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Monolithically Integrating III-Nitride Quantum Structure for
Full-Spectrum White LED via Bandgap Engineering
Heteroepitaxial Growth

Benjie Fan, Xiaoyu Zhao, Jingqiong Zhang, Yuechang Sun, Hongzhi Yang, L. Jay Guo,
and Shengjun Zhou*

Great progress made by heteroepitaxial growth technology encourages rapid
development of III-nitride heteroepitaxial structures and their applications in
extensive fields. Particularly, innate bandgap tunability of III-nitride materials
renders them attractive for white light-emitting diodes (WLEDs) that are
considered as next-generation solid-state lighting sources. However,
commercial phosphor-converted WLEDs suffer from poor color rendering
index (CRI) and intense blue component, hard to fulfill demanding
requirements simultaneously for energy efficiency and healthy lighting. Here,
an efficient full-spectrum WLED excited by monolithically integrated III-nitride
quantum structure is reported, in which trichromatic InGaN/GaN multiple
quantum wells are constructed by bandgap engineering heteroepitaxy growth
allowing flexible regulation of indium composition and quantum barrier
thickness to manipulate carrier transport behavior. Furthermore, relationship
between structural parameters and emission characteristics as well as their
impact on white light performance is systematically demonstrated. Combined
with commonly used green-red phosphor mixture, the fabricated
full-spectrum warm/cold WLEDs can emit broadband and continuous spectra
with low-ratio blue component, first exhibiting superior CRI (> 97/98), color
fidelity (97/97), saturation (100/99), and luminous efficacy (>120/140 lm
W−1). This work demonstrates the advantages of bandgap-engineered
quantum structure applied in excitation source, and opens up new avenues
for the exploration of high-quality solid-state lighting.
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1. Introduction

The past few decades of technologi-
cal advances in heteroepitaxial growth
have witnessed widespread applications
of III-nitride electronic or optoelectronic
devices on heterogeneous substrate.[1]

Metal-organic chemical vapor deposi-
tion (MOCVD), as a standard bottom-
up epitaxial growth technology, has been
widely utilized for III-nitride films,[2]

metal oxides,[3] and transition metal
dichalcogenides.[4] The intrinsic proper-
ties of wide and tunable bandgap that cov-
ers the entire visible spectra make III-
nitride semiconductors compelling can-
didates for realizing high-performance
white light-emitting diodes (WLEDs).[5]

Owing to their merits including high
efficiency, long lifetime, and substan-
tial energy savings, III-nitride WLEDs
have been considered as a promising
replacement of traditional incandescent
and fluorescent lamps to solve the in-
creasingly prominent energy shortage
and carbon emission issues.[6] Nowadays,
commercial WLEDs are mainly fabri-
cated by utilizing InGaN blue LED chip
with Y3Al5O12: Ce

3+ (YAG: Ce3+) yel-
low phosphor.[7] However, limited by red

component as well as cyan gap between blue and yellow emis-
sion, this strategy results in a low color rendering index (CRI, Ra
< 80), high correlated color temperature (CCT > 4500 K) and es-
pecially blue-light hazard, unsuitable for demanding applications
and even detrimental for human health.[8] By contrast, sunlight
that features continuous and broadband spectra is considered the
most ideal for individuals from both practical and photobiologi-
cally friendly aspects. In this regard, natural sunlight-like lighting
sources are highly desirable to satisfy the booming demand for
healthy lighting that has attracted enormous interest.[9]

Apart from great efforts to develop efficient color convertors in-
cluding phosphors and quantum dots,[10] the critical role played
by excitation source structure in WLED performance cannot be
ignored. The pioneering researches, which were conducted by
Akasaki, Amano and Nakamura, pave a considerably important
way to achieve efficient III-nitride LEDs as excitation source.[11]
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Figure 1. a) Schematic illustration for GaN-based trichromatic LED structure and b) corresponding energy band diagram of InGaN/GaN MQWs. c)
SIMS profile of the indium concentration of InGaN/GaN MQWs as a function of position for MLED and TLED. d) XRD 𝜔-2𝜃 scan curves for MLED and
TLED. e) Cross-sectional TEM image of InGaN/GaN MQWs in TLED.

