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Fig. 3 Variation in velocity of ink droplets ejected by 10 randomly numbered nozzles with driving voltage. (a) Variation in velocity of

ink droplets ejected by 10 randomly numbered nozzles with driving low voltage V; (b) variation in velocity of ink droplets

ejected by 10 randomly numbered nozzles with driving high voltage V
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Fig. 4 Variation in velocity of ink droplets ejected by 10 randomly numbered nozzles with time of driving voltage. (a) Variation in
velocity of ink droplets ejected by 10 randomly numbered nozzles with rising time Ty; (b) variation in velocity of ink droplets
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Fig.7 Variation of droplet volume variance with driving voltage for multi-nozzle inkjet printing. (a) Variation of droplet volume

variance with driving low voltage for multi-nozzle inkjet printing; (b) variation of droplet volume variance with driving high

voltage for multi-nozzle inkjet printing
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Fig. 8

Variation of droplet volume variance with time of driving voltage for multi-nozzle inkjet printing and ink droplets ejected

simultaneously and uniformly by multi-nozzles after optimizing inkjet printing parameters. (a) Variation of droplet volume

variance with T, for multi-nozzle inkjet printing; (b) variation of droplet volume variance with T, for multi-nozzle inkjet

printing; (c) variation of droplet volume variance with T, for multi-nozzle inkjet printing; (d) ink droplets ejected

simultaneously and uniformly by multi-nozzles after optimizing inkjet printing parameters
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Table 1 Minimum variance and range deviation of volume

variance of droplets ejected simultaneously by multi-nozzles with

different inkjet printing parameters

Parameter Minimum variance  Range deviation
V=40V 0. 0065 0.0137

V=100 V 0.0061 0.4132
T=5 ps 0. 0280 1.9940
T,=9 us 0. 0056 0.4230
T,=6 ps 0.1701 0.2169

L5 L Tk I R SR AT O Y T BT R AT ER
ST AL, FRAT 1 26 2 JOuk 283 4 AT O 1 B2 T
RETTHERY o 552 PR 22 WEWE eS8 4T B vp % 2 BHE )y A
A ORAE TS W T AR 2 W IS 3T BN S R
PR Z a7 36 55 D0 AR AT B2 Bt 5 0 5% 1 4R 45 22 g
g ] I % S s 3 A B4y 5 A g ) R S 5 7 I S g L
3 R 52 B T AR A 22 W Y A 4T EDEOR AR 4L T
LSRR,

4 4k 1w

Il FH 22 it I Mt S8 T B AR W G 1 &) AR R AR AT A5
G R AR TE AR RO E 0 S . SR 2 W It SR 4T
El PEDOT : PSS 2 /K #4 %}, i 1 4 £k w5 28 4T EN 3K s
FEPETE 280 (T ZAL G 3K 3h I JE & AR H R, ik ol i B
e T D O TR R VR R () S ) R 5 2 I g
YA RRTE . FESLEERL L SR R SR AT EN S 8
WS AR AT N DA B B i A AR AR 1Y O 22 T/ BT mE
BT BN S 00 S5 T SR AR IR BV fR AT M i s L A5 8] 2
M I ) FsF M G B i A AR O 22 SR /AN 2 R 0. 006 1) &5
Wo XL AR R T WEAETT B IK 2 H e S 00T 22 1 I
S BRI IR A R R RE ), O SR B A AT BN 2
AN ECE A A I M S e SR Sl N (U5 )
SR,

& £ x #t

[1] Hermerschmidt F, Hengge M, Schréder V R F, et al. A guide
to qualitative haze measurements demonstrated on inkjet-printed
silver electrodes for flexible OLEDs[J]. Proceedings of SPIE,
2021, 11808: 118080B.

[2] Yang Y, Chang S C, Bharathan J, et al. Organic/polymeric
electroluminescent devices processed by hybrid ink-jet printing
[J]. Journal of Materials Science: Materials in Electronics, 2000,
11(2): 89-96.

(3] SR, XUFgMN, £ 0 B FREAFTENHOR i R A W i 8OO
BR[T] WA Bk, 2009, 24(3): 311-321.

(4]

(6]

(7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

1031002-6

Peng I B, Liu N L, Wang J. Progress in polymer light-emitting

displays by ink-jet printing[J]. Chinese Journal of Liquid Crystals
and Displays, 2009, 24(3): 311-321.

Macpherson C, Anzlowar M, Innocenzo J, et al. 39.4:
development of full color passive PLED displays by inkjet
printing[J]. SID Symposium Digest of Technical Papers, 2003,
34(1): 1191-1193.

Gupta R, Ingle A, Natarajan S, et al. 44.3: ink jet printed
organic displays[J]. SID Symposium Digest of Technical
Papers, 2004, 35(1): 1281-1283.

Lee D, Chung J, Rhee J, et al. P-66: ink jet printed full color
polymer LED displays[J]. SID Symposium Digest of Technical
Papers, 2005, 36(1): 527-529.

