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The main advantages of polymer LEDs include easy
manufacturing, low cost, flexibility, and transparency of
resulting products which have a special place in the world today.
The purpose of this research was to design and manufacture
polymer LEDs in the field of visible light based on conductive
nano-polymers. In this research, a polypyrrole/carbon
nanotube nanocomposite was synthesized and its structural
characteristics were examined by a scanning electron
microscope. The results of this evaluation showed that carbon
nanotubes are attached to the surface of polypyrrole nanotubes
and have good dispersion and uniformity on the surface of the
substrate. Continuing with this nanocomposite, polyvinyl
carbazole (PVK) was combined to create a doped LED polymer,
particularly for its illuminant component. Characterization was
evaluated using the energy diagram and the current-voltage
diagram of the fabricated diode and was analyzed with the LED
fabricated by pure polyvinyl carbazole. The results showed that
more current was obtained by using polypyrrole/carbon
nanotube nanocomposite to the extent that at a constant voltage
of 6 V, the current intensity was approximately 15 times.
Converting the invisible light of LEDs into visible light by
creating nanostructures was one of the achievements of the
present research.
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EXTENDED ABSTRACT

Introduction

In recent years, the demand for efficient lighting has surged, prompting a shift towards
light-emitting diodes (LEDs) due to their energy efficiency, extended lifespan, and
environmental compatibility. To further enhance LED performance and versatility, attention
has turned towards the development of LEDs based on nanostructured conductive
polymers. These materials, characterized by high electrical conductivity and the flexibility
of polymers, offer cost-effectiveness, lightweight properties, and ease of manufacturing
compared to traditional mineral semiconductors. Conductive polymers, thanks to their
conjugated polymer chains, can undergo doping processes that allow for the manipulation
and adjustment of their electrical properties. LED applications based on conductive polymer
nanostructures extend to flexible displays, wearable electronic devices, optical-electronic
devices, and sensors, providing lightweight, flexible, and cost-efficient lighting and display
solutions for various industries.

Polyvinyl carbazole (PVK) has garnered significant attention in the LED field due to its
exceptional charge transfer characteristics, facilitating efficient electron injection and
brighter light emission, thereby enabling LED performance optimization and color
adjustment. Despite these advantages, PVK exhibits relatively low carrier mobility
compared to other materials, potentially impacting LED performance, especially in high-
current applications. Moreover, the complexity of synthesis may pose challenges for large-
scale production and commercialization, necessitating further research and optimization to
overcome these limitations. Continued research and innovation in this field are expected to
yield exciting developments in LED technology, paving the way for enhanced LED
performance and expanded applications in lighting and display technologies.

Based on investigations and research from scientific sources, the study delves into
enhancing the electrical conductivity of LEDs to boost their external quantum efficiency
(EQE). Consequently, this research marks the inaugural focus on utilizing a
nanocomposite of carbon nanotubes (CNT) with the conductive polymer, polypyrrole,
aiming to elevate the conductivity of LED components. The anticipation is that this
nanocomposite, when combined with LED materials, will yield favorable outcomes by
enhancing charge carrier transfer, amplifying current density, and ultimately improving
conductivity and overall efficiency.

Methodology

The preparation of the polypyrrole nanotube/carbon nanotube nanocomposite
involved a meticulous chemical process. Initially, a mixture of nitric acid and sulfuric acid
was created in a 3:1 ratio, taking precautions due to gas production during mixing. Multi-
walled carbon nanotubes were added to the solution and subjected to ultrasonic
treatment for 8 hours, while in a separate container; methyl orange was dissolved in
deionized water and ethanol. Subsequently, pyrrole monomer was added dropwise to the
solution containing functionalized carbon nanotubes, followed by the gradual addition of
ammonium persulfate initiator. The resulting compound was then washed, dried, and
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separated, yielding the polypyrrole/carbon nanotube nanocomposite. A glass substrate
coated with ITO, with specific areas treated to serve as connections for the anode,
underwent a meticulous cleaning process involving adhesive tape, acid solution, and
ultrasonic bathing with various solvents. Following this, the hole transport layer (HTL)
was formed using PEDOT:PSS, with the layering process involving the spreading of the
solution on the substrate and subsequent drying.

The subsequent layering process involved the creation of the light-emitting layer; a
combination of PVK with the polypyrrole/carbon nanotube nanocomposite. This step
required the dissolution of PVK in tetrahydrofuran, followed by the dispersion of the
nanocomposite in the solution. The layering process was carried out under vacuum
conditions to prevent PVK oxidation. Finally, the aluminum cathode was prepared through
thermal evaporation, utilizing a mask, evaporation device, and aluminum placed inside a
crucible. The entire process involved careful temperature control and investigation of
thickness and growth rate, resulting in a meticulously layered aluminum cathode.

Results and discussion

The results and discussion section provides critical insights into the current analysis of
the fabricated diodes. Initially, the section emphasizes the challenges associated with hole
mobility and the resulting energy loss and reduced efficiency. The energy diagram of the
manufactured part illustrates the facilitation of hole transfer due to the presence of
PPyNT/CNT, leading to increased flow within the component. Moreover, the formation of
conductor paths and improved hole entry into the light-emitting layer are identified as
pivotal factors in enhancing the presence of charge carriers, amplifying recombination, and
subsequently boosting internal and external quantum efficiency.

Furthermore, the stability and lifecycle of PPyNT/CNT are highlighted, indicating its
suitability for PLED manufacturing. Although luminescence measurement was not feasible
due to the damage caused by high current, the I-V tests yielded significant results,
showcasing the diode properties of the manufactured parts. The comparison between the
pure PVK and the PPyNT/CNT-infused PVK demonstrates a substantial increase in current
flow, signifying the potential for enhanced light emission, even with a low percentage of
PPyNT/CNT. These findings underscore the promising impact of PPyNT/CNT in
augmenting the performance of the diodes and its potential to increase light emission.

Conclusion

This research aimed to explore the impact of incorporating PPyNT/CNT nanocomposite
into the LED structure and to assess its performance. To achieve this, two samples with
similar structures were prepared, one including the nanocomposite and the other without
it, and the disparity in current flow, indicative of efficiency variance, was examined. By
comparing the I-V diagrams of the two samples produced in this study, the beneficial
influence of PPyNT/CNT in the component fabrication process becomes evident. The
heightened current density engendered by PPyNT/CNT has the potential to elevate the
efficiency of the component, a pivotal consideration in the design and production of PLEDs.
This research incorporated 10 percent by weight of PPyNT/CNT nanocomposite, but it is
anticipated that altering the PVK and PPyNT/CNT ratio or even adjusting the CNT and
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PPyNT ratio, could yield different outcomes, a prospect deserving further investigation
based on findings from the existing scientific literature.
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Figure 1. The voltage-current diagram of the manufactured polymer LED related to the sample made with
PVKand the combination of PVK with PPyNT/CNT.

