Tap chf Khoa hoc va Céng nghé 53 (1) (2015) 85-95

EFFECTS OF SOURCE DOPING PROFILE ON DEVICE
CHARACTERISTICS OF LATERAL AND VERTICAL TUNNEL
FIELD-EFFECT TRANSISTORS

Luu The Vinh', Nguyen Dang Chien®* "

!Faculty of Electromc Technology, Industrial University of Ho Chi Minh City,
Ho Chi Minh City 727903, Vietnam
2Faculty of Physics, University of Da Lat, Lam Dong 671463, Vietnam

?Department of Electrical Engineering, National Chi Nan University, Nantou 54561, Taiwan
"Email: ndchien@ymail.com
Received: 26 March 2014; Accepted for publication: 20 September 2014

ABSTRACT

The source doping engineering, the low bandpap material and the vertical tunneling
structure have recently been considered as most effective techniques to resolve the on-current
issue in tunnel field-effect transistors (TFETS). In this paper, the effects of source doping profile,
including the concentration and gradient, on the device characteristics are adequately elucidated
in lateral and vertical TFETs using low bandgap germanmum to allow a comprehensive
comparison between the two major TFET architectures for the first time. Similar dependences of
the on-current on the source concentration are observed in lateral and vertical TFETS, except that
the on-current of vertical TFETs is always greater (han that of lateral TFETS approximately one
order of magnitude. With different contributions of the lateral and vertical tunneling components
in the subthreshold region, the subthreshold swing of vertical TFETs first decreases at smatl
concentrations, then increases at medium values, and finally decreases again at high
concentrations, whereas that of lateral counterparts always decreases exponentially with increase
in the source concentration. The on-current of lateral TFETs is significantly decreased, while
that of vertical TFETs is almost invariable with increasing the source doping gradient. With
competitive advantages of the vertical TFET architecture in on-current, subthreshold swing and
device fabrication, vertical TFETs using low bandgap semiconductors are promising for use in
low power applications.

Keywords: source engineering, source doping effect, lateral tunneling, vertical tunneling, tunne!
field-effect transistor.

1. INTRODUCTION

Owing to the breakthrough of 60 mV/decade subthreshold swing at room temperature,
tunnel field-effect transistors (TFETs) have been considered as an attractive candidate for low
power and high performance applications compared to conventional metal-oxide-semiconductor
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field-cffect transistors (MOSFETs) which are subjected to the Boltzmana limit of 60 myldelcade
[1, 2). Differently from standard MOSFETs, typical TFETs are z_llv{ays' operated in highly
reverse-biased conditions to result in significantly low static power dissipations [3, 4]. Based on
the band-to-band tunpeling (BTBT) of carriers through the forbidden-band gap, in the other hand,
the tunnel probability in TFETs is highly controlled by the applied voltages to prod\lxce a steep
subthreshold swing [4, 5]. A subthreshold swing of less than 60 mV/decade_ is lh_e key
requirement to scale the power supply voitage for low dynamic power consumptions since a
transistor with a steep subthreshold swing only requires a less gate voltage for a given on-off
current ratio.

Since the tunnel probability depends strongly on the tunnel barrier width and height, the on-
current of TFETs is highly relied on the energy bandgap of semuconductors. Numerous
researches have been performed to properly control the tunnel barrier for improving the on-
current and subthreshold swing [5 - 7). Unfortunately, the on-current of silicon-based TFETSs is
still relatively low because of the high bandgap of silicon [8]. Enhancing the on-current becomes
the most imperative challenge in TFET devices. Advanced techniques proposed to enhance the
on-current of TFETs usually involve in the engineering of the tunnel barrier width and/or the
tunnel barrier height [9 - 11]. One of the most effective techniques is the use of low-bandgap
materials in TFETs. With using low-bandgap materials, the tunnel barrier is not only lowered
but also narrowed to extremely boost the on-state tunneling current [6, 11, 12]. To further
ameliorate the on-current and the subthreshold swing, a new TFET architecture has been
proposed to produce the vertical tunneling in the direction perpendicular to the gate oxide layer
[13, 14]. Because the vertical tunneling occurs within the heavily-doped source, the subthreshold
swing is significantly decreased. It 1s noted that the tunneling area, which is located at the
source-channel junction, is uncontrollable in the traditional p-i-n TFET structure. Differently,
the tunneling region in vertical TFETs can flexibly be extended by adjusting the gate-source
overlap length to enhance the on-current. Using low-bandgap semiconductors in vertical tunnel
green (ransistors has obviously demonstrated an excellent combination to simultaneously
maximize the on-current and minimize the subthreshold swing [15].

