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requires reliable monochromatic light 
technology for blue and green LEDs 
based on nitride semiconductors, which 
has been quite mature in three general 
approaches. [ 2,5 ]  However, some problems 
still exist. First, the direct mixing of three 
monochromatic sources, i.e., red, green, 
and blue (RGB) to generate a sensuous 
white light, has problems of ineffective 
control, high cost, and heat dissipation. [ 6 ]  
The second technique using an UV-LED to 
pump RGB hybrid phosphors to achieve 
white light has low effi ciency and mis-
matched phosphor synthesis hindering 
the practical lifetime of the lamp. [ 7 ]  The 
third method, the phosphor-converted 
W-LED occupying the major LED illumi-
nation markets by far, which consists of 
a blue LED pumping a complimentary 
yellow phosphor, has also inherent less 
effi ciency. [ 8 ]  In addition, a burgeoning 
technology of organic light-emitting 
diodes (OLEDs) based W-LEDs is devel-

oping and needs multiple and stable organic materials. [ 9–11 ]  All 
of these methods are of technical sophistication and unsatisfac-
tory practicability. 

 With the explosion of information and internet technologies, 
computer, smart phone, mobile digital terminals, and television 
are playing more and more important roles in modern life. Mul-
titudes of people must stay focus on looking the LED-backlight 
display for more than 10 h one day and 3000 h one year. As 
we know, the LED backlight spectrum contains not only useful 
visible light but also blue light even UV light, which could hurt 
human eyes seriously after long time irradiation. The comfort-
able and harmless W-LED for reading should emit UV-free and 
warm white light. In order to realize one pace reach of UV-free 
and warm white light, excellent materials with simple struc-
ture based on suitably wide bandgap engineering are needed. 
ZnO and GaN are such materials (their intrinsic bandgaps 3.37 
and 3.39 eV at room temperature (RT)), which could be tuned 
into visible range in theory. [ 12 ]  However, it is hard to directly 
tune bandgap on GaN and/or ZnO fi lms for UV-free and warm 
W-LEDs. 

 On comparison with traditional thin fi lm structure, doping 
on one-dimensional (1D) vertical nanowire (NW) arrays is an 
effective approach to bandgap tuning because of the dispersed 
geometry and high surface areas, which can offer easy element 
doping, release their lattice strains between doping element 
and matrix, NWs and substrate. [ 13 ]  However, it is very diffi cult 
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  1.     Introduction 

 Although the fi rst practical red light-emitting diode (LED) was 
developed as early as 1962, [ 1 ]  the desire for low power con-
sumption and long-lifetime solid-state white light-emitting 
diodes (W-LEDs) with high light effi ciency is still a challenge 
of replacing low-lifetime traditional lighting with high electric 
energy consumption. [ 2–4 ]  Usually, the realization of white-LEDs 
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to obtain GaN NW arrays by a direct growth until now, and no 
bandgap engineering W-LEDs of ZnO based nanowire homo-
junctions were successful. On the other hand, heterojunction 
LED of ZnO based nanowires may work as a W-LEDs. Since 
GaN has the same wurtzite hexagonal structure, the tiny lat-
tice mismatch of 1.86% in direction  a  and 3.45% in direction 
 c , and the similar crystalline properties as ZnO, GaN is thus 
considered as a good epitaxial substrate for ZnO NW devices. 
Therefore W-LED may be realized in the transition processes 
that electrons in the conduction band of n-type material (one 
of GaN and ZnO) recombine with the holes in the acceptor 
energy level introduced in the forbidden band of p-type mate-
rial (the other of GaN and ZnO). N-type ZnO NW arrays grown 
on p-type GaN substrate LED devices have been studied in the 
past several years, [ 14–18 ]  but violet–blue emissions dominated 
the LED devices owing to the intrinsic direct emission related 
to band edges of ZnO and GaN and the absence of deep level 
emissions. Recently, we also tuned the bandgap by Ga alloying 
doped ZnO NW arrays LED on p-GaN substrate, [ 13 ]  but the 
larger redshift is only 98 nm, from 380 to 478 nm in the RT 
electroluminance (EL) emission. 

