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Figure 1 Various MP-STMs. (a) Schematic diagram of compact DP-STM with multilayer rings'"®. (b) Photo of TP-STM'"’. (c) Photo of ultra
compact QP-STM™”!. (d) Schematic diagram of an upgraded commercial QP-STM 121 (e) Photo of QP-STM manufactured by Hobara et al.??. (f) Pho-

to of commercial QP-STM of Scienta Omicron
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Figure 3 Different types of probes in MP-SPMs and methods for evaluating the distance between probes. (a) The commercial AFM probes with pro-

trudent tips. (b) The probe modified by FIB"*”. (c) Epitaxially grown WO, nanorod probes®®. (d) Carbon nanotube tips
tance between probes through images features'®®!. (f) Evaluation of the distance between probes through address-patterned sample
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Figure 4 Configuration and results of nanowire electrical transport properties measurement via MP-SPM. (a) The SEM image of GaAs nanowire
contacted with three tips in QP-STM!*®.. (b) Schematic diagram including the wiring for four point resistance measurements on the GaAs nanowire. (c)
The resistance and the dopant concentration profile with the change of tip 3 position. (d) Resistance measurement of PANI fiber and cross-point junc-
tion by DP-AFM!*!, blue dots indicate the initial positions of the probes and arrows indicate the direction of the tip movement, white dashed lines indi-
cate the position where the fiber was cut, the inset shows a high-magnification image of the cut fiber. (¢) Measured resistance as a function of inter-

probe distance

3718



IR

AT B AL T v 7 A i ) 1

2.2 YERPRHR O His PRI

A BRI A T AEAORL t T A S A e Kol
FYERETER MBI RONAE | oA AL IS A 40
WA WA, HA s HIURCVD) T ik &l
AR SR TEAE BT 2 00 | R AAE BRI, X et
B oo DG T E N, BT LT R, A
AT 24 7 7 S 1 SEBR L. MadE N PUTE [ AT TR
U B QP-STMAER |, R 1 B 1% DU R LI i 22 K
S0BRLfAT SRA I FL SRR R A R PO, I it
o R SR AN [ 18I0 A 23000 39 (3 IR 4 AR A 1Y
T AR b — U 120°) 735145 2 7 20 76 A [R] 4}
NS, BE— BT T A1 S0 0 ORI R,
S A R R WILEIZ R A 220 b S A A [R] 7 ]
EILFAHTE, BT A7 2806 75 - 10 PN 3R B0 25 18 ]
PERYSZ PR, RN TR A 202 A0 s B A
FE A 2% BT B AT IR B A 25 0 AR — B R
Z 5 AT SO AR A I B T U0 A 88 0 v o S (R
)z PR S b AT S ek R R A N
[F) U 1V BT 8 R L, P A ] A T vk

JEE T B LAY A B AR A Y A S
PR A5 3] T 5 R 4 0 R R RN R RS R . 8
o LT f) 7 A b SR 2R R A A, T A5 AT B ek
A Xt R A AR R U RN, I EL A B R T
PR HRC S A58 0 I K T BRI A I AMZ T YR I T
¥ e 2= A AR RHA R, il B 4k MR A
ia P BRI TR R T

Kanagawa % A P2t Fi [ i () QP-STM By X B %
O 7 R 3 T B )2 Y R 2R A T b S R
43 1 LA 28 RN Dy B AU A R DU ER B, W AR R
Si(111)4x1-InF 1, J7HAIfE & 5 gk R E £
T LA o B A L2 45 1) S, 4% 1) S L ik 60, T
LR A A B AN BEAR G MR I 45 1) S, X — it
RUFTWVIAER. BLAh, SR R3] TR A T e
RUAG B DA A F B IR 2R, SE0 45 3R AN KI5 (a)~(c) Fw.

Si(111)7x7 P Ry H AT A= (0 FE A4 S ok N 1) L 2P it
M 2. (A A DUAE I a5 R rh 22 7 A
K, HEEH LB MartinsZE: NP T
TP-STMX He 2= S il AT T /. HLBC & R T a4
W% 18 HL A AL (STP)YP 7 [ 5(d) B kil 4 S BRI
eI 2 15 P Sty SR i — A R, R D2 3N R EF RS B

E5  MP-SPMIll & — Ak} A= 28 MR B Je 4521 (@)~(c) QP-STMIM & Si(111)FR A7 4x 1-Ingi #4) 14 i 2% 45 1] SPEC). 4 SR 5T A1 8 () FER
BAEE (). (¢) REFRFEMA T IARA R, (d), (e) TP-STMAs PUHRENI B S i J £ M- S L PE R IR, (d) 3 FREFO7 4 RN s g i 2

