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Abstract: Reducing supply voltage is a promising way
to address the power dissipation in nano-electronic
circuits. However, the fundamental lower limit of sub-
threshold slope (SS) within metal oxide semiconductor
field effect transistors (MOSFETs) is a major obstacle to
further scaling the operation voltage without degrad-
ing ON/OFF ratio in current integrated circuits. Tunnel
field-effect transistors (TFETs) benefit from steep switch-
ing characteristics due to the quantum-mechanical tun-
neling injection of carriers from source to channel, rather
than by conventional thermionic emission in MOSFETs.
TFETs based on group III-V compound semiconduc-
tor materials further improve the ON-state current and
reduce SS due to the low band gap energies and smaller
carrier tunneling mass. The mixed arsenide/antimonide
(As/Sh) InXGal_XAs/GaAsySb}V heterostructures allow a
wide range of band gap energies and various staggered
band alignments depending on the alloy compositions
in the source and channel materials. Band alignments at
source/channel heterointerface can be well modulated
by carefully controlling the compositions of the mixed
As/Sb material system. In particular, this review intro-
duces and summarizes the progress in the development
and optimization of low-power TFETs using mixed As/Sh
based heterostructures including basic working princi-
ples, design considerations, material growth, interface
engineering, material characterization, device fabrica-
tion, device performance investigation, band alignment
determination, and high temperature reliability. A
review of TFETs using mixed As/Sb based heterostruc-
tures shows superior structural properties and distin-
guished device performance, both of which indicate the
mixed As/Sb staggered gap TFET as a promising option
for high-performance, low-standby power, and energy-
efficient logic circuit application.
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1 Introduction

The dimension of silicon (Si) metal oxide semiconductor
field effect transistors (MOSFETs) has been scaled by three
orders of magnitude in the past decades in order to achieve
low-power, high-performance devices and integrated cir-
cuits. Extraordinary improvements have been achieved
in switching speed, device density, functionality, and
cost of microprocessors due to the downscaling of device
geometry. However, further downscaling of conventional
Si MOSFETSs faces critical issues: the increasing difficulty
in further reducing the supply voltage, and the increasing
leakage current that degrades the switching current ratio
between ON and OFF states (/I . ratio), both of which
will result in high power consumption. As can be seen
from Figure 1 [1], which is a plot of active power density
(blue line) and subthreshold power density (red line) from
commercial Si MOSFETSs, the leakage power starts to domi-
nate in advanced transistor as scaling of gate length. The
leakage power density will exceed the active power density
if the gate length is below the cross point of these two lines
as labeled in Figure 1. Besides, as the transistor gate length
is reduced, supply voltage (V) should be lowered to keep
high device performance and reduce power dissipation. To
meet the I requirements, the threshold voltage V,, needs
to be scaled with V, . However, for Si MOSFETs, I . expo-
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nentially increases with V,, reduction and is given by [2]:
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where I is the drain to source current and SS is the sub-
threshold slope (also be referred to as inverse subthreshold
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Figure1 Power density of the active region (blue line) and
subthreshold region (red line) from commercial Si MOSFETs. The
subthreshold power density takes more and more proportion of
the total power consumption with the scaling of gate length. The
subthreshold leakage power density will be higher than the active
power density if the gate length is below the cross point of these
two lines as labeled in the figure. Reprinted from Ref. [1], with per-
mission, from IBM Technical Journals.

slope in the literature) of the device which is the change
of gate voltage, V_, that must be applied to create one
decade increase in the output current or as defined as [3]:

332& ﬂ . )
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For the conventional MOSFET, the subthreshold
current is the diffusion current and SS is independent of
V,, and is given by [4]:

C
ssz%Tlmo[HCLM]. (3)
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where, kT/q is the thermal factor, C,, is the depletion
capacitance, and C,, is the gate oxide capacitance. Eq. (3)
approaches a well-known lower limit of approximately

C
60 mV/dec at T=300 K when —2£ is close to zero. But in
0X

practice, caused by the short-channel effects (SCEs), SS
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Figure 2 Comparison of the transfer characteristics (/,; vs. V) of
ideal transistors (orange line), MOSFETSs (black lines), and steep
slope switches (SSS, green line). Owing to the incompressible 60
mV/dec SS at 300 K for MOSFETs, /. of MOSFETs shows exponen-
tial increase with the scaling of V...

is far worse than an ideal value of 60 mV/dec [1, 5]. The
change of transfer characteristics (I s VS- VGS) of a MOSFET
as the scaling of V, is shown in Figure 2 (black lines). It can
be seen from Figure 2 that MOSFET shows an exponential
increase in I ;. due to the incompressible lower limit of SS.
As demonstrated in Eq. (1), to lower V. without the degra-
dation (increasing I ) of transistor performance, transis-
tor with a steep SS, called steep slope switches (SSS, as
shown in the green line in Figure 2) are expected to reduce
both ON-sate and OFF-state power consumption.
Recently, tunnel field effect transistors (TFETs) [6-15]
based on the band-to-band tunneling (BTBT) injection
mechanism have been proposed as one of SSS to replace
MOSFET for low-power applications. TFETs have advan-
tages over conventional MOSFETs in terms of lower I .
and steeper SS [9, 10, 16]. To design a TFET with high per-
formances, a proper material system needs to be selected.
Among all material systems, III-V heterostructures can
provide a smaller effective tunneling mass [5, 15, 17] and
allow different band alignments between the source/
channel tunnel junction [5-15] for the enhancement of I on
and reduction of I, . Among them, mixed As/Sb based
heterostructures [9, 11-15], namely, GaAsySbl_ y/InXGal_xAs
provide a wide range of band gaps and band alignments
depending on the alloy compositions in the source and
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channel materials [11-15]. As a result, the band offset of
source/channel junction can be well modulated to guar-
antee high I without sacrificing I, by properly selecting
the material compositions in source and channel regions.
Therefore, the mixed As/Sb material system has been
proposed as a promising candidate for high-performance
TFET application. In this review, the operating princi-
ple, design, and optimization of TFETs are reviewed. We
concentrate on the mixed As/Sb TFETs and discuss the
advantages and application potential of these structures
and devices. The latest simulation results and experi-
mental data relating to these structures and devices are
reported. The key design parameters as well as the criti-
cal characteristics relating to both the structural stability
and the device reliability are systemically investigated.
Finally, prospects of the mixed As/Sb TFETs for further
performance improvement and future integration on Si
substrates are also discussed.

2 Fundamental operating principles
of TFETs

2.1 Basic working principles

The TFET is a gated p*-i-n* diode with a gate over the intrin-
sic region. The gated p*-i-n* diode is always reverse-biased
to obtain ultra-low leakage current. A schematic cross-
section of an n-type TFET device with applied source (V),
gate (V), and drain (V) voltages is shown in Figure 3A
[4, 18]. For an n-type TFET, the heavily p-type doped
region is called the source, the intrinsic region is called
the channel, and the heavily n-type doped region is called
the drain. When a positive voltage is applied to the heavily
n-type doped region, the p*-i-n* diode is reverse-biased
and ready to be switched by the gate. The schematic band
diagrams of the TFET device on the OFF-state is shown by
red lines in Figure 3B [4, 18]. As shown in Figure 3B, under
zero gate-source bias voltage (V,=0), the BTBT process
is suppressed due to the gap between the source valence
band maximum and the channel conduction minimum
(and the resulting lack of available states with appropri-
ate energy within the channel conduction band to accept
tunneling electrons). When a TFET is on OFF-state, only
p-i-n* diode leakage current flows between the source
and drain, and this current can be extremely low. By con-
trast, the band diagram of the n-type TFET on the ON-state
is shown by green lines in Figure 3B [4, 18]. With positive
V. the energy bands of the intrinsic channel region are
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pushed down by gAV , as labeled in Figure 3B [4, 18]. With
increasing V, the channel conduction band minimum
was pushed below the source valence band maximum.
As a result, the tunneling barrier width (labeled as A in
Figure 3B) [4, 18]) between the p-type source and intrin-
sic channel is significantly reduced (less than 10 nm). The
reduced tunneling barrier enables a significant amount
of electrons tunnel from occupied states in the source
valence band to unoccupied states in the channel conduc-
tion band with the same energy alignment in an energy
window of A® as labeled in Figure 3B [4, 16, 18] and these
tunneling electrons will finally be collected by the drain.
In principle, the TFET is an ambipolar device with
symmetry between the n-type and p-type sides (similar
doping levels, similar gate alignment, etc.), showing
n-type behavior with dominant electron conduction and
p-type behavior with dominant hole conduction. The
band diagram of the same structure as shown in Figure 3A
working as a p-type TFET is shown in Figure 3C [4, 18]. For
a p-type TFET, the heavily n-type doped region is called
the source, the intrinsic region is called the channel, and
the heavily p-type doped region is called the drain. As
shown in red lines in Figure 3C [4, 18], the OFF-state band
diagram of a p-type TFET is the same as that for an n-type
TFET. No conduction is taking place in the TFET without
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Figure 3 (A) Schematic cross-section of a TFET structure with
applied source (V,), gate (V) and drain (V, ) voltages. (B) Sche-
matic energy band diagram for the OFF-state (red lines with V=0
and V,.>0) and ON-state (green lines with V >0 and V,.>0) of
n-type TFET. (C) Schematic energy band diagram for the OFF-state
(red lines with V=0 and V,.>0) and ON-state (green lines with
V<0 and V,>0) of p-type TFET. Reprinted from Ref. [5] and Ref.
[18], with permission, from Nature and IEEE, respectively.
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gate bias due to the valence band maximum of the intrin-
sic channel located below the conduction band minimum
of the n-type source. The BTBT process is suppressed,
leading to very small OFF-state leakage current which is
dictated by the reverse-biased p*-i-n* diode. By applying
a negative gate voltage, the energy bands of the channel
were pulled up as shown in green lines in Figure 3C [4,
18]. A conductive channel opens as soon as the channel
valence band maximum is lifted above the source conduc-
tion band minimum because holes in the source conduc-
tion band can now tunnel into empty states of the channel
valence band (or it can also be described as electrons in
the channel valence band can tunnel into empty states of
the source conduction band) [4]. The tunneling holes are
finally collected by the p-type drain.

2.2 ON-state current

The I, of a TFET depends on the tunneling probability
of the BTBT process [18]. The tunneling barrier for TFETs
can be approximated by a triangular potential [4], as indi-
cated in the blue shading in Figure 3B and C [4, 18], and
the tunneling probability can be calculated using WKB
(Wentzel-Kramers-Brillouin) approximation [19, 20]:

Tyus =exp| 2], KOl | @

where |k(x)| is the absolute value of the wave vector of
the carrier inside the barrier. x=0 and x=w are the classi-
cal boundaries of triangular potential shown in Figure 4
[19]. The wave vector inside a triangular barrier can be
expressed from the E-k relationship [19]:

k( X)Z Zm*(V—EC) (5)
hZ

where V is the potential energy. For tunneling considera-
tion, the incoming electron has a potential energy equal to
the bottom of the energy gap and the varying conduction-
band edge E,_can be expressed in terms of the electric field
E as a function of x. Thus, the wave vector inside the trian-
gular barrier is given by [19]:

k(x)= /L_ZQEX) (6)
n
Substituting Eq. (6) into Eq. (4) yields [19]:
X "Y(—gEx)
T, =expl-2[ \/[(zm)qudx]]. @
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x=0 and w=E¢/E are boundaries
of the triangular potential

E = (Ec-V)/qx is the electric field
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Figure 4 Band-to-band tunneling can be calculated by approximat-
ing the tunneling barrier as a triangular potential, where carriers
should tunnel through the base of the triangle.

For a triangular barrier as shown in Figure 4 [19] with
a uniform electric field, w=E_/Eq, so [19]:

4\/2m*Eg/2]

307E 3)

Tis zexp[—

Eg. (8) is a general expression for BTBT transmission
probability. This equation can be improved by making it
more specific for TFETs. Now comparing Figure 4 to the
TFET band diagrams shown in Figure 3B and C [4, 18], it
can be found that the height of the triangular barrier is
A®+E_, and the tunneling barrier width is 4. Here, A9 is
the energy window over which tunneling can take place.
As aresult, the electric field in Eq. (8) can be expressed as,
E=(A®+E)/A. Eq. (8) can be rewired as:

432m'E}"? ]

T, =exp|— 9)
e p{ 3gh(AD+E,)

Here, m* is the effective mass and E_, is the band gap.
On the basis of the triangular barrier approximation dis-
cussed above, A®+E_ is the triangular barrier height for
carriers to tunnel from source to channel. As shown in
Figure 3B, for an n-type TFET, the triangular barrier was
denoted as blue shading and E corresponds to the band
gap energy of source material. The triangular barrier for a
p-type TFET is also shown as blue shading in Figure 3C.



DE GRUYTER

Different as the case with n-type TFET, E, corresponds to
the band gap energy of channel material for a p-type TFET
[4, 18]. There are four important requirements in order
for BTBT to take place: available states in the source to
tunnel from, available state in the channel to tunnel into,
a tunneling barrier width that is narrow enough for tun-
neling through, and the conservation of momentum [21].
For indirect semiconductor materials such as Si, crystal
phonons are necessary to conserve momentum to assist
the tunneling process. In that case, E, in the numerator of
Eq. (9) should be replaced by E -E,, where E,, is the phonon
energy [21] and the effective mass m* should be changed
to m;, which is the reduced effective mass in the tun-
neling direction. If these changes are not made in Eq. (9),
the BTBT current will be overestimated for indirect materi-
als. A higher BTBT current can be expected if m* and A can
be made as small as possible. In principle, a reduction of
E_ can also increase the tunneling probability. However, a
small energy band gap will lead to an increase of I, due
to thermal emission becoming more pronounced [18], and
as aresult a proper E should be selected to meet a desired
I,./1,..ratio.

2.3 OFF-state leakage

For an ideal TFET at OFF-state, the leakage current is only
the p*-i-n* leakage current flows between the source and
the drain. This leakage current can be extremely low and
less than a fA/um as indicated by simulation [21]. However,
in practice, there are five primary leakage mechanisms
contributing to the OFF-state leakage of TFET [22]: (i) gate
leakage through the high-x gate dielectric; (ii) thermionic
emission over the source-drain built-in potential (the p*-
i-n* diode leakage current as we mentioned above); (iii)
Shockley-Read-Hall generation-recombination (SRH G-R)
in the heavily doped source and drain depletion regions;
(iv) direct tunneling and defect-assisted tunneling process;
and (v) ambipolar conduction. As the first two are well
known, the other three mechanisms are explained below.

The SRH G-R mechanism is illustrated in Figure 5A
[22]. The SRH G-R current is a common leakage current
component especially in III-V material based TFETs due
to the low-band gap energy of these materials [9-11, 15,
23, 24]. The most obvious feature of the SRH G-R domi-
nated I . is its strong temperature dependence [11, 23, 24].
The main contribution to the temperature dependence of
the SRH G-R mechanism arises from the intrinsic carrier
concentration n, which is proportional to exp(-E_/2kT),
where E_ is the band gap energy, k is the Boltzmann con-
stant, and T is temperature [23]. TFETs with a SRH G-R
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dominated leakage current usually show an activation
energy (E,) approximately half of E_ [23, 24]. As the SRH
G-R current increases exponentially with temperature, the
SRH G-R dominated leakage will deteriorate the perfor-
mance of TFET devices at high temperature. Experimental
results showed that the SRH G-R current increased by three
orders from 25°C to 150°C in an InOJGaO'BAs/GaAsme
n-type TFET [24], which in turn reduced the I /I .
by several orders.

Another leakage mechanism for TFET is the tunneling
leakage current, including both direct BTBT and the
defect-assisted tunneling. With the scaling of gate lengths,
direct BTBT as well as defect-assisted tunneling become
dominate especially for narrow band gap channels such
as InAs [25] and for graphene nanoribbon [26]. Figure 5B
[22] shows the band diagrams of this leakage mechanism.
It should be noted that the direct BTBT mechanism will
dominate the OFF-state transport of some heterostructure
TFETs even with a high gate length [11, 13]. High defect
density at the source/channel heterointerface will intro-
duce fixed positive charges, which will change the band
alignment of the source/channel material at the interface
and assist the band line-up transition from a staggered
gap to broken gap. Thus, this broken gap band alignment
caused by high-defect density will enable BTBT transport
even at OFF-state [11, 13]. This defect-assisted band align-
ment transition will be discussed in detail in Section 4.6.

