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Abstract

A candlelight-style organic light emitting diode (OLED) is a human-friendly type of lighting because it is blue-hazard-free and has a low correlated
color temperature (CCT) illumination. The low CCT lighting is deprived of high-energy blue radiation, and it can be used for a longer duration
before causing retinal damage. This work presents the comprehensive protocols for the fabrication of blue-hazard-free candlelight OLEDs. The
emission spectrum of the OLED was characterized by the maximum exposure time limit of the retina and the melatonin suppression sensitivity.
The devices can be fabricated using dry and wet processes. The dry-processed OLED resulted in a CCT of 1,940 K and exhibited a maximum
retinal exposure limit of 1,287 s at a brightness of 500 lx. It showed 2.61% melatonin suppression sensitivity relative to 480 nm blue light. The
wet-processed OLED, where the spin coating is used to deposit hole injection, hole transport, and emissive layers, making fabrication fast
and economical, produced a CCT of 1,922 K and showed a maximum retinal exposure limit of 7,092 at a brightness of 500 lx. The achieved
relative melatonin suppression sensitivity of 1.05% is 86% and 96% less than that of the light emitting diode (LED) and compact fluorescent
lamp (CFL), respectively. Wet-processed blue-hazard-free candlelight OLED exhibited a power efficiency of 30 lm/W, which is 2 times that of the
incandescent bulb and 300 times that of the candle.

Video Link

The video component of this article can be found at https://www.jove.com/video/54644/

Introduction

Nowadays, lighting sources like LED and CFL are abundantly used for indoor and outdoor illumination, partly for energy-saving reasons.
However, these lights are rich in blue emission, showing a higher tendency to cause blue-hazards. LED and CFL emit a spectrum enriched
with blue light, leading to irreversible damage to retinal cells1,2,3,4. Blue light or intense white light with high CCT suppresses the secretion of
melatonin, an oncostatic hormone, which may disrupt the circadian rhythm5,6 and sleeping behavior7,8. Melatonin, an essential hormone for
the circadian rhythm, is synthesized in the pineal gland9. A high level of melatonin is observed during the dark period during the 24-h light-
dark cycle10. However, intensive light at night suppresses its synthesis and disrupts the circadian rhythm11. Melatonin suppression due to
overexposure to bright lights at night can be a risk factor for breast cancer in women12,13,14. Besides these hazards, blue light interrupts the
activities of nocturnal amphibians and can be threatening to ecological protection. It has also been reported that LED lighting in museums is
discoloring the actual colors of oil paintings painted by Van Gogh and Cézanne15,16.

Thus, a blue-emission free and low CCT candle-like organic LED (OLED) can be a good substitute for LED and CFL. Candles emit a blue-
hazard-free and low CCT (1,914 K) illumination, as well as a high-quality (high color rendering index, CRI) emission spectrum. However, most
of the electricity-driven lighting devices emit intense blue light with a comparatively high CCT. For example, the lowest CCT is about 2,300 K for
incandescent bulbs, while it is 3,000 or 5,000 K for warm or cold white fluorescent tubes and LED luminaires. So far, low CCT OLEDs nearly free
of the blue emission have been fabricated for human-friendly lighting. In 2012, Jou's group reported a physiologically friendly, dry-processed,
single emissive layer OLED with a CCT of 1,773 K and a power efficiency of 11.9 lm/W17. The device exhibited a much lower CCT as compared
to the incandescent bulb (2,300 K), while its power efficiency was not acceptable from an energy-saving point of view. They reported another
dry-processed candlelight-style OLED by using double emissive layers along with a carrier modulation layer18. It exhibited a low CCT of 1,970
K and a power efficiency of 24 lm/W. Later on, a dry-processed OLED consisting of three emissive layers along with a carrier modulation layer
was reported19. Its power efficiency was from 21 to 3 lm/W and varied with the CCT, which ranged from 2,500 K to 1,900 K. In 2014, Hu et al.
reported a dry-processed hybrid OLED with double emissive layers separated by an interlayer, which showed a high power efficiency of 54.6
lm/W and a low CCT of 1,910 K20. Recently, Jou's group has fabricated a high-efficiency candlelight-style OLED by employing double emissive
layers21. It exhibited a high power efficiency of 85.4 lm/W with a CCT of 2,279 K. Until now, all efforts have been made to develop high efficiency,
low CCT candlelight-style OLED devices by utilizing dry processes and complicated device architectures17,18,19,20,21,22. Devising a candlelight
OLED with wet-process feasibility while simultaneously having a low CCT, a high power efficiency, and a high light quality is a challenge. No
study has been developed to describe the emission spectrum sensitivity of a given light source with respect to the blue light. The quality of light
at night can be decided/improved to minimize the suppression of melatonin secretion.
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There are some reported models that calculate the amount of suppression. Firstly, Brainard et al.23 and Thapan et al.24 reported the spectral
sensitivity by using monochromatic light. Later on, the effect of polychromatic light on melatonin suppression was described25,26. The latter is
adopted in this study, since most of the commercially available luminaires or novel lighting sources are polychromatic and span over the entire
visible range (i.e., from deep red to violet).