Becausc the source doping determines the potential profile and hence the tunnel width of
tunnel junctions, the device characteristics depend strongly on the source doping profile in
lateral and vertical TFET devices. It is shown that, in general, the on-current and the
subthreshold swing are improved with increasing the source concentration. In lateral TFETS, the
source doping gradient is also the key element to control the device characteristics [16], whereas
its role in vertical TFETs still remains uncertainty. Furthermore, a comprehensive investigation
for effects of source doping profile on the lateral and vertical TFET characteristics has not been
presented in parallel for adequate comparisons. Therefore, the roles of source doping profile in
lateral and vertical TFETs has not been properly elucidated and compared to provide useful
information for designing these potential semiconductor transistors.

In this paper, the effects of sowce doping profile on the characteristics of lateral and
vertical TFETs are explored in detail by two-dimensional simulations [17] to provide the overall
understanding on the roles of source doping profile in designing lateral and vertical TFETSs.
Associated physical explanations are accordingly given in term of the energy-band diagram to
explicitly clarify the physics of devices. The paper is divided into five sections, including the
Introduction (Section 1) and the Conclusions (Section 5). Section 2 describes the device
structures and physical models used in the investigations. The effects of source concentration are
detailed in Section 3, whereas the effects of source doping gradient are presented in Section 4.
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2. DEVICE ARCHITECHTURES AND PHYSICAL MODELS

Figure ] shows typical lateral and vertical homojunction TFET structures with using low-
bandgap germanium for boosting the on-current [6, 9, 12]. Lateral and vertical TFETs are also
widely known as point and line TFETS, respectively, because the tunneling occurs at a narrow
source comer in lateral TFETs while it appears along the source surface beneath the gate oxide
as shown in the figure. Although germanium (Ge) is an indirect bandgap semiconductor, the
direct tunneling component is still a decisive contribution in Ge TFETs because 1ts direct
bandgap (0.8 eV) is only slightly higher than the indirect bandgap (0.66 eV) [18]. For all TFET
devices, a single-gate structure with 3 nm physical oxide thickness of HfO, and a metal gate
work function of 4.2 eV were used. A doped n” drain of 5%10' cm™ and a 100 nm n-channel of
10"cm™ were fixed to minimize the ambipolar current [8], whereas the source doping
concentration and gradient are appropriately varied for study purposes. In the vertical TFETs,
the gate fully overlaps the channel with a gate-source overlap length of 50 nm to maximize the
on-current [19].
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i respectively

The electrical characteristics of the TFETs are analyzed by using commercial two-
dimensional device simulator [17] in which the direct BTBT generation rate is calculated by the
Kane’s model [20]. The model integrated in the simulator has been experimentally validated in
SiGe-based tunnel devices [9, 12, 18, 21] for a wide range of operating temperature [3]. [n the
Kane’s model, the direct BTBT rate is expressed as: [20]

2 £

Gyrar = A%ex;{—}}?} (1)

8

where E, and & are the semiconductor bandgap and tunnel junction electric field, respectively. In
a non-uniform electric field, the electric field term in eq. (1) is determined non-locally along the
tunnel path to properly estimate the tunneling rate [22). Material parameters A and B depending
on the carrier effective masses have been properly calculated for germanium [18, 23]. Eq. (1)
shows that the BTBT generation depends explicitly on the energy bandgap and the electric field
which is determined by the tunnel width. In all simulations, the bandgap narrowing, the Fermi-
Dirac distribution and the Shockley-Read-Hall generation-recombination are considered.
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Additionally, to focus on the physical considerations of the source doping profile effects in !he
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Figure 3. Energy-band diagrars of (a) lateral and (b) vertical TFETs at on- and off-states.

is process sensitive and it is less important in low bandgap Ge TFETs [12, 24].