By means of MOCVD technology, one can facilely engineer the
III-nitride heterostructure from nanoscale perspective, allowing
high degrees of freedom to manipulate carrier transport behav-
ior and thus to govern the emission characteristics. InGaN/GaN
multiple quantum wells (MQWs) active region, where carriers
distribute and participate in the recombination process, acts as a
core component whose quantum structural parameters (indium
composition, thickness, and sequence of InGaN QWs, thickness
and doping of GaN quantum barriers) have been reported to
affect carrier transport and corresponding device properties by
experiments and numerical simulations.[12] Despite fundamen-
tal importance of MQWs active region, few research has been
conducted to adjust its quantum structure applied in excitation
source and to explore the physical mechanism. Thus, rational
optimization of active region by bandgap engineering heteroepi-
taxial growth holds great promise for yielding high-quality white
light.
In this work, we develop efficient sunlight-like WLEDs where

the excitation sources possess monolithically integrated III-
nitride quantum structure with varying indium compositions
and quantum barrier widths on sapphire by bandgap engineer-
ing heteroepitaxial growth. The characterization of optoelectronic
properties and crystalline quality demonstrates that our proposed
bandgap-engineered LED structure yields trichromatic emission
while maintaining similar crystalline quality and light output
power as the monochromatic LED structure. According to nu-
merical simulation, we compare the carrier transport behavior in
the active region of these two epitaxial structures and find the car-
rier distribution rearrangement in different indium-composition
epilayers. This contributes to broadband and continuous spectra
suitable for both warm and cold white light emission, confirm-

ing the reasonability and superiority of bandgap engineering het-
eroepitaxial growth. In particular, tailoring wavelength interval
and intensity ratio of trichromatic LED allows for further promo-
tion in white light characteristics. The fabricated full-spectrum
WLEDs excited by III-nitride trichromatic LEDs display supe-
rior color rendering of 97.5/98.9, color fidelity of 97/97, satura-
tion of 100/99 and simultaneously high luminous efficacy around
124/145 lm W−1 at low CCT (≈2700–3000 K)/high CCT (≈4800–
5100 K) operating at 60 mA, respectively. To our best knowledge,
these record values are simultaneously realized for phosphor-
convertedWLED excited by trichromatic excitation source for the
first time. Our study establishes a universal strategy tomonolithi-
cally integrate efficient sunlight-likeWLEDs on sapphire, aiming
for high-quality lighting sources.

2. Result and Discussion

2.1. Comparison of Monochromatic and Trichromatic MQWs and
Their Application for WLEDs

The schematic epitaxial structure of GaN-based LEDs is shown
in Figure 1a and the detailed structure parameters are pro-
vided in the Experimental Section. Noteworthy, compared to the
monochromatic LED (MLED) with uniform indium composi-
tion in InGaN/GaN MQWs, our specially designed trichromatic
LEDs (TLEDs) have different indium compositions in MQWs,
corresponding to emission wavelengths 𝜆Peak1 (≈445–470 nm),
𝜆Peak2 (≈430–450 nm), and 𝜆Peak3 (≈425–435 nm). The detailed
schematic of band diagram for TLEDs is shown in Figure 1b.
Cmpared to the 1st and 3rd-6th QWs with emission of 𝜆Peak2, the
2nd QWwith emission of 𝜆Peak1 has relatively narrower bandgap,
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while the 7th–9th QWswith emission of 𝜆Peak3 have relatively
wider bandgap. The indium composition of MQWs in MLED
and TLED is characterized using secondary ion mass spectrom-
etry (SIMS), as shown in Figure 1c. Obviously, uniform indium
composition can be seen for MLED, whereas there exist three
different indium compositions in TLED, in agreement with our
design expectations. High resolution X-ray diffraction (HRXRD)
𝜔-2𝜃 scan was performed to characterize the crystalline quality
for both samples. The dominant peak arises from the GaN (002)
plane and satellite peaks arise from InGaN/GaN MQWs.[13] In
Figure 1d, high order satellite peaks can be clearly observed for
MLED and TLED, which indicates the fine layer periodicity and
sharp interfaces ofMQWs.[14] This is also confirmed by the cross-
sectional bright-field transmission electron microscopy (TEM)
image of InGaN/GaN MQWs in TLED (Figure 1e).
We now compare the optoelectronic characteristics of MLED