In this work, we present comprehensive protocols for the fabrication of blue-hazard-free candlelight OLEDs via dry and wet processes.
In both processes, the device architecture is simplified by employing a single emissive layer without any carrier modulation layers. The
electroluminescent (EL) spectrum of the fabricated OLED is analyzed for the retinal exposure limit and for the level of melatonin secretion
suppression. A maximum exposure limit of emitted light to the retina is calculated by using the theoretical aspect that was reported by the
International Electrotechnical Commission (IEC) 62471 standard27,28. The maximum exposure limit "t" is calculated by using the emission
spectrum of each OLED at the brightness of 100 and 500 lx, sufficient for home and office illumination, respectively. All related calculation steps
are sequentially given in the protocol section. Further, the effect of lighting on the melatonin suppression sensitivity is calculated by following the
equations of the action spectrum of melatonin suppression29. The calculation is done by following the steps given in the protocol section. The
calculated values of the maximum exposure limit "t" and the melatonin suppression sensitivity (%) with respect to CCT are given in Table 3.

Protocol

NOTE: All the materials used are non-carcinogenic, non-flammable, and non-toxic.

1. Fabrication of Blue-hazard-free Candlelight OLED

1. Dry process
1. Take a glass slide as a substrate to be coated with a 125 nm indium tin oxide (ITO) anode layer. Wash the substrate with 200 mL (50

mL of liquid detergent and 150 mL of deionized water) of soap solution. Rinse the substrate with deionized water. Dry the substrate
with a nitrogen jet spray.

2. Put the substrate on a glass slide holder and dip the slide holder in acetone solution in a beaker. Put the beaker in an ultrasonic bath.
Sonicate the substrate at 50 °C for 10 min.

3. Transfer the slide holder with the substrate to isopropanol solution in a beaker and again sonicate at 60 °C for 10 min.
4. Take out the substrate from the beaker and put it in the UV/ozone slot for 10 min to dry. Clean the surface completely.
5. Break the vacuum of the thermal evaporator chamber by closing the valve of the high vacuum and opening the valve of nitrogen gas to

the chamber.
6. Load the cleaned substrate in the chamber on the rotating substrate holder. For each layer that will be deposited, load 100 mg of each

required organic material, 3 mg of lithium fluoride (LiF), and a 224 mg aluminum (Al) ingot into the crucible inside the chamber.
7. Close the door of the chamber and wait for a high vacuum of 5×10-6 Torr. Once the high vacuum has been reached inside the chamber,

start the deposition of the organic layers onto the substrate with ITO.
1. Deposit a 5 nm hole injection layer at a deposition rate of 0.8-1 Å/s.
2. Deposit a 25 nm transport layer at a deposition rate of 1-1.5 Å/s.
3. Deposit a 30 nm emissive layer (8 wt.% green dye and 0.85 wt.% deep-red dye doped in 20 mg of a specified host) at a

deposition rate of 1-1.5 Å/s.
4. Deposit a 30 nm electron transport layer at a deposition rate of 1-1.5 Å/s.
5. Deposit a 20 nm layer of electron transport co-evaporate with electron injection material at a deposition rate of 1-1.5 Å/s.
6. Deposit a 1-nm electron injection layer of LiF at a deposition rate of 0.3-0.4 Å/s.
7. Deposit a 100-nm cathode layer of Al at a deposition rate of 10-15 Å/s.

