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ABSTRACT 

 

 Melnykov S.O. "Using the effect of delayed fluorescence to increase the 

efficiency of organic light-emitting diodes" - Qualifying scientific work on the rights 

of the manuscript. 

 Thesis for a scientific degree of the doctor of philosophy on a specialty 171 

"Electronics" - Lviv Polytechnic National University, Ministry of Education and 

Science of Ukraine, Lviv, 2024. 

 The thesis is devoted to increasing the efficiency of the OLED structure based on 

thermally activated delayed fluorescence, the search for new and promising organic 

semiconductors for the exciplex-forming TADF structures in OLEDs and organic 

lasers. 

 In the first chapter, the mechanism of formation of thermally activated delayed 

fluorescence (TADF) in exciplex-forming systems is analyzed. The relevance and 

practical value of organic TADF materials from the point of view of their application 

in OLED structures have been confirmed. New approaches to the use of organic 

semiconductors as an active amplification element in distributed-feedback lasers are 

considered. 

 In the second chapter, the newly synthesized organic semiconductor 4-ethyl-3,5-

bis[40-(N,N-diphenylamine)biphenyl-4-yl]-4H-1,2,4-triazole (TPA-TZ) is 

investigated. By means of thermogravimetric analysis of TPA-TZ, the melting point 

and glass formation temperature were determined to be 173 ºC and 68 ºC, respectively. 

The value of the crystallization temperature was not recorded, which negatively affects 

the transition of the material from the melt phase to the solid state. The values of 

ionization potential (IP) and electron affinity (EA) were estimated from the onset of 

the first oxidation and reduction potentials after formation of 5.49 and 3.14 eV, 

respectively. The photoluminescence and phosphorescence spectra estimated the 

energy of the first singlet S1 = 3.12 eV and triplet T1 = 2.63 eV excited states, which 

are in good agreement with the results of theoretical TD DFT calculations. It was 

established that the intermolecular exciplex based on the newly synthesized donor 
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compound TPA-TZ with the acceptor component based on PO-T2T is characterized by 

photoluminescence decay times with a long-term (ÄDF=5.2 ¼s) component, which 

confirms the presence of the TADF effect. Based on the organic semiconductor TPA-

TZ, an OLED structure with blue electroluminescence was formed with CIE1931 color 

coordinates dependent on the applied voltage: (0.20, 0.17) at 8 V and (0.20, 0.23) at 14 

V. The maximum external quantum efficiency of the device was 3, 5%, and the 

maximum brightness is 8400 cd/m2 at 13 V. A multilayer light-emitting heterostructure 

with color coordinates (0.31, 0.48) was also formed on the basis of the TPA-TZ:PO-

T2T intermolecular exciplex-forming system. The OLED device demonstrated a 

brightness of 3995 cd/m2 and an external quantum efficiency of 7% at 10 V. 

 The third chapter presents the results of the research of three newly synthesized 

organic carbazole-containing semiconductors 2tCzPy, 3tCzPy and 4tCzPy. In these 

compounds, the energy position of the first triplet (T1) energy level is close to 3 eV, 

while the position of the singlet energy level S1 varies from 3.3 to 3.17 eV. As a result 

of singlet-triplet splitting (ΔEST) of the compounds decreased from 0.25 eV for 2tCzPy 

to 0.14 eV for 4tCzPy. On the basis of these materials formed full-color OLED 

structures with coordinates (0.31, 0.35), (0.32, 0.34) and (0.38, 0.34) close to natural 

white light with a maximum brightness of 10,000 cd/m2 and external quantum 

efficiency from 5% to 7%. 

 In the fourth chapter, new active amplification element in distributed-feedback 

lasers based on newly synthesized organic semiconductors are investigated and 

proposed. The influence of the fluorescent impurity concentration on the generation 

parameters was investigated. The generation of laser emission was obtained using the 

newly synthesized material DG-21 at a wavelength of 545 nm at a pump energy of 686 

nJ by a pulsed laser with an emission wavelength of 447 nm and pulse duration from 

40 to 90 ns. 

 Key words: spectrophotometry, termogravimetry, optical materials, TADF, 

nanoparticles, exiplex, WOLED, electron transport, optical absorption, interface, 

liquid crystal, E7, cholesterol-nematic mixture, optical bandgap. 
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5=5@3VW =0:0G:8 686 =�6 V<?C;ьA=8< ;075@>< V7 4>268=>N E28;V 

28?@><V=N20==O 447 =< B0 B@820;VABN V<?C;ьAV2 2V4 40 4> 90 =A. �>268=0 

E28;V 35=5@0FVW AB0=>28;0 545 =<. 

 #@0:B8G=5 7=0G5==O >B@8<0=8E @57C;ьB0BV2 ?>;O30є C @>7@>1;5==V 
?>2=>:>;V@=8E OLED-AB@C:BC@ B0 >@30=VG=8E $��-;075@V2, O:V <>6CBь 1CB8 

?5@A?5:B82=8<8 4;O ?@><8A;>2>3> 28:>@8AB0==O C 48A?;59=8E B5E=>;>3VOE B0 

;075@=V9 B5E=VFV. 

�>:@5<0: 

1. %B2>@5=> OLED 1V;>3> :>;ь>@C 28?@><V=N20==O 7 :>;V@=8<8 

:>>@48=0B0<8 (0.31, 0.35), (0.32, 0.34) B0 (0.38, 0.34), 1;87ь:8<8 4> 

?@8@>4=ь>3> 1V;>3> A2VB;0 (0.33, 0.33), >B@8<0=8E 7<VHC20==O< 

5;5:B@>;N<V=5AF5=FVW 5:A8B>==>3>, 5:A?8;5:A=>3> B0 5:A8<5@=>3> B8?C. � 

OLED-AB@C:BC@0E =0 >A=>2V 5:A8?;5:AV2 DPEPO:2tCzPy, DPEPO:3tCzPy B0 

DPEPO:4tCz2Py A?>AB5@V30єBьAO 70;56=VABь :>;ь>@>2>W 30<8 

28?@><V=N20==O 2V4 ?@8:;045=>W =0?@C38. !0?@C30 2:;NG5==O 1V;>3> 

OLED AB0=>28Bь 6 �, <0:A8<0;ь=0 OA:@02VABь A2VB;>28?@><V=N20;ь=8E  

AB@C:BC@ AB0=>28;0 10000 :4/<2. #@8AB@>W 45<>=AB@C20;8 4>AB0B=ь>-

28A>:C 7>2=VH=N :20=B>2C 5D5:B82=VABь 2V4 5% 4> 7%. 

2. $>7@>1;5=0 28A>:>5D5:B82=0 1030B>H0@>20 =0=>@>7<V@=0 

A2VB;>28?@><V=N20;ь=0 35B5@>AB@C:BC@0 =0 >A=>2V =>2>A8=B57>20=>3> 

5:A8?;5:A>CB2>@NNG>3> 4>=>@=>3> <0B5@V0;C TPA-TZ B0 :><5@FV9=>-

4>ABC?=>3> 5:A8?;5:A>CB2>@NNG>3> 0:F5=B>@=>3> <0B5@V0;C PO-T2T 
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H8@>:>3> A?5:B@C 28?@><V=N20==O, :>;V@=V :>>@48=0B8 O:>3> AB0=>2;OBь 

(0.31, 0.48). OLED-?@8AB@V9 ?@>45<>=AB@C202 OA:@02VABь 3995 :4/<2 V 

7>2=VH=N :20=B>2C 5D5:B82=VABь 7% ?@8 10 �. 

3. !0 >A=>2V =>2>A8=B57>20=>3> D;C>@5AF5=B=>3> 5<VB5@0 TPA-TZ 

AD>@<>20=> 35B5@>AB@C:BC@C ITO/CuI/TCTA/TPA-TZ/BCP/Ca:Al 7 

:>;V@=8<8 :>>@48=0B0<8 (0.20, 0.17) ?@8 8 � V (0.20, 0.23) ?@8 14 �. 

#@8AB@V9 45<>=AB@Cє <0:A8<0;ь=C 7>2=VH=N :20=B>2C 5D5:B82=VABь 3.5 % 

B0 <0:A8<0;ь=C OA:@02VABь 8400 :4/<2 ?@8 13 �. 

4. �0?@>?>=>20=> ?@>AB89 <5B>4 4>A;V465==O =>28E 0:B82=8E ;075@=8E 

A5@54>28I V >?B8<V70FVW :>=F5=B@0FV9=>W D;C>@5AF5=B=>W 4><VH:8 =0 

?0@0<5B@8 35=5@0FVW. 

"A>18AB89 2=5A>: 74>1C20G0. ' 48A5@B0FV9=V9 @>1>BV C7030;ь=5=> 
@57C;ьB0B8 B5>@5B8G=8E B0 5:A?5@8<5=B0;ь=8E 4>A;V465=ь, 28:>=0=8E 02B>@>< 

A0<>ABV9=> B0 2 A?V202B>@AB2V, 45 9><C =0;568Bь @>7@>1:0 <5B>4V2, 281V@ V 

>1�@C=BC20==O =0?@O<:V2 4>A;V465=ь, ?>AB0=>2:0 7040G, @>7@>1:0 <5B>4V2 

?>1C4>28 OLED - AB@C:BC@. �0 CG0ABV 02B>@0 ?@>2545=> 5:A?5@8<5=B0;ь=V 

5;5:B@>-EV<VG=V, B5@<VG=V B0 D>B>-DV78G=V 4>A;V465==O =>2>A8=B57>20=8E 

>@30=VG=8E =0?V2?@>2V4=8:V2. &0:>6 70 CG0ABV 02B>@0 @>7@>1;5=> 0:B82=5 

?V4A8;N20;ь=5 A5@54>28I5 4;O ;075@V2 V7 @>7?>4V;5=8< 72>@>B=V< 72’O7:>< =0 

>A=>2V =>2>A8=B57>20=>3> >@30=VG=>3> =0?V2?@>2V4=8:0. 

�?@>10FVO >B@8<0=8E @57C;ьB0BV2. $57C;ьB0B8 48A5@B0FV9=>W @>1>B8 
1C;> ?@54AB02;5=> B0 >13>2>@5=> =0 <V6=0@>4=8E B0 2A5C:@0W=Aь:8E 

:>=D5@5=FVOE, A5<V=0@0E B0 H:>;0E O: 2 ':@0W=V, B0: V 70 :>@4>=><: 23rd 

International Conference-School <Advanced Materials and Technologies= (2021, 

Palanga, Lithuania), IEEE 16th International Conference on Advanced Trends in 

Radioelectronics, Telecommunications and Computer Engineering TCSET (2022, 

Zoom), �:BC0;ь=V ?@>1;5<8 DC=40<5=B0;ь=8E =0C:: V <V6=0@>4=0 =0C:>20 

:>=D5@5=FVO (2023, �CFь:, ':@0W=0) The International research and practice 

conference "Nanotechnology and nanomaterials= NANO-2023 (Bukovel, Ukraine, 

2023). 
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#C1;V:0FVW. "A=>2=V @57C;ьB0B8 4>A;V465=ь >?C1;V:>20=> C 9 =0C:>28E 

?@0FOE, 7>:@5<0 C 5 AB0BBOE, A5@54 O:8E 3 3 C D0E>28E 2840==OE ':@0W=8, 1 3 

C2840==OE ':@0W=8, I> 2:;NG5=V 4> <V6=0@>4=8E =0C:><5B@8G=8E 107 Scopus 

B0Web of Science, 1 3 C =0C:>2><C ?5@V>48G=><C 2840==V V=H>W 45@6028, O:5 

2:;NG5=5 4> =0C:><5B@8G=>W 1078 Scopus B0 Web of Science; 4 <0B5@V0;0E B0 B570E 

4>?>2V459 =0 <V6=0@>4=8E B0 2A5C:@0W=Aь:8E :>=D5@5=FVOE. 

%B@C:BC@0 B0 >1AO3 @>1>B8. �8A5@B0FV9=0 @>1>B0 A:;040єBьAO V7 2ABC?C, 
G>B8@ь>E @>74V;V2, 28A=>2:V2, A?8A:C 28:>@8AB0=8E 465@5; (155 =09<5=C20=ь) B0 

2 4>40B:V2. �030;ь=89 >1AO3 48A5@B0FV9=>W @>1>B8 A:;040є 135 AB>@V=>:, 7 O:8E 98 

AB>@V=>: >A=>2=>3> B5:ABC, B0 <VAB8Bь 62 @8AC=:0 V 10 B01;8Fь. �=>B0FVO, 7<VAB, 

?5@5;V: C<>2=8E ?>7=0G5=ь, A?8A>: 28:>@8AB0=8E 465@5; B0 4>40B:8 28:;045=> 

2 @>1>BV =0 37 AB>@V=:0E. 
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$"���� � 

��%&"%'��!!/ TADF- �&�$����� � OLED-%&$'�&'$�) &� 
"$��!�+!�) !�#��#$"���!���� � ��&��!�) ��� �!&�) $��-

����$�� 

 

"@30=VG=V A2VB;>28?@><V=N20;ь=V 4V>48 (OLED) - F5 5;5:B@>;N<V=VAF5=B=V 

?@8;048 7 1030B>H0@>2>N AB@C:BC@>N >@30=VG=8E =0?V2?@>2V4=8:>28E 

<0B5@V0;V2, I> 70B8A=CBV <V6 ?@>7>@8< 0=>4>< V <5B0;528< :0B>4>< (@8A.1.1). 

#@8 ?@8:;045==V 4> 5;5:B@>4V2 OLED (:0B>40 B0 0=>40) 7>2=VH=ь>W =0?@C38 =>AVW 

70@O4C (5;5:B@>=8 B0 4V@:8) ?>B@0?;ONBь 2V4?>2V4=> 2 5;5:B@>==V B0 4V@:>2V 

V=65:FV9=V H0@8 7 ?>40;ьH>N V=65:FVєN 2 5;5:B@>==>- B0 4V@:>2>-B@0=A?>@B=V 

?;V2:8, 72V4:8 4@59DCNBь 2 5<VAV9=89 (A2VB;>28?@><V=N20;ь=89) H0@ 2 O:><C 

?V4 2?;82>< :C;>=V2Aь:>W 270є<>4VW D>@<CNBь 5:A8B>=8 [1-4]. 

 

 

$8A. 1.1. %E5<0B8G=5 7>1@065==O 1030B>H0@>2>W AB@C:BC@8 ?@8;04C =0 >A=>2V 

>@30=VG=>3> A2VB;>4V>40 (OLED) 
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#> ACBV,  5:A8B>=8 O2;ONBь A>1>N 5<VB5@=C <>;5:C;C 2 71C465=><C AB0=V 

(@8A. 1.2).  >;5:C;O@=V 71C465=V AB0=8 <>6=0 :;0A8DV:C20B8 O: 5;5:B@8G=> 

@V2=>206=V AB0=8, CB2>@5=V 70 C<>28 >1<V=C 5=5@3VєN B0 70@O4>< <V6 ACAV4=V<8 

<>;5:C;0<8, I> <0NBь A8=3;5B=89 01> B@8?;5B=89 E0@0:B5@  ' 5<VB5@=V9 

<>;5:C;V >4=>G0A=> VA=CNBь 42V A8AB5<8 5;5:B@>==8E @V2=V2: A8=3;5B=V Sn V 

B@8?;5B=V Tn.  

&@8?;5B=V 5:A8B>=8 <0NBь 4>2>;V 25;8:89 G0A 68BBO, >A:V;ь:8 

28?@><V=N20;ь=89 ?5@5EV4 2 >A=>2=89 AB0= 701>@>=5=89. *5 5:2V20;5=B=> 

=5?@O<8< ?5@5E>40< C :@8AB0;0E. &@8?;5B=V 5:A8B>=8 <>6CBь ?>H8@N20B8Aь =0 

25;8:V 2V4AB0=V (4> 100=<), B>4V O: A8=3;5B=V =5 <>6CBь 48DC=4C20B8 1V;ьH5 =V6 

=0 10 =<.  

�>6=><C 5=5@35B8G=><C @V2=N 2V4?>2V40є =01V@ :>;820;ь=8E AB0=V2. #V4 

G0A ?5@5E>4C 71C465=>W <>;5:C;8 C @V2=>206=89 AB0= <>6CBь 2V41C20B8AO O: 

28?@><V=N20;ь=V, B0: V =528?@><V=N20;ь=V ?5@5E>48. � Fь><C :>=B5:ABV 

@>7@V7=ONBь 2=CB@VH=N (IC) B0 V=B5@:><1V=0FV9=C :>=25@AVN (ISC). �=CB@VH=O 

:>=25@AVO E0@0:B5@87CєBьAO 2=CB@VH=ь> <>;5:C;O@=8<8 ?5@5E>40<8 <V6 

@V7=8<8 5;5:B@>==8<8 AB0=0<8 >4=0:>2>W <C;ьB8?;5B=>ABV =0?@8:;04, S2 → S1 

(A8=3;5B-A8=3;5B=89) B0 T2 → T1 (B@8?;5B-B@8?;5B=89). %;V4 70C2068B8, I> 

9<>2V@=VABь B0:8E ?5@5E>4V2 B8< 1V;ьH0, G8< <5=H0 @V7=8FO <V6 5=5@35B8G=8<8 

@V2=O<8 28EV4=>3> V :V=F52>3> AB0=C. 
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$8A. 1.2. �=5@35B8G=0 4V03@0<0 @V2=O, I> 45<>=AB@Cє >A=>2=V ?@>F5A8 

;N<V=5AF5=FVW 2 5<VB5@=V9 <>;5:C;V (;V2>@CG: D;C>@5AF5=B=0 <>;5:C;0; 2 

F5=B@V: D>AD>@5AF5=B=0 <>;5:C;0; ?@02>@CG: <>;5:C;0 TADF). !5?5@5@2=V 

AB@V;:8 2:07CNBь =0 28?@><V=N20;ь=V ?@>F5A8. #C=:B8@=V AB@V;:8 

?@54AB02;ONBь 15728?@><V=N20;ь=C @5;0:A0FVN. 

 

%C<0@=89 A?V= 5;5:B@>=V2 4;O A8=3;5B=>3> AB0=C @V2=89 =C;N >A:V;ь:8 

5;5:B@>=8 A?0@5=V. �;O B@8?;5B=>3> AB0=C AC<0@=89 A?V= @V2=89 42><, 0 

<C;ьB8?;5:B=VABь =0 2V4<V=C 2V4 >48=8FV 4;O A8=3;5B=>3> 2V4?>2V4=> 2V4?>2V40є 

B@ь><. �0728G09 >A=>2=89 =571C465=89 AB0= (AB0= S0) >@30=VG=8E <>;5:C; є 

A8=3;5B=8<, 0 >B65 B5>@5B8G=> 4>72>;5==8< є 28?@><V=N20;ь=89 ?5@5EV4 7 

=86=ь>3> A8=3;5B=>3> 71C465=>3> AB0=C - S1 2 >A=>2=89  S0 AB0=. &0:89 

28?@><V=N20;ь=89 ?5@5EV4 7 :>@>B:8< G0A0<8 @5;0:A0FVW, 2 =0=>A5:C=4=><C 

4V0?07>=V =07820NBь D;C>@5AF5=FVєN.  

!0 2V4<V=C 2V4 D>AD>@5AF5=FVW, I> є B5>@5B8G=> 701>@>=5=8< 

28?@><V=NNG8< ?5@5E>4>< B@8?;5B=8E 5:A8B>=V2 7 =86G>3> B@8?;5B=>3> 

71C465=>3> AB0=C T1 2 >A=>2=89 S0  G0A8 @5:><1V=0FVW ?5@51C20NBь 2 

<V:@>A5:C=4=><C 01> <V;VA5:C=4=><C 4V0?07>=0E. �0C2068<>, I> G0A8 @5;0:A0FVW 

4;O B@8?;5B=8E ?5@5E>4V2 ACBBє2>  A:>@>GCNBьAO ?V4 2?;82>< =0 5<VB5@=C 

<>;5:C;C 7>2=VH=VE G8==8:V2, B0:8E O: B5?;>289 2?;82 01> :8A5=ь [5,6]. 

�=B5@:><1V=0FV9=0 :>=25@AVO, B>1B>  ?5@5E>48 <V6 42><0 V7>5=5@35B8G=8<8 

:>;820;ь=8<8 @V2=O<8  =0;560Bь  4> AB0=V2 @V7=>W <C;ьB8?;5B=>ABV. !0?@8:;04, 
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<>;5:C;0 7 =C;ь>2>3> :>;820;ь=>3> @V2=O AB0=C S1 <>65 ?5@59B8 =0 

V7>5=5@35B8G=89 :>;820;ь=89 @V25=ь B@8?;5B=>3> AB0=C T2, 0 73>4><, 2 @57C;ьB0BV 

:>;820;ь=>W @5;0:A0FVW, =0 @V25=ь &1. #5@5E>48 <V6 AB0=0<8 @V7=>W 

<C;ьB8?;5B=>ABV, 2 ?@8=F8?V, 701>@>=5=V, >4=0: A?V=->@1VB0;ь=5 ?5@5:@820==O 

<>65 1CB8 4>AB0B=V<, I>1 G0AB:>2> 7=OB8 701>@>=C [7-9].  

%;V4 707=0G8B8, I> =0O2=VABь @V4:>75<5;ь=8E <5B0;V2 (=0?@8:;04, Ir V Pt) 

71V;ьHCє 9<>2V@=VABь A?V=->@1VB0;ь=>3> ?5@5:@820==O V, B0:8< G8=><, 7@>AB0є 

9<>2V@=VABь V=B5@:><1V=0FV9=>W :>=25@AVW, I> ?@82>48Bь 4> D>AD>@5AF5=B=>3> 

28?@><V=N20==O ?@8 :V<=0B=V9 B5<?5@0BC@V. &0:8< G8=><, B0:89 ?V4EV4 

C<>6;82;Nє 70;CG5==O O: B@8?;5B=8E, B0: V A8=3;5B=8E 5:A8B>=V2 2 ?@>F5A 

A2VB;>2>W @5:><1V=0FVW, I> B5>@5B8G=> 4>72>;Oє >B@8<C20B8 7=0G5==O 

2=CB@VH=ь>W :20=B>2>W 5D5:B82=>ABV (EQE) ?@8AB@>N =01;865=>N 4> 100%. &0: 

=0 Aь>3>4=V <0:A8<0;ь=5 7=0G5==O EQE >@30=VG=8E D>AD>@5AF5=B=8E OLED =0 

>A=>2V =>2VB=VE D>AD>@5AF5=B=8E <5B0;528E :><?;5:AV2 45<>=AB@Cє 4C65 28A>:5 

7=0G5==O, ?>=04 50% [10-13]. 

 

1.1. %8=3;5B-B@8?;5B=5 5=5@35B8G=5 @>7I5?;5==O (ΔEST) B0 TADF 

<5E0=V7< 

"@30=VG=V A2VB;>4V>48 =0 >A=>2V TADF 28:>@8AB>2CNBь <>;5:C;O@=V 

A8AB5<8 7 =525;8:8< @>7?>4V;>< 5=5@3VW <V6 A8=3;5B=8< V B@8?;5B=8< AB0=0<8. 

*5 <>65 1CB8 @50;V7>20=> 01> 2 AB0=0E 2=CB@VH=ь><>;5:C;O@=>3> ?5@5=>AC 

70@O4C <>;5:C; 7 <0965 >@B>3>=0;ь=8<8 4>=>@=8<8 B0 0:F5?B>@=8<8 

G0AB8=0<8, 01> 2 <V6<>;5:C;O@=8E 5:A8?;5:A=8E AB0=0E, CB2>@5=8E <V6 

2V4?>2V4=>N :><1V=0FVєN >:@5<8E 4>=>@=8E V 0:F5?B>@=8E <0B5@V0;V2 [14-

15,16,17]. �=H89 A?>AV1 704VO==O B@8?;5B=8E 5:A8B>=V2 2 OLED є 28:>@8AB0==O 

5<VB5@V2, O:8< ?@8B0<0==0 B5@<VG=> 0:B82>20=0  C?>2V;ь=5=0 D;C>@5AF5=FVO. 

