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Summary 
III-V materials with properties such as direct band gap and low effective mass favor tunneling and are 
promising choices to build TFETs. For building advanced TFETs like EHBTFET Alper et. al have motivated 
choice of InAs as it enables low alignment voltages and higher ON current levels. 

EHBTFET experimental verification presents significant challenges that require tight control in geometry, 
alignment and processing even to achieve moderate device performance. Deep sub-60mV/dec theorized in 
EHBTFET is one of the main driver towards logic implementation []. However, to uncover true steep sub-
threshold behavior at room temperature lateral tunneling leakage [xx] and trap assisted tunneling [yy] still 
plague the device. For the former, counteracting mechanisms suggested in simulations such as trapezoidal fin 
[xx], counter doped n/p pockets [yy] require nanometric precision and are extremely challenging to achieve 
with state of the art fabrication. For the latter, interface defects states at III-V/oxide due to a lack of stable 
native oxides is a widely known problem []. 

With these limitations in mind, we attempt fabrication. The approach to build an EHBTFET prototype is 
using a known III-V technological platform Lateral Template Assisted Selective Epitaxy (lateral TASE) 
developed by IBM. TASE further benefits from using the mature Si processing platform since III-V is 
integrated on Silicon.  

InAs fin is grown in a template structure using TASE, additional Gate patterning and source drain contacting 
remains. The gate process is critical since independent gates have to be fabricated and patterned on a fragile 
high aspect ratio fin. At first sight Lateral TASE is a very promising approach for EHBTFET. But a lot of 
performance boosters suggested through simulations cannot be practically implemented e.g p/n pockets with 
nanometric positioning alignment. Another problem plaguing III-V devices for sometime is inherent defects 
in gate stack which degrade the performance of devices. For a proof-of-concept these setbacks were deemed 
acceptable to proceed. 

At first sight Lateral TASE looks like a very promising approach for EHBTFET. But since it is still not a 
mature, robust platform most of the performance boosters suggested through simulations cannot be 
practically implemented. Inherently Lateral TASE places some geometrical, dimensional and material choice 
constraints. Adapting the fabrication, we have to accept some performance setbacks to begin with. For a 
proof-of-concept this was deemed acceptable to proceed. This report is divided into the following sections. 

On the way to building an electron-hole bilayer tunnel FET, we came up with a simpler, device to verify the 
process steps. This is a High Aspect Ratio (HAR) InAs FinFET.  
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1. Introduction 
The principle of Tunneling Field Effect Transistors (TFETs) is based on quantum mechanical tunneling of 
carriers through a barrier whose band bending is controlled by the gate field as shown inError! Reference 
source not found.(a). 

Line TFETs are an interesting category of TFETs in which the band-to-band tunneling (BTBT) direction is 
aligned with the gate-induced electric field. This enhances the tunneling control by the gate field. For 
example EHBTFET illustrated in Error! Reference source not found.(b).  

 

 

 

 

 

 

 

 

 

EHBTFET is an advanced line TFET where in an ultra-thin semiconductor (SC) film tunneling occurs 
between closely spaced & electrically induced 2D electron and hole bilayers. EHBTFET advantages arise 
from i) a thin SC film hence a thin tunneling barrier and ii) 2D-2D carrier dimensionality, hence steep energy 
band edges. This steep band-edge characteristics should translate into a step like I-V characteristic as shown 
in Figure 2(b). Such deep sub-60mV/dec I-V characteristics theorized in EHBTFET is one of their main 
drivers towards logic implementation Therefore, tunneling here is modulated by alignment of conduction and 
valence band edges. Such a device is also known as a density of states switch. 

 
Figure 2:  (a) Shows a 2D p-n junction and (b) its current-voltage characteristics as a step function.	

In literature, we find few experiments with promising evidence towards EHB tunneling. Eisenstein et al 
study excitons, Bose-Einstein Condensates in 2D electron- hole bilayers induced in ultra-thin semiconductor 
films in a multiple material system. In such systems the bilayers are induced close to each other. At very low 
temperature and for a given magnetic field when every electron is positioned opposite to a hole, strong 
correlations effects are measured. As a consequence, tunneling has been reported as a function of voltage 
difference as shown in Figure . 

