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To solve the problem of the low on-state current in p-type tunnel field-effect transistors (p-TFETs), this paper analyzes
the mechanism of adjusting the tunneling current of a TFET device determined by studying the influence of the peak position
of ion implantation on the potential of the p-TFET device surface and the width of the tunneling barrier. Doping-regulated
silicon-based high on-state p-TFET devices are designed and fabricated, and the test results show that the on-state current
of the fabricated devices can be increased by about two orders of magnitude compared with the current of other devices
with the same structure. This method provides a new idea for the realization of high on-state current TFET devices.

Keywords: tunnel field-effect transistors (TFET), band-to-band tunneling (BTBT), on-state current, doping
modulation

PACS: 85.30.Mn, 85.40.Ry, 73.40.Gk DOI: 10.1088/1674-1056/ac9cbb

1. Introduction
With the development of integrated circuits, power

consumption has become a serious problem.[1] Compared
with metal–oxide–semiconductor field-effect transistors, tun-
nel field-effect transistors (TFETs) have a lower power con-
sumption that can significantly reduce the power loss of inte-
grated circuits.[2] Although much research has been carried
out on TFET devices in recent years, TFETs still have the
problem of a low on-state current; this has become one of the
key issues limiting the development of TFET devices.[3]

In recent years, researchers have fabricated n-TFET de-
vices with higher currents by optimizing TFET devices,[4–6]

and their on-state currents can reach up to 10−5 A·µm−1.[7,8]

However, the characteristics of p-TFETs are not as good
as those of n-TFETs. The reason for this is that the tun-
neling probability is related to the effective carrier mass,
and the effective carrier mass of holes is larger than that
of electrons, resulting in a smaller tunneling probability for
holes than electrons.[9] In order to enhance the on-state cur-
rent, researchers have optimized the structure of p-TFET de-
vices, proposing various structures such as U-type and L-
type[10–13] or using heterojunction structures to optimize the
devices.[14,15] Although these structures enhance the on-state
current of the devices, the complex preparation process not
only increases the cost but can also lead to degradation of de-
vice reliability. This means that TFET devices face reliability
problems in practical applications, thus limiting their develop-
ment.

In this paper the effect of the depth of the peak position
of ion implantation concentration (Dpeak) on the on-state cur-
rent of p-TFET devices is investigated. Technology computer
aided design (TCAD) software is used to simulate the potential
distribution and the minimum tunneling barrier width (Wmin)
at the device surface under different values of Dpeak so as to
clarify its influence on the on-state current of the p-TFET de-
vice. Subsequently, a high on-current p-TFET device based
on doping control was fabricated by using the ion implanta-
tion barrier layer to control Dpeak. The test results show that
the on-state current of the fabricated p-TFET device is signif-
icantly improved compared with other devices with the same
structural parameters.

2. Mechanism of the effect of source region dop-
ing on device on-state current
The turn-on current of a TFET depends on the tunnel-

ing probability at the tunneling junction when the device is
on. The source doping profile affects the potential (or elec-
tric field) at the tunneling junction, which determines the tun-
neling probability of the TFET in the on-state, as shown in
Eq. (1).[9] The impurity distribution in the source region can
be divided into vertical distribution and lateral diffusion dis-
tribution, both of which have different effects on device char-
acteristics. There have been many studies on lateral diffusion
distribution, and the design of various structures is mainly fo-
cused on the regulation of lateral distribution,[16] but the mech-
anism of the influence of vertical distribution of impurities in
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the source region on TFET devices is still unclear. Accord-
ing to the principle of the tunneling effect, the tunneling con-
ditions are that there are carriers on one side of the barrier
and the other side of the barrier has energy levels correspond-
ing to energy states that are not occupied by carriers, as well
as a sufficiently narrow barrier width and strong electric field
strength.[17] The electric field intensity at the device surface is
maximum when the field-effect device is operating,[9] but the
longitudinal distribution of impurities formed by ion injection
satisfies a Gaussian distribution and the peak location is not at
the semiconductor surface;[18] this leads to non-optimal con-
trol efficiency of the electric field on the tunneling junction.
TCAD was used to simulate the effect of Dpeak on the poten-
tial distribution, as shown in Fig. 1(a). For larger values of
Dpeak the potential of the device surface changes more slowly
due to the gate bias, and the electric field strength at the tun-
nel junction is also smaller. It can be known from Eq. (1)[9]

that when the electric field strength at the tunneling junction
is smaller, the probability of tunneling is lower. This is unfa-
vorable for increasing the tunneling current, so Dpeak should
be reduced to increase the electric field strength near the sur-
face of the device and increase the tunneling probability of the
device in the on-state.

