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B
and gaps are one of the most impor-
tant parameters of semiconductor
materials for optoelectronic applica-

tions since they determine the spectral fea-

tures of absorptions and emission pro-

cesses. Due to the limited band gaps of

natural semiconductors (such as elemen-

tary semiconductors or binary compounds),

alloying different semiconductors becomes

one of the major methods of realizing new

band gaps, but this method is also limited

by the lattice mismatch between the sub-

strate and the alloy materials to be grown

using the planar epitaxial growth methods.

Nanomaterials such as nanowires open a

new vista of band gaps through alloying

with almost arbitrary compositions.1�29

While different band gaps have been

achieved through alloy composition

changes by separate growths, it is more im-

portant for many applications to be able to

produce all possible band gaps on a single

substrate with spatial controlled distribu-

tions, such as a controlled spatial grading

of band gaps through composition grading.

Composition-graded alloy semiconductor

nanostructures on a single chip can work as

a material platform for a wide range of ap-

plications from superbroadly tunable nano-

lasers, through color engineered display

and lighting, and multispectral detectors to

full spectrum solar cells. More specifically in

a photovoltaic device, spatial composition-

controlled alloy materials can potentially al-

low band gaps tailored to match the full so-

lar spectrum for maximum conversion

efficiency.30 Spatial alloy composition engi-

neering and control can lead to on-chip di-

rect white light generation for solid state

lighting or color design for display applica-

tions. In detectors, multispectral detection
or spectrometer on-a-chip has been envis-
aged as an ultimate mode of detection.
Widely tunable semiconductor lasers are
another technologically important applica-
tion of single-chip-based semiconductor al-
loys. Despite such well-recognized applica-
tions, the lack of growth and fabrication
technology for such materials has long
been the main bottleneck.

Recently, we successfully realized a one-
dimensional (1D) composition grading in
the full alloy composition range of ternary
CdSSe nanowires on a single substrate
through the temperature gradient control
in a CVD system and achieved spatially con-
tinuously tunable lasing with a wavelength
tuning range of 200 nm, unmatched by any
other available semiconductor-based la-
ser.9 Using a different approach, full compo-
sition range of ternary InGaN nanowires
was also achieved for the first time through
a spatial gradient of reactants during the
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ABSTRACT We demonstrated a general methodology of growing spatially composition-controlled alloys by

combining spatial source reagent gradient with a temperature gradient. Using this dual gradient method, we

achieved for the first time a continuous spatial composition grading of single-crystal quaternary ZnxCd1�xSySe1�y

alloy nanowires over the complete band gap range along the length of a substrate. The band gap grading spans

between 3.55 eV (ZnS) and 1.75 eV (CdSe) on a single substrate, with the corresponding light emission over the

entire visible spectrum. We also showed that the dual gradient method can be extended to achieve alloy

composition control in two spatial dimensions. The unique material platform achieved will open a wide range of

applications from color engineered display and lighting, full spectrum solar cells, multispectral detectors, or

spectrometer on-a-chip to superbroadly tunable nanolasers. The growth methodology can be extended more

generally to other alloy systems.

KEYWORDS: quaternary alloys · composition grading · semiconductor ·
nanowires · tunable · single substrate · visible spectrum · dual gradient method
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CVD growth.4 In a more recent paper,29 we were able
to achieve for the first time quaternary alloy nanobelts
with different compositions covering the entire visible
spectrum through Au-catalyzed vapor�liquid�solid
(VLS) growth route. While this result was very encourag-
ing, different alloy compositions (thus colors) were pro-
duced by separate growths. These results,4,9,29 while
achieving unprecedented alloy material capabilities,
also indicate great potential and flexibility of a more
general strategy in growing alloy nanowire materials
with a well-controlled spatial composition distribution.
The purposes of this paper are as follows: (1) to present
a more general strategy of growing composition-
graded alloy nanowires/belts; (2) to produce the entire
band gap range of ZnCdSSe (corresponding to the en-
tire visible spectrum) on a single substrate in a single
run of growth for the first time; and (3) to demonstrate
the spatial control of alloy composition in two spatial
dimensions.

