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REVIEWS I

Bandgap engineering in
semiconductor alloy nanomaterials
with widely tunable compositions

In a semiconductor, the bandgap is arguably the most
critical parameter for almost all applications involv-
ing photon absorption or emission, such as solar cells,
solid-state lighting, detectors, displays, sensors, lasers
and photocatalytic reactions. In solar cells, only photon
energies close to the bandgap energy can be converted
into electricity: higher-energy photons lose energy by
thermalization and phonon generation, whereas low-
er-energy photons are simply transmitted through the
solar cell. Thus, efficient solar cells require the com-
bined use of multiple semiconductors with various
bandgaps. Multicolour or multiwavelength photo-
detectors and on-chip spectrometers would be enabled
by semiconductors with a larger range of bandgaps. In
solid-state lighting, illumination and displays, direct
red-green-blue (RGB) or multicolour emission is
desired to achieve, in the long term, high efficiency and
low-cost fabrication. This requires semiconductors with
bandgaps in the range 1.77-3.1eV. For solid-state light-
ing, it is still impossible to realize all-semiconductor
white light-emitting diodes (LEDs) from a single
monolithic semiconductor to enable light sources with
high luminosity and long lifetimes. The conventional
approaches still use non-semiconductor phosphors
combined with a semiconductor emitter for the gen-
eration of white light, which results in inefficient and
low-quality lighting.

Cun-Zheng Ning'-2, Letian Dou’=° and Peidong Yang>*®

Abstract | Over the past decade, tremendous progress has been achieved in the development

of nanoscale semiconductor materials with a wide range of bandgaps by alloying different
individual semiconductors. These materials include traditional [I-VI and Ill-V semiconductors
and their alloys, inorganic and hybrid perovskites, and the newly emerging 2D materials. One
important common feature of these materials is that their nanoscale dimensions result in a large
tolerance to lattice mismatches within a monolithic structure of varying composition or between
the substrate and target material, which enables us to achieve almost arbitrary control of the
variation of the alloy composition. As a result, the bandgaps of these alloys can be widely tuned
without the detrimental defects that are often unavoidable in bulk materials, which have a much
more limited tolerance to lattice mismatches. This class of nanomaterials could have a
far-reaching impact on a wide range of photonic applications, including tunable lasers,
solid-state lighting, artificial photosynthesis and new solar cells.

Revolutionary advances are expected if it becomes pos-
sible to achieve semiconductors with any desired bandgap
that can be tailored for specific applications. Such dream
materials would also enable many new applications. Not
all bandgaps are naturally available through the direct syn-
thesis of elemental or binary individual semiconductors;
one common approach to creating otherwise non-existent
bandgaps is to alloy two or more semiconductors with dif-
ferent bandgaps. By controlling the alloy composition, all
the bandgaps between those of the constituent semicon-
ductors can in principle be realized. However, the range of
bandgaps that can be achieved in high-quality single-crys-
tal alloys is limited in practice by the strict requirement of
lattice matching in planar epitaxial growth (in addition to
chemical solubility or miscibility): the lattice constant of
the material to be grown has to be very similar to that
of the substrate (FIG. 1). Owing to the limited availability of
substrates (commonly available substrates are indicated
by dashed black lines in FIC. 1) and the lattice mismatch
issue, the range of achievable bandgaps is severely lim-
ited. A small tolerance to mismatch (for example, a 1%
mismatch with respect to a GaAs substrate, as shown by
the red shading in FIC. 1) enables the achievement of only
a small range of bandgaps (~0.7 eV for ZnHgS), whereas a
larger tolerance to mismatch would enable a much larger
range of bandgaps (~2.5¢V for ZnHgS for a 3% mismatch,
green shading in FIC. 1) on the same substrate.
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Figure 1| Bandgaps and lattice constants for typical semiconductors and their alloys. Filled and unfilled circles
indicate, respectively, direct and indirect bandgap materials, and solid and dashed connecting lines indicate, respectively,
direct and indirect alloys. For simplicity, only group II-VI and IV-VI alloys are shown. The five black dashed vertical lines
indicate commonly used substrates for the epitaxial growth of materials: Si, GaAs, InP, InAs and GaSb. The ranges of
available lattice constants and corresponding bandgaps for a 1% and 3% lattice mismatch with GaAs are indicated by the
red and green shaded areas, respectively. High-quality materials with a few per cent of mismatch can be readily grown at
the nanoscale, leading to a large range of bandgaps in nanomaterials.

The effect of lattice mismatch on epitaxial growth is
illustrated in FIC. 2, which shows the relationship between
the critical thickness (the thickness above which signifi-
cant dislocations are introduced) and lateral size of an epi-
taxial semiconductor disk for different lattice mismatches
with the substrate’. The larger the lattice mismatch and
the lateral size of the material, the smaller the critical
thickness. For conventional planar epitaxial growth of
thin films such as quantum-well structures, reaching a
meaningful thickness (>10nm) requires the lattice mis-
match to be smaller than 1% to grow high-quality single
crystals. This is the fundamental reason why planar epi-
taxial crystal growth can produce only a limited range of
bandgaps. FIGURE 2 also provides an important hint for
how to expand the range of lattice mismatches (and thus
the range of bandgaps). If materials with smaller cross
sections (a radius <100 nm) are grown, they can reach any
thickness, even for lattice mismatches as large as 3-7%.
The larger tolerance to lattice mismatch at the nanoscale
allows us to substantially expand the range of achievable
energy bandgaps and provides many opportunities for
growing materials in new alloy composition ranges for
both materials research and novel device applications.
Such large tolerance to lattice mismatch also enables
the growth of very dissimilar materials into monolithic

heterostructures. Moreover, lattice-mismatched struc-
tures at the nanoscale are likely to respond elastically
to dissimilar expansions under thermal stress without
breaking the structure.

The large tolerance to lattice mismatch was one of the
main drivers in the development of nanoscale materials
in the past decade. It has created unprecedented oppor-
tunities for growing semiconductor alloys with almost
arbitrary compositions, on a substrate or in a single
monolithic piece, with an extraordinarily large range
of bandgaps on the order of several eV instead of 10s
of meV. These materials include traditional II-VI and
III-V semiconductors and their alloys in nanowire or
nanosheet forms, inorganic and hybrid perovskites, and
2D materials. These almost arbitrary alloys with almost
arbitrary bandgaps are promising for applications in
a wide wavelength range and will have a far-reaching
impact on photonic applications.

