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Fig. 1. Confinement  potential induced by ionizing

impurity9.
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Fig. 2. Structure and schematic diagram of the ideal single-
dopant transistor: (a) Schematic illustration of single-
dopant transistor; (b) donor mediates single-electron tun-
neling from source to drain; (c) transfer characteristics for

single-dopant transistor in the low temperature(.
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Fig. 3. (a) Perspective STM image of single-atom transistor;

(b) close-up of the inner device areal®l.
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Fig. 4. (a) Schematic channel structure; (b) example of simulated potential profile; (c) example of dc 4 - V, characteristics (Vg = 5 mV)

for a short-channel FET; (d) schematic channel structure; (e) example of simulated potential profile; (f) example of dc Iy - V, chara-

cteristics (Vyq = 5 mV) for a long-channel FET?.
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Fig. 5. (a) Statistical results of the number of subpeaks;

(b) statistical results of the number of dopant-induced QDs;

(c) average number of dopants embedded in one QD for

50 nm x 50 nm nanostructures(2?.
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Fig. 6. (a) Sequence of electronic potential landscapes as a function of applied Vig; (b) a simple illustration of one-by-one neutraliz-
ation of individual P-donors at different VpgPl
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Fig. 7. (a) Low-temperature source-drain current (Ip) vs. gate voltage (V) characteristics; (b) one possible P-donors’ distribution

and schematic channel potential profiles!.

BT RUR AR S 2R TR 18 7(h)
B2 IE TR IE Hhn] RS AL A I oL, DA%
SO I B4 T8 L A R TR IR 7(b) Al LA
A, B SLRZR BUECTTE I E T R — s
MRS H B, BT R Z AR E R B SRR e 1Y
W Ve, BA RO 1 A RS RE S 5 TR
s 8 DR BEL () XA, F 7 BB 2 0d i X o
TRL, AE In- Vo FrPE 2k b BUER — > e i i, 24
WHE Vi /T L As e AR A e FRAEL (X R 5T 7 HR Y
A X)), WIEF R TORFERAY; SR Ve KT
TLIBEAL B B IR (B (R R T8 7 H i BIX), LT8¢
XA T R dREETH R Ve, Hofdd 1 am
(B2 RE ST HE TR 1Y) K BELR By, - Vg

R T R BRI ) R e

3.2 LEERERXHETFRIHIZE

TESP LI ZR T 2R GE R, YA I8 2% i A [
B, T ABA KSR, ML A2 ] L
PONAET IO MRS, 200 T LAd i BRITAE 7357
MZLBUR T RS i s . EARRIRE T, T
AL —A~ 2% JBUE S A BRI B 5 — 2R o e S,
AR ERIE s 77 2 L R .

AERRAR M AE T Y R G0 i 712 3 AL Y
WS, PR ZAERRE AL B2 53, Jofy R R T RERS
W BN R EANIEL 8 BTz . A THURIAHS JIG Xt e
Fe, it e DX A 7 2508 RE SR, Al b ) DX A
TR, ENIZ I E, M E RN

087301-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 8 (2019) 087301

AR, AR B th SRR . RS
L R EOR [ ORI L A TR STEK, 2 B AT
PR XBL, MR R & )8 it 5 B T
TE SRS DX, AR BAR G R . R A, )
NP R B, IRCTE AR Y PR RES B (7
AN B SR TE R, TR AR A AR 8,
AL AT R 2 K RE J M E S X I 22 i 1 B R i ik
AP TSI, WARS R R i m , ) 2 IR
K. XK B RGN N LSRRI AL.

E. E! E

Bl 8 Joh RGO A
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Fig. 10. Hopping modes of the electron: (a) Variable range
hopping; (b) nearest neighbor hopping/sl.

087301-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 8 (2019) 087301

TR d— (ﬁ) ST AS R HE 55 ry i

UTARBRITRE Y d AHSEIS, XN T AP BRAT 7 0%
AN

ARRE T

4 HmaWMERETAS

IR BEAL M AT 7RI IE I, AT Y
BT REM B S, BT A4S, AR
JEFIRIREGVE T, BESE I 22 D AR FISE 52 Y
BT

i

)

4.1 BEREFREFNE TSN
IR I B A T T v 3 4 R -4
LIRS (metal-insulator transition, MIT) ¥ i
PhEis, 2 B - R BB s N, AT Z BIfETEE
SREVAHEAEH, IR AR B E. X HLE IR
VBB R T BARELE 1 x 10 ecm 3 24 BFAO NS
B BB DI I Z [ R B /N T 2 (rg
WA FERE TP I BR AR, il 11 frs, s HIT
IR SCHRAEL 7 I S e 40 ) I i AT 2 vk B Ay
BIGRIET , it E R AR A T TR B Ay
AR, X AT, B B AU B R T, )

T2 (A ELSET, YA T8 H A F ORI R PR 3T
F14) FEL B 2 IO s T, T A ) LT 4 I e 3
FIE . FEIXFE S B 2R EE T, AHAR A 7]
RASREVRNG, A 2444 5T 1 R FR R
B A, 75 BRI BB 2 B O X
A BT Y B 1 - SRR X R S, DARIE
HABIELESp IR

