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A B S T R A C T

Integrating Ge onto SOI should enhance the drive currents and switching speeds of transistors. However, Ge on 
insulator platforms have fallen short of providing these benefits and are additionally facing processing issues and 
high fabrication costs. To cope with these issues, we use an ultra-low-temperature molecular-beam epitaxy 
growth of Ge layers on SOI and strained SOI substrates, as device prototyping platforms. Thereof, we obtain 
symmetric IV-on-states in Ge based reconfigurable transistors, enabling to investigate the temperature-dependent 
gating capabilities and identify the dominant transport mechanisms. In this respect, to give a comprehensive 
picture of the influence of different parameters on transport mechanisms, temperature-dependent gate- and bias- 
dependent current–voltage data was evaluated constructing 2-D colormap representations.

1. Introduction

Reconfigurable field-effect transistors (RFETs), with their ability of 
dynamic run-time switching of both n- and p-type operation in a single 
device, are interesting candidates to implement multi-function logic 
cells, like switchable NAND/NOR gates [1,2]. These devices employ two 
independent gate electrodes to steer charge polarity and source-drain 
conductance. The integration of Ge on SOI platforms introduces poten
tial benefits such as higher on-state currents and consequently faster 
switching speeds due to lower effective masses and higher carrier con
centrations enhancing the performance of transistors [3,4]. However, 
unstable Ge-oxides along with high fabrication costs of Ge on insulator 
(GeOI) wafers [5] and reliable contact formation [6] are problematic 
and obstruct so far the use of Ge platforms. In this work, we propose two 
Ge-advanced (001)-surface oriented SOI platforms, one with highly 
compressive and bidirectionally-strained Ge grown on a conventional 
SOI substrate (GeSOI) and the other with Ge layers grown on a strained- 
SOI (GesSOI) exhibiting a more relaxed strain level. Both are covered by 
a 3 nm thin Si capping layer. These platforms bypass the mentioned 

issues by encapsulating Ge with Si and SiO2 and using Al as source/drain 
contacts constituting an Al-Si-Ge multi-heterojunction [7]. Gating 
spectroscopies, allow the examination and interpretation of charge 
carrier transport in a more comprehensive and resilient fashion 
compared to a single operation point analysis [8]. Importantly, such 
temperature-dependent gating control maps have already provided the 
basis for setting up table based compact models [3,9].

2. Results and discussion

The triple-gated RFET, as used for the platform comparison, is pre
sented in the false-color AFM image in Fig. 1a. Polarity gates (PG) are 
placed atop the metal–semiconductor junctions to control the tunneling 
barrier shape and transmissibility and define consequently the charge 
carrier type. The control gate (CG) in the middle of the channel in
troduces a further barrier for controlling the transistor’s source-drain 
conductivity. The two Ge platforms are presented schematically as 
stacks in Fig. 1b with dimensions provided. The differences between 
GeSOI and GesSOI is the Ge layer thickness and the related strain 
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introduction from the underlying Si or s-Si layer. The Ge including the Si 
buffer layer is grown via ultra-low temperature molecular-beam epitaxy 
[10] upon conventional SOI or s-SOI wafers, illustrated in green colors in 
Fig. 1b. The use of s-SOI substrates enables to grow thicker pseudo
morphic Ge layers for the same growing conditions, because the layers 
exhibit a more relaxed level or strain [11,12]. Out of the proposed Ge- 
advanced SOI stacks, the nanosheet mesa-structures were patterned in 
top-down methodology, with subsequent lithography, etching, Si-cap 
oxidation and ZrO2 encapsulation by atomic layer deposition steps 
[7], eventually comprising the material systems depicted in Fig. 1b. 
Nanoscaled mono-crystaline Al Schottky barrier (SB) contacts were 
fabricated via a thermally activated solid-state exchange reaction pre
viously described in Ref. [13]. Compared to our prior art with Ge 
nanowires and GeOI devices, we observe an enhanced thermal stability 
of the junctions towards Al as well as higher stability in the IV charac
teristics, as assumed to be attributed to lower value of interface- and 
border-trap densities at the semiconductor/insulator interface [7]. The 
gating was performed by Ti/Au atop the SiO2/ZrO2 stack, where the 
pinning is set with 10 nm of Ti, while Au was used as a bonding contact.

To allow the electrostatic mode-switching, as illustrated by band 
diagrams in Fig. 2, the PG controls the injection capabilities allowing 
either electrons (positive voltages) or holes (negative voltages) passing 
the SBs. Additionally, comparable to an accumulation mode MOSFET, 
the CG controls the charge carrier concentration in the channel, conse
quently introducing a further barrier by applying a positive or negative 
voltage depending on the charge carrier type. The corresponding on- 
and off-states are labelled with roman numerals to make the identifi
cation of associated regimes in the following figures clearer.