RESULTS AND DISCUSSION
For the purposes described above, we designed a

new CVD growth configuration by combining the tem-
perature gradient9 with the spatial reaction reagent gra-
dient.4 This general methodology is called dual gradi-
ent method (DGM) hereafter. We successfully achieved
a continuous spatial 1D composition grading of quater-
nary ZnxCd1�xSySe1�y alloy semiconductor nanowires,
with a fine band gap tunability from 3.55 eV (ZnS) to
1.75 eV (CdSe) (corresponding to the entire visible spec-

trum) on a single substrate. This general strategy of
combining spatial reagent gradient and temperature
gradient for growing composition grading of alloy na-
nomaterials is also extended to achieve alloy composi-
tion control in two space dimensions (2D). The experi-
mental setups and growth conditions are schematically
shown in Figure 1.

Figure 2A shows the real-color photograph under
room lighting of the as-grown 1D composition-graded
sample, where color changes from dark (on the ZnS
side) to white (on the CdSe side). The same sample un-
der a UV laser illumination along the central stripe
shows much richer colors from red through yellow,
green and blue to purple (see Figure 2B), indicating
band gap gradual change along the substrate length.
Figure 2C1�C5 shows the scanning electron microscopy
(SEM) images from five representative points taken in
turn from the white ZnS-rich end to the dark CdSe-rich
end along the length of the sample. The SEM result in-
dicates that most of the substrate is covered by nanow-
ires with diameters of 100�200 nm and lengths of sev-
eral tens of micrometers, while the product changes to
tapered nanobelts with mean width of 1�2 �m toward
the CdSe-rich end. Figure 2D1�D5 shows representa-
tive TEM images of single nanostructures from samples
shown in Figure 2C1�C5, respectively. Each of them
has a gold catalyst at the tip, indicating the VLS growth
mechanism of these alloy nanostructures. The in situ
EDS (see Figure 2E1�E5, respectively) from these single
wires shows that all of the wires contain elements Zn, S,

Figure 1. (a) Setup and tube configuration for the growth of the 1D graded sample, (b) temperature profile at the sample
growth zone, and (c) setup and tube configuration for the growth of the 2D graded sample.
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Cd, and Se (element Cu is from the copper grid), and
the Cd�Se concentrations are complementary to those
of Zn and S along the length of the substrate. The high-
resolution TEM (HRTEM) images of these wires shown
in Figure 2F1�F5 as well as the corresponding fast Fou-
rier transform (FFT) patterns (see the insets) indicate the
single-crystal nature and wurtzite hexagonal structure
of the wires. The measured (0001) interplanar spacing
gradually increases from samples F1 to F5, which is in
agreement with the increment of composition Cd and
Se and is also consistent with the observed color
change of the sample (see Figure 2A,B). The TEM re-
sults demonstrate that the obtained sample consists of
composition-tunable quaternary ZnCdSSe
nanostructures.

The change of morphology from wire-like to belt-
like toward the CdSe end of the sample indicates differ-
ent growth kinetics. During the VLS growth process,
the gas-phase supersaturation of the atoms or mol-
ecules of the growing material has important effects
on the morphology of the obtained nanostructures.31

Low level of supersaturation favors the growth of wires
or rod-like structures, while high supersaturation ben-
efits the formation of quasi-2D belt-like structures.31 For
these spatially graded ZnCdSSe alloys, their relative
compositions of Zn�S to Cd�Se are mainly decided
by the respective evaporation and deposition of ZnS

and CdSe sources. Since the melting point of ZnS pow-
der (�1830 °C) is much higher than that of CdSe pow-
der (�1350 °C), the evaporation rate of ZnS is much
lower than that of CdSe during the growth. This was
seen in the experiments when CdSe powder was fully
consumed after the growth, while most of ZnS powder
remains. The low supersaturation or vapor pressure due
to the slow evaporation of ZnS favors the 1D nucle-
ation and the growth of wire-like structures using the
VLS mechanism. While the rapid evaporation of CdSe
produces very high supersaturation or vapor pressure
of CdSe, leading to the 2D nucleation and the growth
of belt-like structures near the CdSe end.