Ttunnel = exp

(
−

4
√

2m∗E2/3
g

3qh̄E

)
. (1)

Here Ttunnel is the tunneling probability, E is the electric field
strength, Eg is the band gap of the semiconductor, m∗ is the
effective carrier mass, q is the charge constant and h̄ is the
approximate Planck constant.

As the peak position of ion implantation approaches the
surface, the potential change at the surface is steeper, and the
tunneling barrier Wmin also becomes narrower. As shown in
Fig. 1(b), when the ion implantation peak position is closer
to the surface, the width of the tunneling barrier near the sur-
face decreases significantly, and the tunneling electric field in-
creases. Since the tunneling current is positively related to the
tunneling probability, as shown in Eq. (2),[19] the tunneling
current is proportional to the negative exponential power of
the tunneling barrier width. When the width of the tunneling
barrier is reduced, the tunneling electric field is enhanced, and
the tunneling current will be significantly improved.

IBTBT ∝ Ttunnel ∝ e−Wmin . (2)

Here IBTBT is the tunneling current, Ttunnel is the tunneling
probability and Wmin is the minimum tunneling barrier width.
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Fig. 1. (a) Potential distribution near the surface of the semiconductor
when the tunnel junction is turned on at different peak positions. (b) The
minimum tunneling barrier width when the TFET device is turned on at
different peak positions; Wmin is the minimum barrier width.

3. Design and characterization of a modulated
doping ion implantation process

From the results discussed in the previous section, it is
clear that reducing Dpeak can effectively enhance the electric
field strength at the tunneling junction on the device surface
as well as reduce the width of the tunneling barrier and in-
crease the tunneling probability, which could enhance the on-
state current of the TFET device. There are two main methods
for modulating Dpeak in the current process: changing the ion
injection energy or adding a barrier layer.[18] The impurity dis-
tribution in planar TFET devices is generally a shallow junc-
tion, and ion implantation is generally used for low-energy ion
implantation, for which the range of energy options is small.
In this work, the ion implantation Dpeak is mainly regulated by
adjusting the thickness of the ion implantation barrier layer.

The longitudinal distribution of ion implantation impu-
rities is simulated by SRIM, and the distribution function is
brought into TCAD software for device characterization to
simulate Dpeak and the minimum tunneling barrier width for
different ion implantation barrier layers. As the thickness of
the barrier layer increases in a certain range, Dpeak gradually
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decreases and Wmin in the on-state of the device also decreases.
When the barrier layer is thicker than 70 nm, Wmin tends to
rise. When the implantation barrier layer is thicker than 80 nm,
the peak position of ion injection is already at the semicon-
ductor surface. As the thickness of the barrier layer increases,
more than half of the impurities remain in the barrier layer,
resulting in a decrease in the impurity concentration at the sur-
face and an increase in the tunneling barrier width, which re-
duces tunneling probability. Therefore, when the implantation
energy is 60 keV, the thickness of the barrier layer should be
ensured to be around 60 nm–70 nm. Dpeak under this condition
can make the tunneling barrier width near the surface smaller
and the tunneling probability higher.
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Fig. 2. The influence of different ion implantation barrier layer thick-
nesses (Tlayer) on the minimum barrier width (Wmin) of the TFET and the
ion implantation peak position (Dpeak).
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Fig. 3. Comparison of impurity distribution by SRIM simulation results
and secondary ion mass spectrometry (SIMS).