Sakai S, Takei S, Kitabayashi A, et al. Precise inkjet
fabrication for large size OLED displays[J]. NIP &. Digital
Fabrication Conference, 2009: 415-827.

Takei S, Kitabayashi A, Hanaoka H, et al. P-186L: late-news
poster: fabrication of completely uniform OLED display using an
improved inkjet method[J]. SID Symposium Digest of Technical
Papers, 2009, 40(1): 1351-1354.

Chen P Y, Chen C C, Hsieh C C, et al. P-56: high resolution
organic light-emitting diode panel fabricated by ink jet printing
process[J]. SID Symposium Digest of Technical Papers, 2015,
46(1): 1352-1354.

Shu Z, Beckert E, Eberhardt R, et al. ITO-free, inkjet-printed
transparent organic light-emitting diodes with a single inkjet-
printed Al: ZnO: PEI interlayer for sensing applications[J].
Journal of Materials Chemistry C, 2017, 5(44): 11590-11597.
AR . WS T BN X R e R [T) Jt e SOt R,
2018, 16(4): 1-7.

Peng J B. Ink jet printing film and its display[J]. Optics &
Optoelectronic Technology, 2018, 16(4): 1-7.

Hibon P, von Seggern H, Tseng H R, et al. Improved thin film
stability of differently formulated, printed, and crosslinked
polymer layers against successive solvent printing[J]. Journal of
Applied Polymer Science, 2020, 137(29): 48895.

Han Y J, Kim D Y, An K, et al. Sequential improvement from
cosolvents ink formulation to vacuum annealing for ink-jet
printed quantum-dot light-emitting diodes[J]. Materials, 2020,
13(21): 4754.

Why, =2, BT, A BURAT O 7 SRR ] RO
e, 2021, 42(6): 880-888.

Guo B, Mu L, Luo Y, et al. Ink formulation of quantum dots in
ink jet printing[J]. Chinese Journal of Luminescence, 2021, 42
(6): 880-888.

R, TR, RBEBL, 45 . MEERAT ED7E R RSF OLED SR iy
I A, BEaE 4R 2021, 66(17): 2117-2128.

Tang Z B, Ding S, Kang K, et al. Application of inkjet printing
in the large area display of organic light-emitting diode[J].
Chinese Science Bulletin, 2021, 66(17): 2117-2128.

Du Z H, Xing R B, Cao X X, et al. Symmetric and uniform
coalescence of ink-jetting printed polyfluorene ink drops by
controlling the droplet spacing distance and ink surface tension/
viscosity ratio[J]. Polymer, 2017, 115: 45-51.

Gao AJ, Yan J, Wang Z J, et al. Printable CsPbBr, perovskite
quantum dot ink for coffee ring-free fluorescent microarrays
using inkjet printing[J]. Nanoscale, 2020, 12(4): 2569-2577.
Zhou P L, Yu H B, Zou W H, et al. High-resolution and
controllable nanodeposition pattern of Ag nanoparticles by
electrohydrodynamic jet printing combined with coffee ring effect
[J]. Advanced Materials Interfaces, 2019, 6(20): 1900912.

Tao R Q, Fang Z Q, Ning H L, et al. Gel-switchable droplet
front for large-scale uniformity of inkjet printed silver patterns[J].
Advanced Materials Technologies, 2019, 4(2): 1800243.

Lu S H, Zheng J N, Cardenas J A, et al. Uniform and stable
aerosol jet printing of carbon nanotube thin-film transistors by

ink temperature control[J]. ACS Applied Materials &



F43% F 10 H1/2023 £ 5 B/ RFFR

[21]

Interfaces, 2020, 12(38): 43083-43089. (22] X025, w5, SEOREL . BT 4 e RURRAE 4 7 35 (1) OLED {2 2 ik
VR, VT, SR R TR TR A AL/ AR S L R Bz 1[0, DA 4, 2023, 43(2): 0212005.

WFFE[T]. a4, 2023, 43(9): 0929001. LiuL, Ye Y, Guo T L. Defect detection of OLED pixel based
Tang Z M, Sun N, Zhang J. Study on Raman enhancement of on expanded feature pyramid[J]. Acta Optica Sinica, 2023, 43
silver/paper composite structure using inkjet printing[J]. Acta (2): 0212005.

Optica Sinica, 2023, 43(9): 0929001.