8. Turn off the current controller and wait 10 min under high vacuum. Close the valve for high vacuum and open the valve for nitrogen gas
to the chamber to break the high vacuum.

9. Move the fabricated OLED device from the chamber to the atmosphere, and then transfer it to a glove box with an encapsulation
machine under a nitrogen atmosphere.

10. Encapsulate the fabricated OLED device with a top cover made of glass by using glue and then dry the glue by putting the device in UV
radiation box for 110 s.

11. Eject out the encapsulated OLED device from the glove box and transfer it to the darkroom for measurements.

2. Wet process
1. Clean the ITO-coated substrate by using the aforementioned cleaning procedures from steps 1.1.2 to 1.1.4.
2. Take an aqueous solution of PEDOT: PSS (stored at 4 °C) to deposit the hole injection layer. Filter the solution in a vial by using a 25-

mm diameter filter consisting of a nylon fabric with a pore size of 0.45 µm.
3. In a vial, prepare the hole transport layer solution of 3,6-bis(4-vinylphenyl)-9-ethylcarbazole (VPEC)30 dissolved in chlorobenzene

solvent in the ratio of 3 mg:1,000 µL. Sonicate the solution for 30 min in the ultrasonic bath and filter the sonicated solution in a vial with
a 15-mm diameter filter consisting of a nylon fabric with a pore size of 0.45 µm.

4. Prepare a solution for the emissive layer.
1. Take 5 mg of the specified host material and dissolve it in tetrahydrofuran (THF) in a ratio of 10 mg:1,000 µL. Sonicate the host-

solution at 50 °C for 30 min.
2. Take 1 mg of each of the required guest materials and dissolve them in THF in a ratio of 1 mg:1,000 µL. Sonicate the guest-

solution at 50 °C for 30 min.
3. Filter each solution separately in vials with a 15 mm diameter filter consisting of a nylon fabric with a pore size of 0.45 µm.
4. Mix the guest-solution into the host-solution according to the given weight percent (3 wt.% of yellow dye, 6 wt.% of orange-dye,

and 12.5 wt.% of green dye), doping for the emissive layer.
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5. Transfer the vials of PEDOT: PSS, VPEC, and emissive layer solutions along with pre-cleaned substrate and pipette them into the
glove box.

6. Start coating the layers onto the substrate with ITO in the following sequence under a nitrogen atmosphere: the hole injection layer,
hole transport layer, and emissive layer.

1. Deposit a 35 nm hole injection layer by spin-coating a 750 µL solution of PEDOT: PSS at 4,000 revolutions per min (rpm) for 20
s.

2. Dry the PEDOT: PSS layer at 120 °C for 40 min to remove residual solvent.
3. Deposit a 10-nm hole transport layer by spin-coating a 400 µL solution of VPEC at 3,000 rpm for 20 s.
4. Bake the layer at 120 °C for 20 min to remove residual solvent.
5. Heat the layer at 230 °C for 40 min for a crosslinking reaction to occur before depositing the emissive layer30.
6. Deposit a 20 nm emissive layer by spin-coating a 400-µL solution at 2,500 rpm for 20 min.

7. Eject out the spin-coated substrate from the glove box to the atmosphere and transfer it to the thermal evaporator chamber for the
further deposition of layers. Break the vacuum of the thermal evaporator chamber by closing the valve of the high vacuum and open
the valve of the nitrogen gas to the chamber.

8. Load the substrate in the chamber on the rotating substrate holder. Load the 45 mg of TPBi, 3 mg of LiF, and a 224 mg Al ingot into
the crucible inside the chamber for the layers that will be deposited. Deposit the layers onto the substrate with the emissive layer in the
following sequence.

1. Deposit a 32 nm electron transport layer of TPBi at a deposition rate of 1-1.5 Å/s.
2. Deposit a 1 nm electron injection layer of LiF at a deposition rate of 0.3-0.4 Å/s.
3. Deposit a 100-nm cathode layer of Al at a deposition rate of 10-15 Å/s.

