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Fig. 1 Au electrode-nanowire heterostructure prepared by dry transfer method
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Fig. 2 Schematic diagram of the femtosecond laser processing system

0802006-2



F£48% 55 8 H1/2021 &£ 4 A/HERE

2.4 BHMRERIE

K Y I 50 45 4 L 8% (SEML, Zeiss Supra
55) FG2: BB (COMD RAE . BLAh, I X B2 fit 5
L (XRD, Bruker D8) X} 44Kk £k dE 179 40 2 H7 , H 8
AL CEDS) F8 H 36 0 /9 4k 2% o0 = 40 A, D4R &
K% S 1 27 R A 2% (Keithley 2636B) Il &
CuO 1 ZnO KL H) FET K 51K &5 1Y B 5 4 0
SEH F COMSOL Multiphysics 5. 4 84 & 4FE CuO
M ZnO GKEE Au B [E] 1 3537 5 fi 38 9%
REMOE X & @k AR R A AL, £
Wy 3 7 A A0 5 T S A R AT AR A GO i
7 800 nm, HIH AL IGIRE R 1 V/m,

3 4MB e

3.1 AuEE-CuO/Zn0 Kk & B R EMR R EEE

Bl 3 2 CuO # ZnO 41K SEM JE 5 &l &
XA XRD B A Br 45 8. o LR B, CuO 44 K
LA ERKRAE Co M EHEREE. HEA R
120 nm, KEEH 5~20 pm, ZnO 99K L LIS 7K
FERE, HAZHR 200 nm, KEH 10~30 pm, 3
B EA B RMRE L, XRD K5 br&h R0, 44K
ARG R S84 . CuO 9K AT g £ 28 (11-D)
LT & TE T ZnO 49 2K 243 5 1 2 (100) & T
CuO YKL X LT I 11 1% A7 7 /D o 110 M 7 e
JE R T R A Cu M EHTHC CuO oK Zemf 2 51 A
/D) Cu 405,

Au LM 59K 545 R R R T RS R Y
YRR T % ORI AR AR J A R SR S5 45 A8 i L AT 4 ik
W 25 23 7 e KRR B AT i

1 pm

50 pm

(© (d)

2 (11-1) cuO| & 7Zn0

g 9000 (11 £ 1500001 (100)

g 6000 §100000

= 202 2 50000

2 =

E 3000 é 0

= 20 40 60 80 = 20 40 60 80

Diffraction angle /(°) Diffraction angle /(°)

3 YKL RME S AMPAALE . () CuO YKL

SEM & 185 (b) ZnO 4K £ 1) SEM K155 () CuO 4
KR X TR AT B (D ZnO gIKR 2R 1Y X G2k

1 55t 1L i
Fig. 3 Surface morphology and phase structure of the
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Fig. 4 Joint morphology of the heterostructure under different laser energy irradiation. (a) Au electrode-CuO nanowire

heterostructure; (b) Au electrode-ZnO nanowire heterostructure
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Fig. 6 Electrical response before and after the nanowire is bonded to the Au electrode. (a),(c) Current output
characteristics and transfer characteristics of the CuO nanowire FET devices before and after laser irradiation;

(b), (d) current output characteristics and transfer characteristics of the ZnO nanowire FET devices before and after
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Fig. 7 Semiconductor inverter based on p-CuO/n-ZnO nanowires. (a) Schematic structure of the inverter; (b) schematic

circuit diagram; (c¢) OM image; (d) SEM image and EDS characterization of the p-CuO nanowire FET devices;

(e) SEM image and EDS characterization of the n-ZnO nanowire FET devices
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Fig. 8 Electrical response characteristics and energy band structure of the inverter. (a) Voltage and current transfer curve

of the inverter in the initial state; (b)—(c) voltage and current transfer curves of the inverter after laser processing;

(d) voltage regulation range of the inverter under different applied voltages; (e)—(f) energy band structure of

p-CuO and n-ZnO nanowire FET under different gate voltages
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Abstract