Besides, the ambipolar current as illustrated in Figure
5C [22] can also contribute to the OFF-state leakage of
TFETs. As discussed in Section 2.1, the TFET is an ambipo-
lar device if the n-type and p-type regions are symmetric. If
a negative bias is applied to the gate of an n-type TFET, the
energy bands of the channel will be lifted up. If the negative
gate bias is large enough to pull the channel valence band

0.65
ratio

SRH G-R
centers

Trap states

Figure 5 Energy band diagrams showing leakage mechanisms of
n-type TFET at OFF-state: (A) Shockley-Read-Hall generation in the
source (S) and drain (D) regions; (B) direct and defect-assisted tun-
neling from source to drain; and (C) ambipolar transportation with
hole injection from drain to channel. Reprinted from Ref. [22], with
permission, from IEEE.
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maximum above the drain conduction band minimum
as shown in Figure 5C [22], reverse tunneling at the drain
can inject minority carriers into the channel that leads to
an ambipolar leakage. Ways to suppress this ambipolar
leakage of TFETs will be discussed in detail in Section 2.5.

2.4 Subthreshold slope

The SS of a TFET without a lower limit is one of the key
advantages over traditional MOSFET. As can be seen from
Figure 3B and C, due to the band gap of source material,
the low energy tail of Fermi distribution is cut off in the
source side. The channel also cuts off the high energy
part of the Fermi distribution such that the tunnel junc-
tion acts as a band-pass filter allowing only carriers in the
energy window A@ can tunnel into the channel [18]. Thus,
the electronic system is effectively “cooled down”, behav-
ing as a conventional MOSFET at a lower temperature.
This filtering function makes it possible to achieve an SS
lower than 60 mV/dec at 300 K [4].

The definition of SS is demonstrated in Eq. (2). To
derive an expression of the SS for a BTBT device, the
expression for the tunneling current through a reverse-
biased p-n junction can be used [19, 21, 27]:

b
I:aVeffEexp(—Ej (10)
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where V_is the tunnel junction bias as shown in the inset
of Figure 6A [27], E is the electric field, and a and b are
coefficients determined by the material properties of the
junction and the cross-sectional area of the device [22, 27].
Specifically

A’ 2m
EG
a= e (11)
and
4m’ E?
b:%. (12)
q

Using the definition of SS from Eq. (2), the SS of TFET
can be described as:

(13)

-1
av
SS=ln10l 1 ey E+b dE} .

V,, dVi E* dV,

From Eq. (13), it can be found that there are two terms
involved to determine the SS of a TFET device and these
terms are not limited to kT/q [22, 27]. The first term reflects
the control of gate bias (V) to the tunnel junction bias
(Veff . As a result, the transistor should be engineered so
that the V; can directly and efficiently control V_,, which
suggests that a transistor with a thin geometry and/or

high-k gate dielectric is desired to make sure that the gate
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Figure 6 (A) Dependence of the TFET subthreshold slope on gate voltage for different gate oxide with different dielectric constants, from
numerical simulation. Each curve goes up to the threshold voltage of that device. The points were generated by taking the slope value

(dV,,/d(logl,,)) at each point on the /

ps” VGS

curves [2]. The inset shows the p*-n* tunnel-junction energy band diagram under a tunnel junc-

tion bias Veff[27]. (B) Qualitative comparison of the transfer characteristics (IDS-VGS) of a MOSFET [28] and a TFET showing a non-constant

subthreshold swing for the TFET. The SS of TFET is smallest at the lowest V,

tions of point SS, taken at the steepest point of the / -V,

., and rises with increasing V  [2]. The inset shows the defini-

curve, and average SS, taken as the average from turn-on to threshold voltage. [2]

Reprinted, with permission, from IEEE (A and B) and Elsevier (the inset of A).
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bias can directly modulate the channel [27]. For an equiv-

v
alent oxide thickness (EOT) approaching 1 nm, —%~1

GS
and the first term of Eq. (13) is approximately inversely

related to V. As a result, the SS of TFET increases with
V., which is a main difference of TFET from MOSFET and
this changing trend is illustrated in Figure 6A [21] with dif-
ferent gate dielectrics. Therefore, if the transfer character-
istics (I -V,) of a TFET is plotted with I in a log scale, the
subthreshold region of TFET does not appear as a straight
line as that of MOSFET [21]. This difference is clearly
shown in Figure 6B [28] by comparing the transfer charac-
teristics of a typical MOSFET and a typical TFET. The SS of
TFET is smallest at the lowest V, and increases with V..
These characteristics of TFET have been observed both in
experiments [6] and simulations [29, 30]. By contrast, the
SS can be minimized by maximizing the second term of
Eq. (13). This occurs if the gate is placed in a proper direc-
tion to align the applied gate electric field with the inter-
nal electric field of the tunnel junction. In this way, the
gate electric field adds to the internal electric field and the
tunneling probability was enhanced [22].

Owing to the strong dependence of SS on V_, it is
useful to define two different types of SS, point SS (SSpt)
and average SS (SSavg) (the latter one is more important
for switching properties) [2]. The inset of Figure 6B [2, 21]
shows these two SS types. Point SS is the smallest value
of the SS on the I -V curve, typically found just as the
device leaves its OFF-state and tunneling current starts to
flow. Average SS is taken from the point where the device
starts to be turned ON, up to V, [21, 22, 31]. The average SS
can be expressed as:

Savg _—I' (14)
1 _TH

2.5 Approaches to reduce ambipolar
behavior

As discussed in Section 2.1, the TFET is an ambipolar
device if the n* region and the p* region are symmetric in
geometry and doping concentration, which shows n-type
tunneling properties with positive gate bias but shows
p-type tunneling properties with negative gate bias. As a
result, the ambipolar properties result in similar transfer
characteristics with positive and negative gate biases, as
shown in Figure 7 [32], leading to parasitic conduction at
OFF-state. Therefore, different methods should be used to
reduce the ambipolar behavior of TFET.
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Figure 7 TFETs with symmetric doping and geometry architecture
exhibit ambipolar characteristics and show high OFF-state current
with negative gate bias. Reprinted from Ref. [32], with permission,
from IEEE.

For an n-type TFET, the device is turned on by apply-
ing positive gate bias, which creates an n* inversion layer
underneath the gate. With increasing gate voltage, elec-
tron concentration in the n* inversion layer increases,
thereby decreasing the p*-n* tunneling barrier width (1)
at the source side. The reduction of this tunneling barrier
width directly results in an increase of I, as long as the
dominant resistance between the source and drain is
formed by this tunneling barrier, which means that the
channel resistance is only a small fraction of the tun-
neling barrier resistance. Furthermore, the tunneling
barrier width is determined by the carrier concentration
in the n* layer close to the source region. As a result, it is
possible to create a high-resistance region in the channel
near the drain without affecting I, of the TFET [33]. This
high-resistance region near the drain can effectively block
the ambipolar tunneling if a negative gate bias is applied.
On the basis of this consideration, TFET devices without
gate-drain overlap were proposed to reduce the ambi-
polar behavior [33]. The schematic cross-section of this
TFET device is shown in Figure 8A [33], and the simulated
transfer characteristics of TFET devices with and without
gate-drain overlap are compared in Figure 8B [33]. It can
be seen from Figure 8B that with similar doping levels in
the source and drain, the TFET with gate-drain overlap is
ambipolar, whereas the I of the TFET without gate-drain
overlap remains low, which is due to the high-resistance
region in the channel near the drain. In the TFET without
gate-drain overlap, the large carrier density build-up by
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negative gate bias in the gated channel region no longer
extends to the drain, leaving an area with low hole con-
centration adjacent to the drain/channel junction. In
addition, owing to the reduced inversion carrier concen-
tration near the drain, the built-in electrical field at the
drain/channel junction was reduced. As a result, tun-
neling of holes from the drain to the channel at the drain/
channel junction with a negative gate bias is reduced and
the OFF-state condition of the device can be controlled
properly [33]. Similar approaches to reduce the ambipolar
properties are also achieved by other researchers [32, 34],
all of which illustrated significant reduction of ambipolar
current using this method.

Another approach of reducing ambipolar current of
TFET is to lower the doping concentration of the drain
region, which can increase the tunneling barrier width for
holes at the channel/drain interface due to the enlarged
tunneling barrier width at a lower doping concentration
[34]. For n-type TFET, the p-type tunneling between the
channel and drain is significantly suppressed, because
tunneling current decreases exponentially with increas-
ing tunneling barrier width. By contrast, the I, is con-
trolled by the electron BTBT from source to channel, so
it is insensitive to the drain doping concentration. As a
result, asymmetric source-drain doping offers a success-
ful scheme for suppressing the ambipolar characteristics
of TFETs [34]. As shown in Figure 9, by reducing the drain
side doping concentration, the BTBT from the drain to the
channel was significantly suppressed and the ambipolar
current was reduced by several orders of magnitude [34].
Actually, both of these approaches, by reducing channel-
drain overlap or decreasing drain doping concentration,
are not fundamentally different and both suppress the
ambipolar current by introducing a long depletion width
and low electric field on the drain side [32]. As a result, a
combination of these two methods can further reduce the
ambipolar current of TFETs.

3 Key considerations for design
of TFETs

3.1 Band alignments and effective tunneling
barrier height

Based on different band alignment types of the source/
channel materials, TFETs can be classified to (i) homo-
junction, (ii) staggered gap, and (iii) broken gap struc-
tures. The schematic band diagrams of these three types
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Figure 8 (A) N-type TFET (p* source, intrinsic channel, and n* drain)
with different gate alignment: the dashed line shows the conven-
tional gate structure with a full gate, the filled box represents a
shortened gate. (B) Simulated transfer characteristics of TFETs with
different gate alignment. Source and drain have the same doping
concentration: 102°/cm?; channel doping: p-type, 10%/cm?>. For the
full gate (blue) device: source-drain overlap is 5 nm. For the short-
ened gate (red) device: source-drain separation is 15 nm. Reduc-
tion of the source-drain overlap with 20 nm reduces the ambipolar
current with three to five orders of magnitude. Reprinted from Ref.
[33], with permission, from the American Institute of Physics, copy-
right (2007), AIP Publishing LLC.

of TFETs at ON-state are shown in Figure 10A-C, respec-
tively. For a homojunction TFET, the same material was
used in both source and channel regions and the tunnel
junction is formed by the heavy doping concentration in
the source side. As a result, the sharpness of the doping
profile at the tunnel junction is critical for a homojunc-
tion TFET, as it determines the tunneling barrier width (1)
of carrier from source to the channel. A major drawback
of homojunction TFETs is the lack of high I, [35] due to
the relatively larger tunneling barrier width (1). By taking
advantage of band alignments in heterojunction transis-
tors, this figure of merit can be drastically improved, as
predicted theoretically [36]. Some heterostructures offer
a staggered band alignment, allowing a steeper band
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Figure 9 (A) Transfer characteristics of Si ,Ge,, n-TFETs with
source/drain implantations of 1x10® BF;/cm? [1x10" BF;/cm?
(black), 1x10% (red), and 1x10® As*/cm? (blue), respectively]. Solid
curves are for V, =0.5V and dotted for V,;=1.7 V. (B-E) The simu-
lated band structure displayed in the insets indicate the influence of
the drain dopant concentration on the tunneling current: (B) and (C)
N,=N_=2x10* cm?; (D) and (E) N,=2x10% cm?, N ,=1x10" cm?. The
bias conditions are (B) and (D) V,,=0.1V, V_=-0.5V and (C) and (E)
V,s=0.1V, V_=0.5V. Reprinted from Ref. [34], with permission, from
the American Institute of Physics, copyright (2012), AIP Publishing
LLC.

structure profile over the junction than the homojunction,
which is achievable only by using doping modulation [37].
As shown in Figure 10B, the staggered gap TFET is formed
by two different materials with a type-II band align-
ment (e.g., InxGal_XAs/GaAsySbl_v) at the source/channel
interface. Compared with the homojunction as shown in
Figure 10A, the tunneling barrier width (1) is reduced in
the staggered gap TFET, resulting in higher I [9, 15]. A
broken gap TFET is formed by a type-III heterointerface
(e.g., InAs/GaSh) at the source/channel interface, which
further reduced the tunneling barrier width (1) leading to
even higher I .
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Figure 10 The schematic band diagrams of (A) homojunction, (B)
staggered gap, and (C) broken gap TFET at ON-state. For homojunc-
tion TFETs, the same material was used for source, channel, and
drain regions. Homojunction TFETs usually exhibit low ON-state
current due to the relatively large tunneling barrier width (1). For
staggered gap TFETs, the source/channel junction is formed by two
different materials with a type-Il staggered band alignment (like
InGa, As/GaAs Sb, ). The tunneling barrier width (1) of a staggered
gap TFET is reduced compared with the homojunction, resulting in
amuch higher/ . For broken gap TFET, the source/channel tunnel
junction is formed by a type-lIl (like InAs/GaSb) heterostructure,
which further reduces the tunneling barrier width (1) and leads to
even higher/ . However, due to the normally ON feature of the
broken gap TFET, an additional gate voltage is needed to turn OFF
this type of device.

An important parameter for designing a TFET device
is the effective tunneling barrier height (Ebeff), which is
defined as the energy difference between the channel
conduction band minimum and the source valence band
maximum for an n-type TFET, but the energy difference
between the source conduction band minimum and the
channel valence band maximum for a p-type TFET, as
shown in Figure 3B and C, respectively. This Ebeff plays
a significant role on the performance of a TFET device,
which not only determines the ON-state tunneling current

but also sets the blocking barrier for OFF-state leakage
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[13]. For homojunction and staggered gap TFETs, the E,
is a positive value. The advantage of the staggered gap
TFET is that the E, . can be well modulated by chang-
ing the material compositions on both source/channel
sides. As a result, a tailored-made Ebeff can be achieved in
a staggered gap TFET to boost I, without sacrificing I ..
In principle, a lower E, ;s always preferred in designing
TFET structures so that more tunneling carriers can be
generated under the same gate bias, which in turn leads
to a higher I . Experiments have already proved that
by reducing E, . from 0.5 eV to 0.25 eV results in at least
200% improvement of I in mixed As/Sb heterojunction
TFETs due to the increase of tunneling transmission coef-
ficient [9, 14]. However, if E, . 1s scaled to a negative value
(Ebeff<0), a broken gap band alignment will be formed at
the source/channel interface. Although further improve-
ment is expected on I, for a broken gap TFET due to the
removal of tunneling barrier, I, will increase simultane-
ously and thus additional gate bias is required to turn off
this tunneling mechanism [38]. As a result, for a broken
gap TFET with negative E,» direct tunneling is taking
place even without gate bias and an extra gate bias (nega-
tive for n-type and positive for p-type) is needed to turn

this type of device OFF.

3.2 Doping levels and band gaps of source,
channel, and drain

The doping levels of TFET source, channel, and drain
must be carefully optimized to maximize I, and minimize
I, [21]. In principle, the source region must be heavily
and abruptly doped to boost I,,. Dopant abruptness less
than 4 nm/dec is necessary to maximize the junction elec-
tric field that enables high I [22]. This common practice,
however, has some trade-offs to I, and SS if the source
doping concentration is too high. As shown in Figure 11A
for an n-type TFET, the source region is highly degenerated
due to heavily p-type doping, which results in the source
Fermi level E, lying below the valence band maximum E .
At a given temperature, electrons will partially occupy the
states in the valence band between E, and E,  according to
the Fermi Dirac distribution. When a gate bias is applied,
channel conduction band states will firstly be paired with
source valence band electrons whose energy is between
E, and E, [39]. However, owing to high degenerate source
material, these states are only partially occupied, which
results in a reduced fraction of paired tunneling states to
contribute to the conduction and thus degrades I,,. By
contrast, to achieve higher efficiency of turn-on, which
relates to steeper SS, every paired source valence band
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and channel conduction band states should be utilized
to transport electrons via BTBT [39]. As a result, the high
degenerate source material also degrades SS due to less
available electrons in the source valence band within the
energy window A®, as shown in Figure 11A. By contrast,
a TFET structure with a lower doped source region dem-
onstrates an E, closer to E, in Figure 11B. In this case, a
majority of the source valence band states are occupied,
providing ample supply of electrons to contribute to tun-
neling when paired up states are available [22, 39], result-
ing in steeper SS and higher I at lower V.