  
Figure 3: Tunneling rate versus interlayer voltage is plotted. Blue curve traces tunnelling rate for layers far apart. Red 

curve traces an increase in tunnelling rate for layer separation below a critical value.  

 

(a
) 

(b
) 

b). 

c). 

OF
F

ON 

P+ N+/intrinsic	 N
+

a
). 

𝐸!  

𝐸!  

𝐸!  

𝐸! 

Figure 1: (a) Band diagrams of ON (above) and OFF states (below) in operation of an n-type TFET. 
Tunneling path in (b) conventional TFET perpendicular to gate electric field and (c) in EHBTFET 

parallel to gate electric field. 
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Prunnila et al have attempted to understand properties of transport and drag in bilayers in single material 
systems. However, their motives were different and not to study interlayer tunneling. They investigated 
carrier transport in 22nm thick double gated Si quantum wells by making independent contacts to electron 
and hole layers using oxide dielectric as shown in Figure 4 an important aspect to EHBTFET  

 
Figure 4: A double gated 22nm thick Si quantum well is contacted independently, (b)For symmetric voltage applied on 

either side of the Quantum well carriers are pushed to center of well, (c) An asymmetric bias shows both the electron 
and hole bilayers in the quantum well. 

When a symmetric voltage is applied between front and back gates then the carrier gas is tuned to the middle 
of the well and pushed against either of Si-SiO2 interfaces as shown in Figure 4(b). At a strong asymmetric 
double gate voltage, Si energy gap is overcome, an electric field induces an EH bilayer at the edges of the 
well as shown in Figure 4(c). Presence of bilayer is detected through simultaneous measurements of non-
zero conductance, density and mobility in both carrier systems. However, thickness and indirect high band 
gap of Silicon may be reasons inter-layer tunneling was not measured in this structure.  

Revelant et al explored structures in Silicon, Si-Ge platform not designed for EHB tunneling as shown in 
Figure 5(left). On probing them they were unsuccessful in measuring vertical tunneling components as 
explained in the right schematic of Figure 5. The counteracting mechanism of horizontal tunneling 
masqueraded the desired steep vertical tunneling component.   

 
Figure 5: (left) thin film SiGe TFET structure, (right) tunnelling components in device. 

This is also visible in the non-steep I-V characteristics in Figure 6 (left), inset of the figures shows a kink in 
the expected characteristics if both horizontal and tunneling components with different parameters are 
measured. Also shown in Figure 6 (right) is no change in the On current with a increase in the channel 
length. This is a feature of horizontal and not vertical tunneling.   

  
Figure 6: (left) Id-Vg characteristics of measured TFETs for given back gate voltages. Inset shows theorized kink 
representing different tunnelling parameters for both vertical and horizontal tunnelling. (right) Ion vs Lch where 

proportional increase that is expected is not observed. 
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However it can be explained that in Si or SiGe system gate efficiency is poor due to the capacitive voltage 
divider as shown in  illustrated by Yablonovitch et al. 

 
Figure 7: Silicon fin gate efficiency being poor due to capacitive voltage divider. 

Therefore, it is promising to explore other materials like III-Vs for EHBTFETs. Alper et al, Aggarwal et al 
have shown that InAs as a single material system is particularly promising. Given its low effective masses 
enabling easier tunneling and lower channel densities to swing energy levels. 

EHBTFET experimental verification presents significant challenges and shall be detailed in the next section.  

From a quantum device point of view, a compromise between conflicting cases is needed to measure 2D 
density of states switching. 

• Alignment is need but there is Quantum mechanical level repulsion   
• Without level broadening due to contacts no electrical contact can be made to device  
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2. Processing 
We consider the design proposed by Alper et al and shown below in Figure 8 (left). The planar design shown 
below is flipped 90degress along xy plane in order to fabricate. Here-on in this document we will refer to the 
rotated version to be fabricated as fin EHBTFET shown. 

 

 
Figure I: (left) planar version of EHBTFET and (right) rotated version of planar EHBTFET here-on referred to as fin 

EHBTFET. 

The approach to build an EHBTFET prototype is using a known III-V technological platform. Various 
epitaxy techniques like global epitaxy growth, aspect ratio trapping and lateral over growth have been 
considered but these suffer from high defect density and are highly complex to integrate our device 
geometry.  

