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A monolithic white laser
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Monolithic semiconductor lasers capable of emitting over the full visible-colour spectrum have a wide range of important
applications, such as solid-state lighting, full-colour displays, visible colour communications and multi-colour fluorescence
sensing. The ultimate form of such a light source would be a monolithic white laser. However, realizing such a device has
been challenging because of intrinsic difficulties in achieving epitaxial growth of the mismatched materials required for
different colour emission. Here, we demonstrate a monolithic multi-segment semiconductor nanosheet based on a
quaternary alloy of ZnCdSSe that simultaneously lases in the red, green and blue. This is made possible by a novel
nanomaterial growth strategy that enables separate control of the composition, morphology and therefore bandgaps of the
segments. Our nanolaser can be dynamically tuned to emit over the full visible-colour range, covering 70% more

perceptible colours than the most commonly used illuminants.

span beyond the capability of a single laser material have

been a subject of great interest in recent years'=, with the
realization of white lasers as the ultimate goal. In fact, lasers that
span the full visible spectrum, particularly the red, green and blue
(RGB) colours, are particularly useful for laser lighting'®!!, full-
colour laser imaging and display'>!3, biological and chemical
sensing'*1%, as well as on-chip wavelength-division multiplexing!®'”.
As an illuminant, lasers offer higher energy conversion efficiencies
and potentially higher output powers than white light-emitting
diodes (LEDs) and other traditional illuminants. It has recently
been demonstrated that illumination with four monochromatic
lasers is visually equivalent to a continuous-spectrum white refer-
ence illuminant as seen by the human eye!®!!. Furthermore, the
highly monochromatic component colours allow for a wider achiev-
able colour gamut (more than 90% of all colours perceptible to
human eyes), a higher contrast ratio and more vivid colours than
traditional display systems based on broadband light sources
(Supplementary Section 12).

Despite the great efforts made to achieve multi-colour lasing
using a variety of approaches, a single monolithic semiconductor
laser capable of lasing with all three elementary colours has not
yet been realized due to several significant challenges. First, most
of the previous approaches use non-semiconductor materials such
as nonlinear optical crystals’, rare-earth doped materials?, dye-
doped polymers® or liquids®, or microfibres’. Such set-ups are
bulky, inefficient and incompatible with electrical injection, an
important ultimate requirement for many applications. Second,
semiconductor-based approaches”® combine several discrete
devices in a heterogeneous manner, thus increasing the volume,
complexity and cost of the overall system. Producing emission cov-
ering all visible wavelengths in a single structure requires the growth
of potentially very dissimilar semiconductors into a monolithic
structure with high crystal quality. This has been a goal pursued
by the crystal growth community for decades and remains a challen-
ging one, especially using conventional planar epitaxy techniques,
because of the large lattice mismatch involved. As an alternative
to standard planar epitaxial structures, developments in nanotech-
nology over the last two decades have demonstrated the use of
quantum dots'® and nanowires!-?! as means of producing emission
in a wide spectral range, but serious issues remain. For quantum

I\/\ ulti-colour or multi-wavelength lasers with a wavelength

dots made with solution-based techniques?, control of their spatial
distribution to avoid the absorption of short wavelength emission
by narrow-gap dots remains difficult. More importantly, electrical
injection remains a fundamental challenge for lasers, despite suc-
cessful demonstrations of full-colour LEDs?>%. Beyond material
growth, it is also critically important to realize a growth-compatible
cavity structure in which the lasing of all three elementary colours
can be supported simultaneously, while minimizing absorption of
the short-wavelength emission by narrow-gap materials.

In our efforts to achieve such an ultimate goal, we have already
demonstrated two-colour lasing?** from a single two-segment
CdSSe nanosheet?*? and from a nanowire with a looped end?.
We determined that two-colour lasing from a monolithic structure
could best be achieved using a side-by-side cavity geometry
(Supplementary Sections 1-4) rather than a longitudinal hetero-
structure, due to the absorption of short-wavelength emission by
narrow-gap material. However, adding a third segment capable of
blue lasing to ultimately enable white lasing was challenging. ZnS
is the most compatible material and an ideal candidate to add
into the ternary CdSSe alloy. It is known to alloy in various combi-
nations with Cd, S and Se, and it would extend the bandgap to allow
blue emission. Unfortunately, due to the low vapour pressure and
low supersaturation of ZnS?, such ZnS-dominant alloys typically
grow into nanowires or nanoribbons with very high length-width
aspect ratios?®-0. This is why, to date, ultraviolet and blue lasing
in this material system has only been demonstrated in nanowires®!
and nanoribbons®? with high aspect ratios (>20). Such structures
are intrinsically incompatible with the low-aspect-ratio nanosheet
morphology of CdS and CdSe required to achieve simultaneous
green and red lasing (Supplementary Section 4).