(0:B8G=>, F59 B8? <>;5:C; <0є 2C7ь:89 5=5@35B8G=89 ?@><V6>: <V6 B@8?;5B=8< 

V A8=3;5B=8< 71C465=8<8 AB0=0<8, B0: I> B5?;>2>W 5=5@3VW, =0O2=>W 70 :V<=0B=>W 

B5<?5@0BC@8, 4>AB0B=ь>, I>1 0:B82C20B8 72>@>B=89 <V6:><1V=0FV9=89 ?5@5EV4 

(72>@>B=89 ISC), A?@8ONG8 ?>2=><C ?5@5B2>@5==N B@8?;5B 2 A8=3;5B=89 AB0=, 
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70?CA:0NG8 71V@ A8=3;5BV2. �>;8 IV;8=0 1;87ь:0 4> =C;O, <>6;8289 72>@>B=89 

<V6A8AB5<=89 ?5@5EV4 (RISC) [17-19]. !091V;ьH ?5@A?5:B82=8< V 5D5:B82=8< 

?V4E>4>< 4> 718@0==O B@8?;5B=8E 5:A8B>=V2 V7 70;CG5==O< ?@>F5AC RISC є 

28:>@8AB0==O TADF 28?@><V=N20GV2. ' TADF 5<VB5@V RISC :>=25@AVO <>65 1CB8 

;53:> 0:B82>20=0 B5?;>28< @CE>< <>;5:C;8 70 4>AB0B=ь> 28A>:8E B5<?5@0BC@ 

(1V;ьH5 300 �). �D5:B82=VABь TADF 2 >A=>2=><C 287=0G0єBьAO GCB;828< 4> 

B5<?5@0BC@8 RISC ?@>F5A><. (C=:FV>=0;ь=0 70;56=VABь :>=AB0=B8 H284:>ABV 

RISC (kRISC) 2V4 B5<?5@0BC@8 <>6=0 28@078B8 @V2=O==O< �>;ьF<0=0: 

      kRISC ∝ exp (ΔEST/kBT),            (1.1) 

45 T 3 B5<?5@0BC@0, 0 kB 3 AB0;0 �>;ьF<0=0. 

�030;ь=>2V4><>, I> =0O2=VABь 2 5<VB5@=8E <>;5:C; 2C7ь:>W 5=5@35B8G=>W 

IV;8=8 ΔEST <5=H>W =V6 0,2 5� C<>6;82;Nє 5D5:B82=89 ?@>F5A RISC [20]. 

ΔEST <>6=0 287=0G8B8  O: @V7=8FN 5=5@3VW =86=ь>3> A8=3;5B0 (ES) V 

B@8?;5B=>3> (ET) 71C465=>3> AB0=C:  

ES = E + K + J            (1.2) 

EB = E + K 3 J            (1.3) 

ΔEST = ES- E& =2J            (1.4) 

45  E 3 >@1VB0;ь=0 5=5@3VO, K 3 5=5@3VO 2V4HB>2EC20==O 5;5:B@>=0, J - 

5=5@3VO >1<V=C 01> >1<V==89 V=B53@0; [21]. 

J=∫>oFD(»)ϵA(»)»4d»,                                       (1.5) 

45 FD(») 3 =>@<0;V7>20=89 A?5:B@ 28?@><V=N20==O 4>=>@0, ϵA 3 AB0=40@B 

<>;O@=>3> :>5DVFVє=B0 ?>3;8=0==O 0:F5?B>@0, » 3 4>268=0 E28;V. 

�V4><>, I> C @57C;ьB0BV CB2>@5==O A?@O65=>3> 72’O7:C 2 >@30=VG=8E 

=0?V2?@>2V4=8:0E D>@<CNBьAO 72’O7C20;ь=V Ã- B0 @>7?CHC20;ь=V Ã̽ - <>;5:C;O@=V 

>@1VB0;V. *V >@1VB0;V D>@<CNBь 2C7ь:V 5=5@35B8G=V @V2=V, O:V @>7GV?;NNBьAO  =0 

7>=8. �0?>2=5=C Ã- >@1VB0;ь  =07820NBь 28I>N 70=OB>N  <>;5:C;O@=>N  

>@1VB0;N HOMO (highest occupied molecular orbital), 0 @>7?CHC20;ь=C   Ã̽ -

>@1VB0;ь 3 =86=ь>N 20:0=B=>N <>;5:C;O@=>N >@1VB0;N LUMO (lowest 

unoccupied molecular orbital).   
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&0:8< G8=><, 7=0G5==O 5=5@35B8G=>W IV;8=8 ΔEST 2 420 @078 ?5@528ICє 

7=0G5==O J. � @V2=O==O (1.4) 7@>7C<V;>, I> =525;8:5 7=0G5==O ΔEST <>65 1CB8 

>B@8<0=> 70 4>?><>3>N =525;8:>3> V=B53@0;0 ?5@5:@8BBO (5) B>1B> @>74V;5==O< 

?@>AB>@>28E E28;ь>28E DC=:FV9 HO " V LU ". �0C2068<>, I> <>;5:C;O@=V  

TADF 28?@><V=N20GV є AB@C:BC@0<8, O:V A:;040єBьAO 7 4>=>@=> - 0:F5?B>@=8E 

(D-A) 01> 7 4>=>@-0:F5?B>@-4>=>@=8E (D-A-D)  A:;04>28E, I> E0@0:B5@87CNBьAO  

2=CB@VH=ь>-<>;5:C;O@=8<8 AB0=0<8 ?5@5=5A5==O 70@O4C <V6 0:F5?B>@=8<8 V 

4>=>@=8<8 :><?>=5=B0<8. *V :><?>=5=B8 TADF 5<VB5@0  ?5@51C20NBь B0: 

40;5:> >48= 2V4 >4=>3> =0 >@B>3>=0;ь=8E >@1VB0;OE,  I> A?V=->@1VB0;ь=0 

270є<>4VO <V6 =8<8 є 4C65 =57=0G=>N, I> @>18Bь RISC AF5=0@V9 <0;>9<>2V@=8<. 

� <>;5:C;O@=>W B>G:8 70157?5G8B8 <0;5 7=0G5==O ΔEST <>65 ?@>AB>@>2> A:@CG5=0 

AB@C:BC@0, >A:V;ь:8 ?V4 G0A 5D5:B82=>3> @>7?>4V;C !" " B0 LUMO 7=0G5==O 

>1<V==>3> V=B53@0;0 <>65 AB0=>28B8 <0;C 25;8G8=C. �;87ь:5 4> =C;O 7=0G5==O 

ΔEST <>6=0 >B@8<0B8  ?@>AB>@>28< @>74V;5==O< 5;5:B@>==8E 3CAB8= 3@0=8G=8E 

>@1VB0;59, O: F5 ?>:070=> =0 @8A. 1.30. #@>AB>@>25 @>74V;5==O  5;5:B@>==8E 

3CAB8= !" " B0 LUMO @V2=V2 2 <>;5:C;V V7 70:@CG5=>N D-A-AB@C:BC@>N  

7>1@065=> =0 @8A. 1.31. #>2>@>B ?V4 ?@O<8< :CB>< <V6 A:;04>28<8 D V A є 

206;828< 4;O D>@<C20==O TADF <>;5:C;8. *V 420 :;NG>2V D0:B>@8 <V6 

A8=3;5B=8< AB0=>< 1CT V B@8?;5B=8< AB0=>< 3CT 7 =57=0G=>N 5=5@35B8G=>N 

IV;8=>N  70157?5GCNBь 5<VAVN TADF.  
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$8A. 1.3. (a) %B@0B53VO @50;V70FVW <0;8E 7=0G5=ь  ΔEST 2 >@30=VG=8E TADF 

<>;5:C;0E. HOMO: =0928I0 709=OB0 <>;5:C;O@=0 >@1VB0;ь, LUMO: =09=86G0 

=5709=OB0 <>;5:C;O@=0 >@1VB0;ь, ΔEST: 5=5@35B8G=0 IV;8=0 <V6 AB0=0<8 S1 V T1. 

(b) �;5:B@>==0 3CAB8=0 2 HOMO B0 LUMO B8?>2>3> ?@8:;04C (4CzIPN) 

>@30=VG=8E TADF <>;5:C; V7 70:@CG5=>N <>;5:C;>N B8?C D3A AB@C:BC@0. !0 

2AB02FV ?>:070=> <>;5:C;O@=C AB@C:BC@C. [22] 

 

�@V< >?B8<0;ь=8E 7=0G5=ь ΔEST V kRISC, 4;O >B@8<0==O 5D5:B82=>3> TADF 

28?@><V=N20==O 206;82>N є B0:>6 2V4=>A=> 25;8:5 7=0G5==O :>=AB0=B8 

H284:>ABV 28?@><V=N20==O kr - H284:>ABV ?5@5E>4C A8=3;5B=>3> 5:A8B>=C 7V 

AB0=C S1 2 AB0= S0. "4=0:, 25;8:5 7=0G5==O kr B0 1;87ь:5 4> =C;O ΔEST 

:>=D;V:BCNBь <V6 A>1>N, I> 28<030є @5B5;ь=>3> ?@>є:BC20==O <>;5:C;O@=8E 

AB@C:BC@ 4;O >4=>G0A=>W @50;V70FVW =5>1EV4=8E ?0@0<5B@V2. !0?@8:;04, 45O:V 

?>EV4=V :5B>=V2 <0NBь 2V4=>A=> =525;8:5 7=0G5==O ΔEST, 0;5 28O2;ONBь 

D>AD>@5AF5=FVN BV;ь:8 70 =87ь:>W B5<?5@0BC@8 G5@57 25;8:5 7=0G5==O  kr  4;O  

B@8?;5B=8E 5:A8B>=V2 [23-25]. � V=H>3> 1>:C, 7024O:8  >A>1;82><C ?>є4=0==N 

A?@O65=>ABV, I> 28=8:0є 2 @57C;ьB0BV A:@CG5=>W F5=B@0;ь=>W 3@C?8  3CQ= 2 

45:V;ь:>E 48D5=V;:5B>=V2 7 @V7=8<8 4>=>@=8<8 3@C?0<8, I> ?@8є4=0=V 4> 
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D5=>;ь=>3> :V;ьFO, =0O2=5 FV:025 ?>42V9=5 TADF 28?@><V=N20==O  1V;>3> 

:>;ь>@C. !0 2V4<V=C 2V4 B8?>28E D;C>@5AF5=B=8E 5<VB5@V2 7 4>2>;V 2C7ь:8<8 

A?5:B@0<8 28?@><V=N20==O TADF 28?@><V=N20GV 70728G09 45<>=AB@CNBь 3V@HC 

<>=>E@><=VABь. �;O  ?>:@0I5==O G8AB>B8 28?@><V=N20==O 22>4OBь AB5@8G=V 

?5@5H:>48 2 O4@> TADF 5<VB5@0 01> ?V4A8;NNBь 6>@AB:VABь 0:F5?B>@=>3> 

D@03<5=B0 V, B0:8< G8=><, ?@84CHCNBь <>;5:C;O@=5 >15@B0==O <V6 4>=>@=8<8 

V 0:F5?B>@=8<8 A:;04>28<8 [22,26]. -5 >4=8< :;NG>28< =0?@O<:><, I> 

4>72>;Oє ?>4>;0B8 >1<565==O =0 28:>@8AB0==O D;C>@5AF5=B=8E 10@2=8:V2 2 

B5E=>;>3VW 5;5:B@>;N<V=5AF5=B=8E ?@8AB@>W2 є 282G5==O ?5@A?5:B82=8E  TADF  

5<VB5@V2 7  5D5:B>< V=4C:>20=>W 03@530FVW. %?@020 2 BV<, I> ?V4 4VєN Ã - Ã 270є<>4VW 

TADF <>;5:C;8 ;53:> 03@53CNBь, I> ?@872>48Bь 4> 30AV==O ;N<V=5AF5=FVW  

7C<>2;5=>W 03@530FVєN (ACQ). &0:89 5D5:B A5@9>7=> >1<56Cє 70AB>AC20==O 

TADF 5<VB5@V2  2 >?B>5;5:B@>==8E ?@8AB@>OE. ->1 ?>4>;0B8 28=8:=5==O ACQ, 

2 >AB0==є 45AOB8;VBBO 1C;8 @>7@>1;5=V G8A;5==V >@30=VG=V 10@2=8:8 7 

2;0AB82VABN 03@530FV9=> 3 V=4C:>20=>W 5<VAVW  (AIE). (0:B8G=>, @>7G8=8 AIE 

;N<V=>D>@8 E0@0:B5@87CNBьAO 2:@09 =87ь:>N :20=B>2>N 5D5:B82=VABN 

D>B>;N<V=5AF5=FVW, B>4V O: WE=O ;N<V=5AF5=FVO @V7:> ?>A8;NєBьAO 2 B25@4><C 

AB0=V. &0:5 O28I5 ?>A8;5=>W 5<VAVW ?@89=OB> V=B5@?@5BC20B8 O: >1<565==O 

<V6<>;5:C;O@=8E >15@B0=ь B0 328=B>3> 2=CB@VH=ь><>;5:C;O@=>3> ?5@5=5A5==O 

70@O4C (TICT). "B65, <5E0=V7<8 ?5@5=5A5==O 70@O4C B0 70:@CG5=V <>;5:C;O@=V 

AB@C:BC@8 <0NBь 28@VH0;ь=89 2?;82 =0 D>B>DV78G=V 2;0AB82>ABV TADF 5<VB5@V2, 

O:V є 206;828<8 4;O 28A>:>5D5:B82=8E OLED-?@8AB@>W2.  

 

1.2. TADF-28?@><V=N20GV =0 >A=>2V 4>=>@=>-0:F5?B>@=>W ?0@8. 

�V4=>A=0 ?@>AB>B0 A8=B57C B0 28A>:0 O:VABь  A2VB;>2>3> 28?@><V=N20==O 

TADF 5<VB5@V2  =0 >A=>2V 4>=>@=>-0:F5?B>@=>W ?0@8 7C<>2;Nє WE H8@>:5 

28:>@8AB0==O 2 >@30=VG=8E ?@8;040E >?B>5;5:B@>=V:8. "4=0: =0O2=VABь 25;8:>3> 

:CB0 :@CG5==O  <V6 D V A D@03<5=B0<8 <>65 A?@8OB8 7=0G=8< AB5@8G=8< 

?5@5?>=0<. � Fь><C :>=B5:ABV 70AB>AC20==O >@B>-D-A-A?>;C: є ?@>AB>N V 
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5D5:B82=>N AB@0B53VєN D>@<C20==O  <0965 25@B8:0;ь=> A:@CG5=>W 

<>;5:C;O@=>W :>=DV3C@0FVW 4;O >B@8<0==O O:=09<5=H>3> 7=0G5==O ΔEST, 0 B0:>6 

5D5:B82=>3> TADF ?@>F5AC. %C V 9>3> :>;538 [27] @>7@>18;8 A5@VN D3A <>;5:C; 

=0 >A=>2V 3@C? TRZ O:  0:F5?B>@V2 V ?>EV4=8E 4815=7>B8>D5=0 01> BV0=B@5=0 (TE) 

2 O:>ABV 4>=>@V2. !0O2=VABь 2?;82C 206:8E 0B><V2 AV@:8 A?@8O;> 71V;ьH5==N 

:>5DVFVє=BC SOC V O: =0A;V4>: C<>6;82;N20;> ?@>E>465==N ISC. � 

A8=3;5B=><C AB0=V oTE-DRZ (@8A.1.4) 6>@AB:5 <>;5:C;O@=5 >B>G5==O <>;5:C;8 

70?>1V30;> 28=8:=5==N =528?@><V=NNG>3> ?5@5E>4C, 0 =0O2=V 4>72>;5=V 

D>AD>@5AF5=B=V ?5@5E>48 A?@8ONBь I5 :0A:04=V9 :>=25@AVW B0 ?V428I5==N G0AC 

68BBO 4>23>682CG8E B@8?;5B=8E 5:A8B>=V2.  

 

 

 

 

 

 

$8A. 1.4.  >;5:C;O@=0 AB@C:BC@0 TADF 5<VB5@V2 =0 >A=>2V 4>=>@=>-0:F5?B>@=>W 

?0@8. 
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�C;> 2AB0=>2;5=>, I> :@8AB0; oTE-DRZ (@8A. 1.4) 45<>=AB@Cє 2;0AB82>ABV 

?>42V9=>3> :0=0;C (TADF V D>AD>@>;C<V=5AF5=FVN ?@8 :V<=0B=V9 B5<?5@0BC@V 

(RTP) 7 75;5=C20B>-A8=N ;N<V=5AF5=FVN 7  :20=B>2>N 5D5:B82=VABN 

D>B>;N<V=5AF5=FVW (PLQY 87%.) (@8A. 1.5) 70 @0EC=>: >1<565==O 

<V6<>;5:C;O@=8E B0 2=CB@VH=ь><>;5:C;O@=8E AB5?5=V2 A2>1>48 @CEC. �024O:8 

=0O2=>ABV A8;ь=8E Ã3Ã-<V6<>;5:C;O@=8E 72’O7:V2 OLED =0 >A=>2V B>=:8E ?;V2>: 

o TE-DRZ ?>:070;8 EQE 4> 20,6%. ->1 4>AO3B8 28A>:>3> IQE 4;O ?@>AB8E 

28?@><V=N20GV2 TADF. +V B0 9>3> :>;538 [28] ?>2V4><8;8 ?@> @>7@>1;5==O 

=>2>3> <>;5:C;O@=>3> 48709=C B0 A8=B57C20;8  A:@CG5=V <>;5:C;O@=V TADF 

5<VB5@8 H;OE>< 22545==O >@B>72'O70=>W 4>=>@=>W ;0=:8 :0@107>;C, I> CB2>@Nє 

0A8<5B@8G=C AB@C:BC@C D3A3D'. �57?>A5@54=O ?@>AB>@>20 1;87ь:VABь 4>=>@0 B0 

0:F5?B>@0 2 0A8<5B@8G=V9 AB@C:BC@V <>65 ?>A8;8B8 =0A:@V7=5  ?5@5=5A5==O 

70@O4C (TSCT), B8< A0<8< ?@83=VGC20B8 <>;5:C;O@=V 2V1@0FVW 70?>1V30NG8 

5=5@35B8G=8E 2B@0B. �0=V @5=B35=>AB@C:BC@=>3> 0=0;V7C  2:07CNBь =0 ACBBє289 

72’O7>: <V6 D5=>BV078=>< (D') B0 48D5=V;AC;ьD>=>< (�). �024O:8 42>:0=0;ь=><C 

<5E0=V7<C ?5@5=5A5==O 70@O4C (%&) <>;5:C;O@=0 A?>;C:0 2Cz-DPS (@8A.1.4) 

45<>=AB@Cє 28A>:5 7=0G5==O (91,9 %) B25@4>BV;ь=>W PLQ V <0:A8<0;ь=>3> 

:20=B>2>3> 28E>4C 5;5:B@>;N<V=5AF5=FVW = 28,7%. &VєN 6 3@C?>N [29] 1C;> 

@>7@>1;5=> V A8=B57>20=> 42V A:@CG5=V D-A <>;5:C;8, I> E0@0:B5@87C20;8Aь   

=044>238<8 G0A0<8 @5;0:A0FVW RTP (room temperature phosphorescence) V TADF, 0 

A0<5 o-Cz V p-Cz, 2 O:8E 15@5 CG0ABь 4>=>@ :0@107>;C V 0:F5?B>@ 15=7>D5=>=C O: 

?>2'O70=V 2V4?>2V4=> >@B>-V ?0@0-A?>A>1><. �C;> ?>:070=>, I> B0:V <>;5:C;8 

45<>=AB@CNBь =525;8:C ΔEST, O:0 A?@8Oє ISC B0 RISC 2 C<>20E 42>:0=0;ь=>3> 

CT, I>, C A2>N G5@3C, 71V;ьHCє :V;ь:VABь  704VO=8E  B@8?;5B=8E 5:A8B>=V2 4;O 

71V;ьH5==O TADF 5D5:B82=>ABV. �@5HB>N, o-Cz ?@>45<>=AB@C202 =04B@820;89 

G0A 68BBO 0,84 A V :20=B>2C 5D5:B82=VABь 16,6%. �;O 10;0=AC20==O G0AC 68BBO B0 

PLQY 5<VB5@0 �0= B0 9>3> :>;538 [30] @>7@>18;8 B0 A8=B57C20;8 B@8 <>;5:C;8 

TADF 7 A:@CG5=>N AB@C:BC@>N =0 >A=>2V 48D5=V;AC;ьD>=>28E B0 9,9-48<5B8; 

0:@848=>28E 3@C?. �840;82H8 D5=V;ь=C 3@C?C 7 lb-Ph, I>1 7<5=H8B8 2V4AB0=ь 

<V6 D@03<5=B0<8 D B0 A, <>6=0 4>AO3B8 =0A:@V7=5  ?5@5=5A5==O 70@O4C TSCT. 
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 0B5@V0;8 E0@0:B5@87C20;8Aь 1030B>DC=:FV>=0;ь=8<8 5<VAV9=8<8 

2;0AB82>ABO<8, 2:;NG0NG8 TADF, D>AD>@5AF5=FVN 70 :V<=0B=>W B5<?5@0BC@8, 

03@530FVN  B0 B@81>;N<V=5AF5=FVN (TL), O:0 <>65 1CB8 28:;8:0=0 4VєN 

<5E0=VG=>3> ?>4@07=8:0. �C;> 28O2;5=>, I> <>;5:C;8, I> 45<>=AB@CNBь TSCT, 

?>:07CNBь PLQY <0965 100%. lb-1 B0 lb-3 (@8A. 1.4) ?@>O2;ONBь >G5284=V TL 

2;0AB82>ABV (@8A. 1.5). "18420 :@8AB0;8 ?>:070;8 E>@>HC :@8AB0;VG=VABь ?VA;O 

?>4@V1=5==O, I> A2V4G8;> ?@> E>@>HC <5E0=VG=C AB01V;ь=VABь <0B5@V0;V2. 

)>G0 5D5:B82=V <0B5@V0;8 A8=VE 5<VB5@V2 TADF 2:@09 =5>1EV4=V 4;O 

:><5@FV0;V70FVW >@30=VG=8E A2VB;>4V>4V2, VA=Cє @O4 =528@VH5=8E ?@>1;5< ?@8 

V<?;5<5=B0FVW WE 2 B5E=>;>3VG=89 <0@H@CB 283>B>2;5==O OLED . �>:@5<0: 28A>:0 

G0AB>B0 WE=ь>3> 28?@><V=N20==O  =530B82=> G8=>< 2?;820є =0 B5@<V= 

?@840B=>ABV A8=VE  OLED  70 @0EC=>: H284:>W 453@040FVW 28?@><V=N20;ь=>3> 

<0B5@V0;C [31-33]. �@V< B>3>, 4;O B0:8E ?@8;04V2 B8?>2>N ?@>1;5<>N є H284:89 

A?04 5D5:B82=>ABV @>1>B8 2 @568<V 28A>:>W OA:@02>ABV. &><C @>7@>1;5==O 

AB01V;ь=8E A8=VE 28?@><V=N20GV2 4;O OLED, є >4=8< V7 =09A:;04=VH8E 70240=ь. 

�V4> B0 9>3> :>;538 [34] 70?@>?>=C20;8 =>2C AB@0B53VN >B@8<0==O A8=ь>3> 

TADF, 28:>@8AB>2CNG8 3@C?8 9,9-48<5B8;-9,10-483V4@>0:@848=C (ACR) O: 

4>=>@0 B0 ?>42V9=V AC;ьD>=V;ь=V 3@C?8 O: 0:F5?B>@0.  >;5:C;8 ACR-BPSBP 

(@8A.4) V ACR-pBPSB (@8A. 1.4) <0;8 >4=0:>2V 4>=>@8 B0 0:F5?B>@8, 0;5 

E0@0:B5@87C20;8Aь @V7=8<8 72'O7:0<8. #>@V2=O=> 7 ACR-pBPSB  <>;5:C;0  ACR-

BPSBP (@8A.1.4) <0є 1V;ьH A:@CG5=C AB@C:BC@C V 45<>=AB@Cє 28IC PLQY 70 

@0EC=>: >1<565==O 4>268=8 A?@O65=>ABV. "A:V;ь:8  <0B5@V0; ACRBPSBP 

(@8A.1.4) 45<>=AB@C202 AB5@8G=V B@C4=>IV 7 1>:C >@B>-D5=V;AC;ьD>=V;ь=>W 

3@C?8, 1C;0 281@0=0 >@B>3>=0;ь=0 :>=DV3C@0FVO 7 25;8:8< B>@AV>==8< :CB>< 85°. 