Recently few developments enabled high film quality with almost no anti-phase boundary defects and 
dislocation defects. In our case we choose Lateral Template Assisted Selective Epitaxy (lateral TASE) 
developed by IBM to build the device.  

We describe the detailed EHBTFET process flow in the annex attached. Relevant steps either the top view or 
side view are illustrated. In each section, the criticalities of where important are outlined. Given the number 
of critical steps involved in this process, a device with shorter but very similar fabrication steps serves as a 
good test device. Depletion mode InAs finFETs are indentified as interesting short loop devices. Parameters 
of gate stack and processing can be tuned in them in order to reach the long term goal of EHBTFET.   

2.1 Lateral TASE 
In TASE, Schmid et al demonstrated that mismatched defects are reduced by trapping dislocations when III-
Vs are grown using MOCVD on patterned Silicon substrates. Therefore, TASE further benefits from using 
the mature Si processing platform since III-V is integrated on Silicon. TASE is a process to grow III-V 
semiconductors from a Silicon seed in defined shapes of SiO2 called templates on CMOS-compatible 
platforms. TASE enables versatile InAs geometries to be grown as shown in Figure 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ref:	Schmid	et	al,	APL	2015 

Figure 9: (a) Schematic with main steps of TASE, (b) hollow SiO2 nanowire template with 
Silicon Seed, (c) parallel InAs nanowire grown inside SiO2 template via MOCVD, (d) cross 

section of nanowire grown, (e) Filling of constrictions or expansions in template geometry, (f) 
Crossbar template geometry filling. 
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We describe the detailed process flow in the annex attached. For relevant steps either the top view or side 
view are illustrated. In each section, the criticalities of relevant steps are outlined.  

EHBTFET processing using TASE platform can be divided into 3 main sections.  

i) Pre-template processing 
• Involves alignment marks definition and the implantation scheme 

ii) Template processing  
• Involves definition of a hollow SiO2 template encapsulating a Silicon seed nucleating III-V 

growth using MOCVD 
iii) Post-template processing 

• Consists of delicate, challenging steps of High Aspect Ratio (HAR) patterning 
• For fin widths below 20nm and aspect ratio (height:width) in excess of 4:1 are necessary for 

EHBTFET operation 
• Nanometric Gate alignment precision and independent gates are the hallmark of the device 

functioning.  
• Source and Drain contacts are defined here 

 

2.2 EHBTFET Constraints 
From a processing point of view a tight control of the following is necessary.  

• geometry  
• dimensions 
• alignment  
• material quality, oxide interface quality 
 

2.2.1 Geometry 
Shape of EHBTFET can be Planar or a T shaped fin-like as shown in simulations by Alper et al illustrated 
here again below in Figure 10 and Figure 11.  

  
Figure 10      Figure 11 

The T-shape fin promises better optimized characteristics with all performance boosters. A process to 
implement T-shape fin EHBTFET using TASE in a reasonable amount of time has not been converged upon. 
Lateral leakages were identified early in the planar EHBTFET when switching from using semi-classical to 
quantum mechanical simulations. 

 

 

 

 

 

 

To counteract this for T-shape fin solutions are next to impossible to implement in current state of the start 
technology i.e corner doping and corner shaping as illustrated in Figures 12 and 13.  
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Mechanisms suggested in planar simulations such as hetero-gate configuration, counter doped n/p pockets 
require nanometric precision and are extremely challenging to achieve with state of the art fabrication. 
Counter doped pockets can be considered as incremental improvements in the subsequent iterations of the 
EHBTFET processing. N-doped and p-doped pockets add to alignment complexity. As seen in 
simulationsnanometric length and alignment of the pockets significantly affect the characteristics. Aligment 
precision and geometry precision of this length scale are difficult to achieve in the first iterations. Hence, 
must be omitted in the first processing in order to reduce overall processing complexity. The planar design 
still has been chosen to begin with sole-ly for processing simplicity of existing design and a future possibility 
to integrate counter doped pockets to counteract lateral leakages.  