In this article, we review the progress made over the
past decade in exploring these advantageous properties
of nanomaterials and their impact on materials research
and device applications. In the introduction, we pre-
sented a general background on semiconductor alloys
and the bandgap dependence on alloy composition,
emphasizing the limitations of planar epitaxial growth.
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Figure 2 | Effect of lattice mismatch on epitaxial
growth. The critical thickness of a semiconductor disk
epitaxially grown on a substrate is shown as a function of
the lateral size of the disk (its radius) for different percent
mismatches between the lattice constant of the substrate
and that of the disk. Adapted with permission from REF. 1,
American Physical Society.

We have also discussed the quantitative advantages in
terms of tolerance to lattice mismatch afforded by mat-
erials with characteristic scales of 10-100 nm. The focus
of this Review is on the growth and synthesis of nanoma-
terials with a wide range of alloy compositions, includ-
ing II-VIand III-V semiconductors, halide perovskites
and 2D monolayer transition metal dichalcogenides
(TMDC:s). Owing to the vast amount of literature, rather
than trying to cover the entire field, we concentrate on
alloy composition and bandgap flexibility. We conclude
with an overview of the unique applications enabled by
these new material platforms and the future perspectives
for the exploration of the limits of ‘arbitrary alloying’ and
its potential for new device applications.

Epitaxial growth of nanowires

In the epitaxial growth of nanowires from a crystalline
substrate, the crystalline planes of the substrate can be
used to control the orientation of the nanowires. This
enables great control over the orientation and large-scale
uniformity of the nanowires, which is important for the
fabrication of large-scale devices. Because nanowire
epitaxy implies a larger tolerance to lattice mismatch
compared with thin-film (planar) epitaxy, as discussed
above, it enables materials studies and device applica-
tions that are impossible with planar epitaxy. Thus, the
epitaxial growth of nanowires has generated considera-
ble progress in several areas, including the achievement
of the largest reported lattice mismatch of up to 10%>*
and the growth of many III-V compounds and their
alloys on Si, which is a tremendously important area
for Si photonics owing to the prevailing role played by
Si in microelectronics and to the lack of efficient light-
emitting materials based on Si. Selected-area epitaxy
(SAE) is one of the most straightforward extensions
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of planar epitaxy for the growth of nanowires. Some
particularly interesting examples are discussed in this
section.

Metal-catalysed epitaxial growth on III-V substrates.
One of the early examples demonstrating the tolerance of
nanowires to large mismatches is the growth, by chemical
beam epitaxy, of heterostructured nanowires with alter-
nating InAs and InP segments*; the mismatch between
the two materials is greater than 3%. This heterostructure
also exemplifies the opportunities provided by nanow-
ire technology, as the InAs/InP interface could not be
studied before owing to the inability to produce high-
quality interfaces resulting from the large mismatch.
More recently, GaAsP and AlGaP alloy nanowires were
grown on a GaP(111) substrate in their wurtzite phases®,
enabling the emitted wavelength to be tuned across the
range 555-690 nm. Vapour-liquid—solid (VLS) growth
of GaAs,_,Sb, nanowires was demonstrated with Au
catalysts on a GaAs(111)B substrate by means of metal-
organic vapour phase epitaxy (MOVPE)®. Incorporation
of Sb was tuned over a broad range (x was changed from
0.09 to 0.6) solely by changing the AsH, flow.

IIT-V nanowires on Si substrates. The monolithic inte-
gration of I1I-V semiconductors on Si substrates has
been a long-standing goal. The growth of III-V semi-
conductor nanowires on Si provides the best oppor-
tunity to demonstrate the uniquely large tolerance to
lattice mismatches of nanomaterials. The success of
this approach is having a tremendous impact on many
technologies in which light-emitting III-V compounds
can be integrated with the Si technology that dominates
the microelectronics industry. Thus, this approach has
attracted much attention in device-oriented research.
The earliest attempt’” was the growth of GaP, GaAs and
InP on Si. GaP was the natural first choice owing to
the close lattice matching with Si. GaP nanowires were
first demonstrated on Si(111) and Si(100) with a VLS-
based MOVPE approach, and to demonstrate light gen-
eration on Si, segments of GaP wires were replaced by
light-emitting GaAsP with up to 70% As. Whereas the
successful growth of GaP on Si was not surprising, the
epitaxial growth of GaAs and InP nanowires on Si(111)
demonstrated’ the true advantage of nanowire growth
in ITII-V-Si integration, owing to the large lattice mis-
matches of 4% (for GaAs) and 8% (for InP). The growth
of ITII-V semiconductors and their alloys on Si has
attracted much attention ever since. The rapidly increas-
ing understanding and control of the growth process has
led to efforts to develop applications in electronics and
photonics using this attractive platform®'*.

InAs is one of the III-V materials with the largest
mismatch with Si (more than 10%). Thus, the growth
of InAs nanowires on Si showcases the success of the
nanowire approach. Several groups** have successfully
demonstrated epitaxial growth of InAs nanowires on
Si(111) using SAE and metal-organic chemical vapour
deposition (MOCVD), obtaining great control over the
wire orientation without the need to use foreign metals
as catalysts. The growth of InGaAs tapered pillars with
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12-20% In on Si(111) was later demonstrated at low
temperature, which is compatible with the complemen-
tary metal-oxide-semiconductor (CMOS) technology*.
A much larger range of compositions (almost the entire
range between GaAs and InAs) was achieved on Si sub-
strates, showing predominantly a zinc-blende phase in
In-rich compositions and a wurtzite phase in Ga-rich
compounds. GaAs nanowires were epitaxially grown's
on Si(001) and Si(111) substrates with a Au catalyst by
use of solid-source molecular beam epitaxy. Almost all
the GaAs nanowires were grown along the <111> direc-
tions on both Si substrates. X-ray diffraction and trans-
mission electron microscopy (TEM) analysis showed
that the GaAs <111> nanowires had a mixed wurtzite
and zinc-blende structure.