 Direct bandgap engineering W-LEDs may be realized by 
p-type doping ZnO nanowire/n-GaN substrate, and thus a pow-
erful p-type doping is necessary. Sb-doping is such a candidate 
among many p-type doping approaches using nitrogen, phos-
phorus, and magnesium etc. Several years ago, Limpijumnong 
et al. predicted the possibility of forming p-type ZnO by large-
size-mismatched impurity Sb-doping through fi rst-principles 
calculations using Sb Zn –2V Zn  complexes model. [ 19 ]  Chu et al. 
fi rst demonstrated the 390 nm ZnO NW diode RT laser with 
electrical pumping using Sb-doped p-type ZnO nanowires and 
n-type ZnO fi lm. [ 20 ]  Recently, Sb-doped p-type ZnO nanowires 

were confi rmed tightly. [ 21–23 ]  Based on these studies, can we go 
further by using p-type Sb doped ZnO NWs on n-type GaN sub-
strate for white LED?  

  2.     Results and Discussion 

 The LED approach of Sb-doping ZnO nanowire/n-GaN sub-
strate is shown in  Figure    1  a, where indium and indium-gold 
thin fi lms are used for the two electrodes, and the n-type doped 
GaN was grown on sapphire. Figure  1 b gives the model of a Sb 
atom substituting a Zn atom by chance, where the Zn atoms 
are equal at all sites. In Figure  1 c, the recombination energy 
between electrons and holes is determined by the CB offset Δ E  c  
between the two conduction bands (CBs) of ZnO and GaN if a 
whole interfacial transition occurs between GaN and ZnO. The 
offset Δ E  c  is tuned by Δ V  f , the voltage difference imposing on 
the interface emission area, which may increase with the for-
ward bias voltage  V  of the whole device but is much less than 
 V  because only a small part of  V  is imposed on the interface. [ 15 ]  

   Figure    2  a presents the oblique-view scanning electronic 
microscope (SEM) image of large-area ZnO:Sb NWs, which 
shows good uniformity and consistency, and the length and 
diameter of the nanowires are on average 5 µm and 40 nm, 
respectively. For comparison, the x-ray diffraction (XRD) pat-
terns of pure ZnO and Sb-doped ZnO nanowires were car-
ried out (Figure  2 b), [ 16,20 ]  which showed good crystallinity with 
clearly ZnO (002) and (004) peaks, even the Sb atoms have 
relatively bigger size than Zn. [ 24 ]  A full-elements X-ray photo-
electron spectrum (XPS) analysis of ZnO:Sb NWs shows clear 
evidence of Sb (Figure S2a, Supporting Information). Figure  2 c 
gives more accurate binding energies of Sb. The peak located 
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 Figure 1.    The LED approach of Sb-doping ZnO nanowire/n-GaN substrate. a) Schematic of the heterojunction LED. b) A Zn atom in ZnO lattice is 
replaced by a Sb atom. c) White light may be obtained by a whole interfacial transition, where the electrons from the CB of n-type GaN recombine the 
holes from the deep acceptor levels in p-ZnO. The violet–blue intrinsic emission may occur after the imposed voltage Δ V  f  on the interfacial region is 
big enough, which decrease the CB offset Δ E  c  and upgrade the CB of GaN to a level higher than the level of Zn i  and even the CB of ZnO.
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at 530.7 eV should be attributed to the superposition of Sb 
3d5/2 and O 1s peak, which increased the diffi culty of the accu-
rate calculation of Sb content. [ 25 ]  However, we obtained the Sb 
3d3/2 peak at 540.2 eV, which could be induced by the forma-
tion of Sb Zn –2V Zn  complexes, since the standard Sb 3d3/2 peak 
of Sb and Sb 2 O 3  is 518.7 and 539.6 eV, [ 26,27 ]  respectively. The 
shift of Sb 3d3/2 peak also suggested that Sb atoms have been 
doped into ZnO and substituted Zn atoms. [ 25,28 ]  An obvious 
deviation from 766.4 eV of pure Sb to 768.7 eV of Sb in ZnO 
was observed at the inner 3p3/2 orbital electrons (Figure S2b, 
Supporting Information). A ≈0.1 eV difference of 2p binding 
energy of Zn in Sb:ZnO smaller than that of Zn in ZnO is also 
observed and may be due to the Sb Zn –2V Zn  complexes and 
p-type doping (Figure S2c, Supporting Information). 