In this Article we report a monolithic semiconductor white laser.
To overcome the fundamental challenges to obtain the required
materials and structures for white lasing, we have made systematic
efforts to understand and control the interplay of various growth
mechanisms, including the vapour-liquid-solid (VLS) and
vapour-solid (VS) mechanisms, and a novel gas-phase dual-ion
exchange process. This has led to the successful growth of multi-
segment heterostructure nanosheets of ZnCdSSe alloys with the
appropriate compositions, cavity geometries and aspect ratios to
emit red, green and blue light simultaneously. These multi-
segment structures were achieved by using a highly coordinated,
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Figure 1 | Growth procedure of multi-segment heterostructure nanosheets. a, Schematic of the CVD set-up with a temperature gradient of 66 °C cm™ in
the region used for positioning the substrate (see Supplementary Section 5 for more details). b, lllustration of the growth procedure. Samples are grown
starting at position R3, then at positions R1, R2 and finally back to R3, with corresponding temperatures labelled T1, T2 and T3. The associated product
samples after these steps are labelled P3, P31, P312 and P3123, respectively, where the numbers following ‘P’ represent the growth sequence at various
locations. For example, P312 represents a product grown first at R3, followed by growths at R1 and then at R2. ¢, Photoluminescence images of individual
structures after the corresponding growth sequences. Note that the images were taken after the structures were transferred onto a glass substrate from their
as-grown ones using a contact printing method. Inset in rightmost panel a multi-segment nanowire structure resulting from the P123 growth sequence. Scale
bars, 15 pm. d, Optical images of the samples under ambient lighting. Scale bar, 1cm. e, Photoluminescence spectra of the samples shown in ¢,d.

dynamical positioning of the substrates and switching of
precursors during growth. Rather than attempt to directly grow a
ZnS-rich segment next to the CdS- and CdSe-rich segments, we
optimized the growth sequence and conditions such that
CdSe nanosheet growth was followed by a dual-ion exchange
reaction, a mechanism that has not been reported previously, to
finally achieve a ZnS-rich nanosheet structure. By independently
controlling the optical pumping power to each segment we
demonstrate full-colour tunable lasing over the entire triangular
colour gamut, and white colour lasing in particular. The wavelength
spans 191 nm and is the largest ever reported for a
monolithic structure.

Growth of monolithic multi-segment heterostructure

Our multi-segment heterostructure was grown by chemical vapour
deposition (CVD) (see Methods). Temperature-dependent
composition control was used in the growth of the alloy
semiconductors**2-34, The essence of this technique is to manip-
ulate the position of the substrate along the axial temperature gradi-
ent (Supplementary Fig. 6) in the reactor to optimize the substrate
temperature for the desired alloy composition. Direct growth of the
desired morphologies (such as segmented nanosheets with low
aspect ratios) with the desired compositions is not possible,
especially for wide-gap materials. Our strategy was to decouple
the realization of the desired morphology and composition by
achieving them separately, indirectly. More specifically, we obtained
the desired nanosheet morphologies using materials amenable to
growing with the desired morphology. Subsequent growth was per-
formed to obtain the desired alloy composition through cation or
anion exchange®*-38, without significant modification of the initial
morphology. Through this highly non-equilibrium exchange
process, the desired material composition-morphology combi-
nation could be achieved. Such an indirect route to achieve the
desired morphologies and compositions separately can serve as a
more general strategy for other materials. The morphological
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evolution of ZnCdSSe nanostructures as the alloy composition
changes is described in Supplementary Fig. 7. Given their known
alloying capabilities®*3%4%, CdSe provides an ideal template for mor-
phology transfer to a Zn- and Se-rich ZnCdSSe alloy. It is important
to note that all previous studies of substitutional reactions involved
the exchange of only one of the cations or anions, but, in our case,
conversion of CdSe by a ZnS source necessarily deals with the sim-
ultaneous substitution of cations and anions. Such simultaneous
anion and cation exchange in the vapour phase during uninter-
rupted growth is crucial for the successful growth of our materials
with the desired morphologies and alloy compositions (and
thus bandgaps).

