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With recent dramatic increases in information, power consumption is an important issue for data processes,

and ultra-low power switching devices are required. The emerging transistors with lower power consumption

operation are required instead of the conventional ones. Tunnel field-effect transistors have attracted much

attention as ultra-low power operating devices. We report the recent progress in tunnel field-effect transistors

based on the III-V compound semiconductors and in the III-V epitaxial wafers for next generation devices.

This paper is translated from R&D Report, “SUMITOMO KAGAKU?”, vol. 2017.

Tunnel Transistors as Ultra-low Power
Consuming Devices

As is symbolized by data storage centers, information
systems have increased in speed and in capacity in
recent years. The power consumption by information
processing tends to increase with this trend. In addition,
the use of mobile devices has spread explosively, and
the era of the Internet of Things (IoT) in which all
things are connected to the Internet has been reached.
The necessity for reduction of the power consumption
in information processing is tending to increase. With
this background, processors that can operate with low
power consumption are needed in the world.

Conventionally, metal-oxide-semiconductor field-effect
transistors (MOSFETSs), which have silicon (Si) as a
channel material, have been used in processors. Since
the power consumed by transistors is proportional to
the square of the supply voltage (Vbp), reducing the
supply voltage is effective for reducing power consump-
tion. Miniaturization of devices can reduce the supply
voltage for Si MOSFETs.V In addition, the use of chan-
nel materials with high electron (or hole) mobility
instead of Si has been investigated.?-%

Up to now increases in the processing speed and
reductions in power consumption for devices have been
achieved by miniaturization of the devices. Currently,
miniaturization has reached approximately 10 nm, and
the limitations of miniaturization in two-dimensional
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scaling will be approached. It is predicted that the
demise of miniaturization in two-dimensional structures
will come by 2024.0

On the other hand, the high mobility materials such
as III-V compound semiconductors and geranium (Ge)
for channel materials instead of Si have been studied for
low power consumption devices.?~% However, the S fac-
tor, which is the reciprocal of the steepness of the rise
of current-voltage characteristics, has a limit of 60
mV/decade at room temperature in terms of operating
principles for MOSFETs. Therefore, even if high mobil-
ity materials are used for channels, the supply voltage
will be limited to approximately 0.5 V. For further reduc-
tion of power consumption by reduction of the supply
voltage, it is desirable to be able to achieve S factors of
smaller than 60 mV/decade by an operating principle
different from conventional MOSFETS, leading to tran-
sistors that can operate at lower supply voltages.

Thus, tunnel field-effect transistors (TFETSs) have
attracted attention as new low power consumption
devices.”~9 Sumitomo Chemical Co., Ltd. has also par-
ticipated in the JST Strategic Basic Research Program
for “Creation of Revolutionary Nano Electronics Fusing
Materials, Devices and Systems: Construction of Tunnel
MOSFET Technology for Ultra-low Power Consumption
Integrated Circuits” (abbreviated TFET-P] in the follow-
ing) since 2013 and has been developing TFETS. In this
paper, we review the results of this project and the
trends in related technologies.
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1. Reduced Power Consumption Using TFETs

TFETS can achieve S factors of sub-60 mV/decade by
controlling tunnel current using the field effect between
the source and channel junction, and it is possible to
reach a Vpp of 0.5 V or less. Thus, there are expecta-
tions for their development as new devices that can
achieve steeper current rise characteristics than con-
ventional MOSFETs.D»-9 Fig. 1 shows a schematic
illustration of the current-voltage characteristics (I-V
characteristics) of TFETs and MOSFETsS. Since the Vpp
for obtaining the same ON current (Jon) is reduced if
the S factor is smaller, that is the slope is steeper, it is
possible to reduce energy consumption. Furthermore,
if the slope is steeper, the OFF current (lorr) tends to
decrease, and it can be expected that power consump-
tion during standby will be suppressed.

