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ABSTRACT 

The source doping engineering, the low bandgap material and the vertical tunneling 
stmcture have recently been considered as most effective techniques to resolve the on-current 
issue in tunnel field-effect fransistors (TFETs). In this paper, the effects of source doping profile, 
including the concenfration and gradient, on the device characteristics are adequately elucidated 
in lateral and vertical TFETs using low bandgap germanium 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 than that of lateral TFETs approximately one 
order of magnitude. With different contributions of the lateral and vertical tuimeling components 
in the subthreshold region, the subthreshold bwmg of vertical TFETs first decreases at small 
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, tuimel 
field-effect fransistor. 

1. INTRODUCTION 

Owing to the breakthrough of 60 mV/decade subthreshold swing at room temperature, 
tuimel field-effect fransistors (TFETs) have been considered as an atfractive candidate for low 
power and high performance applications compared to conventional metal-oxide-semiconductor 
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field-effect fransistors (MOSFETs) which are subjected to the Boltzmann limit of 60 mV/decade 
[1 2] Differentiy from standard MOSFETs, typical TFETs are always operated in highly 
reverse-biased conditions to result in signifieantiy low static power dissipations [3, 4]. Based on 
the band-to-band tunneling (BTBT) of carriers through file forbidden-band gap, m the other hand, 
the timnel probability in TFETs is highly confrolled by the applied voltages to produce a steep 
subthreshold swing [4, 5]. A subthreshold swing of less than 60 mV/decade is the key 
requirement to scale the power supply voltage 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 sfrongly on the tunnel barrier width and height, the on-
current of TFETs is highly relied on the energy bandgap of semiconductors. Numerous 
researches have been performed to properly control the tunnel barrier for improving the on-
current and subthreshold swing [5 - 7]. Unfortimately, the on-current of silicon-based TFETs is 
still relatively low because of the high bandgap of silicon [8]. Enhancmg 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 engmeering of the timnel 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 exfremely 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 dfrection perpendicular to the gate oxide layer 
[13,14]. Because the vertical tunneling occurs within the heavily-doped source, the subthreshold 
swing is signifieantiy decreased. It is noted that the tunneling area, which is located at the 
souree-ehannel junction, is uneonfrollable in the fraditional p-i-n TFET stmcture. 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 transistors has obviously demonstrated an excellent combination to simultaneously 
maximize the on-current and minimize the subthreshold swing [15]. 

Because the source doping determines the potential profile and hence the tuimel width of 
tunnel junctions, the device characteristics depend sfrongly 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 confrol the device characteristics [16], whereas 
its role in vertical TFETs still remains imcertainty. 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 usefiil 
information for designing these potential semiconductor fransistors. 

In this paper, the effects of source 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 TFETs. 
Associated physical explanations are accordingly given m term of the energy-band diagram to 
explicitly clarify the physics of devices. The paper is divided into five sections, including the 
Infroduction (Section 1) and the Conclusions (Section 5). Section 2 describes the device 
stmctures and physical models used in the investigations. The effects of source concenfration 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 1 shows typical lateral and vertical homojunction TFET stmctures 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 its dfreet 
bandgap (0.8 eV) is only slightiy higher tiian the indirect bandgap (0.66 eV) [18]. For all TFET 
devices, a single-gate stmcture with 3 nm physical oxide thickness of HfOi and a metal gate 
work function of 4.2 eV were used. A doped n* drain of 5x10'^ cm"̂  and a 100 nm n-channel of 
lO'^cm''' were fixed to minimize the ambipolar current [8], whereas the source doping 
concenfration 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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Figure I. Schematic structures of (a) lateral and (b) 
vertical Ge tunnel field-effect transistors. Arrows 
show the directions of possible tunneling processes 
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Figure 2. Current-voltage curves of lateral and 
vertical TFETs with a mild source doping and a 
reasonable gradient of lO" cm'* and 2 nm/decade, 
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]. In the 
Kane's model, the dfreet BTBT rate is expressed as: [20] 