2.2.2 Dimensions 
EHB tunneling can be observed in very thin semiconductor films. Simulations show that thickness of the 
Semiconductor films e.g InAs should be less than 20 nm which translates to width of the fin. Also inorder to 
get moderate current densities the height of the fin should be atleast around 100nm. These high aspect ratio 
dimensions are what distinguish previous nanowire process from our process. 

Starting silicon fin width will translate to expansion of atleast +/- 15nm in InAs fin due to steps dilute HF 
steps expanding SiO2 template right before the MOCVD growth in TASE process. This way though a good 
aspect ratio (width:height) is ensured in silicon, it will be reduced Aspect ratio in InAs. This fin width 
differene traverses a fine line between device functioning and not functioning at all for tunneling. In the next 
section we present the high aspect ratio we achieved using TASE in InAs and compare to state of the art 
technology.  

2.2.3 Material 
InAs can be both n and p-doped in principle to serve for both the source and drain contact. However at the 
moment, p-type doping of MOCVD InAs is not available for various technical reasons. Hence a workaround 
solution of using p-doped Silicon for the source is considered as shown in the schematic (Figure 14) below. 
Since the Source and drain regions are not to behave as junctions for tunneling but only to provide carriers, 
this compromise is deemed acceptable. 

 

 
Figure 14 

The length of the intrinsic region is expected to not have a significant effect on the device characteristics 
except add series resistance. The intrinsic region has been purposefully added in order to serve as the seed 
region from which templated InAs grows. In order not to deviate from standardized Template InAs growing 
on intrinsic Silicon. Non-ideal interface between Si and InAs can result in traps that will scatter carriers and 
reduce the current density. 

2.2.4 Gate Stack 
InAs gate stack without interfacial defects is yet to be engineered. The true benefits of steep sub-threshold 
slope devices can be seen at low temperatures. Since at higher temperatures, Trap assisted tunnelling 
dominates and covers the steep slope region. III-V/ arsenide seminconductors have nature oxides of poor 
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electrical quality and readily form interface defects.  This oxidation needs to be suppressed and the surface 
passivated inorder to have a good dielectric interface.  

ALD Al2O3 is recognized as a good interfacial dielectric layer with InAs or InGaAs since it behaves as a 
self-cleaning layer during ALD process to supress III-V native oxides. Once it passivates the surface another 
high-k dielectric such as HfO2 can serve as the gate dielectric. Non-idealities at the III-V oxide interface 
obscure steep sub-threshold behavior at room temperature. This long-standing challenge has to be addressed 
in III-V Arsenides to uncover steep SS in EHBTFET. 

2.2.5 Alignment 
Alignments as good as below 50nm and below are necessary in all steps of the process. Such a situation can 
be maintained with extremely good quality of alignment marks needless to say with high tool reliability. 
Only automatic alignments by the tool will allow this nanometric precision. Positive markers of Tungsten or 
Platinum are used as alignment marks as illustrated in the process attached in the annex. However it has been 
observed that the current marker edges do roughen due to various high temperature process steps and 
because of a lift-off process rather than an etched process to make the markers. These are areas for potential 
optimization to improve even further the reliability of the alignment. With current markers we have reliably 
demonstrated 50nm alignment precision. Drifting of beam current during writing is beyond the control of the 
markers and the user and solely depends on ebeam tool health. 

2.3 Goal at Long term and Short term 
Given these challenges from a processing point of view, a simpler test structure to validate the process steps 
will come a long way. InAs finFETs with multiple fins have been identified as a good test structure. They 
can be co-integrated on the same wafer along with EHBTFETs on different chips. Processing remains same 
and only diverges for post template chip processing. Where for EHBTFET independent double gates 
fabrication is needed. Whereas InAs FinFETs move towards quicker gate stack processing of multiple 
independent gates. Details of process steps are attached in the annex section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:  Process steps. 
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3. Progress 

3.1 Pre-remplate and template processing 
Schematically the main template processing steps are outlined in the figure below and detailed in the process 
flow attached in the annex.  

 

 

 

 

 

 

 

 

 

 

 

The first growth of InAs in SiO2 template is shown in the following TEM. A clear distinction of the seed and 
the epitaxially grown InAs is seen in the coloured EDX images.  The diffraction pattern on the right shows a 
high crystalline InAs quality. 

