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A B S T R A C T

The epitaxial growth of semiconductor materials in nanowire geometries is enabling a new class of
compact, micron scale optoelectronic devices. The deterministic selection and integration of single
nanowire devices, from large growth populations, is required with high spatial accuracy and yield
to enable their integration with on-chip systems. In this review we highlight the main methods by
which single nanowires can be transferred from their growth substrate to a target chip. We present
a range of chip-scale devices enabled by single NW transfer, including optical sources, receivers
and waveguide networks. We discuss the scalability of common integration methods and their
compatibility with standard lithographic methods and electronic contacting.
1. Introduction

The design and growth of nanowire (NW) devices is reaching a significant level of maturity, enabling a myriad of devices with their
associated advantageous optical and electronic properties [1–10]. Notable advances have enabled NWswith quantumwell structures for
electronic confinement and enhanced optical gain [5,11], nano-patterning [12] and vertically defined heterostructures for use as Bragg
reflectors [13], NWs containing quantum dots for application as single photon emitters [14,15], and doped semiconductor materials for
direct electrical injection [16]. The repeatability and yield of populations of NW devices on growth substrates is now sufficiently stable
to allow the selection of individual devices for integration into chip-scale systems. This is an important step in the translation of NW
technology from proof-of-concept demonstration devices to scalable system components.

The bulk transfer of large populations of NWs is a widely reported methodology allowing integration of sets of NW devices in a single
shot [17] with no precise control necessary over individual device locations. These transferred populations of devices can be
post-processed to form electronic devices for applications including flexible electronic contacts, junction devices [18] and sensors [19].
These bulk transfer methods are beyond the scope of this review. In this article we present a review of the fabrication techniques that
have been developed for the deterministic integration of single NW devices in on-chip photonic and electronic applications. In Section 2,
we present a number of complementary methods for the transfer of NW devices from their native growth substrate to a receiver sub-
strate. A crucial element in the fabrication process is the integration of NW devices with on-chip system elements. This can be achieved
using pre- or post-transfer integration of the NW's and examples of eachmethodology are given. These methods are compared in terms of
the process complexity, throughput and positional accuracy. In Section 3 we present systems demonstrations enabled by the deter-
ministic transfer of single NW devices. In particular NWs coupled to on-chip optical waveguides and electronic components are pre-
sented. Finally, in Section 4 we discuss recent advances being made to enable scaling of single NW technologies, including the high
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speed characterisation of populations of devices, advanced growth methods for directed device transfer and high throughput printing
methods.

2. NW transfer methods

In this section we review a range of methods for the integration of NW devices onto non-native substrates. We start with an
introduction to the most common substrate transfer methods, where large populations of vertically grown NWs are mechanically
cleaved and deposited on a secondary substrate. Although not providing deterministic transfer of single NWs themselves, these methods
are often a precursor to high accuracy integration processes and are therefore an important stage in the fabrication flow. Following on
from this we present a range of techniques for the integration of single NW devices on-chip, highlighting their spatial accuracy, yield and
throughput. Finally, we present the major features of these methods in Table 1 to allow direct comparison.

2.1. Low spatial density mass transfer

The simplest approach by which NW devices can be transferred to a receiver substrate with low spatial density is via methods similar
to mass transfer. The low spatial density on the receiver may be sufficient to enable addressing of single NWs either optically or
electronically. Nevertheless, these methods are not examples of deterministic transfer and are typically used to fabricate devices making
use of a number of nanowire devices simultaneously. Of these methods, the simplest is direct ’dry transfer’ of NWs from their growth
substrate to the receiver [20], where directional shearing forces can be used to coarsely align the long axes of NW devices. Fig. 1(a)
shows a schematic of the dry transfer process. The vertically grown NWs on their native substrate are brought into direct mechanical
contact with the receiver substrate. The samples are then translated relative to one another to promote shearing of the NWs and transfer
to the receiver.

A modification of the simple direct transfer method is to use an intermediate, soft transfer substrate such as Polydimethylsiloxane
(PDMS) [21]. In this case the PDMS is used to make contact with the donor substrate and the NWs are sheared and adhere to the PDMS.
The PDMS is then brought into contact with the final receiver substrate and again a shearing relative contact is used to transfer the NWs.
The yield of all direct transfer methods relies on the relative adhesion of the two surfaces, as well as the mechanical motion applied [21].

The initial cleaving of the NWs from their growth substrate can also be achieved using liquid assisted ultrasonic agitation [22]. In this
technique the donor substrate is immersed in liquid and then subjected to vibration in an ultrasonic bath. The ultrasonic actuation
induces cleaving in the NWs that are then suspended in the liquid. Submersion of a receiver substrate allows deposition of the NWs from
suspension, or they can be allowed to settle on their native substrate and subsequently transferred by PDMS contact transfer.

The method by which the NWs are cleaved from their growth substrate has important implications for the facet quality, a crucial
factor for NW laser devices. Cleavage is necessary not only in random low density transfer, but for all deterministic NW transfer
techniques detailed below. Alanis et al. [22] show that the cleavage method, comparing direct mechanical contact, PDMS contact and
ultrasonification, has measurable effects on the both the distribution of NW cleaved lengths and facet quality, as assessed through lasing
threshold. Distributions of these variables in populations of transferred NWs are shown in Fig. 2(a) and (b). PDMS and short ultaso-
nification are shown to produce transferred populations with the lowest spread of lengths and threshold energies. Examples of the facet
Table 1
Comparison of NW integration methods.