Fig. 2 shows a schematic illustration of an n-type
TFET and operating principles. Here, Eg is the bandgap,
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Ec is the energy at the bottom of the conduction band,
and Ev is the energy at the top of the valence band. The
operation of the TFETSs is based on band-to-band tun-
neling (BTBT) of electrons. A p* region is formed as the
source region and an #* region is formed as the drain
region, respectively. The tunnel current from the source
to the channel is controlled by the gate field effect. In
the OFF state, the tunnel barrier is high, and the tunnel
current is suppressed. On the contrary, in the ON state,
the tunnel barrier is made low by the gate field effect,
and the tunnel current flows. A lower S factor can be
achieved in I-V characteristics compared to the conven-
tional MOSFETs.

On the other hand, a TFET can suffer from a low
drive current because of the tunnel resistance. In order
to enhance the drive current of the TFET, narrow
bandgap materials with a lower tunnel resistance than
Si have been studied to achieve a high drive current for
TFET channel material.”-1 Fig. 3 shows the tunneling
current density (/) in typical semiconductor materials
as a function of the electric fields calculated by using
Equation (1), where 77 is the tunneling effective mass,
q is the elementary electric charge, & is the electric field
strength, VR is the reverse bias voltage, and # = h/2nw,
where 7% is Planck’s constant, respectively. Here, the
maximum electric field is assumed to be sufficiently
high. Table 1 shows the bandgap and 7} in semicon-
ductors,' where m7 is given by mi = mmii/ (me + miy),
and m¢ is the effective mass of electrons, mi is the
effective mass of holes, and o is the electron mass,
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1ELIEN Material physical parameters of energy
band gap and tunneling effective mass of

semiconductors
Semiconductors Eg (eV) my
InSbh 0.17 0.007 mo
InAs 0.35 0.012 mo
Ino.53Gao.47As 0.74 0.023 mo
Ge 0.66 0.028 mo
Si 1.12 0.087 mo

respectively. As shown in Fig. 3, III-V compound semi-
conductors with a narrow bandgap, such as InSb, InAs
and Ino53Gao.47As, show a high tunneling current densi-
ty, indicating that they can allow us to realize a high driv-
en current for TFETSs.

TFET Using llI-V Compound Semiconductors
for Channel Material

1. Development of InGaAs TFET

I1I-V compound semiconductors with a narrow
bandgap have been investigated in order to achieve a
high performance TFET with both a good S factor and
high ON current.®9-1D-13 Among the III-V compound
semiconductors, InGaAs is a row bandgap material with
a bandgap of approximately 0.74 eV at room tempera-
ture, when an In content is 0.53. In addition, since
InGaAs with an In content of 0.53 can be lattice matched
to InP, an epitaxial layer with high crystal quality can be
grown on an InP (100) substrate.

Fig. 4 shows a schematic illustration of an InGaAs
TFET fabricated on an InP (100) substrate. The fabrica-
tion processes of the TFET are as follows. First, an
InGaAs layer is grown on an InP (100) substrate using

Source, p* Drain, »*

InGaAs
In=0.53

InP (100)

PG Schematic illustration of the InGaAs
TFET with Ino.53Gao.47As channel grown
on InP (100) substrate. A source region
can be formed by Zn diffusion and a drain
region can be formed by Ni-InGaAs alloy
formation.

Figure created by using data provided by
collaborators (Ref. 11)
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a metal-organic chemical vapor deposition (MOCVD).
Here, a commercial production furnace is used for the
fabrication of the epitaxial substrate. Subsequently, the
source region, gate oxide, gate electrode, and drain
region are formed on the InGaAs layer, and the InGaAs
TFET is completed.

The source region of the TFET is generally formed
by doping, and a high doping concentration in the
source region and a steepness in the impurity profile of
the source junction are important for achieving a small
S factor. In the TFET-PJ, doping in TFETS in which the
channel layer is InGaAs was performed by a spin-on-
glass (SOG) method for zinc (Zn), which is a p-type
dopant for InGaAs, to form the source region.!:12 A Zn
doping concentration of 2x10'% atoms/cm?® was achieved
by optimizing annealing treatment conditions. In addi-
tion, the diffusion coefficient of Zn in InGaAs is propor-
tional to the square of the Zn doping concentration, and
a steepness in the Zn impurity profile of 3.5 nm/decade
can be achieved.'V:12) The fabrication processes of
InGaAs TFETSs were as follows. After the source region
was formed by the Zn diffusion process, the gate oxide
film and gate electrode were formed. Subsequently, the
drain region was formed by Ni-InGaAs using Ni-InGaAs
alloy formation processes.!®