464



514.9,: 9 GI.S olRS1y uo.l.ﬁ aolilad
VIEVA ) o,land FY 093 VET gy

d:10.48301/KSSA.2024.434009.2

2y i (g y]

5 SISl g m ik (LAPPU Cajorlipl 216 L)
0 5 035 gblw (gdgsd gy

T8 L3S gl T LS L oM I M sgine Lugs

u])-l] B oKl ‘u.c.w':?u 9 LJ L5°“’“” 05; ‘Lg)".‘{) L;W‘) -\

o) 058 05 oS s IS o g T souh 0,5 ety Y
UI)?.I ‘Ol).gj' ‘dld\ép 9 6.5 oKy (Sl (wIge 05; ‘uolc Clud gas -y

LXVLES

Ao OleWb!

colo colil dlax il s yendy (S 59 caiS ablu ogs odes bl 4 axgi b
15 (sl olSale el oyl ccyop Bl 5 (g pmipcillan] CollB o sanzm (Lol
,9 odS ablu sbogs cole § b (Gadxs )l 5l Bas iyl (655l slis
C390al U 8o Gl 50 anl Blas ol 5 sy 2 (S0 458 509> 5o s reeky
S S Son b o] 55l i i 5 Ay g
g & (05 sladlgdgil ols GLas (bl ol gl (S35 )18 (om0 3590 (S2a)
S o )3 (olie (SSI5Sy 5 (SaSTn 5l oad Jate Jomh Aol
S b st a5 JlS sk b syl ool a5 el o5
oolatnl b Shaaseie 0 sl o] 0aiiS gy 252 (6l (o gasds 0 g0 pouly
b @85 518 bl 9590 oud adle 33 S0l 2 Jloges 5 535l plSLs
0T 8,30 a5 gl 5 i s s 45 55005 bl linsges
i Syl IS0 b sy smacle 45 Sl ol b 26,5 3
sy 5 ol Sk sy Pl Sy 3 5 o b ol i sl Jy
Sl b ey 4 5 esSeble slasgs ik oy b oy 10

By pol> iz sbaogliws jl b LS Ll

gy dlio :llle £o5

VYN NE o el
VYN8 o (6,55 50
VXTIV 2l iy

151y a8

ok

Srosky (yo 995 oS ol 30
Bloy youls

RS gl

J9jbS Jes

u)l:fho)a)tc :J . B ”55:4:

1S S Comny

g.kiani@tabrizu.ac.ir

4 @ () & | ©2024 the authors. Published by National University of Skills, YOYA-FEY. g S gL
g Tehran, Iran. This article is an open-access article distributed YRAY-AVAS : ola bl

under the terms and conditions of the Creative Commons S
Attribution-Noncommercial 4.0 International (CCBY-NC License)

(https://creativecommons.org/licenses /by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/
https://portal.issn.org/resource/ISSN/2538-4430
https://portal.issn.org/resource/ISSN/2382-9796
https://karafan.tvu.ac.ir/
https://www.doi.org/10.48301/KSSA.2024.434009.2803
https://orcid.org/0000-0003-3089-8168
https://orcid.org/0000-0001-7913-8974
https://orcid.org/0000-0001-7839-1337

0502 5 Lig9uage Lo FE1-FVA ) oyleds ((1F+F) TV (3118 ole doliliad

doddle

s0iiS ablos (sogys [N el ol sgmgts aal)lS ity (ol Lolis yo gz b (il sl sla Lo 5o
sty Slapian & Cuns (5 )lomn Sblie 5 Wload jalls aa) cal o 00 fonal 5)5lid S, i |5
S5y oledily Jdoay Sre 9 caiiSable slaogs &l D] Slosges a5 6 595 5 e T gld o glaxs,
oaiiS gl (sladgs (5 pdgealss 9 0 Shoe (bl jslatads [Y] cod cemjlams b 653l 5 (Yol yoe L
bloy slayocd by Sy )5 oaiSable sladgs arng 4 1) 055 ax g (liine ()l Gloo )5 L (50
I¥] wlos 5 Gglane gl lisLul

Li> coge (b omeyd g atils VU (S SI oble, o ates JT olge 5l glaias Thle, (slo pois
blpo 31 bl (slayacdy (it Game slagsolatas B 5 [N] w5 o layarly (5230005 5 (s pdyillan
73050 Sraaly Sy Sl dlge b I¥] attn oy ol Slggas 5 S (5 clio Cuad (yran
oy S Sl olym amsii o g 05,8 58 oy Simed b T Siugs slban Tl cov aily o a5 Wt S
[F] 552 ol 5 5 o

3 s b 6l 60L) Slem eily Bl (s y0ely lo )b lgll (e (S50 558 eniS abls glasgys
loolfins ( Soris S ySIl aslyl cilanie slo Kinles & o)l oo 3 )lS cpl alomjl [0 5] w5 ls las 15
o lislogl sblja b olyan bl sloyar 08 4 yammie (ol [0-V] 00 o)Ll o S 5 (5,95 g S
)3 ) Jgame oad plos slaaijo Ll 5 g pdgllasl i Sew Kioled 5 530,98 Sadool; anwg Sl
IVl ass o

2 1) Glite Gladie; g el ) 31055 5l 518 ek Al (S0 5 oS able lavgis slas )5
aalol LAl aen 15 550 9ol )5 (65,1 b g piycillas! (S (55 Saig S slrolKiws ] o a5 8,5 o
0018 ablus (slo3g2d (5518 A 50 (5t (glacd i 4y ok S gy i (2 30 (5950 5 Dl
425 w393 ogilly lad IS 535 & yazie Lolys Juoa & g3l sk e cnl o 8] 0t salys S5e 15
ol LAl el oas )T o Sloe 3gaps o 5 ol 03,5 Ll 595 195 oS aolus (gloogss aise) ,o 1, SLLs
4 ke 5035 St 1y O a5 09 S0 35 5 [V T ams o s o 51 Jle b Jlasl (sl S35 pay
S5, s 5 (S0 58 oS able slasgs o Sles (gluangy GGl ol (e 55 05800 Jiirds, 98 ,La]
il Jengcsh 4z 10 T ols 2ales 5 (65105598 lacs 9k 5 1) a3 )5 51 (granwg il 5 il a3
IV il o5 B K05 0l (S b agliie 1o o] Lol S 25 Lol s oo (ol 355 511, (a5 b Jlis! s>
2,38 ]ql; Y bz b ooyl 50 ot (S ye 5 caiSable slasgs IS LS wilg oo Cusgase ol
@ iy onl pade gl osl S uliie )0 (53luissl g Al wile el (S s 0 Sz Grizres
DN el s s siloainge 5 Slisiss

el w35 S j90 (il SN (S0 ) oaSable Glasgs 3 () (sagleS (B33l (I Gl
ool Jole 1 il oo Sy 55 ooiS abls (5ladgsd 18 mire 9 00iS et Jol 51 o 203k () 4 LT
(g 5 S 0F S 0j9> al 3 Ciizme I sl ,o DY Y] el 4ty (6l slo sl b &