Integration Method Throughput Process
Control

Spatial Accuracy Rotational
Accuracy

Receiver Substrate
Requirements

Processing
Environment

Direct transfer Mass transfer Manual/
Automated

Low control over
individual devices

Limited, via
shearing force

None Table top

Ultrasonification þ
Direct Transfer

Mass transfer Manual Low control over
individual devices

Limited, via
shearing force

None Ultrasonic bath þ
Table top

Direct Transfer þ FIB
Milling

Mass transfer/Single
serial NW processing

Manual Low accuracy device
transfer/Sub-μm
accuracy milling

Limited, via
shearing force

Compatible with FIB
milling process

FIB milling system
chamber

Regrowth Wafer scale
integration via
lithographic
processing

Automated Nanoscale accurate
lithographic pattern
definition

NA (vertically
defined NWs)

Compatible with
epitaxial growth
processes

Semiconductor
growth and
processing

Micro-manipulation/
AFM probe
transfer

Single device Manual Sub-μm accuracy High accuracy None Table top/SEM
chamber

Surface assisted
Transfer

Single device Manual Sub-μm accuracy High accuracy Pre-fabricated surface
topologies with sub-μm
dimensions

Table top/SEM
chamber

Optical trapping Single device Manual Sub-μm accuracy High accuracy Compatible with liquid
immersion

Liquid immersion þ
optical microscope

Transfer printing Single device Manual/
Automated

Sub-μm accuracy High accuracy None Table top
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Fig. 1. (a) Schematic of a mass transfer of vertically grown NW devices to a receiver substrate by direct mechanical contact. (b) Measured NW-to-NW
spacing as a function of applied transfer head force. (c) SEM images of silicon NWs with varying on-chip densities. Adapted under CC-BY license from
Microsystems & Nanoengineering 4, 22 (2018). Copyright 2018 The Authors [20].

Fig. 2. (a) Measured NW length and (b) lasing threshold histograms for four methods of NW cleavage and transfer: ’R’ direct transfer; ’US50 5s
ultrasonification; ’US1000 100s ultrasonification and ’PDMS’ intermediate PDMS substrate transfer. (c) Example SEM images of cleaved NW device
facets. Republished with permission of Royal Society of Chemistry, from Ref. [22].
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damage induced by each of the four cleave and transfer methods are shown in Fig. 2(c). The PDMS transfer and short ultrasonification,
corresponding to their lower threshold values, can be seen to exhibit more uniform facet cleave planes.
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2.2. Self-aligned NW devices

For systems where NWs can be integrated with other components through post-transfer fabrication methods, or by simple free space
optical pumping, random distributions on chip may be sufficient. However, in systems where alignment of NWs with other NWs or sub-
micron chip features are required, then higher spatial accuracy methods are necessary. One such method makes use of NW structures as
a basic unit to be sub-divided [23]. Gao et al. show that NW devices can be sub-divided into optical sub-cavities using a targeted Focused
Ion Beam (FIB) milling to etch a trench across the device. The technique uses a metal mask deposited on the NW during the milling to
protect the device from deposition of Ga ions that would alter its electronic and optical properties. The mask is removed post-milling via
a wet chemical etch. This method preserves alignment between the two sub-cavities and allows for extremely compact gaps between
their facets in the order of 100 nm, minimising diffractive losses between cavities. Dual cavity NW laser devices fabricated in this
manner, with the FIB milled gap as a parameter, exhibit control over the longitudinal lasing modes. Although a very spatially accurate
method, this technique requires serial processing of devices and is limited to structures that can be fabricated using a single original NW.

2.3. Regrowth of III-V NWs on silicon

Although not strictly a transfer method, it is worth highlighting the epitaxial growth of semiconductor NW devices directly on silicon
photonic circuits. Kim et al. [4,24] demonstrate the growth of semiconductor NW emitters on silicon-on-insulator substrates
pre-patterned with silicon waveguide structures. By using a site-specific growth method, the authors demonstrate accurate definition of
vertically grown NWs in a periodic array on the silicon waveguide mesa. This periodic array enables efficient coupling from the optically
active III-V NWs to the planar silicon waveguide structures.

2.4. Micro-manipulation with needle tips and AFM probes

A significant advance in NW integration technologies has been the use of micro- and nano-manipulators for the deterministic transfer
of single devices. Typically, populations of NWs are transferred to an intermediate substrate using direct mass transfer to cleave devices
from their native substrate and then individually selected and transferred to the receiver substrate. Simple variations of this technique
can be realised using an optical microscope, translation stage and a needle probe tip [25–29]. Although limited in spatial accuracy these
probe manipulation methods are extremely flexible and allow the user to pick-up individual NWs or ‘nudge’ them into position on a
surface. The alignment of individual NWs to on-chip structures can reach the sub-micron accuracy level, but is strongly dependent on
Fig. 3. Examples of single NW devices transferred in-situ in SEM systems: (a) Micro-tip pick-up and deposition of a semiconductor tapered NW on a
SiN waveguide. Reprinted from Ref. [14]. Copyright 2020 John Wiley & Sons, Inc. (b) Manipulation of a pair of GaN NW lasers into a coupled cavity
geometry. Reprinted from Ref. [36], with the permission of AIP Publishing. (c) SEM image of a nanomanipulator probe tip with NWs adhering to the
surface from failed transfers. Copyright 2021 IEEE. Reprinted, with permission, from Ref. [35].
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manual control of the system and typically requires substantial time to overcome yield issues. Furthermore, the adhesion of NW's to
probe tips with micron scale radii of curvature is not easy to control, dependent on relative geometry of the probe and NW, probe and
target substrate materials and mechanical transfer techniques such as shearing or rotation of the probe that can reduce spatial accuracy.
Contamination of the probe tip is common with NWs that have not transferred or have been picked up unintentionally, as shown in
Fig. 3. The selective deposition of NWs from the micro-probe tip can be improved by employing a second probe to operate in parallel,
improving yield of transfer and spatial alignment to receiver substrate structures [30,31].

An improvement of the micro-manipulation method makes use of high resolution in-situ imaging to guide transfer, for example with
Atomic Force Microscopy (AFM) [32,33], or Scanning Electron Microscopy (SEM) tools [14,34–36]. The high magnification imaging of
the NW devices and target substrate structures, along with accurate nano-manipulator probes, allows manual control and alignment of
NW devices, though with limited throughput. Fig. 3 shows examples of single NW devices aligned to receiver substrate structures with
accuracy substantially below 1 μm.