- 5 - (1) 

where Eg and ^ are the semiconductor bandgap and timnel 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 the 
TFETs, the trap-assisted tunneling is not taken into account because the trap-assisted tunneling 
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Figure 5. Energy-band diagrams of (a) lateral and (b) verticalTFETs 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 lO'^ em"̂  and a reasonable dopmg gradient of 2 nm/decade are defmed in the 
simulations. Generally, both kinds of TFETs achieve a very low off-current and subthreshold 
swing, which is basically attributed to the BTBT mechanism in the reverse-biased p-i-n 
junctions. Notably, the on-current of the vertical TFET is signifieantiy higher than that of the 
lateral counterpart. However, the current-voltage characteristics of the later^ 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 tunneling [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 farmed by the channel potential flat zone at off-state to prevent the tunneling 
leakage current. At the on-state with high applied gate voltages, ttie source-channel tunnel 
junction is narrowed to allow the lateral tuimeling of elecfrons 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 tum the device on. Elecfrons 
tunnel vertically from the source center to the source surface before swept toward the drain. 
Because the tianneling in tiie 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, 19]. Therefore, 
the on-current is significantly enhanced in the vertical TFET device. 
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Figure 4. Current-voltage curves of (a) lateral and (b) 
vertical TFETs with various source doping 
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Figure 5. Energy-band diagrams of (a) lateral and (b) 
vertical TFETs with different source 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 concenfration plays a key factor in 
determining the device characteristics of TFETs. Generally, a higher source concentration results 
in a sfronger band bending at the depletion region of tunnel junction. Therefore, the tunnel 
barrier width is narrower and the on-off fransition 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 concenfration 
effects, the source doping gradient is still fixed at the reasonable value of 2nin/decade to 
minimize effects of dopmg gradient. 

Figure 4 shows the current-voltage characteristics of tiie lateral and vertical TFETs with 
various source concenfrations. In both the lateral and vertical TFETs, the on-current and 
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subthreshold swing are significantly improved by increasing the source concenttation. For the 
same source concentration, the on-current of the vertical TFETs is always greater than that of the 
lateral coimterparts. However, the subthreshold swing is almost similar because the lateral 
tunneling dominates the subtin-eshold 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 betier comparisons, Fig. 6 plots the 
on-current and minunum subthreshold swing against the source concenfration in the lateral and 
vertical TFETs. As shown in Fig. 6(a), the dependence of the on-current on the source 
concenfration in the vertical TFETs exhibits the same frend as that in the lateral TFETs. For any 
source concenfration, the on-current of the vertical TFETs is greater than that of the lateral 
TFETs approximately one order of magnitude. When the source concenfration is small, the on-
current exfremely depends on the source concenfration. The on-current becomes saturated at 
high source concentrations, which is due to the saturation of the tunnel width [6]. In view point 
of the on-current boosting, one should consider other techniques rather than increasing the 
source concenfration once it reaches to relatively high values. However, the dependences of 
subthreshold swing on the source concenfration are quite different between the lateral and 
vertical TFETs as shown in Fig. 6(b). 

•e ConcentratiOQ (10"'cm"^) Source C once 

Figure 6. On-state eneigy-band diagrams of (a) lateral and (b) vertical TFETs wiih different si e concentrations. 

hi the lateral TFETs, the subtin-eshold swing exponentially decreases as the source 
concenfration increases. The decrease of subthreshold swing is much more pronounced at small 
source concenfrations and it reaches to the saturation regime at high concenfrations. Differentiy 
in the vertical TFETs, the subthreshold swing is fust decreased, flien increased and finally 
decreased agam when increasing the source concentiration from lO'^ to 5x lO'^ cm"l In order to 
understand tiiis exfraordinary dependence of tiie subthreshold swing, it is noted that the 
confribution of the lateral timneling to the drain current in the subthreshold region of the vertical 
TFETs increases with increase in the source concenfration [19]. At extremely small source 
concenfrations, the vertical tiinneling dominates the drain current m botii the subthreshold and 
on-state regions. Therefore, the subthreshold swing is rapidly decreased with increasing the 
source concenti^tion up to 2xl0'^ cm"^ For high source concentrations, the vertical tunneling 
only dominates at on-state, whereas tiie 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 concenttations higher than 5xlO'* cm"'. For 
lateral TFETs with source concentrations from 2xl0'^ to 5xlO'^ cm"', both tiie lateral tunneling 
and the vertical timneling 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 
concentration increases. Because the saturation of subthreshold swing of the vertical tunneling 
component is more premature than that of the lateral tunneling component, the subthreshold 
swing increases as the source concenfration increases from 2xl0'^ to 5xl0'^ cm"'. 