Considering the band diagrams, transfer characteristics for a swept 
CG voltage and a constant PG voltage, either 5 V for n- or -5 V for p-type 
operation, are depicted in Fig. 3a for both transistor platforms. The 
GesSOI exhibits a more 0 V-symmetric behaviour with narrower 
threshold voltages (Vth), steeper sub-threshold slopes (STHS), as well as 
higher drive currents for both p- and n-types, compared to GeSOI. These 
features are also evident in the statistical evaluation provided in Fig. 3b. 
The off-state currents for both platforms is in the 100 fA-region and even 
below, especially for GesSOI, which is given by the resolution limit of 
the measurement setup. This fact leads to an impressive on-to-off-state 
ratio for both Ge SBFETs types of approx. 1 × 107 to 1 × 108. Differ
ences between platforms are likely due to the different Ge thickness as 
well as different in-plane strains due to the use of unstrained or tensile- 
strained Si templates. The gate leakage current remains insignificant 
under the resolution limit for both RFETs, as also evident in grey in 
Fig. 3a.

To provide a more general picture and emphasize the stability of 
those transistor platforms, the switching capabilities were investigated. 
Thereto, Both CG and PG voltages were swept accordingly from -5 V to 5 
V, while keeping the source-drain bias voltage constant at 2 V. The 

captured drain-current data is presented in colored maps, allowing es
timations of on- and off-state regions as well as current variations caused 
by unstable voltage gating, which can occur in electronic systems. As 
shown, in Fig. 4 for both transistor platforms, there are distinct on-state 
regions, indicated with II and III and outlined with a dashed line as guide 
to the eye, and off-state areas, indicated with I and IV. Indeed, the results 
confirm that the GesSOI (Fig. 4b) has wider and more symmetric on- 
state regimes over a large range of gate operation voltages compared 
to the GeSOI RFET (Fig. 4a).

Linearizing the captured drain current for each temperature, from RT 
up to 400 K in 25 K-steps for the GeSOI and 50 K-steps for the GesSOI 
platform, at each CG/PG-related operation point in the gating capability 
maps, Fig. 5 shows the determined slope, i.e. the drain-current gradient 
over temperature (dID[VCG|VPG]/dT). As evident in this representation, 
the on-state temperature dependency of regions II, III can be assessed. 
Both platforms exhibit for p-type (region III) operation a negative 
gradient for a sufficiently high PG voltage applied, which is an indica
tion of a transparent contact [13]. This is consistent with a smaller SB 
height for holes vs. electrons leading to the high Ion,p/Ion,n ratio. Inter
estingly, this negative slope area for GeSOI is preceded for smaller |VPG| 
by a region with a positive gradient indicating a barrier dominated 
transport. A distinct constant VCG boundary line is observed between 
these two regions. Apparently, the PG can tune the barrier for hole in
jection to be so thin so that tunneling dominates. For the n- type on-state 
region (II), the barrier is slightly higher so that this high transparency 
region cannot be entered within the operation region. However for 
GesSOI (Fig. 5b) negative gradients in both regions II, III imply high 
contact transparency for both electrons and holes. Interestingly, there is 
a VCG dependent transition in GesSOI for the gradient change of sign. 
(Fig. 5b).We speculate that these differences arise from the distinct band 
edge offsets and effective masses as tuned by biaxial strain, nevertheless 

Fig. 1. (a) False-color AFM image of a triple-gated RFET. (b) GeSOI and GesSOI stacks with individual layer thicknesses. The MBE-grown layers are colored blue (Si) 
and red (Ge). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Band diagram of the n-type (a) and p-type (b) operation.
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further verification with theory is required e.g. with device TCAD 
simulations.

To determine the relative temperature gradient and make assump
tions about the dominant underlying transport mechanism [4,14], the 
extracted change of each CG/PG-related operation point is normalized 
to the corresponding RT drain current (1/ID[VCG|VPG](RT)⋅dID[VCG| 
VPG]/dT), see Fig. 6. For both plat-forms the relative change of the off- 
state region for electrons and holes (I, IV) is substantially more pro
nounced than the on-state regions (II, III). This can be explained by 
considering thermionic contributions as being the major part of the off- 
state current, whereas tunneling, which is less temperature-dependent, 
becomes more dominant in the on-state, which is characteristic for 
SBFETs [14]. In particular, the normalized temperature gradient reveals 
the intermediate region where tunneling- and thermionic emission- 
related currents are respectively dominating, see area II in Fig. 6a. 
This is in line with the idea that, for n-type operation for the GeSOI 
(Fig. 6a), bands are not bent sufficiently strong by gating to make the 
heterotructure transparent.