Consistent with common understanding**?, the catalyst-led
VLS mechanism dominates growth at low levels of supersaturation,
producing a wire-like morphology. At high supersaturation, the VS
mechanism dominates growth, producing two-dimensional belts or
ribbons and sheets. The optimal growth conditions are illustrated in
Fig. 1 and Supplementary Fig. 6, where substrate positions R3, R2
and R1 and the corresponding temperatures are best suited for
the growth of alloys with red, green and blue emission, respectively.
Extensive study was carried out to determine the alloy composition
and morphology at a given substrate location and temperature. Such
characterization is critically important to successful control of the
final morphology and alloy composition.

The growth procedure is shown schematically in Fig. 1. First,
Cd- and Se-rich ZnCdSSe nanosheet structures (P3) were grown
at a low temperature (at R3 with T3 ~ 640 °C). The substrate was
then moved to the higher-temperature region R1 (T1= 780 °C)
using a connected iron rod driven by an external magnet to
further promote diffusion processes®. This caused the structures
to transform uniformly into a Zn- and Se-rich ZnCdSSe alloy
(after P31 growth) with no appreciable change in morphology
(Supplementary Section 14). Furthermore, the dual-ion exchange
process does not change the wurtzite crystal and resulting crystal
quality, as can be seen from the transmission electron microscopy
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Figure 2 | Structural characterization of a multi-segment heterostructure nanosheet. a, Low-resolution TEM image of a multi-segment heterostructure
nanosheet. Scale bar, 5 pm. b, HRTEM images of the regions inside the coloured squares in a, with the corresponding colour code. Scale bars, 5 nm. ¢, Indexed
SAD patterns of the regions inside the corresponding coloured circles in a. The HRTEM images have a 30° rotation compared with the SAD patterns due to
image rotation at higher magnifications. d, A 60° tilted SEM image of the structure with close-up views of the cross-section. The thickness was measured to
be 70 nm after compensating for the tilt angle. e f, Photoluminescence image (e) and scanning TEM image (f) of the structure. Scale bars (d-f), 5 pm.

g, Calculated composition change along the width of the multi-segment heterostructure nanosheet based on the EDS line scan performed along the solid red
line in f. h, Correlation of the EDS mapping inside the dashed rectangular area in f, with the atomic percentages gathered from the EDS line scan.

(TEM) and photoluminescence characterizations in Figs 2b,c and le,
respectively. The red photoluminescence peak from P3 is entirely
converted to a blue peak in P31 (Fig. le). The defect-free photo-
luminescence features in P31 indicate the high crystal quality of the
transformed structures, as imperfect wide-gap semiconductors typi-
cally show strong emission below bandgaps. Based on our study, this
indirect route is practically the only successful means for growing
low-aspect-ratio nanosheets capable of blue emission. No combi-
nation of growth parameters could be found to produce such struc-
tures directly due to the low vapour pressures of ZnS and ZnSe. All
attempts to grow wide-gap materials directly have resulted in small,
multi-segment nanowires (see inset in panel 4 of Fig. 1c, indicated
by P123), which are unsuitable for multi-colour lasing
(Supplementary Section 1). The growth process of P31 was then
followed by growth at position R2 (at T2~ 740°C) and the
second segment was synthesized by incorporating more Cd ions
to add green light emission (P312 in Fig. 1b). The final growth
step at position R3 added the red-emitting segment, resulting in
the final multi-segment heterostructure capable of simultaneous
RGB light emission (P3123 in Fig. 1b). At positions R2, and
later R3, the lower substrate temperatures favour the VS

mechanism for two-dimensional nanosheet growth, as ion trans-
port is dominant over the exchange processes at lower tempera-
tures®>. Our unique procedure relies on exploring the interplays
among the VLS and VS mechanisms and the simultaneous gas-
phase anion and cation exchange processes in the right sequence.
By simply increasing the number of steps after the dual-ion
exchange process, heterostructures can be grown with more seg-
ments, which emit more colours (any colour in the visible spec-
trum; see Supplementary Fig. 8 in Supplementary Section 6).
More details about the growth and mechanisms are provided in
Supplementary Sections 5-7.