We used small-area X-ray diffraction (XRD) to fur-
ther examine the position-dependent crystal quality/
structure across the overall length of the sample. Fig-
ure 3a shows the XRD mapping of the wires along the
length of the sample with a step of 2 mm. The stan-
dard 2� values for ZnS and CdSe wurtzite single crys-
tals are also shown for comparison. The XRD results
show that all the wires have wurtzite hexagonal crystal
structure and are consistent with the TEM measure-
ments. The relatively weaker intensities toward the ZnS-
rich end come from the thinner depth of wire materi-
als and the very small scanning area of the XRD
measurements. The diffraction peaks shift gradually
from the ZnS-rich end to the CdSe-rich end toward

Figure 2. (A,B) Real-color photograph of the as-grown sample with 1D composition grading under room lighting and under
a UV laser (266 nm) illumination along the central stripe, respectively. (C1�C5) SEM images from five representative points
collected in turn from the white ZnS-rich end to the dark CdSe-rich end along the length of the sample, respectively. Scale
bar: 5 �m. (D1�D5) Representative TEM images of single wires from samples A1 to E1, respectively; (E1�E5) corresponding in
situ EDS from these single wires. (F1�F5) Corresponding HRTEM images of these single wires shown in D1�D5, respectively.
Insets: the corresponding FFT patterns. Scale bar: 2 nm.
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smaller angles, indicating the formation of alloys

with intermediate compositions with their lattice

constants gradually increased. Figure 3b shows the

position-dependent lattice constants a and c, along

the length of the sample. The blue triangles show

the values extracted from the XRD data. The dark

filled circles and rectangles show the Vegard law ap-

proximation for the quaternary alloys,32�36 using

the lattice constants of the four binary compounds:

ZnS, ZnSe, CdS, and CdSe. The composition vari-

ables, x and y, are determined from the element pro-

file measurements of the sample (shown in Figure

3c,d). The crosses and stars denote the values from

the TEM measurements. The very good agreement

among the results from these three independent av-

enues establishes the spatial composition-graded

quaternary alloys on the as-grown sample.

The position-dependent normalized photolumines-

cence (PL) spectra (Figure 4a) show that every spot

along the length of the substrate has a single-peak

light emission, and that the peak wavelength is tuned

gradually from near UV (�350 nm) at the ZnS-rich end

to �710 nm at the CdSe-rich end, covering the entire

visible region. This spectral change is consistent with

the color range shown under the UV light illumination

(Figure 2B). The position/composition-tunable PL indi-

cates that the emitted light comes from the band-edge

emission of the alloys. No other defect-related emis-

sion band was found across the whole sample, indica-
tive of the high crystal quality of the alloy wires. Figure
4b shows the composition x-dependent PL peak energy
along the sample (empty triangles) and the alloy band
gap values (filled circles) interpolated using the follow-
ing standard interpolation formula for quaternary semi-
conductor alloys AxB1�xCyD1�y:37

For quaternary ZnxCd1�xSySe1�y, Eg(AC), Eg(BD), Eg(BC),
and Eg(AD) are the band gap values of ZnS (3.6 eV), ZnSe
(2.8 eV), CdS (2.44 eV), and CdSe (1.72 eV), respectively.
Using the position�composition relation along the
sample (see Figure 3c,d), we also obtained the position-
dependent PL peak energy and the interpolated band
gap values (shown in Figure 4c). The good agreement
shown in Figure 4b,c between the PL peak energy and
the bandgap values is a further validation of the spatial
one-to-one correspondence between alloy composi-
tion and band gaps (or PL peak energies). The little de-
viation at the ZnS-rich end (high x value) mainly comes
from the interpolation formula we used. An additional
bowling item in eq 1 is expected to reduce the devia-
tions between the PL and the fitting. Other contribut-
ing factors to the slight disagreement can come from
measurement precisions. The overall agreement to-
gether with all the other compositional and structural

Figure 3. (a) Spatial XRD scan along the length of the 1D composition-graded sample with a step of 2 mm, as well as the
standard 2� values for ZnS and CdSe wurtzite single crystals. (b) Position-dependent lattice constants a and c, along the
length of the sample obtained from the fitting of XRD data (blue triangles), the Vegard law approximation (dark filled circles
and rectangles), and the TEM measurements (crosses and stars). (c) Element profiles along the length of the 1D graded
sample, (d) the corresponding converted position-dependent composition x and y.

Eg(AxB1-xCyD1-y) ) Eg(AC)xy + Eg(BD)(1 - x)(1 -

y) + Eg(BC)(1 - x)y + Eg(AD)x(1 - y) (1)
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characterizations unambiguously demonstrates our re-
alization of quaternary alloy nanowires and their spatial
controlled grading.

