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Flexible topographical design 
of light‑emitting diodes 
realizing electrically controllable 
multi‑wavelength spectra
Yoshinobu Matsuda 1,2*, Ryunosuke Umemoto 1,2, Mitsuru Funato 1 & Yoichi Kawakami 1

Multi-wavelength visible light emitters play a crucial role in current solid-state lighting. Although 
they can be realized by combining semiconductor light-emitting diodes (LEDs) and phosphors or 
by assembling multiple LED chips with different wavelengths, these design approaches suffer from 
phosphor-related issues or complex assembly processes. These challenges are significant drawbacks 
for emerging applications such as visible light communication and micro-LED displays. Herein we 
present a platform for tailored emission wavelength integration on a single chip utilizing epitaxial 
growth on flexibly-designed three-dimensional topographies. This approach spontaneously arranges 
the local emission wavelengths of InGaN-based LED structures through the local In composition 
variations. As a result, we demonstrate monolithic integration of three different emission colors 
(violet, blue, and green) on a single chip. Furthermore, we achieve flexible spectral control via 
independent electrical control of each component. Our integration scheme opens the possibility for 
tailored spectral control in an arbitrary spectral range through monolithic multi-wavelength LEDs.

Impact of monolithic integration of electrical components such as transistors, diodes, and resistors into a single 
and compact chip has been significant in the field of electronics. Compared to discrete components, large-scale 
integration (LSI) technology offers improved performance, reduced cost, and increased reliability. Today, LSI 
technology is a cornerstone of modern electronics. However, while discrete monochromatic light-emitting diodes 
(LEDs), including InGaN-based blue and green LEDs and AlGaInP-based red LEDs, have been developed in 
the field of visible light optoelectronics, the monolithic integration of multiple wavelengths remains a challenge.

Two alternative options already exist for multi-wavelength light emitters for visible light optoelectronics. The 
most widely used method to date is to combine a blue InGaN LED with a yellow phosphor to produce a white 
emitter1. This construction allows a simple device configuration, but, at the same time, inevitably induces Stokes 
energy loss due to the color conversion from blue to yellow. In addition, independent electrical control of the 
phosphor emission is difficult, limiting the tunability of the emission spectra. Another commercial option to 
avoid the phosphor-related issues involves assembling red, green, and blue (RGB) LED chips, which can deliver 
a high degree of control over the overall color. However, this approach requires a complex and time-consuming 
assembly process and carefully designed external optics to ensure good color mixing.

These issues become more severe in emerging applications using visible light emitters. For instance, visible 
light communications2 and their extension to fully networked systems, which are referred to as Li-Fi3, have gained 
significant interest in the field of optical wireless communications, where white LEDs are used for both illumi-
nation and data communication. In optical communications, the slow response of yellow phosphors hampers 
higher modulation bandwidths. Additionally, communication capacity can be increased by wavelength division 
multiplexing (WDM) using multiple LEDs2. However, WDM in visible light communication tends to be limited 
to only three colors using separate RGB LEDs, despite the broad visible spectral range (380–780 nm). To further 
increase the number of data streams, more separate LEDs with different wavelengths must be fabricated and 
assembled into a single device. Meanwhile, micro LEDs ( µLEDs) with the size of less than ∼ 100 × 100 µm2 are 
promising for display applications due to several potential advantages such as high contrast, fast response, and 
high efficiency, compared to conventional liquid crystal displays and organic LED displays4,5. One challenge for 
mass production is the precise transfer of millions of individual LED dies onto the backplane, and considerable 
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research efforts have been devoted to developing the transfer technologies4. To radically address these issues, 
solutions for monolithic integration of multiple wavelengths on a single substrate are necessary.