9. Turn off the current controller and wait 10 min under the high vacuum. Follow the aforementioned procedures from steps 1.1.8 to 1.1.11
to complete the encapsulated OLED device.

3. Calculation of the retina-permissible exposure limit "t":
1. Measure the EL spectrum of the lighting device by using a spectroradiometer. The resulting EL spectrum is shown in Figure 1a.
2. Measure the EL spectrum data (intensity versus wavelength) at a CCT.
3. Convert the EL spectrum data to spectral radiance Eλ (normalized intensity versus wavelength). Change the spectrum to the format

shown in Figure 1b.
4. Use the spectral data from the blue light-weighted function for measuring the retinal hazard from lighting source (i.e., draw the blue light

hazard function B(λ) with respect to the wavelength)28. The resulting plot is shown in Figure 1c.
5. Calculate the value of the radiance (EB) of a given light source by using the spectral radiance Eλ and blue-hazard function B(λ)

corresponding to each wavelength.
6. Put the values of Eλ and B(λ) from the abovementioned plots into the following formula:

 

  .....(1)

7. Get the numerical value of EB in W m-2.
8. Put the value of EB in the maximum permissible retinal exposure limit "t" formula:

 

 .....(2)

9. Acquire the exposure limit "t" with respect to the CCT of a given light source.

4. Calculation for melatonin suppression sensitivity:
1. Measure the EL spectrum of a given lighting device by using spectroradiometer. The resulting spectrum is shown in Figure 2a.
2. Get the melatonin suppression power per quantum, SPQ, from the programmed data29. For a given monochromatic light λ, express the

SPQ as follows:
 

SPQ (λ) = 10 (λr-λ)/C  …………. (3)
 

The values of SPQ (λ) with respect to wavelength are given in Table 1, and the respective graph is shown in Figure 2b.
3. Use the photopic luminosity function V (λ) to convert SPQ (λ) into the melatonin suppression power per lux, SLC (λ), in order to give it a

practical meaning. The values of V (λ) with respect to the wavelength are given in Table 2, and the respective graph is shown in Figure
2c.

4. Express the correlated melatonin suppression power, SLC (λ), for a polychromatic light, as follows:29
 

SLC (λ) = ∫λSPQ(λ)SI(λ)dλ/∫ V(λ)SI(λ)dλ  …………….. (4)
5. Put the values of the intensity SI (λ) from the EL spectrum of a given light source along with the values of SPQ (λ) and V(λ) with respect

to the wavelength in the above formula and calculate the SLC (λ) as follows:
 

SLC (λ) =
 

6. Retrieve a numerical value of SLC (λ) in lx-1 from the above calculation. For example, by putting the SI (λ) from the EL spectrum of the
given candlelight OLED with a CCT of 1,940 K, the melatonin suppression power is:
 

SLC (λ) = 90 lx-1

7. Choose a reference light to calculate the relative melatonin suppression sensitivity of a given light source. The reference light can be a
wavelength of 460 or 480 nm. Here, we choose a blue light of 480 nm as the reference light.

8. Calculate the SLC (λ) for the reference blue light (480 nm) by using the abovementioned formula.
 

SLC (480 nm) = 3,445 lx-1

9. Divide the SLC (λ) of a given light source by the SLC (480 nm) and multiply the quotient by 100 to get the melatonin suppression
sensitivity percentage (%) of a given light relative to the reference blue light.
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Relative melatonin suppression sensitivity =  ×100 % ……….... (5)
 

NOTE: For example, relative melatonin suppression sensitivity = ×100% = 2.61%. Thus, the given candlelight OLED shows a
melatonin suppression sensitivity of 2.61% relative to that of the 480-nm blue light.

Representative Results

The current-voltage-luminance characteristics of the resulting candlelight OLEDs are measured by using an electrometer together with a 100 A
luminance meter. The emission areas are 9 mm2 for all of the resulting dry-processed devices and are 25 mm2 for wet-processed devices. Here,
we used a 125 nm ITO-coated glass substrate with a sheet resistance of 15 Ω/sq as an anode. It has a transparency greater than 84% (Table
4). All the OLED devices consisting of an Al cathode are measured with luminance in the forward direction. The EL spectrum and Commission
International de l'Eclairge (CIE) color coordinates are obtained by using a spectroradiometer31. The resulting EL spectrum is used to calculate
the retina exposure limit "t" and the melatonin suppression power. All the calculation steps are sequentially given in the protocol section.

