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Abstract— The atomic precision advanced manufacturing
(APAM) enabled vertical tunneling field effect transistor
(TFET) presents a new opportunity in microelectronics thanks
to the use of ultra-high doping and atomically abrupt doping
profiles. We present modeling and assessment of the APAM
TFET using TCAD Charon simulation. First, we show, through
a combination of simulation and experiment, that we can
achieve good control of the gated channel on top of a phosphorus
layer made using APAM, an essential part of the APAM TFET.
Then, we present simulation results of a preliminary APAM
TFET that predict transistor-like current-voltage response
despite low device performance caused by using large geometry
dimensions. Future device simulations will be needed to
optimize geometry and doping to guide device design for
achieving superior device performance.

because of its vertical geometry and atomically abrupt doping
profile.
In this paper, we present modeling and assessment of the
APAM TFET using TCAD Charon simulation. First, we
discuss using TCAD simulation to model the capacitancevoltage (C-V) relation and guide APAM gate stack design.
And we discuss how C-V simulations help to understand
measured C-V results and infer doping information in a
fabricated gate stack. Next, we present simulation results of an
initial APAM TFET that predict the TFET indeed shows
transistor-like current-voltage behavior despite low device
performance, but the low performance can be dramatically
improved via geometry dimension optimization. Finally, we
summarize our simulation findings and discuss future work.
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I. INTRODUCTION
Atomic precision advanced manufacturing (APAM) is an
area-selective doping process wherein phosphine molecules
attach to reactive parts of a silicon surface patterned using a
scanning tunneling microscope (STM) [1] for atomic
precision, or a hard mask for high throughput. Phosphorous
(P) dopants are chemically incorporated into the surface of
silicon with a 2D sheet density in excess of the solid solubility
limit [2], and are buried with a silicon cap layer grown at
relatively low temperatures to keep the dopants in place.
Though APAM has been widely used to make quantum
devices [3] in the past decades, we focus on exploring APAM
for opportunities in future microelectronics [4]. Last year, we
demonstrated room temperature operation of APAM wires
[5], the first step towards microelectronic applications, since
previous APAM devices only work at cryogenic temperatures.
Recently, we proposed a novel vertical tunneling field effect
transistor (TFET) based on APAM [6], as shown
schematically in Fig. 1. This APAM TFET has the potential
to overcome the two main challenges of conventional TFETs,
i.e., low energy efficiency and low on:off current ratios,
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Fig. 1. Cross-sectional schematic (not-to-scale) of the proposed APAM
TFET. APAM is used to create the P:δ layer indicated by the red line, which
is capped by a p-type cap layer. With a sufficiently negative gate voltage, 2D
hole gas is formed at the oxide/p-cap interface; then vertical band-to-band
tunneling between 2DHG and APAM wire leads to current flow.

II. GATE STACK C-V MODELING AND MEASUREMENT
To realize the proposed TFET, one key component is to
demonstrate and understand gate control over the channel
above an atomically abrupt phosphorus delta (P:δ) layer. This
section shows that combination of modeling and experiment
clearly demonstrates good gate control in an APAM material
stack. To estimate the gate voltages at which holes may
accumulate and investigate if hole accumulation occurs before
breakdown of either the oxide or silicon material, we
simulated the C-V characteristics of an APAM gate stack
using Sandia’s open-source TCAD code, Charon [7-9].
Simulated C-V curves are plotted in Fig. 2 for different p-cap
layer thickness with the gate stack shown as an inset. Clearly,
a thicker p-cap layer requires a smaller negative voltage to
accumulate holes. For a 15 nm cap layer, hole accumulation
occurs around -5 V. For this case, the simulated maximum
electric fields in Si and Al2O3 are shown in Fig. 3. We observe
that the maximum fields in both materials for relevant gate

voltages are less than their breakdown fields (e.g., Al2O3
breakdown field ~ 5 to 30 MV/cm, Si breakdown field ~ a few
MV/cm at high doping). Simulations show that hole
accumulate can indeed occur in an APAM gate stack before
material breakdown. However, there will be a trade-off in
device design to achieve reasonable turn-on voltage and
sufficiently high current.

measured C-V. To approximately reproduce the measured CV shape and minimum capacitance, we needed to set the cap
doping to n-type with a value of 1019 cm-3. Furthermore, to
shift the minimum-capacitance voltage close to the measured
value, we needed to add fixed negative charges with a density
of 1.8x1013 cm-2 at the oxide/silicon interface. The unexpected
n-type cap doping suggested by simulations was later
confirmed by SIMS (Secondary Ion Mass Spectroscopy)
doping measurements of the APAM gate stack. This indicates
that we need tighter control of the cap growth temperature to
avoid P diffusion into the cap. Note that the inferred interface
charge density of 1.8x1013 cm-2 is very high, which does not
mean there are so many interface charges but represents an
effective charge effect. The charges could come from defect
charges in the oxide, the cap layer, and/or interfaces.

Fig. 2. Simulated C-V curves for an APAM gate stack with different p-cap
layer thickness relevant for the APAM TFET shown in Fig. 1.