In principle, the wide tunability of the InGaN bandgap can cover the entire visible spectral range6, suggesting 
that visible light can be integrated on one chip via a single epitaxial growth process. Recently, various approaches 
have been intensively studied toward tailored multiple-wavelength integration. One promising approach is three-
dimensional (3D) GaN structures formed by selective area growth (SAG) technique. Regrowth of GaN on pat-
terned Ti masks by molecular beam epitaxy creates nanocolumn (NC) structures7–10. The emission wavelengths 
of the NC LEDs are controlled by the NC diameters, and monolithic integration of multicolor micro-LED pixel 
units has been demonstrated10. However, the 3D geometry with high aspect ratios increases the process complex-
ity. Another approach is regrowth of GaN on patterned dielectric masks by metal-organic vapor phase epitaxy 
(MOVPE), which creates 3D structures composed of several crystallographic facets11–22. The facet-dependent 
emission wavelength allows pastel color syntheses, including white14–17,21,22, whereas the facets formed by SAG 
are restricted to stable crystallographic planes during growth, limiting flexible wavelength integration.

Herein, we present monolithic multi-wavelength InGaN LEDs based on flexibly-designed 3D topographies. 
Topography patterning on the substrate surfaces spontaneously arranges the emission wavelengths of the over-
grown InGaN LED structures through the local In composition variations23–29. A key feature of this approach 
is that not only stable planes exposed in the 3D structures by SAG but also unstable planes can be used, thus 
providing greater flexible wavelength integration. In addition, the emission wavelengths can be widely controlled 
within a shallow slope angle ( <∼ 10◦)23–28, which is beneficial for device processing29. We demonstrate mono-
lithic multi-wavelength InGaN LEDs, which can electrically control each emission component independently. 
The single LED chip provides three different colors of violet, blue, and green, and the emission components are 
flexibly synthesized under independent operations.

Integration scheme and device structure
Figure 1a illustrates the integration scheme of the three emission wavelengths in this study. Due to crystal anisot-
ropy, tilting the surface orientation from the (0001) plane drastically changes the growth behavior. In particular, 
In incorporation during InGaN quantum well (QW) growth for the light-emitting layers initially decreases as 
the off-angle from the (0001) plane increases. Because this shortens the emission wavelengths of the InGaN 
LEDs23–28, the emission wavelengths from the three parts with different off-angles in Fig. 1a decrease in the order 
of �1 > �2 > �3 . The number of integrated wavelengths is equivalent to the number of integrated off-angles. The 
local off-angles are patterned on the (0001) GaN surfaces using the following procedures.

The LED structure with local off-angle patterning was fabricated by grayscale lithography and dry etching27, 
followed by MOVPE (Fig. 1b) (for details see “Methods”). The structure was fabricated on (0001) n-GaN/sap-
phire templates. To demonstrate local off-angle integration, a photoresist polyhedral shape was designed. The 
tilt angles of the sloped faces in the polyhedral shape determined the off-angle with respect to the (0001) plane 
(i.e., larger off-angles with steeper slopes). First, polyhedral photoresists were formed on the GaN surfaces by 
grayscale lithography. The polyhedral shape of the photoresist was subsequently transferred to the GaN surfaces 
using inductively coupled plasma reactive ion etching (ICP-RIE). Then InGaN-based LED structures composed 
of n-GaN, InGaN/GaN multiple QWs (MQWs), and p-GaN layers were regrown by MOVPE.

Figure 1c schematically depicts the LED design used in this study. The polyhedral structure consists of a planar 
top part (Top) and two sloped parts (Slope A and Slope B). The opposite slopes are congruent for simplicity. The 
in-plane dimension of the 3D shape is about 220 µ m × 340 µ m, which is comparable to that of a conventional 
planar LED (300 × 300–500 × 500 µm2 ). Slope A has a smaller off-angle than that of Slope B, as shown below. 
This design varies the emission wavelengths in the order of Top > Slope A > Slope B. Thanks to the gently-sloping 
3D structures (Supplementary Note 1), standard binary photolithography and vacuum evaporation, which are 
commonly used for planar LEDs, were used to fabricate the LED device. The p-contact electrodes were separately 
formed on each part of the polyhedral structure and connected to p-pad electrodes for probing. N-electrodes 
were formed on the sample edge. The final device was on-wafer without packaging. Figure 1d displays optical 
microscope images of the fabricated InGaN LEDs, confirming successful electrode formation. It should be noted 
that the array of the multi-wavelength InGaN LEDs can be applied to spontaneous arrangement of the µLED 
pixel units for display applications.