The permissible retinal exposure is calculated from the radiance of the given light source that is directed to the human eye. The maximum
exposure duration for blue light could be equal to or lower than 100 s if the human eye is directed to a light source of radiation EB = 1 Wm-2. If the
radiance is less than 1 Wm-2, the exposure limit will exceed 100 s27. The calculated maximum exposure limit "t" can be used to classify the given
light source into one of the four risk groups (i.e., Risk Group 0 (RG0), Risk Group 1 (RG1), Risk Group 2 (RG2), and Risk group 3 (RG 3) if "t" is
greater than 10,000 s, between 10,000 and 100 s, between 100 and 0.25 s, or less than 0.25 s, respectively). Figure 3a and 3b shows the effect
of CCT at 100 lx and 500 lx on the retinal exposure limit of the blue-hazard-free candlelight OLEDs made via dry and wet processes. Generally,
the admissible exposure limit would increase with a decreasing CCT. Most importantly, the applied illuminance has an extremely profound effect
on the retinal maximum permissible exposure limit. By reducing the applied brightness from 500 to 100 lx, the entire exposure limit shifts into the
RG0 zone, most of which would otherwise be located in the RG1 zone. Those lighting devices that exhibit a CCT lower than 1,922 K especially
shift their exposure limits to RG0, as shown in Figure 3a. Taking the radiation at 500 lx, for example, the retina can tolerate 1,020 s at 2,700 K
(Device 1-i), 1,226 s at 2,100 K (Device 1-ii), and 6,284 s at 1,864 K (Device 2-i). In other words, light at 1,864 K is 5 and 6.2 times safer than
light at 2,100 K and 2,700 K, respectively. As shown in Figure 3b, all the studied OLED devices show exposure limits with a risk group RG1 at
500 lx. By reducing the illumination to 100 lx, the exposure limit will increase by 5 times over the entire CCT studied. In other words, it will be 5
times safer to adopt an illuminance of 100 lx in lieu of 500 lx. As shown in Figure 3a, at 100 lx, the devices (2-i, ii, iii) with a CCT from 1,922 K
to 1,864 K show an exposure limit with a RG0 classification. It should be noted that any devices with the RG0 classification are still harmful to
the retina, as the exposure time exceeds 100,000 s. Therefore, even the low-CCT OLED shows a permissible exposure time limit beyond which
retinal damage can occur.

The melatonin suppression sensitivity is calculated by using the EL spectrum of candlelight OLED, the melatonin suppression power per lux, and
the luminosity function. The melatonin suppression power per quantum, SPQ, at varying wavelengths is given in Table 1. The suppression power
per photon is then converted into per lux by using the luminosity function V(λ). The average intensities of lights at different wavelengths are given
in Table 2. The reference blue light of 480 nm is used to calculate the relative melatonin suppression sensitivity of the candlelight OLED. The
whole calculation is done by using the protocol steps 1.4.1 to 1.4.9.

As shown in Figure 4, all the fabricated blue-hazard-free candlelight OLED devices show a melatonin suppression sensitivity below 4%. Device
1-i with a CCT of 2,700 K suppresses the secretion of melatonin to 3.19%, Device 1-ii with a CCT of 2,100 K suppresses it to 2.74%, and Device
1-iii with a CCT of 1,940 K suppresses it to 2.61%. In other words, Device 1-iii suppresses 18% and 14% less melatonin secretion than Devices
1-i and 1-ii, respectively. Moreover, Device 2-iii, with a CCT of 1,922 K, shows the minimum melatonin suppression sensitivity, 1.05%, among
all the reported OLED devices. Therefore, Device 2-iii is 67% better than Device 1-i (2,700 K). Moreover, the warm-white LED (CCT: 2,632 K,
melatonin suppression sensitivity: 8%) and cold-white CFL (CCT: 5,921 K, melatonin suppression sensitivity: 29%) are 662% and 2,662% more
hazardous to melatonin secretion than the OLED Device 2-iii counterpart. Therefore, the blue-hazard-free candlelight OLEDs that exhibit a very
low suppression effect on the secretion of melatonin and can be used at night without greatly disturbing the secretion of melatonin.