Despite the degradation of SS and I ,, the highly
degenerated source also increases OFF-state leakage
due to the tunneling process via band tail states [37, 40].
The band tails caused by heavy doping decay exponen-

‘E’Ec,v‘
tially [41-43] into the band gap as: e ™
the conduction (valence) band edge and E, is the Urbach
parameter which can be comparable to room temperature

, Where E oy s

Figure 11 (A) Schematic band diagram of inefficient turn-ON of

an n-type TFET device if the source region is highly degenerated.
Energy states in the source valence band in the energy window

A® is only partially occupied according to Fermi Daric distribution,
resulting in reduced /,, and degraded SS. Reprinted, with permis-
sion, from Ref. [39] from IEEE. (B) Schematic band diagram of a

TFET structure with a lower doped source. A majority of the source
valence band energy states are occupied, providing ample supply of
electrons to contribute to tunneling when paired up states are avail-
able, resulting in steeper SS and higher /  at lower V.
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thermal energy, k,T=26 meV [40]. The band tails extend
density of states into the band gap, which gives rise to
the enhancement of tunneling from band tail states to
the channel at OFF-state, resulting in a further increase of
I, .- Besides, the energy states from band tails extending
into the band gap reduce the energy difference between
these states and the mid-gap traps, which in turn enhance
SRH G-R leakage at OFF-state [40]. Nevertheless, although
an overdoped source region can degrade SS, I, and I,
it is not desirable to introduce a lightly doped source in
TFET structures, which reduces the electric field at the
tunnel junction and increases excessive series resistance.
A possible compromise may introduce moderately heavily
doped pocket layer only adjacent to the tunnel junction
and keep the other region of the source at an appropriate
lower doping concentration [9, 15, 40].

The channel region of TFET is kept unintentionally
doped in most TFET designs [8-10, 15]. Although simula-
tions show that the lightly doped channel will not change
the turn-on properties significantly [21], I ., increases
simultaneously with increasing doping concentration of
the channel [44]. The drain side doping significantly influ-
ences the performance of TFET devices especially at OFF-
state due to the ambipolar characteristics as discussed in
Section 2.5. As a result, an appropriate doping concentra-
tion in the drain region is also necessary to balance series
resistance and ambipolar leakage.

The selection of band gap energies of source, channel,
and drain is another key factor during the design of TFET
structures. Using a smaller band gap material in the source
is predicted to significantly enhance the tunneling current
[36, 45]. However, the reduction of source material band
gap also introduces the risk of increasing I .. due to the

OFF
enhanced thermal emission at OFF-state, which is propor-

EG

tional to e ("KT]. In practice, the channel material with a
larger band gap is preferred to reduce the standby leakage
current caused by thermal generation. The channel mate-
rial with a larger band gap can also provide higher joint
density of states to accept the source electrons. However,
in the mixed As/Sh staggered gap n-type heterostructure
TFET using GaAsySbl_y as the source and In Ga, As as
the channel and drain, a channel material with higher
Indium (In) composition (corresponds to lower In Ga, As
band gap) is needed to reduce E, . and enhance I . Given
these material considerations, an appropriate channel
band gap should be selected to yield reasonable large I,
without increasing excessive leakage [39]. The band gap
of the drain side is usually selected to be large in order
to introduce asymmetric to reduce the ambipolar leakage
from drain to channel.
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3.3 High-x gate dielectric

The gate dielectric determines the capacitive coupling of
the gate with the tunnel junction in a TFET device [16]. It
has already been reported that high-x gate dielectric pro-
vides the gate with better capacitive control of the tunnel
junction [2, 10], which leads to better performance of
TFET devices, both steeper SS and higher I ;. As shown
in Figure 12A, Boucart and Ionescu [3] demonstrated by
simulation that I ; of TFETs increases as the gate dielec-
tric constant increases. In Figure 12A, Si,N, (¢=7.5) and two
high-« gate dielectric with dielectric constants of 21 and 29
(such as HfO, and Zr0,) are compared with SiO, (¢=3.9), all
of which has a physical thickness of 3 nm. It can also be
found in Figure 12A that, in addition to the improvement
of I, both the point SS and average SS are improved due
to the better gate coupling given by a high-« dielectric [2,
3, 21]. Despite the high dielectric constant, the thickness of
high-«k gate dielectric also significantly influences the per-
formance of TFETs. Mohata et al. [15] demonstrated that
by scaling the electrical oxide thickness (T,,) of gate die-
lectric (AL,O,/HfO, stack) from 2.3 nm to 2 nm, an enhance-
ment of I, by a factor of 3.5 was obtained in an n-channel
GaAs,,Sb, ./In _Ga As staggered gap TFET. However,
the reduction of gate dielectric thickness also introduces
the risk of increasing in gate leakage. Zhao et al. [10]
reported in In _Ga, As TFETs that with 8 nm HfO, gate
dielectric, both SRH G-R and BTBT currents contribute
to I ,,; however, for TFETs with 5 nm HfO, gate oxide, the
gate leakage current also contributes to I, resulting in a
smaller E, (activation energy). In addition to the improve-
ment of ON-state performance, the high-x dielectric also
provides the gate with better control of turning OFF the
device, especially at a shorter gate length [16].

While high-x gate dielectrics have advantages for
device performance, they can also bring in defects at the
semiconductor/high-« interface if the high-x gate dielec-
tric is deposited directly on the channel material [21],
which will introduce the deleterious effects on the carrier
mobility of the device [16, 21, 46, 47]. Although the drive
current of TFETs is less sensitive to the changes of channel
mobility than MOSFETs because the tunneling transport
at the source/channel junction dominates any scattering
in the channel, these interface defects will deteriorate
the performance of TFETs and lead to degradation of SS.
These interface traps can retard the Fermi level move-
ment of the intrinsic channel layer, which is controlled by
the gate bias, and they can also result in interface trap-
assisted tunneling and subsequent thermal emission,
which causes the high temperature dependence of SS
[15, 23, 48, 49]. To reduce these interface states and also
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Figure 12 (A) Comparison of transfer characteristics of TFETs
with different gate dielectrics by simulation. Four different gate
oxides with the same physical thickness of 3 nm are used in the
simulation. By using high-k gate dielectric, both the drive current
and SS of TFETs are improved due to better gate coupling. (B)
Comparison of the transfer characteristics of TFETs with different
channel lengths. The ON-state current of TFET does not obviously
change with reduced channel length; however, OFF-state leakage
current increases by several orders of magnitude with scaling of
channel length. OFF-state current increases sharply with channel
length <50 nm. Reprinted from Ref. [16], with permission, from
Elsevier.

to be compatible with standard complementary metal-
oxide-semiconductor (CMOS) fabrication techniques, an
interfacial oxide layer with a better oxide/semiconductor
interface is required between the high-k gate dielectric
and the semiconductor channel. Zhao et al. [10] com-
pared the performance of an In _Ga ,As TFET with and
without the interfacial oxide layer, which shows that
AlL,O,/HfO, bilayer gate oxides effectively improve SS com-
pared with single HfO, gate oxide due to a better InGaAs/
oxide interface. By contrast, A1203/Hf02 bilayer oxides do
not show an effective improvement of I, compared with
single HfO, gate oxide, which also proved that the I, of
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TFETs primarily depends on the tunneling probability at
the source/channel interface instead of channel electron
mobility.

3.4 Channel length

The channel length of TFETs is not as critical as that of
MOSFETs on determining the ON-state performance as
the I, of TFETs is determined by the tunneling current
at the source/channel junction instead of scattering in
the channel. By contrast, OFF-state leakage of TFETs is
greatly dependent on channel length especially as the
channel length is aggressively scaled. Figure 12B [16]
shows the simulated transfer characteristics of TFETSs
using high-«k gate dielectric (¢=25, without the interfacial
oxide layer) with different gate lengths. It can be seen
from Figure 12B, without a noticeable change of I, I .
increases by several orders of magnitude with scaling
of channel length, especially as the channel length is
less than 50 nm [16], which indicates that the gate lost
its ability to efficiently turn off the device. This can be
explained by the Zener breakdown mechanism [16,
50], where electrons can still tunnel through the tunnel
junction at OFF-state without gate voltage. The reduced
channel length decreases the tunneling barrier width
from source to channel and results in Zener breakdown
in TFET devices.

Baba [51] predicted that it would be possible to scale
TFETs (surface tunnel transistors) to a gate length equal
to the depletion layer width, on the order of 10 nm, where
electron tunneling is suppressed. In an ungated p-i-n
diode, the depletion region includes the entire intrinsic
region in addition to the depleted areas of the p- and n-
regions. Figure 13A and B [16] demonstrates the electron
and hole concentrations of the cross-section of a TFET
using different gate dielectrics (¢=3.9 and £=25, the high-
k gate dielectric is without the interfacial oxide layer)
by simulations. With the scaling of channel length, the
depleted regions are becoming narrower and less defined.
At channel length of 10 nm, devices with both types of
gate dielectrics are showing Zener breakdown (electron
tunneling) at OFF-state.

Another way to check the depletion region width
is to examine the energy band diagram across the TFET
devices [16, 21]. The depletion region corresponds to the
region between the flat band within the n-type region and
the flat band within the p-type region in energy band dia-
grams. As shown in Figure 14A and B [16] for TFET band
diagrams using different gate dielectrics (¢=3.9 and £=25,
the high-k gate dielectric is without the interfacial oxide
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Figure 13 Electron and hole concentrations of the cross-section of a TFET using different gate dielectrics, (A) e=25 and (B) ¢=3.9; there is
no interfacial oxide layer within the high-k gate dielectric stacks. With the scaling of channel length, the depleted regions become narrower
and less defined. With channel length=10 nm, devices with both types of gate dielectrics are showing Zener breakdown (electron tunneling)
at OFF-state, although the high-x device shows a small advantage of showing a lower carrier concentration in the intrinsic region under the
gate. Reprinted from Ref. [16], with permission, from Elsevier.

layer) by simulations, both devices are effectively turned less than 10 nm. In that case, neither of the devices can
OFF with the well-defined depletion region with achannel be well turned OFF, and the gate lost its control to the
length of 40 nm. When the channel length was reduced to  tunneling barrier modulation, resulting in high leakage
20 nm, the TFET using low gate dielectric (¢=3.9) begins current as shown in Figure 12B. As a result, the channel
to break down. At a channel length of 10 nm, the devices length of TFETs cannot be aggressively scaled to result in
break down in both cases with a tunneling barrier width the Zener breakdown of the device.
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Figure 14 Schematic band diagrams of TFETs with different gate dielectrics, (A) e=25 and (B) e=3.9; there is no interfacial oxide layer within
the high-« gate dielectric stacks. With a channel length of 40 nm, both devices are effectively turned off and the depletion region was well
defined. When the channel length was reduced to 20 nm, the TFET using low gate dielectric (¢=3.9) begins to break down. At channel length of
10 nm, the devices break down in both cases with a tunneling width less than 10 nm. Reprinted from Ref. [16], with permission, from Elsevier.
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3.5 Comprehensive consideration of TFET
design

On the basis of the discussions above, structure and
device design optimization should be applied to increase
I, reduce I, and improve SS, simultaneously, to offer
a device with a comprehensive desirable performance. As
the TFET is a device depending on the BTBT mechanism
at the source/channel junction to transport carriers, the
tunneling probability determines the tunneling current
of a TFET device. To achieve higher tunneling prob-
ability, the tunneling barrier should be reduced, which
can be achieved by using higher source doping concen-
tration, smaller band gap source material, and staggered
or broken band alignment. As high degeneration caused
by heavily source doping will reduce available states for
tunneling and thus degrade I, and SS [39], a modulated
heavily pocket doping layer only near the tunnel junction
is essential [15]. In addition, a direct band gap and smaller
carrier effective mass can also contribute to improve I
[11-14]. In this respect, I1I-V materials are highly attractive,
as they typically have low effective carrier mass and direct
band gaps that allow for efficient tunneling [37].

Another optimization criterion is to reduce I, inclu-
ding all leakage current components: ambipolar leakage,
SRH G-R leakage, and tunneling leakage. To reduce ambi-
polar current, asymmetric configuration, both asym-
metric band gaps and asymmetric doping concentration
between the source and drain should be introduced for
the design of TFET structures [34]. Considering a source
region with smaller band gap and higher doping is neces-
sary to increase I, the drain material should be designed
to have a relatively larger band gap and lower doping
concentration (but not be too low to increase serial resist-
ance). Besides, to reduce SRH G-R leakage, large band gap
materials are desired, but large band gap materials are not
desired for ON-state performance. As a result, the material
band gaps should be carefully selected to achieve higher
I, without scarifying I . Furthermore, to reduce tun-
neling leakage, the tunnel barrier at the source/channel
junction should be enlarged to block unwanted tunneling
at OFF-state [13], which can be achieved by homojunc-
tion or staggered band alignment. As the homojunction
TFET has its own drawback for low I, the staggered
band alignment is a preferable choice for TFET design to
achieve higher I, and lower I . Besides, the tunneling
barrier height should also be well modulated for a stag-
gered band alignment to achieve a balance between high
Iyandlow] .

A sharp interface at the source/channel junction is
needed to achieve steep SS, which requires both abrupt
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doping profile and minimum atom interdiffusion. To
achieve better gate control to the channel energy bands
movement, a high-x gate dielectric is also necessary.
Besides, an interfacial oxide layer is needed between
high-k gate dielectric and channel to reduce carrier scat-
tering at the channel/oxide interface. In addition, it has
been increasingly clear that the high-x dielectric on the
Al bearing III-V compounds showed an increased SS due
to larger interface induced defects (D,) [52]. As a result, a
channel material without Al components is also benefit-
ted to achieve steeper SS.

All the above considerations related to TFET design
are summarized in Figure 15. In view of all these consid-
erations, mixed As/Sh based heterostructures, namely,
GaAsySbw/InxGal_XAs are very attractive as they allow a
wide range of band gaps and staggered band alignments
depending on the alloy compositions in the source and
channel materials. Band alignments at the source/channel
heterointerface can be tailor-made by carefully control-
ling the compositions of the mixed As/Sh material system
while keeping this material system internally lattice
matched. Besides, a sharp heterojunction interface and an
abrupt doping profile can also be achieved by molecular
beam epitaxy (MBE). Minimum atom interdiffusion can
be realized by carefully controlling the shutter sequence
during switching from Sh-rich material to As-rich material
[11]. As a result, the mixed As/Sb staggered gap TFET is
considered as a promising option for high-performance,
low-standby power, and energy-efficient logic applica-
tion. In the following section, we discuss the existing and
the state-of-the-art research aimed at the design, material
growth, structure optimization, material characterization,
device fabrication, together with their experimental or
simulated structural properties and device performance.

4 Mixed As/Sb staggered gap TFETs

4.1 Composition and tunneling barrier
height engineering

One of the key advantages of the GaAs Sb, y/InXGal_xAs
material system is that it can modulate the E,  easily and
accurately by carefully controlling the alloy composi-
tions in GaAsySbW and In Ga,_As layers while keeping the
material system to be internally lattice matched. Figure
16 shows the simulated changing trade (red dashed line)
between Ebeff and In/Sb compositions. The inset dem-
onstrated the band alignment of GaAsSb, y/InXGal_xAs

without bias and the definition of Ebeff is also shown in
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Figure 15 A comprehensive consideration of a TFET design.