! Light-Emitting Diode (LED)
2 Fluorescent

3 Conductive polymer

4 Doping

5 Polyvinyl carbazole (PVK)

\idd



FAV-FYA O o)l ((VFY) YY) (81,1 cole anlilad wd oyl LAl gdgil Cu jawolSoils L5_‘:})[:’ 1’53

JEsl Gl Jdoay culy speudy (S0 595 caiiSable slasgs 10 eairs s isu b gu,S dglgl oS
oorr 5 DV sles sl ssle (6 5luly o oaalS 4T (e wiisu dgue 1) el (b, JE> 5 b el>
338 JeFos 5 "(glow g3 JedFoh Mol b ot b uibioygs o sl ok dngs 100
Kog: a5 0o w5 Sily Glacll gl e (SsS (s551 S Ll 4 EF 15 cow 9y50 (e
Gl TVENY (o] TSlE )] S )55 slooged sl 7V ()5 (agilsS o5l piSTas (aiizs opl ,o V0]
318 s b5 Cppizman 5 Lol abs SIS oS58 sboogss sl VFIY 5 s S| LS55 (slmogo
2iySllas] SGE ) S )55 sogs S b (Pl b gl oy 9 51 ol (gl Jo5b5587 Jesd-F) Ly
SaS 4y (gl yo S5 by, Sy drangs egyeiime I (5,8 [0 0905 0ol 2 VS5 Ll S S 55 2 )
5 035 gl 5lgsd (51 555, plad el o gl b Sl I3 Jols )5 bl i 511 329950k
o9 hgals 395 Ceaglie b Placls pgmlsS yoSiliw 53 obidie jo jiiw 4 iz V] wols |13 Con 596
(5255 L5l sl oy o S35 gy ool b bl 38l S liis BB (5, plas il
SsSaliws (6 YF-OV g0 15 VU cagiilsS 033k U510 5 0ol 5 p0 b 1 lgicn |, oy agiileS ysSilons
o3l 55 Sl ks @ lals pgileS” (95l KU iz LAl (pizmen 09 Bedod (nl slaaidly plo jllacls pgilsS
a5 ams e ojlx b 4 lacls pgiilsS 1sSiliw Jle (5,5 Loles o ool s (S8l S 55 (Slgiome g )3
V8] ais slw) S5, ples S0 g oorSable (slasgs b wigd oS 5 il b sboadl b logiins

QLSS A ,0 il )T |8 oy 8500 (6 endy 5 abl Gloogs 2l segleS 0n3l o (it il
@ Jato sloygigd S (ilotds sl 69 Joe o sl i sads s go0e Joo ol (Ko Sl el
6)0.«14 9 é!aLu ‘_gl.a:o%o L O‘]o.ﬁ Ll 00 03l drwgl Zawg gﬁf).;)b a>b b 6)"'"1‘ By é.loL..: 6L°°5:‘.° ‘_g‘).u ‘5.0.5
033k a5 a0l oamlie ¢ Jlo ol b .5} e |y > )15 cagleS 03l g cn 5 oo (6 50l Louciiins a5
Ngyse FA T3 50 polie 5l atinsld slacs youly j5 ables Sladgd oud (5 xS0l sla > )5 (segilsS
Froogue (Juivg oid-Tb) b 50 eulasT S adgs 003l a5 ael Cowd & Jaw ol 5l eoliinl b 0,25 b
YO sl o a0 Hlake gl @ gao,s T )b cagilsS 03l syl cel a5 S co oS sl alils (guo)e
adsl 5 Ll slapkd wiile cang () ples sla,Kitaled (40,8 Jlad (sl K0 iz ,0 VY] 09 o 0o
b g1 Sy 5 2 5 s 505 555 @obs (Sl 31 5 ymely S5 5 4 0 (e Yl 23S S
ol e 55 sl LES (0N >0) 15 (pdg, 5ty b1, VeeeCdim? 5l i (Sanis o laghkd ol wilonss axsl
g Veor 5l g g TV e B e il o Sles (ot g St i (59 p (2Bl oS 5 lapkd a5 0y
Gilizee lagyloy b o] @l apnST (695 p o, Sldol K00 oy o IVAl aiiS o Lai> alfai> pusS
oS ol s bl Jleel (5 y0dy 555 gl (sloogs (slp &1 i lsieds oadiogu) (5nST glowdly Slilas
Va0 090 5l YL g BB jsbay a5 0l Lol YIYY CA/A L, leasl,y yiSTas @ido Vo yloy Bide o
oy FA l¥l s by bawgio Glasily 60l VIVE (a3l ond die 6 yeeky )99 gl slooges w09 el
Dval sls las oy b anslio o 1) uilaiogly iSUl s o

! Thermally activated delayed fluorescence (TADF)
2 Poly (4-phenylcarbazole cyano) (P-Ph4CzCN)