These in-situ, high magnification image solutions provide excellent spatial transfer accuracy for single NW devices, but remain
limited in terms of throughput due to the manual nature of the process and the probe tip adhesion limited yield.
2.5. Assisted NW transfer

Two main methods have been developed to address the challenge of yield in micro-probe based transfer. In the first, topological
features in the receiver substrate are used to mechanically promote detachment of the NW from the probe. In the second, an electric field
is generated aligned with the target position on the receiver substrate to direct adsorption of NW devices held in a liquid suspension.

An excellent example of the first method combines a topological trapping feature with a functional optical element on the receiver
chip. Bermundez-Urena et al. use a V-groove in a metal surface as a plasmonic waveguide that can couple to the emission of a deposited
NW laser device [37]. Fig. 4 shows a schematic and SEM image of the NW laser deposited in the V-groove plasmonic waveguide. The
V-groove structure performs two optical functions. Firstly, it is designed to efficiently couple light between the lasing mode of the NW
cavity and the surface plasmonmode of metal surface, and secondly, the angled ends of the groove couple the guided light into free space
for measurement.

In this approach a single NW is picked up from an intermediate surface using a micro-probe and is brought into contact with the
receiver surface. The micro-probe is then used to translate the NW across the surface to the position of the V-groove, where the local
topology provides a favourable condition for the NW to be deposited in the groove, rather than follow the probe translation. Not only
does this method increase the likelihood of NW transfer from the micro-probe to the surface, the geometry of the V-groove allows for
self-alignment of the NW with the plasmonic waveguide axis, without the necessity for high accuracy micro-probe rotational control.
This method has also been employed in SiN based photonic crystal waveguide designs, where a central grove is incorporated to aid
Fig. 4. (a) Schematic and AFM images of a NW manipulated into a topological groove in a silicon photonic crystal device. Adapted with permission
from Ref. [32]. Copyright 2017 American Chemical Society. (b) SEM image of a plasmonic V-groove waveguide with an integrated NW laser. Lower
images show vertically scattered optical emission from the NW under variable polarisation pumping. Efficient coupling to the plasmonic V-groove
mode and out-coupling facets is shown in the bottom image. Adapted with permission from Nano Letters 17, 6b03879 [37]. Copyright 2017
American Chemical Society.
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transfer of sub-100 nm diameter NWs [32,38].
To enable electric field assisted transfer, NWs must be first cleaved from their growth substrate and incorporated into a liquid

suspension. The density of deposited devices on the target substrate can be controlled through the volume density of NWs in the original
suspension. Smith et al. [39] present an electric field assisted deposition method using inter-digitated contact tracks on the receiver
substrate. A bias applied across these tracks induces a polarisation field in the NWs in suspension, aligning themwith the field generated
on the substrate and promoting localised deposition of the conductive NWs. Density of deposited NWs can be controlled through local
field intensity control and applied voltage. Fig. 5 shows two variations of the process, with the contacts in Fig. 5(b) optimised to
produced single NW device deposition.

2.6. Optical trapping

Optical trapping of micro-particles is a well established technique, utilising structured illumination fields to create displacement
force gradients in particles in suspension [40]. These structured light fields can be controlled to trap and manipulate particles in
real-time and with good spatial accuracy [41]. This method has been applied to NW devices and by making use of scanning lasers [42]
and spatial light modulator (SLM) technology, not only can devices be positioned on a substrate, control be exerted over multiple NWs
simultaneously and devices can be manipulated in translational and rotational motion, as shown in Fig. 6. Furthermore, by combining
optical trapping with laser processing, Agarwal et al. [13] show that single NWs can be trapped and cleaved into smaller sections, or
multiple devices can be laser fused into proto-circuit arrangements, as shown in Fig. 6. As with the micro-probe manipulation methods,
optical trapping is low throughput and requires significant manual control to select suitable devices from suspension volumes, though
the control it affords is significant.

2.7. Transfer printing

Of all the micro-manipulation methods, transfer printing is the most compatible with automation and high device throughput. As is
the case with micro-probe transfer, this technique requires an initial stage of mechanical transfer of vertically grown NWs from their
growth substrate to an intermediate receiver, where the NWs are randomly arranged, horizontally on the surface. Individual NWs can
then be selected and transferred to a final receiver substrate individually. Transfer printing instruments are typically based on an optical
microscopy system and a high resolution translation stage, on which the donor and receiver samples are mounted. The basic principle of
operation is similar to the micro-probe methods detailed above, but can be carried out without the need for in-situ SEM imaging and
manual control of micro-probe tips. The transfer method uses micro-fabricated PDMS stamps that allow for spatial addressing of single
NWs. Details of the basic printing system and methodology are given in Ref. [43].

2.7.1. Methodology
Transfer printing was developed initially as a method for the spatially controlled transfer of thin film semiconductor and organic