and TLED to investigate the applicability of trichromatic excita-
tion source for white lighting. Figure 2a shows the electrolumi-
nescence (EL) spectra of MLED and TLED operating at 60 mA.
We observe that MLED exhibits single peak (≈450 nm), whereas
TLED exhibits three peaks including two dominant peaks (≈440
and ≈456 nm) and a weak peak (≈430 nm), originating from
MQWs with different indium compositions. To reveal the cor-
relation between structural parameter and emission character-
istics, carrier transport behavior in MQWs is analyzed through
numerical simulation. Figure 2b presents the energy band pro-
file of MQWs for MLED and TLED, together with the simu-
lated electron and hole distribution shown in Figure 2c,d, re-
spectively. According to the electron concentration distribution
profiles, we find that electrons mainly accumulate in the 1st QW
for MLED, while they show a quite different behavior for TLED.
Since narrow-bandgap QW enhances the confinement of car-
riers, high electron concentration is observed in the 2nd QW
for TLED. Meanwhile, electrons easily transport through wider-
bandgap QWs due to the weak confinement effect, resulting in
lower electron concentration in the 7th–9th QWs for TLED com-
pared to that in the 7th–9th QWs for MLED. For III-nitride ma-
terials, holes have a larger effective mass and lower mobility
than electrons,[6c] so holes tend to accumulate near the p-GaN
side. This is the case for MLED shown in Figure 2d. In con-
trast, wide-bandgap QWs are intentionally located near p-side for
TLED, which favors the injection of holes into the high-indium-
compositionQW. Similar phenomenon has also been reported by
other researchers.[12b] As a result, there exists high hole concen-
tration in the 2nd QW for TLED. Such electron and hole distri-
bution arises from the change in carrier confinement capability
for QWs with different indium compositions, which in turn af-
fects the radiative recombination in QWs corresponding to differ-
ent peaks (Figure S2, Supporting Information). The radiative re-
combination inQWs further contributes to different EL emission
intensities of three peaks. That is to say, our specially designed
structure enables the rearrangement of carriers in the entire In-
GaN/GaN MQWs of TLED, eventually resulting in the observed
EL emission characteristics.
Figure 2e shows the light output power (LOP) versus current

characteristics ofMLED and TLED. It can be seen thatMLED and
TLED show almost identical LOP values at injection current be-
low 150mA. Besides, the current versus voltage curves are plotted
in Figure 2f. We find that TLED shows relatively higher forward

voltage compared to MLED at the same injection current. As the
epitaxial structure for two samples is the same except the active
region, variation in voltage–current curve is related to different
active region structures. We suggest that different indium com-
positions of QWs in MLED and TLED may be the reason. Since
indium compositions of QWs in TLED are lower than those of
QWs in MLED (except the 2nd QW), the bandgaps of QWs in
TLED are wider than those of QWs in MLED (except the 2nd
QW), leading to an increase in forward voltage for TLED.[15]