Control of Multi-Nozzle Inkjet Droplet Uniformity Based on
Volume Variance

Lin Jianpu', Zhang Shengjie', Cao Xianghong®, Ye Yun®”, Guo Tailiang’
'School of Advanced Manufacturing, Fuzhou University, Quanzhou 352200, Fujian, China;
*College of Physics and Information Engineering, Fuzhou University, Fuzhou 350108, Fujian, China;
‘Fujian Science & Technology Innovation Laboratory for Optoelectronic Information of China, Fuzhou 350108,

Fujian, China
Abstract

Objective Inkjet printing technology has attracted extensive attention in the application of optoelectronic devices because
of its low ink consumption, high-resolution pattern, and flexible production scale. However, one of the primary goals of
inkjet printing is to achieve uniform deposition of functional films, which is dependent on stable ink droplet jetting. It is
essential to achieve stable jetting by the adjustment to the physical properties of inks as well as the printing parameters.
Much effort has been put into the development of inkjet inks, including the rheological properties of the inks, such as
viscosity, viscoelasticity, and surface tension, which allows them to produce excellent spatially homogeneous films.
Although the quality of the devices has been assured by better consistency in the films, they all suffer from low productivity
and long cycles when printing with a single nozzle. There is an urgent need to develop new manufacturing technology with
high economic efficiency for large-area uniform and efficient printing production. As a viable alternative, multi-nozzle
inkjet printing not only overcomes the limitations of mass production but also provides better performance, higher
prospective advantages, and lower costs. Nevertheless, many issues impede its future applications and must be addressed.
One of the most challenging issues is the thickness variation of deposited films injected through multiple nozzles
simultaneously. The inhomogeneity is caused by the variation in the volume of the droplets injected by different nozzles.
Some researchers suggest that the issue should be addressed by a deep-learning-based strategy, which can identify and
moderate the droplet jetting status of a single-jet printing process. However, this approach is unwieldy used due to
unavoidable external constraints on practical applications.

In the present study, printing PEDOT:PSS is a key tactic for balancing the interaction among nozzles and overcoming
the unevenness of injecting. Our work facilitates the application and development of large-scale inkjet printing technology.
For the manufacturing of large-scale luminescent display panels, it is crucial to achieve stable and uniform ink droplet

injection for multi-nozzle inkjet printing.

Methods In this study, a PIXDRO LP50 multi-nozzle inkjet printing system, consisting of an optical observation system
for ink droplet alignment and a printing device, is employed. The optical observation system is required for temporary
regulation to align the substrate and ink droplets and correct the ink droplet condition prior to printing. Certain software is
used to randomly activate and number 10 of the 128 nozzles, which all have the same basic properties, a pitch of 508 pm,
and a diameter of 27 um. To achieve stable injection and uniform droplets for multi-nozzle inkjet printing, the PEDOT:
PSS ink 1s used for the analysis of the multi-nozzle inkjet printing parameters, including driving high voltage Vy, low
voltage V, rising edge to driving high voltage time T, driving high voltage time T}, and falling edge to driving low
voltage time Ty. In addition, a method for calculating the variance is developed to investigate the behavior of droplet
volume variances to reveal the influence of printing parameters on droplet uniformity in the multi-nozzle inkjet printing
process. Specifically, the states of droplets injected with various printing parameters are obtained and evaluated. The
optimal printing parameters are then determined by the droplet volume as a function of the printing parameters, and the

relative relevance of various printing parameters is calculated by the range operation.

Results and Discussions The multi-ink droplets with excellent volume uniformity are obtained by the adjustment to the
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driving-voltage waveform parameters for inkjet printing, including driving high voltage V, low voltage V,, rising edge to

driving high voltage time Ty, driving high voltage time T}, and falling edge to driving low voltage time Ty. The ink
droplet volume is precisely distributed in the range of 19.3-19.5 pL (Fig. 8). The variations of the volume variance of
droplets injected simultaneously by multiple nozzles are evaluated, and the minimum variance of the impact of each change
in an inkjet printing parameter on the volume of droplets is about 0. 006. The range deviation of inkjet printing factors is
determined by the minimum variance, which shows the volume uniformity of droplets injected simultaneously by multiple
nozzles with different inkjet printing parameters. A small range deviation indicates that the factor has less ability to impact
the collective volume variance of the injected droplets. A large range deviation means parameter changes have a greater
impact on the collective volume variance of droplets. According to the range deviation of the volume variance of each
group of droplets, the ability of inkjet printing parameters to affect the volume change of droplets is ranked as follows: T},
Ty, Vy, Ty, and V, (Table 1).

Conclusions The utilization of multi-nozzle inkjet printing to inject uniform droplets is the key to obtaining large-area
luminescent layers for various types of optoelectronic devices. In this study, PEDOT:PSS ink is used for multi-nozzle
inkjet printing, and the driving voltage waveform parameters for inkjet printing, including high voltage V,;, low voltage
V., rising edge time Ty, peak time T}, falling edge time T}, are analyzed in detail. Moreover, the analysis of the volume
variance of inkjet droplets is proposed to obtain stable and uniform inkjet droplets sprayed from multiple nozzles through
the adjustment to these parameters. The minimal volume variance of many nozzles operating simultaneously is found to be
approximately 0. 006. The effect of driving voltage factors on droplet behavior is ranked according to the variations of the
drop volume variance for multi-nozzle inkjet printing. The ability of driving-voltage parameters to affect inkjet droplet
behavior for multi-nozzle inkjet printing is ranked as follows: Ty, Ty, Vi, Ty, and V. The research provides significant

guidance for realizing large-area electronic devices by multi-nozzle inkjet printing.

Key words measurement; inkjet printing; multi-nozzles; droplet uniformity; volume variance
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