membranes [21]. As in some other forms of mass transfer, an elastomeric polymer stamp, usually of PDMS, is used to transfer thin films
from one substrate to another. A key advance in transfer printing methods is that the PDMS stamp can be microfabricated to present
topological features that allow for the individual addressing of single, isolated devices on-chip. PDMS stamps can be fabricated using
standard lithographic methods, enabling single print heads or arrays of pick-up heads, fabricated to match the layout of membrane
devices being transferred. This technique allows for the selection and transfer of small area membranes, with thicknesses from a few
hundred nanometres to a fewmicrometres, and cross sectional areas in the range of 5� 5 μm2 to 1� 1mm2. To enable this selective area
transfer, both the donor substrate and stamp material can be processed with micron scale features. A schematic of a basic transfer
Fig. 5. (a) Schematic of inter-digitated contact arrangements for conductive NW alignment and transfer. (b) Optical microscope images of 5 μm long
Au NWs on inter-digitated electrodes. Multiple NW devices (left) and single NW devices (right) aligned to the contact electrodes. Reproduced from
Ref. [39], with the permission of AIP Publishing.
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Fig. 6. Optical trapping and manipulation of NWs. (a) SLM phase mask used to generate an Orbital Angular Momentum (OAM) carrying beam (b). (c)
Microscope images of a NW held in the OAM beam trap. The orbital angular momentum density in this trap can be used to rotate a semiconductor
nanowire, as shown in the sequence of photographs which are separated by 1 s intervals. (d) and (e) show the cleaving and fusing of NW devices
using optical fields respectively. Adapted from Optics Express 13, 22 (2005) [13]. Copyright 2005 Optical Society of America.
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printing process is shown in Fig. 7(a). The process makes use of a differential adhesion effect between the PDMS stamp and the
membrane to be transferred. First, the PDMS stamp is fabricated to present a micro-pillar that is similar in cross-sectional area to the
membrane devices to be transferred. The stamp can then be mounted in the transfer print instrument, suspended rigidly between the
microscope head and the translation stage where the substrates are mounted. PDMS is transparent at visible wavelengths, allowing for
imaging through the stampmaterial during the processing. On the donor substrate, the membranes are often prepared for printing using
a selective under-etch process [44–46]. This allows suspension of thin membranes over their native substrate, supported by micron scale
tethers that are cleaved during the printing process. The adhesion of the PDMS stamp to the membrane is dependent on the contact area
between the two and the velocity with which the stamp is retracted relative to the substrate, see Fig. 7(b) [21]. Therefore, a fast
retraction can be used to overcome bonding forces of a membrane on its native substrate, either through contact or tether supports, and a
slow retraction allows deposition of the membrane onto the target substrate.

There are two factors in this methodology that require attention when considering the transfer of NWs rather than flat membrane
devices. Firstly, NWs are typically only a few microns in length with a cross-sectional diameter in the tens to hundreds of nanometres
range, and therefore it is extremely difficult to fabricate transfer stamp features matching in size. Secondly, NWs are typically in full
contact with an intermediate substrate after cleaving from their growth substrate, and so cannot make use of the lithographically defined
spatial registration or suspended geometries of thin film planar membranes.

Micro-stamps for NW transfer have been fabricated with cross-sectional dimensions in the few microns range [47]. Although much
larger than the NW devices themselves, single NWs can be selected through the surface density coverage of devices, allowing only a
Fig. 7. (a) Schematic of a membrane transfer printing process for a silicon photonic membrane onto an silicon-on-insulator waveguide. (b) Schematic
view of donor and receiver substrates. Adapted under CC-BY 4.0 license from Optics Express 26, 13 (2018). Copyright 2018 The Authors [46]. (c)
Critical energy release rates for PDMS stamp based membrane printing. Low release velocities correspond to printing to a surface and higher than
critical energy Gcrit rates demonstrate membrane pick-up. Republished with permission of John Wiley & Sons - Books, from Ref. [21].
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single device to be addressed by the stamp. The full surface contact of the stamp is further enhanced by PDMS deformation around the
NW, allowing detachment of the device from its donor substrate. A schematic and optical micrographs of a NW printing process
following this approach are presented in Fig. 8. The curing conditions of the PDMS stamp may also be used to control its adhesive force
that, together with selection of an intermediate donor substrate, can be used to improve pick-up and transfer yield. Further discussion on
PDMS adhesion control is presented below with respect to dense device integration. Additionally, as with the micro-probe based
methods, topological structure on the receiver substrate can be used to improve transfer yield, for example through shearing force
detachment of the NW from the PDMS stamp.

2.7.2. Spatial accuracy
The major challenge for transferring NW devices with high spatial accuracy is that they are typically randomly distributed on the

donor substrate, unlike membrane devices which are defined lithographically and can therefore be related to optimised marker
structures. Integration of NW devices with on-chip photonic or electronic components requires spatial accuracy in the sub-micron range,
including control over the angular direction of the NW long axis.

Topological features can be used to ensure NW alignment with on-chip structure, particularly if these features correspond with the
optical or electronic devices being targeted, for example in the case of V-groove waveguides [28,37]. Alternatively, the large aspect ratio
between the NW diameter and long axis length can be used effectively to self-reference the NW position and orientation using simple
optical microscopy techniques. McPhillimy et al. show a method by which NWs can be spatially referenced on their donor substrate
using an image correlation method between the image of the NW and a template line object held in computer memory. Translations in
the xy-plane, along with rotations of the template image, allow precise location of the NW and orientation information to be measured
relative to the coordinate system of the translation stage in the printing instrument. The same spatial registration process can be carried
out on the receiver substrate, providing a translation and rotation function between the NW donor and receiver positions. Fig. 9 shows
NW devices that have been printed next to lithographically defined silicon gratings, or already positioned NWs, using this method. Fig. 9
also shows scatter plots of the translational and rotational accuracy of the NW transfer method from Ref. [48], highlighting the excellent
control afforded by this technique.

2.7.3. Serial printing and dense integration
One of the key benefits of NW devices is their compact footprint, allowing for dense integration of components on-chip. The large

cross-sectional area of the transfer print stamp compared with the NW poses a challenge to the serial integration of devices in close
proximity. In particular, the footprint of the PDMS stamp is such that it will come into contact with an already deposited NW when
printing the next device in the series. As noted above, the risk of re-pick up of the first NW can be significantly reduced by careful design
of the process and adhesiveness of the target substrate and stamp. In Ref. [47] Jevtics et al. demonstrate a method by which multiple
NWs from different growth platforms can be printed in areas similar to the NW footprint. An intermediate substrate stage is used to allow
high-yield pick up from the donor and then high yield deposition to the receiver. A schematic of the process is shown in Fig. 10.