Figure 16. It can be seen from Figure 16 that E, . decreases
linearly with increasing In and Sb compositions. This
E, plays a significant role in the performance of a TFET
device, which not only determines the ON-state tun-
neling rate but also sets the blocking barrier for OFF-state
leakage [9, 13]. Mohata et al. [9, 15] studied GaAsySblry/
In Ga, As n-type TFETs with different E, by changing
alloy compositions in source and channel materials. The
schematic diagram of these TFET layer structures with
different alloy compositions is shown in Figure 17A-C,
respectively. These three structures were grown by solid
source MBE on semi-insulating InP substrates. For the
GaAsO_SSbO_S/InO_BGaOMAS structure, the active regions
are lattice matched to the InP substrate; however, both
the other two structures (GaAs Sb  /In  Ga , As and
GaAs,,Sh . /In Ga  As) are lattice mismatched to the
InP substrate. To accommodate the lattice-mismatch-
induced defects, linearly graded In Al As buffers were
used in these two structures. Table 1 summarizes the
structural information and device performance of these
three structures. It can be seen from Table 1 that the I
of TFETs increases with scaling of Ebeff. As a result, reduc-
ing E, . is one efficient way to boost the ON-state perfor-
mance of TFETs. However, the scaling of Ebeff also intro-
duces the risk of increasing I .. Firstly, both direct BTBT
and trap-assisted tunneling (TAT) leakage are enhanced
due to reduced tunneling barrier height. Secondly, band
gap energies of both GaAsySbw and In Ga, As are decrea-

sing with increasing Sb and In compositions, which will
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Figure 16 Simulated changing trade (red dashed line) between
effective tunneling barrier height (Ebeﬁ) and In/Sb compositions.
The inset demonstrated the band alignment of GaAsySblry/InxGalrxAs
without bias. The definition of £, . is also shown. The effective tun-
neling barrier height decreases linearly with increasing In and Sb
compositions. The two squared points are experimentally deter-
mined effective tunneling barrier height values, both of which show
similar values to the simulated values. The slightly smaller values
may due to fixed positive charges at the interface.

increase SRH G-R leakage current. Besides, the increased
Sb composition in the GaAsySb}y layer also brings in the
potential of atom interdiffusion at the heterointerface. As
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Figure 17 Schematic layer diagram ofGaAsySbw/InxGaLxAs staggered gap TFET structures with different alloy compositions. (A) GaAs ,Sb ./

In,,,Ga, As structure shows an Ebeﬁ

structure shows an Eben‘ of 0.25 eV. All Ebeﬁ

a result, proper interfacing engineering at the GaAsySbl_y/
In Ga, As heterointerface is indispensable to achieve
superior structural properties and device performance,
which will be discussed in detail in the next section.

4.2 Interfacing engineering

Engineering an abrupt source/channel heterointerface
is needed for type II staggered gap TFETs. However, the
abrupt switching from mixed anion GaAsySbl_y to mixed
cation In Ga, As is a significant growth challenge due to
different surface sticking coefficients of As and Sb at the
specific growth temperature [13]. Furthermore, improper
change of group V fluxes at the source and channel inter-
face will introduce intermixing between As and Sb that
leads to uncontrolled layer composition at the heteroin-
terface, which in turn produces high dislocation density
in this region [11, 13]. These dislocations will introduce
fixed charges [53] at the source/channel interface and
thus it will affect the band alignment as well as the value
of E, .. In practice, high Sb and In composition is used
in GaAsySbl_y and In Ga, As layers, respectively, to reduce

E,, and improve I . The high Sb composition further

of 0.5 eV; (B) GaAs_,Sb,,/In . Ga,  As structure shows an E

of 0.31eV; (C) GaAs_ ..Sb

0.35 0.65

beff /Ino.7Gao.3AS

values are from simulation. Reprinted from Ref. [9] and Ref. [15], with permission, from IEEE.

increased the growth challenge for engineering an abrupt
heterointerface with superior quality. When it comes to
the specific layer structure as shown in Figure 17C, two
different surface terminations, i.e., (i) GaAs-like and (ii)
InAs-like can be realized when switching from Sh-rich
GaAsSb . and to As-rich In . Ga ,As. For the former
case, the GaAs-like interface was formed by the residual
Ga atoms in the growth chamber together with As over-
pressure. For the latter case, 1-2 monolayers (MLs) of In
were added intentionally prior to the growth of In Ga,
As layer when the As flux was ramping up from 35%
to 100% [9, 11]. If the GaAs-like interface formed at the
GaAsOBSSbM/InOJGaOBAs heterointerface, the lattice mis-
match between the top In Ga, As layer and the GaAs-like
interface is as large as 5%, which gives high possibility
to generate dislocations at the interface and inside the
In _Ga, As top layer. By contrast, if the InAs-like interface
formed, this mismatch is only limited to 2%, which pro-
vides a better basis for the growth of the top In Ga ,As
layer. These two different interface engineering types will
influence both the structural properties and the device
performance of the mixed As/Sb staggered gap TFETs,
which will be discussed separately in detail in the follow-
ing sections.

Table1 Summary of structural information and device performance of GaAsySbw/InxGal_xAs n-type staggered gap TFETs with different effec-

tive tunneling barrier height [9, 15].

Source Channel Drain E,.meV 1,,» WA/pm
(@) p-GaAs,,Sb i-In ,.Ga,, As n*In ,.Ga,, As 0.5 60
(b) p**-GaAs  Sh i-In, ,Ga ,,As n*-In, .Ga,_.As 0.31 78
(0) p**-GaAs .Sh . i-In, Ga  As n*-In, _Ga,_As 0.25 135
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4.3 Structural properties of mixed As/
Sb staggered gap TFETs with different
interface engineering

Different terminated interface atoms determine the lat-
tice-mismatch between the top layer and the interface
layer [11], and different interface engineering can also
introduce different amounts of fixed positive charges [11,
13], both of which will influence the structural properties
of these structures, including strain relaxation properties,
surface morphologies, and dislocation densities.

4.3.1 Strain relaxation properties

The strain relaxation properties of epilayers can be
characterized using X-ray diffraction. Out-of-plane lattice
constant and in-plane lattice constant can be obtained
from reciprocal space maps (RSMs) using symmetric
scan and asymmetric scan, respectively. The relaxation
states and residual strain of each epilayer can be calcu-
lated from the obtained lattice constants. The symmetry
of the relaxation states of each epilayer can also be com-
pared by aligning the incident X-ray beam along differ-
ent directions. For the TFET structure as shown in Figure
17C, the symmetric (004) and asymmetric (115) RSMs of
the InAs-like interface structure are shown in Figure 18A
and B, respectively, with incident X-ray beam along the
[110] direction. Each layer was labeled to its correspond-
ing reciprocal lattice point (RLP) based on wet chemical
etching experiments [11]. As shown in Figure 18A and B,
four distinct RLP maxima were found in RSMs of InAs-like
interface structure, corresponding to (i) the InP substrate,
(ii) GaAs,,Sh . source layer, (iii) In Ga ,As channel/
drain layer, and (iv) the 100 nm In Al As uppermost
layer of the linearly graded In Al As buffer. Owing to the
residual strain within the GaAs ,Sb ., In Ga ,As, and
In Al .As buffer layers together with heavily C doping
caused lattice contraction in the GaAs ,Sh . layer; these
three layers with the same designed lattice constant were
shown in separate RLPs. Detailed strain relaxation analy-
sis based on the symmetric (004) and asymmetric (115)
RSMs show symmetric strain relaxation states of the InAs-
like structure along [110] and [1i0] directions (the symmet-
ric and asymmetric RSMs of the InAs-like interface struc-
ture with incident X-ray beam along the [110] direction are
not shown in this review but can be found in Ref. [11]).
Only ~4% strain relaxation in In _Ga, As and G3A50_353b0_65
active layers with respect to the In Al As “virtual sub-
strate” was obtained from the InAs-like interface structure

[11], suggesting the pseudomorphic nature of these two

Y. Zhu and M.K.

Hudait: Low-power tunnel field effect transistors = 17

5240
S 5220
=
o
o
o
T 5200
S
e
o 5180
5160
6560 | (115)
7 InP
6540 | Vil
2 6520 F Bl InyAl,,As
o ¥
o oh &
o
8 7 L
T 6500
S . ] GaAsSb
9 LY — i
o 64801 i <
’. < \{'{if 3
: | e InGaAs
6460 | :
= e
e SEH
X < InAlAs
6440 | s Sev
) ¥ i ) L
1860 1880 1900 1920 1940

Q (1-10) x 10000 (rlu)

Figure 18 (A) Symmetric (004) and (B) asymmetric (115) RSMs of the
InAs-like interface TFET with a layer structure as shown in Figure 17C
using an incident X-ray beam along the [110] direction. Reprinted
from Ref. [11], with permission, from the American Institute of
Physics, copyright (2012), AIP Publishing LLC.

layers, indicating that few dislocations formed within the
active region of this structure.

Similarly, the symmetric (004) and asymmetric (115)
RSMs of the GaAs-like interface structure are shown in
Figure 19A and B, respectively, with incident X-ray beam
along the [110] direction. Different from the RSMs of the
InAs-like interface structure, one can see from Figure 19A
and B that the contour of the In Ga, As channel/drain
layer was merged with the GaAs Sbh . source layer in
RSMs of the GaAs-like interface structure. A higher per-
centage of strain relaxation of 94% of these two layers
with respect to InP substrate than that in the InAs-like
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Figure 19 (A) Symmetric (004) and (B) asymmetric (115) RSMs

of the GaAs-like interface TFET with a layer structure as shown in
Figure 17C using an incident X-ray beam along the [110] direction.
Reprinted from Ref. [11], with permission, from the American Insti-
tute of Physics, copyright (2012), AIP Publishing LLC.

interface structure, which is ~75% for the In _Ga ,As layer
and ~80% for the GaAs_,Sb layer, respectively [11] was
calculated. A higher degree of strain relaxation states indi-
cates higher dislocation density within these two layers,
supported by larger elongation of the corresponding RLP
along the x-axis of the RSM. In fact, the elongation of this
RLP is highly enfeebled after removing the top In__ Ga ,As
layer from the GaAs-like interface structure, and the relax-
ation value of the GaAs , Sb . layer of the GaAs-like inter-
face structure was recalculated and found to be ~80%
after etching the top In ,Ga_,As layer, which is fairly iden-
tical with that in the GaAs-like interface structure [11]. The

above results reveal that the GaAs ,Sb . layer is not as

DE GRUYTER

defective as the In ,Ga_As layer in the GaAs-like interface
structure and the higher dislocation density is only con-
fined within the top In Ga_,As layer.

The lattice parameters, mismatch, composition, and
relaxation of each layer from both the InAs-like interface
and GaAs-like interface structures are summarized in
Table 2 [11]. As shown in Table 2, both of these structures
show symmetric strain relaxation along two orthogonal
[110] and [110] directions, indicating approximately equal
amount of oand B dislocations formed in the relaxation of
strain. In addition, from the measured in-plane and out-of-
plane lattice constants of the InAs-like interface structure,
the pseudomorphic nature of GaAs . Sbh  /In Ga As
was confirmed, indicating low dislocation within these
two layers. Therefore, the InAs-like interface TFET struc-
ture creates a “virtually” defect-free active region than the
GaAs-like interface TFET structure, which is desirable for
improving the performance of TFET devices with lower
OFF-state p*-i-n* leakage and higher I /I . ratio.

FF

4.3.2 Surface morphology

The study of surface morphology of metamorphic struc-
tures is an important figure of merit due to the expected
crosshatch pattern resulting from ideal strain relaxation
with minimum concentrations of threading dislocations.
For the TFET structure as shown in Figure 17C, surface
morphology of the TFET structures with different source/
channel interface engineering was examined by atomic
force microscopy (AFM) in contact mode from the top
In, Ga,,As surface. The 20 umx20 pm AFM micrographs
of the InAs-like interface structure and GaAs-like interface
structure and related line profiles in two orthogonal <110>
directions are shown in Figures 20 and 21, respectively. From
Figure 20, the anticipated two-dimensional crosshatch
pattern is well developed and fairly uniform, as expected
for an ideal graded buffer, from the InAs-like interface TFET
structure. The peak-to-valley height from line profiles in the
two orthogonal <110> direction is also included in these
figures. The uniform distribution of the crosshatch pattern
from [110] and [1i0] directions for the InAs-like interface
TFET structure suggests a symmetric relaxation of the lin-
early graded buffer layer, which is in agreement with X-ray
diffraction (XRD) results. The AFM micrograph of the InAs-
like interface structure shows a smooth surface morphology
with surface root-mean-square (rms) roughness of 3.17 nm.
Compared with the surface morphology of the InAs-like
interface, the GaAs-like interface structure does not exhibit
two-dimensional crosshatch surface morphology. A grainy
texture dispersed crossing the surface was observed from
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Table 2 Summary of the InAs-like interface and GaAs-like interface TEFT structures with incident X-ray beam along [110] and [110]

directions.?
Sample Incident Layers Lattice constant, A  Composition Relaxation,  Tilt, Strain,
beam % as %
direction ¢ a a,
(a) GaAs-like interface [110] InGaAs/GaAsSb 5.9401 5.9322 5.9361 In:70%Sb: 65% 94 -37 1.15
InAlAs 5.9538 5.9180 5.9359 In:70% 73 -43 1.14
[110] InGaAs/GaAsSbh 5.9400 5.9284 5.9342 In: 69%Sb: 64% 91 -145 1.11
InAlAs 5.9537 5.9182 5.9360 In:69% 74 -164 1.15
(b) InAs-like interface [170] GaAsSb 5.9249 5.9064 5.9157 Sb:64% 80 -19 0.80
InGaAs 5.9481 5.9159 5.9318 In:69% 75 -43 1.08
InAlAs 5.9651 5.9235 5.9443 In:71% 72 -44 1.29
[110] GaAsSb 5.9247 5.9065 5.9156 Sb:64% 81 95 0.80
InGaAs 5.9481 5.9168 5.9323 In: 69% 76 78 1.08
InAlAs 5.9655 5.9235 5.9445 In:71% 72 95 1.29

°cis out-of-plane lattice constant, a is in-plane lattice constant, and a, is relaxed lattice constant. From Ref. [11].

the AFM micrograph of the GaAs-like interface structure.
From the line profiles along [110] and [1i0] directions, the
peak-to-valley height of the GaAs-like interface sample is
three times higher than the InAs-like interface structure,
indicating significantly poor surface quality due to the large
amount of dislocation embedded within the TFET struc-
ture. The surface rms roughness of the GaAs-like interface
sample is 4.46 nm, which is much higher than that of the
InAs-like interface structure. The rough surface and dete-
rioration of the two-dimensional crosshatch pattern on the
surface of the GaAs-like interface structure should be attri-
buted to the higher dislocation density of the In  Ga  As
layer introduced by the GaAs-like interface, which was also
confirmed by broadening of the RLP during X-ray measure-
ment as introduced in Section 4.3.1. From the AFM micro-
graphs of these two structures, it can be concluded that the
InAs-like interface structure shows a much better surface
morphology with typical two-dimensional crosshatch pat-
terns and lower peak-to-valley height corresponding to a
reduced rms roughness compared with the GaAs-like inter-
face structure. As the two structures are identical except
the interface between In, Ga, As and GaAsO_35Sb0_65, one can
indicate that the InAs-like interface can provide a better
surface morphology relating to higher crystalline quality of
the In Ga, As layer and thus one can expect a much lower
defect density in the InAs-like interface TFET structure and
superior electrical transport properties [11].

4.3.3 Dislocation and defects

To further investigate the influence of different termi-
nated atoms to the structural properties of mixed As/Sh

staggered gap TFET structures, the dislocations, defects,
and the crystalline quality of both GaAs-like interface
and InAs-like interface structures are characterized by
cross-sectional transmission electron microscopy (TEM)
analysis. Figure 22A and B show cross-sectional TEM
micrographs of InAs-like interface and GaAs-like inter-
face structures, respectively. All layers were labeled in
Figure 22A, B and the GaAs ,Sb ,/In Ga As hetero-
interface was denoted by an arrow in each micrograph.
One can see from Figure 22A, B that the linearly graded
In Al As buffer layer effectively accommodates the lattice
mismatch-induced dislocations between the active layers
and the InP substrate in both structures. No threading dis-
locations were observed in the GaAs__Sb . layers grown
on the linearly graded In Al,_As buffers in both structures,
indicating that the In Al _As linearly graded buffer effec-
tively accommodates the lattice mismatch between the
active layer and the InP substrate and thus provides a
high-quality virtual substrate for TFET structures.

