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Fig. 1. (a) Schematic diagram of dip-pen nanolithography,
AFM tip dipped in thiol solution gets contacted with Au
substrate, as the tip is moving horizontally, the small thiol
molecules diffuse onto the substrate, then, stabilized gold-
sulfur bonds will be formed; (b), (¢) lateral force image of a
molecule-based grid, each line is 100 nm in width and 2 pm
in length. Reproduced with permission/'%.
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Fig. 2. Schematic diagram of the diffusive ink transport, dif-
fusion dominates the transport between AFM tip and the

substrate.
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Fig. 3. Schematic diagram of the liquid ink transport, trans-

port of liquid ink is dominated by the surface tension.
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(b), (c) i H lipid-DPN 7E 48U Ak A 5505 2% 11 1 5 W R BRI A0 2 2 A K &5 48, (b) 9 AFM B EE, (c) R (b) Hdric 343

5 3 10

Fig. 4. (a) Schematic presentation of the lipid-DPN, using the differences between hydrophilic and hydrophobic sites of phospholi-

pid molecules, it is available to transport multiple phospholipid layers to form stacks; (b) AFM images of L-DPN generated lipid

membranes (DOPC) on graphene oxide surfaces in air; (c) AFM height measurements of the same patches measured between the

red dots shown in (b)),
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o i 57)

Fig. 5. (a) Schematic illustration of thermal-DPN, heating
the cantilever turns adhered solid ink into liquid, then Ii-
quid ink is transported onto the substrate and cool back to
solid; (b) LFM image of a mica surface scanned with a
coated AFM cantilever tip for 60 s in each of three lines,
the cantilever is heated for the first line (upper left), then
allows to cool during the second two, OPA continues to
transfer from the tip onto the surface after the cantilever
heater has been turned off, reproduced with permission!'?;
(¢) LFM image of MHA dot patterns generated via tDPN
on a gold substrate at different tip temperatures7.

40 nm HIFRE A2, 2005 4E, Salaita %5 141 g3 52
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T AR B S 55000 22 19 BE 51 52 8L T R AR
DPN JfAT4k 121 Gt ey 285 B2 i B 31 A sl 4 e
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REFE A%, IR DPN E— 81 «h57,
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NIRRT (K 6(a)), MIM7EZRE LI ZHp
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X T ST 2 A 19— P-DPN
KA IIFATIES), BT RS
T BN

(a) Piezoelectric
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. 1

ete—
Pen array

6 (a) M8 A T4 4 R K U A, 7 R — B B A
[ B 2 b 23 0 8 AR ) B o ) 0K 5 () AT A ) B K B
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Fig. 6. (a) Addressable inking of pen arrays by inkjet print-
ing; (b) multiplexed dip-pen nanolithography.
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Fig. 7. (a) Schematic illustration of the polymer pen preparation; (b) a photograph of an 11-million-pen array; (c¢) SEM image of the

polymer pen array, the average tip radius of curvature is 70 nm/*4,
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Fig. 8. Ink dot size as a function of relative z-piezo exten-
sion in PPL, the contact area between soft tip and sub-

strate gets larger as the pressure increases!*4.
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Fig. 9. (a) Schematic diagram of e-DPN, a nano-scale elec-
trochemical cell is set up with conductive tip, substrate,
solution meniscus, and external voltage; (b) Pt-nano-image
written with e-DPN, width of writing is 30 nm!*.
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K10 ETEBERRNATAERN DPNKR  (a) PtAELS R (b) Cu LR RS I E R (c) Pd fEfLfE Zm
SR (d) AP AR A T 2 B SR AR ik 0 R A0 K R 22, R AE AR 150 nmBY

Fig. 10. Schematic illustration of several DPN derivative from mental catalysed reaction: (a) Azide reductions; (b) CuAAC “click”

ligations; (c) hydrosilylation®;(d) AFM topography images showing features consisting of precipitated itro-blue tetrazolium (NBT)

following nanolithography with a probe-bound AP enzymel5!.
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H
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I
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Fig. 11. Synthetic reaction of N, N-disubstituted thiourea
by ball-milling.
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Fig. 12. Schematic illustration of ultrasonic vibration: (a) the
microbubbles produced by ultrasonic vibration; (b) chain

stretched because of cavitation.
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Table 1. Several elements that influence ultrasonic
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5k (ST HEAR 0 5 £ "R EAS R, B P2 23T P A DIt SR S ThORBEE Me 45 & B B BE S, AP2 o P2 3232 AL B R 197 W,
UP2 2 P2 5% 1 A R UG fIRR G405 (b) W20 P2 B AT 1 32 Bl Ak B | 4 75 Ak B ) 7 ) 144 46 L I 2 A0S 385 X HE 7%

Fig. 13. Schematic presentation of maleimide—thiol adducts stretched by ultrasonication: (a) P2 is a polymer chain synthesized by

treating a thiol-terminated PEG (Mw, 5kDa) with 4, 4'-bis-maleimidodiphenylmethane, the following process is alkaline treatment
for AP2 or ultrasonication for UP2; (b) 1 H NMR spectra in dimethyl sulfoxide-d6 (DMSO-d6) of P2, P2 after alkaline treatment