Next, the aforementioned MLED and TLED were used as the
excitation source and precoated with a green-red phosphor mix-
ture to produce white light emission with CCT of ≈2700–3000
K and ≈4800–5100 K. These CCT values are chosen since they
are typically representative of warm and cold light emission, ad-
vantageous for verifying the feasibility of our design. Figure 2h
shows the warm white light emission spectra of MLED-excited
WLED (WMLED) and TLED-excited WLED (WTLED). It could
be seen that there exists an intense blue component in the WM-
LED spectra, indicating that a considerable part of blue light from
the excitation source is not converted to other wavelength emis-
sion. Besides, the blue component is accompanied by a gap at
≈470 nm (indicated by blue arrow in enlarged view of Figure 2h),
which makes emission profile deviate from the blackbody radia-
tion curve at short wavelengths. As for WTLED, not only the blue
component intensity decreases, but the gap at ≈470 nm is reme-
died, making the emission profile closer to the blackbody radi-
ation curve. Moreover, the impact of excitation source on cold
white light spectra is more evident in Figure 2i. Thus, we be-
lieve that compared toMLED, two additional peaks in TLED favor
the continuity of spectra profile of WLEDs at short wavelengths,
which is expected tomimic sunlight. Commission Internationale
de l’éclairage (CIE) coordinates of the fabricated WLED samples
almost lie on the Planckian locus, reconfirming the outstand-
ing emission performance, as seen in Figure 2j. Other experi-
mental results of WLEDs performance are summarized in Ta-
ble S1 (Supporting Information). Especially, luminous efficacies
of warm and cold WTLEDs are 125.60 and 152.58 lm W−1, re-
spectively, which are competitive with those of WMLEDs at cor-
responding CCT. This implies that utilizing TLED structure to
fabricate WLEDs will not deteriorate the device luminous effi-
cacy, which is appropriate for lighting applications.

2.2. Indium Composition Adjustment in Trichromatic MQWs and
Their Application for WLEDs

As previously discussed, our proposed trichromaticMQWs struc-
ture can act as an alternative excitation source for full-spectrum
WLEDs. We now investigate effect of structural parameters
of trichromatic MQWs on emission properties of LEDs. Via
bandgap engineering heteroepitaxial growth, we adjust indium
composition in 2nd and 3rd–6th QWs of TLEDs to obtain differ-
ent wavelength intervals (Δ𝜆) between 𝜆Peak1 and 𝜆Peak2. TLEDs
withΔ𝜆 of≈16–18,≈21–23, and≈26–28 nmare denoted as TLED
A, B, and C, respectively. Figure 3a presents the EL spectra of
TLEDs. We utilized TLED A, B, and C as the excitation source for
WTLED A, B, and C. For warm white light emission (Figure 3b),
we observe that with the increasing Δ𝜆, a gap (at ≈450–460 nm)
becomes more obvious associated by gradually intense peak (at
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Figure 2. a) EL spectra of MLED and TLED. b) Energy band diagram of the MQWs for MLED and TLED. Numerical simulation of c) electron concen-
tration and d) hole concentration of MLED and TLED. The electron and hole concentration profiles were purposely shifted by 2 nm for comparison.
e) Experimental LOP versus current characteristics of the MLED and TLED. f) The current versus voltage characteristics of MLED and TLED. Inset:
as-fabricated LED chip. g) Schematic diagram of the WMLED and WTLED fabrication. EL spectra of WMLED and WTLED with h) warm and i) cold white
light emission. j) CIE 1931 diagram showing the chromaticity coordinates of WMLED and WTLED with warm and cold white light emission.
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Figure 3. a) EL spectra of TLEDs with different Δ𝜆. EL spectra of corresponding WTLED A, B, and C with b) warm and c) cold white light emission. d–f)
CVGs of warm WTLED A, B, and C. g–i) CVGs of cold WTLED A, B, and C.

≈470–480 nm), making emission spectra of warm white light
deviate from the reference lighting source. For cold white light
emission (Figure 3c), 𝜆Peak1 and 𝜆Peak2 of WTLEDs show different
tends with the increasing Δ𝜆. This makes the in-depth investi-
gation necessary to explore the link between wavelength interval
and white light characteristics.
As reported previously, CRI (Ra) is used to assess the ability

of lighting sources to reproduce the color accurately when
compared to the reference lighting source, which is either a
Planckian radiator for CCT below 5000 K or daylight for CCT
above 5000 K.[16] The general CRI corresponds to the average of
the first eight CRIs (R1−R8),