Growth of III-nitrides on Si is an active area of
research in the planar-epitaxy community and is also
promising for nanowire epitaxy. The large lattice mis-
match tolerance enabled the growth of complex InGaN
structures on Si(001), including wells and barriers with
different In compositions along the nanowires'”** and the
demonstration of visible lasers"”. InGaN nanowires with
varying In content resulting in quantum wells along the
radial direction were also demonstrated”. Some recent
reviews provide extensive discussions of nanowires of
InGaN (REFS 20,21) and AlGaN (REF. 22) alloys.

Selective area epitaxy. SAE is a technique based on
the patterned exposure and masking of a single-crystal
substrate by a thin layer of amorphous material so that
the subsequent crystal growth is initiated from only the
exposed portions of the crystal. SAE is especially suited
for the growth of nanowires when the exposed areas are
on the order of the desired nanowire diameter, typically
from 10s to 100s of nm. The patterning of the amor-
phous layer is often carried out using electron beam
lithography (EBL), which raises the cost of the SAE
approach. SAE substrates can be quite mismatched with
the nanowire materials, and both III-V and Si substrates
have been used successfully for the growth of III-V
nanowires, with the nanowire orientation controlled by
the underlying crystal substrate.

Vertical arrays of In Ga, P nanowires were grown”
using SAE on an n-doped (111)A InP substrate, both with
and without metal particles as catalysers; a 25-nm-thick
SiO, film was used to generate the SAE pattern using
EBL. Characterization of the nanowires showed a pure
wurtzite phase with very few stacking faults. Both the
growth temperature and the Ga/precursor ratio can be
used to control the alloy composition of the nanowires,
with photoluminescence (PL) emission peaks varying
from those of pure InP (870 nm or 1.42 eV for the wurtz-
ite structure) to 800 nm. The MOVPE-based SAE growth
of nanowires on Si is discussed extensively in REF. 24.

In Ga,_ P alloy nanowires have also been studied,
mostly using MOCVD?***>* but also other low-cost
methods such as the solution-liquid-solid®” or chemical
vapour deposition (CVD) method*®. MOCVD mostly
produced nanowires of mixed zinc-blende and wurtzite
phases with limited composition ranges, whereas the
solution-based method has produced pure-phase alloys

in the full composition range from InP to GaP, showing
a bandgap dependence on the alloy composition sim-
ilar to that expected in the bulk. Such materials could
prove important for applications in solar cells because
In Ga,_.P alloys have two important bandgaps for
middle- and high-gap solar cells.

Spatial composition and bandgap control

Spatial composition grading on a single substrate.
Perhaps the best illustration of bandgap flexibility in
alloys of nanostructured semiconductors is the realiza-
tion of a wide range of bandgaps on a single substrate in
a single growth run®, which is impossible in traditional
planar epitaxial growth. Several approaches based on
CVD can be used to this end**-** (FIC. 3a). One possi-
bility is using two source materials placed in two sepa-
rate minitubes at different axial locations (FIC. 3a). Owing
to the temperature profile along the axial direction, mov-
ing the sources changes their sublimation temperature
and thus determines the relative amount of the two gas-
phase source materials on the substrate downstream. In
addition, the spatial distribution of the elemental compo-
sition on the substrate can also be changed by varying the
separation between the two minitubes. This is known as
the source material gradient method and was first imple-
mented for the growth of an InGaN alloy®. One advan-
tage of this method is that it provides a range of possible
In/Ga ratios, allowing the simultaneous testing of a range
of compositions and growth conditions, which is the
essence of combinatorial chemistry. As a result, InGaN
alloys in the full composition range from pure GaN to
InN were grown for the first time; this was important
because it demonstrated that there is apparently no com-
position miscibility gap, at least in the nanowire form.
The PL and absorption spectra and the bandgaps for dif-
ferent alloy compositions of this material as a function of
In content are shown in FIG. 3b.

Complementary to the source elemental gradient
approach is the temperature gradient method, which is
based on the fact that the alloy composition also varies
in response to non-uniform temperatures on the sub-
strate®**>*, In this approach, the substrate is placed hori-
zontally and the two source materials are both placed
in the main tube (FIG. 3a); the temperature at the two
ends of the substrate can be controlled by adjusting the
temperature profile. In particular, the temperature pro-
file can be optimized such that the temperature at the
two ends of the substrate favours the growth of the two
binary compounds (S1 and S2), whereas the temperature
at intermediate locations favours alloys of composition
S1.S2, . The temperature gradient approach was used
to grow CdSSe alloys, realizing the entire emission spec-
trum from green to red on a single chip® and continu-
ous spatial tunable lasing with wavelength tuning over a
range of 200 nm (FIG. 3¢).

The source elemental gradient method and tempera-
ture gradient method have proved useful, but they have
obvious deficiencies. It is therefore natural to combine
them in a single setup. Tilting the substrate is enough to
take advantage of both the temperature and the source
material gradient, obtaining the so-called dual gradient
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<«Figure 3 | Spatial composition grading on a single

substrate. a| Schematic representation of chemical
vapour deposition (CVD) setups showing three different
growth strategies: the source elemental gradient,
temperature gradient and dual gradient method. The
temperature profile along the axial direction of the tube
reactor is indicated, and S1 and S2 are the source boats
containing the starting materials. In the first and last
approach, the separation of the two source boats, which
are placed in different minitubes, determines the relative
elemental gradient on the substrate. The location and
orientation of the substrate determine the temperature
alongits length. b | Optical characterization of InGaN
nanowires grown using the source elemental gradient
approach. Measurements are taken at different positions
on the In Ga,_ N nanowire arrays. Colour charge-coupled
device (CCD) images show the emission from the sample
after laser pumping. Visible photoluminescence (PL)
emission (x=0-0.6) and optical absorption spectra
(x=0-1.0) demonstrate that the peaks shift to longer
wavelengths with increasing x. The energy of the bandgap
plotted as a function of x is also shown. ¢ | Tunable lasing
from a composition-graded CdSSe alloy grown using the
temperature gradient method. Micro-PL spectra were
collected at various locations of the CdS, Se, _, sample,
which was maintained at 77 K under high optical pumping
conditions and showed spatially tunable lasing from