Moreover, light quality is one critical parameter of any illumination source. The color rendering index (CRI) was once considered the most reliable
metric to quantify the light quality of a given lighting source. However, some shortcomings are noticed in CRI values. To improve upon it, a new
light quality index, spectrum resemblance index (SRI), is reported. It is defined as the percentage similarity between a given light source and its
corresponding blackbody radiation based on the same CCT32,33. In order to create a quality light, a low CCT or blue emission-free lighting device
with a high SRI is needed. Nonetheless, the available lighting devices do not demonstrate these qualities. Here, the reported blue-hazard-free
candlelight OLED devices exhibit an SRI ranging from 75 to 84, with a low CCT from 1,864 K to 2,700 K. For example, the OLED devices with
CCT values of 1,922 K and 1,940 K show SRI values of 76 and 81, respectively (Table 3). The emitted lights of a candle and blue-hazard-free
candlelight OLED are shown in Figure 5.

From an energy-saving perspective, candles are considered energy-wasting (0.1-0.3 lm/W). The reported blue-hazard-free candlelight OLED
exhibits a power efficiency of 30 lm/W, which is twice that of an incandescent bulb and 300 times that of a candle. The performance of each
device is given in Table 3. In addition, this candlelight OLED provides a physically cool but sensationally warm glow. It is energy-saving, non-
obtrusive, and free from flickering, glare, and UV radiation. The blue-hazard-free candlelight OLED is safe to use instead of candles or the other
current white lights.
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Figure 1: (a) Sample EL spectrum of the given candlelight OLED, (b) normalized EL spectrum of the fabricated candlelight source, and (c) blue-
light hazard function with respect to the wavelength and action spectrum of the blue-light hazard with a crystalline lens in the eye28(reproduced
from ICNIRP 2013). Please click here to view a larger version of this figure.

 

Figure 2: (a) Sample EL spectrum of the fabricated candlelight OLED, (b) melatonin suppression power per quantum, SPQ, versus wavelength29,
and (c) luminosity function V(λ) (normalized intensity of different lights versus the wavelength). Please click here to view a larger version of this
figure.

 

Figure 3: Effect of the CCT of the blue-hazard-free candle light OLEDs on the retinal maximum permissible exposure limit at (a) 100 lx and (b)
500 lx. At a high brightness, even a low CCT OLED may pose a threat to the retina. Please click here to view a larger version of this figure.

 

Figure 4: Effect of CCT on the melatonin suppression sensitivity (%) of the blue-hazard-free candlelight OLEDs, made via dry and wet
processes, and warm-white LED. The blue-hazard-free candlelight OLED exhibits a very low suppression effect on the secretion of melatonin.
Please click here to view a larger version of this figure.
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Figure 5: Photographs of cloud papers with rainbows and white colors illuminated by candles (left) and a blue-hazard-free candlelight OLED
(right) at 10 lx34. Please click here to view a larger version of this figure.