[17] while R9 together with R10−R15
define the special CRI.[16] Here, 15 CRI points of these WTLEDs

with warm and cold white light emission are provided in Figure
S3a,S3b (Supporting Information), respectively. For warm white
light emission, we observe that WTLED A and B excited by
TLEDs with relatively smaller Δ𝜆 have higher Ra compared to
WTLED C. Meanwhile, all CRI points of WTLED A and B are
above 90. However, for cold white light emission, Ra of WTLED
A (Ra = 91.6) is inferior to that of WTLED B (Ra = 98.9) and C
(Ra = 95.9), implying that TLED with smaller Δ𝜆 contributes to
better warm light emission, whereas TLED with large Δ𝜆 can
greatly benefit cold light emission. In addition, luminous efficacy
of WTLED C is the lowest among these three samples at both
low and high CCT (Table S2, Supporting Information). This can
be attributed to longer 𝜆Peak1, which deviates from the dominant
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excitation region for green-red phosphors. In this regard, we
should simultaneously consider the issues with respect to CRI
and luminous efficacy andmake a reasonable compromise. More
impressively, there is a trade-off between CRI and luminance
efficacy of radiation (LER) that can be expressed as[12a,17]

F
𝜎

(
𝜆1,… , 𝜆n,Δ𝜆1,… ,Δ𝜆n, I1,… , In

)
= 𝜎LER + (1 − 𝜎) CRI

(1)

where 𝜎 is a weighting factor (0 ≤ 𝜎 ≤ 1), and n is number of pri-
mary LEDs. 𝜆i, Δ𝜆i, and Ii represent peak wavelengths, spectral
line widths, and the luminous fluxes, respectively. Considering
that increasing LED chip number provides better CRI but deteri-
orates the LER of devices, our proposed monolithic LED strategy
is demonstrated to be an effective and facile solution for solving
this problem.
Since the CIE method was introduced in 1960 and modified

in 1974,[18] it has been widely accepted and used to evaluate the
color rendering ability. Nevertheless, this method is limited by
the nonuniform color space, low saturated color samples, etc.,[19]

thus encouraging the development of alternative methods. Re-
cently, the Illuminating Engineering Society (IES) reported a new
two-measure system, describing a color fidelity index (CFI, Rf)
and a color gamut index (CGI, Rg) defined as technical memo-
randum TM-30.[20] In the TM-30 standard, a set of 99 real test
samples with color space uniformity and spectral uniformity are
used to assessWLEDperformance.Herein, besides theRa values,
we further use TM-30method formore accurate evaluation of the
color rendition of lighting sources. Color vector graphics (CVGs)
of WTLEDs are provided in Figure 3d–i. The arrows indicate the
average color shifts of 16 hue bins induced by WTLEDs (red cir-
cle) relative to those of reference lighting source (black circle).
For warm white light emission (Figure 3d–f), WTLED A shows
slight oversaturation of green color, while WTLED B and C show
undersaturation of green-yellow and violet-blue colors. For cold
white light emission (Figure 3g–i), slight oversaturation of green-
yellow colors appears in the CVG of WTLED A, and slight under-
saturation of green-yellow colors appears in the CVG of WTLED
B and C.
Figure S4a,S4b (Supporting Information) shows the Rg–Rf

space plots of warm and cold WTLED samples to identify the im-
pact of TLEDs with different Δ𝜆 on the light quality. If (Rf, Rg)
value of a lighting source is located in the preferred triangular
zone within the ranges of Rf > 90 and 90 ≤ Rg ≤ 110, such light-
ing source can be assumed to potentially approach the reference
lighting source, whose (Rf, Rg) value is (100, 100).

[21] For warm
white light, we find that WTLED A and B display (Rf, Rg) values
of (95, 101) and (94, 97), respectively, which are located in the pre-
ferred triangular zone (Figure S4a, Supporting Information). For
coldwhite light, (Rf,Rg) values ofWTLEDB andC are (97, 99) and
(95, 99), respectively, showing almost ideal fidelity and saturation
(Figure S4b, Supporting Information). Besides, Duv value, which
describes CCT value shift of emission from lighting source rela-
tive to the corresponding Planckian locus radiation, is quite low
for all these samples, in excellent agreement with the chromatic-
ity coordinates in Table S2 (Supporting Information). Therefore,
these observations suggest that sunlight-like emissionwith excel-
lent fidelity and saturation could be achieved by utilizing TLEDs

with small Δ𝜆 for warm white light and TLEDs with large Δ𝜆 for
cold white light.