To examine the operations and provide a preliminary comparison, Fig. 2 shows the
simulated current-voltage characteristics of the lateral and vertical TFETs. A mild source
concentration of 10" cm™ and a reasonable doping gradient of 2 nm/decade arc defined in the
simulations. Generally, both kinds of TFETs achieve a very low off-current and subthreshold
swing, which is basically aftributed to the BTBT mechanism in the reverse-biased p-i-n
junctions. Notably, the on-current of the vertical TFET is significantly higher than that of the
lateral counterpart. However, the current-voltage characteristics of the lateral and vertical TFETs
are almost identical in the subthreshold regions. Because the onset of the lateral tunneling is
more premature than that of the vertical tunpeling [19], the lateral tunneling dominates the
subthreshold region, whereas the vertical tunneling mainly contributes to the on-state current in
the vertical TFET. Figure 3 plots the energy-band diagrams at off- and on-states to explain the
working principles of the lateral and vertical TFETs. In the lateral TFET (Fig. 3(a)), a wide
tunnel barrier is formed by the channel potential flat zone at off-state to prevent the munneling
leakage current. At the on-state with high applied gate voltages, the source-channel tunnel
junction is narrowed to allow the lateral tunneling of electrons from the source valence band to
the channel conduction band. In the vertical TFET (Fig. 3(b)), the vertical band bending at off-
state is insufficient to enable the band-to-band tunneling. At high gate voltages, however, the
significant vertical band bending opens up the tunneling band to turn the device on. Electrons
tunne! vertically from the source center to the source surface before swept toward the drain.
Because the tunneling in the vertical TFET occurs within the heavily-doped source, the tunnel
width is smaller and the tunnel area is larger than those in the lateral TFET [13, (9]. Therefore,
the oo-current is significantly enhanced in the vertical TFET device.
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Figure 4. Current-voltage curves of (a) lateral and (b) Figure 5. Energy-band diagrams of (a) lateral and (b)
vertical TFETs with various source doping vertical TFETs with different source concentrations.
concentrations.

3. EFFECTS OF SOURCE CONCENTRATION

Because the on-off switching of either lateral or vertical TFETs is basically controlled by
the band-to-band tunneling at source side, the source comcentration plays a key factor in
determining the device characteristics of TFETs. Generally, a higher source concentration results
in a stronger band bending at the depletion region of tunnel junction. Therefore, the tunnel
barrier width is narrower and the on-off transition of the tunnel barrier is more abrupt to produce
the higher on-current and smaller subthreshold swing in heavier source TFETs regardless of
their lateral or vertical structure [6, 16, 19]. However, a comprehensive comparison of source
concentration effects on the device characteristics in lateral and vertical TFETs has not been
reported adequately in the scientific literature. In this section, the effects of source concentration
are investigated and compared properly in the lateral and vertical TFETs to provide meaningful
guidelines for the design of TFET devices. For proper investigations of source concentration

effects, the source doping gradient is still fixed at the reasonable value of 2nm/decade to
minimize effects of doping gradient.

Figure 4 shows the current-voltage characteristics of the lateral and vertical TFETs with
various source concentrations. In both the lateral and vertical TFETS, the on-current and
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subthreshold swing are significantly improved by increasing the source concentration. For the
same source concentration, the on-current of the vertical TFETs is always greater than that of the
lateral counterparts. However, the subthreshold swing is almost similar because the lateral
tunneling dominates the subthreshold regions in the lateral and vertical TFETs. To physically
explain the increase of on-current and the decrease of subthreshold swing when increasing the
source concentration, Fig. 5 plots the on-state energy-band diagrams in lateral and vertical
directions of the lateral and vertical TFETs, respectively, with two different source
concentrations. In both the lateral and vertical TFETs, the higher doping concentration applied at
the source produces the narrower tunnel width. As a result, the on-state current is higher and the
subthreshold swing is lower in the heavier source TFET. For better comparisons, Fig. 6 plots the
on-current and minimum subthreshold swing against the source concentration in the lateral and
vertical TFETs. As shown in Fig. 6(a), the dependence of the on-current on the source
concentration in the vertical TFETSs exhibits the same trend as that in the lateral TFETs. For any
source concentration, the on-current of the vertical TFETs is greater than that of the lateral
TFETs approximately one order of magnitude. When the source concentration is small, the on-
current extremely depends on the source concentration. The on-current becomes saturated at
high source concentrations, which is due to the saturation of the tunne] width [6]. In view point
of the on-current boosting, one should consider other techniques rather than increasing the
source concentration once it reaches to relatively high values. However, the dependences of
subthreshold swing on the source concentration are quite different between the lateral and
vertical TFETs as shown in Fig. 6(b).
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Figure 6. On-state energy-band diagrams of (a) lateral and (b) vertical TFETs with different source concentrations.