3 Poly (5-phenylcarbazole cyano) (P-Ph5CzCN)

4 Organic light-emitting diode

5 Silicon quantum dot

5V



0502 5 Lig9uage Lo FE1-FVA ) oyleds ((1F+F) TV (3118 ole doliliad

Soogs (oSl by Rl (adu il gm) 2 csole mlio 5l a8,5 Ojs0 Gl BglS 5 (o) 2 4 4z gl
s Sl e pal 35 53 nlply b oo ol (25 (coglsS 033k il jolineds (Sye 95 oS abla
by el sl ol it (Jgsm sy bloy yacly b7 (525 Sty el 5 ) oozl (55, 2 o)
Soogs Slge b CojealSel nl S5 09500 Al lewl 0al She3 (Jpe 5 eaiSable slaogs (sl
A yd s LS bz JBe Gl g b Jel JUil ageg S 511 (loaiiSlgael ol ¢ 5o 555 0aiiS abols
a3 ge B (IS 2L g bl

oilojl sl Sy,

tlooa (h9) 41 (0,5 gl ] Jg by gl o jopalS Pl aned

@ gl o) agd 1) ol 4 (llome 350 &850 Col) S poalgas sl S i Sl oS e
a8 o I0 @BV oy e 5l G 0,5 D9 e alaaze 5 o Wb dls el oS 5 Al e 58 oy
plaz 50 el A Saedy 5 0 03538 |8 Jgloeo 4 (NCY-+ v gl &5 08 cdlo) ojlazais (oS dglgl
Il o5 w55 ol 595 2T SebeaS 3058 09,5 Jale slowl g (2,8 sl ojlusl il jglaods Sesgl gl

Soy 6o olgieas (ACS w8 e 18 &8 5 cole) 5l e p,5 +/+ A Jlade K0 Bl 1o
L) S gy sl Sl 1P e 03,5 S JSUT S YO 5 0ms O 2l VYO o
SIS 0555 50,8 4 sbowe Koy oS iyl 5o b 8Ll Sl ke sl S5 (oo 550 25,5
Iyl Sg1 Sgduieo

59> 2 VA S b (sloylab & g0 (lall S50 530 23l S agine Jslore (0500 4883 O 5l
cil)  ligus s pgsizel ST AT VEF o6 S0 Bl o b o3l o o ele )T alglsil ggl> Jslome
0 8L LB Jolos & a5 00,5 S o O 2 oo D50 (olal] 5o 28,5

(oke (10502 y5aiod) (yom olya & Joloma I el jls a2 )0 O 31 5l (slad & al> s ol o &5 LT 5
o5migd ol 9 Jgbl Jawgs )b & oy Lol K ol S 5wl 40 .0 o0ls 18 oy 19,0 Sl Y Sooeay
(Sl Jyaze dalsl )3 39 (3 5 S5y 0 3 5l (29 P Jolone (285 1B gt Cod g Slo (4l Ceni )
oole o STaz b wulys jo .l (6 lagS ol 3 il a0 Fo glod ;o 1yl jo el YF i oy (ol S
I 5 a5 (5 sl Js s tjonelS b oo 3285 5

! External quantum efficiency (EQE)
2 Carbon nanotube

3 Carboxy! groups

4 Methyl orange

5 Soft template

6 Pyrrole

7 Ammonium persulfate

F5A



FEV-FYA ) o5los ((VF+T) YY) (31,5 sale aolibias cdarm el GLAlsl cu el sl T b5,

B MWCNT HCl Methyl Orange
rr\:‘;‘
i u@
HNO;+H,SO,  HNOs;+H,SO, MWCNT-COOH Ethanol
CNT-COOH +

Pyl'f ole Pyrrole g APS
MWCNT-COOH Methyl : Y
Orange/HCI CNT-COOH +MO Y7 ¢
5C° 7
B
. -