  High-resolution transmission electron microscopy (HRTEM) 
image of an individual ZnO:Sb nanowire is shown in Figure  2 d. 
Lattice with 0.520 nm spacing (two times of (0002) ZnO  lattice 
spacing) is clearly seen, and the inset shows the corresponding 
selected area electron diffraction (SAED) pattern, which shows 
good single crystalline with wurtzite nature of the nanowire 
grown along a preferentially  c -axis after Sb doping. Figure  2 e 
shows the energy dispersive X-ray spectroscopy (EDS) elemental 
mapping of Zn, O, and Sb from the single ZnO:Sb NW. Figures 
S3 and S4, Supporting Information, show the EDS mapping of 

Au, Zn, O, and Sb elements of the tip of a single ZnO:Sb NW 
and some ZnO:Sb NWs, respectively. Through the above anal-
ysis, we can conclude that the well crystallized ZnO nanowire 
arrays were doped by Sb successfully using one-step chemical 
vapor deposition (CVD) method. By using an EDS of ZnO:Sb 
NWs, we can estimate the Sb atom ratio as ≈1.0% (Figure S5, 
Supporting Information). 

 We test a normalized RT photoluminance (PL) spectrum 
for the GaN fi lm, undoped ZnO, and Sb-doped ZnO NWs 
( Figure    3  a). For n-GaN and undoped ZnO, typical eigenvalues 
of 3.418 and 3.266 eV were characterized, respectively. But 
for Sb-doped ZnO, the intrinsic emission is at 3.220 eV, with 
a marked deviation of 0.040 eV from the emission (3.266 eV) 
of undoped ZnO, or 0.150 eV from the bandgap (3.37) eV of 
ZnO, which is probably due to the formation of acceptor levels 
by Sb doping. Meanwhile, in the long wavelength region, we 
clearly see the increased emission that should be induced by 
Sb doping, [ 22,25 ]  which provides more abundant light emission 
levels centered at 2.38 eV (521 nm, green), as also shown in 
Figure S6, Supporting Information. 

  We carried out steady-state PL measurements in the tem-
perature range from 4.65 to 300 K using a 344 nm Ti: sapphire 
laser with an excitation power of 0.5 mW (Figure  3 b). At low 
temperatures, emission with excitons bound to neutral donors 
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 Figure 2.    Structure and characterization of the Sb-doped ZnO NWs. a) Large area 30° oblique-view SEM image of ZnO:Sb NWs. The inset SEM 
image shows the p-n heterointerface of the NW arrays on GaN fi lm, scale bar 5 µm. b) XRD comparison of the ZnO:Sb NWs/n-GaN fi lm and pure 
ZnO NWs/n-GaN fi lm based on sapphire. c) Precise narrow XPS scanning of the inner Sb-3d orbital electrons. d) The HRTEM image shows that the 
Sb-doping ZnO NWs are well crystallized. The 0001 diffraction should be a forbidden one in ideal ZnO, but it is very strong here due to two reasons, 
one is that the ZnO is thick and the second diffraction between the (1010) and (1011) diffractions, the other is that Sb doping destroys the symmetry. 
e) The morphology of a single ZnO:Sb nanowire with a Au tip as catalyst with elemental mapping of the Zn (orange), O (red), and Sb (yellow).
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or acceptors was the dominant radiative channel, but free 
exciton emission usually took over at higher temperatures. The 
specifi c peaks DAP, FA, (D 0 X) 2e , FX, A 0 X confi rmed the p-type 
behavior of the ZnO:Sb NWs, which are discussed in Figure S7, 
Supporting Information. It is obvious that the A 0 X peak shifts 
to red side with temperature increase. 

 Figure  3 c shows the near band edge (NBE) PL emission spec-
trum of Sb-doped ZnO nanowires at 4.65 K. Abundant valence 
band edge information can be well fi tted by nine Gaussian 
peaks. The inset showed the corresponding schematic diagram 
of energy level emission. It appears that the emission related to 
the acceptor level plays a leading role, which further suggested 
the formation of stable and reliable acceptor levels. It should 
be mentioned that some other energy levels of point defects 
may also exist in ZnO lattice such as V O  (vacancies of O atoms) 

and Zn i  (interstitial Zn atoms) as donors, V Zn  (vacancies of Zn 
atoms) and O i  (interstitial O atoms) as acceptors, which has 
been elaborated by many theoretical calculations and experi-
mental results. [ 29 ]  Although they are not the main emission 
in PL spectrum, they may play a role in our LED at RT. Mean-
while, it was worthy noting that p-ZnO formed by doping still 
retained weak donor level and played supporting role, which 
was well indicated by peak-fi tting. Figure  3 d gives the normal-
ized temperature-dependent A 0 X emission, [ 24 ]  in which we can 
get the acceptor binding energy  E A   as 0.139 eV using the data 
of Figure  3 c,d (see the theoretical analysis in the Supporting 
Information). 

