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Abstract—Applications of Si have been increasingly 
exploited and extended to More-Moore, More-than-
Moore, and beyond-CMOS approaches. Ge is 
regarded as one of the supplements for Si owing to its 
higher carrier mobilities and peculiar band structure, 
facilitating both advanced and optical applications. As 
an emerging metal-oxide device, the junctionless field-
effect transistor (JLFET) has drawn considerable 
attention because of its simple process, less 
performance fluctuation, and stronger immunity 
against short-channel effects due to the absence of 
anisotype junctions. In this study, we investigated 
lateral field scalability, which is equivalent to 
channel-length scaling, in Si and Ge JLFETs. 
Through this, we can determine the usability of Si 
CMOS and hypothesize its replacement by Ge. For 
simulations with high accuracy, we performed 
rigorous modeling for µn and µp of Ge, which has 
seldom been reported. Although Ge has much higher 
µn and µp than Si, its saturation velocity (vsat) is a 
more determining factor for maximum Ion. Thus, 
there is still room for pushing More-Moore 
technology because Si and Ge have a slight difference 
in vsat. We compared both p- and n-type JLFETs in 
terms of Ion, Ioff, Ion/Ioff, and swing with the same 
channel doping and channel length/thickness. Ion/Ioff is 
inherently low for Ge but is invariant with VDS. It is 

estimated that More-Moore approach can be further 
driven if Si is mounted on a JLFET until Ge has a 
strong possibility to replace Si for both p- and n-type 
devices for ultra-low-power applications.    
 
Index Terms—Si CMOS, low power consumption, 
junctionless field-effect transistor, Ge channel, device 
simulations   

I. INTRODUCTION 

Recently, Si CMOS technology has encountered 
limitations so that it is no longer feasible to fabricate 
More-Moore and More-than-Moore devices. Therefore, 
both the material and structure of devices must be 
substituted. We simulated a device with Ge being 
regarded regarded as one of the supplements for Si owing 
to its higher carrier mobilities and peculiar band structure, 
thus facilitating both advanced logic and optical 
applications for improved current characteristics and 
other DC parameters.  

Metal-oxide-semiconductor field-effect transistors 
(MOSFETs) are struggling with short-channel effects 
(SCEs) [4]. As an emerging MOSFET, the junctionless 
FET (JLFET) has a simple process, minimal performance 
fluctuation, and stronger resistivity against SCEs because 
of the absence of anisotype junctions. These features are 
closely related with increased throughput and yield. 
Regarding device reliability, lower DC leakages are 
expected in the operation of JLFETs because no 
metallurgical junctions are formed due to counter-doping 
[5, 6]. In general, researchers have fabricated JLFETs on 
a silicon-on-insulator (SOI) platform to decouple the 
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channel from the substrate and minimize the leakage 
currents [7, 8]. 

Fig. 1 and 2 show the drift velocity (vd) with respect to 
electric field of Ge and Si, respectively. Despite the 
higher mobility of Ge compared with that of Si, the 
current drivability of Ge itself does not explicitly excel 
that of Si in the high electric field region because Ge has 
lower vsat of electron [1-3]. 

In this study, we investigated lateral field scalability, 
which is equivalent to channel length scaling, in Si and 
Ge JLFETs [9], by which we can determine the usability 
of Si CMOS and hypothesize its replacement by Ge. For 
simulations with high accuracy, we performed rigorous 
modeling for µn and µp of Ge. Although Ge has much 
higher µn and µp than Si, vsat is a more determining factor 
for maximum Ion. 

II. SIMULATION APPROACH 

Fig. 3 shows the schematic of the simulated JLFET 
device. To prepare an SOI-like environment on bulk-Si 

substrate, a 200-nm-thick insulator (SiO2) was assumed to 
be deposited on the Si substrate. Hafnium oxide (HfO2) 
was used as the gate oxide ( re = 22.0) with thickness tox = 
3 nm to reflect the most recent technology roadmap, 
suggesting that the equivalent oxide thickness (EOT) be 
0.54 nm for the near-year low-power (LP) application [10, 
11]. The n-type channel concentration of 1 × 1017 cm-3 was 
selected because the difference between the work function 
of p+ poly-Si gate and that of n+ Si and Ge channel 
depletes the channel so that JLFET is operated in the 
normally-off mode [12]. Furthermore, n+ poly-Si gate is 
used for p-type channels [13, 14]. Accordingly, the channel 
materials were changed between Ge and Si for comparing 
current characteristics and other DC parameters as 
functions of drain voltage (VDS). We used the simulation 
tool provided by Silvaco, Inc. 