*O <>;5:C;0 ?@>45<>=AB@C20;0 A8=є 28?@><V=N20==O 7 <0:A8<C<>< 

28?@><V=N20==O 2 >:>;V ?@8 460 =< B0 7 7=0G5==O< PLQY =82%. "4=0: ACR-

pBPSB (@8A.1.4) 7 28BO3=CB>N D>@<>N 45<>=AB@C202 75;5=C 5<VAVN 7 

<0:A8<C<>< 490 =< 7 PLQY 76%. 
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$8A. 1.5. �V03@0<0 5=5@35B8G=8E 71C465=8E @V2=V2 1CTF, 2CTF V 3CTF) (0). 

%?5:B@8 D;C>@5AF5=FVW (Fl), B@81>;N<V=5AF5=FVW (TL) B0 D>AD>@5AF5=FVW (Ph) 

lb-1 V lb-3 2 B25@4><C AB0=V (1) 

 

1.3. "@30=VG=V A2VB;>4V>48 =0 >A=>2V =5;53>20=8E TADF 5<VB5@V2. 

!5;53>20=V 5<VB5@=V H0@8 2 AB@C:BC@V "LED <0NBь @O4 ?5@5203, ?> 

2V4=>H5==N 4> «;53>20=8E» A8AB5< (3VABь-3>A?>40@): 7>:@5<0 A?@>ICєBьAO 

?@>F5A 283>B>2;5==O, B0:>6 1V;ьHVABь =5;53>20=8E ?@8AB@>W2 E0@0:B5@87CNBьAO 

=86G>N =0?@C3>N 682;5==O, 1V;ьH 28A>:>N OA:@02VABN B0 <5=H8< A?04>< 

5D5:B82=>ABV =V6 ;53>20=V ?@8AB@>W. �@V< B>3> =5>4=>@V4=>ABV, I> 28=8:0NBь 

?@8 ?>4V;V D07 2 A8AB5<V 3VABь 33>A?>40@ O:V 2V4ACB=V 2  =5;53>20=><C 5<VB5@V є 

H:V4;828<8 4;O AB01V;ь=>ABV :>;ь>@C B0 5D5:B82=>ABV ?@8AB@>N. #@>B5 2 

:V;ь:VA=><C 2V4=>H5==V OLED =0 >A=>2V =5;53>20=8E 5<VB5@=8E H0@V2 7=0G=> 

?>ABC?0NBьAO ;53>20=8<. )>@>H0 B5@<VG=0 B0 D>B>EV<VG=0 AB01V;ь=VABь TADF 

=5;53>20=8E 5<VB5@V2 є 206;82>N C<>2>N 4;O WE 70AB>AC20==O 2 OLED 

B5E=>;>3VW. #@> B0:C ABV9:VABь <>6=0 AC48B8 7 5=5@3VW 48A>FV0FVW <>;5:C;O@=8E 

72’O7:V2. #@8:;04>< =0O2=>ABV 2V4=>A=>  28A>:>W 5=5@3VW 48A>FV0FVW 72’O7:C, I> 

A?@8Oє 71V;ьH5==N B@820;>ABV B5@<V=C ?@840B=>ABV TADF 3 OLED,  

A?>AB5@V30єBьAO 2 5<VB5@=V9 <>;5:C;V =0 >A=>2V :><1V=0FVW AB01V;ь=>3> 0:F5?B>@0 

(B@V078=C) 7 4>=>@=8< D@03<5=B>< (:0@107>;0) [35-37]. &0:>6  :;NG>28< 

?0@0<5B@>< OLED є 7=0G5==O 25;8G8=8 7>2=VH=ь>W :20=B>2>W 5D5:B82=VABV 
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(ղEQE), O:C <>6=0 ?@54AB028B8   O: ηEQE =IQE×ηout  45 IQE V ηout є 2=CB@VH=ь>N 

:20=B>2>N 5D5:B82=VABN ?@8AB@>N B0 :>5DVFVє=B>< 28E>4C A2VB;0 2V4?>2V4=>. 

�;O OLED =0 >A=>2V TADF D>@<C;0 4;O 287=0G5==O IQE 70?8ACєBьAO C 283;O4V:  

   IQE = [0.25�� + {0.75 + 0.25(1 2 ��)} �þ1−�Ă] �,                      (1.6) 

45 ´ 3 :>5DVFVє=B 10;0=AC 70@O4V2, § p B0 § d 4 2:;04 <8BBє2>W D;C>@5AF5=FVW B0 

C?>2V;ь=5=>W D;C>@5AF5=FVW C :20=B>289 28EV4 D>B>;N<V=5AF5=FVW (§PL) 

2V4?>2V4=>: §PL=§ p + § d. �=0G5==O ´ 70728G09 4>@V2=Nє 1.0 4;O 1V;ьH>ABV 

ACG0A=8E 1030B>H0@>28E OLED. 

!5;53>20=V OLED =0 >A=>2V 75;5=>W 5<VB5@=>W <>;5:C;8 DMAC-BP 

45<>=AB@CNBь 7=0G5==O EQE B0 <0:A8<0;ь=C OA:@02VABь 18,9% B0 ~50 000 :4<-2 

2V4?>2V4=> [38]. "@30=VG=V A2VB;>4V>48 =0 >A=>2V DBT-BZ-DMAC, I> ?>:07CNBь 

:><1V=>20=5 28?@><V=N20==O, 28:;8:0=5 03@530FVєN B0 TADF 2>;>4VNBь 

<0:A8<0;ь=8< 7=0G5==O< EQE 14,2% B0 =57=0G=8< A?04>< 5D5:B82=>ABV AB@C<C 

=0 0,46% 2V4 ?V:>28E 7=0G5=ь 4> 7=0G5=ь ?@8 1000 :4<-2 [39]. &0:>6 C 

=5;53>20=><C 75;5=><C OLED 7 5<VB5@>< =0 >A=>2V CP-BP-PXZ, >A>1;82VABN 

O:>3> є =0O2=VABь 4>23>B@820;>W D;C>@5AF5=FVW, I> A?@8G8=5=0 03@530FVєN 

?>:0702 EQE 7=0G5==O 18,4% 7 =57=0G=8< ?04V==O< 5D5:B82=>ABV AB@C<C =0 1,2% 

?@8 1000 :4<-2 [40]. �:A8?;5:A=V TADF OLED є I5 >4=8< B8?>< =5;53>20=8E 

?@8AB@>W2 @8A.1.6.  

 

 

$8A. 1.6. �;5:B@>==0 5=5@35B8G=0 4V03@0<0, I> 45<>=AB@Cє ?@>F5A D>@<C20==O 

5:A8?;5:AC B0 270є<>72'O7:C =0 5=5@35B8G=8E @V2=OE.  
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#>-?5@H5, 4>=>@8 B0 0:F5?B>@8 CB2>@NNBь 71C465=V 4>=>@8 B0 0:F5?B>@8 

>A=>2=>3> AB0=C 01> CB2>@NNBь 71C465=V 0:F5?B>@8 B0 4>=>@8 >A=>2=>3> AB0=C 

?@8 28A>:>5=5@35B8G=><C 71C465==V. #>BV< 4>=>@=V 5:A8B>=8 B0 0:F5?B>@=V 

5:A8B>=8 >1'є4=CNBьAO 2 5:A8?;5:A. !0@5HBV, 5:A8?;5:A @>7?040єBьAO   =0 

4>=>@=C B0 0:F5?B>@C A:;04>2C. #@8 Fь><C 2V41C20єBьAO ?5@5EV4 2 >A=>2=89 AB0=  

7 28?@><V=N20==O<. 

�:A8?;5:A0<8 =07820NBь :><?;5:A8 2 71C465=><C AB0=V (%T), I> 

CB2>@NNBьAO 2 =0A;V4>: V=B5@D59A>2>W 270є<>4VW 71C465=>W <>;5:C;8 (=0?@8:;04 

0:F5?B>@0) 7 V=H>N =571C465=>N <>;5:C;>N (=0?@8:;04 4>=>@0) (1A* + D → 

1(A D)*). !040;V :><?;5:A @>7?040єBьAO =0 ?>78B82=C 4V@:C V =530B82=89 

5;5:B@>= 7 ?5@5E>4>< 2 >A=>2=89 AB0= So 7 28?@><V=N20==O< A2VB;0. 

�;5:B@>AB0B8G=0 270є<>4VO ?>78B82=> 70@O465=>3> 4>=>@0 7 =530B82=> 

70@O465=8< 0:F5?B>@><, I> ?5@51C20NBь =0 =525;8:V9 2V440;V >48= 2V4 >4=>3>, 

C<>6;82;Nє AB01V;V70FVN 5:A8?;5:AC. #>4V1=> 4> 2=CB@VH=ь>-<>;5:C;O@=>3> 

TADF 2 TADF 5:A8?;5:A=8E A?>;C:0E ?@>AB>@>20 >@Vє=B0FVO ?>;>65=ь HOMO 

B0 LUMO 4;O D V A A:;04>28E B0 <V6<>;5:C;O@=0 2V4AB0=ь <V6 =8<8, 287=0G0NBь 

D>@<C20==O <5E0=V7<C RISC. �C;> 28O2;5=>, I> 5:A8?;5:A8, I> 28?@><V=NNBь 

?>@V2=O=> 28A>:>5=5@35B8G=5 A2VB;> E0@0:B5@87CNBьAO 2V4=>A=> =525;8:>N 

5=5@3VєN %& 2V4 <>;5:C;8 4> <>;5:C;8 V =02?0:8.  >45;N20==O 5=5@3VW 

28?@><V=N20==O 2 B25@4V9 D07V ?>:070;>, I> AB0= %& 70;560Bь 2V4 

<V6<>;5:C;O@=>W 2V4AB0=V <V6 <>;5:C;0<8 D V A B0 WE=ь>W ?@>AB>@>2>W >@Vє=B0FVW. 

�;O ?V4B25@465==O 1C;8 ?@>2545==V 5:A?5@8<5=B0;ь=V A?>AB5@565==O.  

(>@<C20;8 H0@ 5:A8?;5:AC 7 <>;O@=8<  A?V22V4=>H5==O< 1:1 B@8A (4-:0@107>W;-

9-V;D5=V;) 0<V=0 (TCTA) B0 4,6-1VA (3,5-4V (?V@848=-4-V;) D5=V;) -2-

<5B8;?V@8<V48= (B4Py-MPM) =0 A:;O=V9  ?V4:;04FV [41]. )V<VG=V AB@C:BC@8 B0 

@V2=V 5=5@3VW TCTA V B4PyMPM ?>:070=> =0 @8A.1.7a. #>;>65==O @V2=O HOMO 

287=0G0;8 70 4>?><>3>N C;ьB@0DV>;5B>2>W D>B>5;5:B@>==>W A?5:B@>A:>?VW, 0 

@V2=V LUMO @>7@0E>2C20;8AO 2V4 @V2=O HOMO B0 :@0N ?>3;8=0==O 

C;ьB@0DV>;5B>2>3> A?5:B@0 >?B8G=>3> ?>3;8=0==O. %?5:B@ >?B8G=>3> 

?>3;8=0==O ?;V2:8, 2V4?>2V40є A?5:B@0< ?>3;8=0==O TCTA B0 B4PyMPM, F5 
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2:07Cє =0 B5, I> 2 B25@4><C AB0=V =5 2V41C;>AO 03@530FVW G8 CB2>@5==O :><?;5:AC 

%&. !0 @8A.1.71 ?>:070=> A?5:B@0;ь=C G0A>2C 70;56=VABь 5:A8?;5:A=>3> 

28?@><V=N20==O. �<V=0 G0A>2>3> ?0@0<5B@0 V=B5=A82=>3> A2VB;>2>3> V<?C;ьAC 

DV:AC20;0Aь 28A>:>H284:VA=>N  D>B>@5єAB@C20;ь=>N :0<5@>N. 

(>B>;N<V=VAF5=B=5 71C465==O  7@07:V2 ?@>2>48;8 V<?C;ьA=8< 07>B=8< ;075@>< 

7 4>268=>N E28;V 35=5@0FVW 337 =<. !0O2=VABь @V7=8E G0A>28E A?5:B@0;ь=8E 

@>7?>4V;V2 2:07CNBь =0 H284:89 B0 C?>2V;ь=5=89 <5E0=V7<8 70BCE0==O 

D;N>@5AF5=FVW 5:A8?;5:AC. � V=B53@>20=><C A?5:B@V 28?@><V=N20==O ?5@52060є 

5:A8?;5:A=0 5<VAVO. %?>AB5@V302AO ?>ABC?>289 A?5:B@0;ь=89 7AC2 C =87ь:> 

5=5@35B8G=C >1;0ABь , B0:, 7V 7<VI5==O<   28?@><V=N20==O  2V4 » = 493 =< =0 

?>G0B:C >1;0ABV A?>AB5@V30;0AO H284:0 5<VAV9=0 4V;O=:0  (t = 0-10 =A) 4> » = 535 

=<, 0 2 4>23>E28;ь>2V9 >1;0ABV 3 C?>2V;ь=5=0 28?@><V=N20;ь=0 A<C30 (t = 10270 

<:A). %?5:B@0;ь=89 G5@2>=89 7AC2 7 C?>2V;ь=5=>N 5<VAVєN є >A>1;82VABN 

5:A8?;5:AC, I> 28:;8:0=89 5D5:B>< ?>;O@870FVW ?V4 2?;82>< A5@54>28I0 

3>A?>40@O [42,43].  

 

 

0                                                                  b 

$8A. 1.7. a) )V<VG=V AB@C:BC@8 B@8A(4-:0@107>W;-9-V;D5=V;)-0<V= (TCTA) B0 4,6-

1VA (3,5-4V (?V@848=-4-V;)D5=V;)-2-<5B8;?V@8<V48= (B4PyMPM) 7 @V2=O<8 

5=5@3VW, 1) G0A>2V 70;56=>ABV A?5:B@V2 0<?;VBC48 D>B>;N<V=5AF5=FVW 

5:A8?;5:AV2. 

 



35 

�;O ?>40;ьH>3> ?V428I5==O 5D5:B82=>ABV  28:>@8AB0==O 5:A8?;5:A=>3> 

?V4E>4C 2 B5E=>;>3VW >@30=VG=8E A2VB;>28?@><V=N20;ь=8E ?@8AB@>W2 4>FV;ь=> 

@>7@>1;OB8 4;O 28:>@8AB0==O D V A <>;5:C;8 7 28A>:8< @V2=5< PLQY, ?@8 Fь><C 

4;O <V=V<V70FVW 30AV==O B@8?;5B=8E AB0=V2 C ?@>F5AV TADF, 4>=>@=V B0 0:F5?B>@=V 

<>;5:C;8  <0NBь <VAB8B8 7 28A>:>5=5@35B8G=V B@8?;5B=V @V2=V 5=5@3VW [44,45]. 

 

1.4.  OLED =0 >A=>2V ;53>20=>3> TADF 5<VB5@0 
�;O 70?>1V30==O 0=V3V;OFVW 5:A8B>=V2 2 >@30=VG=8E A2VB;>4V>40E =0 >A=>2V 

;53>20=8E TADF A8AB5< (3VABь-3>A?>40@), 5<VB5@ 70728G09 48A?5@3CєBьAO C 

B25@4>BV;ь=C <0B@8G=C ?;V2:C (2 :><?>=5=B 3>A?>40@O). �> <0B5@V0;C 3>A?>40@O  

AB02;OBь =87:C 28<>3, 7>:@5<0: 5=5@3VO B@8?;5BV2 <0B@8G=>W <>;5:C;8 <0є 1CB8 

28I>N  =V6 C TADF 5<VB5@0, HOMO V LUMO @V2=V <0NBь 1CB8 ?@028;ь=> 

>@Vє=B>20=V, >@30=VG=89 <0B@8G=89 =0?V2?@>2V4=8: <0є E0@0:B5@87C20B8AO 

H8@>:>N 701>@>=5=>N 7>=>N B0 1V?>;O@=>N @CE;82VABN =>AVW2 70@O4C 4;O 

<0:A8<V70FVW CB2>@5==O 5:A8B>=V2 2 5<VB5@=><C H0@V. �@V< B>3> <0B@8FO <0є 1CB8 

<>@D>;>3VG=> AB01V;ь=>N V 2>;>4VB8 E>@>H8<8 ?;V2:> CB2>@N20;ь=8< 

2;0AB82>ABO<8. ' 1V;ьH>ABV 28?04:V2 ?@8 283>B>2;5==V >@30=VG=8E A2VB;>4V>4V2 

7 TADF-5<VB5@0<8 28:>@8AB>2CNBьAO B@048FV9=V 28EV4=V <0B5@V0;8, O:V A?>G0B:C 

1C;8 @>7@>1;5=V 4;O D>AD>@5AF5=B=8E <5B0;>>@30=VG=8E :><?;5:AV2 =0 >A=>2V 

206:8E <5B0;V2[46]. &8?>28<8 <0B@8G=8<8 <>;5:C;8  7 28A>:8<8 B@8?;5B=8<8 

5=5@3VO<8 є: DPEPO (T1: 3,3 5�)[47], PPF (T1: 3,1 5�) [48], mCPCN(T1: 3,03 

5�)[49], CzSi (T1: 3,0 5�) [49], mCBP (T1: 2,9 5�)[50], TPBi (T1: 2,7 5�) [51]. �;O 

28A>:>5D5:B82=>3> 75;5=>3> 28?@><V=N20G0 4CzIPN 1C;> A8=B57>20=> :V;ь:0 

<0B5@V0;V2 7 DC=:FVєN 3>A?>40@O [52-54], 4;O OLED 7 O:8<8 A?>AB5@V30;0Aь 

:20=B>20 5D5:B82=VABь 4> 31,2% (B01;8FO 1.1). �C;> @>7@>1;5=> 1030B> 

<0B@8G=8E <0B5@V0;V2 4;O A8=ь>3> 28?@><V=N20G0 DMAC-DPS. �>:@5<0, OLED 

7 <0:A8<0;ь=>N EQE =0 @V2=V 23,0% 1C2 >B@8<0=89 7 28:>@8AB0==O< 2 O:>ABV 

:><?>=5=B8 3>A?>40@O DPETPO [55]. %;V4 70C2068B8, I> 7024O:8 ;>:0;ь=> 

48?>;ь=V9 270є<>4VW ?>;O@=V <0B@8G=V ?;V2:8 <>6CBь AB01V;V7C20B8 71C465=89 

AB0= CT 3>ABь>2>3> 5<VB5@0. �8?@><V=N20==O TADF OLED ?@8 Fь><C 
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7<VICєBьAO 2 G5@2>=C >1;0ABь A?5:B@0. &0:, 4;O A8=ь>3> TADF-28?@><V=N20G0 

DDMA-TXO2 70 @0EC=>: >1'є4=0==O 5<VB5@0 7 <0B@8F5N ?@028;ь=>W ?>;O@=>ABV 

5=5@3VO AB0=C 1CT 7=86CєBьAO, 0 ΔEST <V=V<V7CєBьAO, 2 @57C;ьB0BV G>3> EQE 

4>AO30є 7=0G5=ь 22,4% 4;O ?@8AB@>N 7 CIE :>>@48=0B8 (0,16, 0,24) [56]. 

 

&01;. 1.1. (>B>;N<V=5AF5=B=V B0 5;5:B@>;N<V=5AF5=B=V E0@0:B5@8AB8:8 

@5?@575=B0B82=8E =87ь:><>;5:C;O@=8E <0B5@V0;V2 TADF 

 >;5:C;0  ΛPL 

(nm) 

∆EST 

(eV) 

ΦPL Host/

toluene 

(%) 

τPF (ns)/

τDF (µs) 
CE 

(cdA-1) 

PE 

(lmW-1)

EQEmax 

(%) 

DMAC-

DPS 

PL:mCP 

film 

(10wt%) 

464 0.09 90/80 2.1/3.1 - - 19.5 

EL:DPEPO 

film 

(10wt%) 

mCP film 

(10wt%) 

- 19 19.5 

PL:mCP 

film 

(10wt%) 

39.7 44.4 23.0 

EL:DPEPO 

film 

(10wt%) 

DMAC-

TRZ 

mCPCN 

film (8wt%)

495 0.05 90/83 20.3/1.9 66.8 65.6 26.5 

PL: mCPCN

film 

(10wt%) 

61.1 45.7 20 
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EL: neat 

film 

4CzIPN CBP film 

(6wt%) 

507 0.08 93.8/- 17.8/5.1 - - 19.3 

3CzPFP 

(1%) 

- - 31.2 

PXZ-TRZ CBP film 

(6wt%) 

545 0.08 66/43 20/1.1 - - 12.5 

DACT-II CBP film 

(9wt%) 

529 0.009 63.7/100 -/- - - 29.6 

TPA-DCPP Neat film 708 0.13 14/84 20.8/0.7

6 

4.0 - 9.8 

HAP-3TPA 26mCPy 

film 

(6±1wt%) 

610 0.17 91/- -/100 25.9 22.1 17.5 

 

�V;V TADF OLED 7=09H;8 H8@>:5 70AB>AC20==O 2 ACG0A=8E 48A?;59=8E 

?@8;040E B0 A8AB5<0E >A2VB;5==O, I> AB2>@8;> ?5@54C<>28 4> ?>40;ьH>3> 

71V;ьH5==O V=25AB8FVW 2 >1;0ABь WE 4>A;V465=ь. �V;V TADF OLED 70728G09 

>B@8<CNBь 7<VHC20==O< B@ь>E 107>28E (RGB)  28?@><V=N20;ь=8E :>;ь>@V2. 

!0?@8:;04: 75;5=8E (4CzPN), G5@2>=8E (4CzTPN-Ph) B0 A8=VE (3CzTRZ) 

28?@><V=N20GV2 7 <0B@8FV (mCBP V PPT) [57-59]. � >?B8<V7>20=>N 35B5@> 

AB@C:BC@>N, I> A:;040єBьAO 7 4CzPN: mCBP(3 =<)/4CzTPN-Ph:mCBP (2 

=<)/3CzTRZ:PPT (10 =<), TADF OLED ?@8AB@V9 4>AO3 <0:A8<0;ь=>3> 7=0G5==O 

EQE =17,6% V CIEx,y (0,26, 0,38). �8:>@8AB0==O 3V1@84=8E «B5?;>-1V;V» WOLED 

>B@8<0=8E 7 28:>@8AB0==O< TADF 5<VB5@0 A8=ь>3> :>;ь>@C (2CzPN) V 6>2B>3> 

;N<V=>D>@0 PO-01 2 >:@5<8E 28?@><V=N20;ь=8E H0@0E (@8A.1.8) C<>6;828;> 

4>AO3B8 7=0G5=ь EQEmax =0 @V2=V 22,6% B0 (CIEx,y=(0,45, 0,48)) [34]. �><1V=CNG8 

6>2B89 TADF-5<VB5@ PXZDSO2 7 B5<=>-A8=V< D;C>@5AF5=B=8< 



38 

28?@><V=N20G5< NI-1-PhTPA, 1C;8 283>B>2;5=V A2VB;>4V>48 B5?;>3> 1V;>3> 

:>;ь>@C, I> 4>AO30NBь EQEmax 15,8% (CIEx,y=(0,401, 0,476). �@V< B>3>, :>;8 1C2 

22545=89 B5<=>-G5@2>=89 D;C>@5AF5=B=89 :><?>=5=B, 1C;8 >B@8<0=V B@8:>;V@=V 

1V;V OLED 7 EQEmax =19,2% (CIEx,y=(0,348, 0,577)), 7 4C65 28A>:8< V=45:A>< 

?5@54020==O :>;ь>@C 95 [59,60]. 