3D shape and local emission characteristics
Prior to LED device operations, the relationship between the 3D shape and local emission characteristics was 
investigated. Figure 2 displays the evaluation results of a 3D shape of an InGaN QW on the polyhedral structure 
using confocal laser scanning microscopy. The epi-layer consists of n-GaN and an InGaN single QW (SQW) with-
out p-GaN (see “Methods”). The height mapping image reveals a truncated square pyramid structure (Fig. 2a). 
Figure 2b shows the extracted cross-sectional height profiles along the lines indicated in Fig. 2a. Slope A has a 
shallower slope than that of Slope B. The off-angle profiles calculated from Fig. 2b are shown in Fig. 2c, where 
the off-angle is defined with respect to the (0001) plane. That Slope A has a smaller off-angle than that of Slope 
B is clearly confirmed. The off-angle variation in each slope is due to the surface roughness formed during the 
regrowth process (Supplementary Note 2), and improving the uniformity is a subject for future research.

Figure 3 summarizes the spatially resolved emission properties of the InGaN QW evaluated by scanning 
electron microscopy (SEM) and cathodoluminescence (CL) spectroscopy at room temperature (RT). Figure 3a 
shows the top-view SEM image of the InGaN QW, and Fig. 3b depicts the CL spectra acquired from the entire 
area and the magnified areas of Top, Slope A, and Slope B, indicated in Fig. 3a. The dimensions of the magni-
fied areas approximately correspond to those of each p-contact electrode. The peak wavelengths are located at 
552 nm on Top, 469 nm on Slope A, and 450 nm on Slope B. Considering the 3D shape (Fig. 2), the emission 



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12665  | https://doi.org/10.1038/s41598-023-39791-2

www.nature.com/scientificreports/

wavelength decreases as the off-angle increases, in accordance with the previous reports23–29. Supplementary 
Note 3 details the structural properties of the InGaN QWs assessed by transmission electron microscopy. The 
monochromatic CL mapping images in Fig. 3c–j reveal a position dependence of the emission wavelength. As 
the monitoring wavelength becomes longer, the light emission begins in the order of Slope B, Slope A, and Top. 
The obtained results demonstrate that the polyhedral shape can integrate three emission wavelengths through 
local off-angle control.

Fundamental device performance and additive spectral mixing
We separately evaluated the device performance of the InGaN LEDs formed on Top, Slope A, and Slope B in a 
single polyhedral structure (single chip). Figure 4a shows the current−voltage characteristics of the three LEDs 
driven under a direct current (DC) injection. The forward characteristics of the diodes are confirmed. The 
estimated turn-on voltages and series resistances are about 3.0 V and 165 � for Top, 3.3 V and 61 � for Slope 
A, and 3.6 V and 55 � for Slope B. The higher series resistance at Top can be attributed to the larger p-GaN 
thickness or lower carrier density. Higher hole carrier densities with larger off-angles from the (0001) plane are 
reported34. Typical electroluminscence (EL) spectra under an injection current density of 200 A/cm2 (5 mA for 
Top and Slope A and 3 mA for Slope B) are displayed in Fig. 4b. The peak wavelengths are 519 nm at Top, 460 
nm at Slope A, and 450 nm at Slope B, which are consistent with the CL spectra (Fig. 3b). The EL peaks of Top 
and Slope A are located at shorter wavelengths than those of the CL peaks, and the difference increases as the 
emission wavelength becomes longer. InGaN-based LEDs often exhibit a blueshift in the emission wavelength 
as the injection current density increases, and the peak wavelength shift is more pronounced for longer emission 
wavelengths. Thus, the relatively high current density (200 A/cm2 ) under the EL conditions may cause the peak 

Figure 1.   Integration scheme of the local off-angles and fabrication procedure. (a) Schematic of local off-angle 
integration, including an example of a cross-sectional height profile formed on a (0001) GaN surface and the 
corresponding off-angle profile from the (0001) plane. Expected In composition distribution of the overgrown 
InGaN QW is also shown. (b) Fabrication process of monolithic multi-wavelength InGaN LEDs on polyhedral 
structures. (c) Schematic of the device design with the three different emission wavelengths used in this study 
and (d) the optical microscope images of a single device (left) and an array (right).
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wavelength difference between EL and CL. The optical microscope images in Fig. 4d confirm the integration of 
the three different colors in the single chip: green from Top, blue from Slope A, and violet from Slope B.