~500 to 690 nm. d | Optical characterization of ZnCdSSe
nanowires grown using the dual gradient approach. The
top panel shows a real-colour photograph of the light
emission from the sample, and the bottom panel shows
micro-PL spectra collected along the length of the sample.
A continuous tuning of the bandgap, from that of ZnS to
that of CdSe, is observed. T, high temperature; T , low
temperature; T, evaporation temperature of S1; T ,,
evaporation temperature of S2. Panel b is adapted with
permission from REF. 33, Macmillan Publishers Limited.
Panel c is adapted with permission from REF. 36, American
Chemical Society. Panel d is adapted with permission from
REF. 37, American Chemical Society.

method®** (FIG. 3a). By controlling both gradients, it is
in principle possible to match a given local composition
with the required local temperature. This gives the pos-
sibility of optimizing the alloy composition while simul-
taneously maintaining the same morphology across the
substrate by achieving uniform supersaturation through
temperature tuning. The dual gradient approach turned
out to be very flexible and fruitful. It was first applied
to the growth of ZnCdSSe quaternary alloy nanowires
in their complete composition range, from pure ZnS to
CdSe (REF. 37). The PL spectra at the short-wavelength
end show mostly band-edge emission, with only minimal
mid-gap emission (FIC. 3d). The dual gradient approach
can easily be extended to more complex situations in
which more than two minitubes can be used to produce
more elaborate spatial patterns of alloy compositions
and bandgaps”. In the language of combinatorial chem-
istry, this approach enables the simultaneous realization
of a large number of experimental conditions in the 2D
parameter space comprising composition and temper-
ature. Incidentally, this approach also led to the first
demonstration of quaternary alloy materials’>*” in nano-
wires and quantum dots. This growth method provides

NATURE REVIEWS | MATERIALS

VOLUME 2 | ARTICLE NUMBER 17070 |5

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.




REVIEWS

an unprecedented alloy library with a wide variety of
quaternary compositions in the 2D space spanned by the
four binaries ZnS, ZnSe, CdS and CdSe (REF. 37).

Spatial composition control within a single nano-
structure. Considering the successful demonstration
of the possibility of controlling the alloy composition
and bandgap on a single substrate, it is tempting to ask
if similar control can be achieved within a single nano-
structure, such as a nanowire, nanosheet or nanobelt. This
is possible owing to the large lattice mismatch tolerance
at the nanoscale that enables the growth of alloys with
very different compositions and lattice parameters in a
single nanostructure. The temperature dependence of the
alloy composition in the final product is key to realizing
variations in composition within a wire®. The position
of the substrate is changed to expose it to different tem-
peratures during growth; this led to ZnCdSSe wires with
axial composition control within individual wires®. The
changes in composition and bandgap can be either con-
tinuous or abrupt (as is the case for the InAs/InP axial
heterostructures demonstrated earlier*). Emission in the
visible range was realized using CdS/CdSe nanowires, and
these axial heterostructures were later extended to CdPbS
(REF. 30). The CdSe/CdS nanowire structures, which were
composed of two segments, produced the first demon-
stration of dual red—green lasing in a single monolithic
structure® when the wide-gap end was rolled up to form
a ‘q’ shape. This strategy to grow segmented nanowires
was also adopted to grow segmented nanosheets*": first,
a rectangular sheet of CdS was grown; then, the source
was switched to CdSe and the substrate position was
changed to be exposed to the right temperature to grow
the CdSe segment. In this way, a structure with parallel
segments containing a green-emitting inner region and a
red-emitting outer region was obtained. The thickness of
these structures is of the order of 100-200 nm, enough to
support slap modes in the vertical direction for red and
green wavelengths*. These parallel structures produce
simultaneous lasing in red and green more easily than
segmented nanowires.

The successful demonstration of simultaneous red and
green lasing and the associated colour tuning naturally
led to attempts to realize simultaneous RGB lasing, or
white lasing. Although simultaneous spontaneous emis-
sions in RGB have been achieved in axial multisegment
nanowires®, it is difficult for such nanowires to support
RGB lasing owing to absorption of the short-wavelength
emissions by the narrow-gap segments. A direct exten-
sion of the multisegment nanosheets enabling red-green
lasers*! would be the addition of a blue-emitting segment.
For CdSSe alloys, the most straightforward addition
would be a segment of a ZnS-rich alloy. Unfortunately,
such a direct addition proved to be challenging. The rea-
son is that most wide-gap materials, such as ZnS, have
low vapour pressure. In VLS-CVD growth, such materi-
als tend to grow into nanowires or nanobelts with much
higher aspect ratios than those of nanosheets of CdSe
or CdS reported in REF. 41. Thus, there is an incompati-
bility between the desired morphology (nanosheet) and
alloy composition, which cannot both be achieved in a

single growth step. Here again, the flexibility of nano-
scale materials was key to solving the problem, and an
indirect two-step process resulted in the desired mor-
phology and composition*>** (FIG. 4). The substrate was
attached to a movable magnetic support so that it could
be exposed to different temperatures and supersatura-
tion levels® (FIC. 4a). The key was to grow a red-emitting
(CdSe-rich alloy) nanosheet first. Then, the substrate
position was changed and, at the same time, ZnS was
moved into the heating zone, which allowed simultane-
ous anion and cation exchanges, and the replacement of
Cd and Se by Zn and S, respectively. The reaction time
was controlled so that the dual ion-exchange process
continued until the right compositions (Zn/Cd and S/
Se ratios) were achieved and the originally red-emitting
nanosheet started emitting blue light. The high quality of
the PL images and spectra (FIG. 4c,d) shows that the dual
ion-exchange process is uniform, owing to the nanos-
cale size of the structures; the growth of these monolithic
nanosheets with a lattice mismatch of more than 6% was
possible owing to the small thickness of the structure
(100-200nm). The high quality of the material is also
highlighted by the ability of each segment to support las-
ing in red, green and blue sequentially or simultaneously
to produce white light (FIC. 4e,f). Thus, the unique prop-
erties of nanoscale materials allowed the first realization
of a white laser”® in a single monolithic device.

