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Transfer  printing  is  capable  of  peeling  off  the  single  or  multi-layer  films
from a mother  substrate and patterning them onto a target  substrate using
adhesion  energy  modulation.  Emergingly,  this  technology  is  becoming  a
promising avenue for the industrialized and integrated production of diverse
thin film devices,  including the patterned full-color displays,  wafer level  inte-
gration  of  the  epitaxial  layer,  metal  electrode  grown  on  two-dimensional
materials, and photodetectors, due to its unique advantages in the LEGO-like
preparation process.

For  instance,  the  solvent-free  transfer  printing  enables  the  fabrication  of

the  pixelated  electroluminescent  devices  without  interfacial  mixing  effect
(Figure 1A),  providing a practical  approach for large-scale industrial  produc-
tion of high-resolution full-color displays.1 The direct bonding of III-V materi-
als to silicon substrates can lead to mismatched wafer  sizes and inefficient
utilization of III-V layers. Moreover, metal bonding techniques suffer from low
alignment  accuracy,  which make it  challenging to  achieve a  single-chip sili-
con  laser.  Another  approach  to  achieving  III-V  lasers  on  silicon  substrates
has  been  demonstrated  by  wafer-level  transfer  printing  of  GaAs  epitaxial
films  (Figure  1B).  This  technique  has  successfully  produced  low-threshold

continuous-wave lasers with high optical power (>60 mW) and a large modu-
lation  bandwidth  (>3  GHz).2 Two-dimensional semiconductor  devices  typi-
cally suffer from chemical disorder and Fermi level pinning caused by metal
deposition through  ion  bombardment.  By  transfer  printing  of  metal  elec-

trodes (Figure 1C),  it  becomes feasible to adjust  the Schottky barrier  height,
leading  to  the  formation  of  ohmic  or  Schottky  contact,  and  thus  improve
device  performance.  This  approach  has  been  successfully  utilized  for  the
stable mass production of molybdenum disulfide transistor arrays.3 Transfer
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Figure 1.  Applications  of  transfer  printing  technology  in  optoelectronic  and  energy  devices (A)  Schematic  of  solvent-free  transfer  printing  of  colloidal  quantum  dots.1 (B)
Schematic of transfer printing of epitaxial  material  with the desired layer structure from GaAs substrate to the non-native substrate.2 (C) Schematic of the graphene-assisted
metal transfer printing process for six different adhering metals from wafer-scale graphene/Ge substrate to target substrate.3 (D) Schematic of transfer printing of small molecu-
lar layers from PEDOT:PSS-based sacrificial layer.4 (E) Schematic of roll-to-roll fabrication of transfer-printed prelithiated anode of LIB and the device performance.5
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printing  offers  unlimited  freedom to  develop  organic  optoelectronic  devices,
allowing  for  versatile  device  integration  in  various  scenarios.  By  precisely
modifying  the  sacrificial  layer  and  overcoming  the  interfacial  adhesion
mismatches (Figure 1D),  transfer  printing technology enables the realization
of high-performance laterally conductive all-organic photodetectors with high
on/off ratios and fast rise times.4

During  the  charging  and  discharging  process  of  lithium-ion  batteries,  a
reduction  reaction  of  the  organic  electrolyte  occurs  on  the  surface  of  the
negative active material, forming a solid electrolyte interphase (SEI), when the
potential  of  the  negative  electrode  is  below  1  V.  However,  about  5-20%  of
lithium ions will be irreversibly lost in the SEI film during the lithium insertion
process,  which  is  the  reason  for  the  high  initial  capacity  loss  (ICL)  and  low
initial coulombic efficiencies (ICE) of lithium-ion batteries (LIBs). The prelithi-
ation strategy introduces the extra lithium ions from different sources, which
enhances  the  formation  of  SEI  and  improves  the  energy  density.  Various
prelithiation  methods,  such  as  chemical,  electrochemical,  and  additives-
enabled  approaches,  have  been  developed.  However,  these  prelithiation
methods  are  expensive  and  involve  the  use  of  toxic  and  harmful  solvents,
thereby  limits  the  scalability  and  commercialization.  In  addition,  their
compatibility  with  the  currently  roll-to-roll  process  battery  assembly  is
limited. Therefore, the development of cost-effective and commercially feasi-
ble prelithiation methods for electrodes is of immediate necessity.

Transfer printing offers a unique solution to address the issue of prelithia-
tion,  which  is  key  and  cost-effective  to  improve  the  energy  density  of  LIBs,
compatible with roll-to-roll  calendaring.  As known,  prelithiation is one of  the
most important solutions to increase the energy density of LIBs. However, the
commonly used electrochemical and chemical prelithiation methods are not
commercially  viable  with  the  state-of-the-art  roll-to-roll  battery  assembly
process.  Recently,  a  brand-new  continuous  electrodeposition  and  transfer
printing  prelithiation  technology  has  been  exemplified  by  Wu’s  group  from
Tsinghua  University.5 The  team  managed  employing  a  roll-to-roll  technique
to  continuously  electrodeposit  a  lithium  layer,  which  served  as  the  lithium
source.  By  precisely  adjusting  the  electrodeposition  parameters,  the  lithium
layer grown on copper foil  can be feasibly bonded with the graphite coating
detached  from  the  stainless  steel  via  transfer  printing.  The  weak  adhesion
between the graphite layer and the stainless steel enabled the physical trans-
fer  and  the  concurrently  calendaring  process  assured  the  intimate  contact
with  the  active  lithium  for  the  subsequent  prelithiation  reaction  (Figure  1E).
Aided by  the  finite  element  simulation,  the  separation and adhesion proper-
ties  were  elucidated  clearly  during  transfer  printing.  Therefore,  the  ICEs  of
graphite  and  silicon/carbon  composite  electrode  half-cells  reached  the
record-high values of  99.99% and 99.05%,  respectively.  In  addition,  the ICEs
and  energy  density  of  full  cells  have  been  comprehensively  improved.  It  is

worth  noting  that  the  continuous  electrodeposition  and  transfer  printing
prelithiation  technology  is  perfectly  compatible  with  the  roll-to-roll  battery
manufacturing  process.  This  investigation  provides  a  new  solution  for  the
industrialization of low-cost LIBs.

Transfer printing technology has enabled the cost-effective mass produc-
tion of various optoelectronic and energy devices, originated from the differ-
ence  of  adhesion  energy  between  the  adjacent  interfaces.  However,  the
universal  application  of  transfer  printing  technology  remains  a  bottleneck,
despite  its  promising  progress  and  implementation  in  various  devices.  The
crucial role of meticulous control of the separation and adhesion behaviors of
the  target  layer  during  device  fabrication  is  key  to  mass  production.  The
competition  of  the  interfacial  adhesion  energies  between different  materials
required for diverse applications should be carefully calculated and handled.
For example, the shear stress and fracture energy generated at the interfaces
dominate the success rate and yield of  transfer printing.  Integrated with the
roll-to-roll  process,  transfer  printing  technology  would  ease  the  mass
production  of  the  thin-film-based  device,  outperforming  the  current  high-
vacuum-based and solution-based processes.
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