We then demonstrate the simultaneous operations of the LEDs on Top, Slope A, and Slope B. Figure 4c shows 
the EL spectra when two or all three of the LEDs are operated simultaneously. To highlight spectral mixing, the 
injection current for each LED is adjusted to produce comparable EL intensities. In particular, the simultaneous 
operations of Top and Slope A or Slope B clearly show the synthesis of shorter and longer wavelength compo-
nents, confirming additive spectral mixing. The mixed colors change due to the wavelength difference of Slopes A 
and B (Fig. 4e): bluish or purplish pastel colors are synthesized by adding Slope A or Slope B to Top, respectively. 
Therefore, the proposed LED design enables to provide three different colors individually and further allows the 
synthesis of these components to meet specific requirements. The Supplementary video shows individual and 
simultaneous operations. Although this study manipulates the injection currents to control the EL intensities, 
pulse-width modulation used in LED lighting should be possible. The results will be reported elsewhere.

Flexible spectral control
Finally, we demonstrate flexible spectral control by electrically tuning the LEDs. As a representative case, we 
present the results using a combination of the LEDs on Top and Slope B. Figure 5a,b show the EL spectra under 
different injection current combinations: (Top, Slope B) = (5 mA, 0.25–0.40 mA) and (1–6 mA, 0.35 mA), 
respectively. In Fig. 5a, only the intensity of the shorter wavelength component from Slope B is varied, while 
only that of the longer wavelength component from Top is varied in Fig. 5b. These results show that the apparent 
color can be adjusted from green to pastel blue or from violet to pastel blue, as shown in Fig. 5c,d, respectively 
(Supplementary video). Figure 5e plots the emission color variations on the Commission Internationale de 
I’Éclairage (CIE) 1931 chromaticity diagram. Increasing the injection current to Slope B varies the emission 
color from (0.15, 0.52) to (0.15, 0.17), while increasing the injection current to Top varies the emission color 
from (0.16, 0.04) to (0.15, 0.24).

Discussion
We discuss several topics as future research subjects to further improve our strategy. The first subject is optical 
and current crosstalk in the proposed LEDs. Optical crosstalk between each LED may lead to lower pixel contrast 
ratios in display applications. Additionally, short-wavelength LEDs can excite the long-wavelength LEDs, degrad-
ing the color purity. Experimentally, Figs. 4b, and 5a,b reveal that the blue or violet emissions from Slope A or 
B barely excite the green emission from Top. To surely suppress the optical crosstalk, black matrix photoresists 
inserted between each LED, which have almost no transmittance in the visible spectral range, would be useful35. 
Current crosstalk between each LED is also possible in the proposed LEDs because the p-GaN isolation was not 
employed in this study (see “Methods”). However, we note that the distances between each LED are approxi-
mately 40–70 µ m (Fig. 1d), and the lateral current spreading in the p-GaN is estimated to be on the order of a 
few micrometers by using a simple electrical model36. Additionally, as shown in Fig. 5a,b, the emission intensities 
from the LEDs [Top in Fig. 5a or Slope B in Fig. 5b] driven under the constant current do not change with vary-
ing the current into the other LEDs [Slope B in Fig. 5a or Top in Fig. 5b]. These results suggest that the current 

Figure 2.   3D shape characterization of the InGaN QW on the polyhedral structure. Epi-layer consists of n-GaN 
and InGaN SQW without p-GaN. (a) Height mapping image. (b) Cross-sectional height profiles along the lines 
indicated in (a), and (c) off-angle profiles calculated from (b).
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crosstalk in the proposed LEDs would be negligible. If the distance between each LED approaches the order 
of a few micrometers, it will be necessary to isolate the p-GaN through dry etching or selective passivation37.

The second subject is to realize high-quality InGaN LEDs on different surface orientations using a single 
epitaxial growth process. The optimum growth conditions may vary depending on the surface orientations. 
However, at present, the relationship between optimum growth conditions of InGaN and surface orientations 
has not been extensively studied. Therefore, clarifying the growth behavior and consequent emission efficiency 
of InGaN on various surface orientations is an important issue, and our patterned templates can serve as a plat-
form. It is expected that the differences in optimum growth conditions due to surface orientation would not be 
so significant, given that the proposed structures exhibit the large wavelength variation (450–552 nm) (Fig. 3b) 
within a relatively narrow off-angle range (< 10◦ ) (Fig. 2c).