2.3. Quantum Barrier Thickness Adjustment in Trichromatic
MQWs and Their Application for WLEDs

Here, we focus on the effect of QB structure on carrier transport
and distribution characteristics.[12e,22] Previous work has exper-
imentally demonstrated that decreasing QB thickness facilitates
the hole injection into MQWs near the n-GaN side.[12e] To change
the intensity ratio of 𝜆Peak1 to 𝜆Peak2, we modify the QB thickness
of TLEDs (QBs adjacent to the 3rd–6th QWs). With the QB thick-
ness decreasing (11.4, 10.5, 9.5, and 8.6 nm for TLED D, E, A, F,
respectively), intensity ratio of 𝜆Peak1 to 𝜆Peak2 increases (≈0.2, 0.4,
0.6, and 0.8), as seen in Figure 4a. To identify the physical mech-
anism for the dependence of intensity ratio on QB thickness, we
present the energy band diagram of trichromatic MQWs (Fig-
ure 4b) and carrier concentration profile (Figure 4c) based on the
numerical simulation. First, increasing QB thickness results in
the enhanced confinement for electrons and, thus, the increased
electron concentration in 3rd–6th QWs corresponding to 𝜆Peak2.
Second, due to the poor mobility of holes, increased QB thick-
ness makes holes difficult to transport into QWs near n-side. As
a result, holes tend to distribute in the 3rd–6th QWs correspond-
ing to 𝜆Peak2, and a significant reduction of hole concentration is
observed in the 2nd QW corresponding to 𝜆Peak1, leading to the
intensity ratio variation in EL spectra. We plotted the measured
intensity ratio as a function of QB thickness in Figure 4d.
We name WLEDs excited by TLED D, E, A, and F as WTLED

D, E, A, and F, respectively. As presented in Figure S5a (Support-
ing Information), emission spectra for WTLEDD shows a strong
blue component with a gap, which causes the deviation from ref-
erence lighting source. As the intensity ratio of 𝜆Peak1 to 𝜆Peak2 in-
creases from 0.2 to 0.8, blue component is gradually reduced and
meanwhile the wavelength gap is complemented for continuous
emission at low CCT. This finding gets remarkable at high CCT
(Figure S5b, Supporting Information). Additionally, Ra values in-
crease from 94.7 (WTLEDD) to 97.5 (WTLED F) at low CCT. This
means that color reproduction ability is improved with increas-
ing intensity ratio (Table S3, Supporting Information). Similar,
butmore pronounced trend is observed forWTLEDswith CCT of
≈5000K. These results confirm that emission spectra ofWTLEDs
are closer to reference lighting source as the intensity ratio in-
creases. We summarized the CIE coordinates and CCTs of the
fabricated WTLEDs (Table S3, Supporting Information).
Furthermore, we present Rf–Rg values of WTLED D, E, A, and

Fwith cold and warmwhite light emission, as seen in Figure 4e,f,
respectively. We find that increasing intensity ratio of TLEDs
enables Rf of WTLEDs increase from 90 to 97 and from 84 to 94
for warm and cold white light emission, respectively. Besides,
at low CCT, Rg for WTLED D and E is higher than 100, owing
to that green-yellow and red colors are slightly oversaturated
(Figure S6a–S6c, Supporting Information). In contrast, Rg for
WTLED A and F is 100, which perfectly mimic the ideal lighting
source. At high CCT, Rg of all samples is higher than 100, which
can be attributed to obvious oversaturation of green-yellow and
violet-blue colors (Figure S6d–S6f, Supporting Information).
These results above indicate that WTLED F excited by TLED
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Figure 4. a) EL spectra of TLEDs with varying intensity ratios. The TLEDs are designed to feature Δ𝜆 of ≈16–18 nm. b) Energy band diagram of MQWs
for TLED samples. c) Numerical simulation of carrier concentration of TLED samples. The carrier concentration profiles were purposely shifted for
comparison. d) Relationship between QB thickness and 𝜆Peak1/𝜆Peak2 intensity ratio. IES TM-30-18 Rf–Rg of the fabricated e) warm and f) cold WTLEDs.