HLF7E 2 2R R TG RE T s RerE S
TEAT L2 R T R G B TE AR BU. aniEl 12(a)
Ji7w, BHAE WA LR Vi 38K, L F il ad 2 7 )
Bk ZE 4TS A PR ST A L R0, TR R 24
ML, XRSH 2w A fEE
R ZRRERS, B IR 38 a5 2 A A AR FHE R —
MR TIIRG, 51 E R4 25 10, Y
Vo KFH—A M i e 45 Ak ) L R AE (1] 12 v
BIX), %R F—ANH gk > 7 SRR, S
IR FEL 24 DU) Ay 5 — A FL g 2 5[] — >
T WE 12(b) Fis, SRAEEES 2B A
I XA TR A8 4, B I R kA
M 2 R AR A R IR AR A T R 2k 1 i
T

FoE A R R T R g b IR A R T

1
=
o
=
ential/V

S
(]

Electronic pot

£ 9
€ 40

B 11 () JFARSCEREN 1 S UBE I i SOI-FETSs BYZ5H 7R 3 85 (b), (o) AFIBAR AT, il £ 57T i i 3570 A 1] 1)

Fig. 11. (a) Schematic of KPFM measurement setup; (b), (c) potential distribution of donor atoms at different doping concentrations®”.
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Fig. 12. (a) Low-temperature source-drain current (Ip) vs gate voltage (V) characteristics; (b) a possible P-donors’ distribution and

schematic channel potential profiles in the selective doping channel!.
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Fig. 14. Anderson-Mott transition probed by means of quantum transport!*!.
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Fig. 15. (a) An idealized representation of the potential distributions in the 20 phosphorous donors distributed along the channel of

the sample; (b) conductance o of the device probed at 4.4 K measured at Vg, = 2.505 mV. Inlet: extraction of the threshold voltage

at room temperature, at Vg, = 2.505 mV[4l.
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Fig. 17. (a) Schematic configuration of the fabricated Si
SET; (b) scanning electron microscopy image of the Si
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Fig. 21. (a) Schematic of SOI transistor; (b) TEM image
taken across the device channel; (c) SEM images of non-
stub channel and (d) stub channel7.
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Fig. 24. (a) and (b) IDS-VG characteristics as a function of temperature for a selectively-doped-channel SOI-FET (up to 300 K) and

for a non-doped-channel SOI-FET (up to 160 K)5s.
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Fig. 25. (a) Ipg-Vq characteristics as a function of temperature for the selectively-doped channel SOI-FET; (b) effective barrier

height (Epey) estimated from Arrhenius plots as a function of Vg; (c) arrhenius plots for Vg corresponding to different peaks;

(d) schematic illustrations of the mechanism of Coulomb blockade of activated conduction for the single-electron tunneling current

peak (lower panel) and for the Coulomb blockade condition with an electron trapped in the QD (upper panel); (e) Ep. extracted

for a non-doped-channel SOI-FET, exhibiting only behavior typical of thermally-activated conduction!®!.
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Fig. 26. (a) Schematic of the point contact QD transistor; (b) schematic representation of the energy diagram across the point-contact

region(62,
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Abstract

As the characteristic size of the transistor approaches to its physical limit, the effect of impurities on device
performance becomes more and more significant. The number of impurities and the range of impurity
fluctuation become very limited in channel space less than 10 nm, and ionized impurities in local nano-space can
even exhibit quantum dot characteristics, providing two discrete levels for charge transport. The behaviour of
carrier tunnelling through quantum dots induced by ionized impurities can reveal the abundant quantum
information, such as impurity ionization energy, coulomb interaction energy, electron activation energy, orbital
level filling, and spin of local electrons. Quantum transport properties are also different in different doping
concentrations because whether the quantum states overlap depends on the impurity atom spacing. The silicon
nanostructure transistors using impurity atoms as building blocks of quantum transport are also called dopant
atom transistors, which are not only compatible with complementary metal oxide semiconductor (CMOS)
technology, but also expected to be the basic components of quantum computing circuits in the future. So far,
their operating temperature is relatively low due to the shallow ground state energy level of impurity atoms. It
is of great significance to study the quantum transport properties in dopant atom transistors and to observe
quantum effects among them at room temperature. In this article, the quantum transport properties in single,
discrete and coupled impurity atomic systems are described in detail by combining Anderson localization theory
and Hubbard band model. Quantum transport in a discrete impurity atomic system is not only controlled by
gate voltage, but also dependent on temperature. The current transport spectrum in the coupled impurity
atomic system reveals more complex quantum dot characteristics. Single atom transistor can regulate quantum
transport only by one impurity atom, which represents the ultimate scale limit of solid state devices. In
addition, the methods of improving the operating temperature of dopant atom transistors are also

systematically introduced, thereby laying a foundation for their practical applications.
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