Apart from determining the temperature gradient, by applying the 

simplistic thermionic emission theory[15], the activation energy, as an 
abstraction over two metal–semiconductor junctions with various gating 
potentials, supports the identification of the on- and off-state regions 
and the dominant transport mechanisms. Accordingly, the gating 
capability measurements, see Fig. 4, are captured for different temper
atures from RT up to 400 K.

Using the following equation JTE(T)=A*T2exp(− Ea/kBT), with JTE 
the measured current normalized over the cross-sectional area and A* 
the effective Richardson constant, the related activation energy Ea can 
be determined by linearizing the Arrhenius plots according to ln |JTE/T 
2| = ln |A*| − Ea/kBT, where the natural logarithm was applied. The 
corresponding activation energy is extracted by Ea = − k ⋅ kB, with k 
being the slope of the linearization [16]. Note, for the use of the 
thermionic emission theory it is necessary to make assumptions and 
limitations of applicability [15,16]. However, in accordance with the 
temperature gradient investigations, such activation energy maps obtain 
carefully interpretations of transport mechanisms regimes. Additionally, 
different models and theories can be applied to accomplish the picture of 
the gating-related charge carrier transport [17]. The extracted 

Fig. 3. (a) Transfer characteristic of both operation modes of the used Ge platforms. (b) Statistics of relevant parameter of the presented device platforms.

Fig. 4. Gating capability maps of the GeSOI (a) and GesSOI (b) platform.
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activation energy maps of both Ge platforms are presented in Fig. 7. 
Comparing both material platforms, the already identified on- and off- 
state areas are also visible. Especially, a transparent heterojunction, as 

indicated with a low to negative activation energy, is clearly obtained 
for the GesSOI (Fig. 7b) for n- and p-type on-state operation (II, III) and 
for the GeSOI (Fig. 7a) for the p-type on-state (III), whereas the n-type 

Fig. 5. Temperature dependency of the gating capability maps of both transistor platforms, GeSOI (a) and GesSOI (b), considering temperatures from RT up to 400 K.

Fig. 6. Room-temperature normalized temperature dependency of the gating capability maps of both transistor platforms, GeSOI (a) and GesSOI (b), considering 
temperatures from RT up to 400 K.

Fig. 7. Related activation energy of the gating capability maps of both transistor platforms, GeSOI (a) and GesSOI (b).
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on-state (II) exhibits only a lowered barrier.
Comparing all color map representations (Figs. 4–7), a very consis

tent impression is obtained, as for the GesSOI platform very center- 
symmetric on- and off-state areas related to the gating is evident, with 
a negative temperature dependency and a low or even negative activa
tion energy for the on-state regions (II, III) indicating a transparent 
heterojunction [13]. Contrary, the GeSOI exhibits transparency only for 
p-type operation (III). For n-type operation (II) the related bands are not 
bent sufficiently to enable high tunnelling transmissibility thus resulting 
in a positive temperature gradient and consequently only a lowered 
activation energy, indicating the presence of an intermediate region 
between tunneling and thermionic-dominated regions. However, by 
increasing the gating voltages, it is possible to force also the GeSOI 
RFETs into transparency for n-type operation. This negative activation 
energy is in strong contrast to SBFET devices with common metal- 
germanide-Ge junctions, which are not obtaining transparency 
limiting consequently on-state conduction [18]. The off-state regions (I, 
IV) for both platforms are thermionic dominated, as determined via the 
normalized temperature gradient and can be assessed with the relatively 
higher activation energy in that areas. Interestingly, the GeSOI platform 
exhibits a continuous off-state area especially for low gating voltages, 
different to the GesSOI. This property can also be estimated by consid
ering the crossing-point at higher currents for both operation types in 
transfer characteristics (Fig. 3a). We attribute this to Ge layer thickness 
and strain differences in the different systems. Nonetheless, this does not 
mean that the transistor cannot be turned off, only that sufficient gating 
voltage must be applied to achieve off-states.

3. Conclusion

We investigated two different advanced Ge- on SOI transistor plat
forms in terms of temperature-dependent gating capabilities. Key for 
this investigation is the stable operability of the devices, which is related 
to the encapsulation of the Ge channel within Si/s-Si underneath and in 
between the Al-Si-Ge multi-heterojunction as well as the SiO2 layer atop 
the Ge channel. While the characteristic transistor metrics, except for 
on-state symmetry, were improved using the GesSOI platform, this wafer 
stack is more complex to fabricate. Importantly, for both platforms, the 
temperature gradient in combination with the activation energy of the 
gating capability maps allowed to determine the regions of tunneling- 
dominated on-states and thermionic emission-dominated off-states as 
well as intermediate regions where no mechanism is dominant.
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