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Abstract. Zinc oxide (ZnO) exhibits stable
emission across blue, green, orange, and red
wavelength regions, depending upon excitation
energy and preparation conditions. It is possible
to tune the ZnO luminescent bandgap by intro-
ducing metal dopants to generate extrinsic de-
fects in its matrix. Leveraging this stable and
tunable photo-luminescent characteristic, ZnO
emerges as a promising candidate for lumines-
cent materials, especially applicable in the realm
of luminescent converted LEDs. Specifically,
aluminum-doped ZnO (Al-doped ZnO) films ex-
hibit commendable conductivity and transmit-
tance, qualifying them as suitable candidates for
transparent conducting oxide materials crucial
in LEDs. This study presents a novel applica-
tion of Al-doped ZnO films, synthesized through
a cost-effective sol-gel method, as a converter
layer in white LED technology. The research
systematically explores the impact of varying Al-
doped ZnO concentrations on the color proper-
ties and luminosity of the white LED, with the
goal of identifying the optimal concentration to
achieve enhanced LED lighting efficiency.
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1. Introduction

The escalating demand for light-emitting diodes
(LEDs) and solid-state lighting systems under-
scores the transformative impact of this tech-
nology on various industries [1–3]. Partic-
ularly, LEDs designed for space lighting ap-
plications predominantly rely on blue-emitting
GaN LEDs coupled with color-converting phos-
phors. Among these phosphors, the yellow-
emission YAG:Ce3+ has emerged as a corner-
stone, despite challenges related to low stabil-
ity and thermal quenching [4–6]. To address
these limitations, various blue light excitable
yellow-emitting phosphors have been developed,
such as Ce3+-doped LaSr2AlO5 and Eu2+-doped
Sr3(Al2O5)Cl2, yet their implementation often
results in low Color Rendering Index (CRI)
lighting output due to the absence of red color
emission. To enhance the CRI efficiency for
the LED white light emission, researchers have
explored the integration of blue light excitable
red-emitting phosphors alongside green or yellow
phosphors. However, achieving optimal LED ef-
ficiency necessitates meticulous control over par-
ticle size, weight, and synthesis techniques for
multiple phosphors [7–9].

In this context, zinc oxide (ZnO) emerges as a
promising semiconductor for optoelectronic ap-
plications, owing to its wide direct bandgap,
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high exciton binding energy, chemical and ther-
mal stabilities, low cost, and environmental
friendliness. Despite its advantageous proper-
ties, ZnO’s wide bandgap limits its absorption in
the visible light region, making it inefficiently ex-
cited under visible blue excitation sources. Re-
searchers carried out many works and demon-
strated that the ZnO nanowires showed en-
hanced visible-light absorption [10, 11]. More-
over, doping metals such as Al and Fe with
ZnO nanowires allowed the compound to be ex-
citable by UV and blue light, enlarging the ap-
plication range of the ZnO material. Al-doped
ZnO films, in particular, exhibit excellent con-
ductivity and high transparency in the visible
light range, making them suitable for transpar-
ent conducting oxide materials used for solar
cells and LEDs [12]. The high transparency of
the Al-doped ZnO film allows the emitted light
to pass through the material without significant
absorption or loss, which is essential for high-
luminosity LED devices. The doping of ZnO
with aluminum also enhances its n-type semi-
conducting properties, which is essential in LED
structures to create the necessary junctions (p-n
junctions) that enable light emission when cur-
rent flows through the diode. Additionally, the
Al-doped ZnO materials hold promise in the
large-scale production of LED because of the
abundance and low cost of the components Al
and ZnO. Therefore, the Al-doped ZnO turns
out to be the potential luminescent converter
for the white LED package, in addition to the
phosphor material. In this research, we present
the utilization of Al-doped ZnO films prepared
through a cost-effective sol-gel method as a con-
verter layer in white LED technology. This
study explores the impact of varying Al-doped
ZnO concentrations on the color properties and
luminosity of the prepared white LED, aiming to
identify the optimal concentration for achieving
superior LED lighting efficiency.

2. Experimental

The Al-doped ZnO compound was prepared us-
ing the sol-gel method, as demonstrated in the
following steps [13–15].

• Zinc acetate was mixed with aluminum ni-
trate and a solution of urea in ethanol. The
amounts of each component in the mixture
are 0.85 mol, 0.15 mol, and 3 mol of zinc ac-
etate, aluminum nitrate, and urea/ethanol
solution, respectively.

• The mixed solution was stirred and evapo-
rated for an hour at a temperature of about
70oC to obtain a transparent gel.

• The gel was put into a closed muffle furnace
and burned for 3 hours at a temperature of
300 degrees Celsius.

• After heated, the obtained yellow mass was
cooled down naturally to room tempera-
ture, followed by grinding in mortar to get
the required Al-doped ZnO powder.