wavelength(nm) SPQ wavelength(nm) SPQ wavelength(nm) SPQ wavelength(nm) SPQ 

380 21.54435 484 0.88444 588 0.03631 692 0.00149

384 19.05461 488 0.78223 592 0.03211 696 0.00132

388 16.85259 492 0.69183 596 0.0284 700 0.00117

392 14.90505 496 0.61188 600 0.02512 704 0.00103

396 13.18257 500 0.54117 604 0.02222 708 9.12E-04

400 11.65914 504 0.47863 608 0.01965 712 8.07E-04

404 10.31177 508 0.42332 612 0.01738 716 7.13E-04

408 9.12011 512 0.3744 616 0.01537 720 6.31E-04

412 8.06616 516 0.33113 620 0.01359 724 5.58E-04

416 7.134 520 0.29286 624 0.01202 728 4.94E-04

420 6.30957 524 0.25902 628 0.01063 732 4.37E-04

424 5.58042 528 0.22909 632 0.0094 736 3.86E-04

428 4.93552 532 0.20261 636 0.00832 740 3.41E-04

432 4.36516 536 0.1792 640 0.00736 744 3.02E-04

436 3.86071 540 0.15849 644 0.00651 748 2.67E-04

440 3.41455 544 0.14017 648 0.00575 752 2.36E-04

444 3.01995 548 0.12397 652 0.00509 756 2.09E-04

448 2.67096 552 0.10965 656 0.0045 760 1.85E-04

452 2.36229 556 0.09698 660 0.00398 764 1.63E-04

456 2.0893 560 0.08577 664 0.00352 768 1.45E-04

460 1.84785 564 0.07586 668 0.00311 772 1.28E-04

464 1.63431 568 0.06709 672 0.00275 776 1.13E-04

468 1.44544 572 0.05934 676 0.00244 780 1.00E-04

472 1.2784 576 0.05248 680 0.00215

476 1.13066 580 0.04642 684 0.00191

480 1 584 0.04105 688 0.00169

Table 1: Intensity versus suppression power per quantum29, SPQ.
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Wavelength
(nm)

Intensity Wavelength
(nm)

Intensity Wavelength
(nm)

Intensity Wavelength
(nm)

Intensity

380 4.00E-05 484 0.16366 588 0.78061 692 0.00714

384 5.83E-05 488 0.19197 592 0.73206 696 0.00544

388 9.15E-05 492 0.22777 596 0.68174 700 0.00414

392 1.58E-04 496 0.27123 600 0.63095 704 0.00315

396 2.51E-04 500 0.32467 604 0.57982 708 0.00242

400 4.03E-04 504 0.39087 608 0.52858 712 0.00184

404 6.33E-04 508 0.46488 612 0.47824 716 0.0014

408 9.45E-04 512 0.54392 616 0.4292 720 0.00106

412 0.00159 516 0.6281 620 0.38107 724 7.97E-04

416 0.00253 520 0.70784 624 0.33365 728 6.05E-04

420 0.00405 524 0.77659 628 0.28762 732 4.50E-04

424 0.00656 528 0.83515 632 0.24551 736 3.38E-04

428 0.00979 532 0.88379 636 0.2086 740 2.51E-04

432 0.01361 536 0.92268 640 0.17539 744 1.87E-04

436 0.01803 540 0.95299 644 0.14556 748 1.40E-04

440 0.02303 544 0.97501 648 0.11924 752 1.04E-04

444 0.0285 548 0.98946 652 0.09655 756 7.94E-05

448 0.03461 552 0.99751 656 0.07745 760 6.02E-05

452 0.0419 556 0.99921 660 0.0613 764 4.55E-05

456 0.05033 560 0.99408 664 0.04778 768 3.47E-05

460 0.06012 564 0.9819 668 0.03686 772 2.59E-05

464 0.07118 568 0.96302 672 0.02833 776 1.96E-05

468 0.08388 572 0.9377 676 0.02212 780 1.50E-05

472 0.09942 576 0.9062 680 0.0171

476 0.11778 580 0.86915 684 0.0129

480 0.13932 584 0.82678 688 0.00963

Table 2: Intensity of different lights in the visible range.

 

Table 3:. Operation voltage (OV), power efficiency (PE), CCT, light quality spectrum resemblance index (SRI), exposure limit "t", melatonin
suppression sensitivity (%), and maximum luminance of the studied blue-hazard-free candlelight OLED devices made via dry and wet processes.
Please click here to view a larger version of this table.

Discussion

The most critical steps in the fabrication of OLED devices are: 1) cleaning the glass substrate, 2) selecting the appropriate solvent, 3) dissolving
the organic materials, 4) uniformly forming the film via spin-coating in the wet process, and 5) controlling the deposition rate and thickness of the
organic layer during the thermal evaporation. Initially, cleaning the ITO anode coated substrate is a crucial step to achieve high efficiency. The
glass substrate is cleaned with soap solution to remove greasy spots or layers. Then, it is ultra-sonicated in acetone, followed by isopropanol,
to eradicate dirt particles from the anode layer. UV/ozone treatment is given to the substrate before depositing any layer on the ITO. UV/ozone
treatment not only dries the substrate, but it also increases the surface oxygen and thus enhances the work function of ITO35. It can reduce the
hole injection barrier to facilitate more hole transport.