In the lateral TFETs, the subthreshold swing exponentially decreases as the source
concentration increases. The decrease of subthreshold swing is much more pronounced at small
source concentrations and it reaches to the saturation regime at high concentrations. Differently
in the vertical TFETs, the subthreshold swing is first decreased, then increased and finally
decreased again when increasing the source concentration from 10" to 5%10'® em™. In order to

d d this extraordinary dependence of the subthreshold swing, it is noted that the
contribution of the lateral tunneling to the drain current in the subthreshold region of the vertical
TFETs increases with increase in the source concentration [19]. At extremely small source
concentrations, the vertical tunneling dominates the drain current in both the subthreshold and
on-state regions. Therefore, the subthreshold swing is rapidly decreased with increasing the
source concentration up to 2x10'® cm™, For high source concentrations, the vertjcal tunneling
only dominates at on-state, whereas the lateral tunneling mainly contributes to the drain current
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in the subthreshold region. For this reason, the values of subthreshold swing in the vertical and
lateral TFETs are almost comparable at source concentrations higher than 5x10'* cm™. For
lateral TFETs with source concentrations from 2x10'® to 5x10'® cm™, both the lateral tunneling
and the veriical tunneling govern the drain current in the subthreshold condition. However, while
the role of the lateral tunneling increases, that of the vertical tunneling decreases as the source
concentiration increases. Because the saturation of subthreshold swing of the vertical tunneling
component is more premature than that of the lateral runnelin§ component, the subthreshold
swing increases as the source concentration increases from 2x10' to 5x10'® cm™,

4. EFFECTS OF SOURCE DOPING GRADIENT

Section 3 has presented the effects of source concentration on the device characteristics of
the lateral and vertical TFETs with a fixed source doping gradient. Previous researches showed
that the source doping gradient aiso exhibits strong effects on the device performance of
conventional p-i-n TFETs [16, 25]. This is because the tunneling, which helps in turning on
TFETs, occurs at the source-channel junction. The higher abruptess of source-channcl junction
results in the stronger junction electric field to achieve the steeper on-off switching and the
higher on-current. In the vertical TFETs, however, the latera) and vertical tunneling components
all contribute to the drain current. Because the vertical tunneling does not occur at the source-
channel junction, the roles of source-channel junction abruptmess may be very different between
the lateral and vertica] TFETs. Unfortunately, the role of source doping gradient on the device
charactenstics of the vertical TFETs has not been reported so far. In this section, the effects of
source doping gradient are adequately elucidated in the Jateral and vertical TFETs. As shown in
previous section, a high source doping concentration is required to maximize the on-current and
minimize the subthreshold swing in the lateral and vertical TFETs. The simulations in this
section thus employ a high source concentration of 5x10'® cm™ in these two TFET structures.
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Figure 7. Current-voltage characteristics of (a) Jateral and (b) vertical TFETs with various source doping gradients.

To investigate the effects of source doping gradient, Fig. 7 shows the cuirent-voltage
curves of the lateral and vertical TFETs with various source doping gradients. For the lateral
TFETs shown in Fig. 7(a), the on-current is decreased with increasing the source doping
gradient. In previous investigations on the source doping gradient effects in lateral TFETs using
20 nm SiO, as the gate dielectric material [15], the on-current is decreased approximately three
orders of magnitude when increasing the source doping gradient from 0 to 16 nm/decade. The
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degradation of op-current and subthreshold swing by the @ccrea'se ofj9nction abruptmess is
considerably mitigated in this lateral TFET structure, which is mfnnly amxbt{led to the stronger
capacitive coupling of the gate and tunnel junction by using the high-k gate dielectric. As sllm\_vn
in Fig. 7(b), the role of source doping gradient in determuning the current-voltage cha.racten_sucs
of the vertical TFETs is quite different from that of the lateral counterparts. The on-state regions,
which are mainly contributed by the vertical tunneling, are almost identical for every source
doping gradient. Similarly as observed in the lateral TFETSs, however, the sgbthrcshpld region is
altered under varying the source doping gradient because the lateral tunneling cllommates m this
region. The almost invariability of the on-current in the vertical TFETs irrespective .ofthc source
doping gradient is the direct result of the fact that the vertical tunneling of carriers does_ not
occur laterally at the source-channel junction, but vertically from the center to the surface within
the gate-overlapped source.
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Figure 8. (a) On-state energy-band diagrams and (b) lateral source doping, profiles of lateral TFETs with different
source doping gradients.