It can be seen from Figure 22A that no threading dis-
locations were observed in the top In Ga, As layer of
the InAs-like interface TFET structure at this magnifica-
tion, indicating a threading dislocation density (TDD)
in this layer on the order of or below ~10’/cm? The low
dislocation density of the In _Ga, ,As layer in the InAs-like
interface structure leads to a superior surface and well-
developed two-dimensional crosshatch pattern from the
linearly graded buffer, both of which are confirmed with
the results from AFM analysis. Moreover, the low dislo-
cation density also contributes to the pseudomorphic
characteristic of the In Ga ,As layer and the small Aw
broadening of the RLP in RSMs from the InAs-like inter-
face TFET structure. By contrast, high dislocation density
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Figure 20 20 umx20 um AFM surface morphology and line profiles
in two orthogonal <110> directions of the InAs-like interface TFET
structure (the layer diagram of this structure is shown in Figure 17C).
The micrograph shows typical crosshatch pattern with rms rough-
ness of 3.17 nm. Reprinted from Ref. [11], with permission, from the
American Institute of Physics, copyright (2012), AIP Publishing LLC.

was detected in the In ,Ga_As layer of the GaAs-like inter-
face TFET structure. Threading dislocations were gener-
ated from the interface of GaAs0.3SSb0.65/In0_7GaO3As and
went all the way up through the In Ga  As layer. The
dislocation density in the In ,Ga,,As layer was too high
to be quantified. As no dislocation was observed from
the bottom GaAs ,Sb . layer on which the In Ga ,As
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Figure 21 20 umx20 um AFM surface morphology and line profiles
in two orthogonal <110> directions of the GaAs-like interface TFET
structure (the layer diagram of this structure is shown in Figure 17C).
The micrograph shows a grainy texture dispersed crossing the
surface with rms roughness of 4.46 nm. Reprinted from Ref. [11],
with permission, from the American Institute of Physics, copyright
(2012), AIP Publishing LLC.

was grown, it was reasonable to conclude that the GaAs-
like interface contributed to the high dislocation density
in the In ,Ga, As layer and it is consistent with the XRD
analysis discussed in Section 4.3.1. Moreover, it is also
clear that the poor surface morphology of the GaAs-like
interface TFET structure from AFM measurement and the
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In, ,Ga, JAs interface and in the In _Ga, As layer of the GaAs-like interface structure. The InAs-like interface provides a high-quality TFET
structure compared with the GaAs-like interface structure. Reprinted from Ref. [11], with permission, from the American Institute of Physics,

copyright (2012), AIP Publishing LLC.

elongation of the RLP in RSMs are due to a very high defect
density present in the top In ,Ga ,As layer, as observed by
cross-sectional TEM.

On the basis of the above analysis, the InAs-like inter-
face provides a high-quality TFET structure compared
with the GaAs-like interface, where higher dislocations
are detected in the channel and drain In_ Ga_,As layer, as
characterized from X-ray, AFM, and cross-sectional TEM
analysis. The higher dislocation density at the source/
channel interface and within the channel/drain layer of
the GaAs-like interface structure will enhance both the
SRH G-R and tunneling process at the heterointerface,
which will contribute to the higher OFF-state leakage

current and degrades the I ON/I o Tatio of the TFET devices.

4.4 Device fabrication

A main challenge for the fabrication of MBE grown ver-
tical heterostructure TFETs is to perfectly align the gate
on the channel area. There are several different TFET
device structures reported in the literature based on dif-
ferent fabrication processes, such as single vertical side
wall device structure [8, 23, 54], ring-type vertical side
wall device structure [10, 55], self-aligned gate nanopil-
lar device structure [9, 15, 56, 57], etc. To further increase
I, double gate [16] or gate-all-round TFET [10, 56] device
designs are used. Besides, the device design demands
extremely scaled gate oxide EOT and ultra-thin body
geometry in order to achieve low I . and desired transis-
tor performance [56]. Mohata et al. [56] proposed a vertical
TFET fabrication process with a self-aligned gate, which

can ultimately lead to the ultra-thin gate-all-round device
geometry to achieve superior TFET performance.

Figure 23 shows the cross-section schematics of the
fabricated TFET device following by key process steps,
reported in Ref. [56]. A summary of the entire fabrica-
tion process flow is also shown in Figure 23. For the layer
structures as shown in Figure 17C, 250 nm thick molyb-
denum (Mo) was blanket-deposited on the n* In .Ga ,As
layer using e-beam evaporation. Cr/Ti dry etch masks
with minimum width of 250 nm were created on the top
of Mo using e-beam lithography, e-beam evaporation,
and lift-off techniques. A nanopillar was formed after
the dry etch of Mo and the In_ Ga ,As layer. The wet etch
process was performed to remove side wall damage and
create an undercut. An undercut of approximately 50 nm
was obtained and it was ready for the formation of a self-
aligned gate. Here, “self-aligned” refers to the isolation of
the top contact and the side wall gate as a result of wet
etch undercut of the nanopillar. After the wet etch, high-
x gate dielectric layers consisting of 1 nm ALO,/3.5 nm
HfO, were deposited using plasma-enhanced atomic layer
deposition at 250°C and a 20 nm palladium (Pd) gate was
vertically deposited using e-beam evaporation. The entire
structure was then planarized with benzocyclobutene
(BCB) and cured at 250°C for 60 min in nitrogen ambient.
After curing, BCB was etched back to expose Pd on the top
of Mo. Pd and high-« on the source and drain areas were
bombarded off using a Cl, and Ar based dry etch recipe.
Lithography was followed to open large contact pads for
source, drain, and the gate. Ti/Pd/Au probing contacts
were then deposited and lifted off. A three-dimensional
schematic diagram of such a fabricated nanopillar device
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Figure 23 Cross-section schematics of the TFET device followed by key process steps. The fabrication process flow is shown on the right.

Reprinted from Ref. [56], with permission, from IEEE.

is shown in Figure 24A, and the corresponding tilted view
scanning electron microscopy (SEM) micrograph is shown
in Figure 24B [11], respectively. Figure 24C [56] shows the
cross-sectional TEM image of the fabricated TFET device
with a 250-nm drawn mesa width.

4.5 OFF-state performance

As shown in Section 4.3, different terminated atoms at the
GaAsmsSbO'GS/InoJGawAs heterointerface greatly influence
structural properties of TFET structures. These differences
in structural properties, such as strain relaxation and
defect density differences, will further influence device
performance. Especially, the high dislocation density at
the source/channel interface of the GaAs-like interface
structure may change the OFF-state transport mechanism
of the fabricated devices and lead to high leakage current.
To assess the impact of different interface engineering on
the OFF-state performance of TFETs, two sets of p*-i-n*
diodes were fabricated. As the OFF-state current of TFETs
is governed by leakage current of the reverse-biased
p*-i-n* diode [11, 23], current-voltage (I-V) characteristics
of these p*-i-n* diodes were measured and compared.
Figure 25 [11] shows the room temperature I-V charac-
teristics of the p*i-n* diodes from the InAs-like inter-
face and GaAs-like interface structure. Approximately
four orders higher leakage current density was observed
from the GaAs-like interface structure than the InAs-like
interface p*-i-n* diodes at 300 K, indicating that different

OFF-state transport mechanisms are involved in these
TFET structures. To gain insight into the OFF-state current
mechanism for these TFET structures, temperature-
dependent I-V measurements were carried out on these
reverse-biased p*-i-n* diodes with temperatures ranging
from 150 K to 300 K, and simulations have been performed
with Sentaurus [58] to explain the difference in OFF-state
transport between two structures.

Figure 26A [11] shows the I-V characteristics of the
reverse-biased p*-i-n* diode at different measurement
temperatures from the InAs-like interface device. One
can see from Figure 26A that OFF-state leakage current
increases exponentially with rising temperature. A field-
enhanced SRH G-R model [59] was used to explain the
OFF-state leakage mechanism of the InAs-like interface
p*-i-n* diode at different temperatures. A lower positive
fixed change density, Qf:1012 cm?, due to lower defect
density at the source/channel interface was also incorpo-
rated in the simulation along with the field-enhanced SRH
G-R process to explain OFF-state leakage current. The sim-
ulated I-V characteristics (Figure 26A, solid lines) are in
good agreement with the measured data (Figure 26A, scat-
tered line) at different temperatures, suggesting the vali-
dation of the model used in the InAs-like interface p*-i-n*
diode. Figure 26B [11] shows the Arrhenius plot of OFF-
state leakage from the reverse-biased p*-i-n* diode as a
function of 1/kT at various reverse-bias voltages. A straight
line fitting to these data points at a given reverse bias yield
a gradient which corresponds to the activation energy
of E,=E-E,, which is responsible for OFF-state leakage
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Figure 24 (A) Schematic of self-aligned gate nanopillar staggered
gap TFET device, reprinted from Ref. [11], with permission, from

the American Institute of Physics, copyright (2012), AIP Publish-
ing LLC. (B) Tiled view SEM micrograph of the fabricated TFET
device, reprinted from Ref. [11], with permission, from the American
Institute of Physics, copyright (2012), AIP Publishing LLC. (C) Cross-
sectional TEM micrograph of the fabricated nanopillar TFET device;
reprinted from Ref. [15], with permission, from IEEE.

current generation. Here, E_ stands for the conduction
band minimum of channel near the source/channel inter-
face and E, is the energy of trap states. One can see from
Figure 26B that E, decreases with increasing reverse-bias
voltage from 0.17 eV to 0.125 eV, resulting in an increasing
leakage current trend. This is due to the fact that the elec-
trical field intensity across the p*-i-n* diode was enlarged
as increasing the reverse-bias voltage. The enlarged elec-
trical field further increases band-bending, which leads
to a stronger field-enhanced SRH G-R process across the
interface.

Figure 27 [11] shows the I-V characteristics of the
reverse-biased p*-i-n* diode at different measurement
temperatures of the GaAs-like interface device. One can
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Figure 25 Measured I-V characteristic of GaAs-like interface and
InAs-like interface reverse-biased GaAs  Sb . /In; Ga As p*-i-n*
diode at T=300 K. Almost four orders higher leakage current density

was observed from the GaAs-like interface GaAs ,,Sb . /In ,Ga As

p*-i-n* diode than the InAs-like interface p*-i-n* diode. Reprinted
from Ref. [11], with permission, from the American Institute of
Physics, copyright (2012), AIP Publishing LLC.

see from Figure 27 that OFF-state leakage current is much
higher than that of the InAs-like interface device at each
temperature step. Leakage current reduces with decreas-
ing temperature from 300 K to 150 K, as expected, but the
decreasing trend is not as strong as the InAs-like interface
device. Moreover, the weaker temperature dependence
and higher leakage current confirmed that the tunneling
process dominates the OFF-state transport of the GaAs-
like interface p*-i-n* diode, which is indeed the case due to
higher dislocation density present in In ,Ga,As channel
and drain regions. A direct BTBT model [44] was performed
to explain the observed high OFF-state current caused by
high dislocation density observed at the GaAs ,Sh ./
In, Ga,,As heterointerface. As shown in Figure 27 [11],
the simulated I-V characteristics (solid lines) are in good
agreement with the measured data (scattered lines) at all
temperatures. To explain why the BTBT process domi-
nates the OFF-state transport of the GaAs-like interface
TFET structure, positive fixed charges caused by Tamm
states and point defects, which are widely observed at
the heterointerface of mixed As/Sb material systems [60,
61], were introduced at the GaAs-like interface region in
the simulation. The fixed positive charges cause energy
band bending at the GaAs-like heterointerface region.
Figure 28A [11] shows the simulated band diagram of the
GaAs-like interface TFET structure and the inset shows
the position of the fixed positive charges in this energy
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Figure 26 (A) Measured and simulated I-V characteristics of
reverse-biased InAs-like interface GaAs_,Sb . /In  Ga, As p*i-n*
diode for temperatures ranging from 150 K to 300 K and (B) an
extraction of the activation energy for leakage current genera-

tion as a function of reverse bias voltage of InAs-like interface
GaAs Sb . /In, Ga As p*i-n* diode. The field-enhanced SRH G-R
modelis in good agreement with measured data. Activation energy
shows dependence of reverse bias voltage. Reprinted from Ref. [11],
with permission, from the American Institute of Physics, copyright
(2012), AIP Publishing LLC.

band diagram. A high fixed positive charge density of
1.5x10%/cm? due to higher defect density is needed to
induce the large band bending in the GaAs-like interface
structure to generate the OFF-state current as measured
in different temperature steps. As shown in Figure 28A
[11], the fixed charge density at this level can convert the
band alignment of the TFET structure from staggered gap
to broken gap, resulting in an overlap of the valence band
of the GaAs ,Sb . source with the conduction band of
the In_Ga ,As channel, causing the device to be normally
ON even at OFF-state. As a result, the high fixed positive
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Figure 27 Measured and simulated |-V characteristics of reverse-
biased GaAs-like interface GaAs . Sb, . /In, Ga, As p*-i-n* diode for

0.35

temperatures ranging from 150 K to 300 K. The direct BTBT model
is in good agreement with measured data at different temperature
ranges. The small temperature dependence and the high leakage
current confirm that the tunneling process is the dominating
OFF-state transport mechanism in this structure. Reprinted from
Ref. [11], with permission, from the American Institute of Physics,
copyright (2012), AIP Publishing LLC.

charge density caused by Tamm states and point defects
related to the high defect density at the GaAs-like interface
leads to interband tunneling which dominates the OFF-
state transport of the GaAs-like interface TFET structure.
By contrast, a lower positive fixed change density,
Qf=1012 cm?, due to lower defect density at the source/
channel interface was incorporated in the simulation of
OFF-state performance of the InAs-like interface device.
The simulated energy band diagram of the InAs-like inter-
face TFET structure with a fixed interface charge density of
Q~10" cm” is shown in Figure 28B [11]. One can see from
Figure 28B that the type-II staggered band alignment was
well maintained in the InAs-like interface TFET structure,
which leads to lower leakage current at OFF-state. The
field-enhanced SRH G-R mechanism [59] is also observed in
Figure 28B, where the carriers in the p* source region firstly
tunnel into mid-gap states and a subsequent thermal emis-
sion process inject them into the conduction band of the
channel. To gain further insight into the band alignment of
these TFET structures as a function of fixed positive charge
density within the source/channel interface region, simula-
tion was performed to generate band diagrams at different
Q values. As shown in Figure 29 [11], E, . decreases with
increasing value of Q. One can see from Figure 28B that
by varying the Q, value, the band line-up can be converted
from staggered to broken gap. Although a broken line-up
yields the best ON-state performance, it can also increase



DE GRUYTER Y. Zhu and M.K. Hudait: Low-power tunnel field effect transistors == 25
A E 0.7 0.2
0.0 "
I o |® <
0.2
0.5 I Q=1.5e13/cm? % ::/ i; 04
‘ / i :G:’ > 0.0 g:
< 0.0 x> Che e
»
G 3 10° 10° 10 10" 102 10%
3 © Fixed charge density (cm?)
= c .
% 0.5 i‘; Increasing Q,
o Z 07
= | % ——Q=1e8/cm?
© =le
T -1.0 @ ; !
id | — Q=1e12/cm?
GaAs-like interface 14 Q=1e13/cm?
A5 Vps=01V —— Q=1.5e13/cm?
I Lo 0y 0 | | I Loy oy T | PSS 'Y | P S 'Y | P S 'Y | P S 'Y
-50 0 50 100 150 200 -50 0 50 100 150 200
. Distance from source (nm)
Distance from source (nm)
B Figure 29 Simulated band diagrams of GaAs . Sb . /In .Ga As
0.7 n-channel heterostructure TFET structures with different fixed

Q=1e12/cm?

o
o
1

-0.7

Relative energy (eV)

1.4 InAs-like interface

-50 0 50 100 150 200
Distance from source (nm)

Figure 28 (A) Simulated band diagram of GaAs-like interface
TFET structure with V .=0.1V. The inset shows the position of fixed
positive charge. High fixed charge density bends energy bands,
resulting in overlap of the valence band of the GaAs . Sb, . source
and conduction band of the In_Ga _As channel, causing the device
to be normally ON even at OFF-state. (B) Simulated band diagram
of InAs-like interface TFET structure with V,=0.1V. Fixed charges
and trap states are indicated. The staggered band alignment is well
kept due to lower fixed charge density at the interface region of the
source/channel. Reprinted from Ref. [11], with permission, from the
American Institute of Physics, copyright (2012), AIP Publishing LLC.