Structural characterization

Scanning electron microscopy (SEM) images show that the struc-
tures have lengths of up to 60 um, widths of up to 45 um and
thicknesses in the range of 60-350 nm (Fig. 2d). The high-resol-
ution TEM (HRTEM) images and selected area diffraction
(SAD) patterns in Fig. 2b and ¢, and the photoluminescence
spectra in Fig. 1d show that each segment of the structure is a
high-quality wurtzite monocrystal, with no visible defects or
strains detected. Energy dispersive spectroscopy (EDS) analysis of
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Figure 3 | Simultaneous multi-colour lasing from a single multi-segment heterostructure nanosheet. a, Bright-field optical microscope image. The dashed
white box indicates the main part of the cavity. b,¢, Real colour images under low (b) and high (¢, above threshold) pumping of a single pumping beam
(180 pm in diameter). Scale bar, 10 um. The three strong vertical lines indicate significant scattering from the two edges and from the bent edge in the
centre. d, Spectra at different pumping levels (as labelled on the lower right side of the figure). The intensities of the first two spectra have been multiplied
by a factor of 5 to show the details.
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Figure 4 | Light-in-light-out curves with multimode lasing fitting. a-d, Light-in-light-out curves of the 484, 530, 642 and 675 nm lasing peaks on a log-log
scale. Insets: plots on a linear scale. Circles represent direct measurements and solid lines are fits using multimode laser theory.

NATURE NANOTECHNOLOGY | VOL 10 | SEPTEMBER 2015 | www.nature.com/naturenanotechnology 799

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2015.149
http://www.nature.com/naturenanotechnology

ARTICLES

NATURE NANOTECHNOLOGY Dot 10.1038/NNANO.2015.149

the representative nanosheet in Fig. 2 shows that it is composed of
Zn, Cd, S and Se, and that the concentration of those elements
changes along the ¢ axis. As one moves from the blue-emitting
towards the red-emitting region, the concentrations of Cd and Se
increase while those of Zn and S decrease. Based on the EDS
line scan, the (010) and (001) plane spacings and emission wave-
lengths along the structure were extrapolated and correlated with
the measured values from the HRTEM images and photolumines-
cence spectra. These results are all in good agreement with those
measured on a different nanosheet (Supplementary Fig. 10 in
Supplementary Section 8). An EDS line scan and elemental
mapping of the structure (Fig. 2g,h) show that the relative abun-
dance of anions does not change as much as that of cations
during the ion exchange process, assuming that the Zn- and
Se-rich segment had approximately the same composition as the
Cd- and Se-rich segment due to the identical growth conditions.
This implies that the cation exchange process is faster than the
anion exchange process, which would be expected due to the
inhibited diffusion of the larger anions® (see Supplementary
Section 14 for a more detail comparison). More details of the
structural characterization can be found in the Methods.

Multi-colour lasing

An extensive optical study was conducted to demonstrate lasing
behaviour, including the polarization dependence of the pump
lasers (Supplementary Section 18). The multi-segment heterostruc-
ture nanosheets were excited by a 355 nm pulsed laser (pulse width
of 9 ns). Details of the pumping and collecting configuration are
provided in the Methods and in Supplementary Section 9.
Figure 3 shows simultaneous multi-colour lasing behaviour from
a representative sample under uniform pumping after being trans-
ferred onto an MgF, substrate. This sample was intentionally
cleaved from a longer piece by the bend-to-fracture method® to
create a high-quality reflecting end facet. The main part of the
multi-colour lasing cavity (enclosed by the white dashed box in
Fig. 3a) had dimensions of 28.0 pm x 18.0 yum x 0.3 ym. This par-
ticular nanosheet also featured narrow protruding segments of irre-
gular shape extending to the right side of the white box, indicating
that this nanosheet was imperfectly detached from a larger
nanosheet (for a detailed study of the sizes and uniformity of our
material, see Supplementary Section 16). Figure 3b presents a
photoluminescence image under single pulse pumping at 1.2 pJ.
Largely uniform spontaneous emission can be seen, with strong

b 09

0.8

(n'e) Aysusyu,

Figure 5 | White and full-colour tunable lasing. a, Lasing spectra when the blue (B), green (G), red (R), red and green (R+G), green and blue (G+B), red
and blue (R+B) and red, green and blue (R+G+B) segments are pumped above their respective thresholds. b, Chromaticity of the lasing peaks extracted from
the spectra in a, shown as seven white circles (see Supplementary Section 11 for details of the chromaticity calculation.) The chromaticity of the R+G+B
lasing is close to the CIE standard white illuminant D65. Dashed lines indicate the range of the achievable colour gamut for this particular heterostructure.
c-j, Real colour images under low pumping (c) and above-threshold pumping (d-j) for the various colour cases corresponding to the seven spectra in a.