Fig. 4. Measured C-V curves at different frequencies for an APAM gate
stack shown in the inset of Fig. 5. It clearly shows hole accumulation at
negative voltages and electron accumulation at postive voltages.

Fig. 3. Simulated maximum electric field magnitude in Si and Al2O3 versus
gate voltage for the gate stack in Fig. 2 with a 15 nm p-cap layer. Inset: the
electric field versus the distance from the gate with the Al2O3/Si interface
located at 30 nm. Note the fields are discontinuous due to the difference in
dielectric constants.

With insight from our simulation study, we have
fabricated an APAM gate stack and measured its C-V curves
at different frequencies as shown in Fig. 4. The measured
results demonstrate that holes can indeed accumulate at
sufficiently negative voltages as our simulation suggested. In
addition, the frequency dependent characteristics of the
measured C-V is significantly different from conventional
MOS capacitors. Although the measured gate stack is
nominally similar to that in Fig. 5, there was an uncertainty
regarding the doping type and value in the cap layer, since
variations in the cap growth could change its doping.
Normally, a well-controlled cap growth process introduces ptype doping on the order of 1018 - 1019 cm-3. However, if the
cap growth temperature is too high, P dopants in the P:δ layer
could diffuse into the cap and turn the doping to n-type at some
high value.
To narrow down the cap doping and understand the
measured low-frequency C-V, we simulated DC C-V curves
for different cap doping types and values as shown in Fig. 5.
We found that, the simulated C-V curves (red and magenta)
using a p-type cap doping are very different from the

Fig. 5. Simulated DC C-V curves for different cap doping types and values
for the gate stack shown in the inset and comparison with the measured lowfrequency C-V (black).

For this material stack, we further simulated the C-V
curves at higher frequencies, with the results plotted in Fig. 6.
The frequency (f) dependence of simulated C-V curves is
qualitatively similar to the measured curves, except that the
frequency values are different. Moving from a qualitative
towards a quantitative comparison will require parameter
calibration in the future. The f-dependence of the C-V curves
is related to several depletion regions in the stack, as
illustrated by the carrier spatial distribution in Fig. 7. At low
f, due to thermal generation of carriers, the net capacitance is
determined by the capacitance between gate and the P:δ layer,
since the P:δ layer screens out other depletion capacitances.
At high f, due to lack of carrier generation, the depletion
capacitances contribute and they are serially connected, hence
leading to smaller net capacitance.

The current flow in the APAM TFET is dominated by
band-to-band (B2B) tunneling and can be incorporated in
Charon through either the Kane model [10] or the modified
Hurkx model [11]. The modified Hurkx model is given by
=
=

Fig. 6. Simulated C-V curves at different frequencies for the gate stack
shown in Fig. 5. The black curve corresponds to the green curve in Fig. 5.
Noises in the curves are purely numerical.

Fig. 7. Simulated carrier densities as a function of the distance from the
metal/Al2O3 interface at zero gate voltage.

III. APAM TFET CURRENT-VOLTAGE MODELING
The above C-V analysis demonstrates the gate in our
material stack confers good control over the channel above
the buried P:δ layer, a core component of the APAM TFET.
We are currently in the process of fabricating our first set of
APAM TFETs. To guide the device design, we used Charon
to simulate the current-voltage behavior of the TFET shown
schematically in Fig. 8. The choice of the relevant dimensions
and doping values in this design were chosen to maximize
yield with our traditional photolithography-based device
fabrication capability, as opposed to device performance,
which we will do in the future.
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where
is the electron-hole pair generation rate (cm-3.s-1),
F is the electric field strength (V/cm), n and p are the electron
and hole density (cm-3), respectively, A, B, are fitting
parameters, and takes the value of 0, 1, or -1. When = 0,
the original Hurkx model is obtained, which allows both
carrier generation and recombination. When = 1, it allows
recombination only; when = -1, it allows generation only.
We found that our simulations using = 0 lead to difficult
convergence and unusual current-voltage curve, which needs
to be investigated in the future. Therefore, for all simulation
results presented below, we choose to use = -1, which
represents the upper bound of the band-to-band tunneling
rate. We note that using = -1 leads to a small non-zero
current at zero drain bias. The vertical electric field from the
applied gate voltage and PN junction in the device leads to a
non-zero generation rate, which we will discuss further
below. In addition to the band-to-band tunneling process, we
turned on Fermi-Dirac statistics and band gap narrowing [12]
due to the high doping. We further utilized the doping
dependent Arora mobility model [13], and turned on Auger
and Shockley-Read-Hall (SRH) recombination with
concentration dependent carrier lifetime [14].
The simulated drain current (ID) vs. drain voltage (VD)
curves at different gate voltages are shown in Fig. 9(a), and
the simulated drain current vs. gate voltage curves at different
drain voltages are given in Fig. 9(b). The simulated curves
clearly show transistor-like responses despite low drain
currents and high gate voltages. The gate threshold voltage is
about -6 V as seen from Fig. 9(b), which is consistent with
the blue C-V curve in Fig. 2 that shows full hole accumulation
at the Al2O3/Cap interface occurs around -6 V. Fig. 9(a)
shows that, for drain voltages between 0 and -1 V, the drain
currents are at the noise level; for more negative drain
voltages, the drain currents first increase rapidly with drain
voltages and then show much smaller increase with
increasing negative drain voltages.