The third subject is to expand the range of emission wavelengths toward longer wavelengths. The emission 
efficiency of InGaN-based LEDs tends to decrease in the range of longer wavelength components such as yellow 
and red. However, recent intensive researches are pushing the emission wavelength longer, and the emission 
efficiencies of yellow and red InGaN LEDs are steadily improving by exploring the growth conditions or stack-
ing layers30,31.

The fourth subject is to increase the number of controlled wavelengths. A straightforward approach based on 
our results is to increase the number of faces with different slope angles in the polyhedral structure. Alternatively, 
we have already proposed using convex lens-like structures to achieve continuously changing off-angles28,29. This 
type of structure has the potential to offer an immense number of wavelengths due to the continuously changing 
wavelength distribution. Increasing the number of integrated wavelengths could complicate the electrode design. 
However, we note that the accuracy of device processes is not related to pattern complexity but to pattern size 
comparable to process resolutions. Moreover, conventional process conditions similar to those for planar LEDs 

Figure 3.   Local emission characteristics of the InGaN QW on the polyhedral structure. (a) Top view SEM 
image. Dotted lines are to guide the eye. (b) CL spectra acquired from the entire area and from the magnified 
areas indicated as boxes in (a). Monochromatic CL mapping images acquired at (c) 420 nm, (d) 440 nm. (e) 460 
nm, (f) 480 nm, (g) 500 nm, (h) 520 nm, (i) 540 nm, and (j) 560 nm.
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can be applied to the proposed LEDs with shallow slope angles (see “Methods”). Therefore, the proposed LED 
design could increase the number of integrated wavelengths without complex process optimization.

Finally, we would like to note that the proposed LEDs can be applied to multi-wavelength photodetectors. 
Conventional photodetectors measure an intensity of light at a specific wavelength dispersed by a spectrometer. 
In contrast, these multi-wavelength photodetectors potentially offer the ability to selectively measure intensities 
at multiple wavelengths without the spectrometer.

Conclusion
In conclusion, monolithic multi-wavelength InGaN LEDs are fabricated using local off-angle integration. Our 
approach allows multiple emission wavelengths to be spontaneously arranged on a single LED chip. The result-
ant device realizes flexible electrical control of violet, blue, and green emission colors, and can synthesize these 
components to meet specific requirements. Our achievements have the potential to advance the development 
of tailored visible spectral syntheses based on monolithic multi-wavelength InGaN LEDs. Visible light emitters 
with flexible spectral designability should benefit numerous applications such as advanced solid-state lighting, 
high capacity communications by WDM in Li-Fi systems, and spontaneously arrayed RGB µLEDs for display 
applications.

Methods
Substrate patterning.  The local off-angle distribution was patterned on (0001) n-GaN/sapphire templates 
with about 13-µ m thick n-GaN. First, polyhedral photoresist shapes were formed by a grayscale lithography 
technique using mask-less exposure equipment (Nano System Solutions, D-light DL-1000GS/KCH). Grayscale 
lithography creates 3D micro-structures with height gradients in a positive photoresist32,33. Intensity gradients 

Figure 4.   Fundamental device performance and additive spectral mixing of the monolithic multi-wavelength 
LED. (a) Current–voltage characteristics of InGaN LEDs formed on Top, Slope A, and Slope B. (b) Normalized 
EL spectra of the three LEDs individually driven at an injection current density of 200 A/cm2 . (c) EL spectra 
under simultaneous operations of two or all three of the LEDs. Injection currents are 5 mA at Top, 0.45 
mA at Slope A, and 0.39 mA at Slope B. Peak EL intensities from the three parts are almost the same under 
this condition. Optical microscope images of (d) the individual operations in (b), and (e) the simultaneous 
operations in (c). Topmost image in (d) is the sample not operated to clearly indicate the measurement 
locations.
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of the exposure light are converted into exposure depth and subsequently into resist topography on the micro-
scale. The spin-coated photoresist (TOKYO OHKA KOGYO, PMER P-LA900PM) had a designed thickness of 
∼ 8 µ m. After shaping the 3D photoresists, the photoresist surface was smoothed using a thermal reflow method 