Scale bar, 20 pm.
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scattering from the edges and an additional strong line in the middle
of the nanosheet across the green- and light-red-emitting segments
due to a bent edge created during transfer of the nanosheet. There is
also weaker scattering of the emission due to surface corrugation,
which is discussed in detail in Supplementary Section 13.
Figure 3c shows the emission at 4.0 uJ pulse energy. It is clear that
the uniform emission has been replaced by more pronounced scat-
tering lines and a significantly diminished background, indicating
that the transition from spontaneous emission to lasing has
occurred. The spectral evolution with increasing pulse energy is
shown in Fig. 3d. At the lowest pumping energy of 1.3 yJ, only
broadband spontaneous emission is observed. On increasing the
pumping energy from 1.8 uJ to 3.3 pJ, narrow peaks at red
(642 nm and 675 nm), green (530 nm) and blue (484 nm) colours
appear sequentially. Both the intensity and the number of peaks
of each colour increase with pumping energy, which can be attrib-
uted to well-known multimode lasing behaviour*. A lasing wave-
length span of 191 nm, much larger than the gain bandwidth of
any reported monolithic semiconductor, can be observed. The
light-red lasing (642 nm) was generated from the cation-terminated
growth front and appears as the red-emitting segment in Fig. 3b,c.
The deep-red lasing (675 nm) was generated from the anion-termi-
nated growth front on the opposite side of the nanosheet, which is
not visible in Fig. 3b,c because of the weak response of our camera at
675 nm (see the Infinity2-1R Camera Datasheet at http://www.
lumenera.com/). Due to the large size of the nanosheet structures,
different longitudinal and transverse modes cause very close mode
spacing®*, so more modes are excited above the threshold with
increasing pumping intensity. At a pumping level of 3.9 yJ, multi-
mode lasing can be clearly observed. High-resolution photolumi-
nescence  measurements  (Supplementary Fig. 13  and
Supplementary Section 10) reveal that the linewidth of each individ-
ual mode narrows down to ~0.4 nm once pumped above the
lasing threshold.

Further evidence for multi-colour lasing behaviour can be seen
for each of the four colours in Fig. 3d in the light-in-light-out
curves plotted in Fig. 4a—d, together with theoretical fittings based
on multimode lasing equations*. Typical S-like curves covering
the three regimes of operation are clear in the double-log-scale
plots. For all four colours, both the spontaneous emission regime,
dominating at lower pumping intensity, and the stimulated emission
regime, dominating at higher pumping intensity, have slopes of ~1.
The maximum slope of the superlinear transition regime, in which
amplified spontaneous emission is the dominant process, varies by
colour. These transition slopes are 2.1, 7.3, 2.7 and 2.2 for blue,
green, light red and deep red, respectively. Because the maximum
slope of the superlinear regime represents the most dramatic
transition from spontaneous emission to lasing, this is often used
to define the lasing threshold. Based on the four individual light-
in-light-out plots, the thresholds for blue, green, light red and
deep red lasing are 3.3, 2.9, 2.0 and 3.0 yJ, respectively, for single
pulse excitation, corresponding to power densities of 1,441, 1,266,
873 and 1,310 kW cm™, respectively. A more detailed study of the
lasing threshold, output power, lasing efficiency and stability of
our multi-segment heterostructure nanosheets is provided in
Supplementary Sections 17, 15 and 19.

Full-colour range tuning and white lasing

To illustrate the potential of our multi-segment heterostructure
nanosheet for general illumination, we studied dynamic tuning of
the mixed colours in the full-colour range and white colour lasing
in particular. Three beams were focused into long, narrow, parallel
stripes (Supplementary Fig. 11b, Supplementary Section 9) to
pump one of the three segments each. The power of each pumping
beam could be adjusted independently to allow for precise, indepen-
dent tuning of the lasing intensity of each colour. As a result, the