For higher accuracy and credibility of 2-D simulation 
results, various models were used jointly. These include 
lateral electric field-dependent mobility model, bandgap-
narrowing model, recombination accounting for high-
level injection effects model, Shockley–Read–Hall two-
carrier recombination model, band-to-band tunneling 
model, density gradient model, and quantum tunneling 
model for accurate gate leakage check. However, the 
lateral electric field-dependent mobility model is used for 
Si-based devices only. µ(E) is modeled as:  
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Fig. 1. Drift velocity with respect to electric field of Ge [1, 2]. 
 

 

Fig. 2. Drift velocity with respect to electric field of Si [3]. 

 

Fig. 3. Schematic of the simulated JLFET device. 
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where µ(E) is defined as the effective mobility, which is 
a function of electric field and µ0 is the doping 
concentration-dependent mobility at zero field. In this 
study, the values of zero-field electron and hole 
mobilities of Ge are µn0 = 2400 cm2/V·s and µp0 = 850 
cm2/V·s, respectively, at channel doping = 1 × 1017 cm-3, 
and have seldom been reported [15, 16]. E is the latter 
electric field and β is the fitting parameter of Si, with βn 
= 2 and βp = 1. This is unsuitable for a Ge JLFET: the 
corrected parameters for Ge are βn = 2 and βp = 2. 
Moreover, for Ge, vsat,n = 7 × 106 cm/s and vsat,p = 6.3 × 
106 cm/s [17-19]. 

The density gradient model was used to study the 
effect of quantization by increasing the effective bandgap 
of Si. Because of the formation of discrete energy levels 
in a 2-D system, the minimum energy for an electron or 
hole no longer coincides with the conduction or valence 
band edge. This can be modeled by assuming that the 
effective bandgap is increased by an amount ΔE over the 
conventional bandgap. ΔE is modeled as:  
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where Es is the surface electric field, β = 6.1 × 10-8 
eV/cm, which is constant and was obtained from fitting 
the simulation data from the aforementioned model to the 
experimental data and the data obtained from the self-
consistent calculations [20].  

III. RESULTS AND DISCUSSION 

We simulated Si JLFETs for comparison. Fig. 4 shows 
the transfer curves of the n-type Si JLFET having 
different Lch and Tch values at VDS = 0.85 V. This 
suggests that JLFET should be suitable for ultra-LP 
(ULP) applications, in which the management of Ioff is 
particularly important. However, the subthreshold swing 
(S) worsens as Lch is scaled. Fig. 5 shows the transfer 
curves of the p-type Si JLFET having different Lch and 
Tch values at VDS = 0.85 V. Both n- and p-type JLFETs 
have the same channel doping, that is, 1 × 1017 cm-3. As 
Tch reduces, the off-current (Ioff) decreases. Moreover, the 
on-current (Ion) does not vary significantly as function of 

Lch and Tch. In addition, the on/off current ratio (Ion/Ioff) is 
satisfactorily maintained in the order of 1010 even at Lch = 
10 nm and Tch = 10 nm. 

We also simulated Ge JLFETs for comparison. Fig. 6 
and 7 respectively show the transfer curves of the n- and 
p-type Ge JLFETs, both having different Lch and Tch 
values at VDS = 0.85 V. The Ge JLFET has a smaller 
difference between the on and off voltages and is suitable 
for ULP applications. However, Ion is lower in the n-type 
Ge JLFET compared with that in the n-type Si JLFET. 
Moreover, Ion and Ioff in the p-type Ge JLFET are higher 
than Ion and Ioff in the p-type Si JLFET. The Ge JLFET 
demonstrates higher Ioff at the off-state according to hole 
current density because it mostly consists of minority 
carriers, as shown in Fig. 8. 

In the simulation work, band-to-band tunneling model 
and quantum tunneling model were activated in order to 
get higher accuracy in evaluating the off-state current. 
However, it turned out that the off-state leakage mainly  

 

Fig. 4. Transfer curves of n-type Si JLFETs at VDS = 0.85 V. 
 