Fig. 5 shows the device characteristics of an InGaAs
TFET with the In content of 0.53 in which the source
region was formed by the Zn solid phase diffusion using
Zn doped SOG. Here, the drain current (Ip) is shown in
Fig. 5 as a function of the gate voltage (Vi) with a drain
voltage (Vp) of 0.15 V. The InGaAs TFET shows the
S factor of 64 mV/decade and an ON current/OFF

Ino.53Gao.47As

Ip (A/um)

S factor = 64 mV/decade
Vp=0.15V

Il Il Il J
-0.25 0 0.25 0.5 0.75 1
Ve (V)

BEEEE Measured In-V characteristic of an
Ino.53Gaog.47As TFET with the source
region formed by Zn diffusion at 500 °C
Figure created by using data provided by
collaborators (Ref. 11)
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current ratio exceeding 106 at room temperature. The
good characteristics of the OFF current indicate that
the source junction formation processes by the Zn dif-
fusion using Zn doped SOG can suppress the generation
of crystal defects during the source junction formation
processes. It is possible to make use of the excellent
crystallinity of the epitaxially grown InGaAs channel
layer because the source and drain regions can be
formed with suppression of the generation of defects.
The source region formation by the Zn solid phase
diffusion was also followed by another organization.!®
In addition, it was reported that the source region for-
mation by the Zn gas phase diffusion can achieve a Zn
impurity doping profile with a steepness of 4.7
nm/decade and a Zn doping concentration of 2x10%?

atoms/cm? in the direction of depth.1”

2. Investigation of High In content InGaAs
Channel Layer for InGaAs TFET

The bandgap of InGaAs can be narrow with the
increase in the In content, resulting in enhancement of
the tunnel current. Therefore, it can be expected that
high ON current can be achieved in InGaAs TFETSs by
making the In content in the InGaAs layer higher than
0.53. Fig. 6 shows calculated results of the tunneling
current density of the InGaAs with In contents of 0.53,
0.60, 0.65, 0.70, 0.80, 0.90, and 1.00 as a function of the
electric field. The tunneling current density is increased
by increasing the In content. However, it is difficult to
grow an InGaAs channel with a high In content on an
InP substrate because of the lattice mismatching
between the InP substrate and the InGaAs layer. When
an InGaAs layer with an In content of 0.53 which is lat-
tice matched to InP is epitaxially grown on an InP sub-
strate, it can maintain high level crystallinity even with
a sufficiently thick film growth. On the other hand,
when there is a difference in lattice constant between
the substrate and the grown layer, the film thickness
which can be grown without lattice relaxation is limit-
ed.1®-2D In epitaxial growth of an InGaAs layer on an
InP substrate, the lattice mismatch to the InP substrate
increases with the increase in the In content. Therefore,
the critical thickness of an InGaAs layer can be limited
with the increase in the In content. The crystal defects
generated by lattice relaxation can be a cause of a leak-
age current. Fig. 7 shows the device characteristics for
InGaAs TFETS fabricated using substrates in which an
InGaAs layer with In content of 0.53 and 0.70 were
grown on an InP (100) substrate.!? Here, the thickness
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of the InGaAs layer is 100 nm. It was found that the ON
current increased by increasing the In content of the
InGaAs layer. On the other hand, it was found that the
OFF current and S factor are also increased by increas-

ing the In content of the InGaAs layer. These results
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Figure created by using data provided by
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indicate that the defects caused by the lattice mismatch
between the high In content InGaAs and InP can affect
the device performance. Therefore, it is important to
suppress crystal defects when growing InGaAs layers
with a high In content.