In Ref. [47] there is a characterisation stage in the transfer process that is used to select individual devices for integration on the final
chip. This stage is not fundamental to the serial printing process. The crucial element of this method is that the final PDMS stamp used to
contact the receiver substrate is below the threshold to pick-up the in-situ NWwhen retracted during the process step for the next NW in
the serial printing process. Using a silica receiver substrate, this is found to be possible for a PDMS stamp fabricated using an 8:1 ratio of
Fig. 8. Schematic of a NW transfer printing process. (a) The transfer stamp head is aligned to the NW on its donor substrate, (b) the PDMS stamp
head is brought into contact with the NW, (c) the NW is released from the substrate at a velocity above the critical point, (d) the NW device is aligned
to its receiver substrate position and (e) brought into contact with the surface, (f) the PDMS stamp head is removed at a velocity below the critical
point leaving the NW deposited on the receiver substrate.
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Fig. 9. (a) SEM images of an InP NW, aligned with a silicon grating with 500 nm mark/space features. (b) Lateral and rotational alignment achieved
using automated NW alignment process and print. Adapted with permission from ACS Applied Nano Materials 3, 0c02224 [48]. Copyright 2020
American Chemical Society. (c) Two 5 μm long NWs printed with their axes aligned. Adapted with permission from Ref. [49]. Copyright 2017
American Chemical Society.

Fig. 10. (a) Schematic of the dense integration NW printing, making use of intermediate substrates and different PDMS stamp heads to enable
deterministic single device transfer. (b) SEM images of fabricated devices with inter-device spacing down to 1 μm. Adapted under CC-BY 4.0 license
from Optical Material Express 11, 10 (2021). Copyright 2021 The Authors [47].
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PDMS to curing agent. Fig. 10 shows SEM images of NWs that have been printed side-by-side within a fewmicrometres of one another in
such a serial process.
2.8. Comparison of integration methods

Table 1 presents a comparison of the integration methods presented above, with parameters including spatial and rotational ac-
curacy, throughput, automation and processing requirements.

3. Integration of NWs with on-chip structures

The above detailed integration processes have been used to demonstrate integration of NW devices for a range of applications,
including enhanced optical emission, electronically addressed optical receivers and mechanical sensing components. A few such
demonstrator systems are detailed below as examples.
3.1. On-chip grating devices

NW devices are attractive due to their very compact footprint, but this in turn makes it more challenging to integrate these devices
with traditional opto-electronic elements. Bragg gratings are a widely employed optical device in integrated photonics for wavelength
selective filtering, controlled optical feedback or vertical emission for off-chip coupling. NWs can be connected with these type of
structures through intermediate coupling to waveguide elements, as discussed below, or through direct integration onto grating
elements.

Xu et al. [50] demonstrate NW devices integrated with circular, vertical emission grating elements, fabricated both by FIB milling of
9
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gratings post-NW deposition and printing of NWs directly onto pre-fabricated gratings. An example of a post-transfer fabricated circular
metallic grating integrated with a semiconductor NW laser is shown in Fig. 11(a). The grating elements couple the optical modes of the
NW lasers to vertical emission modes, additionally providing cavity selection effects for polarisation and directionality of the vertically
coupled modes.

NW lasers have also been directly transferred onto in-plane Bragg grating elements for lasing mode selection. Wright et al.
demonstrate integration of GaN based NW laser devices with SiN on-chip Bragg gratings [51], as shown in Fig. 11(b). The refractive
index contrast of the on-chip Bragg grating is in direct contact with the NW surface, providing an index perturbation to the evanescent
tail of the guided lasing modes of the NW. This distributed Bragg reflector is shown to provide feedback selection amongst the guided
modes of the NW, with wavelength discrimination using the relative rotation of the grating and NW axes, i.e. changing the effective
grating period apparent to the NW modes.

3.1.1. Optical receivers
NW devices, with their strong optical and electronic confinement, are attractive components for compact on-chip detectors, and can

be directly addressed with electronic contacts. Yang et al. [52] present spectrally resolved photo-detection in the visible range of the
electromagnetic spectrum, using only a single NW detector. By grading the material composition of the NW during growth, with
constituent components of Cd, S, and Se, the authors show that the local bandgap of the NW can be spatially controlled. A single NW is
deposited on a silica substrate and post-fabricated with micron scale In/Au contacts along its length, as shown in Fig. 12(a). The
spectrally resolved absorption of incident light can then be extracted from the photo-current measured across the array of contacts to the
NW. Although still limited in spectral resolution, this ultra-compact device is competitive with devices with significantly larger
footprints.

The compact geometry and high intrinsic field gradients in NW devices, make them attractive for single photon sensitive detection at
room temperature [53,54]. In Ref. [53] the authors demonstrate integration of a single core-shell NW detector with electronic contacts
for single photon detection, see Fig. 12(b). The core-shell electronic confinement enables photon number resolving detection at
room-temperature. Furthermore, the nanowire geometry produces polarisation anisotropy in detection efficiency, paving the way for
future room temperature arrays of polarisation sensitive photon counting detectors.

The electronic confinement and geometry of NW devices also make them suitable for polarisation sensitive detectors in the THz
range of the electromagnetic spectrum. Peng et al. present polarisation selective THz detectors based on pairs of NWs with orthogonally
Fig. 11. (a) Schematic and SEM images of NWs integrated with metallic surface gratings for vertical emission enhancement. Adapted with
permission from Ref. [50]. Copyright 2018 American Chemical Society. (b) NW laser integration with surface relief distributed Bragg reflectors for
lasing mode selection. Reproduced from Ref. [51], with the permission of AIP Publishing.
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Fig. 12. (a) Photoluminescence measured from a graded composition Cd(S,Se) NW with spectra corresponding to indicated areas on the NW. (b)
Microscope image of the electrically segmented and contacted NW spectrometer and the electronic package. (c) Photo-current response from each
NW segment as a function of illumination wavelength. Republished with permission of American Association for the Advancement of Science, from
Ref. [52]. (d) Schematic of a CdS core-shell single photon detector. (e) Measured count rate as a function of incident photon flux. Adapted with
permission from Ref. [53]. Copyright 2018 American Chemical Society.
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arranged axes [55]. These devices integrated two pairs of NWs with electronically contacted bow-tie antennas. The NWswere integrated
with the electrical contacts in two stages, allowing the perpendicularly arranged NWs to be arranged in a vertical stack, thus addressing a
compact area for polarisation resolved measurements. Fig. 13(a) and (b) show a schematic and SEM image of the crossed NW receivers.
Fig. 13(c) presents the polarisation resolved measurements of the crossed NW detector system.