The success of the 1D composition grading indi-
cates a more general strategy of engineering the alloy
composition in 2D and in a controllable fashion. Figures
5a shows the real-color photograph of the as-grown
2D graded sample under UV light illumination, grown
using the setup with three mini-tubes arranged in an
equilateral triangle (see Figure 1c). Positions A, B, and
C in Figure 5a are close to the downstream ends of the
mini-tubes loaded with ZnS, CdSe, and CdS powder, re-
spectively. Figure 5b�d shows that the respective ele-
ment profiles along the three sides of the indicated tri-
angle shown in Figure 5a,e�g are the corresponding
converted composition x and y with position along the
sides of the triangle. These spatial compositional results
combined with the SEM observations (not shown here)
indicate that the whole substrate range is also com-
posed of quaternary ZnCdSSe nanowires. As a result,
this photograph (Figure 5a) exhibits a 2D color map
produced by the spatial graded composition in the
plane of the substrate.

Figure 6a�c shows the normalized PL spectra of
the 2D graded sample along each side of the triangle
ABC, respectively, and Figure 6d gives the correspond-
ing position-dependent peak wavelength/energy along
the triangle. Just as in the case of the 1D graded al-

loys, the PL spectra from every spot along the sides of
the triangle all show strong single-peak band-edge
emission, with their peak wavelength tunable with the
position.

Figure 7 is a convenient way of expressing the
ZnxCd1�xSySe1�y quaternary alloys in their two-
dimensional composition plane. The four corners repre-
sent the four possible binaries, ZnS, ZnSe, CdS, and
CdSe, while the four edges represent the correspond-
ing four ternaries with varying composition. The inte-
rior points (x,y) of this composition square represent
quaternary alloys of possible compositions. Typically, a
given composition (a point in this plane) is grown in a
specific planar epitaxial growth. Here for the two-
dimensional spatial composition grading, the composi-
tion scan along an arbitrary path of the substrate re-
veals a particular composition dependence, which cor-
responds to a specific curve in the composition plane.
The 1D graded sample (see Figure 2A) has a fixed com-
position (x,y) dependence corresponding to one curve
in the composition plane (shown as green stars in Fig-
ure 7). The 2D graded sample can have many different
composition dependences or curves in the composition
plane, depending on the scanning path. As representa-
tives, the compositional dependences for the scanning
along the three sides of the triangle are given as black
rectangles, red circles, and blue triangles, respectively,
in Figure 7. It is interesting to point out that many com-

Figure 4. (a) Position-dependent PL spectra (normalized) along the length of the 1D sample; (b) composition x-dependent
PL peak energy (empty triangles) and the alloy band gap values interpolated using the standard interpolation formula for
quaternary semiconductor (filled circles); (c) position-dependent PL peak energy (empty triangles) and interpolated band
gap values (filled circles).
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position dependences or curves in this plane can be
achieved by a single run of growth of our two-
dimensional graded samples. It would be also very in-
teresting to map the entire substrate into this composi-
tion square, providing a unique platform for studying
the quaternary alloys more generally with various
compositions.

As shown above, the spatial compositional distribu-
tion of the ZnCdSSe alloys on the substrate can be
achieved over the entire band gap range by the spa-
tial configurations of the multichannel growth system
together with the proper temperature profile to pro-
duce the dual gradients in the growth zone. We empha-
size that our dual gradient method is crucial for achiev-
ing such a spatial quaternary composition grading

with high crystal quality. The spatial configured mini-
tubes provide multichannels of different reagent vapors
to be transported to the different spatial areas of the
substrate to form source reagent gradient, and the con-
trolled temperature gradient allows different source va-
pors (ZnS, CdS, and CdSe) to be deposited at different
locations with optimized local temperatures. The dem-
onstration of the DGM is an important aspect of this
work, and we believe that this DGM can be used as a
general strategy to grow other alloy systems and to
achieve much more complicated spatial composition
engineering. We have performed comprehensive para-
metric study with only one of the gradients. The results
show that either gradient alone cannot achieve the
complete band gap range of the ZnCdSSe from that of

Figure 5. (a) Real-color photograph of the sample with 2D composition grading under UV light illumination. Positions A, B,
and C in (a) are close to the downstream ends of the mini-tubes loaded with ZnS, CdSe, and CdS powder, respectively. (b�d)
Element profiles along the three sides of the indicated triangle shown in (a), respectively, and (e�g) corresponding con-
verted composition x and y with position.
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ZnS to that of CdSe with high crystal quality on a single
substrate.