 

 

$8A. 1.8. $V2=V 5=5@3VW, 5=5@3VW 5:A8B>=V2 B0 <5E0=V7< 28?@><V=N20==O A2VB;0 

<0B5@V0;V2, I> 28:>@8AB>2CNBьAO C 3V1@84=8E 1V;8E >@30=VG=8E A2VB;>4V>40E 

 

�V1@84=89 1V;89 OLED <0є 420 28?@><V=N20;ь=V H0@8 (EML). #5@H89 

EML, 1;87ь:89 4> H0@C ?5@5=>AC 4V@>: (NPB), <VAB8Bь 2CzPN C <0B@8FV mCP. ' 

4@C3><C � L, @>7B0H>20=><C ?>@CG V7 5;5:B@>= B@0=A?>@B=8< H0@><, $"-01 

;53>20=89 C <0B@8FN. �<VAV9=V H0@8 @>7B0H>20=V <V6 H0@>< ?5@5=5A5==O 

5;5:B@>=V2 TAZ B0 H0@>< 1;>:C20==O 5;5:B@>=V2/5:A8B>=V2 TCTA. HATCN 

28:>@8AB>2CєBьAO O: H0@ V=65:FVW 4V@>:. �5;8:5 5=5@35B8G=5 7<VI5==O 28I>W 

709=OB>W <>;5:C;O@=>W >@1VB0;V (HO ") TAZ V HO " mCP 70?>1V30є B@0=A?>@BC 

4V@>: <V6 ACAV4=V<8 H0@0<8, I> ?5@5=>AOBь 4V@:8. ' 7>=V 35=5@0FVW 5:A8B>=V2 

(AV@89 :>;V@) 4V@:0 B0 5;5:B@>= <>6CBь ?>є4=C20B8AO 70 4>?><>3>N :C;>=V2Aь:8E 

A8; 7 CB2>@5==O< 5:A8B>=V2. 
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#@028;ь=0 >@Vє=B0FVO <>;5:C;8 <>65 ?V428I8B8 5D5:B82=VABь ;53>20=8E 

OLED  �<VB5@ 7 3>@87>=B0;ь=8< 48?>;ь=8< <><5=B>< ?5@5E>4C 70157?5GCє 

=01030B> 1V;ьHC 5D5:B82=VABь 28EV4=>3> 72'O7:C, =V6 25@B8:0;ь=> >@Vє=B>20=89 

48?>;ь 70 @0EC=>: G>3> ?V428ICєBьAO EQE [61]. &5>@5B8G=> EQE <>6=0 

71V;ьH8B8 4> 46% 4;O V450;ь=> 3>@87>=B0;ь=> >@Vє=B>20=8E 5<VB5@V2 157 

28:>@8AB0==O 7>2=VH=VE 282V4=8E AB@C:BC@ V7 §PL = 1 B0 � = 1, 45 §PL 3:20=B>289 

28EV4 D>B>;N<V=5AF5=FVW, � 3 2V4A>B>: 3>@87>=B0;ь=8E 48?>;V2 A5@54 CAVE 

28?@><V=NNG8E 48?>;V2. !0?@8:;04, G5@57 28A>:89 2V4A>B>: CAVE 

28?@><V=NNG8E 48?>;V2 (�=92%) ?>є4=0==O  :><?>=5=B8 3>A?>40@O DPEPO V 

TADF 5<VB5@0 CC2TA O: 28?@><V=NNG>3> H0@C 70157?5G8;> EQEmax =11±1% 

[62] (@8A.1.9). �D5:B82=VABь 3>@87>=B0;ь=>W >@Vє=B0FVW 5<VB5@V2, 1C;0 28I>N 

(31,3%), =V6 C V7>B@>?=8E 5<VB5@V2 (20,6%).  

 

 

$8A. 1.9. �=482V4C0;ь=89 2<VAB  V7>B@>?=8E B0 3>@87>=B0;ь=8E A8=3;5BV2 C 

7>2=VH=N :20=B>2C 5D5:B82=VABь (EQE 01> ηEQE) 2 >@Vє=B>20=><C EML 

 

' ;V2><C AB>2?FV ?5@5@0E>20=V B8?>2V 7=0G5==O 4;O V7>B@>?=>3> 

A8=3;5B=>3> 28?@><V=N20G0, 0 2 ?@02><C AB>2?FV ?5@5@0E>20=V B8?>2V 7=0G5==O 

4;O >@Vє=B>20=>3> TADF 28?@><V=N20G0), I> 4>72>;Oє EQE =01C20B8 7=0G5==O 

28IV 70  <>6;82V 7=0G5==O :;0A8G=>W <56V. TADF 71V;ьHCє 2V4A>B>: 

28?@><V=N20;ь=8E 5:A8B>=V2 ηr 2=0A;V4>: 72>@>B=>W :>=25@AVW B@8?;5B=8E 
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5:A8B>=V2 C A8=3;5B=89 AB0=, I>, A2>єN G5@3>N, ?V428ICє 2=CB@VH=N :20=B>2C 

5D5:B82=VABь (ηint). �>@87>=B0;ь=0 >@Vє=B0FVO 48?>;ь=8E <><5=BV2 ?5@5E>4C 2 

� L 71V;ьHCє 5D5:B82=VABь 282545==O (ηout). #5@5410G0єBьAO, I> @04V0FV9=0 

:20=B>20 5D5:B82=VABь >4=0:>20 2 >1>E AF5=0@VOE. "4=0:, >A:V;ь:8 D0:B>@8 

#5@A5;;0 70;560Bь 2V4 >@Vє=B0FVW, ?V4 G0A @>7@0EC=:C 28:>@8AB>2CNBьAO @V7=V 

7=0G5==O :20=B>2>W 5D5:B82=>ABV 28?@><V=N20==O ηEQE. 

 

1.5.  TADF OLED =0 >A=>2V 03@530FV9=> – V=4C:>20=>W 5<VAVW 
!5;53>20=89 OLED, 2 O:><C 28:>@8AB>2CєBьAO 1VA3-(9,9-48<5B8;-9,10 

483V4@>0:@848=)D5=V;) AC;ьD>= (mSOAD) 45<>=AB@Cє GC4>2V A8=V 

5;5:B@>;N<V=5AF5=B=V E0@0:B5@8AB8:8 7 <0:A8<C<>< 28?@><V=N20==O  488 =< V 

EQE =14,0%. �@V< B>3>, =0?@C30 2:;NG5==O B0:>3> OLED AB0=>28Bь 3,1 � 7 

<0:A8<0;ь=8< 28EV4=8< 31,7 :4/�. �8A>:V E0@0:B5@8AB8:8 45<>=AB@CNBь AIDF 

OLED =0 >A=>2V 5<VB5@0 DMAC-DPS. #V7=VH5 /=3 B0 9>3> :>;538 ?>2V4><8;8 ?@> 

28A>:>5D5:B82=V OLED, 7 28:>@8AB0==O< 42>E V7><5@V2 O: 5<VB5@V2: V7><5@ 1VA-

[3-(9,9-48<5B8;-9,10-483V4@>0:@848=) D5=V;] AC;ьD>=C (mSOAD) V 1VA-A?>;C:8 

[2-(9 ,9-48<5B8;-9,10-483V4@>0:@848=) D5=V;]AC;ьD>=C (>-ACSO2). "1842V FV 

<>;5:C;8 <0NBь E>@>HV TADF 2;0AB82>ABV 7 2V4<V==>N @>7G8==VABN B0 5D5:B>< 

AIE 7024O:8 25;8:8< :CB0< 70:@CGC20==O <V6 4>=>@=8<8 B0 0:F5?B>@=8<8 

D@03<5=B0<8 (B01;.1.2) [63, 64].  

 

&01;. 1.2. #@>4C:B82=VABь =5 ;53>20=8E AIDF OLED 

%?>;C:0 ΛEL, =< Von,� Lmax, :4/<-2 CEmax,:4A-1 PEmax,�<�-

1 

EQE,% 

m-DTPACO 480 3.9 10005 4.8 2.8 2.4 

m-ACSO2 486 4.1 - 37.9 23.8 17.2 

mSOAD 488 3.1 - 31.7 28.4 14.0 

o-ACSO2 492 4.4 - 14.1 7.8 5.9 

ECPPTT 494 5.6 10090 3.437 - - 
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G2B 500a 4.3a - 11.3 7.1 4.8 

500b 3.4b 14.0 11.5 5.7 

CP-BP-

DMAC 

502 2.7 37680 41.6 37.9 15.0 

DBT-BZ-

DMAC 

508 2.7 27270 43.3 35.7 14.2 

G3B 513a 3.6a - 8.7 6.6 3.6 

516b 2.9b 7.7 5.7 2.9 

p-DTPACO 517 3.9 7354 10.8 8.2 3.7 

ECDPTT 517 5.8 7561 2.478 - - 

DCPDAPM 521 3.2 123371 26.88 15.63 8.2 

SBDBQ-

DMAC 

544 2.8 14578 35.4 32.7 10.1 

 

�5I> :@0IC 5D5:B82=VABь =V6 AIDF OLED =0 >A=>2V 5<VB5@0 DMAC-DPS 

45<>=AB@Cє A2VB;>28?@><V=N20;ь=89 >@30=VG=89 ?@8;04, 283>B>2;5=89 7 

28:>@8AB0==O< mACSO2 7 5;5:B@>;N<V=5AF5=FVєN 2 A8=ь>-75;5=V9 >1;0ABV 7 

<0:A8<C<>< 2 >:>;V 486 =<, =0?@C3>N 2:;NG5==O 4,1 �, <0:A8<0;ь=8< 28E>4>< 

?> AB@C<C 37,9 :4/�, 5=5@3>5D5:B82=VABN 23,8 ;</�B B0 EQE 17,2%. #@8 

28:>@8AB0==V 2 B5E=>;>3VW OLED V=H>3> V7><5@C  o-ACSO2 28?@><V=N20==O 

45I> 7<VICєBьAO 2 G5@2>=C >1;0ABь A?5:B@C 7 <0:A8<C<>< ?@8 492 =< B0 EQE 

=5,9 %, =0?@C30 2:;NG5==O OLED 2V4?>2V40є 7=0G5==N 4,4 � 70 <0:A8<0;ь=>W 

AB@C<>2>W 5D5:B82=>ABV 14,1 :4/� V <0:A8<0;ь=8< 28E>4>< ?>BC6=>ABV 7,8 ;</�B 

[63]. &0:>6, A8=ь>-75;5=89 OLED 1C2 >B@8<0=89 &0=3>< V 9>3> :>;530<8 7 

28:>@8AB0==O< B@8D5=V;5B8;5=C O: AIE 1;>:0, :0@107>;0 B0 BV0=B@5=-9,9,10,10-

B5B@0>:A840 (ECPPTT) O: 4>=>@0 B0 0:F5?B>@0 2V4?>2V4=> [65]. #>B5=FV9=5 

70AB>AC20==O B0:>3> 10@2=8:0 O: 28?@><V=N20;ь=>3> H0@C 2 =5;53>20=><C 

OLED 45<>=AB@C20;> 28?@><V=N20==O 7 <0:A8<C<>< ?@8 494 =<, !0?@C30 

2:;NG5==O ?@8;04C AB0=>28;0 5,6� ?@8  <0:A8<0;ь=V9 OA:@02>ABV 10090 :4/<2 B0 
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7  <0:A8<0;ь=>N AB@C<>2>N 5D5:B82=VABN 3,437:4/�. �V B0 9>3> :>;538 [66] 

?@>0=0;V7C20;8 70AB>AC20==O AIE 5<VB5@V2 7 ?@8B0<0==8< W< TADF 5D5:B>< C 

=5;53>20=8E 75;5=8E >@30=VG=8E A2VB;>4V>40E, ?@> O:V @0=VH5 ?>2V4><;O;8 %N9 

+60= B0 :>;538 [67,68]. #>@V2=NNG8 A8<5B@8G=C B0 0A8<5B@8G=C :>=DV3C@0FVN 

4>=>@=>W B0 0:F5?B>@=>W 3@C?, B>1B> 28:>@8AB>2CNG8 >48= (D5=>BV078=) 01> 420 

@V7=8E 4>=>@8 (D5=>BV078= B0 D5=>:A078=) C ?>є4=0==V 7 >4=VєN F5=B@0;ь=>N 

0:F5?B>@=>N A:;04>2>N (1VA-D5=V;AC;ьD>=0), 02B>@8 ?@89H;8 4> 28A=>2:C, I> 

0A8<5B@8G=0 1C4>20 5<VB5@V2 є :;NG>2>N C<>2>N 4;O 4>AO3=5==O 28A>:8E 

7=0G5=ь E0@0:B5@8AB8: C 4>A;V46C20=8E ?@8AB@>OE. �V9A=>, =5;53>20=0 ?;V2:0 2 

>@30=VG=8E A2VB;>4V>40E 0A8<5B@8G=>3> PTSOPO 70157?5GC20;0 1V;ьH 28A>:C 

3CAB8=C AB@C<C, 1V;ьH 28A>:C OA:@02VABь B0 28I89 EQE, =V6 A8<5B@8G=89 

PTSOPT. �>:@5<0, =5;53>20=89 ?@8AB@V9 PTSOPO <>65 4>AO30B8 <0:A8<0;ь=>W 

EQE= 17,0% 75;5=>W 5;5:B@>;N<V=5AF5=FVW. �A8<5B@8G=0 ?>B@V9=0 AB@C:BC@0 

1C;0 B0:>6 CA?VH=> 4>A;V465=0 &0=>< B0 9>3> :>;530<8 [40] 4;O >B@8<0==O 

>@30=VG=8E A2VB;>4V>4V2, I> 28?@><V=NNBь @V7=V :>;ь>@8. �<VB5@ =0 >A=>2V 

:>=DV3C@0FVW D-A-D', 45 D@03<5=B D-A CB2>@5=89 9-D5=V;-9H-:0@107>;><, 

?>2'O70=8< C B@5Bь><C ?>;>65==V  7 15=7>W;ь=>N ;0=:>N (CP-BP) V 28:>@8AB>2Cє 

9,9-48<5B8;-9,10.-483V4@>0:@848= (DMAC) O: B@5BV9 70ABC?=8: 70157?5GCє 

A8=ь>-75;5=C 35=5@0FVN OLED. *V:02>, I> >@1VB0;V HOMO ;>:0;V7>20=V =0 

5;5:B@>=>-4>=>@=V9 G0AB8=V D (DMAC), 0 LUMO - =0 O4@V 15=7>D5=>=C (BP) V 

@>7H8@5=V 4> 4@C3>W ?>;>28=8 :0@107>;ь=>3>  D@03<5=B0 V O: =0A;V4>: 5<VB5@ 

E0@0:B5@87CєBьAO <5=H8< 7=0G5==O< ΔEST 2 ?>@V2=O==V 7 0=0;>3VG=8<8 

<>;5:C;0<8, I> <VABOBь  D5=>:A078= (PXZ) 01> D5=>BV078= (PTZ) 70<VABь DMAC 

(0,33, 0,45 B0 0,11 5� 4;O CP-BP-PXZ, CP-BP PTZ B0 CP-BP-DMAC 2V4?>2V4=>). 

�@V< B>3>, 70:@CG5=5 D5=V;ь=5 :V;ьF5 2 9 ?>;>65==V  :0@107>;C ?5@5H:>460є 

IV;ь=><C C?0:C20==N <V6 <>;5:C;0<8 V ?>A;01;Nє <V6<>;5:C;O@=V 270є<>4VW, 

B8< A0<8< 7<5=HCNG8 2?;82 ACQ =0 ?;V2:C.  0:A8<C< A?5:B@0;ь=>W 4>268=8 

28?@><V=N20==O OLED =0 >A=>2V B0:>3> 5<VB5@0 AB0=>28Bь 502 =<. #@8;04 

E0@0:B5@87CєBьAO =87ь:>N =0?@C3>N 2:;NG5==O (2,7 �), <0:A8<0;ь=>N 

OA:@02VABN 37 680 :4/<2, <0:A8<0;ь=0 5=5@3>5D5:B82=VABь 37,9 ;</�B B0 EQE= 
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15,0%. �0@B> 707=0G8B8 4C65 =87ь:89 A?04 (0,2%) 2:07Cє =0 28A>:V ?>:07=8:8 

=5;53>20=>3> A8=ь>-75;5=>3> OLED [40,69]. 

 

1.6. �<?;5<5=B0FVO =0=>G0AB8=>: O: <5B>4 ?V428I5==O 5D5:B82=>ABV 
OLED-AB@C:BC@8 

�V H284:8< @>728B:>< =0=>B5E=>;>3V9 =0=><0B5@V0;8 ?@825@=C;8 25;8:C 

C203C 2 @V7=8E AD5@0E 7024O:8 A2>W< C=V:0;ь=8< 2;0AB82>ABO<. �8:>@8AB0==O 

DC=:FV>=0;ь=8E =0=>G0AB8=>: (!+) ?@>45<>=AB@>20=> O: C=V25@A0;ь=C B0 

5D5:B82=C AB@0B53VN 4;O ?>40;ьH>3> ?V428I5==O 5D5:B82=>ABV OLED 7024O:8 

WE=V< C=V:0;ь=8< >?B8G=8<, 5;5:B@>==8< V <03=VB=8< 2;0AB82>ABO<. !0?@8:;04, 

=0=>G0AB8=:8 <5B0;C 01> >:A84C <5B0;C <>6CBь <>48DV:C20B8 ?>25@E=N 

:>=B0:BC 5;5:B@>4/>@30=VG=89 H0@ V A?@8G8=8B8 ?>:@0I5==O V=65:FV9=8E 

2;0AB82>AB59 [70-72]. !0=>G0AB8=:8 <5B0;C <>6CBь V=4C:C20B8 A8;ь=89 

;>:0;V7>20=89 ?>25@E=52>-?;07<>==89 @57>=0=A (�##$), O:89 71V;ьHCє 

H284:VABь 28?@><V=N20;ь=>W @5:><1V=0FVW 5<VB5@V2 G5@57 72’O7>: C 1;86=ь><C 

?>;V [71] $>7AVN20==O A2VB;0, 28:;8:0=5 !+, <>65 28;CG0B8 1V;ьH5 70E>?;5=8E 

D>B>=V2 V, B0:8< G8=><, ?V428I8Bь 5D5:B82=VABь 282>4C A2VB;0, 0, >B65, V EQE 

[73,74]. ":@V< B>3>, 2?;82 <03=VB=>3> ?>;O =0 >@30=VG=V 5<VB5@8 70157?5GCє =>2C 

<5B>4>;>3VN 4;O ?>40;ьH>3> ?V428I5==O IQE ?V4 7>2=VH=V<8 <03=VB=8<8 

?>;O<8 =0 ?@0:B8FV [75]. !0 @8AC=:C 1.10 =02545=> 2;0AB82>ABV !+, I> 

28:>@8AB>2CNBьAO 4;O ?V428I5==O 5D5:B82=>ABV OLED.  

�5O:>N <V@>N <>6=0 22060B8 B5E=>;>3VG=8<  ?@>@82>< V<?;5<5=B0FVN 

=0=>G0AB8=>:  (!+)  2 OLED AB@C:BC@C. �>:@5<0,  7024OGCNG8  C=V:0;ь=8< 

>?B8G=8< B0 5;5:B@>==8<  2;0AB82>ABO< !+ <5B0;V2 B0 >:A84V2 <5B0;V2 

240єBьAO   ?>:@0I8B8 22V4 =>AVW2 AB@C<C 7 5;5:B@>4V2 2 AB@C:BC@C <>48DV:CNG8 

V=B5@D59A  5;5:B@>4/>@30=VG=89 V=65:FV9=89 H0@  !+  01> ?@>2>4OG8 =8<8 

;53C20==O B@0=A?>@B=8E >@30=VG=8E H0@V2 <>6=0 ?V428I8B8 @CE;82VABь =>AVW2 

70@O4C  DC=:FV>=0;ь=8E   ?;V2>: [76-78]. #@>2545=V B5>@5B8G=V 4>A;V465==O B0 

<>45;N20==O ?>:070;8, I> >?B8<0;ь=> ?V4V1@0=V D>@<0, @>7<V@ B0 ?0@0<5B@8 
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=0=>G0AB8=>: (=0?@8:;04, CuS) <>6CBь 7=0G=> ?>A8;8B8 ?>3;8=0==O C 

=5>1EV4=V9 4V;O=FV A?5:B@C. [79] 

 

 

$8A. 1.10. �0AB>AC20==O !+ 2 OLED-AB@C:BC@0E 

 

1.7. �075@8 V7 @>7?>4V;5=8< 72>@>B=8< 72’O7:>< =0 >A=>2V 
>@30=VG=>3> =0?V2?@>2V4=8:0 B0 @V4:>3> :@8AB0;0. 

�075@8 7 @>7?>4V;5=8< 72>@>B=8< 72'O7:>< =5 ?>B@51CNBь 7>2=VH=VE 

475@:0;. !0 5B0?V 283>B>2;5==O B0:8E ;075@V2 2 >1'є<V A5@54>28I0 ?>A8;5==O 

D>@<CєBьAO @5HVB:0. (0:B8G=> @5HVB:0 є 475@:0;>< @57>=0B>@0. "4=0: 2>=> =5 

;>:0;V7>20=5, O: C 728G09=8E ;075@0E, 0 @>7?>4V;5=5 274>26 ?>H8@5==O 

35=5@>20=>3> 28?@><V=N20==O 7 A5@54>28I5< ?>A8;5==O. #5@V>4 @5HVB:8 Λ 2 

>A=>2=><C 287=0G0є 4>268=C E28;V 35=5@0FVW, O:0 ?>28==0 1CB8 2 >1;0ABV A?5:B@0 

;N<V=5AF5=FVW ?V4A8;N20;ь=>3> A5@54>28I0. $>7?>4V;5=89 ?>78B82=89 

72>@>B=89 72'O7>: 28=8:0є 2 ?V4A8;N20;ь=><C A5@54>28IV 70 @0EC=>: 

?5@V>48G=8E 7<V= ?>:07=8:0 70;><;5==O n(z)=n(z+Λ) B0/01> ?>A8;5==O ;075@=>3> 

A5@54>28I0 (z)=g(z+Λ) 7 ?5@V>48G=VABN Λ. 

�075@8 7 @>7?>4V;5=8< 72>@>B=8< 72'O7:>< <>6=0 C<>2=> @>74V;8B8 =0 42V 

3@C?8, 0 A0<5 E28;52>4=V ;075@8 B0 ;075@8 7 25@B8:0;ь=8< @57>=0B>@><. ' 

?5@H><C 28?04:C ;075@ є ?@>7>@>N ?V4:;04:>N, =0 O:C =0=>A8BьAO 

?V4A8;N20;ь=5 A5@54>28I5. �@0B:0 7 =5>1EV4=8< ?5@V>4>< D>@<CєBьAO 2 >1'є<V 
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?V4A8;N20G0 01> =0 9>3> ?>25@E=V, 01> =0 <56V <V6 ?V4A8;N20G5< V ?V4:;04:>N. 

%;V4 707=0G8B8, I> A5@54=V9 ?>:07=8: 70;><;5==O A5@54>28I0 ?>A8;5==O 

?>28=5= 1CB8 28I8<, =V6 ?>:07=8: 70;><;5==O ?V4:;04:8. &0:8< G8=><, =0 

?>25@E=V ?V4:;04:8 D>@<CєBьAO E28;52V4. �5=5@>20=0 E28;O ?>H8@NєBьAO 

?V4A8;N20;ь=8< A5@54>28I5< C 42>E ?@>B8;56=8E =0?@O<:0E 7024O:8 270є<>4VW 

7 �@0B:>N [80, 81]. &>2I8=0 E28;52V4=>3> H0@C ?>28==0 1CB8 281@0=0 B0:, I>1 C 

E28;52>4V <>3;0 ?>H8@N20B8AO BV;ь:8 >4=0 ;>:0;V7>20=0 <>40. 

�5=5@0FVO 2V41C20єBьAO =0 4>268=0E E28;ь »g, 4;O O:8E ?@81;87=> 
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E>;5AB5@8G=>3> @V4:>3> :@8AB0;C V7 4>102:>N 10@2=8:0 V ?V4B25@46Cє, I> 5D5:B 

35=5@0FVW <0є D>B>==89 E0@0:B5@, =02VBь O:I> 10@2=8: =5 @>7G8=5=89 C @V4:><C 

:@8AB0;V. %B01V;ь=0 35=5@0FVO 1C;0 70@5єAB@>20=0 4;O 7=0G5=ь 5=5@3VW 71C465==O 

28I5 0,9 <:�6 V<?C;ьA-1 (G5@2>=0 ;V=VO =0 <0;N=:C). *O 5=5@3VO 7=0G=> 28I0 70 

?>@V3 0:B820FVW 4;O 35=5@0FVW 2 >A5@54:C 7 4>102:>N 10@2=8:0 V ?>2’O70=0, 

H284H5 70 2A5, 7 2B@0B>N 5=5@3VW =0 <560E @>74V;C :0?V;O@V2. !572060NG8 =0 B5, 

I> ?>@V3 0:B820FVW 5=5@3VW 35=5@0FVW 28I89 4;O :0?V;O@=>W :>=AB@C:FVW, =V6 4;O 

728G09=>W :><V@:8, ;53>20=>W 10@2=8:><, :0?V;O@=0 :>=AB@C:FVO <>65 1CB8 4C65 

7@CG=>N, :>;8 :V;ь:VABь 5<VAV9=>3> <0B5@V0;C >1<565=0. �@V< B>3>, >48= V B>9 

A0<89 :0?V;O@=89 ;075@ <>6=0 2AB028B8 <V6 @V7=8<8 ?0@0<8 :><V@>: @V4:>3> 

:@8AB0;C, O:V 45<>=AB@CNBь @V7=V :20=B>2V 701>@>=5=V 7>=8, I> 7C<>2;Nє 

A?5:B@0;ь=89 7AC2 ;075@=>3> 28?@><V=N20==O.  