Figure 5.   Flexible spectral control using the single LED chip. EL spectra variation under injection currents 
of (a) 5 mA at Top and 0.25–0.40 mA at Slope B and (b) 1–6 mA at Top and 0.35 mA at Slope B. (c,d) The 
photographs under operations of (a,b), respectively. (e) CIE chromaticity diagram for the spectral controls.
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on a hotplate at 110 ◦ C for 3 minutes. The 3D shape of the photoresists was transferred to the GaN surface by 
ICP-RIE (Samco, RIE-200KNS) using Cl2 gas with ICP and bias powers of 400 W and 300 W, respectively. The 
residual photoresist was removed using sulfuric acid-hydrogen peroxide mixtures.

Crystal growth and device fabrication.  InGaN LED structures were regrown on the patterned sub-
strates by MOVPE (Taiyo Nippon Sanso, SR2000). The LED structure consisted of Si-doped n-GaN (500 nm), 
InGaN (2.5 nm)/GaN (11 nm) three-period QWs, Mg-doped p-GaN (300 nm), and heavily Mg-doped p +-GaN 
(20 nm) layers. The thickness values represent those on the planar substrate without topography patterning. To 
accurately relate the local off-angle distribution and the local emission properties of the InGaN QWs, we also 
fabricated a structure composed of n-GaN and InGaN single QWs without a p-GaN layer. This is because the 
p-GaN cap layers can alter the 3D shape29. The source precursors were trimethylgallium for n-GaN and p-GaN, 
triethylgallium and trimethylindium for InGaN/GaN QWs, and ammonia. Si and Mg dopant sources were silane 
and bis(cyclopentadienyl)-magnesium, respectively. The growth pressure was 100 kPa throughout the entire 
growth sequence, while the growth temperatures were 1050 ◦ C for n-GaN, 650 ◦ C for InGaN/GaN QWs, and 
990 ◦ C for the p-GaN and p +-GaN layers.

The LED device was fabricated by standard binary photolithography and vacuum evaporation. We note that 
the shallow surface slopes of our 3D structures allows the additional planarization process, which is typically 
required for highly 3D structures8,9,21, to be skipped. The Ni (5 nm)/Au (10 nm) semi-transparent p-contact and 
Ti (50 nm)/Au (200 nm) p-pad electrodes were deposited on the sample surface. The dimensions of the p-contact 
electrodes were 50 × 50 µm2 for Top and Slope A and 50 × 30 µm2 for Slope B. In was used for n-electrodes. 
Here, each LED was not electrically isolated by etching the p-GaN layer. The device performance was assessed 
on-wafer at RT under DC injection. The emitted light was collected by an optical fiber.

Fundamental characterization.  The 3D shapes of the fabricated polyhedral structures were investigated 
by confocal laser scanning microscopy (KEYENCE, VK-9510). The off-angle profiles were analyzed using the 
cross-sectional profiles. Local emission properties of the InGaN QWs were evaluated by SEM and CL spectros-
copy at RT (JEOL, JSM-6500F). The acceleration voltage was 5 kV.

Data availibility
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 24 May 2023; Accepted: 31 July 2023

References
	 1.	 Tsao, J. Y. et al. Toward smart and ultra-efficient solid-state lighting. Adv. Opt. Mater. 2, 809 (2014).
	 2.	 Rajbhandari, S. et al. A review of gallium nitride LEDs for multi-gigabit-per-second visible light data communications. Semicond. 

