Open Access Article. Published on 08 February 2021. Downloaded on 1/24/2026 11:14:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

W) Check for updates ‘

Cite this: Nanoscale Adv., 2021, 3, 1151

I ROYAL SOCIETY
PPN OF CHEMISTRY

Reply to the ‘Comment on “Design and circuit
simulation of nanoscale vacuum channel

transistors™ by R. Forbes, Nanoscale Adv., 2020, 2,
DOI: 10.1039/DONA00687D

Ji Xu,

*3 Yaling Qin,? Yongjiao Shi,? Yutong Shi,? Yang Yang® and Xiaobing Zhang?®

Prof. Forbes takes a critical view of our paper on nanoscale vacuum channel transistors (NVCTs), arguing

mainly about the weaknesses in the theory of field electron emission. On the one hand, we agree with
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the theoretical derivation details given by Prof. Forbes, and we would correct the “simplified formula”

accordingly (eqn (2)—(5)). On the other hand, the main part of our work focuses on the simulation results
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Prof. Forbes has raised several questions about our investiga-
tion on NVCTs, for which we would give point-to-point
responses here. Overall, we appreciate the comments and
helpful theory derivation from Prof. Forbes, while we would also
clarify some points in our initial work.

First, the main concern in the comment is that whether eqn
(2)-(5) were used to derive the simulation results (including
structural parameters and circuit simulations). To clarify, we
utilized the zero-temperature form of the F-E equation devel-
oped by Murphy and Good" in the numerical simulations of the
TCAD program, which performs as eqn (1) in this circumstance.
In other words, only eqn (1) was introduced in the programming
codes and determines the electrical properties of the simulated
device, and eqn (2)-(5) (including the wrong relation between F
and V) cannot influence the calculations. As a result, the re-
ported simulations and conclusions of circuit behaviors in the
original manuscript still remain reliable, which is the main
innovative point of this manuscript.

Second, Prof. Forbes states that the Fowler-Nordheim (F-N)
constants (A and B) are physical constants with units that
should not be written as pure numbers. We agree that our
simplification of A and B as constants can lead to dimensional
inconsistency and discrepancies. Therefore, we would correct
the F-N constants below eqn (2) in our paper as: A = ¢*/8mh =
1.541434 x 10"°AeVV 2 and B = 8m(2m)"?/3eh = 6.830890 x

10° ev 2 Vv m L

“Joint International Research Laboratory of Information Display and Visualization,
School of Electronic Science and Engineering, Southeast University, Nanjing 210096,
China. E-mail: xu@seuw.edu.cn

*Division of Nanophotonics, CAS Center for Excellence in Nanoscience, National
Center for Nanoscience and Technology, Beijing 100190, China

“Science and Technology on Monolithic Integrated Circuits and Modules Laboratory,
Nanjing Electronic Device Institute, Nanjing 210016, China

© 2021 The Author(s). Published by the Royal Society of Chemistry

of structural parameters and circuit behavior, which is not involved with egn (2)-(5). Thus, the reported
results and conclusions remain reliable.

Third, we agree that using the same symbol “F” for both the
local emitter surface field and the average field may cause
confusion. We would correct the symbol “F” in our eqn (2) as
F,,, with the relationship between the two types of field given by
F = (8F,,, where ( is a field enhancement factor. Meanwhile, this
“definition” will not lead to theoretical problems, just as the
comment suggested. Besides, we would also correct the wrongly
written relation “F = V x d” into “F,, = V/d”, and our eqn (5)
Bp*?d

6

Fourth, Prof. Forbes states that the simplification of eqn (4)
by setting #(y) and v(y) equal to unity can also introduce
numerical error, namely under-prediction of current density by
a large factor,>* which is related to the work function . Indeed,
we should point out that an under-prediction of the perfor-
mance of the NVCTs can arise from this “simplification”.
However, our intention is to ensure that the proposed devices
behave in an ideal manner, so that the simulation results can
qualitatively reveal the electrical properties of NVCTs. From our
perspective, this “simplification” may not be theoretically
appropriate while it does not influence the main content. Still,
we would additionally remark in the paper that simplifying ¢(y)
and v(y) to unity could lead to under-prediction of current
density in practical situations.

Lastly, we agree that the theory in our work is suitable for
a diode configuration, while the discussed devices present are
a transistor including the emitter, the collector, and the back-
gate. The modulation effect of the gate electric field cannot be
neglected. Just as Prof. Forbes suggested, the distribution of
local surface field F may need to be determined by numerical
methods. As a matter of fact, our simulation results show that
the increasing gate voltage in the forward direction would
suppress the output current of NVCTs. This phenomenon is

would be written as b =
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consistent with the experimental results reported by Nirantar
et al.,* which demonstrates that Silvaco TCAD does consider the
influence of the electric field from different directions.

To conclude, the authors wish to amend the sections of the
manuscript detailed below: (1) the F-N constants below eqn (2)
should be present as: 4 = ¢*/87h = 1.541434 x 10 ®*AeVV >
and B = 8m(2m)"?*/3eh = 6.830890 x 10° eV >2V m™%; (2) the
symbol “F” in our eqn (2) should be present as F,,, with the
relationship between the two types of field given by F = F,; (3)
the relation “F = V x d” should be corrected into “F,, = V/d”,

B#3/2
and our eqn (5) would be written as b = ¢9"d

; (4) simplifying
¢{(y) and v(y) to unity could lead to under-prediction of current
density in a practical situation, which should be cautiously
considered. However, these corrections are due to inaccuracies
of formula derivation (eqn (2)-(5)), while the Murphy-Good FE
equation (eqn (1)) was utilized in the numerical simulations. As
a result, the reported simulations of circuit behavior still
remain reliable.

Putting aside the “simplified” formula and F-N theory, the
main purpose of our work is to optimize the structural param-
eters of NVCTs by using the conventional semiconductor design

1152 | Nanoscale Adv, 2021, 3, 1151-1152

View Article Online

Comment

software. Therefore, we successfully demonstrate the possibility
of implementing logic circuits with NVCTs. The vacuum-state
inverter can provide an important theoretical basis for the
future development of on-chip vacuum devices so the above
flaws cannot obscure the main innovative points.

We would like to thank Prof. Forbes again for the helpful
comments. We appreciate the theoretical derivations and
suggestions, which would certainly improve the quality of the
theoretical discussion in our work.
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