 An  I – V  examination of the heterojunction Sb:ZnO/GaN 
diode structure was shown in  Figure    4  a, which indicated an 
obvious p-n diode rectifi cation behavior with a forward bias 
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 Figure 3.    Temperature-dependent PL spectra characterization of p-ZnO:Sb NWs. a) Normalized PL spectra comparison of pure ZnO and p-ZnO:Sb 
NWs at RT. b) Temperature-dependent PL spectra from 4.65 to 300 K. c) Multipeaks fi tting of PL spectra of Sb-doped ZnO NW arrays at  T  = 4.65 K, 
the inset shows the corresponding schematic of energy levels. d) The normalized intensity of the A 0 X emission as a function of temperature. The inset 
shows the spectrum ( T  = 4.65 K, p-ZnO:Sb NWs, red line) analyzed by using a multiGaussian fi tting.
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turn-on voltage of 3.74 V. The heterojunction behaves like an 
effi cient diode with a current increasing rapidly under forward 
bias and blocking the current fl ow under reverse bias till −5.0 V. 
After the continuous increase of reverse bias, the increase of 
reverse current becomes larger and larger. Many p-n junctions 
have such a typical characteristic before they are broke down. 
Since the top ZnO nanoarrays and bottom GaN layer were 
contacted directly with the In-electrode, and In–Au electrode, 

respectively, the p-n characteristics is not aroused by the con-
tacts of In electrode and p-ZnO, In–Au electrode and n-GaN 
fi lm, which have Ohmic characteristic, as shown in Figure S8, 
Supporting Information. The above analysis indicated that the 
Sb-doped ZnO nanowires are exactly p-type. 

  Figure  4 b presents the EL spectra of the fresh LED device 
from 4 to 16 V at RT. The LED emission with threshold of about 
4.0 V was studied, which is close to the turn-on voltage (3.74 V) 
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 Figure 4.    Characterization of the warm white LEDs device. a)  I – V  characteristics of the p-n heterojunction LED at RT. b) Voltage-dependent EL spectra 
of the device. c) The EL intensity of three obvious EL peaks with voltage. d) Schematic diagram of p-ZnO dominant energy level emission and interface 
recombination with GaN. e) Gaussian fi tting curves of EL spectra at 14 V. f) Photo galleries of room temperature EL emission from p-ZnO/n-GaN LEDs 
at the forward bias from 4 to 14 V. g) CIE chromaticity diagram of warm white LED with EL spectra at 14 V. h) Voltage-dependent color temperature 
changes from p-ZnO/n-GaN LEDs.



FU
LL P

A
P
ER

2187wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 2182–2188

www.afm-journal.de
www.MaterialsViews.com

of the p-n heterojunction. With the applied voltage increase, 
the 748.4 nm red light and 915.6 nm infrared ray are gradu-
ally obvious, and the intensity of the main peak at 626.6 nm 
(1.98 eV, red) also increase linearly (Figure  4 c). 

 No matter what the ZnO device is based on, the homojunction 
or heterojunction ZnO, the emission most results from radia-
tive recombination in ZnO band-edge peaks but seldom junction 
interface transition recombination really works, and both ZnO 
PL and EL emissions are similar in that a pointed peak always 
appeared in the violet–blue region. [ 30 ]  That is, it is relatively easy 
to realize the ultraviolet emission attributed to ZnO internal 
energy level transition, while the visible peaks from junction are 
challenging. In the studies, [ 14,31 ]  the violet-blue is always observed 
in undoped ZnO based LEDs, which inhibit the near-UV emis-
sion attributed to the NBE and generate shorter wavelength and 
multispectrum light. In our work, the RT EL is remarkably dif-
ferent from the above studies. No UV light of ZnO or GaN was 
emitted at bias of 4–15.5 V, which indicates that our UV-free 
emission must be due to a whole interfacial transition of elec-
trons on a lower CB of n-type GaN to the acceptor levels of p-type 
ZnO. Otherwise, the UV light should emit. Our RT PL spectrum 
strongly suggested that more and deep levels were introduced by 
Sb doping, which affected the deep level emission in ZnO and 
generated the colors in the visible region in the RT EL. 