Fig. 9. (a) Simulated ID-VD curves at different gate voltages. (b) Simulated
ID-VG curves at different drain voltages for the device shown in Fig. 8.

Fig. 8. Schematic of the simulated APAM-TFET (not-to-scale) including
relevant dimensions and doping values. The red region denotes the P:δ layer
emulated by a 5-nm layer with a donor density of 4x1020 cm-3. The yellow
rectangles denote where the various electric contacts are located, and they
are represented by Ohmic contact boundary conditions in the simulations.

To understand the simulated ID-VD response, we plotted
the electric field spatial distribution in Fig. 10 in the region
where the 2DHG layer and the P:δ layer are overlapped for
the three drain voltage points denoted as (A), (B), and (C) in
Fig. 9(a). We see that, given a fixed VG of - 9 V, as the drain
voltage increases from point (A) to point (B), the electric field
in the Al2O3 region reduces, while the field in the p-cap layer

increases. However, when the drain voltage increases from
point (B) to point (C), the electric fields in the Al2O3 and cap
regions show very little change. The decreasing field in the
Al2O3 region with increasing negative VD is because more
negative VD reduces the field effect of a fixed VG. The field
in the cap layer, meanwhile, is strongly influenced by the
increasing lateral field with increasing VD between source
and drain. Nevertheless, once the current reaches some level,
there are so many carriers that screening slows down the field
effect, which is why the increase of current is much weaker
from (B) to (C). The electric field distribution directly
determines the B2B tunneling rate, as shown in Fig. 11 for
the corresponding drain voltages. As expected, the B2B
tunneling occurs mainly in the cap layer. The larger increase
in B2B tunneling with increasing VD from (A) to (B) than
from (B) to (C) is responsible for the sharper increase in the
drain current from (A) to (B).

even though only the oxide thickness is reduced. For drain
voltages between 0 and -1 V, we are not confident about the
simulation results, because of the non-zero B2B tunneling at
zero/near zero drain bias, which needs further investigation
in the future. As a second study case, we reduced the p-cap
layer thickness (above the P:δ layer) from 15 nm to 10 nm,
while keeping all other dimensions the same as in Fig. 8, with
the simulation results given in Fig. 13. Compared to Fig. 9(a),
the drain currents in Fig. 13 are significantly higher and the
currents start flowing at smaller negative drain voltages due
to the thinner p-cap layer. Clearly, optimization of APAM
TFET geometry dimensions has the potential of achieving
superior device performance.

Fig. 12. Simulated ID-VD curves at different gate voltages for a device
identical to that in Fig. 8 except the Al2O3 oxide thickness is reduced from
30 nm to 20 nm.

Fig. 10. Electric field distribution in the region where the Al2O3 oxide, p-cap,
P:δ layers are overlapped for VG = -9 V and three drain voltage points
denoted by (A), (B), and (C) in Fig. 9(a).

Fig. 13. Simulated ID-VD curves at different gate voltages for a device
identical to that in Fig. 8 except the p-cap layer thickness is reduced from 15
nm to 10 nm.

IV. CONCLUSIONS
Fig. 11. Band-to-band tunneling rate distribution in the region where the
Al2O3 oxide, p-cap, P:δ layers are overlapped for VG = -9 V and three drain
voltage points denoted by (A), (B), and (C) in Fig. 9(a).

The above simulation results predict that the proposed
APAM TFET will produce transistor-like response, even
with unusual device dimensions chosen to simplify
fabrication for our in-house capabilities. We observe the
simulated device performance (e.g., on current, gate
threshold voltage) for this big TFET device is far from being
competitive with state-of-the-art FinFETs [15] or lateral
TFETs [16]. However, there are many geometry dimensions
(e.g., oxide thickness, cap thickness, cap doping, etc.) that can
be optimized to achieve much better performance. As an
example, we reduced the Al2O3 oxide thickness from 30 nm
to 20 nm, while keeping all other dimensions the same as in
Fig. 8. The simulated ID-VD curves for this case are shown in
Fig. 12, where the drain currents for drain voltages more
negative than -1 V are nearly ten times of those in Fig. 9(a),

We have presented simulation results and discussions of
recently proposed APAM enabled vertical TFET. We showed
that, via combination of simulation and experiment, we
achieved good gate control of the channel on top of a buried
P:δ layer, an essential component of the TFET. We presented
the simulated current-voltage responses of a preliminary
APAM TFET that clearly show transistor-like behavior
through the vertical band-to-band tunneling process. We also
showed that the TFET device performance can be
dramatically improved by adjusting some of the geometry
dimensions. We plan to optimize APAM TFET geometry and
doping via extensive TCAD simulations to guide device
design with the goal of achieving superior device
performance. As part of this effort, we will investigate ways
of improving the band-to-band tunneling model to address the
non-zero tunneling issue at zero bias and to achieve robust
simulation convergence.
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