1.8. �8A=>2:8 4> 1 @>74V;C 

�8:>@8AB0==O TADF-<0B5@V0;V2 O: 5<VB5@V2 01> O: <0B@8FV :><?>=5=B0 

3>A?>40@O 4;O V=H8E 28?@><V=N20GV2 C OLED 70 >AB0==V :V;ь:0 @>:V2 H284:> 

?@>3@5ACє B0 22060єBьAO B5E=>;>3VєN OLED =0ABC?=>3> ?>:>;V==O. TADF OLED 

265 B5?5@ 45<>=AB@CNBь A?V2<V@=>-28A>:C 5D5:B82=VABь 7 OLED-?@8AB@>O<8 =0 

>A=>2V D>AD>@5AF5=B=8E <0B5@V0;V2 7 <5B0;>>@30=VG=8<8 :><?;5:A0<8, O:V 

<VABOBь 1;03>@>4=V <5B0;8. %B0;> ?><VB=8< 4>AO3=5==O< @>7@>1;5==O 

<>;5:C;O@=8E AB@C:BC@, O:V 28@VHCNBь ?@>B8@VGGO <V6 25;8:8< 7=0G5==O< 

:>=AB0=B8 H284:>ABV 28?@><V=N20==O 7V 71C465=>3> AB0=C S1 V <0;8< 7=0G5==O< 

ΔEST. �030B> =>28E <0B5@V0;V2 7 TADF 2;0AB82>ABO<8 B0:>6 ?>:070;8 

1030B>>1VFONG89 ?>B5=FV0; 4;O V=H8E 70AB>AC20=ь 7>:@5<0: 2 >@30=VG=8E '(-

D>B>45B5:B>@0E, D;C>@5AF5=B=8E A5=A>@0E B0 A5=A>@0E =0 >A=>2V 

<5E0=>;N<V=>E@><V7<C, I> V 28:>@8AB>2CNBь ?5@52038 =525;8:8E 7=0G5=ь ΔEST 

B0 5D5:B82=89 ?@>F5A RISC C TADF <>;5:C;0E. "4=0: 4>A;V465==O B0 @>7@>1:8 

TADF <0B5@V0;V2 2A5 I5 ?5@51C20NBь =0 AB04VW @>728B:C. "B65 VA=Cє =5>1EV4=VABь 

@>7@>1:8 =>28E AB@0B53V9 <>;5:C;O@=>3> 48709=C B0 45B0;ь=8E B5>@5B8G=8E  



53 

=0?@0FN20=ь 4;O AB2>@5==O <0B5@V0;V2 =0 TADF 5D5:BV, O:8< ?@8B0<0==V V=HV 

D>B>DV78G=V 2;0AB82>ABV.  0NBь 28=8:=CB8 =>2V :>=F5?BC0;ь=V @VH5==O <>45;V 

=0 28:>@8AB0==O B0 :>=B@>;ь 5:A8B>=V2 70 4>?><>3>N ?@>F5AC TADF 4;O 

?>H8@5==O <0B5@V0;V2 B8?C TADF =0 V=HV 30;C7V 4>A;V465=ь. 

":@V< B>3>, >@30=VG=V =0?V2?@>2V4=8:8 ?@>45<>=AB@C20;8 25;8:89 ?>B5=FV0; 

O: <0B5@V0;8 4;O ;075@=>3> ?V4A8;5==O 7024O:8 ?>є4=0==N 28A>:>3> 4>ABC?=>3> 

>?B8G=>3> ?V4A8;5==O, B5E=>;>3VG=>ABV @>7G8=C B0 H8@>:>3> A?5:B@C 

28?@><V=N20==O. "A=>2=8<8 5;5<5=B0<8 >@30=VG=8E ;075@V2, O: V 2AVE V=H8E, є 

0:B82=5 A5@54>28I5, AB@C:BC@0 >?B8G=>3> 72>@>B=>3> 72'O7:C B0 465@5;> 

=0:0G:8. #V4A8;5==O, =0O2=5 2 <0B5@V0;V, 71V;ьHCєBьAO 7V 71V;ьH5==O< IV;ь=>ABV 

;N<V=>D>@V2 C 71C465=><C AB0=V. *O IV;ь=VABь, ?5@54CAV<, 70;568Bь 2V4 @V2=O 

5=5@3VW =0:0G:8. /: =0A;V4>:, F5 7C<>2;Nє E0@0:B5@=C ?>@>3>2C ?>254V=:C 

;075@V2, B>1B> 35=5@0FVO @>7?>G8=0єBьAO BV;ь:8 B>4V, :>;8 =0:0G:0 AB0є 

4>AB0B=ь>N 4;O 70157?5G5==O 28A>:>W IV;ь=>ABV ;N<V=>D>@V2 C 71C465=><C 

AB0=V 4;O :><?5=A0FVW 2B@0B. 
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$"���� �� 

�"%�����!!/ !"�"%�!&��"��!"� %#"�'�� TPA-TZ &� 
$"�$"���!!/ OLED-%&$'�&'$ !� �� "%!"�� 

 

"4=8< 7 >A=>2=8E 70240=ь @>728B:C >@30=VG=>W 5;5:B@>=V:8 є A8=B57 B0 

AB2>@5==O =>28EA2VB;>28?@><V=N20;ь=8E =0?V2?@>2V4=8:>28E <0B5@V0;V2, 

?@840B=8E 4;O 283>B>2;5==O OLED 7 28A>:>N A?5:B@0;ь=>N G8AB>B>N :>;ь>@C, 

25;8:8< B5@<V=>< ?@840B=>ABV B0 <V=V<0;ь=8< A?04>< :20=B>2>W 5D5:B82=>ABV 

5;5:B@>;N<V=5AF5=FVW C 28A>:>OA:@02VA=8E @568<0E 5:A?;C0B0FVW. 

�> TADF-<0B5@V0;V2, O:V 70AB>A>2CNBьAO C A8AB5<V «3VABь-3>A?>40@», 

AB02;OBь =87:C 28<>3, 0 A0<5: 28A>:C B0 710;0=A>20=C @CE;82VABь 70@O4C, 28A>:C 

5;5:B@>EV<VG=C B0 B5@<VG=C AB01V;ь=>ABV, 2V4?>2V4=V @V2=V 5=5@3VW HOMO B0 

LUMO 4;O V=65:FVW 70@O4C. &0:V <0B5@V0;8 28:>@8AB>2CNBь =5 ;8H5 4;O 

?>4>;0==O 03@530FV9=>-V=4C:>20=>3> 7030A0==O OLED B0 70157?5G5==O 4V@:>2>-

5;5:B@>==>W @5:><1V=0FVW C A2VB;>28?@><V=N20;ь=><C H0@V 35B5@>AB@C:BC@8, 0 9 

4;O 4>40B:>2>3> 0:C<C;N20==O B@8?;5BV2 C A8AB5<V «3VABь-3>A?>40@». -5 >4=VєN 

7 28<>3 4> B0:8E <0B5@V0;V2 є 740B=VABь 4> CB2>@5==O >4=>@V4=8E B>=:8E ?;V2>: 7 

0<>@D=>N AB@C:BC@>N. �;O 70?>1V30==O :@8AB0;V70FVW 0<>@D=8E ?;V2>: ?V4 4VєN 

46>C;V2Aь:>3> =03@V2C ?V4 G0A ?@>E>465==O AB@C<C G5@57 AB@C:BC@C OLED 

5<VB5@=89 <0B5@V0; ?>28=5= E0@0:B5@87C20B8AO 28A>:>N B5<?5@0BC@>N 

A:;C20==O. 

"B65, 281V@ <0B5@V0;V2 4;O D>@<C20==O 28A>:>5D5:B82=8E 

DC=:FV>=0;ь=8E H0@V2 OLED 107CєBьAO =0 45B0;ь=><C 4>A;V465==V WE=VE 

B5@<VG=8E (B5<?5@0BC@0 A:;C20==O, :@8AB0;V70FVW, ?;02;5==O), 5;5:B@>DV78G=8E 

(@V2=V HOMO B0 LUMO, ?>B5=FV0; V>=V70FVW) B0 D>B>DV78G=8E 2;0AB82>AB59 

(A?5:B@8 ?>3;8=0==O B0 28?@><V=N20==O, :20=B>289 28EV4). 

' Fь><C @>74V;V ?@54AB02;5=> @57C;ьB0B8 4>A;V465==O 5;5:B@>EV<VG=8E, 

B5@<VG=8E V D>B>DV78G=8E, 0 B0:>6 5:A8?;5:A>CB2>@N20;ь=8E 2;0AB82>AB59 

=>2>A8=B57>20=>3> >@30=VG=>3> =0?V2?@>2V4=8:0 4-5B8;-3,5-1VA[40-(N,N-

48D5=V;0<V=)1VD5=V;-4-V;]-4!-1,2,4-B@V07>; (TPA-TZ) B0 @>73;O=CB> ?5@A?5:B828 
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9>3> 28:>@8AB0==O ?V4 G0A 283>B>2;5==O A2VB;>28?@><V=N20;ь=8E 

35B5@>AB@C:BC@. 

 

2.1. �81V@ B0 >1ґ@C=BC20==O <0B5@V0;V2 4;O >@30=VG=8E 
A2VB;>28?@><V=N20;ь=8E AB@C:BC@ 

�81V@ DC=:FV>=0;ь=8E <0B5@V0;V2 4;O OLED ?@>2>482AO =0 >A=>2V 0=0;V7C 

WE D>B>DV78G=8E, B5@<VG=8E, 5;5:B@>EV<VG=8E, 5;5:B@>>?B8G=8E E0@0:B5@8AB8:. 

!0 >A=>2V D>B>DV78G=8E E0@0:B5@8AB8: 287=0G0єBьAO A?5:B@ B0 :20=B>289 28EV4 

D>B>;N<V=5AF5=FVW, O:V 4>72>;ONBь ?5@5410G8B8 :>;V@ B0 5D5:B82=VABь A2VG5==O 

"%�% =0 >A=>2V 4>A;V46C20=8E <0B5@V0;V2. &5@<VG=V 4>A;V465==O, 7 2@0EC20==O< 

B5<?5@0BC@8 A:;C20==O &A, 4>72>;ONBь ?5@5410G8B8 B5<?5@0BC@=89 4V0?07>= 

AB01V;ь=>3> DC=:FV>=C20==O OLED B0 287=0G8B8 B5<?5@0BC@C ?;02;5==O &?;, 

:@8AB0;V70FVW &:@, B0 =572>@>B=>W 453@040FVW &4 <0B5@V0;V2. #@>2545==O 

5;5:B@>EV<VG=8E 5:A?5@8<5=BV2 4>72>;Oє 287=0G8B8 ?>B5=FV0; V>=V70FVW �@, 

5=5@35B8G=V @V2=V !" " B0 LUMO, O:V 28:>@8AB>2C20;8Aь 4;O @>7@>1;5==O 

OLED B0 4>72>;ONBь 4>A;V48B8 5;5:B@>EV<VG=C AB01V;ь=VABь <0B5@V0;V2, B>I>. 

�;5:B@>>?B8G=V 4>A;V465==O, I> �@C=BCNBьAO =0 >A=>2V O28I0 D>B>5D5:BC, 

?@>2>4OBьAO 4;O 287=0G5==O @CE;82>ABV =>AVW2 70@O4C B0 28:>@8AB>2C20;8Aь 4;O 

>FV=:8 5;5:B@>?@>2V4=8E ?0@0<5B@V2 <0B5@V0;V2, 7>:@5<0 @CE;82>ABV =>AVW2 

70@O4C, ?>B5=FV0;C V>=V70FVW ?;V2>: B0 V=. �5B0;ь=5 282G5==O F8E B0 V=H8E 

?0@0<5B@V2 >@30=VG=8E =0?V2?@>2V4=8:V2 1C;> =5>1EV4=8< 4;O AB2>@5==O 

@>7@>1;5=8E OLED.  

%ь>3>4=V VA=Cє 25;8:0 :V;ь:VABь :><5@FV9=8E >@30=VG=8E <0B5@V0;V2, I> 

28:>@8AB>2CNBьAO 4;O AB2>@5==O OLED-AB@C:BC@. )0@0:B5@8AB8:8 :><5@FV9=8E 

<0B5@V0;V2, >1@0=8E ?V4 G0A @>7@>1;5==O OLED, =02545=> C B01;8FV 2.1, 0 

2V4?>2V4=V W< EV<VG=V D>@<C;8 ?@82545=> =0 @8AC=:C 2.1. 

":@V< :><5@FV9=8E >@30=VG=8E <0B5@V0;V2, VA=Cє 25;8:0 :V;ь:VABь =0C:>28E 

;01>@0B>@V9, I> ?@0FNNBь =04 @>7@>1;5==O< B0 A8=B57>< <0B5@V0;V2, I> 

?V4E>4OBь 4;O 28:>@8AB0==O ?V4 G0A @>7@>1;5==O OLED-AB@C:BC@. %8=B57 B0:8E 

<0B5@V0;V2 7C<>2;5=89 ?>B@51>N AB2>@5==O =>28E >@30=VG=8E 
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A2VB;>28?@><V=N20;ь=8E AB@C:BC@ V7 ?>:@0I5=8<8 ?0@0<5B@0<8 OA:@02>ABV, 

5=5@3>5D5:B82=>ABV, AB01V;ь=>ABV @>1>B8, B>I>. �V4?>2V4=> 4> ?>:07=8:V2 

5D5:B82=>W 4V@:>2>W ?@>2V4=>ABV B0 28A>:>W B5@<>AB01V;ь=>ABV ?>EV4=8E 

:0@107>;V2, 2>=8 G0AB> 28:>@8AB>2CNBьAO B0 <>48DV:CNBьAO 2 O:>ABV 

5;5:B@>?@>2V4=8E B0 A2VB;>28?@><V=N20;ь=8E <0B5@V0;V2 4;O OLED. 

 

&01;. 2.1. )0@0:B5@8AB8:8 :><5@FV9=8E >@30=VG=8E =0?V2?@>2V4=8:V2 

 0B5@V0; 
HOMO, 

5� 

LUMO, 

5� 
λ 01A, =< 

λ 28?@, 

=< 

&5<?5@0BC@0 
?;02;5==O, °C 

BCP 6,4 2,9 280 380 280~282 

TCTA 5.83 2.43 326 386 298~300 

PO-T2T 7,55 3,50 272 378 460 

 

 

0)      1) 

 

2)     3) 

$8A. 2.1. )V<VG=V D>@<C;8 >@30=VG=8E =0?V2?@>2V4=8:V2 TPA-TZ (0), PO-T2T (1), 

BCP (2), TCTA (3) 
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2.2. �>A;V465==O >@30=VG=8E =0?V2?@>2V4=8:V2 DV78G=8<8 B0 DV78:>-

EV<VG=8<8 <5B>40<8 

 

В<;A4ч9AAO 9A9D79F<чA<I Dі6Aі6 HOMO F4 LUMO  

�0 4>?><>3>N <5B>4C F8:;VG=>W 2>;ьB-0<?5@><5B@VW (CV) C @>1>BV 

?@>2545=> 4>A;V465==O @V2=V2 5;5:B@>==>W 5=5@3VW A?>;C:8 TPA-TZ H;OE>< 

70AB>AC20==O ?>78B82=>W B0 =530B82=>W =0?@C38 70 4>?><>3>N B@85;5:B@>4=>W 

:><V@:8 Bio-Logic B0 ?>B5=FV>AB0B0-30;ь20=>AB0B0 Bio-Logic SP-150 (@8A.2.2). /: 

@>1>G89 5;5:B@>4 28:>@8AB>2C202AO A:;>2C3V;ь=89 5;5:B@>4, O: 4>?><V6=89 3 

?;0B8=>289, O: 5;5:B@>4 ?>@V2=O==O 28:>@8AB0=> Ag+/Ag. �8<V@N20==O 

?@>2>48;8 2 ACE><C @>7G8=V. $57C;ьB0B8 4>A;V465=ь ?@82545=V C B01;8FV 2.2, 0 

CV-:@82V ?>:070=> =0 @8AC=:C 2.3. 

�;O 70157?5G5==O G8AB>B8 B0 GVB:>W ?;>IV ?>25@E=V 5;5:B@>4V2 ?5@54 

?>G0B:>< 28<V@N20=ь ?@>2545=> ?>;V@C20==O WE ?>25@E=V <5E0=VG=8< H;OE>< B0 

>1@>1;5=> 45V>=V7>20=>N 2>4>N [116]. �;O 2840;5==O 1C4ь-O:8E 04A>@1>20=8E 

@5G>28=, I> 70;8H8;8AO ?VA;O ?@>F54C@8 ?>;V@C20==O, 28:>=0=> 45:V;ь:0 CV-

A:0=C20=ь C ?@>AB><C 5;5:B@>;VBV 4> 28=8:=5==O GVB:8E ?V:V2, I> A?>AB5@V30;8AO 

=0 0<?5@>3@0<0E [117-119]. 

 

 

0)      1) 

$8A. 2.2. #>B5=FV>AB0B-30;ь20=>AB0B micro AUTOLAB Type III (0) B0 

B@85;5:B@>4=0 :><V@:0 Bio-Logic SAS (1) 
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�>A;V46C20=0 A?>;C:0 TPA-TZ ?>:070;0 1V?>;O@=C ?>254V=:C, I> 2:07Cє 

=0 E>@>H89 @>7?>4V; 70@O4V2 <V6 G0AB8=0<8 D V A 2A5@548=V <>;5:C;8. CV-:@82V 

45<>=AB@CNBь ?>2=VABN 2V4=>2=89 ?V: ?@8 1,3 �, I> A2V4G8Bь ?@> 5;5:B@>EV<VG=C 

AB01V;ь=VABь. #5@HV ?V:8 >:8A;5==O B0 2V4=>2;5==O A?>AB5@V30;8AO ?@8 0,69 B0 3

1,66 � 2V4?>2V4=>.  

 

 

$8A. 2.3. *8:;VG=0 2>;ьB-0<?5@>3@0<0 A?>;C:8 TPA-TZ 

 

�=0G5==O ?>B5=FV0;C V>=V70FVW (IPCV) V A?>@V4=5=>ABV 4> 5;5:B@>=0 (EACV) 

1C;8 >FV=5=V 70 ?>G0B:>< ?5@H8E ?>B5=FV0;V2 >:8A=5==O B0 2V4=>2;5==O ?VA;O 

:0;V1@C20==O 70 D5@>F5=>< (Fc/Fc+). �=0G5==O IP B0 EA (5,49 B0 3,14 5� 

2V4?>2V4=>) A?>;C:8 TPA-TZ B0 ?>@V2=O==O F8E ?>:07=8:V2 V7 A?>;C:>N PO-T2T 

?@82545=> C B01;. 2.2. 

 

&01;. 2.2. �=5@35B8G=V @V2=V A?>;C: TPA-TZ B0 PO-T2T. 

%?>;C:0 IPCV/HOMO, 5� EACV/LUMO,5� 

TPA-TZ 5.49/4.72 3.14/1.74 

PO-T2T 7.5*/6.76 3.5*/1.92 

*�=0G5==O V>=V70FV9=>3> ?>B5=FV0;C (IPCV) V A?>@V4=5=>ABV 4> 5;5:B@>=0 

(EACV), >FV=5=V 70 ?>G0B:>< ?5@H8E ?>B5=FV0;V2 >:8A;5==O B0 2V4=>2;5==O, V 
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DFT, @>7@0E>20=V >:8A=>-2V4=>2=V ?0@0<5B@8 =0 >A=>2V 5=5@3V9 HOMO V LUMO. 

IPCV = Eox onset + 4.8; EA 3 A?>@V4=5=VABь 4> 5;5:B@>=0, EACV =  4.8 3 |Ered onset |. 

* 27OB> 7 ?>A8;0==O. [120]. 

 

ДBE?і8:9AAO F9D@ічA<I 6?4EF<6BEF9= ECB?G>< TPA-TZ 

�;O ?@>2545==O 4>A;V465=ь B5@<VG=8E 2;0AB82>AB59 A?>;C:8 TPA-TZ 

70AB>A>20=> <5B>4 48D5@5=FV0;ь=>W A:0=CNG>W :0;>@8<5B@VW (DSC) B0 

:><5@FV9=89 45D5@5=FV0;ь=89 A:0=CNG89 :0;>@8<5B@ Perkin-Elmer DSC 

(@8A.2.4). ,284:VABь =03@V20==O ?V4B@8<C20;0AO =0 10º C/E2 4;O ?;02;5==O B0 

@>7:;040==O <>;5:C; 2 07>B=V9 0B<>AD5@V ?@8 H284:>ABV ?>B>:C 30 <;/E2. 

$57C;ьB0B8 4>A;V465=ь ?@54AB02;5=V =0 @8A.2.5.  

 

 

$8A. 2.4. �5D5@5=FV0;ь=89 A:0=CNG89 :0;>@8<5B@ Perkin-Elmer DSC 

 

#V4 G0A ?5@H>3> =03@V20==O 70DV:A>20=> A83=0; B5<?5@0BC@8 ?;02;5==O, 

I> AB0=>28;0 173 ºC, ?@>B5 =5 1C;> 70DV:A>20=> 7=0G5==O B5<?5@0BC@8 

:@8AB0;V70FVW, I> A2V4G8Bь ?@> ?5@5EV4 <0B5@V0;C 7 D078 @>7?;02C 4> B25@4>3> 

AB0=C. ' @57C;ьB0BV ?>2B>@=>3> =03@V20==O 240;>AO >B@8<0B8 A83=0; B5<?5@0BC@8 

A:;C20==O, I> AB0=>282 68 ºC. &5<?5@0BC@0 ?;02;5==O, >B@8<0=0 70 4>?><>3>N 

<5B>4C 48D5@5=FV0;ь=>W A:0=CNG>W :0;>@8<5B@VW (DSC), 4>1@5 C73>46CєBьAO 7 

B5<?5@0BC@0<8 ?;02;5==O <>;5:C; :0?V;O@=8< <5B>4><. 
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$8A. 2.5. �@82V 28<V@N20==O B5@<VG=8E 2;0AB82>AB59 A?>;C:8 TPA-TZ <5B>4>< 

48D5@5=FV0;ь=>W A:0=CNG>W :0;>@8<5B@VW DSC 

 

ДBE?і8:9AAO HBFBHі;<чA<I 6?4EF<6BEF9= ECB?G>< TPA-TZ 

�>A;V465==O A?5:B@V2 >?B8G=>3> ?>3;8=0==O 5;5:B@><03=VB=>3> 

28?@><V=N20==O A?>;C:8 TPA-TZ ?@>2>48;8AO C @>7G8=V B5B@03V4@>DC@0=C 

(THF) 7 :>=F5=B@0FVєN ~ 10-5   70 4>?><>3>N A?5:B@>D>B><5B@0 Shimadzu UV-

2450 (@8A.2.6). �65@5;>< 28?@><V=N20==O A?5:B@>D>B><5B@0 Shimadzu UV-2450 

є 4C3>20 :A5=>=>20 ;0<?0, 28?@><V=N20==O O:>W ?@>E>48Bь G5@57 ?>42V9=89 

<>=>E@><0B>@ B0 D>B>?><=>6C20G, ?>B@0?;Oє =0 :N25BC V7 4>A;V46C20=8< 

7@07:>< B0, ?VA;O Fь>3>, DV:ACєBьAO 45B5:BC20;ь=8< ?@8AB@>є<.  

 

 

$8A. 2.6. �>1@065==O A?5:B@>D>B><5B@V2 Shimadzu UV-2450 (1) B0 Edinburgh 

Instruments FLS980 (2) V7 ;075@>< PicoQuant LDH-DC-375 (3) 
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!0 @8A. 2.7, 0 ?@54AB02;5=> @57C;ьB0B8 A?5:B@>D>B><5B@VW: 70@5єAB@>20=89 

A?5:B@ ?>3;8=0==O <>;5:C;8 TPA-TZ C B25@4V9 ?;V2FV. �V0?07>= 28<V@N20=ь 

A:;0402 200-800 =<, 0465 2V= є B8?>28< 4;O A?5:B@V2 ?>3;8=0==O 1V;ьH>ABV 

>@30=VG=8E =0?V2?@>2V4=8:V2. $57C;ьB0B8 28<V@N20==O ?>:070;8, I> 

4>A;V46C20=0 A?>;C:0 45<>=AB@Cє <0:A8<0;ь=C V=B5=A82=VABь ?>3;8=0==O 

28?@><V=N20==O =0 4>268=V E28;V 360 =<. 