According to the simulation results, the thickness of the
ion implantation barrier layer (Tlayer) in this work is set to
60 nm. In the experiment, the SiO2 is grown by plasma
enhanced chemical vapor deposition (PECVD) as the barrier
layer. The actual thickness is about 61.30 nm when measured
using a film thickness meter, and this thickness meets the ex-
perimental requirements. After the experimental samples were
annealed by impurity activation and metallization, the impu-

rity distribution was tested by secondary ion mass spectrom-
etry and the test results were compared with the simulation
results, as shown in Fig. 3. Because the actual barrier mate-
rial grown is not completely consistent with the ideal material
there are differences in the effect of impurity blocking. The
annealing process also leads to the secondary diffusion of im-
purities, which results in a lower test result for the impurity
concentration distribution peak compared with the simulation.
This result does not affect device fabrication.

4. TFET device experiment and analysis
4.1. Device preparation process

The experiments in this work focus on source region ion
implantation, and the process flow is shown in Fig. 4(a). Ac-
cording to the TCAD simulation results and the experimental
test results, it is necessary to grow 60 nm SiO2 as a barrier
layer before ion implantation, and then form the source (P,
60 keV, 1 × 1015 cm−2) and drain (B, 40 keV, 1×1015 cm−2)
regions by ion implantation. After removing the SiO2, the
doped impurity ions were activated by rapid thermal anneal-
ing (RTA) at 1050 ◦C. The high-k gate oxide layer Al2O3 is
grown by atomic layer deposition, TiN is grown by magnetron
sputtering and the gate electrode is formed by dry etching. The
passivation layer is grown by PECVD and the contact hole is
formed by reactive ion etching. The source and drain elec-
trodes are formed by Ni/Au, and finally the metallization is
completed by RTA. The morphology of the fabricated device
is shown in Fig. 4(b).
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4.2. Results and discussion

The test results for the p-TFET device fabricated in this
work are shown in Fig. 5. The on-state current of the device is
about 1.8×10−7 A·µm−1 when the drain bias voltage is−1 V.
The current density is improved by about two orders of magni-
tude when compared with the test results for devices with the
same structure reported in the literature.[20] It can be seen that
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by adjusting the peak ion injection position, the chance of tun-
neling is effectively enhanced and the on-state current density
of the device is significantly increased.
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The transfer characteristic curves of the device were
tested at 77 K, 150 K, 220 K and 300 K, as shown in the inset
to Fig. 6. The current at a drain bias voltage of −1 V and a
gate bias voltage of −10 V was extracted as the on-state cur-
rent of the device for comparison. According to the analysis,
the on-state current of the device is inversely correlated with
the temperature, and the current increases as the temperature
decreases. In Ref. [17], the tunneling current is independent
of temperature. However, the carriers can only reach the chan-
nel region from the source region through the tunneling effect,
and movement from the channel region to the drain region is
by diffusion. The on-state current of the device should be the
tunneling current limited by the diffusion mechanism. The dif-
fusion current can be expressed as Jdif = (kT/q) ·µs ·(dn/dx),
where T is the temperature, µs is the electron mobility in the

channel with a T dependence of T−1.5 due to phonon scat-
tering and dn/dx is the carrier concentration gradient in the
channel, which is independent of temperature because the car-
riers in the channel region are tunneled from the source region,
and its concentration gradient is independent of temperature.
The relationship between diffusion current and temperature is
Jdif ∝ (kT/q) · µs ∝ T−0.5. It can be expressed on a logarith-
mic scale as lnJdif ∝ −0.5lnT , which is a straight line with a
slope of −0.5. The slope of the curve fitted in Fig. 6 is −0.46,
which is extremely close to the slope of the theoretical value
of −0.5, and the turn-on current can be considered as the tun-
neling current limited by diffusion.[21]

5. Conclusion
In this paper, the mechanism of regulating the tunneling

current of TFET devices is illustrated by studying the influ-
ence of the ion injection peak position on the potential and
tunneling barrier width at the surface of p-TFET devices. A
planar p-TFET device with a high on-state current is fabri-
cated and the test results show that the device has a current
that is increased by about two orders of magnitude compared
with reported devices having the same structure. This method
provides a new idea for increasing the current of p-TFET de-
vices, and the method is theoretically applicable for n-TFETs
as well. The method helps to optimize the matching design
of TFETs in realizing the basic unit of the circuit, and pro-
motes the development of TFETs device in integrated circuit
applications.
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