The performance degradation in the lateral TFETs by the decrease of the source-channel
Junction abruptness can be properly explained by the on-state energy-band diagrams plotted in
Fig. 8(a). For further illustrating the energy-band diagrams, Fig. 8(b) shows the corresponding
source doping profiles extracted laterally around the source-channel junction. For the small
junction abruptness with the doping gradient of 16 nm/decade, the cnergy bands at the tunnc)
junction are relatively smooth to form the wide tunnel width which results in the low on-state
tunneling current. For the abrupt source-channel junction, the band bending is more abrupt to
produce the narrow tunnel path for the high tunneling current. Although the on-current
degradation by the decrease of the tunne! junction abruptpess is highly diminished by the use of
high-k gate dielectric, this on-current lowering is still significant to be carefully considered in
the TFET design. In practical fabricatiops, it is costly and time-consuming to fabricate abrupt
junctions with small doping gradients. Furthermore, the doping and associated gradient
fl ions can cause iderable degradations of device and circuit refiabilities, especially at
high doping deusity and abruptness which are indispensably required in the lateral TFETs. For
achieving high performance, avoiding degradations of device performance and reliability as well
as reducing fabrication processes, the vertical TFET structure is the feasible choice in future low
power and high performance applications.
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5. CONCLUSIONS

Two-dimensjonal simulations have been properly demonstrated to investigate the effects of

source doping profile, including the source concentration and gradient, on the device
characteristics of the lateral and vertical Ge TFETSs. The roles of source concentration in the on-
current and subthreshold swing have been comprehensively compared between the lateral and
vertical TFET architectures for the first tme. Different effects of source doping gradient
associated with different device physics have been adequately elucidated in the lateral and
vertical TFETs. With distinguished advantages in device performance and fabrication, the
vertical TFET architecture with low bandgap semiconductors exhibits a potential technique for
use in low power and high performance digital integrated circuits.
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Ki thudt pha tap cuc ngjon Vit ll:;u viing cAm nho va cau tric xuyén bam doc dang duoc
xem la nhimg phuong phap hiéu qua nhit dé khic phuc vén dé ddng md (on-current) rhﬁp trong
céc tranzito truomg xuyén him. Nghién ciru ndy 1am sang to nhitng dnh hudng ciia néng a6 va 46
bién thién tap chat cyc ngudn !01 dic tinh hoat dong cla tranzito trudng xuyén him ngang va
doc sir dung gecmani c6 ving cam nho, qua d6 cho phép so sanh mdt cach toan dién cac khia
canh vit li va déc tinh cua bai chu tric chinh cia nanznto truong xuyén ham. Nghién ciru chi ra
rang, sy phy thudc cta dong mé véo ndng do tap chét cuc ngudn la nhu nhau trong c4 hai loai
tranzito trudng xuyén hdm ngang va doc, ngoai trr dong md cua tranzito m.mng xuyén hirn doc
luén 16n hon dong m& cua tranzito trudng xuyén him ngang khodng mudi 14n. Do mirc d§ déng
£6p khac nhau cua cac thanh phan xuyén hdm ngang vi doc trong ving diép p dudi ngudng, 48
dbc dusi ngudng clia tranzito lrué'ng xuyen him doc ban dAu gidm & ndng b cuc ngudn thép,
sau do ting & nong dd trung | binh, réi lai gidm & nong 46 cao. Trong khi d6, 46 dbc duébi nguéng
cia tranzito mxdmg Xuyén him ngang ludn gidm theo ham mi khi ting néng 46 cyc nguon. Véi
viéc giam d bién thién tap chit cuc nguon dong md cua tranzito rruong Xuyén him ngang bi
giam manh, trong khi dong mé cua tranzito truong xuyén him doc hdu nhu khéng d6i. Véi
nhimng lhuan lgi co ban vé dong ma, do doc dudi ngudng va ki thuat ché 1a0, céc tranzito trudmg
xuyen him doc sir dung vat idu ving cAm nhé rét thich hop diing cho cic mach tich hop cong
suat thap

Tir khéa: higu img tap chét cuc nguén, ki thuét cuc nguén, xuyén him ngang, xuyén him doc,
tranzito xuyén him.
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