R+B R+G+B

Figure 6 | Colour photographs. a, Photograph of the mixed emission colour
from a multi-segment heterostructure nanosheet. (Note that the blue
emission visible is from the adhesive between the MgF, substrate and the
glass slide.) b-h, Photographs of the enlarged dashed-box region in a when
the different combinations of segments are pumped as indicated by the
labels inside each figure, creating the mixed far-field emission colours red,
green, blue, yellow, cyan, magenta and white. The top dots in each
photograph are the direct image of laser emission, while the tails under
these dots are the reflection from the substrate.

mixed lasing colours in the far field can be controllably varied in
the full-colour range and the desired white colour can be achieved.
The results are summarized in Fig. 5, with the photoluminescence
image and the structure of the nanosheet shown in Fig. 5c. By
pumping one, two and all three of the segments above their lasing
thresholds, we demonstrate independent lasing of each RGB colour,
simultaneous two-colour lasing of any two of the three primary
colours, and finally simultaneous RGB lasing (shown in Fig. 5d-j).
Figure 5a presents the emission spectra for all seven cases, while
Fig. 5b shows the calculated chromaticity for these lasing spectra
on a CIE1931 colour diagram (red, green, blue, magenta, yellow,
cyan and white, respectively; Supplementary Section 11). The
chromaticity of the carefully balanced white lasing is very close to
that of the white point CIE standard white illuminant D65
(shown in Fig. 5b). In addition, according to Grassmann’s law, all
colours inside the triangle formed by the three elementary colours
can be realized through appropriate mixing of three colours. One
of our best samples (sample #4, Supplementary Section 12) can
cover 70% more perceptible colours than the standard RGB* space
after converting to a perceptually uniform colour space
(Supplementary Section 12 and Supplementary Fig.15). Such a
large colour gamut, enabled by the flexibility of our approach,
could be used in the production of high-contrast-ratio displays with
better colour saturation than is available today.

To show the far-field mixing of colours from our multi-colour
lasers, real colour photographs were taken (Fig. 6) of the laser
output while using dynamic differential pumping (corresponding
to the cases of Fig. 5) to control the lasing colour. Figure 6b-d
shows independent red, green and blue lasing achieved by
pumping each colour segment individually. Yellow, cyan and
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magenta mixed lasing emissions were produced by pumping two of
the segments, as shown in Fig. 6e-g. Finally, with three beams
pumping all three colour segments, simultaneous RGB lasing emis-
sion from a single multi-segment heterostructure nanosheet can be
mixed together to render as a white-like colour, as shown in Fig. 6h.
This colour mixing demonstration provides an experimental proof-
of-concept for the use of our multi-colour lasing structure in illumi-
nation and display applications.

Conclusions

We have demonstrated simultaneous RGB lasing from individual
monolithic ZnCdSSe nanosheets at room temperature. White and
tunable lasing over the full range of visible colours has been achieved
through controlled pumping of different segments in a multi-
segment heterostructure nanosheet of ZnCdSSe quaternary alloys.
The key to our successful demonstration lies in the development
of a unique growth strategy that exploits the interplay of the VLS,
VS and dual-ion exchange mechanisms. Through a detailed charac-
terization and understanding of this growth mechanism, we have
designed an optimized growth sequence for each segment, allowing
for the growth of nanosheets composed of several parallel segments
with the desired alloy compositions, geometry and crystal quality.
The parallel cavity arrangement significantly reduces the absorption
of shorter-wavelength photons by the narrower-bandgap material
when compared with composition-graded one-dimensional nanos-
tructures®. As a result, lasing over a wavelength range of 191 nm in
a single monolithic structure, the largest ever reported, has been
observed. Finally, it is important to note that the term ‘white
laser’, which associates concepts linked to broadband and mono-
chromatic emission, might at first appear self-contradictory. Our
results demonstrate that the apparently contradictory terms
‘white’ and ‘lasing’ can both be realized in a single monolithic struc-
ture. Our work greatly simplifies the process of creating monolithic
laser structures with dynamically colour-controllable emissions, and
is an important first step towards the realization of an electrically
driven white-colour and full-colour nanolaser from a single
monolithic structure.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Sample synthesis. Multi-segment heterostructure nanosheets (MSHNs) were grown
on a SiO,/Si substrate by a combination of VLS, VS and dual-ion exchange growth
mechanisms using a single zone CVD horizontal tube (1.5 inches wide, 4 foot long)
reactor. The substrate serves only as a mechanical support. MSHNS are otherwise
grown as freestanding structures without epitaxial connection with the substrate,
because the original growth substrates can be amorphous or non-lattice-matched
crystals. The overall set-up and VLS growth mechanism are described in several
earlier papers?*** and are shown schematically in Fig. 1a. CdSe and Zn$S powders
(Sigma Aldrich, 99.99% metal basis) were used as source materials. Specific details
that are new to the present paper are described in Fig. 1 and in Supplementary
Section 5. Before growth, the SiO,/Si substrate was cleaned and then coated with a
10 nm layer of sputtered Au. After placing ZnS$ (at the centre, T =980 °C), CdSe
(12 cm upstream from the centre, T ~ 840 °C) and the substrate (16 cm downstream
from the centre, T~ 640 °C) inside the reactor, as shown in Fig. 1, the system was
evacuated to 30 mtorr. A 10 s.c.c.m. N, inert gas flow was introduced for 30 min to
purge the reactor of O,. The system pressure was then set to 10 torr with backfilled
N, and the furnace was turned on. After completion of the growth, the furnace was
turned off and allowed to cool naturally to room temperature while continuing the
10 s.c.c.m. N, flow. The growth time in each step of the experiment was shorter than
12 min to prevent source depletion.