For the LED’s configuration, we utilized the
structure of remote phosphor deposition, since
the remote phosphor structure can hinder the
significant amount of photons absorbed by the
LED chip by utilizing a sufficient distance be-
tween the converter film and the chips’ surfaces
[16]. As depicted in Fig. 1, the LED assembles
the Al-doped ZnO film placed above a pack of
nine blue chips. Particularly, the 3D simulation
of the LED model is depicted in Fig. 1a using
LighTools software, and the cluster of bonded
chips for the LED is in Fig. 1b.

Fig. 1: The modeled LED: (a) the 3D simulation of the
LED by LightTools software and (b) the chip
wire-bonding map.

3. Results and discussion

The transmittance intensity of the LED with 0-
50 wt% of Al-doped ZnO is displayed in Fig. 2.
Generally, the transmittance band includes two
regions, one is around 455 nm and the other is

226 © 2024 Journal of Advanced Engineering and Computation (JAEC)



Volume: 8 | Issue: 4 | 2024 | December

within 500-620 nm. The 455 nm is the band that
originates from the blue-chip emission, and the
500-620 nm is mainly from the Al-doped ZnO
compound. Besides, the second broad emission
band (500-620nm) has the most intense peak
centered at 570 nm, regardless of the Al-doped
ZnO amounts. We also noticed another lower-
intensity peak in this emission band centered
at 540 nm, which could be attributed to the ZnO
itself. The peak emission observed in the visible
yellow-orange region is a consequential outcome
of the luminescence-related defects. This phe-
nomenon is presumed to originate from defects
associated with the presence of oxygen vacancies
(Vo) and interstitial oxygen (Oi), both created
by the doping of Al3+ in the Zn2+ site. Never-
theless, increasing Al-doped ZnO results in the
decrease of the mentioned emission peaks, prob-
ably owing to the optical scattering strength in
the presence of the denser Al-doped ZnO film
[17–19].

Fig. 2: Transmittance intensity of the white LED with
altering the concentration of Al-doped ZnO.

The Al doping also changes the scattering fac-
tor of the ZnO matrix, meaning that varying the
Al-doped ZnO amount impacts the scattering
performance of the LED package. We used a
Mie-scattering-based computational framework
to compute the optical scattering within the
phosphor film [20–22], specifically with vary-
ing concentrations of ZnO. The central aim was
to ascertain the reduced scattering coefficient
(δsca) of the phosphor layer, mathematically ex-
pressed through equations 1 and 2

The computation incorporates key parameters
including the total distribution density of lumi-
nescent particles (N(r)), the wavelength of inci-
dent light (λ), particle radius (r), scattering co-
efficients (µsca(λ)), and scattering cross-sections
(Csca).

δsca = µsca (1− g) (1)

µsca (λ) =

∫
N(r)Csca (λ, r) dr (2)

The obtained reduced scattering data are il-
lustrated in Fig. 3. Initially, the small increase
of ZnO concentration of 5-10 wt% does not im-
pact much on the scattering factor as two scat-
tering lines in the graph coincide. Further in-
creasing the ZnO amount leads to higher values
of the reduced scattering parameter. Besides,
the longer wavelength presents a lower scatter-
ing strength, which can be demonstrated with
Mie-scattering for spherical particles.

Less Al-doped ZnO amount will create more
voids in the luminescent converting film, allow-
ing the light to be transmitted easily, or higher
light extraction can be obtained. In contrast,
higher Al-doped ZnO concentration leads to a
denser film or less transparent converting film,
reducing the extraction of light while improving
the optical scattering. Thus, the lower transmit-
tance intensity of the LED was observed. This
also resulted in the declining lumen output of
the LED on the increasing Al-doped ZnO con-
centration, as seen in Fig. 4 (Al-doped ZnO is
shortened as ZnO hereafter in the figures). How-
ever, compared to the un-deposited Al-doped
ZnO package, the lumen output of 5wt% Al-
doped ZnO sample is fairly higher, indicating
that the Al-doped ZnO film contributes to yield-
ing better luminosity for white LED lighting.

The introduction of Al-doped ZnO in the LED
results in the generation of warm white light
with a correlated color temperature (CCT) level
of around 4000 K. Yet, when compared with
the undoped package, the Al-doped ZnO doped
LED has induced a modest expansion in the
CCT range across diverse viewing angles. Re-
markably, the resultant white light maintains its
warmth, falling within the temperature range of
3900-4025 K, as portrayed in Fig. 5. Yet, it is
essential to underscore the notable fluctuations
observed in the angular CCT ranges concerning
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Fig. 3: Reduced scattering parameter with various con-
centrations of Al-doped ZnO.

Fig. 4: Lumen output changes with altering concentra-
tion of Al-doped ZnO.

different Al-doped ZnO concentrations. Beyond
20 wt% of Al-doped ZnO in use, the CCT range
is relatively stable, coinciding with a discernible
reduction in intensity at the direct viewing angle

(0o). efficiency in reducing scattering. Intrigu-
ingly, the most stable-like reduction implies an
enhanced dispersion of light towards the edges of
the package, attributable to the heightened an-
gular CCT range is affiliated with an Al-doped
ZnO concentration of 45 wt%, showcasing the
smallest CCT values between the largest (±60o)
and the direct (0o) viewing angles. Such results
indicate that the increase in the percentage of
Al-doped ZnO in the converter film induces the
dispersion of light and wider scattering angles.
As a result, better light distribution uniformity
is achievable.