(55 Agbl gy by o jgpolS Pb s Sy ) S50

S WS R A

~~~~~~

‘_N_/@@@Q

memw ;_, -fﬁ??ﬁ?ﬁ"’{f‘;'

WM, o e /eI

pesgel
Sl gw

3 sy don
a7 S

Sl . vy
. . -f"‘f‘;f'\n‘«%*“" R
o A R &5
%
I

|
/

[
¥ W auuuﬁ'

R Wb/ g8 b Wsil Cojpuels el
Sl Sl 53 55 09,5 b o 410 Jolo

Jar skl (55 APl CojgpalS b tow abld Siled ¥ o

F54



Ohes 9L g9 Luo FEA-FYA O oyloids ((1F+F) Y1 (581,15 cole anbibiad
s . .o \ - e .
&30 19 oS bl (Logd  yeudy cSlw Wiy,

< Htsle
oolaiwl (e 9 oaiiS ablu slosgs o Sloe g 5 Slas (giluaigy Baa b nj sbay ool gass o
] 00
Gyl g plSiinl sl (gly (e 498 00isS abolus (loogrd i lsied Blak asds 5l L8 Y (A —
Azl )0 9 S5k il Blas 4 g codlads aile, Slas 4 @l ol ol Bas .ol eolaiwl (g ,lisLo
DAl el Sl axkas o Slae il33l
ooy aakad 4y 1y Slee i sole oyl .ol osliinl T 5 lgicas oolo ol 51 TaslwsT ad8 pgrassl (@ —
S e s loogl o5l ool Sy &5 y0g 00w pele 1y T (/AY) gl cdli WS o
S o3le S lyrets oS 5 cnl 51 2 Slighlgu ¢y il Sl (99 (oSl i-Y P (2 -
S5 b ooy i jge 3l gl 5 Jle o> S5 ol ol b Tejio eaims JUi! 4Y (sl e
A ool o5 g xSl
Ygoso * 35,0805 53 Sl 5 (5l wogs (St Jlsas osle ool igjol8 Jeiwasly (0 —
gl s yesi sy ol 31 et cnl )2 953 o0 oaliid gl 5 ok (Sye g eoiiSgbols slooges (sl
YL Loy oad LSis 0,0 Jl Y a5 Jb 0w solitl oble, (il gl o )8
3 LS 5 oy i ) 553 5 8 Khac S (sl Sl ¢l (835 (5Sls
b caimels o e (50,5 Aslsil g Jsym b elsl oS i 0,5 Aelgill Jom b dedeili(s —
e lonn g b5 55 ipa 5 S5 0m o & 05 Al VL bl
s ool Wl lgieds ool cgpn g Jle blo, Jdoas poiesl 5l pguimeddl (5 —
leyh JEsl Y 5w i 5,5 iz WluST &l pgan] i 5l T SO 6l oo ags ankad wolys o
a5 oy U8 Jeiasisl &l b oains 5 0 o gy gl (e (sSlis IHYNIL e
e pandl i 5 S 5 0,5 A5 s sk sl

Aluminum

PVK + Doped PPY/CNT

ITO

( Substrate ) 4 ,;

DAl s ()b (g pouly (S y0 398 oS 2blw (gB3gsd S Ll ¥ JSi

! Polymer Light-Emitting Diode (PLED)

2 Indium tin oxide (ITO)

3 Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
4 Hole transport layer (HTL)

5 Tetrahydrofuran (THF)

FV-



FAV-FYA O o)l ((VFY) YY) (81,1 cole anlilad wd oyl LAl gdgil Cu jawolSoils sﬂ)b’ =1'53)

a¥ ) gjlweslel

s ol b syLST a8 oyl 51 glany a8 o o B caslind b e 5ilos YxVIO olagl b glaids conss
s ool gt b g 1) gz pslo 5 Dl b Cdo b g wo S bl wg el SlaiaY (T sy » el 10
ghie oy gl lizeo gl ank 5l ok i €8, 5a Wil (ol Jlail Glgisay o5 )13 o5 a5l le i
Sady ¥ JS s a8 0l Gldnd iz Loyl o F Bl Wl oS oo i 2 gl 5 A
Ngds 05905 WluST ald pesanl 5l oads aseine oo b o ools JIE LYY 0y IS sl Jalxe jo agBo ¥ IO
A2 Ol 3l 5 855 B gt b gl 5 ST L Ioazme 5 4 ) dacz i S by 51 g
45,0 b ol ools gl jlate Sl g Jgibl cyginl lawgy i gy Dgol B plom lawgi aY 5 aads Ve Ol
> oM K S ol 555 5 (ol 155 & mpae Bl 3 Sl 2 595,5 By o Syl
adools B ol S o az o Ve sles cod ]

0 yoo oo Jlil a0 Jlisay

Lo &5 8 el Slgalgus ¢ bl by (3505 (onSTss HLHYF) L 5l olital b oy soims JUisl 4y
oo B yosh O ygots s Sl e ol S5, 2T Jslome Sygoty & ssle ol 28,5 IS (gl
235 A5 AV 5 s (55 » | i SlasaY Lawg Jolowe bl @ cnl (a3 S5 (sl glate (e
LYyl s Sas §ls amio slos bawg )] 5l

SN o s s Sy s s 8T B (5 LY oS 59 e bl Slasa ez
A ol 4l 00 Gloj e g ¥Y e v 1P M (232 Cop b 232 Sl s &Y ) w53 2 03
a0 slod b yd (59, » 4ido VO Sawas 0¥ 5 Jlo [VF] ot 085 et ogili 00 b Fe @Y ol cslses
VY] ogs pses o Blol Pl b cd 5 )15 ol 5 il

9 o pis Y Jliay

—h & 6 4 b S Aok ujeslSol b Joib S deah 5l oS5 aY
Jeach bl skiie (nas 358 o0 093 Jo3b)B gk 5o (2193 5 et slavo 3 b (oS gl o
ety 989,815 53 o0le el ol 0 o gz 9 a8 5 syl b (0 4 V) B S b S35
b oS Al o mish Cujonalial ol 0j90 oS5 ao)s & ax gl 285 )15 gl B olRiws o aids N
IVl 0o 8 00iSTys g i aids Yo Sy oad oolel Jalowo 40 (48,5 ouiST,

ST 5B cd S el D Loyl o Al e cpl a5 Sglas (pl b gy 8 al> o b ailin 35 al o ol Wi
ol A 5 28,5 U5 oSS Ayl albions oS (55,0 55he S 355 5,5 IS sy (o
s B V0 i loy g Yoo e LML P Lo oo i 2 eyl ol Lo olfiws ol s ( J= 50
yoobe 5l pastiie ke oSy G lawg s 28,5 18 3 > SlisaY olKiws o a5 ol 5l e s S
Slos b jon (55, » aids Ve Sy 4 5 Bl Pl jo5e S (JB alo o b aliie al 0nilSs Y 5 5,
B9 yuogli Ve sgam Y pl Cules i Jlaine faess ol eols 8 o F il ax o A

! Spin coating
2 Tetrahydrofuran

™



o1y 5od 9 Lo g 9ied Lingeo FEI-FYA ) oyl ((VF+T) V) 8118 sole aolibad

$ily pd Glaiay
&y (Glwgars j28 HINDHIVAC o5 5 cole) o)l s ofws ‘dwﬂ S 4y o
090 4Y 55 G W 00l S35 69, (Uil (w5 Sole il Sladap¥ cpa ol colannl gladayy
50 i)l oo YV - O Lad 0 olfis i LIS gy SN 10 posiaegl] g C8 )5 1F L5 olSiws
395 o0 08 poriagll i go g (Tl sles a5 aS (slagls o 2y &0 a4 3Ll Jlesl s
S (o ol 8,5 )8 &5y mlans 51 VL AT Y e (55 2 035 5 o @ E9,5 porteagd] oo 03 Vi b g
Sl IV ol baugie Soal g gl 00 porinegll Culies L) oud apsd 5165 Lawgi 5 0l g 5 Cueles

IVE] 0o )5 oy (b

(<) (N

Sl plxil (Al 5 youly (550 595 oS gblu ogs ol wig) g Gl Yol F &
(@ parmogll (LAY Suslo (2 pgrimogll Giodd 3l pomingll 1031 (53Lwodlel (0 (MSLS Lawsgi
U LT

(st 95g S0 T
ot 03591 Jo s (b (55 Sl gl CujonlS 5 5l (ctug) (598U g8y Sose 5l Jolo gl b S5 5