Alloys and heterostructures of 2D TMDCs

2D TMDCs have received substantial attention recently
owing to their unique optical, electronic and spintronic
properties. Such materials also offer unique opportunities
for alloy and bandgap engineering. Owing to their chem-
ical inertness in the vertical direction, alloy and bandgap
engineering of 2D TMDCs occur mostly within the plane
of the layers. As discussed, the large tolerance to lattice
mismatches in nanomaterials stems from their small trans-
verse sizes (FIC. 2). For monolayer TMDCs, the tolerance
for lateral heterostructures or alloy composition changes
is the largest possible, as 2D materials have the smallest
possible size in the transverse direction. Therefore, such
materials offer the ultimate playground for alloy compo-
sition and bandgap engineering; the alloy stability and
composition miscibility for a class of 2D TMDCs was
recently studied*. The largest tolerance to mismatches
was found in the abrupt heterojunctions of dissimilar
TMDCs and, upon alloying different TMDCs, for grad-
ually changing alloy compositions. A comprehensive
review is provided in REF. 45.

One of the direct methods for the growth of alloy
TMDC s involves the simultaneous provision of two
chalcogen elements together with the transition metal
oxide in a CVD reactor, or of two binary bulk TMDCs,
similar to the growth method in the lowest panel of
FIG. 3a; S1 and S2 would be, for example, MoS, and MoSe,
(REF. 46). By changing the evaporation temperatures T,
and T, the S/Se ratio can be changed. A MoS,,_,Se,,
alloy with x as high as 0.4 was achieved with this process.
Furthermore, similar to the temperature gradient effects
discussed above, a weak dependence of the composition
on temperature was observed, with lower temperatures
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Figure 4 | Growth and characterization of multisegment nanosheets for simultaneous lasing in red, green and blue.
a| The schematic setup shows that the substrate can be moved to different locations with different temperatures ()

and positions (P) for the growth of multisegment nanosheets. b | The schematic illustrates the segments constituting the
nanosheet and the colour of each segment, showing the emitted colour after successive growth steps. ¢ | Real-colour
photoluminescence (PL) images acquired after each growth step. d | PL spectra acquired after each growth step. e,f | PL
spectra recorded under various individual pumping conditions inducing lasing in one, two or all three segments and the
corresponding colours (white dots). The final spectrum is represented by the central white dot, which is close to the white

standard D65. R, G and B correspond to red, green and blue, respectively. Adapted with permission from REF. 42,

Macmillan Publishers Limited.

favouring Se incorporation. The range of compositions
was later extended to x=1 using a similar setup and
growth strategy®’.

Controllable sulfurization of monolayer diselenides
or selenization of monolayer disulfides offers a straight-
forward means of creating monolayer alloys with con-
trollable compositions. Selenization* of monolayers of
MoS, pre-grown in a CVD tube furnace at 600, 700, 800
or 900°C produced alloys of MoS,, _,,Se, with PL peaks
at 668, 726, 768 and 790 nm, respectively, indicating a
near complete change from a pure diselenide to pure
disulfide composition only by controlling the selenization
temperature.

Another method to produce 2D monolayer alloys
is to synthesize bulk crystal alloys and obtain mono-
layer samples by mechanical exfoliation. For example,

Mo W, _ Se, bulk crystals were synthesized across the
full range of compositions, and mechanical exfoliation
was performed to produce alloy monolayers®. The band-
gap dependence on the composition in these mono-
layer alloys was examined by several methods; strong
PL emission peaks in the range 1.56-1.65¢eV indicated
a direct bandgap for the entire range of compositions.
Abrupt heterojunctions and heterostructures made
of 2D monolayers have attracted considerable interest
over the past 2-3 years. Most heterostructures involve a
change of the transition metal element between Mo and
W (REFS 50-55) across the interface, whereas the common
element is either S or Se. Nevertheless, heterostructures
in which chalcogen elements are switched between S and
Se and the shared transition metal element is either Mo
or W (REF. 55) have also been created. There have also
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been studies of heterostructures in which both the tran-
sition metal and chalcogen elements were switched at the
interface, as in the case of MoS,/WSe,, demonstrating an
excellent control of the interface, which was atomically
sharp®®. This research is still in the early stages, mostly
focusing on the creation of the heterostructures, similar
to the early days of heterostructure studies involving tra-
ditional III-V or II-VI semiconductors. Charge and field
control remain considerable challenges, as do the injec-
tion and confinement of carriers. These are key issues for
the realization of practical devices with current or voltage
control, especially optoelectronic devices.

Halide perovskite alloy nanomaterials
Structure and properties of halide perovskites.
Perovskites are a large family of compounds described
by the general formula ABX,, consisting of corner-
sharing BX, octahedra with a 12-fold coordinated A cat-
ion occupying the site in the middle of the cube defined
by eight octahedra®. Recently, there has been a renais-
sance of halide perovskites (with A =organic ammo-
nium cation or Cs*; B=Pb?*; X=CI", Br~ or I"), which
are a class of semiconductor materials holding promise
for many applications®* . Remarkable features have been
discovered in halide perovskite systems, including strong
optical absorption, long charge carrier lifetime and/or
diffusion length, high photoluminescence quantum yield
(PLQY) and low-temperature solution processability.
Highly efficient thin-film optoelectronic devices such
as photovoltaic and light-emitting devices and photo-
detectors based on these materials have been demon-
strated®~**. Meanwhile, the chemical management of
the compositional elements has proved to be an effective
method to refine the properties of halide perovskites.
Very recently, novel halide perovskite nanostructures,
including 0D quantum dots, 1D nanowires and 2D
quantum wells, have been synthesized using both solu-
tion-based and vapour deposition methods®. Alloying
provides an extra degree of freedom for the continuous
tuning of the optical and electronic properties of per-
ovskites without changing the particle size and morphol-
ogy, and can potentially induce composition-dependent
properties in addition to the quantum confinement
effect. For example, alloying with cations or anions can
lead to the phase stabilization of metastable iodide perov-
skites®. Owing to the dynamic nature of the halide
perovskite lattice, alloying can be achieved both by direct
one-pot synthesis and by post-synthetic methods, such
as ion-exchange reactions. These ionic semiconduct-
ing nanomaterials with excellent optical and electronic
properties provide a versatile platform for understand-
ing alloy and heterostructure formation, as well as for
applications in optoelectronics®*5°,