The pursuit of optimal color uniformity is in-
tegral to advancing high-quality white LED de-
vices, where visual comfort for human eyes is the
paramount consideration. The delta-CCT, as il-
lustrated in Fig. 6, emerges as a crucial met-
ric for quantifying color variation, and our re-
search underscores the role of Al-doped ZnO film
in supporting enhanced color dispersion through
improved scattering properties. The attainment
of the lowest delta-CCT, indicative of superior
uniformity, is notably observed at an Al-doped
ZnO concentration of 45 wt%, demonstrating a
reduction of approximately 75 K compared to
data of the undoped sample. Furthermore, Al-
doped ZnO concentrations within the range of
20-25 wt% and even at 50 wt% exhibit lower
delta-CCT values than those of the undoped
sample. Conversely, a ZnO concentration of 15
wt% is associated with the highest delta-CCT,
signifying a less uniform chromatic distribution.
In summary, the ideal ZnO concentration for op-
timal color uniformity is identified as 45 wt% or,
at the least, falls within the range of 20-25 wt%.

Moreover, the augmentation of blue light
scattering and absorption with increasing Al-
doped ZnO concentration plays a pivotal role
in enhancing color reproduction by intensify-
ing the conversion of blue light to the longer
yellow-orange. Figures 7 and 8 showcase
the comprehensive Color Quality Scale (CQS)
and Color Rendering Index (CRI) performance
across varying Al-doped ZnO concentrations
[23–25]. Particularly noteworthy is the sig-
nificant improvement observed at 5 wt% Al-
doped ZnO, highlighting its capacity to enhance
chroma reproduction in white LED light. This
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Fig. 5: The CCT range with altering the concentration
of Al-doped ZnO.

Fig. 6: The CCT delta with altering Al-doped ZnO con-
centration.

concentration, at 5 wt%, demonstrates sufficient
scattering and conversion efficiencies, resulting
in a broader color coverage on the chroma spec-
trum and enabling the rendered light to cap-

ture more color elements of the targeted object.
However, a consistent trend emerges as Al-doped
ZnO concentration exceeds 5 wt%, with a grad-
ual reduction in both CQS and CRI parameters,
even falling below the reference data (undoped
sample) [26–28].

This observed trend aligns with the behavior
noted in the lumen strength of the white LED.
Higher concentrations of Al-doped ZnO promote
the scattering of blue light and the conversion of
red light, leading to a noticeable shift in the over-
all emission color spectrum toward the yellow-
orange range. While contributing to a decline
in color reproduction quality due to the reduced
presence of blue light, these findings emphasize
that the most favorable Al-doped ZnO concen-
tration for both lumen output and color rendi-
tion is at 5 wt%. This concentration not only
enhances color reproduction but also strikes a
delicate balance between color quality and the
overall luminosity of the white LED.

Fig. 7: CQS with altering the concentration of Al-doped
ZnO.

4. Conclusions

potential of using an Al-doped ZnO film as a re-
mote luminescent converting layer for advancing
the performance of warm white LEDs. Our in-
vestigation reveals a clear correlation between
the Al-doped ZnO concentration and the im-
provement in the scattering function, leading to
a more even dispersion of colors and heightened

© 2024 Journal of Advanced Engineering and Computation (JAEC) 229



Volume: 8 | Issue: 4 | 2024 | December

Fig. 8: CRI with altering the concentration of Al-doped
ZnO.

overall color uniformity. Overall, increasing Al-
doped ZnO concentration can minimize spatial
color deviation for greater color uniformity of
the generated white light. The lowest color devi-
ation is obtained with the Al-doped ZnO amount
of 45 wt%. Additionally, utilizing an Al- doped
ZnO concentration range of 20-25 wt% demon-
strates superior color uniformity compared to
the undoped sample’s data. Simultaneously, our
study pinpoints 5 wt% Al-doped ZnO as the op-
timal quantity for maintaining respectable lu-
men strength and efficient color rendering.

However, beyond 5 wt% Al-doped ZnO, a dis-
cernible decline is observed in these parameters
due to reduced luminous energy following each
scattering event and a deficiency in blue-light
emission, ultimately contributing to color devi-
ation. These nuanced findings underscore the
critical importance of maintaining a delicate bal-
ance in Al-doped ZnO concentration for achiev-
ing both enhanced color uniformity and satis-
factory lumen output with efficient color rendi-
tion in warm white LED designs. This research
not only advances our understanding of the in-
tricate interplay between Al-doped ZnO concen-
tration and LED performance but also provides
practical insights for optimizing the design of
warm white LED lighting systems for optimal
efficiency and visual appeal in diverse lighting
applications.
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