SISy g (SaSTn jlg 0ad Jate Jopm b Al v 4 (05 Sladl ol w09 oo oaaline oS sliles 2und

vy



FE-FYA O o)Ll c(1FT) VY (81,15 code aolliad w9 sl LAl o jemlSel T, b5,

23018 Jomh sleddsl mhaw 59, 2 (2allBl s)lade (rizmen el Jl0)55 5 s mlan ;5 (el
S s0d sl IS Wgy j0 IS g ooy b s anl )

field: 12.7 pm
[MAG: 10.0 kx | Date(m/dly): 09/09/15 MAG: 30.0 kx | Date(m/dly): 09/09/15

(<) (&N
(@ 9 A Jgym by /(5955 Uglgil o 3ol il 3 ciugy (g5l 95wy ySKao St F'g ,Sno B S
wilizo S o ledS )3 50 Jg Tl yim 50 (S9y5 Sdlglgil

498 o 308y owbibiinb
S )98 Ja o) (ealidiciels sl oadias Cujenaligl JiSle )3 sudolonl Dl (o) 2 jekaied
5 Jomsh dolsl sly FTIR Ld> ol & K& 0 al 485 o Bruker-TENSORYY miwcal
- b dastine S Jgmdh gl 890 50 ol o osls (i gho,S Agdgll Jg s Ul CujauelS 5l
Ivol axes o jlie 5 o) Lol ail> 2aS Glacdl> Jdoa oo ja a5 ks 15 VEFF em™ VA0 ,o Jgpm
& oals Cnd C'H: 05; Ao )| Ol} g.:L.uLv.T)‘ 9 Ao 090 g.:l.u:l.u)‘ L AY Cm_15 VYO NYVPY 6‘.@4.15
Sy 5145 355 o canlive oy 4 0dd dngd oSl (lp Jom b slaalgdyil b anlio o .09
Jdoas pl b oo Jgpm oh lglgib b olarais S slaal gl plesl onimslas 45 wlowss bl oo asciue
—LJJ )| w" L_S‘L‘bos)f 9 ..L.w‘ My; bj)f l) oA C)Lo‘ L_SLDMWCNT 6[.209; O ‘51)5)_\.& 6LQ~.\J9.U

ohzraiz (£u)S sdldsil (LSS (Sl oles 5 Jomish @i 0075 50 PP Wem 68 Sl Jom
Ivol st

Yy



o1y 5od 9 Lo g 9ied Lingeo FEI-FYA ) oyl ((VF+T) V) 8118 sole aolibad

Polypyrrole nanotube
—— PPY/MWCNT-COOH nsanotube
=
5,
@ e
e
g 1695 L ‘ /.
2 /
- 1456 918
1294 1043
/
1 1 1 1 1
3000 2500 2000 1500 1000 500

Wavelength [cm™]

s ks (g5 Al Ja sl I CagealS 5l 9 A ot oy Al 4 bgryo FT-IR il IS
Lbd.ig.w' »))nb.c Wy

(I-V) ol =509 sleges

D15 on oole e & dr gl ol 55 Vo el esle o8 857 5 e oo 55 asle (s vk
S35 8 ol 0,5 Ahyls s 5 ki pne S S 52,5 A5y sl Aelyl 45 3505 arelie
1Y T ojluse hles (5ol 50 55 oS el (sloogs ol gz | dakid oyl (0

Jo3b,l Joag sl b oo dgs dndad aST 2 5605 sue Slakad uiluiog) (60503l wons plosl liglegl o
g Js s Al 5 IS by o5 b o s e 355 (53 S5 ol U5 5 sl s Ll
YL 3y 5o b3ty Galel ol e 5 09 hana i e b salie BB S5 T 5 o &S 5 S
Sl s iele] gmm 5 085 0818 ltans) 65l ISl 5 0 ol s Wl a2 s
yai ST LIS sty |, laded 3 Shac 5 235,8 Jolo sl s 5 8.8 plosl el (55,

oS plalos b ol V S5 (sla fogai b (pllae ol ot sb ank 55 (53, 5 55~ ol plosl
Ol nl aams e lid 05 5l (6098 Ceols JolS D jgoay ool sl aslal g0 o il aduin b jloged
L8, Caeglite S aiiled ugSane bl )0 5 398 o0 Jol aled gl ueiine (ubl ) dslad a5 Cunl pspie
Wil oo JET ) aslad o SIS 5 (5090 8 Slae oloida jlages 99 (pl .S oo

53 Jiiasioe b s 5 aald o ol i h S 5 I S il & ey foges 15
08 MU o askas Ul pas ;Sbles 093 comly (200l 2 Gl el 0,55 5 (Sl Sl (230k > ) A
el e JsolS vs sl 3 oS A5 sl sl oS 5 sl  slanks o0 B, al o
ol il pulem s ol sl VO 5l s (g £ 5Ly j0 S gzt il 00 S ol |y (6 iyl

FYF



FAV-FYA O o)l ((VFY) YY) (81,1 cole anlilad wd oyl LAl gdgil Cu jawolSoils G‘:‘T)lf =1'53)

0 8kee 53 g sl (Sl 63k 223 Jo3b)S Juig s 5o (S Al Jgrm sk Al (e &5 el Jloyo
pulen 5 WS g0 (arine a5 Col leole 055 (b > (li8l Ll 00,85 slonl IS Jg5L,8 g b o209
I¥] o aalgs abls diges Lawgs

20
Pure PVK

15 | == PPy/CNT + PVK

10 -
<
E 5¢
5
= 0F
5 —
(@]

5L

-10 +

-15

1 1 1 1 1 1 1 1

-8 -6 -4 -2 0 2 4 6 8 10
Voltage [v]
b oud ais b diged 9 gy o oo il (6 pouly (530 59 oS gblw (slodgsd by 5l Hlogei .V S
(55 PP I s Veloib % Jo3b,l U ash w5 9 Jo3bsl ok

ouds aislu glaogrs (b y> Julox

sano a5 5 5 (ol it (5205 55 (6l sty (335 oy oo o8 ol (5,500l a3
Gl 4o 5 (631 BT slml sl g 952 o0 s 00ipd 55 (5w o 1) Lao i g by pSl il j9hm il
IVE] 59 oo ool

YO 5l o ja> Jiil ()8 Asll g m b dsloil jpa> g o o 550 plSho & axgil
Jusl (JsSse Jlanygl 3V oby IS Jdoay S5 sk & Slisdlow (nbil b (0ot (Slso
Al (g5 5 SIS w035 oo ounlicn st axsls ankad (g3 5 5o o aF slailan Lol o (5 lgs 15 Lo o
of oads Jlal JsSs0 Jinygl 5V 5 000 51,8 Jail S dema sy (551 B o 0 ()5 dalgll Sk
Lo i JUis! ot g Slisilges &y bl b (35 onSTisd YR L L (508 B3l ol Jlsay
IYE] 05,5 oo aalad m3pl 2 Gl sl 55 £9090 (nl g oo 0uin ;98 &Y 4

! Highest occupied molecular orbital

Yo



0502 5 Lig9uage Lo FE1-FVA ) oyleds ((1F+F) TV (3118 ole doliliad

53U (sl e (5,5 KD & i lasole s (Gi9,0 lbLS|  lyl 5 il 6,585 & 4255 L Koo Bkl
S5 a8l 30 (sole (slo s dgg iloas askad 20l ,m (Il Coge o el (pl A5 Wigd oo axkad o
IYV] ases 550 ot atslo askad ool g b (sla el>

20k sladel> (Vb (J& olml (e 59 eaiS bl slasgs o Slos 35 e oo slojgSB 51 (S
2935 Jates 5 S0 (510 ppme (5,65 US e 90 5 i8S 0 j50 3o 50 [YAYE VY] e oS 5 4o
S5k 4l o deoji> ohg b sladel i 4z e jph> lPl Corge waind g 4V 09,0 4 o i
O azmed g dalad (230l 2 Il Gl 09 o0 Jol> | S 53k e Lol ity gezd (n) oS 090 o0
25819 Olawily (b3l )l sy g anad (3o gagiilsS ol (aaljBl el 095 S 5k 4oLy o) gazd
IYAYY Y0l 05 5 o anlad > 15

o9 able slaogs JLiSle )3 (oS gl s b gl CujorslS il S 5 30 (o) Badod (nl S
deglie (slp ool g 6%00 5 Cajeralial ol (o clin i3l b igad 99 09 o 0 Shee b5l 5 Sy