with highest intensity ratio, shows the best Rg–Rf scores among
four samples regardless of CCT, enabling the color reproduction
of objects when illuminated under sunlight.
Table 1 and Table S4 (Supporting Information) have sum-

marized key features of high CRI phosphor-converted WLEDs,
which utilized different LED excitation sources and phosphors.
Compared with previous report, we propose a facile and univer-
sal strategy to fabricate full-spectrumwarm and coldWLEDswith
excellent performance, where single excitation sourcewith amin-
imumnumber of commercial phosphors is employed, even with-
out utilization or optimization of novel efficient phosphors re-
ported.

3. Conclusion

In summary, we have demonstrated monolithic integration of
trichromatic MQWs structure on sapphire via bandgap engineer-
ing heteroepitaxial growth for efficient full-spectrum WLED.
Comprehensive studies show that white light quality could be
optimized by adjusting trichromatic MQWs including indium

composition and QB thickness that results in different wave-
length intervals and intensity ratios. Together with numerical
analysis that reveals the carrier transport behavior affected by
quantum structure, relatively small wavelength interval benefits
warm white light, while the contrary is the case for the cold
white light. In addition, intensity ratio is also found to influence
color rendering ability. In detail, relatively large value enables
better WLED performance toward both warm and cold sunlight.
Such superior excitation source is thus employed to achieve
highly efficient WLEDs with excellent Ra above 97, Rf of 97,
and Rg of 100 at low CCT, and Ra above 98, Rf of 97, and Rg
of 99 at high CCT. Moreover, the fabricated WLED devices
not only exhibit high luminous efficacy above 120 and 140 lm
W−1 for warm and cold white light emission, respectively, but
also features broadband and continuous emission spectra with
reduced blue light hazard that is inevitably encountered in
commercial phosphor-converted WLEDs. We believe that our
full-spectrum WLED platform initiates a more emphasis on
the monolithically integrated excitation source on sapphire via
nanoscale bandgap engineering growth, and offers a facile path
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Table 1. Comparison of WLEDs based on III-nitride excitation source reported previously.

Method CRI Rf–Rg CCT [K] Luminous efficacy
[lm W−1]

Refs.

Blue LED + CsPb(Br0.75, Cl0.25)3, CsPbBr3, CsPb(Br0.65, I0.35)3, CsPb(Br0.6,
I0.4)3, CsPb(Br0.5, I0.5)3, and CsPb(Br0.35, I0.65)3

96 (93.6, 100.8) 2605 43.3 [21]

Trichromatic LED + LuAG and CaAlSiN3: Eu
2+ 97.4 (97 100) 2807 124.35 This work

Trichromatic LED + (SrCa)AlSiN3:Eu
2+ 92 N.A. 2900 100 [12c]

2 Blue LEDs and 1 Ultraviolet (UV) LED + GNYAG3757 and R6634 97.3 (93, 104) 2906 100.12 [17]

Dichromatic LED + YAG and nitride composition 98.6 N.A. ≈3400 4 [23]

UV LED + (Sr, Ca)AlSiN3:Eu
2+, (C6H9N2)2MnBr4, and BaMgAl10O17:Eu

2+ 97 (94.2, 99.5) 4245 0.18 [24]

Trichromatic LED + LuAG and CaAlSiN3: Eu
2+ 98.9 (97, 99) 4954 145.26 This work

UV LED chip + theobromine dye styrene-butadiene-styrene composite 90 (90, 104) 5383 N.A. [25]

Dichromatic LED + YAG: Ce3+ 91 N.A. 6500 58.3 [12d]

for the successful fabrication of next-generation lighting sources,
eventually broadening the application of bandgap engineering
in various electronics and optoelectronics.