 

 

Fig. 5. Transfer curves of p-type Si JLFETs at VDS = 0.85 V. 
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comes from the drift and diffusion of minority carriers by 
switching on and off the tunneling models. No significant 
difference is found in case of n-type JLFETs. On the 
other hand, hole tunneling is clearly observed in case of 
p-type Si JLFET when the model is turned on. The 
tunneling current in the Ge device is not clearly 
distinguished since the tunneling component is buried in 
the drift-diffusion current of minority carriers. Thus, it 
can be judged that Ge JLFET is not superior in terms of 
off-state current due to its smaller energy bandgap, 
higher intrinsic carrier concentration, and higher minority 
carrier concentration, which leads to the higher off-state 
current by drift-diffusion of minority carriers. This is not 
as threatening as the leakage current by band-to-band 
tunneling in the off-state of the conventional MOSFET 
devices having anisotype junctions but surely needs to be 
controlled by more precisely prepared set of processing 
conditions. 

Fig. 9 compares Ion and Ioff of Si and Ge JLFETs as 
functions of VDS. The Ion and Ioff values were extracted 
not from fixed VGS locations but from moving VGS points, 
depending on device conditions for fair comparisons. 
This is because the gate work function is not tuned 
device-wisely for obtaining the same Vth; thus, Vth values 
from different JLFETs were not adjusted to a fixed value. 
Further, Ion and Ioff were not measured at a set of fixed 
VGS values, instead have been read at VGS = Vth + 0.5 V 
and VGS = Vth - 0.7 V, respectively. Vth was extracted by 
the constant-current method at the reference current ID = 
10-6 A/μm. The n-type Si JLFET shows higher Ion for VDS 
values than the Ge device because of its higher vsat for 
electron (107 cm/s versus 6.3 × 106 cm/s). In contrast, the 
n-type Ge JLFET demonstrates higher Ion with VDS < 0.2 

 

Fig. 6. Transfer curves of n-type Ge JLFETs at VDS = 0.85 V. 
 

 

Fig. 7. Transfer curves of p-type Ge JLFETs at VDS = 0.85 V. 
 

 

Fig. 8. Hole current density of n-type (a) Ge, (b) Si JLFETs in 
the off-states.  
 

 

Fig. 9. On-state currents of p-type (upper) and n-type (lower) 
Ge and Si JLFETs as a function of VDS.  
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V by using a higher µn.  
For p-type junctionless FET, Ge device is superior to 

Si one in terms of Ion over the entire VDS below 0.85 V. On 
the other hand, for n-type junctionless FET, Si device 
shows higher current drivability over most of the 
considered VDS region than Ge one due to its higher 
saturation velocity of electron in spite of smaller electron 
mobility compared with Ge. However, Ion cross-over takes 
place at VDS = 0.2 V. The absolute value of Ion drastically 
decreases below VDS = 0.2 V, the Ge JLFET shows higher 
Ion than Si device. At this cross-over point, the higher 
electron mobility of Ge defeats the lower saturation 
velocity of electron in Ge, and the higher low-field 
electron velocity of Ge becomes the dominant factor in 
determining the Ion. The allowable current drivability 
needs to be further discussed in various aspects but it is 
revealed that Ge JLFET becomes more suitable for sub-
0.5-V low-voltage operation than Si device. 

Fig. 10(a) shows the Ion/Ioff in comparison between Ge 
and Si JLFETs with different channel types. The n-type 
Si JLFET demonstrates the highest Ion/Ioff ratio owing to 
higher saturation velocity of electron in Si and effectively 
suppressed Ioff by the lower minority carrier 
concentration. Although Ion/Ioff ratio of Ge JLFET is 
relatively low, it is insensitive to change in VDS, which 
beneficially provides higher processing tolerance in the 
device-level implementation and stronger robustness 
against the electrical interference in the circuit-level 
operation. Si JLFET shows relatively smaller slopes in 
the S vs. VDS as shown in Fig. 10(b). However, the 
deviations over either the entire VDS region in 

consideration or the device types do not notably differ. 
Thus, including S in the respective of bias sensitivity 
may not be considered in designing the Ge JLFETs.  

IV. CONCLUSION 

In this work, we performed rigorous device design 
based on semiconductor-on-insulator platform and 
JLFET device structure, with a particular interest in Ge. 
The simulation results show that Ge JLFET has the 
strong potential in extending the Si CMOS technology 
for 10-nm-and-beyond nodes. For the CMOS extension, 
employing JLFET as the new vehicle will make a way 
out of the More-Moore technology track, and Ge will 
intimately cooperate with Si for ultra-low-power 
applications in both p- and n-type JLFETs. The proper 
time for active introduction of Ge depends not only on 
the mature low-temperature thin-film preparation and 
interface passivation techniques but also on the 
successful operation voltage scaling below 0.5 V.  
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