S (o0 Joo (a5 aPlh plgie 4 &5 0b s Ol 0 Dl

askd sl oS IS Sy el cote b i 50 SWa oz slaloges Julos 5 i L
Sy oS 3o |y askad (LS Rl Jenily CujonalSsl cnl 4 oad ools Cud b (I Gl g Sgete
ol G yoly (S0 5 00T gblu slasgs g 5 Ak o Sl A

ot Jo Gl bon Sl Gis e, Ve (oS sl s (b Udel CojenelS 9l Sy Geiw
PPl oS5 S 0ula (> b (oS Welsb @ Jgrmdh 5 Jibol deagcdh APl Cond pods o5 09 o0
ode gl pluly ity Slidos a5 aldl anils ol yen 4 | olite @l Cosl (Soe Jom b gl g (25
WS oo e |y 09250

g oaalive BB ghuno o pir b (05 glgill Jo (b gyl L anksd jlonds abl ;g5 daadly b alal, 5
B9 Syeyp Ll a B oS Gbyx Jdsa Koo ey Sl o

References

[1] Zhang, X., Bian, Z., Yuan, X., Chen, X., & Lu, C. (2020). A review on the effects of light-
emitting diode (LED) light on the nutrients of sprouts and microgreens. Trends in Food
Science & Technology, 99, 203-216. https://doi.org/10.1016/].tifs.2020.02.031

[2] Parbrook, P. J., Corbett, B., Han, J., Seong, T-Y., & Amano, H. (2021). Micro-Light Emitting
Diode: From Chips to Applications. Laser & Photonics Reviews, 15(5), 2000133.
https://doi.org/10.1002/Ipor.202000133

[3] Nezakati, T., Seifalian, A, Tan, A., & Seifalian, A. M. (2018). Conductive Polymers: Opportunities
and Challenges in Biomedical Applications. Chemical Reviews, 118(14), 6766-6843.
https://doi.org/10.1021/acs.chemrev.6b00275

[4] Mohd Radzuan, N. A., Sulong, A. B., & Sahari, J. (2017). A review of electrical conductivity
models for conductive polymer composite. International Journal of Hydrogen Energy,
42(14), 9262-9273. https://doi.org/10.1016/j.ijhydene.2016.03.045

1 Percolation

Fv5


https://doi.org/10.1016/j.tifs.2020.02.031
https://doi.org/10.1002/lpor.202000133
https://doi.org/10.1021/acs.chemrev.6b00275
https://doi.org/10.1016/j.ijhydene.2016.03.045

FAV-FYA O o)l ((VFY) YY) (81,1 cole anlilad wd oyl LAl gdgil Cu jawolSoils L5.;})[:’ 1’53

[5] Zhan, C., Yu, G., Lu, Y., Wang, L., Wujcik, E., & Wei, S. (2017). Conductive polymer
nanocomposites: a critical review of modern advanced devices. Journal of Materials
Chemistry C, 5(7), 1569-1585. https://doi.org/10.1039/C6TC04269D

[6] Kaur, G., Adhikari, R., Cass, P., Bown, M., & Gunatillake, P. (2015). Electrically conductive
polymers and composites for biomedical applications. Royal Society of Chemistry
Advances, 5(47), 37553-37567. https://doi.org/10.1039/C5RA01851)

[7] Poddar, A. K., Patel, S. S., & Patel, H. D. (2021). Synthesis, characterization and applications
of conductive polymers: A brief review. Polymers for Advanced Technologies, 32(12),
4616-4641. https://doi.org/10.1002/pat.5483

[8] Guner, T., & Demir, M. M. (2018). A Review on Halide Perovskites as Color Conversion
Layers in White Light Emitting Diode Applications. physica status solidi (A) Applications
and Materials, 215(13), 1800120. https://doi.org/10.1002/pssa.201800120

[9] Zhu, Y., Xu, G., Yuan, J., Jo, J., Gandikota, G., Demirci, H., Agano, T., Sato, N., Shigeta, Y.,
& Wang, X. (2018). Light Emitting Diodes based Photoacoustic Imaging and Potential
Clinical Applications. Scientific Reports, 8(1), 9885. https://doi.org/10.1038/s41598
-018-28131-4

[10] Vu, H-T., Huang, C-Y., Yu, H-C., & Su, Y-K. (2018). Ultrathin PVK charge control layer
for advanced manipulation of efficient giant CdSe@2ZnS/ZnS quantum dot light-emitting
diodes. Organic Electronics, 63, 349-354. https://doi.org/10.1016/j.orgel.2018.09.036

[11] Yu,J. C., Lee, A-Y., Kim, D. B., Jung, E. D., Kim, D. W., & Song, M. H. (2017). Enhancing
the Performance and Stability of Perovskite Nanocrystal Light-Emitting Diodes with
a Polymer Matrix. Advanced Materials Technologies, 2(6), 1700003. https://doi.org
/10.1002/admt.201700003

[12] Nardelli, A., Deuschle, E., De Azevedo, L. D., Pessoa, J. L. N., & Ghisi, E. (2017). Assessment
of Light Emitting Diodes technology for general lighting: A critical review. Renewable
and Sustainable Energy Reviews, 75, 368-379. https://doi.org/10.1016/j.rser.2016.1
1.002

[13] Sorbellini, E., Rucco, M., & Rinaldi, F. (2018). Photodynamic and photobiological effects
of light-emitting diode (LED) therapy in dermatological disease: an update. Lasers
in Medical Science, 33(7), 1431-1439. https://doi.org/10.1007/s10103-018-2584-8

[14] Kim, J-Y., Kim, M., & Choi, J-H. (2003). Characterization of light emitting devices based
on a single-walled carbon nanotube—polymer composite. Synthetic Metals, 139(3),
565-568. https://doi.org/10.1016/S0379-6779(03)00277-7

[15] Zhou, T., Zhang, W., Cao, Q., Zhang, K., Ban, X., Pei, M., & Wang, J. (2023). Unveiling
the In Situ and Solvent Polymerization Engineering for Highly Efficient and Flexible
Thermally Activated Delayed Fluorescence Organic Light-Emitting Diodes. American
Chemical Society Applied Materials & Interfaces, 15(21), 25762-25773. https://doi.
0rg/10.1021/acsami.3c02412