4. Experimental Section
Growth and Device Fabrication: GaN-based LEDs acting as excitation

source were grown on the c-plane patterned sapphire substrate (PSS) us-
ing MOCVD. Trimethylindium (TMGa), triethylgallium (TEGa), trimethyl-
gallium (TMIn), and trimetlhylaluminum (TMAl) were used as metal-
organic precursor sources and ammonia (NH3) was the nitrogen precur-
sor. Hydrogen (H2) and nitrogen (N2) were used as carrier gases during
the epitaxial growth process. Silane and bis-cyclopentadienyl magnesium
were the n-dopant and p-dopant sources, respectively. The epitaxial struc-
ture of LED started from a 25 nm thick GaN buffer layer grown on PSS,
then a 3 μm thick undoped GaN layer was grown at 1050 °C, and a Si-
doped n-GaN layer (Si doping = 1.5 × 1019 cm−3) with a thickness of
2.5 μmwas grown at 1100 °C, followed by six pairs of 1.5 nm InGaN/9 nm
GaN superlattices (SL) grown at 900 °C. The active region consists of nine
pairs of 3.5 nm InxGa1−xN/9.5 nmGaNMQWs, where trichromatic InGaN
QWs with increasing wavelengths were grown at decreasing temperature
from 796 to 780 °C and GaN was grown at 800 °C. Then, a 25 nm thick p-
Al0.2Ga0.8N electron blocking layer was deposited at 900 °C, and finally the
structure ended with a 50 nm thickMg-doped p-GaN layer (Mg doping= 3
× 1019 cm−3, 800 °C) and a 3 nm thick Mg-doped p+-GaN layer (Mg dop-
ing = 6 × 1019 cm−3, 1000 °C). MLED has the same structure as TLED, ex-
cept MQWs with uniform indium composition for the former. The growth
rate of GaN quantum barrier layers in all samples is 0.0317 nm s−1 and
different barrier thickness can be obtained by adjusting the growth time.

To fabricate LED chips, the n-type mesa was defined through standard
photolithography and inductively coupled plasma etching. Indium tin ox-
ide (ITO) layer was then deposited on the p+-GaN layer, which was fol-
lowed by thermal annealing at 350 °C for 30 min in a N2 atmosphere.
Subsequently, Cr/Pt/Au multiple metal layers were deposited via e-beam
evaporation to form the p- and n-type electrodes. Finally, the LED wafers
were diced into chips with dimensions of 26 × 30 mil.

Garnet green phosphor (LuAG) and red phosphor (CaAlSiN3: Eu
2+) dis-

persed in epoxy resin and thenWLEDswere prepared by coating LED chips
with the resin. By optimizing the mixing ratio of phosphors, devices emit-
ting warm and cold white light were realized.

Characterization: X-ray diffraction (XRD) measurement was per-
formed using a PANalytical X’Pert Pro MRD diffractometer with a Cu
K𝛼 X-ray source. The epitaxial structure was characterized using a Talos
F200X transmission electron microscopy (TEM). An integrating sphere
spectrometer system (CAS 140CT, Instrument Systems, Germany) was
used to measure the optoelectronics properties of fabricated WLEDs un-
der a forward-bias current of 60 mA at room temperature.

Numerical Simulation: Carrier distribution in the active region was cal-
culated using a carrier transport model implemented software SiLENSe
5.14 (STR Software Inc.). The model took the strain and the associated
piezoelectric effects into account and solved the Schrödinger, Poisson,
and continuity equations with proper boundary conditions. The electron
and hole mobilities were set to 100 and 5 cm2 V−1 s−1, respectively. The
InGaN/GaN band offset ratio (∆Ec: ∆Ev) was set to 0.7: 0.3. The struc-
tural parameters used in the simulation were consistent with those of the
actual LEDs.
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