 
Figure  16: InAs grown from Silicon in a SiO2 template. Sample grown at IBM, picture taken at CIME, EPFL. FFT of 

InAs showing a perfect crystal structure. 

A vertical cross section of the high aspect ratio is shown in the next figure. Using TASE process High aspect 
ratio structures are investigated for the first time. Complete filling with high crystalline quality is shown. A 
comparison to state of the art high aspect ratio presents a unique point of insertion for this technology. The 
results so far have been submitted as a paper abstract towards EDTM 2018. 

 

 

 

 

 

 

Figure 15: Main template processing steps. 
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Ref Substrate III-V 
Type 

InAs 
Mole 

Fraction 

Etching 
or 

Growth 

Wfin (nm) Hfin 
(nm) 

Aspect 
ratio 

(Wfin:Hfin)  

[8] InAs InAs 1 Etching 25 20 1.25:1 

[9] InAlAs InGaAs 0.53 Etching 30 50 0.6:1 

[10] InP InGaAs 0.53 Etching 30 20 1.5:1 

[11] InP InGaAs 0.7 Etching 38 120 ~1:3 

[12] InP InGaAs 0.53 MOVPE 40 16 2.5:1 

[13] InP InGaAs 0.53 Etching 25 

8 

170 

170 

~1:7 

~1:20 

[14] Si InGaAs 0.7 Epitaxy 50 25 2:1 

[15] Si InAs 1 Etching 40 9 ~4:1 

[16] Si InAs 1 STI ART -/- -/- -/- 

Our 

work 

Si InAs 1 MOCVD 30 130 ~1 :4 

Figure 17: a) A RGB EDX map of In (Red), As (Green), Si (Dark Blue), O (Light Blue) where Multiple InAs fins 
grown in SiO2 templates. b) High Resolution TEM image of the right-most fin. c) Zoomed image showing high 

quality, crystalline InAs without propagating defects. 
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3.2 Post template processing 
Short Loop InAs FinFETs progress is presented below. A schematic of the template processing and the 
subsequent SEM image is shown. These steps have been tested on Silicon fins on chips from the same wafer 
batch of grown structures. InAs fins will be processed with the same steps as below. 
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A final cross section of the gate stack in the Multiple fin FinFET is shown in the figure below. Continuous 
coverage of the Gate metal across high aspect ratio fins is clearly seen. The underlying dielectric layer is also 
visible. 
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5. Annex 

5.1 Pre-template processing 
FinFET and EHBTFET pre-template processing steps are same except for implantation steps. When building 
FinFETs no implantation is necessary except in-situ doping during MOCVD InAs growth.  

 

 
Critical Steps 

• Step 6: Protection oxide on the alignment markers is with a deposited Oxide. For the thickness 
needed the sample can be in the furnace for as long as 3 to 4 hours in temperatures from 450°C to 
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650°C. During this time, Pt or W atoms in the markers migrate slightly and grains become coarse. 
This so far hasn’t been problematic for ebeam to recognize but could be a potential concern since 
alignment is extremely critical in this process. The integrity of markers affects alignments in all the 
subsequent steps. Hence there is a trade-off between using a high temperature oxide difficult to etch 
in later steps of the process and the high temperature affecting the quality of underlying Platinum 
markers. The alignment marks needs to survive a processing with total of 10 ebeam lithography 
steps. 
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5.2 Template processing 

 
 

 

Critical Steps 

• Step 16: HBr etching of Silicon is carried out in a dry etching tool used with many different etchant 
gases to target different materials. The etching chamber needs to be cleaned and primed for a long 
time before ensuring that the sensitive HBr plasma process reaches a stable etching and is able to 
etche Silicon.  

• Step 17:  Despite starting with a very HSQ ebeam resist layer (in step 15), there is a chance for 
removal of remaining HSQ to result in collapse of the fin structure. As explained previously, along 
with a high aspect ratio 
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Critical Steps 

• Step 21: Etching rate of Silicon is very sensitive to changes in temperature of TMAH bath. From 
one etch to another different etch times for Silicon are noticed. Can be as significant as empty 
templates to correct back-etch of the template 

• Step 22:  
 

5.3 Post template processing 

5.3.1 InAs FinFET 
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5.3.2 InAs EHBTFET  

 
Critical steps 
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