OFF-state leakage current and thus significantly reduce
the I /I . ratio. The inset in Figure 29 [11] shows E ,asa
function of Q. It can be seen from Figure 29 that the fixed
positive charge density below 1x10%?/cm? has a minimal
impact on the change of E ey 11 the InAs-like interface TFET
structure. However, band alignment changes rapidly with
the positive fixed charge density greater than 1x10%/cm?
Moreover, band alignment is converted from staggered gap
to broken gap at the fixed charge density of ~6x10%/cm?,
corresponding to an E, . value of O eV. To maintain stag-

beff
gered band alignment, a lower Qis indispensable, which

charges at the source/channelinterface region. The inset shows
that the effective tunneling barrier height changes as a function of
fixed charge density. Band alignment is converted from staggered
gap to broken gap at the fixed charge density of ~6x10%2/cm?.
Reprinted from Ref. [11], with permission, from the American Insti-
tute of Physics, copyright (2012), AIP Publishing LLC.

can be achieved by minimizing the interface defect density
in a TFET structure. The InAs-like interface provides lower
defect density which leads to lower Q, at the source/
channel heterointerface, resulting in well-maintained
type-II staggered gap band alignment. It also leads to lower
OFF-state leakage current, higher ION/IOFF ratio, and shows
great potential for future high-performance heterostructure

TFETs for low-power logic applications.

4.6 Experimental determination of band
alignments

During MBE growth of mixed As/Sb heterostructure
TFETs, improper change of group-V fluxes at the source
and channel interface will introduce intermixing between
As and Sb atoms that leads to uncontrolled layer compo-
sition at this heterointerface, which in turn will produce
high dislocation density in this region [9, 57]. These dislo-
cations will introduce fixed charges at the source/channel
interface [53] and thus it will affect band alignment as
well as the value of E, . [11]. In Section 4.5, simulations
showed that band alignment is converted from staggered
gap to broken gap with a fixed positive charge density
of ~6x10"?/cm? caused by high dislocation density at the
source/channel GaAs ,Sb  /In _Ga As interface [11].
This resulted in four orders of higher leakage current
experimentally measured from this fabricated TFET
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structure. Therefore, it is necessary to verify this defect-
assisted band alignment transition by experimental proof
in a mixed As/Sb TFET heterostructure.

Kraut et al. [62] demonstrated one experimental
method to determine the band offset of heterostructures
by measuring the core level (CL) and valence band maxima
(VBM) binding energies of the materials in the structure
using X-ray photoelectron spectroscopy (XPS). To measure
the valence band offset (VBO) of the GaAs Sb, y/InXGal_XAs
heterojunction, Sb3d5/2/ In3d5/2 CLs, and VBM of GaAsySblr y/
In Ga, As should be detected. Zhu et al. [13, 14] measured
the band alignments of the GaAsySbl_y/InxGal_xAs hetero-
junction from three structures with different material com-
position and interface engineering, as discussed above.
Structure A has a layer structure as shown in Figure 17B
(GaAs,Sb, /In  Ga As) with an InAs-like heterointer-
face; structure B has a layer structure as shown in Figure
17C (GaAsOBSSbO.GS/ InOJGaOBAs) with an InAs-like hetero-
interface; structure C also has a layer structure as shown in
Figure 17C (GaAs_,.Sb, ./In Ga ,As) but with a GaAs-like
heterointerface. The structural properties of structures B
and C have already been discussed in Section 4.3. The struc-
tural properties of TFET structure A show similar properties
as structure B due to the InAs-like interface within both of
these structures. As a result, low dislocation density should
be expected at the heterointerface of both structures A and
B, but high dislocation density is expected at the hetero-
interface of structure C. Detailed XRD and cross-sectional
TEM studies [13] also confirmed this speculation. Table 3
summarizes the composition, interface engineering, and
defect density difference of these three TFET structures. As
shown in Figure 30 [13], XPS spectra were collected from
three samples of each structure: (i) 5 nm InGaAs/310 nm
GaAsSb was used to measure CL binding energy of In and
Sb at the interface; (ii) 150 nm InGaAs/310 nm GaAsSb was
used to measure the CL binding energy of In and VBM of
InGaAs; (iii) 310 nm GaAsSb without the top InGaAs layer
was used to measure the CL binding energy of Sb and VBM
of GaAsSh. XPS measurements were performed on a Phi
Quantera Scanning XPS Microprobe instrument using a
monochromatic Al Ko (1486.7 eV) X-ray source. In3d,,
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Figure 30 (A) Schematic diagram of GaAsSh/InGaAs heterostruc-
tures with different InGaAs thickness for band offset measure-
ments: 5 nm InGaAs/310 nm GaAsSb was used for the measure-
ment of binding energy at the heterointerface, whereas 150 nm
InGaAs/310 nm GaAsSb and 310 nm GaAsSb without the top InGaAs
layer were used to measure the binding energy of bulk InGaAs and
GaAsSh, respectively. The dashed box denotes the source/channel
interface. Reprinted from Ref. [13], with permission, from the
American Institute of Physics, copyright (2012), AIP Publishing LLC.

CL, Sb3d5/2 CL, In Ga, As valence (VB) and GaAsySbl_y VB
spectra were recorded using pass energy of 26 eV. An exit
angle of 45° was used in all measurements. Oxide layers on
all sample surfaces were carefully removed by wet chemical
etching using citric acid/hydrogen peroxide (C,H,0.:H,0,)
at volume ratio of 50:1 for 10 s on the In Ga, As surface and
1minon the GaAs Sb, surface, respectively, before loading
into the XPS chamber. Approximately 2-3 nm was etched
from each sample surface according to the premeasured
etching rate [11].

Once the binding energy information from each
sample surface was collected, the VBO can be determined
by the Kraut [62] method:

(15)

v Sb 3dy,, " VBM In 3dg, VBM

AE =(EGaAsSb _EGaAsSb )_(EInGaAs _EInGaAs _AECL ( l).

Table 3 Summary of composition and defect density difference of TFET structures studied [13].

Structure Composition Interface Defect density at the source/channel
details engineerin interface and in InGaAs layer
Source Channel/drain g & ¥
A GaAs,,Sb, In, .Ga,,As InAs-like Low
B GaAs, . Sb, . In,,Ga, As InAs-like Low
C GaAs,,,Sb, ., In,,Ga, As GaAs-like High
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where E;“%" and E;%* are CL binding energies of
5/2 5/2

Sb3d,, and In3d,,; E,,, is the valence band maxima

(VBM) of the corresponding samples. E,,,, was determined

by linearly fitting the leading edge of the VB spectra to

s InGaAs InGaAs GaAsSh GaAsSh
the base line [63]. E 0, —-E % and E." 0, -E

were measured from 150 nm InGaAs/310 nm GaAsSb and
310 nm GaAsSh without the top InGaAs layer, respectively.

AECL(i)zEG“ASSbZ(i)—E’"G“AS (i) is the CL binding energy

Sh SdG/ In 3d5/z
difference of Sb3d5/2 and IanS/2 measured at the heteroin-
terface from 5 nm InGaAs/310 nm GaAsSb sample of each
structure. The conduction band offset (CBO) can be esti-
mated by [63]:
AEC :EgGaAsSb +AEV _E;nGaAs (16)
where EJ**" and E]* are the band gaps of GaAsSh

and InGaAs, respectively. The effective tunneling barrier
of the TFET is described as:

E — EInGaAs —AE

beff g 174

17)

where AE,, is the above measured valence band offset.
Based on the measured XPS CL and VBM values and
using the Kraut [62] method, the measured VBO (AE,),
calculated conduction band offset (AE,), and E ey AT€ SUIM-
marized in Table 4. Here, Ebeff determines the type of band
alignment in the GaAsySblry/InxGa}xAs heterostructure,
that is, the band alignment is staggered line-up if E, >0
but broken line-up if E, <0. Positive effective tunneling
barrier height of 0.30 eV and 0.21 eV were determined on
structures A (In=0.65, Sb=0.6) and B (In=0.7, Sb=0.65),

respectively, indicating a staggered band alignment.

Table 4 Summary of core level to valence band maxima binding
energy difference (eV) for GaAsSb and InGaAs, and the binding
energy difference between Sb3d; , and In3d, , at the heterointerface
(AE,, (D) from the three structures®.

Structure A Structure B Structure C
aAsSb aAsSb

Egb?:s/z‘ffs;ss (eV) 527.66 527.70 527.59
E;:GSZZ_E‘//';ZHAS (eV) 443.71 443.79 443.74
AE, (i) (eV) 83.60 83.52 83.22
AEV(eV) 0.35 0.39 0.63
AE,(eV) 0.42 0.49 0.73
E _(eV) 0.30 0.21 -0.03

beff

“The calculated valence band offset (AE,), conduction band offset (AE),
and effective tunneling barrier (Ebeﬁ) are also listed. From Ref. [13].
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Figure 31A and B [13] show the schematic band align-
ments of structures A and B based on the band gap energy
values determined above and the experimental results
of VBO measured by XPS. One can see from Figure 31A
and B that the measured VBO of the intrinsic In Ga, As
channel layer with respect to the GaAsySbl_y source layer
are 0.35 eV and 0.39 eV for In (Sb) compositions of 0.65
(0.60) and 0.70 (0.65), respectively. The higher value
of VBO for In compositions of 0.7 compared with 0.6 is
expected due to the lower band gap of In Ga, As. Wang
et al. [64] systematically calculated the valence band
offsets between most of the III-V semiconductor alloys
by a self-consistent band structure method. Using these
calculations, the VBO of intrinsic In Ga ,As relative
to intrinsic GaAs ,Sh,, as well as intrinsic In Ga ,As
with respect to intrinsic GaAs ,Sb . was determined to
be 0.32 eV and 0.34 eV, respectively. The measured VBO
values are in close agreement with the calculated values.
The difference in VBO values between experimental and
calculation may be due to the doping induced band gap
narrowing effect in the GaAsySbl_y layer. By comparing the
effective tunneling barrier height for structures A and B,
it can be seen that by increasing In alloy composition
from 65% to 70% in the In Ga, As layer and simultane-
ously increasing Sb alloy composition from 60% to 65%
in the GaAsySbW layer to keep internally lattice matching
with respect to each other, the Ebeff value reduces from
0.30 eV to 0.21 eV. Thus, one can modulate the values
of Ebeff at the mixed As/Sb based lattice matched hetero-
junctions (GaAsySbl_y/ In Ga, As) by carefully controlling
both Sb and In compositions. As a result, the mixed As/
Sb based material system is a preferred choice for TFET
application as it provides a wide range of compositionally
controlled E

beff*
The value of E

Lo Can be drastically reduced at the
GaAsySbl_y/InXGal_xAs heterojunction if the defect level is
high. Figure 31C shows the schematic band alignment
of structure C where large amounts of defects were con-
fined at the interface as well as the InGa,,As layer [13].
Note that the alloy compositions of In and Sb were the
same as that in structure B, except for the higher defect
density at the interface as well as in the In Ga ,As layer
in structure C. One can see from Figure 31C [13] that the
value of E,. is -0.03 eV, suggesting a broken band line-
up. It is interesting to note that band alignment was con-
verted from staggered gap (structures A or B) to broken
gap (structure C) due to the presence of large amounts
of defects in structure C. Figure 31D [13] summarizes the
effective tunneling barrier height and the correspond-

ing band alignment types of these three structures.
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Figure 31 Schematic energy band diagram of (A) structure A, (B) structure B, and (C) structure C. A type-Il staggered band line-up with
positive effective tunneling barrier height of 0.30 eV and 0.21 eV was determined at the heterointerface of structures A and B, respectively,
whereas a broken band line-up with negative tunneling barrier height of -0.03 eV was found at the heterointerface of structure C. (D) The
histogram summarizes the effective tunneling barrier height and the corresponding band alignment types of these structures. Reprinted
from Ref. [13], with permission, from the American Institute of Physics, copyright (2012), AIP Publishing LLC.

Previously in Section 4.5, it has been predicted by simu-
lation that fixed positive charges induced by defects at
the GaAsySblry/ In Ga, As heterointerface would bend
the energy band and reduce the value of E, . [11]. If the
fixed charge density is large enough (>6x10?/cm?), it
will assist band alignment transition from staggered to
broken gap in a mixed As/Sb heterostructure [11]. Thus,
the experimental data corroborated with the simula-
tion result and confirmed band alignment conversion
from staggered to broken gap line-up in a mixed As/Sh
TFET heterostructure. Although greater BTBT probabil-
ity is expected in a broken gap TFET than staggered gap
due to the lower tunneling barrier, OFF-state leakage
will drastically increase due to the reduced blocking
barrier at OFF-state. As a result, reducing defect density
at the GaAsySbl_y/InxGal_xAs interface is indispensable to
achieve a tailor-made tunneling barrier height and influ-
ence staggered band alignment, without which steep
switching and higher I /I . ratio of a TFET device would
not be realized.

4.7 Transfer characteristics

The E, . of the GaAsySblry/ In Ga, As heterostructure TFET
can be modulated by changing Sb and In compositions
in each side of the heterostructure, respectively, and dif-
ferent interface engineering will also change the E,  due
to different dislocation densities. To assess the impact
of different effective tunneling barrier height and differ-
ent band alignments on the transfer characteristics of
TFET devices, three sets of TFET devices with self-aligned
gates were fabricated and tested. Figure 32 [13] shows the
room temperature transfer characteristics (I),-V,,) of TFET
devices fabricated from structures A, B, and C as shown
in Table 3 measured at V;=0.05 V and 0.5 V. By compar-
ing the transfer characteristics of TFETs fabricated from
structures A and B, it is observed that I | increased by ~2x
with the reduction in E, ; from 0.30 eV to 0.21 eV. This is
due to the reduced effective tunneling barrier height that
enhances the tunneling transmission coefficient [57],

which effectively increased BTBT rate and I, current.
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Figure 32 Measured transferred characteristics (Id-Vg) of TFET
devices (L=150 nm, W=10 um, and EOT=2 nm) fabricated from
structures A, B, and Cat V, of 0.05V and 0.5 V. TFET B (E,,.=0.21 eV)

be)
demonstrated 2x improvement in ON-state current compared with

A (E,,;0f 0.30 eV). Approximately four orders of magnitude increase
in OFF-state leakage current was observed from TFET C than B due
to the reduction of £, from 0.21 eV to -0.03 eV. Reprinted from
Ref. [13], with permission, from the American Institute of Physics,

copyright (2012), AIP Publishing LLC.

Besides, the SS is also improved with reducing E, . due to
the band-pass filter behavior cutting off the high and low
energy tail of the source Fermi distribution as a result of the
particular band alignment condition [65]. In addition, the
same tunneling current can be achieved at a lower applied
gate voltage with a reduced E, indicating that the low
E,, TFET device is more suitable for low power operation.
By contrast, the I also increased due to the reduction of
Ebeff, and essentially I . increased faster than I, with the
scaling of E, .. This is due to the reduced E, , decreasing
the blocking barrier, which enhances both the BTBT prob-
ability and trap-assisted tunneling process at OFF-state
condition [23]. Furthermore, the band gaps of source and
channel materials also decreased with reducing E el and a
small energy gap leads to an additional increase of OFF-
state leakage due to the more pronounced thermal emis-
sion process [38]. Therefore, a proper E beffwith appropriate
band gap energy in the source and channel layer should
be selected in order to fulfill high I with desired ION/I oFF
ratio.