4. EFFECTS OF SOURCE DOPING GRADIENT 

Section 3 has presented the effects of source concenfration on the device characteristics of 
the lateral and vertical TFETs with a fixed source doping gradient. Previous researches showed 
that the source doping gradient also exhibits sfrong 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 abruptness of source-channel junction 
results in the sfronger junction electric field to achieve the steeper on-off switching and the 
higher on-current. In the vertical TFETs, however, the lateral and vertical tunneling components 
all confribute to the drain current. Because the vertical tunneling does not occur at the source-
channel junction, the roles of source-channel junction abruptness may be very different between 
the lateral and vertical TFETs. Unfortunately, the role of source doping gradient on the device 
characteristics of the vertical TFETs has not been reported so far. In this section, the effects of 
source doping gradient are adequately elucidated in the lateral and vertical TFETs. As shown in 
previous section, a high source doping concenfration 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 concenfration of 5xl0'^ cm"' in these two TFET structures. 

Gate-to-Sourcc \ oltage (\ ) Gate-to-Source VoKage (V) 

Figure 7. Current-voltage characteristics of (a) lateral and (b) vertical TFETs with various source doping gradients. 

To mvestigate the effects of source doping gradient, Fig. 7 shows the current-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 Si02 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 on-current and subthreshold swing by the decrease of junction abruptness is 
considerably mitigated in this lateral TFET structure, which is mainly attributed to the stronger 
capacitive coupling of the gate and tunnel junction by using the high-k gate dielectric. As shown 
in Fig 7(b), the role of source doping gradient in determining the current-voltage characteristics 
of the vertical TFETs is quite different fi-om 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 TFETs, however, the subthreshold region is 
altered under varying the source doping gradient because the lateral tunneling dominates in this 
region. The almost invariability of the on-current in the vertical TFETs irrespective of the 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 exfracted laterally around the source-channel junction. For the small 
junction abruptness with the doping gradient of 16 nm/decade, the energy bands at the tunnel 
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 tunnel junction abruptness is highly diminished by the use of 
high-k gate dielectric, this on-current lowering is still significant to be carefiilly considered in 
the TFET design. In practical fabrications, it is costly and time-consuming to fabricate abrupt 
junctions with small doping gradients. Furthermore, the doping and associated gradient 
fluctuations can cause considerable degradations of device and circuit reliabilities, especially at 
high doping density 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-dimensional simulations have been properly demonstrated to investigate the effects of 
source doping profile, including the source concenfration and gradient, on the device 
characteristics of the lateral and vertical Ge TFETs. The roles of source concenfration in the on-
current and subthreshold swing have been comprehensively compared between the lateral and 
vertical TFET architectures for the first time. 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 cfrcuits. 

Acknowledgements. The authors would like to thank the Nano Devices and Integrated Circuits Laboratory 
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KT thuat pha tap cue nguon, vat lieu vung cam nho va cau tnic xuyen ham doc dang dugc 
xem la nhiing phuang phap hieu qua nhat de khac phuc van de dong mo (on-current) thap frong 
cac tranzito truang xuyen ham. NghiSn cihi nay lam sang to nhiing anh huang cua nong do va dp 
bien thien tap chat cue nguon toi dac tinh boat dpng cua franzito truang xuyen him ngang va 
dpc sii dung gecmani c6 vung cam nho, qua do cho phep so sanh mpt each toan dien cac khia 
canh vat li va dac tinh cua hai cau tnic chinh ciia franzito truang xuyen ham. Nghien cuu chi ra 
rang, sir phu thupc cua dong m(j vao n6ng dp tap cbSt cue ngu6n la nhu nhau frong ca hai loai 
franzito tnrang xuyen him ngang va dgc, ngoai trir dong mo eua tranzito truang xuyen him dgc 
luon Idn hon dong ma eiia franzito trucmg xuyen hSm ngang khoang muoi lin. Do mure do dong 
gop khac nhau cua cac thanh phin xuyen ham ngang va dgc frong vimg dien ap duoi nguong, do 
d6c du6i nguong eiia tranzito trudng xuyen ham dgc ban dau giam o nong dp circ nguon thip, 
sau do tang a nong do trung binh, roi lai giam a nong do cao. Trong khi do, do doc duoi nguong 
cua tranzito truang xuyen ham ngang luon giam theo ham mil khi tang nong do cue nguon. Vai 
viec giam dp bi6n thien tap chit cue nguon, dong ma cua franzito truong xuyen ham ngang bi 
giam manh, frong khi dong mo ciia franzito truang xuyen ham dgc hau nhu khong doi. Voi 
nhiing thuan loi ca ban vd dong mo, dp d6c duoi nguong va Id thuat che tao, cac franzito truang 
xuj'en him dpc sii dung vat li$u vimg cim nho rit thich hgp dimg cho cac mgch tich hgp cong 
suat thip. 

Tir khoa: hieu ung tap chat circ nguon, ki thuat cue nguon, xuySn ham ngang, xuyen h§m dgc, 
franzito xuyen him. 
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