 Typical ZnO related violet-blue emission peak (391 nm, 
3.17 eV) was invisible till the imposed voltage of 16 V 
(Figure S9, Supporting Information). The reason is that a big 
imposed Δ V f   on the interfacial region is induced by the higher 
forward bias of 16 V, which may upgrade CB of the GaN to a 
level higher than the band of Zn i  ( E  d  = 0.22 eV) in ZnO, [ 15 ]  then 
the electrons can be transported to the band of Zn i , leading 
to the violet–blue emission (3.37 − 0.22 = 3.15 eV). In a word, 
only at this high bias voltage, the violet–blue emission peak 
occurred, which means that the ZnO has lost its own intrinsic 
band-edge radiative recombination while the visible light emis-
sion can occur with a strong intensity. Moreover, we can indi-
cate that the CB offset of ZnO and GaN in the bias of 8–15.5 V 
is  E  c  ≈ 0.4 V by comparing the two wavelength values of the 
highest intensity peaks (2.38 eV, 1.98 eV) in PL and EL spectra. 

 Therefore, the UV-free and visible peaks (4–15.5 V bias) 
should result from the whole recombination in the heterojunc-
tion interface of p-ZnO:Sb/n-GaN, where the electrons with 
energy lower than the CB of ZnO are transported from n-GaN to 
deep levels and acceptor levels of p-ZnO NWs after Sb-doping. 
We give a tentative explanation for luminous mechanism based 
on existing theory in the diagram (Figure  4 d). It is believed that 
electron–hole recombination between CB of GaN and deeply 
trapped V O  center can explain the green emissions, [ 32 ]  and the 
yellow–orange emissions could be attributed to the emission 
between CB of GaN and O i  like Li dopants in ZnO. [ 33 ]  Although 
specifi c electron transitions are not yet known in detail, the red 
emissions could be caused the interfacial recombination [ 13 ]  of 
electrons of CB in GaN and holes on the deep levels (Sb-DLs) 
induced by Sb doping. Different from undoped ZnO, stable 
Sb-DLs could play an important role in red and infrared emis-
sion. The weak blue emission is ascribed to the radiative interfa-
cial recombination between the electrons from n-GaN and holes 
from p-ZnO:Sb assisted by the CB offset. [ 13,34 ]  The superposi-
tion of all emissions generates the white light effect. 

 Figure  4 e gives the EL Gaussian fi tting, which show blue, 
green, yellow–orange, and red peaks approximately centered 
at 470 nm (2.64 eV, blue), 521 nm (2.38 eV, green), 626 nm 
(1.98 eV, red), 675 nm (1.84 eV, red), respectively. Figure  4 f 
shows the actual luminous picture, which gives white light 
intuitively. The more accurate luminous characteristic of 
white LED (14 V) was analyzed by 1931 Commission Interna-
tionale de L’Eclairage (CIE) chromaticity diagram (Figure  4 g), 
which confi rmed the formation of warm W-LEDs with chro-
maticity coordinate of (0.418, 0.429) according to the CIE 
standard white-light emission (0.33 ± 0.05, 0.33 ± 0.05), and 
the white light with correlated color temperature (CT) of 
3500 K suggests reddish white light. [ 35 ]  The warm W-LED 
that gives people stable and warm feeling with promising 
value is not easy to fulfi ll by traditional method with one-
step. In addition, in the market, the LEDs that can satisfy the 
requirement of low CT lighting are seldom realized. Inter-
estingly, the CT tending to be stable with applied voltage of 
8–15.5 V (Figure  4 h) may be owing to the existence of a diffu-
sion capacitance in the heterojunction and the CB of GaN is 
always unchanged.  