Direct synthesis. Alloyed perovskite nanostructures have
been prepared through direct synthetic methods includ-
ing colloidal synthesis, solution-phase recrystallization
processes and vapour-phase approaches. The colloidal
synthesis of halide perovskite CsPbX, (X=Cl, Br or I)
quantum dots (QDs) was achieved” by the controlled
precipitation of Cs*, Pb** and X~ ions into CsPbX, by

rapid injection of caesium oleate into a hot solution of
PbX, (FIC. 5a). The mixed-halide perovskites CsPb(Cl/Br),
and CsPb(Br/I), could be readily produced by varying the
molar ratio of PbX, precursors (the Cl/I alloy could not be
obtained owing to the large lattice mismatch). The alloyed
nanocrystals showed bright PL, which could be tuned over
the entire visible region (FIC. 5b). As for CdSe QDs, size-
dependent PL emission (due to quantum confinement)
was observed in halide perovskite QDs. For example,
CsPbBr, QDs with sizes of 3.8 nm and 11.8 nm exhibit
emission peaks at ~470nm (~2.64eV) and ~515nm
(~2.41eV), respectively. For CsPbBr,, the effective Bohr
diameter of Wannier—Mott excitons and the binding
energy were estimated to be ~7nm and 40 meV, respec-
tively. The QD suspensions showed long carrier life-
times, ranging from 1 to 29 ns (FIG. 5¢). The more iodide
present, the longer the lifetime, which is consistent with
the trend in bulk thin films*. The initial success of this
method motivated more research in this direction. By
extending the reaction duration and replacing oleic acid
with octylamine for the PbX, precursor”, it was possible
to obtain CsPbBr, nanowires with a diameter of ~10nm
and an average length of more than 10 pm. Lowering
the reaction temperature to ~80°C led to the formation
of 2D nanosheets with diameters of ~100nm and thick-
nesses of a few unit cells’?. In another work”®, caesium
oleate was dissolved in oleic acid instead of octadecene,
which improved the lateral size of the 2D sheets to ~1 pm.
It was also shown that the choice of protecting ligands
has an important role in determining the morphology
of the nanocrystals™. All these experiments indicate that
the colloidal reaction is highly dynamic and the nano-
scale morphology continues evolving during the reaction.
Using the colloidal method, other related materials, such
as MAPDX, (MA =methylammonium) and CsSnX, have
been synthesized and studied in detail>"".

The strongly ionic and relatively weak bonding in
halide perovskites makes them soluble in certain polar
organic solvents. This enables direct crystallization of hal-
ide perovskites from such polar organic solvents. To gain
better control over the nanoscale morphology; a substrate
can be introduced to guide the nanocrystal growth. Recent
experiments have shown that high-quality MAPbX, and
CsPbX, nanowires (a few hundreds of nanometres in
diameter) and thin plates (a few hundreds of nanometres
thick) with rectangular cross sections and well-defined
end facets can be grown using the substrate-guided
method*”%. For example, nanowires, including CsPbBr,
nanowires (FIG. 5d), were grown by spin-casting a thin
layer of PbX, on a piece of glass (sometimes coated with
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate,
PEDOT:PSS) for wetting purposes), after which the whole
substrate was immersed in a solution containing MAX or
CsX precursors. It is believed that Pb can slightly dissolve
into the solution and recrystallize on the substrate, leading
to the formation of ideal perovskite structures. Also in this
case, the composition and bandgap of the nanowires and
plates could be tuned simply by blending different anion
precursors during the growth. The X-ray diffraction peaks
(110) and (002) gradually shifted as the nanowire compo-
sition was changed from pure CsPbBr, to pure CsPbCl,
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Figure 5 | Direct synthesis of halide perovskite alloy nanomaterials. a | Crystal structure of CsPbBr, accompanied by
a high-resolution transmission electron microscopy image of a typical CsPbBr, nanocrystal with a lateral size of ~8 nm.
b | Colloidal solutions of CsPbX, (X=Cl, Br or I) nanocrystals and alloys with different compositions and particle sizes in
toluene under a UV lamp (A =365 nm) and their photoluminescence (PL) spectra. ¢ | Time-resolved PL decays for
representative samples from panel b showing the charge carrier lifetimes. d | Scanning electron microscopy image of
as-grown CsPbBr, nanowires showing flat-end facets and rectangular cross sections with various width-to-thickness
ratios. e | Spectra showing the shift of the X-ray diffraction peaks observed as the composition of the nanowires is
changed from pure CsPbBr, to pure CsPbCl,. f| PL spectra and corresponding optical PL images for different 2D
perovskite crystals: (i) (C,H,NH,),PbCl,; (ii) (C,H,;NH,),PbBr; (iii) (C,H,NH,),Pbl,; (iv) (C,H,NH,),PbCl,Br,; (v)
(C,HgNH,),PbBr,l,; and (vi) (C,H,NH,),(CH,NH,)Pb,Br,. Panels a—c are adapted with permission from REF. 70, American
Chemical Society. Panels d and e are adapted with permission from REF. 79, American Chemical Society. Panel fis
adapted with permission from REF. 86, AAAS.

through alloying (FIG. 5e). Colour-tunable nanowire lasers
were achieved using these high-quality perovskite alloys™.
Note that nanowires and 2D plates with similar dimen-
sions can also be synthesized using vapour deposition
methods®-*.

The growth of 2D halide perovskites with one or
few perovskite metal-halide layers represents another
challenge in nanomaterials chemistry. The substrate-
recrystallization and vapour deposition methods usually

give nanowires and 2D plates with a size of several hun-
dreds of nanometres. By contrast, colloidal synthesis
only produces ultrathin 2D sheets with relatively small
diameters®. To achieve atomically thin 2D perovskites, a
substrate-guided method involving solvent evaporation
was developed®. A layered perovskite, (C,H,NH,),PbX,,
was used as the model material. A very dilute precur-
sor solution was dropped on a flat substrate (for exam-
ple SiO,/Si) and then dried under mild heating. A
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ternary dimethylformamide-chlorobenzene-acetonitrile
co-solvent was used because chlorobenzene and acetoni-
trile help to reduce the solubility of precursors in dimethyl-
formamide and promote crystallization. Several 2D sheets
and alloys, including (C,H,NH,),PbCl,, (C,H,NH,),Pbl,,
(C,H,NH,),PbCl,Br,, (C,H,NH,),PbBr,I, and
(C,H,NH,),(CH,NH,)Pb,Br,, were successfully prepared
and optically characterized (FIC. 5. A better understanding
of the underlying growth mechanism in this method still
needs to be acquired. A recent work investigated the influ-
ence of some key factors, including the solvent/volume
ratio, crystallization temperature and solvent polarity, on
the growth dynamics of the 2D sheets®.