3.2. Electrically addressed NW devices

Electronic contacting of devices is a fundamental requirement for many on-chip systems and has been the focus of efforts in NW
integration, in particular for the creation electrically pumped NW optical emitters [56,57]. Typically NW devices are transferred to their
host substrate and electronic contacts then formed using lithographic mask and metal deposition methods, see Fig. 14(a).

Electronically pumped NW laser devices are a key component in many of the applications being targeted and a recent review [56]
provides a broad overview of efforts being made in the area. An electrically pumped NW optical emitter device was demonstrated in
2003 by Duan et al. [58]. In this work a single CdS NW was transferred onto a p-doped silicon substrate and subsequently clad with an
Fig. 13. (a) Schematic view and SEM images of the crossed NW THz detector and the donor NW array. (b) Polarisation dependent measured
photocurrent in the horizontal channel (red dots) and vertical channel (blue circles) and (bottom) Extracted field angle from the two channel
measurement. Republished with permission of American Association for the Advancement of Science, from Ref. [55].
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Fig. 14. (a) Schematic and optical microscope images of an electrically contacted NW LED device for direct modulation. Reprinted from Ref. [57],
with the permission of AIP Publishing. (b) Schematic and microscope images of an electrically pumped CdS NW laser. Republished with permission of
Springer Nature BV, from Ref. [58]. (c) Emission spectra from NW LED devices directly contacted using a doped silicon NW bus contact and (d) SEM
image of the device. Republished with permission of John Wiley & Sons - Books, from Ref. [16].
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Al2O3 layer for electronic insulation. Pinch points at the device edges allowed electronic injection from a metal contact layer deposited
on the alumina cladding, as shown in Fig. 14(b). There is a clear trade-off in electrically pumped NW devices between the physical
geometries required to inject carriers, via doped substrates or metal coatings, and the associated intra-cavity losses these induce. Ad-
vances in the state-of-the-art require multiple crucial challenges to be addressed, including optimised doping of NWs for electronic
transport and the formation of metal contacts to minimise optical cavity losses.

Huang et al. [16] present an alternative mesh based technique for the compact integration and addressing of NW emitters with a
Fig. 15. (a) SEM image of a suspended NW acting as an RF coupled Nanomechanical Resonator and (b) low temperature mechanical resonance
spectrum. Republished with permission of John Wiley & Sons - Books, from Ref. [59]. (c) Schematic of a NW emitter mounted between two silica
supports. Uniaxial stress was applied through 3-point bending load applied to the substrate. Adapted with permission from Nano Letters 17, 7b02589
[60]. Copyright 2017 American Chemical Society.
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range of optical emission wavelengths from the UV to the near-IR. A p-type silicon NW is used as a common conductor and terminated
using a metal contact pad, as shown in Fig. 14(c). Individual semiconductors of a variety of material compositions make contact with the
p-type silicon wire with their long axes perpendicular to that of the silicon wire. Each individual semiconductor NW is terminated at a
contact pad. In this way each emitter can be electronically addressed and operated as a compact LED device.
3.3. Nanomechanical resonators

In addition to the applications in electronic and photonic systems that have driven NW research in recent years, individual, sus-
pended NWs are an attractive option for Nano-Electro-Mechanical Systems (NEMS). In Ref. [59] Tomita et al. present the integration of a
single InAs NWwith metallic contacts, suspended over a gate electrode, using liquid assisted micro-probe transfer. An SEM image of the
device is presented in Fig. 15(a). The mechanical vibration properties of the NW beam were measured using an RF mixing technique,
showing resonances in the MHz range and voltage control of the device properties. The use of NW devices in this application allows
decoupling of the fabrication process of the NWs from the surrounding electronic circuit elements, giving much greater flexibility to the
mechanical geometries available. Furthermore, use of heterogeneously integrated NWs provides access to a variety of materials that
could be used in a single compact system.

In Ref. [60], the authors integrate a NW device in a suspended geometry between two silica pads. By stressing the chip substrate in a
three-point load bending setup, the NW can be put into tensile stress and the effective Fabry-Perot cavity length modulated. Direct
measurement of the cavity spectrum shows modulation of the resonant cavity modes as an effect of the mechanical deformation of the
NW, as shown in Fig. 15(d).
3.4. Integration of NWs with on-chip waveguides

As noted in the fabrication section above, high spatial accuracy of NW devices with on-chip waveguide devices is required to ensure
efficient optical coupling between them. This alignment can either be achieved by post-transfer position registration of the NWs and
subsequent fabrication of aligned waveguides, or by accurate transfer of NWs to already fabricated waveguide devices. Alternatively,
sufficiently long NW devices can be used as waveguides themselves, and can be manipulated into coarse waveguide networks using the
methods described previously.

3.4.1. NW based waveguides
The high refractive index contrast of semiconductor NWs to air, or a low refractive index substrate such as silica or polymeric

materials, allows for strong optical confinement in NWs with diameters as low as a few hundred nanometres. Sirbuly et al. [38] show
how simple mechanical contact of NWs can allow evanescent field coupling between devices and simple networks of waveguides can be
formed, see Fig. 16. Light is shown to propagate along millimetre lengths of NW waveguide and measureable coupling is demonstrated
amongst NWs of different material structures. NWs integrated with plasmonic waveguides can also be achieved using direct proximity
coupling, as detailed in Ref. [29].