By comparing transfer characteristics of the TFET
devices from structure C with structure B, a significant dif-
ference within I, and I .. was found between these two
structures, although the Sb and In composition in source
and channel materials remained the same. Approximately
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four orders of magnitude higher OFF-state leakage current
was observed from structure C than that from structure B
due to higher defect density within the source/channel
interface and channel/drain layers of structure C. The
value of I . was extensively amplified due to the broken
band alignment nature of structure C. In this case, the
direct BTBT process dominates the OFF-state transport [11],
which is different as the SRH recombination mechanism
in the OFF-state transport of most staggered gap TFETs
[11, 23]. An additional negative gate bias is required to
turn off the OFF-state tunneling mechanism [38]. Besides,
I, of the TFET from structure C is smaller than that from
structure B under the same applied voltage. This is due to
the fact that higher degree of recombination occurs owing
to trap centers caused by much greater defect density in
structure C. In addition, more than four orders in magni-
tude deterioration of I, /I . ratio was found in the TFET
devices fabricated from structure C compared with struc-
ture B. The largely increased I, and degraded I /I . ratio
indicates that high defect density present at the source/
channel interface that assists the transition of band align-
ment from staggered to broken gap. Measure must be
taken to prevent the formation of large amounts of defects
at the critical heterointerface during the growth of mixed
As/Sb heterostructure TFETs. Consequently, great efforts
should be taken to preserve the staggered band alignment
with low Ebeff; otherwise, all performance improvement of
TFETs brought about by E, . modulation will be in vain
due to band alignment transition.

4.8 High temperature reliability of structural
properties and device performance

Owing to the low standby voltage and steep SS, the TFET is
suitable for low-power applications with a supply voltage
lower than 0.5 V. In practice, there is a growing demand
for TFETSs to be integrated with other devices (e.g., CMOS,
optical devices, detectors, etc.) for complex circuit appli-
cations. In this regard, the performance of TFETs may be
impacted by other devices which can produce heat during
operation in the working environment. This leads to the
necessity for the transistors to be operated at a high tem-
perature working environment without degradation of
device performance. However, for the mixed As/Sb stag-
gered gap TFET structures, due to large lattice mismatch
between active layers (GaAsl_ySby/InxGal_xAs) and the sub-
strate, there will be some residual strain existing within
the active region [11]. The residual strain tends to relax
during high temperature operation, which will generate
dislocations in these layers. Furthermore, fixed charges
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caused by defects and dislocations at the heterointerface
[11] will convert energy band alignment from staggered gap
to broken gap [14], which will drastically increase I, and
decrease I /I . ratio [11]. Moreover, the high temperature
operation may aggravate the intermixing of Sb and As at
the GaAsl_ySby/ In Ga, As heterointerface that will result in
uncontrolled layer composition, which will lead to uncon-
trolled band alignment and may introduce high disloca-
tion density due to compositional mismatch. Besides, high
temperature operation may lead to a decrease in band gap
of materials in the active layers as well as an increase in
channel resistance [48, 66], both of which will influence
the ON-state performance of TFET devices [10]. Further-
more, due to the enhanced SRH G-R and the increased TAT
process during high temperature operation [23, 24, 37], 1 .
may be significantly increased compared with that at room
temperature. Therefore, it is necessary to experimentally
investigate the reliability of mixed As/Sb staggered gap
heterojunction TFET materials and devices for high tem-
perature operation. Zhu et al. [24] studied both the struc-
tural properties and device performance of a GaAs .. Sbh, ./
In, Ga As staggered gap TFET in the temperature range of
25°C to 150°C. The schematic layer structure of this TFET
structure is shown in Figure 17C. The reliability studies of
high temperature operation of mixed As/Sbh staggered gap
TFET material and devices will contribute to better under-
standing the operation principles within these devices at
high operating temperature and will provide important
guidance on the material growth optimization and device
fabrication for future TFETs.

4.8.1 Strain relaxation properties at high operation
temperature

The relaxation state and residual strain of epilayers at each
temperature step were obtained from symmetric (004)
and asymmetric (115) reflections of RSMs of structure B
as shown in Table 3. Figure 33A and B showed symmetric
(004) and asymmetric (115) RSMs of the structure at differ-
ent temperature steps, respectively. Each layer was labeled
to its corresponding RLP based on earlier performed wet
chemical etching experiments [11]. It can be seen from
Figure 33A and B [24] that four distinct RLP maxima were
shown in symmetric (004) and asymmetric (115) RSMs at
each temperature step, the same as described in Section
4.3.1. Analysis was performed at each temperature step
using the symmetric (004) and asymmetric (115) RSMs.
Similar strain relaxation values at each temperature step
(~75% for In,Ga, ,As, ~82% for GaAs ,.Sb ., and ~72% for
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In Al As) as those at 25°C from each epilayer with respect
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Figure 33 (A) Symmetric (004) and (B) asymmetric (115) reciprocal
space maps of the GaAs ,Sb ./In, Ga ,As TFET structure at differ-

0.35 0.65
ent temperatures. Similar strain relaxation values were extracted

from RSMs at different temperatures, indicating that the strain
relaxation properties of this structure were kept stable up to 150°C.
Reprinted from Ref. [24], with permission, from IEEE.

to InP substrate were extracted. The calculated strain
relaxation values are summarized in Table 5. The nearly
identical strain relaxation states of each epilayer at dif-
ferent temperature steps indicate that the pseudomorphic
nature of GaAs _Sbh  /In Ga, As layers were well main-
tained and negligible residual strain was relaxed during
the high temperature operation. It also indicates that no
extra dislocations caused by strain relaxation should be
expected during high temperature operation up to 150°C.
The similar strain relaxation state of each epilayer during
high temperature operation is supported by comparing the
position of each RLP with respect to the fully relaxed line

Table 5 Summary of strain relaxation values of epilayers from
the GaAs ,Sb . /In, Ga ,As heterostructure with respect to InP
substrate at different temperatures [24].

Temperature Strain relaxation values (%)

In Ga As GaAs,_,Sb . In Al As
25°C 75 81 72
50°C 79 83 74
75°C 78 82 73
100°C 72 81 70
125°C 77 84 74
150°C 71 80 69
Back to 25°C 74 84 71
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(the red dashed line) in (115) RSMs at different temperature
steps. As shown in Figure 33B [24], almost the same dis-
tance from the center of each RLP to the fully relaxed line
was observed at different temperatures, indicating nearly
identical strain relaxation states of each layer.

It can also be seen from Figure 33A [24] that the RLPs of
epilayers were marginally moving away from the InP sub-
strate with increasing temperature. This may be caused by
the lattice constant change at higher measurement tempera-
ture. The change of lattice parameter of each epilayer recov-
ered after the sample was cooled down to room temperature,
which can be confirmed by the RSMs recorded after the tem-
perature cycle. The intensity of each RLP was decreased at
high temperature and it was caused by the small displace-
ments of atoms due to thermal vibrations [67]. In fact, the
reduction of intensity was recovered when the sample was
cooled down to room temperature after temperature cycle.
Furthermore, the identical features of (004) and (115) RSMs
before and after the temperature cycle measured at 25°C
indicate that the strain relaxation properties of this structure
does not affect the high temperature operation up to 150°C.

4.8.2 Surface morphology before and after high
temperature operation

The 10 umx10 um AFM micrographs of the TFET struc-
ture before and after temperature cycle are shown in

50 nm
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Figure 34A and B [24], respectively. From Figure 34A and B
[24], the anticipated two-dimensional crosshatch patterns
were well developed and fairly uniform, as expected for
ideal graded buffer [68, 69], from both surfaces before and
after high temperature operation. The well-maintained
two-dimensional crosshatch patterns and similar surface
morphology after the high temperature cycle suggests that
the strain within the GaAsmSSb%s/ In .Ga ,As layers were
not relaxed during the high temperature operation. Other-
wise, dislocations would be formed in these layers and
the two-dimensional crosshatch pattern developed by the
graded buffer will be sheltered by high-density disloca-
tions and a grainy texture with higher surface roughness
will be expected [11]. The surface rms roughness before
and after temperature cycle were measured to be 3.17 nm
and 2.66 nm, respectively. Despite the experimental error,
the surface was smoother after high temperature opera-
tion. Similar improvements of crystalline quality by high
temperature annealing on metamorphic structures were
also reported by other researchers where lattice reforma-
tion might have resulted in improvements in structural
quality [70-72]. In this case, although the annealing tem-
perature was limited to 150°C, the sample was kept at the
specific temperature for a long time (~2 h) during the col-
lection of RSM data at each temperature step. The anneal-
ing temperature was not set high to relax the residual
strain within the epilayers; however, some defects (i.e.,
point defects) might have annihilated during the long

50 nm

0 10 um 0

Figure 34 10 umx10 um AFM surface morphology of the GaAs

0.35

10 um

Sb,./In, ,Ga, As TFET structure (A) before temperature cycle with rms

roughness of 3.17 nm and (B) after temperature cycle with rms roughness of 2.66 nm. Typical crosshatch patterns were observed in both
cases. The well-maintained crosshatch pattern and similar surface morphology after the temperature cycle suggests that no significant
structural property change was generated in the structure up to 150°C. Reprinted from Ref. [24], with permission, from IEEE.
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annealing duration by the redistribution of atoms and
hence improve surface morphology. In fact, the improve-
ment of crystalline quality by reduction of defects was
also confirmed by a decrease of p*-i-n* leakage current
of the fabricated TFET devices, which will be disused in
Section 4.8.4.

4.8.3 Atom interdiffusion before and after high
temperature operation

There could be a potential concern of the mixed As/Sb
staggered gap TFET devices for high temperature opera-
tion due to the possible intermixing between As and Sb
atoms at the source/channel heterointerface. The inter-
mixing between different atoms will be more promoted at
higher temperature due to the enhanced ad-atoms diffu-
sion. Besides, high temperature operation may also cause
the diffusion of dopant atoms (C) from the heavily doped
GaAs . Sb . source to the intrinsic In  Ga ,As channel
layer. This will reduce the abruptness of the doping profile
at the tunnel junction, which will in turn reduce the tun-
neling probability and lead to decrease in I, of TFET
devices [10, 23]. To determine the influence of high tem-
perature operation on the junction and doping profiles
of the TFET structure, dynamic secondary ion mass spec-
trometry (SIMS) measurements were performed to char-
acterize the compositional profiles of As, Sbh, Ga, In, Si,
and C atoms at the interface before and after temperature
cycle. Figure 35A [24] showed Ga, In, As, and Sh depth pro-
files of the TFET structure before temperature cycle, which
displayed an abrupt GaAs_,.Sb,./In _Ga,,As heterointer-
face. The transition between GaAs  Sb . to In _Ga As
was <10 nm, within the sputter-induced broadening of the
ion beam, indicating low value of As and Sb intermixing
at the heterointerface. Figure 35B [24] showed the C and
Si doping profiles in the source and drain regions of the
TFET structure. It depicted an abrupt junction profile at
the source/channel interface with an expected C pocket
doping concentration of ~1x10?°/cm?. Similarly, the Ga, In,
As, Sb depth profiles and C, Si doping profiles after the
temperature cycle are shown in Figure 36A and 36B [24],
respectively. Almost identical, sharp junction and abrupt
doping profiles as that before the temperature cycle were
obtained, which indicated that no detectable intermixing
had taken place within the heterointerface up to 150°C.
The stability of junction profiles assured the anticipated
staggered band alignment with desired effective tunneling
barrier height (Ebeff) and sharp tunnel junction interface
with minimal tunneling width for the TFET to operate at
high temperature.

DE GRUYTER
. Growth direction
+ i-InGaAs .
n*-InGaAs ' p*-GaAsSb
- hannel InAlAs
€ drain c _>|<— source
A | 200nm = 150nm 310nm buffer
RIS LYYV YYYN W
Group Il “é@) —0—As L 4
3 e
% = Interface —~ —A—Ca =
B |G33333330
:ch a ‘.uo
£ Group V ¢’*‘
X R OJECe Ll .y,
I O s
1 1 | I S T R S N T RS NN . |

400 500 600

Distance from the surface (nm)
B 10%0
E 4
S 10"
s
€
[0]
o
c
o]
© qo10

.......|.J1..|....|....|...
100 200 300 400 500 600 700 800

Distance from the surface (nm)

Figure 35 (A) Dynamic SIMS depth profiles of Ga, In, As, and Sh
of the GaAs ,,Sb . /In Ga ,As TFET structure before temperature
cycle. An abrupt GaAs . Sb_ ./In, Ga As interface with a transi-
tion <10 nm was confirmed. (B) Doping concentration profiles of C
in the source and Si in the drain region before temperature cycle.
An abrupt doping profile was observed at the interfaces. Reprinted
from Ref. [24], with permission, from IEEE.

4.8.4 OFF-state performances at high operation
temperature

Temperature-dependent [-V measurements were carried
out on the reverse-biased p*-i-n* diode with temperatures
ranging from 25°C to 150°C with 25°C as a step. Besides,
the measurement was repeated at 25°C on the same
device after the temperature cycle to determine the influ-
ence of the temperature cycle on the OFF-state perfor-
mance. Figure 37A [24] shows measured leakage current
of the reverse-biased p*-i-n* diode at different tempera-
ture steps. It can be seen from Figure 37A that at each
fixed reverse bias, leakage current increased exponen-
tially with increasing temperature, as expected. The vari-
ation tendency of I, with temperature was consistent
with the SRH-dominated OFF-state transport mechanism,
within which the main contribution to the temperature-
dependent factor arises from the intrinsic carrier concen-
tration which is proportional to exp(-E,/2 kT), where E_
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Figure 36 (A) Dynamic SIMS depth profiles of Ga, In, As, and Sb

of the GaAs , Sb . /In  Ga, As TFET structure after temperature

cycle. (B) Doping concentration profiles of C in the source and Si in
the drain region after temperature cycle. The junction and doping
profiles were similar to those before temperature cycle, indicating
that no detectable intermixing took place within the heterointerface
up to 150°C. Reprinted from Ref. [24], with permission, from IEEE.

is the band gap energy of active layer materials, k is the
Boltzmann constant, and T is temperature. To confirm
this proposition, numerical simulations were performed
using a SRH G-R model to determine the OFF-state trans-
port of the TFET device. All simulations were performed
using Sentaurus [58] with temperature ranging from 25°C
to 150°C. As shown in Figure 37A (solid lines) [24], the
simulated I-V characteristics of the reverse-biased p*-i-n*
diode is in agreement with the measured data (scattered
line) at all temperatures, suggesting the validation of this
model. The SRH-dominated OFF-state transport mecha-
nism was also confirmed by the Arrhenius plot, shown
in Figure 37B [24]. Extracted activation energy is 0.33 eV,
0.35 eV, and 0.36 eV at a reverse bias of 1V, 0.5 V, and
0.1 V, respectively. All these values were approximately
E,/2 of In ,Ga, As (~0.6 eV at 300 K) and GaAs , Sb .
(~0.72 eV at 300 K), indicating that I ,, components of
SRH G-R were from both mid-gap interface traps and
mid-gap bulk traps.
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Figure 37 (A) Measured and simulated I-V characteristics of the
reverse-biased GaAs Sb . /In  Ga As p*-i-n*diode with tempera-
tures ranging from 25°C to 150°C and (B) an extraction of activation
energy for leakage current. Activation energy was between E_/2 of
In,Ga, As and GaAs_,Sb ., indicating that SRH G-R from both
mid-gap interface traps and mid-gap bulk traps dominate the OFF-
state transport of the TFET devices. Reprinted from Ref. [24], with
permission, from IEEE.