Halide perovskite alloys and heterostructures grown
through ion exchange. The use of ion exchange to synthe-
size bulk materials is limited by the sluggish ion diffusion
kinetics over large length scales. By contrast, it works well
for nanomaterials owing to the short distance ions need
to travel. In recent years, ion exchange has been used to
synthesize a variety of nanomaterials, nanoscale hetero-
structures and alloys. A key feature of halide perovskite
semiconductors is the highly dynamic crystal lattice. This
promotes facile ion migration so that halide perovskites
can easily exchange their ions with other ions from the
surrounding environment. Starting from CsPbBr, QDs,
fast anion exchange with its iodide and chloride coun-
terparts was demonstrated®. The anion-exchange reac-
tion happens at the solid/liquid interface. Both organic
and inorganic halide precursors can be used, and the
exchange reaction happens at room temperature or under
mild heating (<90°C) on a timescale from a few seconds
to a few minutes (FIC. 6a). The optical bandgap can be
tuned from 1.8 to 3.0eV by varying the ratio of different
halides (FIC. 6b); the QD alloys retain good crystallinity
and high PLQY after the anion-exchange reaction, sim-
ilar to those of the directly synthesized QDs (FIC. 6¢). In
in situ PL studies, the presence of two distinct exchange
mechanisms during anion exchange in CsPbX, QDs was
established®. It was found that the Br-I exchange is a
surface-reaction-limited mechanism allowing for rapid
alloying, whereas the Br-CI exchange is a diffusion-
limited exchange process resulting in the formation of zones
of exchange. The exchange strategy was then extended to
1D nanowires without damage to the surface morphology
and optical properties of the ultrathin and long wires”
(FIC. 6d). Anion exchange can also happen at solid/gas
interfaces under vapour treatment”. Organic ammo-
nium halides with low molecular weights are normally
used (such as methylammonium halides or butylammo-
nium halides) because they slightly evaporate (decompos-
ing to amine and hydrogen halides) under mild heating
(~100°C). The halide species in the vapour react with
the perovskites, replacing the original halides. The exact
exchange mechanism is still under investigation.

It was recently shown that the B-site cation can also
be partially exchanged using the colloidal method to
realize alloys with mixed cations®. Using CsPbBr, QDs,
Pb** was exchanged for several isovalent cations, leading
to doped CsPb, _ M Br, QDs (M?**=Sn?*, Cd*" and Zn*;
0<x<0.1), with excellent preservation of the original

QD shape. The partial exchange of Pb** for M** led to
a blue shift in the PL emission spectra while maintain-
ing the high PLQY (>50%), sharp absorption features
and narrow emission. The blue shift in the optical spec-
tra was attributed to the lattice contraction upon the
introduction of smaller cations (FIC. 6e).

The soft nature of halide perovskites enables the for-
mation of uniform alloys with a wide range of composi-
tions and tunable properties without the need to worry
excessively about lattice mismatches (note that the lattice
mismatch between different perovskite phases of MAPbX,
and CsPbX, that are stable at room temperature ranges
from 3 to 10%, which is quite large). However, there could
be stability-related issues. Evidence of phase segregation
in perovskite alloys under strong optical excitation has
been reported in the bromide-iodide system, and theory
suggests that spinodal decomposition to purer phases may
occurr®. Acquiring precise control of the manipulation
of the ions inside the halide perovskite alloys is the next
challenge. To this end, composition-graded nanostruc-
tures and heterojunctions inside a nanostructure domain
will be of great interest for fundamental understanding of
the charge carrier and ion dynamics and for applications
in nanoscale optoelectronics®.

Applications

In the introduction, we discussed in general terms how
various photonic applications can benefit from a wide
range of bandgaps. Certain unique applications have
also been mentioned while reviewing specific materials.
Here, we highlight a few important applications that are
(or could be) enabled by nanomaterials with bandgap
flexibility or tunability.

New solar cells. Nanowire-based tandem multijunction
solar cells could benefit from bandgap optimization to
improve efficiency, or more bandgaps (junctions) could
be realized by taking advantage of the large tolerance
to lattice mismatches. However, owing to the need for
tunnel junctions in tandem designs, such nanowire-
based solar cells will be challenging to realize in the
near future. By contrast, multiple lateral junction designs
for dispersive concentration photovoltaics (DCPV) are
more promising. The DCPV concept has existed for
several decades. The main challenge has been the pro-
duction of the required cells in a cost-efficient manner.
Multibandgap nanomaterials can be grown in a single
step on a single substrate to produce all the bandgaps
needed to form laterally arranged multiple-bandgap
cells in a true low-cost fashion®-*. The high quality of
the nanowires and the associated photon management
or light trapping can lead to good efficiencies. Thus, in
the long term, this is a true low-cost and high-efficiency
approach. The design® and proof-of-concept devices’*
have been realized, but more research is needed to
demonstrate their true potential for high efficiency.