%?5:B@8 D>B>;N<V=5AF5=FVW B0 D>AD>@5AF5=FVW <>;5:C;8 TPA-TZ C 

@>7G8=V THF ?@8 77 K B0 C ?;V2FV, 0 B0:>6 G0A8 7030A0==O ?;V2:8 1C;8 28<V@O=V 

70 4>?><>3>N A?5:B@><5B@0 Edinburgh Instruments FLS980 V ;075@0 PicoQuant 

LDH-DC-375 (4>268=0 E28;V 35=5@0FVW 374 =<) O: 465@5;0 71C465==O, 

?@54AB02;5=V =0 @8AC=:C 2.7 1-3. 

%?5:B@8 D>B>;N<V=5AF5=FVW 1C;> 70@5єAB@>20=> V7 @>7G8=V2 B0 ?;V2>:, 

=0=5A5=8E =0 :20@F>2C ?V4:;04:C H;OE>< 71C465==O WE A2VB;>28< 

28?@><V=N20==O< C;ьB@0DV>;5B>2>3> 01> 2848<>3> 4V0?07>=C. 

�7 70@5єAB@>20=8E A?5:B@V2 D>B>;N<V=5AF5=FVW B0 D>AD>@5AF5=FVW 1C;> 

>FV=5=> 5=5@3VW ?5@H>3> A8=3;5B=>3> (S1) V B@8?;5B=>3> (T1) 71C465=8E AB0=V2, 

I> AB0=>28;0 S1 = 3,12 5�, T1 = 2,63 5� 2V4?>2V4=>. "B@8<0=V 7=0G5==O 5=5@3VW S1 

V T1 4>1@5 C73>46CNBьAO 7 @57C;ьB0B0<8 B5>@5B8G=8E @>7@0EC=:V2 TD DFT 

(B01;.2.4). 
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2)       3) 

$8A. 2.7. %?5:B@8 ?>3;8=0==O (0), D>B>;N<V=5AF5=FVW (1), G0A8 7030A0==O ?;V2:8 

TPA-TZ (2), A?5:B@8 D>B>;N<V=5AF5=FVW B0 D>AD>@5AF5=FVW A?>;C:8 TPA-TZ C 

@>7G8=V THF ?@8 77 � (3)  

 

+0A8 7030A0==O D>B>;N<V=5AF5=FVW, ?@54AB02;5=V =0 @8A.2.7 2, 1C;> 

28<V@O=> 70 4>?><>3>N A?5:B@><5B@0 Edinburgh Instruments FLS980 B0 G0A>-

:>@5;OFV9=>W A8AB5<8 >?B8G=>3> 28?@><V=N20==O PicoHarp 300. �65@5;>< 

A2VB;>2>3> 28?@><V=N20==O 40=>W A8AB5<8 є ;075@=89 4V>4. �1C465==O 

2V41C20;>AO =0 4>268=V E28;V 440 =< V7 B@820;VABN V<?C;ьAC 70 ?A B0 H284:VABN 

A:0=C20==O 1  �F.  

"A=>2=8<8 1;>:0<8 A?5:B@><5B@0 Edinburgh Instruments FLS980 є 465@5;> 

A2VB;0, <>=>E@><0B>@, :>;V<0B>@ B0 45B5:B>@. %2VB;>, I> 35=5@CєBьAO 465@5;>< 

(:A5=>=>20 ;0<?0), =04E>48Bь 4> <>=>E@><0B>@0, 45 @>7:;040єBьAO 70 4>?><>3>N 

=01>@C �@0B>: B0 ?@87< =0 <>=>E@><0B8G=5 A2VB;>. �0;V A?5:B@ ?>B@0?;Oє 4> 

:>;V<0B>@0, O:89 A:;040єBьAO 7 <5B0;52>W B@C1:8 7 >?C:;>N ;V=7>N =0 >4=><C 

:V=FV B0 @53C;ь>20=>N IV;8=>N =0 V=H><C. "B@8<0=5 28?@><V=N20==O, 2V418B5 

475@:0;0<8 B0 AD>:CA>20=5 ;V=7>N, ?>B@0?;Oє =0 4>A;V46C20=89 7@07>:, ?VA;O 

O:>3> @>7B0H>20=89 45B5:B>@. !0 45B5:B>@V DV:ACєBьAO >B@8<0=5 ?VA;O 

?@>E>465==O G5@57 :N25BC 7V 7@07:>< 28?@><V=N20==O B0 ?5@5B2>@NєBьAO C 

5;5:B@8G=89 AB@C<. 
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ДBE?і8:9AAO 9>E<C?9>EBGF6BDN64?ьA<I 6?4EF<6BEF9= ECB?G>< TPA-

TZ 

%?>;C:C TPA-TZ 4>A;V465=> O: 5;5:B@>==>-4>=>@=89 :><?>=5=B, I> 

CB2>@Nє <V6<>;5:C;O@=89 5:A8?;5:A V7 75;5=8< 28?@><V=N20==O< V B5@<VG=> 

0:B82>20=>N C?>2V;ь=5=>N D;C>@5AF5=FVєN (TADF). "B@8<0=V @57C;ьB0B8 

4>A;V465==O A?>;C:8 TPA-TZ <>6=0 ?>OA=8B8 =0O2=VABN 28A>:>5=5@35B8G=8E 

?>;>65=ь B@8?;5B=8E @V2=V2 V D;C>@5AF5=FVW 2 =515A=>-1;0:8B=V9 >1;0ABV 

A?5:B@C. 

�81V@ PO-T2T O: 5;5:B@>==>-0:F5?B>@=>3> :><?>=5=BC 4>A;V46C20=>3> 

5:A8?;5:AC 107CєBьAO =0 4>1@5 2V4><8E 5;5:B@>DV78G=8E E0@0:B5@8AB8:0E: 

7=0G5==OE 5=5@35B8G=8E @V2=V2 HOMO V LUMO, B5<?5@0BC@=8E @568<0E ?@>F5AC 

D>@<C20==O ?;V2:8, 28A>:8E 7=0G5==OE 5=5@3VW B@8?;5B=8E AB0=V2 [121]. #>2=0 

=0720 PO-T2T 2V4><0 O: 2,4,6-B@8A[3-(48D5=V;D>ADV=V;)D5=V;]-1,3,5-B@V078=. *5 

5;5:B@>==>45DVF8B=0 (0:F5?B>@=0) =0?V2?@>2V4=8:>20 <>;5:C;0 7 B@8078=>28< 

F5=B@>< V B@ь><0 B@8D5=V;D>ADV=0<8. �:F5?B>@=89 E0@0:B5@ PO-T2T 

?V4B25@46CєBьAO @57C;ьB0B0<8 DFT B0 F8:;VG=>N 2>;ьB-0<?5@><5B@VєN. �V= 

?>:07Cє 28IC A?>@V4=5=VABь 4> 5;5:B@>=V2 V 28I89 ?>B5=FV0; V>=V70FVW, =V6 TPA-

TZ (B01;. 2.2). 

 0:A8<C<8 ?V:V2 ?>3;8=0==O B0 28?@><V=N20==O A?>;C:8 PO-T2T 

A?>AB5@V30єBьAO ?@8 272 =< B0 405 =< 2V4?>2V4=>, I> ?>OA=NєBьAO ?5@5E>40< Ã-

Ã* O4@0 1,3,5-B@8D5=V;B@V078=C. �=5@3VO =09=86G>3> B@8?;5BC (ЕT) PO-T2T 

4>@V2=Nє 2,99 5� B0 =0;568Bь 4> =0928I>W 5=5@35B8G=>W 2V1@>==>W ?V4A<C38 

A?5:B@V2 D>AD>@5AF5=FVW, 28<V@O=>W ?@8 77 K. �=0G5==O 5=5@35B8G=8E @V2=V2 

HOMO B0 LUMO AB0=>2;OBь 7,55 5� B0 3,5 5� 2V4?>2V4=>.  

�@V< B>3>, G8A;5==V 4>A;V465==O OLED-AB@C:BC@ =0 >A=>2V PO-T2T 

A2V4G0Bь ?@> 9>3> B5E=>;>3VG=C AC<VA=VABь 7 @V7=8<8 :;0A0<8 >@30=VG=8E 

=0?V2?@>2V4=8:V2, I> <0є 206;825 7=0G5==O 4;O AB2>@5==O =>28E 

>?B>5;5:B@>==8E ?@8AB@>W2. 

#;V2:8 =0 >A=>2V AC<VHV TPA-TZ:PO-T2T 45<>=AB@CNBь 28?@><V=N20==O 

5:A8?;5:A=>3> B8?C, O:5, O: V 4;O B8?>2>3> 5:A8?;5:AC, 10B>E@><=> 7<VI5=5 
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?>@V2=O=> 7 D>B>;N<V=5AF5=FVєN 4>=>@=>W B0 0:F5?B>@=>W A?>;C:, 27OB8E >:@5<> 

(@8A. 2.8). 

 

 

$8A. 2.8. !>@<0;V7>20=V A?5:B@8 D>B>;N<V=5AF5=FVW A?>;C: TPA-TZ, PO-T2T B0 

WE=ь>W AC<VHV C ?;V2FV 

 

 0:A8<C< 4>268=8 E28;V 28?@><V=N20==O D>B>;N<V=5AF5=FVW 5:A8?;5:AC 

TPA-TZ:PO-T2T A?>AB5@V30єBьAO =0 4>268=V E28;V 553 =<. +0A 68BBO 71C465=>3> 

AB0=C >FV=N20;8 ?>42V9=8<8 5:A?>=5=FV0;ь=8<8 ?V43>=:0<8, I> 

E0@0:B5@87CNBьAO H284:>N (ÄPF= 54,4 =A) B0 4>23>B@820;>N (ÄDF=5,2 <:A) 

A:;04>28<8. �D5:B TADF C AD>@<>20=V9 5:A8?;5:A=V9 A8AB5<V 1C2 

?V4B25@465=89 =57=0G=8< A8=3;5B-B@8?;5B=8< @>7I5?;5==O< 5=5@3VW (ΔES1T1 = 

0,1 5�), I> V=VFVN20;> ?@>F5A RISC V, B0:8< G8=><, 28?@><V=N20==O TADF (@8A. 

2.8). 

�20=B>289 28EV4 D>B>;N<V=5AF5=FVW (PLQY) 287=0G02AO 7 28:>@8AB0==O< 

V=B53@C20;ь=>W AD5@8. #@8 Fь><C ?@>2545=> @5єAB@C20==O A?5:B@V2 

D;C>@5AF5=FVW G8AB>3> @>7G8=C THF B0 4>A;V4=8E @>7G8=V2 A?>;C:8. "B@8<0=V 

@57C;ьB0B8 28<V@N20==O 1C;> 28:>@8AB0=> 4;O @>7@0EC=:C :20=B>2>W 

5D5:B82=>ABV 70 4>?><>3>N ?@>3@0<=>3> 70157?5G5==O Lab Solutions RF. 

$57C;ьB0B8 ?@>2545=8E 4>A;V465=ь ?@54AB02;5=> 2 B01;8FV 2.3. 
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&01;. 2.3. (>B>DV78G=V ?0@0<5B@8 <>;5:C;O@=>W 5:A8?;5:A>CB2>@N20;ь=>W 

AC<VHV TPA-TZ:PO-T2T, >B@8<0=V 70 :V<=0B=>W B5<?5@0BC@8 

λPL
max, =< 553 

ES1, e� 2.24 

ET1, e� 2.14 

ΔES1T1, e� 0.1 

PLQY, % 10.95 

 

!0 @8AC=:C 2.9 ?>:070=> A?5:B@8 D>B>;N<V=5AF5=FVW ?;V2:8 AC<VHV TPA-

TZ:PO-T2T, 70@5єAB@>20=V ?@8 @V7=8E B5<?5@0BC@0E 70 4>?><>3>N :@V>AB0BC V7 

157?5@5@2=>N ?>40G5N @V4:>3> 07>BC. �8<V@N20==O 70 :V<=>B0=>W B5<?5@0BC@8 

?@>2>48;8AO B0:>6 C :@V>AB0BV C A5@54>28IV 20:CC<C (1025 << @B.AB.) 157 

?>4020==O 07>BC. #@8 7<V=V B5<?5@0BC@8 2V4 77 4> 300 � A?>AB5@V30єBьAO 

7@>AB0==O V=B5=A82=>ABV D>B>;N<V=5AF5=FVW, I> ?V4B25@46Cє =0O2=VABь 

B5@<VG=>-0:B82>20=>W A?>2V;ь=5=>W D;C>@5AF5=FVW.  

 

 

$8A. 2.9. !>@<0;V7>20=V A?5:B@8 28?@><V=N20==O AC<VHV TPA-TZ:PO-T2T C 

?;V2FV ?@8 B5<?5@0BC@V 2V4 77 � 4> 300 � 
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!0 @8AC=:C 2.10. ?@>45<>=AB@>20=> :@82V 70BCE0==O D>B>;N<V=5AF5=FVW 

?;V2:8 TPA-TZ:PO-T2T 70 @V7=8E B5<?5@0BC@ 2V4 77 � 4> 300 �. "B@8<0=V 

@57C;ьB0B8 ?>:070;8, I> :@82V 70BCE0==O E0@0:B5@87CNBьAO 42><0 A:;04>28<8: 

:>@>B:>G0A=>N (2 =0=>A5:C=4=><C 4V0?07>=V) V 4>23>B@820;>N (2 

<V:@>A5:C=4=><C 4V0?07>=V). &0:8< G8=><, 4>23>B@820;0 A:;04>20 70;568Bь 2V4 

B5<?5@0BC@8. �8=8:=5==O B5@<VG=>-0:B82>20=>3> ?@>F5AC ?>OA=NєBьAO 

71V;ьH5==O< A?V22V4=>H5==O A?>2V;ь=5=8E V H284:8E G0A>28E A:;04>28E V7 

?V428I5==O< B5<?5@0BC@8.  

%?V22V4=>H5==O A?>2V;ь=5=8E :><?>=5=BV2 4> H284:8E C AB@C:BC@V TPA-

TZ:PO-T2T ?>ABC?>2> 71V;ьHC20;>AO 7 ?V428I5==O< B5<?5@0BC@8 45<>=AB@CNG8 

=0O2=VABь B5@<VG=>-0:B82>20=>3> ?@>F5AC. #V428I5==O B5<?5@0BC@8 4> 300 � 

?V4B25@46Cє =0O2=VABь TADF-2;0AB82>AB59 AB@C:BC@8 TPA-TZ:PO-T2T. "4=0: V7 

?V428I5==O< B5<?5@0BC@8 2V4 77 4> 300 � 1C;> ?><VG5=> O2=5 71V;ьH5==O 

V=B5=A82=>ABV 5:A8?;5:AC (@8A. 2.10). #>4V1=V A?>AB5@565==O 1C;8 28O2;5=V 

@0=VH5 2 1030Bь>E A8AB5<0E V 1C;8 ?>OA=5=V 15728?@><V=N20;ь=8< 72>@>B=8< 

<V6A8AB5<=8< ?5@5E>4>< (RISC) 5:A8?;5:AV2 TADF 70 28A>:8E B5<?5@0BC@ [21].  

 

 

$8A. 2.10. �@82V 70BCE0==O D>B>;N<V=5AF5=FVW ?;V2:8 TPA-TZ:PO-T2T ?@8 

B5<?5@0BC@0E 2V4 77 � 4> 300 � 
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2.3. $>7@>1;5==O OLED-AB@C:BC@ =0 >A=>2V >@30=VG=>3> 

=0?V2?@>2V4=8:0 TPA-TZ B0 WE 283>B>2;5==O <5B>4>< B5@<>20:CC<=>3> 
>A0465==O. 

#V4 G0A 283>B>2;5==O OLED-AB@C:BC@ O: >?B8G=>-?@>7>@89 5;5:B@>4 

28:>@8AB0=> =0=5A5=89 =0 A:;O=C ?V4:;04:C >:A84 V=4VN >;>20 (ITO). *5 

=0?V2?@>2V4=8: n-B8?C, I> G0AB> 28:>@8AB>2CєBьAO 4;O AB2>@5==O 

A2VB;>28?@><V=N20;ь=8E 35B5@>AB@C:BC@ 7024O:8 A2>W9 C=V25@A0;ь=>ABV, 28A>:V9 

5;5:B@>?@>2V4=>ABV (1;87ь:> 2×104 "<21A<21), 28A>:V9 ?@>7>@>ABV (≈ 90% C 

2848<><C 4V0?07>=V A?5:B@C) B0 H8@8=V 701>@>=5=>W 7>=8 1;87ь:> 4 5� [122]. 

�8A>:0 5;5:B@>?@>2V4=VABь ?;V2>: ITO ?>2'O70=0 7 9>3> :C1VG=>N 

:@8AB0;VG=>N AB@C:BC@>N, I> A?@8Oє ;53:><C @CEC 5;5:B@>=V2 V, 2V4?>2V4=>, 

28A>:V9 5;5:B@>?@>2V4=>ABV. �;O ?V428I5==O 5;5:B@>?@>2V4=>ABV ITO <>6CBь 

70AB>A>2C20B8AO @V7=><0=VB=V 4><VH:8. &0:>6 =0 5;5:B@>?@>2V4=VABь ITO 

2?;820є B>2I8=0, >4=>@V4=VABь B0 O:VABь ?;V2:8. &>=:V ?;V2:8 <0NBь :@0IC 

?@>2V4=VABь, >A:V;ь:8 70157?5GCNBь <5=H89 >?V@. !5>4=>@V4=V B0 45D5:B=V 

?;V2:8 <>6CBь 7=878B8 5;5:B@>?@>2V4=VABь. ":@V< Fь>3>, 206;82>N 2;0AB82VABN 

ITO є ?@>7>@VABь C 2848<><C A?5:B@0;ь=><C 4V0?07>=V. *5 40є <>6;82VABь 

28:>@8AB>2C20B8 9>3> O: 5;5:B@>4 C OLED-AB@C:BC@0E, 0 >B65, 70157?5GCє 

?@>E>465==O G5@57 =ь>3> A2VB;0, I> 35=5@CєBьAO A2VB;>4V>4><, 157 7=0G=8E 2B@0B 

V=B5=A82=>ABV. &0:>6 ITO є ABV9:8< 4> >:8A;5==O B0 :>@>7VW, I> 7=0G=> 71V;ьHCє 

B5@<V= 28:>@8AB0==O OLED. 

#V4 G0A 283>B>2;5==O OLED-AB@C:BC@, >?8A0=8E C @>1>BV, O: ?V4:;04:8 

28:>@8AB0=> :><5@FV9=5 A:;> Osilla V7 =0=5A5=8< B>=:8< H0@>< >:A84C V=4VN 

>;>20 (ITO) @>7<V@>< 20 <<×15 << (@8A.2.11).  

 

 

$8A. 2.11. %:;O=0 ?V4:;04:0 V7 28B@02;5=8< H0@>< ITO 
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�;O >B@8<0==O B>=:8E >4=>@V4=8E >@30=VG=8E ?;V2>: =0 �&" ?V4:;04FV 

70AB>A>20=> <5B>4 B5@<>20:CC<=>3> >A0465==O. !0?8;5==O DC=:FV>=0;ь=8E 

?;V2>: 2V41C20;>AO ?>H0@>2> V7 28:>@8AB0==O< CAB0=>2:8 20:CC<=>3> 

=0?8;5==O '�$-�  (@8A. 2.12).  

 

 

$8A. 2.12. 'AB0=>2:0  B5@<>20:CC<=>3> =0?8;5==O '�$-3  

 

!0?8;5==O 2V41C20;>AO ?@8 70;8H:>2><C B8A:C C :0<5@V 10-3 #0. �=HV 

B5<?5@0BC@=V B0 B5E=>;>3VG=V @568<8 =0=5A5==O B>=:8E DC=:FV>=0;ь=8E H0@V2 

OLED-AB@C:BC@ =02545=> C B01;8FV 2.4. 

 

&01;. 2.4. &5<?5@0BC@=V B0 B5E=>;>3VG=V @568<8 =0?8;5==O >@30=VG=8E H0@V2 

OLED-AB@C:BC@ 

 0B5@V0; 

&5<?5@0BC@0 
=0?8;5==O, 

ºC 

,284:VABь 
=0?8;5==O, 
=</A 

&>2I8=0 ?;V2:8, 
=< 

CuI 300 0.3-0.5 8 

TCTA 350 0.3-0.5 40 
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TPA-TZ: 

PO-T2T 
400 0.3-0.5 40 

BCP 285 0.3-0.5 10 

Ca 860 6 50 

Al 670 6 200 

 

�=0;V7 5=5@35B8G=>W 4V03@0<8 ?>:0702, I> 5=5@35B8G=89 10@’є@ <V6 

0=>4=8< V A2VB;>28?@><V=N20;ь=8< H0@0<8 35B5@>AB@C:BC@8 AB0=>28Bь 1 5�, I> 

A?@8G8=Oє ?>3V@H5==O V=65:FVW 4V@>: 4> 5<VB5@=>3> H0@C. ->1 7<5=H8B8 

5=5@35B8G=V 10@’є@8 73V4=> 7=0G5==O IP 5,49 5� 4;O TPA-TZ, O: V=65:FV9=89 H0@ 

>1@0=> CuI [123]. !0?8;5==O ?@>2545=> 70 B5<?5@0BC@8 28?0@=8:0 1;87ь:> 300 

ºC 7V H284:VABN 0.3-0.5 =</A. 

' O:>ABV 4V@:>2>-B@0=A?>@B=>3> H0@C >1@0=> 2,2',2=-B@8A-(N-:0@107>;V;)-

B@8D5=V;0<V= (TCTA) [124]. (>@<C20==O B0:>3> H0@C 2V41C20;>AO 70 

B5<?5@0BC@8 350 ºC 7V H284:VABN >A0465==O 0.3-0.5 =</A. 

�<VB5@=V H0@8 TPA-TZ B0 PO-T2T D>@<C20;8AO 70 B5<?5@0BC@8 200 B0 460 

ºC 2V4?>2V4=> 7V H284:VABN >A0465==O 0.3-0.5 =</A. !0?8;5==O 5;5:B@>==>-

B@0=A?>@B=>3> H0@C BCP 2V41C20;>AO ?@8 B5<?5@0BC@V 285 ºC 7V H284:VABN 0.3-

0.5 =</A. 

 5B0;5289 :0B>4 AD>@<>20=> 7 ?>A;V4>2=> =0=5A5=8E <5B0;528E ?;V2>: 

:0;ьFVN B0 0;N<V=VN. !0?8;5==O 2V41C20;>AO =0 CAB0=>2FV �'#-4 (@8A.2.13). 

�0;ьFV9, O: <0B5@V0; :0B>40 7 =87ь:>N @>1>B>N 28E>4C 5;5:B@>=V2, 70157?5GCє 

E>@>HC V=65:FVN 5;5:B@>=V2 2 5;5:B@>=-B@0=A?>@B=89 H0@ 48<5B8;-4,7-

48D5=V;-1,10-D5=0=B@>;V=C (BCP) [125]. 
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$8A. 2.13. 'AB0=>2:0 B5@<>-20:CC<=>3> =0?8;5==O <5B0;528E ?;V2>: �'#-4, I> 

28:>@8AB>2C20;0AO 4;O D>@<C20==O <5B0;52>3> :0B>4C OLED-AB@C:BC@ 

 

,284:VABь =0?8;5==O ?;V2>: ?@8 D>@<C20==V OLED-AB@C:BC@ 

@53C;N20;0AO B5<?5@0BC@>N =03@V2C 28?0@=8:V2 (@8A.2.14).  