(AP2) and P2 after ultrasonication for 30 min (UP2)7.
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Fig. 14. Schematic diagram of AFM.
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Fig. 15. Schematic presentation of a full circle of cantilever’s
trace and retrace driven by AFM. One terminal of the poly-
mer chain is linked on the AFM tip and the other side is
“free”: (D Cantilever approaches the substrate; @ tip con-
tacts the substrate and the pressure keeps increasing until
it reaches the setpoint. The “free” terminal links to the sub-
strate; 3@ as cantilever retracting, polymer chain is
stretched and a pulling force is applied to the tip; @ poly-
mer chain is broken and cantilever leaves the substrate with

no bound.
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fi B (R B BEAILAE ), REZE AN K B ZIENR (dip-pen

nanodisplacement lithography, DNL) #% JF % i
K. Zheng ZUEZHATBA 1091 AR 3, FeTw AR B
B G—F WE Y BEICHE B A2 LA 12 ik 41 4 i H B
S IZEAUAE R TR B, 5 55K N 3 A 12
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B SRR ) —Fh Al R3S 58 i A 2 1 531,

(a) Polymer pen array
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(b)
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=
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~ -
Substrate modified with azide
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180 s
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K16 (a) fJTRG Y ERFTIRE S, 3 B 25 KT B F)
A B AR (b) 7EEH IRl 18 IS 10 A0 F, HUREHT R
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BEOAE EWAR S R AL () 76 [ H5% He i ] K 4%
JEJEJI R, J180 PPL N TA43 2 M 34y 181 R AE D0 (4 )5
{14 P& 4% 1103]

Fig. 16. Schematic presentation of Alkyne-Azide “printing”
by polymer pen nanolithography: (a) Polymer pen arrays
are dipped with alkyne solution and substrate is modified
with azide molecules; (b) addition reaction can only be
triggered by mechanical force, the substrate part away from
contact is reaction-forbidden; (c) fluorescent images of 2 x
3 dot arrays of 1 printed at different time (0, 60, 180, 300,
420, 600s) and pressure (0.29, 0.32, 0.34, 0.37, 0.39,
0.42 MPa)!103],
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() &I ARE | X — R B - A K FE R R S oK
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RIS | &A% H AR G (surface-initiated
atomic transfer radical polymerization, SIFATRP)
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T A R A ¥ (polymer brushes). i1 #7549
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70 nm PSEARGPKEIZE, anlE 18 Frs 17,

TE R, 72 HAL DPN 4 AR 4211
FEIREE MR dE S A, Tk EESS
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s 4
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Suy ik
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o
‘.
{
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2 NN ORI
........... SLLLLLLLLLILLL WM

........

Au substrate

17 (a) DNL %R A (b), (c) DNL #l 4 ) MUDBr 9K Z5 49 1) LEM EIR, Fi & 72 2 pm I FIEEEHR A R FF T T.45
MY, Ja AT T #1000 0N A IR g e X A s A A HUARAF I, A5 21 55 LR AR 25 nm B BAILASE Ay 44 K i e 010
Fig. 17. (a) Schematic illustration of the fabrication of polymer brushes by DNL; (b) LFM image of a MUDBr square written by
DNL; (c) MUDBr nanodots made by DNL at constant tip-substrate contact force (1000 nN), but different tip-substrate contact
time. Each dot is made by indenting the tip onto the MHA-Au one at a timel'%,
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SI-ATRP

Wet chemical
etching (Ar & Cr)

Au nanodot

|i&j E‘
v / _I‘:J,u.l %ﬁ ’
v U-V Y ( PMMA removal QE&%’!{L 5{
Vo Lo v L;}’%w 4
v

e __U v, by O; plasma

1 pm

=70 nm
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0 220 1kt 4 09 oK i B B9 R /R 5 (b)) Sk il B 4 4 A K 25 4
By AFM 415 B (c) KRB 4 40 0K 25 44 55 4 /) SEM
HiE & o

Fig. 18. (a) Schematic of the fabrication of Au nanostruc-
tures by parallel DNL, SILATRP, and wet-chemical etching;
(b) AFM topography of the resulting Au structures; (¢) SEM

image of the fabricated Au nanorod arrays!'07.
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# 2 IR DPN iSRRI TIUE | FoARPEH S R R

Table 2.  The fabrication scales, advantages, and limitations among all derivatives of DPN.
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers
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Abstract

As a unique nanomanipulation and nanofabrication tool, dip-pen nanolithography (DPN) has enjoyed great
success in the past two decades. The DPN can be used to create molecular patterns with nanoscale precision on
a variety of substrates with different chemistry properties. Since its advent, the DPN has been steadily
improved in the sense of applicable inks, fabrication throughput, and new printing chemistry. Among these
developments, mechanical force induced mechanochemistry is of special interest.

In this review, we introduce the physical principles behind the DPN technique. We highlight the
development of DPN for writing with various types of “inks” | including small molecules, viscous polymer
solutions, lipids, and biomolecules, especially, the development of thermal-DPN allowing printing with inks that
are usually in solid phase at room temperature. Next, we introduce the parallel-DPN and polymer pen
nanolithography. These techniques greatly speed up the fabrication speed without sacrificing the precision. We
also summarize the advances in chemical reaction based DPN technologies, including electrochemical DPN,
metal tip-induced catalytical DPN, and mechanochemical DPN (or mechanochemical printing). To further
elaborate the mechanism behind the mechanochemical printing, we briefly review the development of
mechanochemistry, including the reaction mechanism, various experimental approaches to realizing
mechanochemistry, and recent development in this field. We highlight the advantages of using atomic force
microscopy to study mechanochemistry at a single molecule level and indicate the potential of combining this
technique with DPN to realize mechanochemical printing. We envision that with the further discovery of novel
mechanophores that are suitable for mechanochemical printing, this technique can be broadly applied to

nanotechnology and atomic fabrication.
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