Figure 8a�c shows the real-color photographs un-
der the regular room lighting of the three samples ob-
tained when the substrate was placed perpendicular to
the tube axis at a uniform temperature of 700, 760,
and 810 °C, respectively. The corresponding element
scans along the three sides of triangle ABC are shown
to the right side of each photograph. The results clearly
show that the sample grown at 700 °C has very little
Zn, and the sample grown at 810 °C is composed mainly
of Zn and S. A detailed composition examination shows
that none of the three samples can have the entire qua-
ternary composition range between Zn1Cd0S1Se0 (x � 1,
y � 1) and Zn0Cd1S0Se1 (x � 0, y � 0) along any scan-
ning path. In other words, reagent gradient alone is not

sufficient for achieving the complete quaternary spa-
tial composition grading. In addition, the reagent gradi-
ent alone with uniform substrate temperature very of-
ten produces nanomaterials with poor crystal quality
with wide PL spectrum or strong midgap emissions, es-
pecially at the regions with wide gap materials. This is
true for the growth of spatial composition-graded
nanowires of both ternary and quaternary alloys. Simi-
larly, our extensive experiments also show that the tem-
perature gradient alone without the reagent gradient
produced by the multiple mini-tubes is also not suffi-
cient to grow quaternary alloy with a wide range of
composition grading, even though composition-
graded ternary alloys such as ZnCdS or CdSSe can be
grown successfully. Proper spatial separation of differ-
ent reagent elements enabled by the properly config-
ured multiple tubes is essential to grow the complete
quaternary composition grading.

Using the dual gradient method demonstrated in
this paper, the spatial composition grading or control
can be more easily achieved by varying the diameters
and the spatial configuration of the mini-tubes and by
the tilting angles of the substrate which determine the
temperature gradient on the substrate. At the same
time, the spatial composition profiles can be affected
by the relative evaporation rates of the sources. In the
experiments, we used quite low evaporation tempera-
ture compared to the melting points of the source ma-
terials, thus the vapor pressure and thus the composi-
tion of the achieved alloys can be controlled mainly by
the dual gradient mentioned without the need of ad-

Figure 6. (a�c) Normalized spectra of the 2D graded sample along each side of the triangle ABC, respectively, and (d) the
corresponding position-dependent PL peak wavelength/energy along the triangle.

Figure 7. The compositional x�y relations for the 1D com-
position graded sample (green stars), and the 2D graded
sample along the three sides of the triangle ABC (black rect-
angles, red circles, and blue triangles), respectively.
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justing the ratio of sources. Such dual gradient ap-
proach has produced ZnCdSSe quaternary alloys in the
entire band gap range with high crystal quality, and this
general strategy can be used to achieve spatially con-
trolled semiconductor alloy nanostructures of other ma-
terial systems.

CONCLUSIONS
We demonstrated a general methodology, the dual

gradient method, of growing spatially composition-

controlled alloys by the combination of the spatial

source reagent gradient method4 and the temperature

gradient method.9 Even though such gradient methods

were used separately for growing ternary alloys, we

show that the combination of the two is a more gen-

eral approach and necessary for growing quaternary al-

loys and even high quality ternary alloys. Using the

DGM, we achieved a continuous spatial grading of

single-crystal quaternary ZnxCd1�xSySe1�y alloy nanow-

ires with continuous composition tunability along the

length of a substrate, leading to a continuous band

gap change from 3.55 eV (ZnS) to 1.75 eV (CdSe) (corre-

sponding to the entire visible spectrum) on a single

substrate. We also showed that our approach can be ex-

tended to achieve alloy composition control in two spa-

tial dimensions. Since alloys of different alloy composi-

tions in general require different deposition

temperatures, only spatial source materials profiling

through mini-tube configuration are not sufficient to

grow high quality nanowires. The inclusion of tempera-

ture gradient is essential so that this method can be

used more generally to produce spatially controlled al-

loy composition variations in other alloy systems. Such

composition-controlled alloy nanowires on a single

substrate provide a unique material platform for a wide

range of applications from color engineered display

and lighting, full spectrum solar cells, multispectral de-

tectors, or spectrometer on-a-chip to superbroadly tun-

able nanolasers.