Widely tunable semiconductor lasers. Tunable semi-
conductor lasers are important for many applications,
including telecommunications, biological and chem-
ical detectors, colour displays and lighting. However,
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Figure 6 | Halide perovskite alloys grown through ion exchange. a | Overview of the different routes and precursors for
the anion-exchange reactions of CsPbBr, quantum dots (QDs). b | Photoluminescence (PL) calibration curves showing that
a targeted emission energy can be obtained by adding a precise amount of halide precursor to a crude solution of CsPbBr,
QDs. The curves are reported as a function of the molar ratio between the added halide (or exchange halide) and the
amount of Br-in the starting QDs. ¢ | Photoluminescence quantum yield (PLQY) recorded on the exchanged QDs (circles)
and on the directly synthesized QDs (stars). d | Transmission electron microscopy (TEM) images of CsPbX, nanowires with
various degrees of conversion with Cl (top row) and I (bottom row). The insets show the evolution of the emission colour
(UV excitation, A=365nm) upon the formation of mixed-halide alloy nanowires. e | Quantitative high-angle annular
dark-field scanning TEM images reveal a lattice contraction of the parent CsPbBr, QDs (|a| = 5.849=0.003 A) upon alloying
with Sn?* (la] = 5.839+£0.005 A), Cd?* (la|=5.819£0.008 A) and Zn?* (la|=5.808 £ 0.014 A); |al is the lattice constant of the unit
cell. The top panels show that the mixed Pb-halide (bright contrast), Cs** (intermediate contrast) and halide (low contrast)
atomic columns can be easily assigned. The bottom panels show the interatomic distances calculated after detecting the
positions of the Pb-halide columns. Red and blue bars indicate larger and smaller distances than the mean |al, respectively.
NC, nanocrystal; ODA, octadecylammonium; OLAM, oleylammonium; TBA, tetrabutylammonium. Panels a—c are adapted
with permission from REF. 88, American Chemical Society. Panel d is adapted with permission from REF. 71, American
Chemical Society. Panel e is adapted with permission from REF. 90, American Chemical Society.
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semiconductor tunable lasers are limited by the gain band-
width of a single semiconductor. As discussed, spatially
tunable lasers grown on a single substrate, lasing with
multiple wavelengths from a single nanowire or nano-
sheet, and white lasers have been demonstrated. They all
represent important steps forward compared with what
can be realized using traditional planar epitaxial growth.
For a more general discussion of nanowire-based lasers,
we refer the reader to recent review articles™ .

Semiconductor displays, illumination and lighting.
Displays and lighting require the ability to generate
light inexpensively and in the complete range of visi-
ble colours. Nanoscale semiconductor materials such as

nanowires and nanosheets provide the opportunity to
produce light sources by means of all-inorganic semi-
conductors, possibly in a monolithic form, greatly reduc-
ing the cost, improving the efficiency and prolonging
the lifetime of such devices. In the future, it may even be
possible to use multicolour, full-colour or white lasers in
all these applications, further improving efficiency and
brightness.

Artificial photosynthesis. Artificial photosynthesis
aims at mimicking the natural photosynthesis process
to convert and store solar energy in chemical form. In
the photochemical diode design'®'", which enables the
absorption of multiple solar emission bands, various
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processes need to be optimized, including solar absorp-
tion, band alignment and current balance between
photoelectrodes, electrochemical reactions during elec-
trolysis and overall system performance and balance.
Depending on the specific chemical reactions driven by
the photocarriers, different bandgaps are required, often
distinct from those provided by available compounds.
Semiconductor alloying in nanomaterials provides
flexibility for both the required bandgaps and the p-n
junction alignment.

Conclusions and perspectives

In this Review, we focused on the important emerging
theme of bandgap engineering through alloying with
control over a wide range of compositions that is ena-
bled by nanoscale materials and summarized the most
important progress made over the past decade. As the
field is still young and evolving, many issues remain to
be studied. These include strain and mismatch during
growth and their effect on the quality of the material,
the uniformity of alloying in different dimensionalities
and its effect on carrier mobilities. The progress has been
impressive, but so are the remaining challenges.

Electrical injection devices. One of the greatest advan-
tages of semiconductor-based lasers and light-emitting
devices is the ability to inject carriers electrically by apply-
ing a bias. The electrical injection is crucial for the ease
of use, efficiency and integration in compact platforms
for various applications. However, many of the unique
devices that we have discussed, such as multicolour or
white lasers, are currently optically pumped. It is now time
to focus on electrical injection devices. There are some
obvious challenges for electrical injection. First of all, an
efficient injection configuration is essential. There have
been studies of electrical injection into nanowire devices
with longitudinal or radial p-n or p-i-n structures'*>'%,
with the latter being the most efficient injection scheme.
However, the growth of a radial p-i-n structure with suf-
ficiently high injection levels and adequately large gain
regions remains challenging. Controllable doping, includ-
ing the doping level and spatial profile, is also an issue.
Instead of individual nanowires, arrays of nanowires with
thin-film injection and contact layers seem to be a near-
term compromise. Although this solution will not help

to produce individual nanowire lasers with small foot-
prints, it creates new opportunities for fabricating lasers
with wavelengths that are often inaccessible using planar
growth technologies. More than 10 years after the first
electrical-injection individual nanowire lasers'™, this
remains a difficult task. Monolithic RGB nanosheet struc-
tures could enable multicolour or white LEDs for displays
and lighting. However, new device designs are needed to
achieve such LED operation with electrical injection.

Alignment of nanowires. As we emphasized in the intro-
duction, the small cross section and large tolerance to
lattice mismatches help to grow materials with a wide
array of compositions and bandgaps on a single substrate.
However, different levels of strain affect the growth pro-
cess and the resulting nanowires differently. Such effects
have not been studied systematically, although they are
important for the optimization of the growth conditions
for obtaining nanowires with controlled orientation.
Most of the experiments on the synthesis of composi-
tion-graded and bandgap-graded materials produced
nanowires and other nanostructures with random ori-
entations. Such samples are adequate for studying the
material properties based on pick-and-place transfer
methods, but in the long term, to achieve more controlled
device fabrication, a strategy to fabricate nanowire arrays
has to be developed. For variations in composition that
are too large for a given substrate, simple epitaxial growth
is not sufficient. Templates such as those based on anodic
aluminium oxide (AAO) pores'® could be useful, but
the standard AAO pores are too small for many nano-
wire device applications or for VLS growth. Other pore
template techniques have to be developed to address the
growth of materials with very large lattice mismatches.

Concluding remarks. In summary, nanotechnology is
at a critical transition stage, moving from materials sci-
ence to device development. Innovative device designs
and fabrication techniques are needed to enable a suc-
cessful transition. Semiconductor alloy nanomaterials
with widely varying compositions set new challenges
for materials growth and control, as well as for device
fabrication. In addition, these materials provide new
opportunities for ultimate bandgap engineering at the
nanoscale and for new applications.
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