By manipulating long NW devices, multiple sections of a single device can be brought into close proximity, or contact, to form
resonant cavity structures. Li et al. [61] show NW devices that are formed into compact resonator structures, including a cross-ring
waveguide component, as shown in Fig. 16. The main lasing cavity in these structures is the Fabry-Perot cavity between the facets
of the NW. In addition, the evanescent field coupling between the NW sub-sections allows for sub-cavities to be formed, and modal
selection using a multiple cavity resonance effect. Such resonant cavities can also be embedded in elastomeric materials, so that on
deformation of the host substrate, the geometric cavity is modified and an associated wavelength shift of the lasing mode can be
measured, as detailed in Ref. [62].

3.4.2. Post NW transfer waveguide fabrication
Since waveguide devices can be fabricated post-transfer of NWs, this method of integration is compatible with randomly distributed

devices, with the spatial accuracy provided in the lithographic stage of the process. Tchernycheva et al. [63] present integration of an
InGaN NW LED, a silicon nitride waveguide channel and an InGaN NW photodetector in a single optical transmission channel
demonstration. The NW LEDs and photodetectors were deposited separately on the host substrate with low spatial control. The positions
of these devices were registered and used as references in the fabrication of a SiN waveguide channel. The SiN waveguide was fabricated
using PECVD deposition and electron-beam lithography, ensuring good alignment with the NW devices and subsequently, the deposited
metal contact tracks. Fig. 17(a) shows an optical micrograph of the fabricated system.

Better control over NW placement on the receiver substrate is important for future scaling of this form of integration. Post-alignment
of waveguides to randomly placed NWs is resource intensive and requires new lithography patterns for every device instance.
Furthermore, the position of NWs can frustrate efficient use of chip space or future integration with other components. Elshaari et al.
present a refinement of the above method for fabrication of quantum dot containing NWs as a photon source for on-chip quantum
photonic applications [27]. In this work the authors make use of on-chip markers to direct the micro-probe transfer of the NW emitters to
desired locations on chip. The NWs in use are tapered to promote optical coupling between the wire and waveguide devices, as shown in
a previous work where the NWs were embedded in SiN channel waveguides [64]. Once the NWs are deposited on the sample, their exact
location can be referenced and SiN waveguides can be fabricated through dielectric deposition and e-beam lithography techniques.
Fig. 17(b) shows SiN waveguide devices, incorporating ring resonator filters, coupled to NW sources.
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Fig. 16. (a) Self-coupled NW ring laser embedded in a polymer material as a strain sensor. Reprinted with permission from Ref. [62]. Copyright 2020
John Wiley & Sons, Inc. (b) Networks of NW devices integrated to allow evanescent field coupling between individual NWs, reprinted with
permission from Ref. [38]. Copyright (2005) National Academy of Sciences, U.S.A. (c) Fabry-Perot NW lasers, formed into self-coupled feedback
structures. (top) optical images (middle) numerical simulations of guided fields and (bottom) schematic. Republished with permission of Royal
Society of Chemistry, from Ref. [61].

Fig. 17. (a) (left) SEM and (right) optical microscope images of a SiN channel waveguide post-fabricated between InGaN NW source and emitters
with electronic contacts. Adapted with permission from Ref. [63]. Copyright 2014 American Chemical Society. (b) Schematic of two quantum dot
containing tapered NWs coupled to the facet of a SiN waveguide. The SiN circuit incorporates a ring resonator filter and inset graphs show measured
spectra from the NW emitters into the bus waveguide and the drop port of the ring, the latter as a function of bias voltage on the ring thermal tuning
element. Adapted under CC-BY 4.0 license from Nature Communications 8 (2017). Copyright 2017 The Authors [27]. (c) Schematic and optical
microscope images of a tapered semiconductor NW embedded in a SiN waveguide. Adapted with permission from Nano Letters 16, 5b04709 [64].
Copyright 2016 American Chemical Society.
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3.4.3. Pre-NW-transfer waveguide fabrication
If the spatial accuracy of NW transfer to a receiver chip is good enough, devices can be integrated with pre-fabricated waveguide

devices. This is a more attractive route for scaling as it does not require registration of NW position to informwaveguide fabrication, and
is therefore compatible with the maturing availability of foundry-fabricated Photonic Integrated Circuits (PICs).

Direct coupling of NWs transferred at the end facets, or evanescently coupled to the top surface of waveguides and cavities [65], has
been demonstrated. Waveguide platforms in SiN [14] and polymer-on-glass [49] have been coupled to semiconductor NW devices, as
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shown in Fig. 18(a). In Ref. [14] the authors demonstrate direct alignment of a quantum dot emitter in a tapered NW, transferred onto a
compact SiN waveguide. The high precision alignment achieved using in-situ SEM monitoring allows for high efficiency coupling be-
tween the NW and the waveguide, as shown in Fig. 3(b). In Ref. [49] the authors directly print individual NWs onto SU8 polymer
waveguides, demonstrating multiple wavelength devices on a single waveguide, and operation of the full chip under mechanical
deformation.

Bao et al. [30] present an integrated silicon nitride Mach-Zehnder Interferometer (MZI) device where one of the interferometer arms
is formed using a heterogeneously integrated CdS NW. In this work the authors use pre-fabricated silicon nitride PIC devices as a receiver
substrate and a micro-probe based NW manipulation method to accurately place the CdS NWs on the MZI, as shown in Fig. 18(b).
Shearing of the NW against the silicon nitride waveguide coupler sections ensures effective optical coupling and accurate NW deposition
on the receiver chip. By using the length of the coupler sections as a variable, the authors demonstrate control over the coupling ef-
ficiency between the on-chip waveguides and CdS NW devices.