 

 

$8A.2.14. �0@CA5;ь V7 28?0@=8:0<8 CAB0=>2:8 B5@<>-20:CC<=>3> =0?8;5==O 

 

�>=B@>;ь B>2I8=8 ?;V2>: 2V41C202AO 2 ?@>F5AV =0?8;5==O 70 4>?><>3>N 

:20@F>2>3> @57>=0B>@0. �V= @>7B0H>20=89 ?>1;87C ?V4:;04>: B0:, I>1 =0 =ь><C 

D>@<C20;0AO ?;V2:0 B0:>W 6 B>2I8=8, O: V =0 ?V4:;04:0E (@8A.2.15). #@8 Fь><C 

<0A0 A0<>W ?;0AB8=:8 :20@F>2>3> @57>=0B>@0 71V;ьHC20;0AO, 2=0A;V4>: G>3> 9>3> 

@57>=0=A=0 G0AB>B0 7<V=N20;0AO. �8<V@N20==O G0AB>B8 :20@F>2>3> @57>=0B>@0 
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?@>2>48;>AO 70 4>?><>3>N G0AB>B><V@0 +3-34. �<V=C @57>=0=A=>W G0AB>B8 

?@>?>@FV9=> 7<V=V <0A8 <>6=0 @>7@0EC20B8 70 =0ABC?=>N D>@<C;>N: 

 ∆�� = ∆ÿÿ ,             (2.1) 

 

45 m 3 ?>G0B:>20 <0A0 ?;0AB8=:8 :20@F>2>3> @57>=0B>@0; ∆m 3 7<V=0 <0A8 

?;0AB8=:8 :20@F>2>3> @57>=0B>@0; v 3 @57>=0=A=0 G0AB>B0 :20@F>2>3> 

@57>=0B>@0; ∆v 3 7<V=0 @57>=0=A=>W G0AB>B8 :20@F>2>3> @57>=0B>@0.  

 

 

$8A. 2.15. �20@F>289 @57>=0B>@ CAB0=>2:8 B5@<>-20:CC<=>3> =0?8;5==O 

 

$>7@0EC=>: B>2I8=8 >A0465=8E =0 ?V4:;04:C B>=:8E ?;V2>: ?@>2>482AO 70 

D>@<C;>N: 

 ∆� = ÿ�2þĀ4ÿ �             (2.2) 

 

45 D 3 4V0<5B@ ?;0AB8=:8 :20@FC; ρ 3 3CAB8=0 <0B5@V0;C ?;V2:8. 
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2.4. �>A;V465==O 5;5:B@>;N<V=5AF5=B=8E 2;0AB82>AB59 283>B>2;5=8E 

OLED  

�;O 4>A;V465==O 5;5:B@>;N<V=5AF5=B=8E 2;0AB82>AB59 1C;8 283>B>2;5=V 

<5B>4>< B5@<>20:CC<=>3> =0=5A5===O 42V OLED AB@C:BC@8: V7 TPA-TZ 

(#@8AB@V9 1) B0 5:A8?;5:A=8<8 5<VAV9=8<8 H0@0<8 (#@8AB@V9 2) =0 A:;O=V9 

?V4:;04FV 7 ?>:@8BBO< ITO. �=5@35B8G=V 4V03@0<8 F8E 35B5@>AB@C:BC@ ?>:070=> 

=0 @8A.2.16. 

 

       

$8A. 2.16. �=5@35B8G=V 4V03@0<8 283>B>2;5=8E OLED-AB@C:BC@ 

 

#@8AB@V9 A ?@>45<>=AB@C202 28?@><V=N20==O 2 =515A=>-1;0:8B=V9 

>1;0ABV A?5:B@C (@8A. 2.17, 0) 7 42><0 GVB:> 284V;5=8<8 <0:A8<C<0<8 4>268= 

E28;ь 5;5:B@>;N<V=5AF5=FVW ?@8 428 =< V 478 =< (@8A.2.18, 0). �>>@48=0B8 CIE 

1931 (x, y) (@8A. 2.19) 4;O Fь>3> ?@8AB@>N 28O28;8AO 70;56=8<8 2V4 =0?@C38 7V 

7=0G5==O<8 (0.20, 0.17) ?@8 8 � V (0.20, 0.23) ?@8 14 �. 

 

 

   0)      1) 
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2) 

$8A. 2.17. %2VB;8=8 5;5:B@>;N<V=5AF5=FVW ?@8AB@>N � ?@8 8�(0) V 14�(1)  

B0 ?@8AB@>N � ?@8 13� (2) 

 

!0 2V4<V=C 2V4 AB@C:BC@8 A, AB@C:BC@0 OLED B ?>:07Cє AB01V;ь=V A?5:B@8 

5;5:B@>;N<V=5AF5=FVW, 7=OBV ?@8 @V7=8E =0?@C30E (@8A. 2.18, 1), V 45<>=AB@Cє 

75;5=5 28?@><V=N20==O 7 <0:A8<C<>< 4>268=8 E28;V 537 =< 7 :>>@48=0B0<8 

CIE 1931 (x, y) (0.31, 0.48) (482. @8A. 2.19). 

 

 

0)       1) 

$8A. 2.18. !>@<0;V7>20=0 V=B5=A82=VABь 5;5:B@>;N<V=5AF5=FVW ?@8AB@>N � (0) B0 

?@8AB@>N � (1) 

 

�8<V@N20==O 2>;ьB-0<?5@=8E B0 2>;ьB-OA:@02VA=8E E0@0:B5@8AB8: 

@>7@>1;5=8E A2VB;>28?@><V=N20;ь=8E 35B5@>AB@C:BC@ ?@>2>48;8AO 70 

4>?><>3>N  @>7@>1;5=>3> B5ABC20;ь=>3> AB5=4C (@8A.2.20), E0@0:B5@V>3@0D0 

Hewlett Packard 4145A B0 A?5:B@><5B@0 Ocean Optics. 
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   #@8AB@V9 �     #@8AB@V9 � 

$8A. 2.19. �>;V@=V 4V03@0<8 ?@8AB@>W2 � B0 � 73V4=> 7 :>>@48=0B0<8 CIE 1931 

 

 

$8A. 2.20. )0@0:B5@V>3@0D Hewlett Packard 4145A B0 AB5=4 4;O B5ABC20==O OLED  

 

$57C;ьB0B8 28<V@N20==O ?>:070;8, I> ?@8AB@V9 � 45<>=AB@Cє 

<0:A8<0;ь=C 7>2=VH=N :20=B>2C 5D5:B82=VABь 3.5 %, <0:A8<0;ь=C 5D5:B82=VABь 

70 AB@C<>< 4,77 :4/� B0 <0:A8<0;ь=C OA:@02VABь 8400 :4/<2 ?@8 13 � (@8A. 2.21).  

OLED-?@8AB@V9 B ?@>45<>=AB@C202 OA:@02VABь 3995 :4/<2, 5D5:B82=VABь 

AB@C<C 22 :4/�, 5=5@3>5D5:B82=VABь 6,77 ;</�B V 7>2=VH=N :20=B>2C 

5D5:B82=VABь 7% ?@8 10 � (@8A. 2.22). %;V4 707=0G8B8, I> F5 7=0G5==O EQE 4;O 

?@8AB@>N B ?V4B25@46Cє <>6;82VABь 71>@C B@8?;5BV2 C A8AB5<V 5B8;-TPA-

TZ:PO-T2T, >A:V;ь:8 B5>@5B8G=0 <560 EQE 4;O OLED =0 >A=>2V :>@>B:>G0A=>W 

D;C>@5AF5=FVW AB0=>28Bь 5% [126].  

"B@8<0=V ?0@0<5B@8 283>B>2;5=8E OLED-?@8AB@>W2 70=5A5=> 2 

B01;8FN 2.5. 
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0)      1) 

$8A. 2.21. �0;56=VABь 3CAB8=8 AB@C<C B0 OA:@02>ABV (0) 2V4 ?@8:;045=>W =0?@C38 

B0 70;56=VABь AB@C<>2>W 5D5:B82=>ABV V 7>2=VH=ь>3> :20=B>2>3> 28E>4C 2V4 

=0?@C38 (1) C ?@8AB@>W �. 

 

 

$8A. 2.22. �0;56=VABь 3CAB8=8 AB@C<C B0 OA:@02>ABV (0) 2V4 ?@8:;045=>W =0?@C38 

B0 70;56=VABь AB@C<>2>W 5D5:B82=>ABV V 7>2=VH=ь>3> :20=B>2>3> 28E>4C 2V4 

=0?@C38 (b) C ?@8AB@>W B. 

 

&01;. 2.5. #0@0<5B@8 5;5:B@>;N<V=5AF5=FVW 283>B>2;5=8E OLED-?@8AB@>W2. 

#@8AB@V9 �<VAV9=89 

H0@ 

!0?@C30 
2:;NG5==O 

(�)a 

 0:A. 
OA:@02VABь 
(:4/<2) 

CEmax 

(:4/A)b 

EQEmax, 

% c 

CIE 

(x; y) d 

A TPA-TZ 8,2 8408 4,77 3,5 (0.20,0.23) 

B TPA-TZ/PO-

T2T 

7.4 3995 21,34 7 (0.31,0.48) 
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a  !0?@C30 2:;NG5==O ?@8 ;N<V=5AF5=FVW 10 cd*m22, b  0:A8<0;ь=0 AB@C<>20 
5D5:B82=VABь, c  0:A8<0;ь=89 :20=B>289 28EV4, e �>;V@=V :>>@48=0B8 73V4=> 7 
<V6=0@>4=8< AB0=40@B>< (CIE) 1931. 
 

2.5. �8A=>2:8 4> 4@C3>3> @>74V;C  
' Fь><C @>74V;V 28:>=0=> 0=0;V7 5;5:B@>EV<VG=8E, B5@<VG=8E, 

D>B>DV78G=8E B0 5:A8?;5:A>CB2>@NNG8E 2;0AB82>AB59 =>2>A8=B57>20=>3> 

>@30=VG=>3> =0?V2?@>2V4=8:0 TPA-TZ.  

�;O ?>40;ьH>W @>7@>1:8 OLED-AB@C:BC@8 287=0G5=> 5=5@35B8G=V @V2=V 

HOMO V LUMO <>;5:C;8 TPA-TZ, I> AB0=>2;OBь 4.72 5� B0 1.74 5� 2V4?>2V4=>. 

�>A;V465=> A?5:B@8 D;C>@5AF5=FVW B0 D>AD>@5AF5=FVW 4>=>@=>W <>;5:C;8 TPA-

TZ C @V4:><C B0 B25@4><C A5@54>28I0E 70 @V7=8E B5<?5@0BC@ C 4V0?07>=V 2V4 77 

4> 300 �. �=B5=A82=0 D;C>@5AF5=FVO 4>A;V46C20=>W A?>;C:8 ?>OA=NєBьAO 

2=CB@VH=ь><>;5:C;O@=8< ?5@5E>4>< V7 ?5@5=5A5==O< 70@O4C 2V4 

48D5=V;0<V=>2>W (4>=>@=>W) G0AB8=8 4> F5=B@0;ь=>W G0AB8=8 10@2=8:0 7 

E0@0:B5@=8< ?5@5@>7?>4V;>< 5;5:B@>=V2 C B@807>;ь=><C :V;ьFV (0:F5?B>@V). 

%?5:B@8 D>B>;N<V=5AF5=FVW B0 D>AD>@5AF5=FVW TPA-TZ C ?;V2FV B0 C @>7G8=V 

THF ?@8 77 � 4>A;V46C20;8 @07>< V7 10@2=8:>< 2,4,6-B@8A[3-

(48D5=V;D>ADV=V;)D5=V;]-1,3,5-B@8078= (PO-T2T). �V= 1C2 28:>@8AB0=89 O: 

5;5:B@>=>-0:F5?B>@=89 :><?>=5=B 4>A;V46C20=>3> 5:A8?;5:AC TPA-TZ:PO-

T2T, O:89 E0@0:B5@87CєBьAO 2V4=>A=> 28A>:8< 5=5@35B8G=8< @V2=5< 71C465=>3> 

=86G>3> B@8?;5B=>3> AB0=C. #;V2:8 B25@4>BV;ь=>W AC<VHV TPA-TZ V PO-T2T 

?>:070;8 28?@><V=N20==O 5:A8?;5:A=>3> B8?C, 45I> 7<VI5=5 C G5@2>=C >1;0ABь 

A?5:B@C ?>@V2=O=> V7 D>B>;N<V=5AF5=FVєN 4>=>@=>W V 0:F5?B>@=>W A?>;C: 

>:@5<>. 

#V4B25@465=> 5D5:B TADF C @>7@>1;5=V9 A8AB5<V 5:A8?;5:AC, 

28:>@8AB>2CNG8 O: B5>@5B8G=V, B0: V 5:A?5@8<5=B0;ь=V ?V4E>48, 2:;NG0NG8 

AB0FV>=0@=C B0 G0A>2C A?5:B@>A:>?VN 70 B5<?5@0BC@ 2V4 77 � 4> 300 �.  

�83>B>2;5=> 42V OLED AB@C:BC@8: 7 5<VAV9=8< H0@>< TPA-TZ (?@8AB@V9 

A) V 7 5:A8?;5:A>CB2>@N20;ь=>N <>;5:C;O@=>N AC<VHHN TPA-TZ V PO-T2T 

(?@8AB@V9 B). #>:070=>, I> ?@8AB@V9 A 45<>=AB@Cє <0:A8<0;ь=C 7>2=VH=N 
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:20=B>2C 5D5:B82=VABь 3.5%, <0:A8<0;ь=C 5D5:B82=VABь 70 AB@C<>< 4,77 :4/� B0 

<0:A8<0;ь=C OA:@02VABь 8400 :4/<2 ?@8 13 �. OLED-?@8AB@V9 B ?@>45<>=AB@C202 

OA:@02VABь 3995 :4/<2, 5D5:B82=VABь 70 AB@C<>< 22 :4/�, 5=5@35B8G=C 

5D5:B82=VABь 6,77 ;</�B V 7>2=VH=N :20=B>2C 5D5:B82=VABь 7 % ?@8 =0?@C7V 10 �.  
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$"���� ��� 

$"�$"���!!/ #"�!"�"��$!�) OLED-%&$'�&'$ !� "%!"�� 
!"�"%�!&��"��!�) "$��!�+!�) !�#��#$"���!���� 2tCzPy, 

3tCzPy B0 4tCz2Py. 
 

�V4:@8BBO B5@<>0:B82>20=>W A?>2V;ь=5=>W D;C>@5AF5=FVW (TADF) 2V4V3@0;> 

206;82C @>;ь C ?@>AC20==V B5E=>;>3VW OLED [127]. �8:>@8AB0==O B@8?;5B=>3> 

28?@><V=N20==O 2 ?>є4=0==V 7 V=H8<8 ?V4E>40<8, B0:8<8 O: B@8?;5B-B@8?;5B=0 

0=V3V;OFVO, 5;5:B@>D>AD>@5AF5=FVO, CB2>@5==O 5:A8B>=V2 B>I>, 4>72>;8;> 

?>4>;0B8 2=CB@VH=є >1<565==O :20=B>2>W 5D5:B82=>ABV 25% [128]. �81V@ 

4>=>@=>W B0 0:F5?B>@=>W G0AB8= <0є 25;8:5 7=0G5==O I>4> >?B8<0;ь=>W @>1>B8 

?@8AB@>N. $V7=V 4>=>@8, B0:V O: 0:@848=, D5=>:A078=, D5=078=, CA?VH=> 

28:>@8AB>2CNBьAO 2 28?@><V=N20G0E TADF [129], >4=0: :0@107>; 70;8H0єBьAO 

>4=8< 7 =091V;ьH H8@>:> 28:>@8AB>2C20=8E 4>=>@V2 [130]. $5B5;ь=5 

=0;0HBC20==O 5<VB5@=>W A?>;C:8 7 0:F5?B>@><, I> CB2>@Nє 5:A8?;5:A, 0 B0:>6 

V=65:FVO B0 B@0=A?>@BC20==O =>AVW2 70@O4C C ?@8AB@>OE 2V4V3@0NBь :;NG>2C @>;ь 

C 71V;ьH5==V 7>2=VH=ь>W :20=B>2>W 5D5:B82=>ABV (EQE) B0 7=865==V 7=0G5=ь 

@>1>G>W =0?@C38, I>, C A2>N G5@3C, <>65 71V;ьH8B8 5D5:B82=VABь ?@8AB@>N. 

&><C, C 40=><C @>74V;V ?@54AB02;5=> B@8 =>2>A8=B57>20=V >@30=VG=V 

=0?V2?@>2V4=8:8 2tCzPy, 3tCzPy V 4tCzPy O: :0=4840B8 4;O 70AB>AC20==O 2 

?>2=>:>;V@=8E OLED-?@8AB@>OE. !02545=> @57C;ьB0B8 5;5:B@>-EV<VG=8E, 

B5@<VG=8E B0 D>B>-DV78G=8E 4>A;V465=ь =0?V2?@>2V4=8:V2. !0 WE >A=>2V 

283>B>2;5=> B0 4>A;V465=> ?>2=>:>;V@=V OLED-?@8AB@>W. 

 

3.1. �>A;V465==O B5@<VG=8E B0 5;5:B@>-EV<VG=8E 2;0AB82>AB59 

&5@<VG=V 2;0AB82>ABV A8=B57>20=8E A?>;C: E0@0:B5@87C20;8 70 4>?><>3>N 

B5@<>3@02V<5B@VW (TGA) B0 48D5@5=FV9=>W A:0=CNG>W :>;>@8<5B@VW (�%�). 

%?>;C:8 2tCzPy, 3tCzPy V 4tCzPy (@8A.3.1) ?>:070;8 2V4<V==C B5@<VG=C 

AB01V;ь=VABь, >A:V;ь:8 WE B5<?5@0BC@0 2B@0B8 <0A8 5% 1C;0 70@5єAB@>20=0 ?@8 

362, 411 V 409°C 2V4?>2V4=> (@8A. 3.1).  
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N

NN

2tCzPy

N

N N

N
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$8A. 3.1. )V<VG=V D>@<C;8 >@30=VG=8E =0?V2?@>2V4=8:V2 2tCzPy, 3tCzPy V 4tCzPy 

 

'AV A?>;C:8 1C;8 >B@8<0=V C 283;O4V :@8AB0;VG=8E 7@07:V2. "4=0: 2tCzPy 

?@>45<>=AB@C202 7=0G=> =86GC B5<?5@0BC@C ?;02;5==O (Tm=49°C) ?>@V2=O=> 7 

3tCzPy V 4tCzPy (432 V 386°C) (@8A.3.21). #>4V1=89 28?04>: B0:>6 A?>AB5@V302AO 

?@8 @5єAB@0FVW B5<?5@0BC@ :@8AB0;V70FVW; ?V4 G0A >E>;>465==O 7@07>: 2tCzPy 

?>G02 CB2>@N20B8 :@8AB0;8 70 28°C, B>4V O: 3tCzPy ?>G02 CB2>@N20B8 :@8AB0;8 

70 334°C, 0 4tCzPy =5 CB2>@N202 6>4=8E :@8AB0;VG=8E AB@C:BC@ 4> 4@C3>3> 

=03@V20==O 70 311°C (@8A.3.21). �@V< B>3>, B5<?5@0BC@0 ?;02;5==O 3tCzPy 

(Tm=432°C) ?5@528I8;0 70@5єAB@>20=C B5<?5@0BC@C 5% 2B@0B8 <0A8 (T-

5%=411°C), I> A2V4G8Bь ?@> B5, I> ?VA;O ?;02;5==O 3tCzPy ?>G8=0є 

AC1;V<C20B8Aь. %?>;C:8 2tCzPy B0 3tCzPy =5 1C;8 >E0@0:B5@87>20=V 

B5<?5@0BC@0<8 A:;C20==O (Tg), I> A2V4G8Bь ?@> B5, I> A?>;C:8 є G8AB> 

:@8AB0;VG=8<8 V =5 <0NBь 2;0AB82>AB59 <>;5:C;O@=>3> A:;>CB2>@5==O. �0=V, 

>B@8<0=V 70 4>?><>3>N 28<V@N20=ь TGA B0 DSC, 45B0;ь=> =02545=> 2 

B01;8FV 3.1. �;O 4tCzPy 1C;> 28O2;5=> 4C65 28A>:C B5<?5@0BC@C A:;C20==O Tg 

(210°C), I> 4>72>;Oє ?>4>;0B8 2?;82 46>C;52>3> =03@V20==O >?B>5;5:B@>==8E 

?@8AB@>W2. *5 7=0G5==O =01030B> 28I5, =V6 Tg (84-109°C) @0=VH5 @>7@>1;5=8E 

<0B5@V0;V2 TADF =0 >A=>2V 4V-B@5B-1CB8;:0@107>;V;C [131] B0 1V;ьH>ABV 

>@30=VG=8E =0?V2?@>2V4=8:V2, I> 28:>@8AB>2CNBьAO 2 OLED, 2:;NG0NG8 

28A>:>AB01V;ь=89 TADF =0 >A=>2V <C;ьB8:0@107>;C.  >6;828<8 ?@8G8=0<8 
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28A>:>W B5<?5@0BC@8 A:;C20==O 4tCzPy <>6CBь 1CB8 =5 ;8H5 2V4=>A=> 28A>:0 

<>;5:C;O@=0 <0A0, 0;5 9 72’O7C20;ь=V 74V1=>ABV ?V@848=V2, I> 70157?5GCNBь 

<V6<>;5:C;O@=V 270є<>4VW [132]. 

 

  

0)            1) 

 

2) 

$8A.3.2. �@82V TGA (0), DSC (1) V CV (2) A?>;C: 2tCzPy, 3tCzPy V 4tCzPy. 

 

�;O 287=0G5==O 5=5@35B8G=8E @V2=V2 =>2>A8=B57>20=8E A?>;C: 2tCzPy, 

3tCzPy B0 4tCzPy 28:>@8AB>2C20;8 F8:;VG=C 2>;ьB0<?5@><5B@VN (CV). �=0G5==O 

?>B5=FV0;C V>=V70FVW (IPCV) V A?>@V4=5=>ABV 4> 5;5:B@>=0 (EACV) 1C;8 @>7@0E>20=V 

=0 >A=>2V ?>B5=FV0;V2 ?>G0B:C >:8A;5==O B0 2V4=>2;5==O ?@>B8 D5@>F5=C. �2545=V 
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40=V, >B@8<0=V ?V4 G0A 28<V@N20==O CV, 45B0;ь=> =02545=> 2 B01;8FV 3.1. 

"B@8<0=V 7=0G5==O IPcv 4;O 2tCzPy V 4tCzPy 1C;8 4C65 ?>4V1=8<8, 5,44 V 5,43 5� 

2V4?>2V4=>, B>4V O: 3tCzPy ?>:0702 B@>E8 28IV 7=0G5==O IPcv ?@8 5,57 5�. 

$>7@0E>20=V 7=0G5==O A?>@V4=5=>ABV 4> 5;5:B@>=0 4;O A?>;C: 2tCzPy, 3tCzPy B0 

4tCzPy AB0=>28;8 3,40, 3,40 B0 3,47 5� 2V4?>2V4=>. 

 

&01;. 3.1. &5@<VG=V B0 5;5:B@>-DV78G=V 2;0AB82>ABV A?>;C: 2tCzPy, 3tCzPy B0 

4tCzPy. 

%?>;C:0 T-5%,oC Tm,oC Tg,oC Tcr,oC �āĀĀÿā �Ā �ýā� , 
� 

�āĀĀÿā �Ā �ýÿÿþ , 
� 

IPCV, 
e� 

EACV, 
e� 

2tCzPy 362 49 - 28 0.64 -1.33 5.44 3.47 
3tCzPy 411 432 - 334 0.77 -1.40 5.57 3.40 
4tCzPy 409 386 211 311 0.63 -1.40 5.43 3.40 

T-5% - B5<?5@0BC@0 5%  2B@0B8 <0A8, Tm 3 B5<?5@0BC@0 ?;02;5==O, Tcr - B5<?5@0BC@0 
:@8AB0;V70FVW, �āĀĀÿā ā� 3 ?>B5=FV0; >:8A=5==O, 28<V@O=89 7 CV; �āĀĀÿāÿÿþ 3 ?>B5=FV0; 2V4=>2;5==O, 
28<V@O=89 7 CV; IPCV 3 ?>B5=FV0; V>=V70FVW, @>7@0E>20=89 70 D>@<C;>N IPCV=�āĀĀÿā �Ā �ýā�  + 4.8; 
EACV 3 A?>@V4=5=VABь 4> 5;5:B@>=0, @>7@0E>20=0 70 D>@<C;>N EACV = �āĀĀÿā �Ā �ýÿÿþ + 4.8. 
�;5:B@>4=0 A8AB5<0: 4>40B:>289 5;5:B@>4 3 ?;0B8=>289 4@VB, 5;5:B@>4 ?>@V2=O==O 3 A@V1=89 
4@VB V @>1>G89 5;5:B@>4 3 2C3V;ь=89 AB@865=ь, @>7G8= 5;5:B@>;VBC (0,1  ) 3>BC20;8 7 
B5B@01CB8;0<>=V9 35:A0DB>@D>AD0BC B0 ACE>3> CH2Cl2. 