EXPERIMENTAL SECTION

Sample Synthesis. Experimental growth of quaternary ZnCdSSe
nanowires with spatial composition grading was conducted
through an improved CVD route in the presence of Au as a cata-
lyst. For the growth of the 1D graded sample, two 1/4 in. diam-
eter quartz mini-tubes were placed horizontally inside a 1 in. di-

ameter quartz tube for transporting the reaction reagents
independently to the reaction zone. Before growth, appropriate
amounts of high-purity ZnS and CdSe source powders (Alfa Ae-
sar, 99.995%) were loaded into the two mini-tubes separately.
ZnS powder was positioned at the center of the furnace, while
CdSe powder was placed upstream of the furnace center. A piece
of quartz (0.5 � 2 cm in size) presputtered with 2 nm of Au film

Figure 8. (a�c) Real-color photographs under room lighting of the samples obtained when the substrate was placed perpendicular to
the tube axis at a local temperature of 700, 760, and 810 °C, respectively. The three panels at the right of each photograph are the cor-
responding element profiles along the three sides of the indicated triangle ABC.
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was positioned downstream facing the ends of the mini-tubes.
The substrate was tilted into a proper angle, such that its two
ends are at different axial locations with different temperatures.
The tube reactor was evacuated and back-flushed with Ar/H2-5%
gas until the desired pressure of 15 Torr was reached. A con-
stant flow of 50 sccm was used during growth. The tempera-
ture at the furnace center was set to 940 °C, with a heating rate
of 40 °C/min, and maintained at its peak temperature for 2 min.
During the growth, the vapors coming from the two neighboring
mini-tubes will spread and interdisperse along the length of the
substrate, thus forming spatial composition-graded alloys on the
substrate. As an example of 2D graded sample, the outside tube
was replaced with a 1.5 in. diameter quartz tube, and an addi-
tional mini-tube with the same size was added inside the big
tube for loading CdS powder with the three tubes forming an
equal-side triangle. The CdS powder was placed at the same lon-
gitudinal position as the CdSe powder. The previous rectangu-
lar substrate (for 1D grading) was replaced by a square one of 3
� 3 cm in size. As in the case of 1D grading, the square substrate
was also tilted, so that the end of the ZnS-carrying tube points
to the higher temperature side of the substrate. All other growth
conditions are the same as those for the 1D grading. See Figure
1 for the schematically experimental setups and growth
conditions.

Structural Characterizations. Scanning electron microscopy (SEM)
images and the in situ energy-dispersive X-ray spectroscopy
(EDS) analysis were performed using a Philips XL-30 field-
emission SEM equipped with an energy-dispersive X-ray detec-
tor. To determine the elemental composition at each point on
the sample, the substrate was accurately positioned using an en-
coded x�y translation stage, and the locations were recorded.
The background-subtracted Zn (L), Cd (L), Se (L), and S (K) lines
were analyzed using the standard-less quantification mode of
the energy-dispersive X-ray analysis software. Transmission elec-
tron microscopy (TEM) images were collected with a JEOL JEM-
2010 high-resolution transmission electron microscopy at 200
kV, equipped with a Link EDS detector. The nanowires from each
of the examined areas along the substrate were carefully picked
up with a needlepoint under an optical microscope. Small-area
X-ray diffraction (XRD) data were collected on the PANalytical
X’Pert Pro Materials Research X-ray diffractometer equipped with
a Cu K� radiation (� � 1.54178 Å). The focused X-ray beam (�0.5
mm) scanned automatically along the length of the sample,
with a regular interval of 2 mm.

Optical Measurements. Room-temperature PL studies of the
graded samples were conducted using a pulsed (6 ns, 10 Hz)
frequency-quadrupled Nd:YAG laser (Spectra Physics Quanta
Ray, at 266 nm) as the pump source. The pump beam was fo-
cused by a 250 mm focal length lens to a spot size of �300 �m
on the sample at an incidence angle of �43°. Luminescence from
the samples was then collected by a Mitutoyo objective lens
(Plan APO, SL, 100�), placed normal to the sample. The col-
lected light was directed to a 0.3 m spectrometer and detected
with a liquid nitrogen cooled CCD detector. The spatial resolu-
tion and spectral resolution were estimated to be �700 and 0.2
nm, respectively. The samples were scanned across the length
(for the 1D graded sample) or along any selected paths (for the
2D graded sample) of the substrate to accurately measure the
position-dependent light emission.

To take the color picture of the as-grown 1D graded sample
under UV laser illumination, the laser beam was diffused into a
strip using a cylindrical lens, illuminating the total length of the
sample; for that of the 2D graded sample, the laser beam was dif-
fused into a large circle using a diffusing lens, simultaneously il-
luminating a large part of the central area of the sample.
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