Sci. Technol. 32, 023001 (2017).
	 3.	 Haas, H. LiFi is a paradigm-shifting 5G technology. Rev. Phys. 3, 26 (2018).
	 4.	 Ding, K., Avrutin, V., Izyumskaya, N., Özgür, Ü. & Morkoç, H. Micro-LEDs, a manufacturability perspective. Appl. Sci. 9, 1206 

(2019).
	 5.	 Lin, J. Y. & Jiang, H. X. Development of microLED. Appl. Phys. Lett. 116, 100502 (2020).
	 6.	 Vurgaftman, I., Meyer, J. R. & Piprek, J. Nitride Semiconductor Devices: Principles and Simulations Vol. 2 (Wiley, 2007).
	 7.	 Sekiguchi, H., Kishino, K. & Kikuchi, A. Emission color control from blue to red with nanocolumn diameter of InGaN/GaN 

nanocolumn arrays grown on same substrate. Appl. Phys. Lett. 96, 231104 (2010).
	 8.	 Kishino, K. & Yamano, K. Green-light nanocolumn light emitting diodes with triangular-lattice uniform arrays of InGaN-based 

nanocolumns. IEEE J. Quantum Electron. 50, 538–47 (2014).
	 9.	 Kishino, K., Yanagihara, A., Ikeda, K. & Yamano, K. Monolithic integration of four-colour InGaN-based nanocolumn LEDs. 

Electron. Lett. 51, 852 (2015).
	10.	 Kishino, K., Sakakibara, N., Narita, K. & Oto, T. Two-dimensional multicolor (RGBY) integrated nanocolumn micro-LEDs as a 

fundamental technology of micro-LED display. Appl. Phys. Express 13, 014003 (2020).
	11.	 Nishizuka, K. et al. Efficient radiative recombination from �112̄2�-oriented InxGa1−x N multiple quantum wells fabricated by the 

regrowth technique. Appl. Phys. Lett. 85, 3122 (2004).
	12.	 Nishizuka, K., Funato, M., Kawakami, Y., Narukawa, Y. & Mukai, T. Efficient rainbow color luminescence from InxGa1−x N single 

quantum wells fabricated on {112̄2} microfacets. Appl. Phys. Lett. 87, 231901 (2005).
	13.	 Neubert, B. et al. GaInN quantum wells grown on facets of selectively grown GaN stripes. Appl. Phys. Lett. 87, 182111 (2005).
	14.	 Funato, M. et al. Monolithic polychromatic light-emitting diodes based on InGaN microfacet quantum wells toward tailor-made 

solid-state lighting. Appl. Phys. Express 1, 011106 (2008).
	15.	 Funato, M. et al. Emission color tunable light-emitting diodes composed of InGaN multifacet quantum wells. Appl. Phys. Lett. 93, 

021126 (2008).
	16.	 Wunderer, T. et al. Semipolar GaInN/GaN light-emitting diodes grown on honeycomb patterned substrates. Phys. Status Solidi C 

7, 2140 (2010).
	17.	 Lim, S.-H., Ko, Y.-H., Rodriguez, C., Gong, S.-H. & Cho, Y.-H. Electrically driven, phosphor-free, white light-emitting diodes 

using gallium nitride-based double concentric truncated pyramid structures. Light Sci. Appl. 5, e16030 (2016).
	18.	 Schimpke, T. et al. Phosphor-converted white light from blue-emitting InGaN microrod LEDs. Phys. Status Solidi A 213, 1577 

(2016).
	19.	 Schimpke, T. et al. Position-controlled MOVPE growth and electro-optical characterization of core-shell InGaN/GaN microrod 

LEDs. Proc. SPIE 9768, 97680T (2016).
	20.	 Matsuda, Y., Funato, M. & Kawakami, Y. Polychromatic emission from polar-plane-free faceted InGaN quantum wells with high 

radiative recombination probabilities. Appl. Phys. Express 10, 071003 (2017).
	21.	 Robin, Y. et al. Insight into the performance of multi-color InGaN/GaN nanorod light emitting diodes. Sci. Rep. 8, 7311 (2018).



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12665  | https://doi.org/10.1038/s41598-023-39791-2

www.nature.com/scientificreports/

	22.	 Matsuda, Y., Funato, M. & Kawakami, Y. Doping and fabrication of polar-plane-free faceted InGaN LEDs with polychromatic 
emission properties on (1̄1̄22̄) semipolar planes. J. Appl. Phys. 128, 213103 (2020).