[16] Hu, G., Wang, Y., Zhang, S., Ding, H., Zhou, Z., Wei, J., Li, X., & Xiong, H. (2023).
Rational synthesis of silane-functionalized carbon dots with high-efficiency full-color
solid-state fluorescence for light emitting diodes. Carbon, 203, 1-10. https://doi.org/
10.1016/j.carbon.2022.11.048

[17] Van Der Zee, B., Li, Y., Wetzelaer, G-J. A. H., & Blom, P. W. M. (2022). Efficiency of
Polymer Light-Emitting Diodes: A Perspective. Advanced Materials, 34(13), 2108887.
https://doi.org/10.1002/adma.202108887

[18] Jeong, M. W., Ma, J. H., Shin, J. S., Kim, J. S., Ma, G., Nam, T. U., Gu, X., Kang, S. J.,
& Oh, J. Y. (2023). Intrinsically stretchable three primary light-emitting films enabled

A4


https://doi.org/10.1039/C6TC04269D
https://doi.org/10.1039/C5RA01851J
https://doi.org/10.1002/pat.5483
https://doi.org/10.1002/pssa.201800120
https://doi.org/10.1038/s41598-018-28131-4
https://doi.org/10.1038/s41598-018-28131-4
https://doi.org/10.1016/j.orgel.2018.09.036
https://doi.org/10.1002/admt.201700003
https://doi.org/10.1002/admt.201700003
https://doi.org/10.1016/j.rser.2016.11.002
https://doi.org/10.1016/j.rser.2016.11.002
https://doi.org/10.1007/s10103-018-2584-8
https://doi.org/10.1016/S0379-6779(03)00277-7
https://doi.org/10.1021/acsami.3c02412
https://doi.org/10.1021/acsami.3c02412
https://doi.org/10.1016/j.carbon.2022.11.048
https://doi.org/10.1016/j.carbon.2022.11.048
https://doi.org/10.1002/adma.202108887

0502 5 Lig9uage Lo FE1-FVA ) oyleds ((1F+F) TV (3118 ole doliliad

by elastomer blend for polymer light-emitting diodes. Science Advances, 9(25), eadh1504.
https://doi.org/10.1126/sciadv.adh1504

[19] Chen, S-H., Hong, Y-W., Chau, Y-F. C., Huang, H. J., & Chiang, H-P. (2023). Enhancement
of luminous efficacy of polymer light-emitting diodes with silver-nanoparticles by
oxygen-plasma treatment. Microscopy Research and Technique, 86(6), 725-730.
https://doi.org/10.1002/jemt.24324

[20] Yang, L., Li, M., Zhang, Y., Yi, K., Ma, J., & Liu, Y. (2014). Synthesis and characterization
of polypyrrole nanotubes/multi-walled carbon nanotubes composites with superior
electrochemical performance. Journal of Materials Science: Materials in Electronics,
25(2), 1047-1052. https://doi.org/10.1007/s10854-013-1685-1

[21] Ziegler, K. J., Gu, Z., Peng, H., Flor, E. L., Hauge, R. H., & Smalley, R. E. (2005). Controlled
Oxidative Cutting of Single-Walled Carbon Nanotubes. Journal of the American
Chemical Society, 127(5), 1541-1547. https://doi.org/10.1021/ja044537¢

[22] Salzmann, C. G., Llewellyn, S. A., Tobias, G., Ward, M. A., Huh, Y., & Green, M. L. (2007).
The role of carboxylated carbonaceous fragments in the functionalization and spectroscopy
of a single-walled carbon-nanotube material. Advanced Materials, 19(6), 883-887.
https://doi.org/10.1002/adma.200601310

[23] Lee, B. R., Kim, J-w., Kang, D., Lee, D. W., Ko, S-J., Lee, H. J., Lee, C-L., Kim, J. Y., Shin,
H. S., & Song, M. H. (2012). Highly Efficient Polymer Light-Emitting Diodes Using
Graphene Oxide as a Hole Transport Layer. American Chemical Society Nano, 6(4),
2984-2991. https://doi.org/10.1021/nn3002809

[24] Low, J. Y., Merican, Z. M. A., & Hamza, M. F. (2019). Polymer light emitting diodes (PLEDS):
An update review on current innovation and performance of material properties. Materials
Today: Proceedings, 16(1), 1909-1918. https://doi. org/10.1016/j.matpr.2019.06.068

[25] Santos, M. R. D., & Oliveira, H. P. D. (2014). Simple method for mass production of
polypyrrole/carbon nanotubes hybrid artificial muscle. Quimica Nova, 37(6), 1000-
1003. https://doi.org/10.5935/0100-4042.20140161

[26] Xue, Q., Sun, J., Huang, Y., Zhu, M., Pei, Z., Li, H., Wang, Y., Li, N., Zhang, H., & Zhi, C.
(2017). Recent Progress on Flexible and Wearable Supercapacitors. Small, 13(45),
1701827. https://doi.org/10.1002/smll.201701827

[27] Karimzad Ghavidel, A., Zadshakoyan, M., Kiani, G., Lawrence, J., & Moradi, M. (2023).
Innovative approach using ultrasonic-assisted laser beam machining for the fabrication
of ultrasensitive carbon nanotubes-based strain gauges. Optics and Lasers in Engineering,
161, 107325. https://doi.org/10.1016/j.optlasenq.2022.107325

[28] Taki, T., & Strassburg, M. (2020). Review—Visible LEDs: More than Efficient Light. ECS
Journal of Solid State Science and Technology, 9(1), 015017. https://doi.org/10.114
9/2.0402001JSS

YA


https://doi.org/10.1126/sciadv.adh1504
https://doi.org/10.1002/jemt.24324
https://doi.org/10.1007/s10854-013-1685-1
https://doi.org/10.1021/ja044537e
https://doi.org/10.1002/adma.200601310
https://doi.org/10.1021/nn300280q
https://doi.org/10.1016/j.matpr.2019.06.068
https://doi.org/10.5935/0100-4042.20140161
https://doi.org/10.1002/smll.201701827
https://doi.org/10.1016/j.optlaseng.2022.107325
https://doi.org/10.1149/2.0402001JSS
https://doi.org/10.1149/2.0402001JSS