3. Investigation of High In Content InGaAs
Quantum Wells for TFETs

It is important for TFETS to achieve a low OFF cur-
rent at the same time as well as a high ON current.
Because standby energy consumption can be sup-
pressed, the suppression of the OFF current is impor-
tant in low power consumption devices. Therefore, a
leakage current caused by defects must be suppressed
in InGaAs TFETs with high In content InGaAs layers,
and the crystallinity of the channel layer must be
improved. In the TFET-PJ, InGaAs TFETSs with a quan-
tum well (QW) channel have been developed with a
high In content InGaAs channel layer. High In content
InGaAs QW channel layers are set to be 10 nm or less
in order to maintain the crystallinity of the high In con-
tent InGaAs channel layers and suppress crystal defects
caused by lattice relaxation.®:13) Electrical controllability
can be increased by confinement of carriers in the QW
channel layer. Fig. 8 shows a schematic diagram of an
InGaAs QW TFET having an InGaAs QW channel with
a high In content. The structure is one in which the high
In content layer is sandwiched between InGaAs layers
with an In content of 0.53. Thus, formation of the InGaAs
channel layer with a high In content having good crys-
tallinity can be expected. In addition, the junction with
the substrate side in the source region is a junction with
InGaAs with an In content of 0.53, and it is expected that
the junction leakage current can be suppressed. Fig. 9
shows the I-V characteristics for an InGaAs QW TFET
having an InGaAs QW channel with an In content of 0.70
and with a QW layer thickness of 3 nm. For comparison,
the IV characteristics of an InGaAs bulk TFET with a
single layer InGaAs having an In of 0.53 is shown. The
source current (Is) versus VG curves with Vp of 0.15V
are shown in Fig. 9. As with the increase in ON current
compared with the InGaAs TFET with an In content of
0.53, the minimum value for the OFF current could be
reduced by a factor of 10 or more compared with the
InGaAs TFET with the In content of 0.70 and a film
thickness of 100 nm shown in Fig. 7 (a) by the use of
the high In content InGaAs QW channel structure. An
S factor of 62 mV/decade was achieved. Thus, TFET
device characteristics could be improved by forming
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Figure created by using data provided by
collaborators (Ref. 13)

the channel layer using advanced epitaxial growth

technologies.

4. Improvement of TFET by Scaling of Gate Oxide
Film

Scaling of gate oxide film, making the oxide films thin-
ner, can be effective for improving OFF characteristics
and S factors of TFET.®9:1D-13).17) Fig, 10 shows the
impact of the gate oxide film scaling in an InGaAs TFET
with an In content of 0.53. Here, the gate oxide film
thickness is shown by capacitance equivalent thickness
(CET). In the TFET-PJ, improvements in the S factor
were confirmed with CET scaling. An S factor of 57
mV/decade at room temperature was achieved by
scaling CET to 1.7 nm in an InGaAs TFET with an In
content of 0.53.13 Furthermore, an S factor of 55
mV/decade at room temperature was achieved by using
film thinning on the gate oxide film in an InGaAs QW
TFET with a high In content.®

It is very important that high performance TFETs
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have been achieved by using high quality epitaxial
wafers fabricated by a commercial production MOCVD
in the TFET-P]. Further improvement of TFET perform-
ance can be achieved by the synergy of crystal growth

and device processes.

5. Heterojunction based TFET

In order to achieve high level device performance of
TFETs, it has been attractive to use heterojunctions for
source and channel junctions.”~9-22-32) Heterojunctions
can make the effective bandgap narrow by controlling
the band alignment of different materials. As a result,
high ON currents can be expected to be achieved. Fig.
11 shows a schematic diagram of a heterojunction based
TFET. The effective bandgap (AEG) can be controlled
by combining different materials. Here, Eg 1 is the
bandgap of material 1, and Eg 2 is the bandgap of mate-
rial 2. AEc is the band discontinuity for the conduction
band, and AEYv is the band discontinuity for the valence
band. In a heterojunction based TFET, the use of III-V
compound semiconductors with which a variety of
bandgaps that can be designed by changing the materi-
als and content can also be expected. Among them,
InAs/Si and InAs/GaSb heterojunctions are attracting
attention. An S factor of 21 mV/decade a TFET using a
heterostructure of InAs/Si grown on a Si (111) substrate
has been reported.?2 On the other hand, an S factor of
48 mV/decade and an ON current of 10 pA/pm and an
ON current greater than a Si MOSFET at a low gate
voltage in the neighborhood of 0.2 V were reported in a
TFET using a heterostructure of InAs/GaAsSh/GaSh
grown on an Si (111) substrate.2” The device perform-
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ance of heterojunction based TFETs is expected to
improve by using III-V compound semiconductors. In
addition, p-type TFETs are expected to be developed

through the use of heterojunctions.??-25.30-32)