Subsequently, organic layers are deposited on the ITO anode by two separate methods, namely the dry process and the wet process. For the
candlelight OLED fabricated with the dry process, all organic molecules are evaporated under high vacuum and deposited successively on the
ITO layer. In this process, temperature is increased gradually step by step, and the organic materials are deposited at a certain temperature.
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It prevents non-uniformity of the thin film and allows for precise layer thickness. Dry-processed candlelight OLED devices are ultra-clean and
free from any non-emissive spots. Nevertheless, this process is limited to producing large-area films and is cost-ineffective due to a large
consumption of organic materials. On the other hand, the wet process includes spin-coating, inkjet printing, and screen printing of polymer and
organic materials, a cost-effective, large-area, and mass-manufacturing procedure for the creation of OLED devices36-38.

For wet-processed candlelight OLEDs, hole injection, hole transporting, and emissive layers are spin-coated at a specified rpm and duration. It
is a fast deposition technique, which allows for continuous production. Major challenges in the wet process are the selection of solvent and the
prevention of undesirable blending of subsequently coated organic layers. Some organic materials do not dissolve properly in the organic solvent
due to a polarity mismatch. Organic solvents also dissolve precast organic layers, resulting in morphological and compositional defects39,40.
To avoid such difficulties, we baked the hole injection layer of a conducting polymer, PEDOT:PSS, to make a more hydrophilic surface before
coating the hole transport layer. After that, a hole transport layer of VPEC is spin-coated and again baked at 120 °C for 20 min to make it
thermally stable and to avoid the presence of residual solvent. Furthermore, the VPEC layer is heated to 230 °C for crosslinking30 the hole
transporting layer. Accordingly, the emissive layer is spin-coated onto the hole transporting layer to circumvent any morphological defects. The
electron transport layer and cathode layer are deposited via thermal evaporation under high vacuum.

Earlier-reported candlelight-style OLED devices were fabricated by a dry process18,21. These devices were composed of a complex architecture,
like double emissive layers and an additional carrier modulation layer18,21,22. In this study, we have modified the OLED device architecture and
avoided complexity by using a single emissive layer. The reported blue-hazard-free candlelight OLEDs are also fabricated without using any blue
or sky-blue emitters. The EL spectrum of OLED devices can be arbitrarily formed. Dry- and wet-processed OLED devices exhibited differently
shaped emission spectra with low CCT values. These spectra showed different effects from the perspective of maximum exposure limit and
melatonin suppression sensitivity (Table 3).

The dry process allows the vapor deposition of small molecules and oligomers in the multiple layer architecture. Additionally, the dry process
develops various ways to achieve high efficiency. Also, the multiple-layered architecture enables the lower carrier-injection barrier, balanced
carrier-injection to emissive layer, and effective recombination zone to facilitate more carriers to recombine40. However, the dry process has
some issues, such as the limited thermal stability of the organic molecules, the low throughput due to the need of a high-vacuum fabrication
condition, and the material wastage due to the low material utilization rate in deposition, etc.

In contrast, the wet process is more favorable to reduce the production cost and to achieve high efficiency. Low-cost polymeric materials are
promising for multiple-layer, wet-processed OLEDs. Their efficiency is comparatively lower than vacuum-deposited, small molecule organic
materials. In the wet process, efficiency can be improved by utilizing a combination of successive polymer and small molecule layers. Generally,
the employment of a polymeric hole transport layer with high triplet energy is able to stabilize the prior spin-coated hole injection film and also to
confine the excitons generated in the emissive layer. Small-molecule organic materials with high glass transition temperatures are not crystalized
during spin-coating and uphold the film integrity. Additionally, high triplet energy small molecules can be used as an effective host material to
facilitate a host-to-guest energy transfer mechanism. Wet-process fabrication of OLEDs also has some restrictions due to the solubility issue of
its materials. Nowadays, to stabilize the multiple layer architecture in the wet process, many approaches have been developed that maintain the
solubility from polar to non-polar solvents42,43,44. The wet process enables the devices to be fabricated in large areas and roll-to-roll with high
throughput. The wet process offers more design freedom for disruptive characteristics, such as flexibility, transparency, and ultra-thinness. The
wet process can be a promising technology for OLED lighting.
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