Bl (o) MASTAY HL A BE P T PR BT (0 AR R il £

Figure 5 Configuration and results of two-dimensional materials electrical transport properties measurement by MP-SPM. (a)-(c) Anisotropy in
conductance of Si(111)4x1-In measured by QP-STMP?, Four-probe mesurement (a) in square and (b) linear arrangements. (c) Angle dependence of the
measured resistance. (d), (e) Four-probe measures the influence of atomic step to the conductivity of Si surface with a TP-STM"?!. (d) Configuration of
four-probe measurement with a TP-STM. (e) Potential profile with the change of the position of the middle probe
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Figure 7 DP-AFM nanotweezer for measuring adhesion force. (a)—(c) Measurements of adhesion force of nanowires™™'. (a) Schematic diagram of
measurement. A full peeling force spectroscopy curve recorded by peeling from the end (b) and the middle (c) of nanowire. (d)—(f) Measurements of
adhesion force of cells'®”. (d) Schematic diagrams of measurement. Adhesion force spectroscopy curve of cell-substrate (e) and cell-cell (f)
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Scanning probe microscopes (SPM) is one of the important tools for micro/nano-scale morphological characterization,
physical property measurement and micro/nano operation. However, the traditional SPM has only a single probe and its
function is limited. The emergence of multiple-probe scanning probe microscopes (MP-SPM) greatly expands the appli-
cation of SPM.

Characterizing the electrical transport properties of materials is very important for materials and microelectronics, be-
cause it can effectively guide synthetization of high-quality materials and fabrication of high-performance devices. Tradi-
tionally, directly measuring the conductivity of nanomaterials is performed using the nanofabricated electrodes connected
to the nanomaterial of interest and the monolithic micro-four-point probes. However, photoresist and organic solvents
may be left on the surface of the nanomaterial during nanofabrication, which will affect the intrinsic measurement of
electrical transport properties. As for the monolithic micro-four-point probes, probe spacing is quite large due to the lim-
itation of the manufacturing process and it will not change any more once they have been manufactured, which limits its
flexibility. MP-SPM’s multiple probes can act as measuring electrodes with precise localization, and the probe-sample
distance can be controlled precisely, providing a means of flexible and non-destructive detection of micro/nanoscale
electrical transport properties of samples.

Micro/nano-manipulation systems help to manufacture microelectronic and photonic devices, renewable energy appa-
ratus and biomedical diagnosis chip, etc. Typical micro/nano-manipulation systems are established based on optical
tweezer, magnetic tweezer, scanning electron microscopy (SEM) and SPM. However, they all have limitations. Optical
tweezer may damage the sample due to the continuously irradiated lasers. Magnetic tweezer has a poor ability to control
the object quantificationally, and low resolution. The system based on SEM is restricted to a vacuum working environ-
ment. On the surface of the sample, traditional single-probe SPM can perform nano-manipulation, such as push and pull,
but it is limited to two-dimensional space, and three-dimensional manipulation might be a great challenge. In addition,
due to the lack of real-time visual feedback during the manipulation process, it always works at a time-consuming mode,
such as scanning-manipulating-scanning. Although some researchers have designed augmented reality, local scanning
and other methods to improve the efficiency of manipulation, the efficiency of manipulation is still low due to the serial
procedure of single probe SPM. MP-SPM have been developed to provide multiple probes which can be controlled inde-
pendently, and achieve complex nano-manipulation by cooperation among the probes. Furthermore, MP-SPM can image
with a certain probe; and the imaging results, serving as priori/feedback information, can guide other probes’ manipula-
tion, thereby it improves the efficiency and accuracy of micro/nano-manipulation.

In this paper, the basic structure of MP-SPM, including the structure of multiple-probe scanning tunneling microscopy
and multiple-probe atomic force microscopy, is presented. Furthermore, we also introduce the methods to decrease the
distance between the probes and calibrate the multiple probes’ position and the principle of measuring the resistivity of
materials using multiple-probe technology. Then we summarize the recent application advances of the measurement of
electrical transport properties, the micro/nano-manipulation, the parallel imaging/ manipulation, and the mechanical
properties at the micro/nano scale etc. Finally, we discuss the frontier development, the opportunities as well as the chal-
lenges of MP-SPM.

multiple-probe, scanning probe microscopy, electrical transport properties characterization,
micro/nano manipulation, parallel imaging/manipulation
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