Fusion of IlI-V Compound Semiconductors
with Si Technology

1. Integration of 1lI-V Compound Semiconductors
on 300 mm Si Substrates

The characteristics of InGaAs TFETSs fabricated on
InP substrates are described in the previous sections,
but the diameter of InP substrates is smaller than Si sub-
strates. The limitation of the diameter of the wafer, inte-
gration of the III-V TFET onto the Si platform and the
compatibility with the conventional Si technologies are
key issues to be solved for practical application. There-
fore, it is important to integrate the III-V compound
semiconductor channels on Si wafers. However, the dif-
ferences between the characteristics of the materials of
III-V compound semiconductors and Si are a problem
for integration of III-V compound semiconductors on Si.
When III-V compound semiconductors are adapted to
the Si technology, a method for integration of III-V com-
pound semiconductor channels on Si is important in a
state where the III-V compound semiconductor devices
can exhibit their performance sufficiently. There are
reported methods of direct epitaxial growth,3-40 meth-
ods of selective epitaxial growth,?2-2%.27).32).41)-46) and
methods of wafer bonding 4”59 as methods for integra-
tion of III-V compound semiconductor channels on Si.

In the methods of direct epitaxial growth, it is report-
ed that the InGaAs MOSFETs fabricated on 300 mm Si
wafers showed the similar performance as the InGaAs
MOSFETs fabricated on InP wafers.?”9 Because the
integration of the III-V compound semiconductor chan-
nels on a whole 300 mm Si wafer can be feasible, incor-
porating III-V compound semiconductor channels into
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a commercial product can be expected in the future.

With the methods of selective epitaxial growth, it is
possible to form III-V compound semiconductor chan-
nels at any location even though processes of a Si wafer
are necessary.22)-29.27).32)41)-46) It ig possible to integrate
different channel materials, and channel shape can be
controlled by process conditions. Therefore, there are
expectations for developments in the future.

Wafer bonding is a method for transferring an epitax-
ial layer grown on a III-V compound semiconductor
wafer to a Si substrate with good crystallinity. Fabrica-
tion of an InGaAs-on-insulator (InGaAs-OI) wafer with
good crystallinity is possible using direct wafer bonding
(DWB).40-5) Here, the InGaAs-OI wafer has a structure
in which the InGaAs channel is integrated via a buried
oxide film on a Si wafer. On the other hand, the small
diameter of the semiconductor wafer forming the trans-
fer wafer is an issue with fabricating the large-diameter
InGaAs-OI wafers. It can be solved by a method of trans-
ferring a III-V compound semiconductor layer grown
directly on a large-diameter Si wafer to a large-diameter
transfer destination Si wafer using DWB, and this
method is explained in Fig. 12.59:%) First, an InGaAs
epitaxial wafer is fabricated by growth of an InGaAs epi-
taxial layer on a large-diameter Si wafer, which is used
for transfer of an InGaAs channel layer. In the fabrication
of an InGaAs epitaxial wafer, a GaAs buffer layer is first
grown on a Si wafer, an InAlAs buffer layer is subse-
quently grown on the GaAs buffer layer, and an InGaAs
layer is finally grown on the InAlAs/GaAs buffer layer
(Fig. 12-a). Here, the InAlAs/GaAs buffer layer can con-
tribute to the improvement of the crystallinity of the