It is interesting to observe that room temperature
leakage current of the reverse-biased p*-i-n* diode was
reduced by almost 2x after the temperature cycle. This
may be due to removal of some deep level traps during
high temperature operation. The G-R centers in the
mid-gap of bulk materials and within the depletion region
of each junction were reduced by atom reformation in the
long duration of temperature cycle [72], which will reduce
the contribution of SRH G-R current. The improvement of
crystalline quality can also be supported by the reduc-
tion of rms roughness after temperature cycle discussed
earlier.
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4.8.5 Transfer characteristics at high operation
temperature

To gain insight into the switching properties of the mixed
As/Sh staggered gap TFETs at high operating tempera-
ture, transfer characteristics of these TFET devices were
measured at both V =0.05 V and 0.5 V from 25°C to
150°C using 25°C as a temperature step. Figure 38A [24]
showed the transfer characteristics of the TFET device
measured at V=0.05 V with different temperature. As
shown in Figure 38A, at low gate voltages (<-0.3 V), the
drain current was almost constant without gate modu-
lation, which set the leakage floor of the device, and
increased exponentially with rising temperature. With
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Figure 38 (A) Transfer (/ -V,) characteristics of GaAs . Sb, ./
In,Ga, As TFET devices at V,;=0.05 V with / . in a log scale from
25°C to 150°C. (B) /,, (V,, from 1.0 V to 1.5 V) of TFET devices at
V,s=0.05V with / ;in a linear scale from 25°C to 150°C. The inset
shows the changing trend of /  with temperatures at V_=1.5V./
decreases from 25°C to 100°C due to the variation of Fermi distribu-
tion with temperature but increases from 100°C to 150°C due to the
reduction of E_. Reprinted from Ref. [24], with permission, from IEEE.
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increasing gate voltages from -0.3 V to 0.4 V, the I, was
less temperature-dependent, which indicated that the
BTBT current was becoming the dominant current com-
ponent. For V_>0.4V, I . is weak temperature-dependent
and it corresponds to the drive current (IDR) of the TFET.
To further study the impact of high operating temperature
on [, the I -V characteristics were replotted in a linear
scale with V from 1.0 V to 1.5 V, as shown in Figure 38B
[24]. As can be seen in Figure 38B, I, has a weak tempera-
ture-dependent characteristic corresponding to the BTBT
current at the ON-state condition. The inset in Figure 38B
[24] shows the changing trend of I, . with temperature at
V=15 V.Itis interesting to observe that I, ; decreases with
rising temperature from 25°C to 100°C, but increases from
100°C to 150°C. The former trend of I, ; can be explained by
the variation of Fermi distribution with temperature and
the latter can be explained by the reduction of band gap
energy of active region materials as well as the decrease
of effective tunneling barrier height. According to Knoch
and Appenzeller [18], the tunnel junction acts as a band-
pass filter allowing only carriers with energies around
the Fermi level in an energy window A® (as shown in
Figure 3B and C) to tunnel from source to channel. With
increasing temperature, more electrons will be excited to
higher energy states, which leads to the decrease in elec-
trons with energies around Fermi level within A®, which
further results in the reduction of I with increasing tem-
perature. Moreover, the source region of the TFET is highly
degenerated due to heavily p-type doping. Thus, the
degeneracy reduces the number of electrons available for
tunneling which reduces ON-state current and degrades
SS [17, 22]. In addition, due to the temperature depend-
ence of the Fermi tail caused by heavily p-type doping, the
degradation of ON-state current will be more pronounced
at high temperature which leads to additional ON-state
current loss. However, at a higher temperature of >100°C,
the energy window A® will be enlarged by the decrease
of band gap energies of the source/channel materials
[66]. Furthermore, according to the Kane model [73], also
showninEq. (8), the I  of the TFET is directly related to the
BTBT generation rate G, , which is exponentially related
to -(E,)”. The exponential factor of E_ predominantly
determines the G, on E_ and contributes to the increase
of I, with rising temperature from 100°C to 150°C. The
increased I, due to reduction of E_ of active region mate-
rials may be dominant over the variation of Fermi distribu-
tion from 100°C to 150°C. In addition, Ebeff will also reduce
due to the reduction of band gap [23], which may provide
an extra increase in I, at higher operation temperature.
Figure 39A [24] shows the transfer characteristics
of the same TFET device measured at V =0.5 V with
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Figure 39 (A) Transfer (/ .-V, characteristics of GaAs,_ Sb, ./

In,Ga, As TFET devices at V,,=0.5 V with / . in a log scale from 25°C
t0 150°C. (B) /,; (V,, from 1.0 V to 1.5 V) of TFET devices at V,.=0.5
Vwith /  in a linear scale from 25°C to 150°C. The inset shows

the changing trend of /  with temperature at V,=1.5 V. A similar

1,s changing trend with temperature was observed with that of
V,s=0.05 V. Reprinted from Ref. [24], with permission, from IEEE.

different temperatures. As shown in Figure 394, I is
approximately one order higher than that with ¥ ,=0.05V
(as shown in Figure 38A), as expected, at each tempera-
ture step, which is due to the enhanced electrical field at
the tunneling junction brought by higher drain voltage.
Similarly, at V,=0.5 V, the OFF-state leakage floor showed
strong temperature dependence and the I, displayed
weak temperature dependence, which indicates that the
SRH G-R mechanism and the BTBT processes, respec-
tively, dominated the OFF-state and ON-state transport of
the TFET device. To gain better insight into the impact of
temperature on I, the I -V . characteristics of the TFET
device were replotted in Figure 39B [24] with V, from
1.0 V to 1.5 V in a linear scale. The inset in Figure 39B
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[24] shows the changing trend of I, ; with temperature at
V,=15 V. A nearly identical changing trend of I , with
temperature at V;=0.5 V and V,=0.05 V was obtained,
indicating that the temperature has a similar effect on
the transport mechanism at 0.05 V and 0.5 V drain volt-
ages. I . does not increase exponentially with tempera-
tures from 100°C to 150°C, and is different in the case of
V,s=0.05 V. This might be due to an enhanced electrical
field inside the channel brought about by higher drain
voltage. Moreover, the enhanced electrical field leads to
a larger voltage drop over the channel due to increased
channel resistance at a higher temperature of >100°C. As
a result, the exponential increase trend of I, dominated
by the reduction of E, is not as remarkable as that with
V,s=0.05 V. Furthermore, the I -V . measurements on the
same device at 25°C showed similar performance before
and after temperature cycle operation both at V, =0.05V
and 0.5 V. It also suggests that no significant structural
property change, such as strain relaxation, interdiffu-
sion, etc., took place during high temperature operation
up to 150°C within the TFET structure. The I, of the TFET
device was reduced after the temperature cycle due to the
removal of some trap states.

Figure 40A and B [24] shows the SS and I,,./I
ratio (I, is I); at V=1.5 V and I, is I, at V. =-0.5 V)
of the TFET device as a function of temperature for
V,=0.05 V and 0.5 V, respectively. The value of SS was
not sub-60 mV/dec due to high mid-gap traps and surface
charges at the channel/high-«k oxide interface. These inter-
face traps and surface charges can delay the Fermi-level
movement of the intrinsic channel controlled by V., and
theycanalsoresultin TAT and subsequent thermal emission
[23, 55], all of which will degrade SS. For both V, =0.05 V
and 0.5V, SS was almost constant with temperatures up to
100°C, but increases sharply at temperatures >100°C, and
it has a strong positive temperature-dependent coefficient
from 100°C to 150°C. The strong temperature dependence
of SS is caused by TAT in the subthreshold region, in which
the electrons in the valence band of the p** GaAs ,Sh .
source tunneled into the mid-gap traps, followed by sub-
sequent thermal emission into the conduction band of the
In, Ga,As channel, which gives rise to strong temperature
dependence as well as deterioration of SS. To improve SS,
surface chemical passivation is essential to suppress these
dominant mid-gap traps and surface charges. In addition,
SS was improved after temperature cycle for both vV, =0.5V
and 0.05 V and it is due to the removal of some trap states
during the long duration of annealing. The I, , /I, . ratio
decreases exponentially with increasing temperature for
both V=0.05 V and 0.5 V. This can be explained by the
combined effects of exponential dependence of I, with
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MAX/IM/N
This degradation of device performance was mainly caused by high

leakage current at high temperature. Reprinted from Ref. [24], with
permission, from IEEE.

temperature and the weak temperature dependence of
I. Thel /I ratio decreases from ~10° at 25°C to ~10°
at 150°C. This degradation of device performance was
mainly due to the high leakage current at higher tempera-
ture (>100°C). Moreover, the I, /I, ratio recovered to its
initial level when the device was cooled down to 25°C after
temperature cycle, which indicates that the high tempera-
ture operation was not destructive to the TFET structure up
to 150°C.

In summary, high temperature reliability studies
demonstrated stable structural properties and distin-
guished device characteristics of mixed As/Sh staggered
gap TFETs at higher operating temperature. The tempera-
ture-dependent structural and device properties of mixed
As/Sb staggered gap TFETs highlight the importance of
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the reliability on high temperature operation of TFETs for
future low-power digital logic applications.

5 State-of-the-art results of l1I-V
TFETs

Table 6 summarizes the recently reported experimental
III-V TFET devices and state-of-the-art performances of
TFETs with different band alignments. Dewey et al. [54]
first reported a III-V TFET in an experimental setting with
aroom temperature minimum SS 60 mV/dec (~58 eV/dec)
in an In ,,Ga,As homojunction using a thin In Ga ,As
pocket layer at the source/channel interface. However,
due to the large tunneling barrier within homojunc-
tion TFETs, I, still remains low. Mookerjea et al. and
Mohata et al. [9, 15, 77] studied In Ga, As homojunc-
tion TFETs with different In compositions. Experimen-
tal results showed that by increasing In composition
from 0.53 to 0.7, I, increased by 167%, from 24 uA/um to
60 uA/um. The increase in I is due to the enhanced tun-
neling probability caused by the reduction of band gap
energy. By using In Ga  As p*/i high indium composi-
tion pocket layers at the source/channel junction as well
as using HfO, as gate oxide. Han et al. [55] reported an
In . Ga,, As homojunction TFET with an I, of 50 uA/um
and room temperature minimum SS of 86 mV/dec. The
SS was predicted to be further reduced by eliminat-
ing D, at the HfO,/InGaAs interface. The application
of heterojunctions further improved the performance
of TFETs, especially in an InXGaHAs/GaAsySbl_y stag-
gered gap heterostructure. Mohata et al. [9, 57] reported
In Ga, As/ GaAsySbw staggered TFETs with different effec-
tive tunneling barrier height. The effective tunneling
barrier height was reduced by increasing In composi-
tion in the In Ga, As side and increasing Sb composition
in the GaAsSb side while keeping the active region
(InXGal_XAs/GaAsysbl_y) to be internally lattice matched.
The I, of fabricated TFETs increased with reduced E,
Besides, the I, of mixed As/Sb staggered gap TFETs is
much higher than that of the homojunction device with
the same channel material, which directly demonstrated
advantages of this mixed As/Sbh staggered gap structure.
Thel, /I .. ratio was also improved by interface engineer-
ing. By using GaAs _Sh /In Ga,As as source/channel
material, Mohata et al. [57] reported a TFET with high I
of 135 pA/um with I_ /I ratio of 27,000. The superior
device performance indicates the mixed As/Sb In Ga, As/
GaAsVSbl_y staggered gap heterostructure as a promising
martial system to further boost the performance of TFETs.
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Figure 41 Summary of the transfer characteristics of experimental
I11-V TFET devices. An SS of 60 mV/dec is also denoted. Reprinted
from Refs. [9, 15, 54, 55, 57, 74-77], with permission, from IEEE.

at the source and channel heterointerface will introduce
intermixing between As and Sh atoms that leads to uncon-
trolled layer composition, which in turn will produce high
dislocation density in this region. As a result, in the future
research of mixed As/Sb staggered gap TFETs, new buffer
layers should be designed to more effectively accommo-
date the larger lattice mismatch between active layers and
the substrate. Furthermore, the switching sequence at the
mixed As/Sb heterointerface should be further optimized
in order to accommodate the larger change of the group-V
fluxes.

Another stratagem to reduce E,  without significantly
increasing lattice mismatch between the active region
and the substrate is to insert high In/Sb composition
thin pocket layers at the source/channel heterointerface.
As reported in an In ,Ga ,_As homojunction TFET [55],
more than 2x increase in I, was obtained by inserting
p*(6 nm)/i(6 nm) In Ga ,As layers at the source/channel
interface. For the GaAsysbL y/ In Ga, As heterojunction,
more improvement of I, should be expected by insert-
ing high In composition In Ga, As or high Sb composition
GaAsySbl_y layers at the source/channel interface due to
the staggered gap alignment of the material system. The
advantage of this approach is that it can modulate the E el
at the heterointerface without changing the compositions
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of the entire active area. Therefore, the lattice-mismatch
value and strain properties of the active region will be
kept similar to the existing structure [15]. As a result, the
same graded buffer scheme as well as source/channel/
drain materials can be used for the demonstration of
mixed As/Sb staggered gap TFET structures with differ-
ent Ebeff for further increases in I ,. Besides, the thickness
of the inserted high composition layer should be below
the critical layer thickness so that no lattice mismatch-
induced dislocations are expected at the source/channel
heterojunction, which guarantees high crystalline quality
of the active region.

Furthermore, most fabricated mixed As/Sb staggered
gap TFETs show high value of SS due to high interface
traps between the gate oxide and the channel [9, 15, 24,
57]. Improved surface passivation chemistry might sup-
press these dominant mid-gap traps that will improve SS
in future TFET devices. A combination of annealing using
forming gas and surface cleaning of native oxide are com-
monly used as a passivation method during the fabrica-
tion process [79]. However, higher annealing temperature
and longer duration (usually 350°C for 1 h [79, 80]) will
introduce the risk of residual strain relaxation within the
active layers well as intermixing of atoms at the heteroin-
terface. Although studies have already demonstrated that
the In  Ga,,As/GaAs ,Sb . structure can be kept stable
up to 150°C, similar stable structural properties might not
be guaranteed for structures with higher In/Sh composi-
tion at higher temperature. As a result, new surface pas-
sivation techniques should be investigated to effectively
reduce the interface trap density without introducing
any structural property degradation. In addition, further
reliability studies should be undertaken to character-
ize the material properties of new structures at higher
temperature.

One of the final objectives of the study of mixed As/
Sh staggered gap TFET structure is heterogeneous inte-
gration onto Si substrate. Heteroepitaxy of this struc-
ture on large diameter, cheaper, and readily available
Si substrate will not only offer a path for low-cost and
high-performance mixed As/Sb staggered gap TFET
but will also significantly increase their yield per die.
However, viability of III-V TFET structures on Si relies
on the ability to grow high-quality GaAs buffer layers on
Si with careful lattice engineering and substrate treat-
ment. The polar-on-nonpolar epitaxy and the 4% lattice
mismatch between GaAs and Si may result in the forma-
tion of various defects and dislocations. These disloca-
tions can propagate into the active region, significantly
changing the band alignment and therefore impeding
the performance of the device. Hudait et al. [81-83]
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reported heterogeneous integration of In Ga,  As and
InSb quantum well FETs (QWFETS) on Si substrate and
showed excellent electrical quality, which confirmed
high quality of active region materials and proved the
feasibility of heterogeneous integration of As and Sbh
based materials and device structures on Si substrate.
As a result, mixed As/Sb staggered gap TFETs on Si sub-
strate with similar performances of that on InP substrate
will be expected in future research.

In recent years, great efforts have been devoted to
boost performances of the mixed As/Sh staggered gap
TFET, such as improving I, [55] and reducing I, [57].
However, most of studies were restricted to n-channel
TFETs. A study of a high-performance p-channel TFET
within the same material system is equally important,
without which the energy efficient complementary logic
circuits will not be realized. Owing to the ambipolar char-
acteristics of the TFET as described in Section 2.5, the
p-type TFET can be achieved by utilizing the n* side as
source and the p* side as drain. However, optimizations
have to be taken during the design of p-channel TFETs to
boost ON-state performance and reduce leakage current.
For InxGal_xAs/GaAsySbl_y staggered gap p-type TFETs,
conduction was achieved by the tunneling of holes from
the conduction band of the n* In Ga, As source to the
valence band of the intrinsic GaAs Sb, =~ channel. Zhu
et al. [12] proposed a p-type mixed As/Sh staggered gap
TFET structure using an In,,Ga ,As/GaAs Sh . hetero-
junction. This structure shows excellent structural prop-
erties with minimum atom interdiffusion at the heteroin-
terface [12]. XPS studies demonstrated an E, of 0.13 eV,
indicating a promising path to achieve high-performance
p-channel TFET devices. In the future, investigation of
proper high-«k dielectric on GaAs . Sb . channel material
should be performed to facilitate the fabrication of p-type
TFET devices and enable complementary TFET devices
for ultra-low power application.
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