analyses in the previous section show thasubéhreshold current of TFETS is largely
contributed by the tunneling at the channel redianfrom the gate-oxide. Therefore, it is
expected that the scaling of body thickness is gdotybhelpful significantly in suppressing the
short-channel effect of TFETs. To examine the ddpeoe of short-channel effects on the EOT
in thin-body TFETS, Figure 4 shows the currentagét characteristics of 10nm body TFETs
with different EOTs. The short-channel effects atd observed when scaling the channel
length down to 20 nm. For the EOT of 3 nm, the shbannel effect is severe in sub-60 nm
TFETs. Compared to the bulk TFET structure, ushegthin-body structure for TFET devices
makes the device scalability increased. Particyl#nk thin-body TFETs can be scaled to 60 nm
without appreciable short-channel effects, wheteaslength of the bulk counterparts is 100 nm.
For the EOT of 0.5 nm, the off-current and subthoés swing of TFETs are only degraded
when the channel length is scaled below 40 nm. $bading limit of the thin-body TFETSs is
also smaller than that of the bulk devices whicBhewn in the previous section to be 60 nm.
The better short-channel performance in the thinf EKRFFETs compared to the thick EOT
devices is still related to the roles of the gatatwl on the channel region. The significantly
improved scalability of TFETs by using the thin-ga&tructure is due to the reduction of the off-
state tunneling region that is far from the gate&lex As seen in Figure 3(a), if the body
thickness is decreased, the area of off-state tmgngeneration which causes short-channel
effects is decreased accordingly. Therefore, sgai®T is more efficient in suppressing short-
channel effect in thin-body TFETSs than in bulk deg.

Up to now, one still thinks that the minimum sulestiold swing is a good indicator to
reflect the on-off switching and associated shbermel effect of TFETs. To inspect this point
of view and to explicitly understand the roles @Ereduction in scaling TFET devices, figure
5 depicts the minimum subthreshold swing and offent as a function of the channel length
for bulk and thin-body TFETs with thick and thinide layers. Generally, the subthreshold
swing and off-current are considerably degradett Wécreasing the channel length of the bulk
and thin-body TFETs below 60 nm. In Fig. 5(a), subthreshold swing is stronger dependent
on the EOT than on the structure parameter. Narfaiyaoth the bulk and thin-body TFETS, the
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decrease in the EOT from 3 down to 0.5 nm resulthé strong decrease in the subthreshold
swing. For a given EOT value, however, the subttolesswing is only slightly decreased by
changing from the bulk to the thin-body structukthough using the thinner body can also help
to ameliorate the subthreshold swing, scaling bibbiskness is not as effective as decreasing
gate-oxide thickness. As seen in Figure 5(b), enathher hand, the use of thin-body structure is
more effective than scaling gate-oxide layer inmteaf diminishing off-current. For example,
scaling the EOT from 3 to 0.5 nm makes the off-entrof the 30 nm bulk TFET decreased
about two times, whereas using the thin body ohd0can reduce the off-current of the EOT
= 3 nm TFET approximately two orders of magnitutieerefore, only looking at the minimum
subthreshold swing is not enough to exactly estintia¢ short-channel effect of TFETs. This is
because the minimum subthreshold swing is usualtyidated by the tunneling at the upper left
edge of channel where the gate control depends stiastgly on the oxide thickness. On the
contrary, the off-current is primarily contributédy the tunneling at the region far from gate,
where the gate control capability is weakest. Traferent physical origins of the minimum
subthreshold swing and off-current result in theee&knpoints of current-voltage curves.
Phenomenologically, whenever knee points are obdeirv current-voltage curves, considering
the minimum subthreshold swing only cannot provade accurate evaluation on the short-
channel performance of TFETSs.

4. CONCLUSION

The roles of gate-oxide thickness reduction in iegalTFETs have been adequately
examined by analyzing the numerical simulationgheftwo-dimensional device structures. The
physical mechanisms of the off-current and subtiolesswing have been clarified to highlight
the different effects of scaling the EOT and bdugkness on the short-channel effect of TFETS.
The off-current and subthreshold swing have toibrilsaneously considered when designing
the gate-oxide layer and the body thickness tanopé the short-channel performance of TFET
devices.
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