Al:03 ALD
IV layer growth InGaAs

CMP -» DWB

Etching of buffer layers

IEEEEE  Schematic illustration of fabrication of
InGaAs-OI wafer by developed DWB
techniques using Si donor wafer with 300

mm scalability
Figure created by using data provided by
collaborators (Ref. 9, 55, 56)
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InGaAs channel layer. Next, Al203 films are formed on
the surfaces of the InGaAs epitaxial wafer and the trans-
fer destination Si wafer by atomic layer deposition
(ALD). In case the surface roughness of the transfer
InGaAs wafers is not enough to perform DWB, the sur-
face of the Al203 layer deposited on the transfer InGaAs
wafer is made to be smooth enough to perform DWB
by chemical mechanical polishing (CMP) (Fig. 12-b).
Thereafter, DWB is carried out using the transfer and
transfer destination wafers with the smooth surfaces
(Fig. 12-c¢). Finally, the transfer Si wafer and
InAlAs/GaAs buffer layer are eliminated from the trans-
fer InGaAs channel layer, and the large-diameter
InGaAs-OI wafer is completed by forming the InGaAs
channel layer via the Al203 layer on the transfer desti-
nation Si wafer (Fig. 12-d). It is possible to fabricate
large-diameter InGaAs-OI wafers by using 300 mm Si
substrates in this method.

As another method for increasing the diameter and
speed of fabrication of the III-V compound semiconduc-
tors on Si wafers, a wafer fabrication method using epi-
taxial lift-off (ELO) has been developed. The ELO
method is as follows. First, the III-V compound semi-
conductor channel layer is formed on the transfer
wafers. Subsequently, the transfer wafers are bonded
to the 300 mm Si transfer destination wafers. Finally,
the III-V compound semiconductor channel layers are
released from the transfer wafers using ELO.57.58)
Here, GaAs wafers are used as the transfer wafers.
After an AlAs layer for selective etching by ELO is
grown on the GaAs wafer, a GaAs channel layer is
grown on the AlAs etching sacrificial layer. Periodic
patterns are formed on the GaAs/AlAs layer in order
to perform ELO, and ELO of the GaAs layer is carried
out by selective etching of the AlAs layer using an HCI
solution. It has been confirmed that the surface rough-
ness of the channel layer transferred onto the Si wafer
is as smooth as 0.4 nm. Fig. 13 shows a photograph of

GaAs layers transferred onto a 300 mm Si wafer using

IEEEEN  Photograph of GaAs on 300 mm Si wafer 57
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ELO. The diameter of the transferred GaAs layers is
100 mm. It has been confirmed that the GaAs layer
maintains high crystal quality after the transfer onto
the Si wafer as evaluated by x-ray diffraction measure-
ments and photoluminescence measurements. Wafer
bonding can be adapted to the transfer of the various
types of materials, and it is possible to form channels
in the necessary regions. Therefore, development of a
method for the integration of different types of materi-
als on the identical wafer is expected.

2. Development of Technology for Ultra-low
Power Consumption

For the development of even lower power consuming
devices, development and integration optical devices
using I1I-V/Si hybrid structures is expected.®?-6D [t is
possible to achieve superior performance in optical
devices with III-V compound semiconductors compared
to those with Si. The integration of III-V compound semi-
conductor optical devices can allow us to realize systems
with much less power consumption than conventional
systems.

In terms of devices making use of the characteristics
of III-V compound semiconductors, a great deal of
research and development has been done on vertical
cavity surface emitting lasers (VCSEL), terahertz
devices, and so on. VCSEL is used for optical communi-
cations and sensing, and there are expectations for their
being applied to automotive applications. For terahertz
devices, high electron mobility transistors (HEMTs)
with InGaAs and InAs channels, MOSHEMT, quantum
cascade lasers, resonant tunneling diodes, and so on
have attracted much attention, and it is expected that
applications for communications, sensing, security, med-
icine, and so on can be realized. As described above,
there are expectations for dramatic improvements in
bringing multi-functionalization to mobile devices by the
integration of devices with different functions and ultra-
low power consuming circuits.

As we have discussed in this paper, it has been veri-
fied that operable circuits with ultra-low power consump-
tion can be achieved by the use of low power consuming
devices with new structures using compound semicon-
ductors, and the use of integration technologies for
materials and devices on large-diameter wafers.

We hope that various types of applications and serv-
ices based on communication and sensing technology
in a variety of terminals can become possible and make

a contribution to the development of society through the
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development of low power consumption technologies for

devices.
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