  3.     Conclusion 

 In summary, we have fi rst demonstrated UV-free and warm 
white LEDs device based p-ZnO:Sb/n-GaN (NWs/fi lm) hetero-
junction structure by a whole interfacial transition. The whole 
interfacial transition emission with CB offset between p-type 
Sb-doping ZnO and n-type GaN makes the energy band engi-
neering successful, which tunes intrinsic ZnO UV emission 
to UV-free and warm W-LED emission with color coordinate 
of around (0.418, 0.429) at the bias of 8–15.5 V. Deep levels 
and shallow acceptor levels are realized after Sb-doping, thus 
the intrinsic UV emissions of ZnO at room temperature is 
restricted in PL emission and cut off in EL emission at a bias 
of 4–15.5 V. The whole interfacial transition may play an impor-
tant role in bandgap engineering.  

  4. Experimental Section 
  Fabrication of Sb-Doped ZnO NWs on GaN : The p-type ZnO:Sb 

nanowire arrays grown on commercial n-type Si-doped GaN fi lm with 
a sapphire base was fabricated by one-step chemical vapor deposition. 
The n-GaN fi lm is 4 µm-thick, C-axis (0001) oriented on c-plane sapphire 
(0001) substrate fabricated by MOCVD with carrier concentration of 
4.43 × 10 17  cm −3  at RT. Sb 2 O 3  powder (4N) was chosen as antimony 
doping source. ZnO powder (3N), graphite powder (4N) with a weight 
ratio of 1:1 ZnO/C and with a molar ratio of 1:1/10 ZnO/ Sb 2 O 3  were 
fully dissolved with ethanol into slurry and baked to powder at 200 °C 
for 15 min before being loaded in a quartz boat. Before the experiment, 
the GaN bases were orderly ultrasonicated in acetone at 50 °C for 
15 min, in ethanol for 10 min at RT, and in deionized water (Aquapro, 
18.25 M Ω cm) for 2 min, repetitiously. Then, the bases were gold plated at 
10 Pa vacuum with 2 mA current for 60 s, the thickness of gold catalyst 
layer was 3–5 nm. The process of chemical vapor deposition (CVD) was 
carried out using a simple two-heater tube furnace. The ingredient was 
heated to 930 °C at a rate of 50 °C min −1  while the base temperature 
was 880 °C under a constant pressure of 50 Pa for 20 min. 49 sccm 
Ar (5N) and 0.5 sccm O 2  (5N) were respectively used as carrier gases 
and oxygen source. After the reaction, other than automatically cooled 
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to room temperature, we took out reacted bases rapidly at 800 °C after 
the followed reaction temperature area. It is a spontaneous quenching 
process and without extra annealing process to activate Sb dopant 
source later, which is a crucial procedure for the LEDs performance. 
Finally, little margin of the post-reaction base was removed by diluted 
hydrochloric acid for Au sputtering, the Au were electric sputtered on 
n-GaN fi lm at 10 Pa vacuum with 4 mA current for 60 s. Then, the In 
(5N) grain was placed on Au fi lm and Sb-doped ZnO NWs, respectively. 
The In/p-ZnO Ohmic contact and In-Au/n-GaN Ohmic contact were 
formed after thermal annealing at 300 °C for 5min. 

  Characterization and Measurement : The morphologies, structure, 
and chemical composition of the samples were characterized by XRD 
(SHIMADZU XRD-7000), XPS (Kratos AXIS-ULTRA DLD-600W), high-
resolution fi eld emission SEM (FEI Nova Nano-SEM 450), TEM (FEI 
Titan G2 60–300). The analysis of electrical properties and luminescence 
performance at RT were characterized by IV (INTERLOCK IPD-
12003SLU), EL (Avantes Avaspec-HS-TEC) and PL (Horiba JobinYvon 
LabRAM HR800), respectively. The EL and  I – V  characteristics of the 
devices were measured by applying a DC voltage to the device using 
a source meter (B2901A), carried through a two probe station. The 
EL spectra were measure by a high sensitivity fi ber optic spectrometer 
equipped with a 1024 × 122 pixel TE cooled CCD detector (AvaSpec-
HS1024×122TEC-USB2). The PL analysis down to 4.65 K was 
performed by the Ti:sapphire femtosecond laser (Coherent Mira 900) 
in superconducting magnet cryostat (OXFORD Microstat MO) and 
analyzed using monochromator (Shamrock 500i) with EMCCD (Newton 
970) under the environment of liquid helium. The LEDs chromatogram 
was analyzed by CIE 1931 chromaticity diagram software (CIE1931xy.
V1.6.0.2).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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