Material characterization. Structural characterization of the MSHNs was carried
out using a JEOL 2010F TEM equipped with a Link energy-dispersive X-ray
spectroscopy detector at 200 kV and an FEI XL30 environmental SEM at 15 kV. It is
worth noting that the sample used for TEM characterization was deliberately chosen
from a broken nanosheet piece to eliminate bending during dispersion onto the
TEM grid, which would introduce difficulty in finding the zone axis. As-grown
structures were dispersed onto a glass substrate via contact-printing®® and then
moved to a TEM grid using a homemade tapered fibre. Surface characterization was
performed with a Bruker Dimension 3000 atomic force microscope (AFM) in
tapping mode using a standard pyramidal SiN tip at a scan rate of 0.5 Hz. This set-
up provides a Z-resolution of ~0.07 nm.

Optical measurements. Samples were first cleaved from as-grown pieces by the
bend-to-fracture method*®. High-quality end facets were thus created as partially
reflective mirrors to define the laser cavities. All optical measurements were

performed at room temperature. After the fracture, samples were then transferred
individually onto MgF, substrates (refractive index of ~1.38) for enhanced optical
confinement using a homemade tapered fibre. In the single-beam uniform pumping
experiment (schematically shown in Supplementary Fig. 11a) for the multi-colour
lasing shown in Figs 3 and 4, the third harmonic of a Q-switched Nd: YAG laser
(Spectra Physics) was used to uniformly pump the individual samples (A = 355 nm,
repetition rate of 10 Hz, pulse width of 9 ns) at an angle of 15° from the sample
normal, with a spot size of 180 pm. The resulting emission was collected through a
dark-field objective lens (Olympus LMPlanLF x50, numerical aperture of 0.5) at an
angle of 45° from the sample normal to enhance the collection efficiency of
stimulated emission and reduce the spontaneous emission background. The
collected light was then directed though a beamsplitter and gathered simultaneously
by a charge-coupled device (CCD) camera (Lumenera Infinity 2-1R) and
monochromator (Triax 320) equipped with a Si array detector (Jobin Yvon CCD).
A long-wavelength-pass 405 filter (Semrock EdgeBasic) was used to remove the
pump laser wavelength from the collected spectra. In the lasing colour tuning and
mixing experiments shown in Figs 5 and 6, the third harmonic of a Q-switched Nd:
YLF laser (Spectra Physics, A = 349 nm, repetition rate of 10 Hz, pulse width of 5 ns)
was used to provide better pulse-to-pulse stability. Details of the set-up are shown in
Supplementary Fig. 11b. The laser was first directed through a set of cylindrical
lenses to change the length-to-width ratio of the laser spot. After splitting into three
separate beams, each beam was then directed through three independent polarizer
and analyser set-ups and focused to a 260 um x 5 um narrow stripe-like spot parallel
to the cavity length direction. The same collection set-up was used for
photoluminescence images and spectra recording, with only the collection angle of
the objective being changed. An additional CCD camera (Nikon D60) was used to
take x1 magnification photographs to demonstrate the far-field colour mixing.
The laser pump angle, objective collection angle and camera collection angle were
60°, 0° and 75°, respectively, from the sample normal (for detailed optical set-up
information see Supplementary Section 9).
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