	23.	 Sarzynski, M. et al. Influence of GaN substrate off-cut on properties of InGaN and AlGaN layers. Cryst. Res. Technol. 47, 321 (2012).
	24.	 Sarzyński, M. et al. Lateral control of indium content and wavelength of III-nitride diode lasers by means of GaN substrate pat-

terning. Appl. Phys. Express 5, 021001 (2012).
	25.	 Kafar, A. et al. Nitride superluminescent diodes with broadened emission spectrum fabricated using laterally patterned substrate. 

Opt. Express 24, 9673 (2016).
	26.	 Dróżdż, P. A. et al. Monolithic cyan-violet InGaN/GaN LED array. Phys. Status Solidi A 214, 1600815 (2017).
	27.	 Kafar, A. et al. Above 25 Nm emission wavelength shift in blue-violet InGaN quantum wells induced by GaN substrate misorienta-

tion profiling: Towards broad-band superluminescent diodes. Opt. Express 28, 22524 (2020).
	28.	 Matsuda, Y., Funato, S., Funato, M. & Kawakami, Y. Multiwavelength-emitting InGaN quantum wells on convex-lens-shaped GaN 

microstructures. Appl. Phys. Express 15, 105503 (2022).
	29.	 Matsuda, Y., Funato, M. & Kawakami, Y. InGaN-based LEDs on convex lens-shaped GaN arrays toward multiwavelength light 

emitters. Appl. Phys. Express 16, 015511 (2023).
	30.	 Damilano, B. & Gil, B. Yellow-red emission from (Ga, In) N heterostructures. J. Phys. D Appl. Phys. 48, 403001 (2015).
	31.	 Iida, D. & Ohkawa, K. Recent progress in red light-emitting diodes by III-nitride materials. Semicond. Sci. Technol. 37, 013001 

(2022).
	32.	 Kirchner, R. & Schift, H. Thermal reflow of polymers for innovative and smart 3D structures: A review. Mater. Sci. Semicond. 

Process. 92, 58 (2019).
	33.	 Smith, M. A. et al. Design, simulation, and fabrication of three-dimensional microsystem components using grayscale photoli-

thography. J. Micro/Nanolitho. MEMS MOEMS 18, 043507 (2019).
	34.	 Suski, T. et al. Substrate misorientation induced strong increase in the hole concentration in Mg doped GaN grown by metalorganic 

vapor phase epitaxy. Appl. Phys. Lett. 93, 172117 (2008).
	35.	 Chen, G.-S., Wei, B.-Y., Lee, C.-T. & Lee, H.-Y. Monolithic red/green/blue micro-LEDs with HBR and DBR structures. IEEE Photon. 

Technol. Lett. 30, 262 (2018).
	36.	 Rattier, M. et al. Toward ultrahigh-efficiency aluminum oxide microcavity light-emitting diodes: Guided mode extraction by 

photonic crystals. IEEE J. Select. Top. Quantum Electron. 8, 238 (2002).
	37.	 Zhuang, Z., Iida, D., Velazquez-Rizo, M. & Ohkawa, K. Ultra-small InGaN green micro-light-emitting diodes fabricated by selec-

tive passivation of P-GaN. Opt. Lett. 46, 5092 (2021).

Acknowledgements
This work was partially supported by JSPS KAKENHI (Grant Nos. JP20H05622 and 22K14613). Part of the 
experiments (grayscale lithography) was supported by Kyoto University Nanotechnology Hub in “Advanced 
Research Infrastructure for Materials and Nanotechnology Project” sponsored by the Ministry of Education, 
Culture, Sports, Science and Technology (MEXT), Japan.

Author contributions
Y.K. supervised the entire project with M.F. and Y.M. Y.M. designed this work with M.F. and R.U. R.U. performed 
the experiment and analyzed the data with Y.M. and M.F. Y.M. and M.F. discussed the results with R.U. and Y.K. 
and wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​39791-2.

Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-39791-2
https://doi.org/10.1038/s41598-023-39791-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Flexible topographical design of light-emitting diodes realizing electrically controllable multi-wavelength spectra
	Integration scheme and device structure
	3D shape and local emission characteristics
	Fundamental device performance and additive spectral mixing
	Flexible spectral control
	Discussion
	Conclusion
	Methods
	Substrate patterning. 
	Crystal growth and device fabrication. 
	Fundamental characterization. 

	References
	Acknowledgements