Transfer of NW devices to sub-micron scale waveguide structures have been demonstrated using surface topology to ensure the
necessary control on spatial alignment. As noted previously, NW laser devices have been integrated with plasmonic V-groove wave-
guides demonstrating direct coupling between NW and V-groove waveguide modes, and vertical emission from angled facet termina-
tions [37]. Using a similar methodology Sergent et al. [28] demonstrate coupling of NW devices with on-chip photonic crystal PC
cavities. The PC devices are fabricated using e-beam lithography and reactive ion etching into silicon nitride and suspension of this layer
by chemically selective etching of the silicon substrate. The PC cavities are fabricated with a central defect line, and incorporate a
shallow groove to assist trapping of the NWdevices with diameters of only a few tens of nanometres. The coupled effect of the PC and the
NW produces a resonant cavity in the NW, enhancing emission efficiency and with resonant wavelength set by the PC periodicity, as
shown in Fig. 19.

4. Scaling

Many of the demonstrations of NW device integration presented in the previous sections are proof of concept devices incorporating a
small number of NWs on-chip. In order to fully exploit the potential of NW devices as building block components in integrated optical,
electronic and NEMS systems feasible routes towards scalable integration are being sought.

Before discussing the integration of NWs at scale, it is worth considering the complementary requirement of selecting single devices
from large populations of NWs in their initial, randomly distributed state on an intermediate substrate. Without pre-characterising and
spatially selecting devices, a degree of inhomogeneity in target device properties across a population can be expected [66]. One
technique to deal with such inhomegeneity in single device characteristics can be to use a multiplexed integration method where in-
dividual NWs can be electronically addressed from a hierarchical structure [67]. This technique allows for detailed measurements of a
set of devices on a single substrate, where selection between individual devices may be resource intensive, for example in-situ cryogenic
measurements. Alternatively, nesting such architectures in a wider circuit design can mitigate for device to device variations.

Recent advances in high throughput, optical microscopy based characterisation allow multiple measurements to be carried out on a
single system and can be combined with high-resolution translation stage control to provide spatial location information on the devices
under test. Alanis et al. [68] demonstrate a single measurement system that first locates NW optical emitters in a wide field of viewmode
by fluorescence. Each emitter position is then registered relative to on-chip markers. In high magnification mode the system can select
individual emitters in series, measuring pump energy dependent spectra, lasing threshold, bright and darkfield imaging to determine
NW location and rotational orientation and even pump beam polarisation dependence of optical emission. Since this dataset is related to
the spatial position and orientation of the NW devices, individual devices can be easily located for further processing.
Fig. 18. (a) Optical microscope images showing NW lasers printed at the facets and on top of polymer waveguides. Dark field images show emission
from the sample surface and waveguide facet. Adapted with permission from Ref. [49]. Copyright 2017 American Chemical Society. (b) SEM and
optical microscope images of a CdS NW integrated directly in contact with a waveguide Mach-Zehnder interferometer.Inset shows lasing spectrum.
Adapted under CC-BY 4.0 license from Light: Science & Applications 8 (2020). Copyright 2020 The Authors [30].
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Fig. 19. Schematic fabrication process (left) AFM (centre) and SEM images (right) of NWs aligned with topological grooves in a SiN photonic crystal.
Reprinted with permission from Ref. [28]. Copyright 2017 American Chemical Society.
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In Ref. [69] Jevtics et al. make use of the high throughput microscopy system to select NW laser devices by threshold performance
and transfer these to a secondary substrate. The spatial position of the NWs measured by the microscopy measurement system is then
used as an input to the transfer printing instrument used for NW processing, see Fig. 20. The compatibility of the high-accuracy
translation stages, optical microscopes and marker recognition on both systems allows for sub-micron automated alignment of the
NW transfers.

NW transfer based processes are inherently serial due to the requirement of selecting single NWs from randomly distributed pop-
ulations. An alternative method has been reported by which populations of NWs can be grown in site-specific locations on-chip and with
a growth axis angled with respect to the sample plane, as compared with NWs typically grown vertically. Schvartzman et al. [70] present
arrayed growth of NWs, where the angle made between the NW and the substrate, Fig. 21, allows groups of NWs to be cleaved and
deposited onto the growth substrate, preserving the lithographic arrangement of devices and relative placement with respect to on-chip
registration marks. Further lithographic processes are then carried out to define electronic contacts and tracks aligned with NW arrays,
making this process compatible with common optoelectronic chipscale fabrication processes.
Fig. 20. (a) Schematic of device measurement, binning, and reprinting process. (b) Spatial map of population of NW laser devices. (c) Measured NW
lasers binned by threshold energy. (d) Spatial map of selected NWs transfer printed onto a receiver substrate. Adapted with permission from Nano
Letters 20, 9b05078 [69]. Copyright 2020 American Chemical Society.
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Fig. 21. Top row: scheme for selective directional growth of NW devices and integration with lithographically defined electronic contacts. Bottom
row: micrographs of fabricated NW transistor devices. Reprinted with permission from Ref. [70].
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5. Conclusion

As the growth and fabrication of NW devices matures it is clear that methods are required by which these compact devices can be
deterministically integrated into chipscale photonic and electronic systems. Individual NWs have been integrated with on-chip elements
including electronic contacts, surface gratings, waveguides and even other NW devices. The variety of transfer processes available allow
for fabrication flows where NWs are deposited before further processing or with high spatial accuracy, post-fabrication of micron scale
circuit elements. The complementarity of high throughput measurement and NW transfer processes provide early indications of po-
tential routes to scaling of these processes, taking demonstrations from proof-of-concept experiments towards manufacturing
compatible micro-assembly. Recent advances in site specific NW growth have shown compatibility with lithographic processing and
scaling, and together with high accuracy transfer printing techniques, offer an attractive prospect for future multi-material, parallel
integration of populations of NW devices at scale.
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