Objective  As the most common structural unit in electronic devices, the interface contact state of metal-
semiconductor heterostructures plays an important role in the performance of electronic devices. Some traditional
nanojoining technologies, such as ultrasonic nanojoining, joule heating, and ion and electron beam irradiation, have
been used to improve the interface contact state of metal-semiconductor heterostructures. However, these methods
easily cause additional damage to nanomaterials and require a complex processing environment, which poses a great
challenge to the control of energy inputs. Femtosecond lasers with short pulse time and high peak intensity, as a
method of nanojoining, are suitable to process nanomaterials with high melting points and damage thresholds. In
recent years, most research studies have focused on the fabrication of metal-semiconductor heterostructure devices
using femtosecond laser technology, but the material systems need to be broadened. In this study, the dry transfer
method is used to fabricate Au electrode-CuO/Zn0O nanowires (NWs) heterostructures and a semiconductor inverter
based on p-type CuO NWs and n-type ZnO NWs. The nanojoining of the heterostructures based on the localized
energy input of femtosecond lasers caused by the surface plasmon effect is successfully realized. The laser-treated
semiconductor inverter had obtained stable voltage regulation capability based on the p-type and n-type field-effect
transistor characteristics of CuO and ZnO NWs. This study provides a new idea for the top-down assembly of micro/
nanoelectronic devices. We hope that our design provides a new idea for the top-down assembly of micro/
nanoelectronic devices.

Methods CuO nanowires (NWs) were synthesized by thermal oxidation at 400 C for 4 h; however, ZnO NWs and
lithography electrodes were purchased directly from XFNANO Materials. Au electrode-CuO/Zn0O NWs
heterostructures and a semiconductor inverter based on p-type CuO NWs and n-type ZnO NWs were fabricated using
a continuous dry transfer method. The nanojoining of the heterostructures was achieved using femtosecond laser
irradiation (50 fs pulse duration, 800 nm wavelength, and 1 kHz frequency). The surface morphology and crystalline
structure of nanowires were analyzed using scanning electron microscopy (SEM, Zeiss Supra 55) and X-ray
diffraction ( XRD, Bruker D8). The electrical characterization of the heterostructures and the semiconductor
inverter in a three-terminal configuration were examined by a probe station (Keithley 2636B). In addition, the
commercial finite element analysis (COMSOL Multiphysics 5.4) was used to simulate the electric field distribution of
the heterostructures under linearly polarized Gauss light to further elucidate the interfacial modification mechanism of
Au electrode-CuO/Zn0O under femtosecond lasers.

Results and Discussions  The stable welded joints of the Au electrode-CuO/ZnO NWs heterostructures are
obtained by femtosecond laser irradiation with a power intensity of 12.9 mJ/cm® and 20.2 m]/cm’, respectively.
The nanowires form a degree of wetting angle on the surface of the Au electrode (the red dotted line area), and the
surface organic matter is effectively removed, greatly improving the interface contact state (Fig. 4). The simulation
results show that the enhancement region with a high electric field intensity mainly occurred in the interface between
the Au electrode and nanowires on both sides, while the suspended nanowires in the middle have lower electric field
intensity (Fig. 5). The strong surface plasmon effect due to femtosecond laser irradiation confines the energy to the
interface of the heterostructures, promoting the formation of low damage welded joints. Compared with the electrical
measurement results of pristine and laser-treated heterostructures, the voltage dependence of the p-type and n-type
NW field-effect transistors (FETs) irradiated by femtosecond lasers is significantly improved. When the gate voltage
(VG) reaches +20V and —20 V, there is an obvious trend of current suppression for CuO and ZnO NWs,
respectively (Fig. 6). In addition, the semiconductor inverter is fabricated based on the p-type and n-type FET
characteristics of the CuO and ZnO NWs (Fig. 7). The laser-treated inverter had obtained stable voltage regulation
capability, with a full voltage output swing of ~79.5% (Fig. 8).
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Conclusions In this study, the Au electrode-CuO/ZnO NWs heterostructures are successfully fabricated through
the dry transfer method. The strong plasmon interaction of metal-semiconductor heterostructural interface induced
by femtosecond laser irradiation is demonstrated using COMSOL multi-physical field simulation to elucidate
nanojoining mechanism. The laser energy is effectively limited in the interface area between the Au electrode and
nanowires, achieving a low damage nanojoining of the heterogeneous materials. The device units of the two kinds of
nanowire heterostructures have obvious electrical characteristics of p-type and n-type FETs with a great back gate
control performance. The laser-treated semiconductor inverter had obtained stable voltage regulation capability based
on p-type CuO NWs and n-type ZnO NWs, with a full voltage output swing of ~79.5%. The fabrication of Au
electrode-CuO/Zn0 nanowires heterostructures through dry transfer and femtosecond laser irradiation extends the
material systems of metal-semiconductor heterostructures. In the end, we hope that the design of the inverter
provides a new idea for the top-down assembly of micro/nanoelectronic devices.
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