 

3.2. �>A;V465==O D>B>-DV78G=8E E0@0:B5@8AB8: =>2>A8=B57>20=8E 
A?>;C: 

�?;82 @>7<=>65==O D5=V;?V@848=>28E B0 48-B@5B-1CB8;:0@107>;V;ь=8E 

70<VA=8:V2 C <>;5:C;O@=8E AB@C:BC@0E 2tCzPy, 3tCzPy B0 4tCzPy =0 WE=V D>B>-

DV78G=V 2;0AB82>ABV 4>A;V465=> 70 4>?><>3>N A?5:B@>A:>?VW AB0FV>=0@=>3> 

?>3;8=0==O B0 D>B>;N<V=5AF5=FVW ((�) (@8A.3.3). �;O 282G5==O 5;5:B@>==>W 

?>254V=:8 2tCzPy, 3tCzPy B0 4tCzPy 2 >A=>2=><C B0 71C465=><C AB0=0E 

4>A;V46C20;8AO A?5:B@8 ?>3;8=0==O B0 (� @V7=8E @>7G8=V2, 2818@0NG8 

@>7G8==8:8 7 H8@>:8< 4V0?07>=>< ?>;O@=>ABV B0 >@Vє=B0FV9=>W ?>;O@87>2=>ABV 

(Δf): 35:A0= (·=1,90; Δf=0,0012), B>;C>; (·=2,38; Δf=0,014), E;>@>D>@< (·=4,81; 

Δf=0,15), B5B@03V4@>DC@0= (THF) (·=7,6; Δf=0,210), 48E;>@<5B0= (DCM) (·=0,217, 

Δf=0,217), 0F5B>= (·=20,7; Δf=0,284), 0F5B>=VB@8; (·=37,5; Δf=0,305) [133]. 
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%?5:B@8 ?>3;8=0==O @>72545=8E @>7G8=V2 ?>:070;8 ?>4V1=V D>@<8 4;O 2AVE B@ь>E 

A?>;C: 2 4V0?07>=V 300-350 =< (@8A.3.3 0-2). !87ь:>5=5@35B8G=0 A<C30 45<>=AB@Cє 

GVB:V :>;820;ь=V AB@C:BC@8 7 4>1@5 @>74V;5=8<8 ?5@5E>40<8 0-0 V 0-1 ?@8 335 V 

322 =< 2V4?>2V4=>. #5@5EV4 0-2 =0 309 =< B0:>6 284=> C >:@5<><C «?;5GV». *V 

?5@5E>48 ?>E>4OBь 2V4 ;>:0;ь=> 71C465=8E AB0=V2 :0@107>;C [134,135]. "A:V;ь:8 

;>:0;ь=> 3 71C465=V AB0=8 D@03<5=BV2 ?V@848=C 7=0E>4OBьAO =0 4>268=0E E28;ь, 

=86G8E 70 300 =< [136], ?5@5:@820==O ?V@848=C 28:;8:0є ?>3;8=0==O ?@8 28I8E 

5=5@3VOE, =V6 4,1 5�. #>@V2=NNG8 =87ь:>5=5@35B8G=V :@0W A?5:B@V2 ?>3;8=0==O 

@>7G8=V2 B>;C>;C, =0 @8AC=:C 3.3 <>6=0 A?>AB5@V30B8 71V;ьH5==O V=B5=A82=>ABV 

E2>ABV2 C ?>@O4:C 2tCzPy→3tCzPy→4tCzPy. *5 A?>AB5@565==O ?>:07Cє 

CB2>@5==O AB0=V2 2=CB@VH=ь><>;5:C;O@=>3> ?5@5=>AC 70@O4C C A?5:B@0E 

?>3;8=0==O. 2tCzPy, 3tCzPy V 4tCzPy ?>:070;8 ?>4V1=C ?>254V=:C ?>3;8=0==O 2 

CAVE @>7G8==8:0E, :@V< E;>@>D>@<C B0 G0AB:>2> C DCM.  

 

  

           0)      1) 

$8A. 3.3. !>@<0;V7>20=V A?5:B@8 ?>3;8=0==O A?>;C: 2 B>;C>;V (0) B0 C B25@48E 

?;V2:0E (1) 
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' E;>@>D>@<V A?>AB5@V30;0AO =>20 A<C30 ?>3;8=0==O ?@8 401 =< 4;O 

2tCzPy, 387 =< 4;O 3tCzPy V 392 =< 4;O 4tCzPy. ->1 ?>OA=8B8 F5 A?>AB5@565==O, 

2@0E>2C20;8AO =5;V=V9=V 270є<>4VW @>7G8=5=0 @5G>28=03@>7G8==8:, =0?@. 

CB2>@5==O 2>4=528E 72'O7:V2 <V6 @>7G8=5=>N @5G>28=>N V @>7G8==8:>< [137]. 

#>?5@54=V 4>A;V465==O ?>2V4><;O;8 ?@> <V6<>;5:C;O@=89 :><?;5:A ?V@848=C 7 

E;>@>D>@<>< [138]. ,284H5 70 2A5, B0:89 :><?;5:A <V6 ?V@848=>< V 

E;>@>D>@<>< 28O2;OєBьAO 4;O 2tCzPy, 3tCzPy V 4tCzPy O: =87ь:>5=5@35B8G=0 

A<C30 2 @>7G8=0E E;>@>D>@<C V DCM (@8A. 3.4 a-2). �>4=52V 72’O7:8 <>6CBь 

A?@8OB8 ?V@848=-E;>@>D>@<=><C :><?;5:AC 2tCzPy, 3tCzPy V 4tCzPy, 

28:;8:0NG8 ?>40;ьHV 35><5B@8G=V AB@C:BC@=V 7<V=8 2 F8E <>;5:C;0E. %;V4 

707=0G8B8, I> 28?@><V=N20==O @>7G8=V2 E;>@>D>@<C 2tCzPy, 3tCzPy V 4tCzPy 

1C;> @57C;ьB0B>< =5 BV;ь:8 ?5@5=>AC 70@O4C <V6 D5=V;?V@848=>< V 4V-B@5B-

1CB8;:0@107>;V;><, 0;5 B0:>6 V ?V@848=-E;>@>D>@<=8< :><?;5:A>< (@8A.3.4 3-

5). !0?@8:;04, 2tCzPy C E;>@>D>@<V E0@0:B5@87CєBьAO A?5:B@0<8 (� 7V A<C3>N, 

I> 28=8:0є ?V4 G0A ?5@5=5A5==O 70@O4C =0 432 =<, V A<C3>N, I> 28=8:0є 2V4 

:><?;5:AC ?V@848=-E;>@>D>@<, =0 563 =<. #>@V2=O=> 7V A?5:B@>< 2tCzPy, 

A?5:B@8 (� E;>@>D>@<=>3> @>7G8=C 3tCzPy V 4tCzPy 2:;NG0NBь 42V G5@2>=>-

7<VI5=V A<C38 ?@8 438/566 =< V 462/612 =< 2V4?>2V4=>. 

 

   

       0)     1)    2) 
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     3)     4)    5) 

$8A. 3.4. %?5:B@8 ?>3;8=0==O (0-2) B0 D>B>;N<V=5AF5=FVW (4-5) A?>;C: 2tCzPy, 

3tCzPy V 4tCzPy 2 @V7=8E @>72545=8E @>7G8=0E 

 

' ?>@V2=O==V V7 1030Bь<0 V=H8<8 A?>;C:0<8 =0 >A=>2V <C;ьB8:0@107>;C, 

I> 45<>=AB@CNBь TADF [139-141], A?5:B@8 (� B>;C>;ь=8E @>7G8=V2 2tCzPy, 

3tCzPy B0 4tCzPy E0@0:B5@87CNBьAO 2C7ь:>N ?>2=>N H8@8=>N =0 ?>;>28=V 

<0:A8<C<C 62-68 =< (@8A.3.4 3-5). +5@2>=89 7AC2 A?5:B@V2 (� 2V4?>2V40є 

:V;ь:>ABV 5;5:B@>=>4>=>@=8E 48-B@5B-1CB8;:0@107>;V;ь=8E B0 

5;5:B@>=>0:F5?B>@=8E 4-D5=V;?V@848=>28E D@03<5=BV2 C 4>A;V46C20=8E 

A?>;C:0E. *O B5=45=FVO 71V30єBьAO V7 <0:A8<0;ь=8<8 7=0G5==O<8 4>268=8 E28;V 

A?5:B@V2 (� 4;O @V7=8E @>7G8=V2 (@8A. 3.4 3-5). #>@V2=O=> 7 =87ь:>?>;O@=8<8 

@>7G8=0<8, @>7H8@5==O <0:A8<C<V2 28?@><V=N20==O є >G5284=8< 7V 

71V;ьH5==O< ?>;O@=>ABV @>7G8=V2.  0:A8<0;ь=V 7=0G5==O 4>268=8 E28;V 4;O 

2tCzPy, 3tCzPy B0 4tCzPy C @>7G8=0E B>;C>;C AB0=>28;8 410, 412 B0 432 =< 

2V4?>2V4=>. �20=B>2V 28E>48 D>B>;N<V=5AF5=FVW (PLQYs) 4;O B>;C>;ь=8E 

@>7G8=V2 A?>;C: 2tCzPy, 3tCzPy B0 4tCzPy 1C;8 70DV:A>20=V O: 20, 18 B0 11% 

2V4?>2V4=> (B01;. 3.2). #>4V1=0 B5=45=FVO G5@2>=>3> 7AC2C 28?@><V=N20==O 1C;0 

70DV:A>20=0 =0 ?;V2:0E.  0:A8<0;ь=V 7=0G5==O 4>268=8 E28;V (� 4;O 2tCzPy V 

3tCzP 1C;8 70@5єAB@>20=V ?@8 407 =<, B>4V O: 28?@><V=N20==O 4tCz2Py 1C;> 

7<VI5=> 2 G5@2>=C >1;0ABь A?5:B@C 28?@><V=N20==O V 70@5єAB@>20=> ?@8 430 =<. 

�20=B>2V 28E>48 (� V7 B>=:8E ?;V2>: A?>;C: 2tCzPy, 3tCzPy B0 4tCz2Py 1C;8 

70@5єAB@>20=V O: 16, 7 B0 7 % 2V4?>2V4=>. 
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+0A8 7030A0==O D>B>;N<V=5AF5=FVW 28<V@N20;8 2 =0=>A5:C=4=><C 

4V0?07>=V 7 28O2;5==O< =525;8:>W GCB;82>ABV 4> :8A=N (@8A. 3.5). *O GCB;82VABь 

4> :8A=N <>65 1CB8 ?>2’O70=0 7V 740B=VABN 2tCzPy, 3tCzPy B0 4tCz2Py 4> 

718@0==O B@8?;5BV2 G5@57 3V1@84870FVN ;>:0;ь=>-71C465=8E AB0=V2 B0 AB0=V2 

?5@5=5A5==O 70@O4C (HLCT) [142]. *5 ?@8?CI5==O C73>46CєBьAO 7 ?>254V=:>N 

28?@><V=N20==O 2tCzPy, 3tCzPy V 4tCzPy C B25@4V9 ?;V2FV (@8A. 3.60). %?5:B@8 (� 

G8AB8E ?;V2>: V ?;V2>: =0 >A=>2V Zeonex ?>:07CNBь =5AB@C:BC@>20=C A<C3C 7 

E2>AB>< 01> ?;5G5<. /: 284=> =0 @8AC=:0E 3.5 1,2 B@820;VABь 68BBO (� 

71V;ьHCєBьAO, :>;8 4>268=8 E28;V 28?@><V=N20==O 71V;ьHCNBьAO 2V4 

<0:A8<C<C A<C38 (427 =< 4;O ?;V2:8 4tCzPy) 4> E2>AB0 (539 =< 4;O ?;V2:8 

4tCzPy).  �@V< B>3>, G0A 68BBO (� 71V;ьHCєBьAO ?VA;O 45>:A835=0FVW 7@07:V2, I> 

2:07Cє =0 ?V428I5==O V=B5=A82=>ABV 28?@><V=N20==O, :>;8 B@8?;5B8 =5 30AOBь 

:8A=5<. &0:0 ?>254V=:0 >GV:CєBьAO 4;O 28?@><V=N20==O G5@57 3V1@84870FVN 

;>:0;ь=>-71C465=8E AB0=V2 B0 AB0=V2 ?5@5=5A5==O 70@O4C (HLCT), O:0 40є 7<>3C 

718@0B8 B@8?;5B8 =0 E28;OE =87ь:>W 5=5@3VW [143]. #V4 G0A 0=0;V7C A>;ь20B>E@><VW 

2tCzPy, 3tCzPy V 4tCzPy 7 28:>@8AB0==O< 3@0DV:V2 �V??5@B0- 0B038 %B>:AV2Aь:8E 

7AC2V2 O: DC=:FVW ?>;O@=>ABV @>7G8==8:0 [141], >GV:C20=8E 42>E =0E8;V2 4;O 

28?@><V=N20==O HLCT =5 A?>AB5@V30;>AO (@8A. 3.63) [144,145]. "4=0:, 7=0G5==O 

=0E8;C 3@0DV:V2 �V??5@B0- 0B038 4;O 2tCzPy, 3tCzPy V 4tCzPy AB0=>28;8 8864, 

9332 V 8534 A<-1 2V4?>2V4=>. *V 7=0G5==O 2:07CNBь =0 :><1V=0FVN 28:84V2 HLCT 

70 @V7=8E C<>2, >A:V;ь:8 2>=8 70=04B> 28A>:V 4;O G8AB8E ;>:0;ь=>-71C465=8E 

AB0=V2 B0 =04B> =87ь:V 4;O G8AB>W 5<VAVW AB0=V2 ?5@5=5A5==O 70@O4C. 
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$8A. 3.5. +0A8 7030A0==O D>B>;N<V=5AF5=FVW ?>2VB@O2<VA=>3> (?>2VB@O) B0 

45>:A835=>20=>3> (45>:A.) B>;C>;ь=>3> @>7G8=C 2tCzPy, 3tCzPy B0 4tCz2Py 

   

    0)     1)         2) 

 

40 60 80 100
1

10

100

1000
2tCzPy 

�.
B.

Ч0E, AE

 CB6іFDя
 89B>E.

50 100

1

10

100

1000

�.
B.

Ч0E, AE

 CB6іFDя
 89B>E.

3tCzPy 

50 100

1

10

100

1000

�.
B.

Ч0E (AE)

 CB6іFDя

 89B>E.

4tCz2Py 

400 500 600 700

400 500 600 700

400 500 600 700

!
BD
@0
?і
;B
60
A0
 іA
F9
AE
<6
Aі
EF
ь 
(6
.B
.)

�B6:<A0 I6<?і (6.B.)

2tCzPy   K<EF0 C?і6>0
 1wt.%:Zeonex

3tCzPy

4tCzPy

62 nm

58 nm

75 nm

50 100 150 200
1

10

100

1000

10000

ІA
F9
AE
<6
Aі
EF
ь 
(6
.B
.)

Ч0E (AE)

4tCzPy

 CD< 427 A@ (60>.)
 fit

 error

0 1 2 3 4 5
1

10

100

1000

10000

4tCzPy

 CD< 539 A@ (60>.)
 fitting

 error

ІA
F9
AE
<6
Aі
EF
ь 
(6
.B
.)

Ч0E (@>E)



87 

  

    3)      4) 

$8A. 3.6. %?5:B@8 (� (0) G8AB8E ?;V2>: 2tCzPy, 3tCzPy V 4tCzPy B0 V7 Zeonex, 

28<V@O=V C 20:CC<V. �@82V 70BCE0==O (� G8AB>W ?;V2:8 4tCzPy, 28<V@O=V C 

20:CC<V =0 4>268=0E E28;ь 427 (1) V 539 =< (2). %B>:AV2Aь:89 7AC2 (3) O: 

DC=:FVO >@Vє=B0FV9=>W ?>;O@87>2=>ABV (3@0DV:8 �V??5@B0- 0B038) @V7=8E 

@>7G8=V2 2tCzPy, 3tCzPy B0 4tCzPy. %?5:B@8 (� V Phos. (4) @>7G8=V2 &�( ?@8 

77K. Phos. A?5:B@8 1C;8 28<V@O=V V7 70AB>AC20==O< 70B@8<:8 2 1 <A ?VA;O 

71C465==O. 

 

�0?8A0=V ?@8 77 K A?5:B@8 (� V D>AD>@5AF5=FVW (Phos.) 1C;8 >B@8<0=V V7 

70<>@>65=8E @>7G8=V2 A?>;C: 2tCzPy, 3tCzPy V 4tCzPy C &�( (@8A. 3.64). /: 

?>:070=> AB@V;:0<8 4;O 2tCzPy, 7=0G5==O ?5@H>3> A8=3;5B=>3> (S1) V B@8?;5B=>3> 

(T1) @V2=V2 5=5@3VW 1C;8 >FV=5=V 7 28:>@8AB0==O< 4>268= E28;ь A?5:B@V2 PL V Phos. 

'AV A?>;C:8 ?@>45<>=AB@C20;8 ?>4V1=V B@8?;5B=V 5=5@3VW T1, 1;87ь:V 4> 3 5�, B>4V 

O: WE A8=3;5B=V 5=5@3VW S1 7<5=H8;8AO 7 3,3 4> 3,17 5� V7 @>7<=>65==O< 

D5=V;?V@848=>28E B0 48-B@5B-1CB8;:0@107>;V;ь=8E 70<VA=8:V2 C <>;5:C;O@=V9 

AB@C:BC@V 2tCzPy, 3tCzPy B0 4tCzPy (B01;. 3.2). ' @57C;ьB0BV A8=3;5B-B@8?;5B=5 

@>7I5?;5==O (ΔEST) A?>;C: 7<5=H8;>AO 7 0,25 5� 4;O 2tCzPy 4> 0,14 5� 4;O 

4tCzPy. &0:V 2V4=>A=> 28A>:V 7=0G5==O ΔEST ?@8725;8 4> B>3>, I> 728G09=V 

2;0AB82>ABV TADF =5 1C;8 28O2;5=V 4;O 2tCzPy, 3tCzPy V 4tCzPy. &8< =5 <5=H, 
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<>6=0 >GV:C20B8 72>@>B=89 <V6A8AB5<=89 ?5@5EV4 2V4 B@8?;5B=8E 4> A8=3;5B=8E 

@V2=V2 5=5@3VW G5@57 HLCT. 

 

&01;. 3.2. (>B>DV78G=V, 70@O4>V=65:FV9=V B0 70@O4>B@0=A?>@B=V E0@0:B5@8AB8:8 

A?>;C: 2tCzPy, 3tCzPy B0 4tCzPy. 

%?>;C:0  2tCzPy 3tCzPy 4tCz2Py ���, % &>;C>;/#;V2:0/ 
mCBP/DPEPO 

20/16/20/11 18/7/33/10 11/7/13/18 

S1/ T1/ΔEST, 
e� 

T�(, 77K 3.31/3.08/0.25 3.31/3.07/0.24 3.19/3.03/0.14 ����, e�  
 

#;V2:0 

5.62 5.62 5.48 

Eg, e� 3.58 3.51 3.32 ����, e� 2.11 2.11 2.16 

µe, cm2/�·A 1.5·10-4 a - - 
µh, cm2/�·A 1.2·10-4 a - 4·10-4 b 

0 ?@8 5;5:B@8G=><C ?>;V 1,8×106 �/A<; 1 ?@8 5;5:B@8G=><C ?>;V 0,9×106 �/A<. 

 

�;O >B@8<0==O 2;0AB82>AB59 TADF 2tCzPy, 3tCzPy V 4tCzPy 7<VHC20;8 7 

5;5:B@>=>-0:F5?B>@=>N A?>;C:>N 2,4,6-B@8A[3-(48D5=V;D>ADV=V;)D5=V;]-1,3,5-

B@8078= (PO-T2T), I> CB2>@Nє 5:A8?;5:A. %?5:B@8 (� B25@4>D07=>W AC<VHV PO-

T2T 7 2tCzPy, 3tCzPy 01> 4tCz2Py E0@0:B5@87CNBьAO 4>40B:>28<8 

=87ь:>5=5@35B8G=8<8 A<C30<8 (@8A.3.70-2). *5 A?>AB5@565==O A2V4G8Bь ?@> 

5:AF8?;>CB2>@N20;ь=V 2;0AB82>ABV 4>A;V46C20=8E A?>;C:. #V4EV4 4> 

D>@<C20==O 5:A8?;5:AC ?@872V2 4> G5@2>=>3> 7AC2C B5<=>-A8=ь>3> 

28?@><V=N20==O 2tCzPy, 3tCzPy B0 4tCzPy, 0 B0:>6 70157?5G82 5D5:B82=V 

2;0AB82>ABV TADF (@8A.3.73-4). !02?0:8, ?@8 48A?5@3C20==V 2 mCBP 01> DPEPO 

3>A?>40@O A?>AB5@V30;8AO G8ABV 28:848 2tCzPy, 3tCzPy 01> 4tCzPy (@8A.3.70-2). 

 



89 

   

    0)            1)                                           2) 

 

     3)     4)        5) 

$8A. 3.7. %?5:B@8 (� (0-2) B0 :@82V 7030A0==O (� (3-5) B25@4>D07=>W AC<VHV 

A?>;C: B0 PO-T2T =0 ?>2VB@V B0 C 20:CC<V 

 

3.3. �;0AB82>ABV V=65:FVW B0 B@0=A?>@BC20==O 70@O4C 
�;O ?@>є:BC20==O >?B>5;5:B@>==8E ?@8AB@>W2 =5>1EV4=V 7=0G5==O 

?>B5=FV0;C V>=V70FVW (IPPES) V A?>@V4=5=VABь 4> 5;5:B@>=0 (EA
PES) B25@48E ?;V2>: 

0:B82=8E <0B5@V0;V2. (>B>5;5:B@>==0 5<VAV9=0 A?5:B@>A:>?VO (PES) 4>72>;8;0 

>B@8<0B8 7=0G5==O IPPES 4;O ?;V2>: 2tCzPy, 3tCzPy B0 4tCzPy (@8A. 3,80, B01;. 3.3). 

�1V;ьH5==O :V;ь:>ABV 4V-B@5B-1CB8;:0@107>;ь=8E D@03<5=BV2 C A?>;C:0E 

?@872>48Bь 4> 7=865==O 7=0G5=ь IPPES 7 5,62 4> 5,48 5�. *V 7=0G5==O 2:07CNBь =0 

E>@>HC 740B=VABь V=65:FVW 4V@>:, :>;8 ?;V2:8 =0;56=8< G8=>< 

28:>@8AB>2CNBьAO 2 AB@C:BC@0E ?@8AB@>N. #@O<V 28<V@N20==O 7=0G5=ь EA
PES 

1C;8 =5<>6;82V; B><C 28:>@8AB0=> H8@>:> ?@89=OBV =5?@O<V @>7@0EC=:8 70 

D>@<C;>N EA
PES = IP

PES -Eg. "?B8G=V 701>@>=5=V 7>=8 (Eg) 1C;8 27OBV 7V A?5:B@V2 

?>3;8=0==O ?;V2>: (@8A. 3.31). $>7@0E>20=V 7=0G5==O EA
PES  (2,11-2,16 5�) є 

2V4=>A=> =87ь:8<8 4;O 5=5@35B8G=>W 15710@’є@=>W V=65:FVW 5;5:B@>=V2 V7 :0B>4V2, 
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B0:8E O: LiF/Al 01> Ca/Al. �=0G5==O IPPES V EA
PES 4;O ?;V2>: 2tCzPy, 3tCzPy V 

4tCzPy 2V4@V7=ONBьAO 2V4 WE=VE 7=0G5=ь IPCV V EACV G5@57 @V7=C ?>254V=:C 

>@30=VG=8E =0?V2?@>2V4=8:V2 C @>7G8=0E V B25@4><C AB0=V, O: F5 >?8A0=> 2 

;VB5@0BC@V [146]. 

 

 

    0)              1)                                        2) 

$8A. 3.8. %?5:B@8 D>B>5;5:B@>==>W 5<VAVW (0) 20:CC<=>->A0465=8E ?;V2>: 

2tCzPy, 3tCzPy V 4tCzPy, ?5@5EV4=V ?@>F5A8 TOF 4;O 4V@>: 4;O 20:CC<=>-

>A0465=>W ?;V2:8 4tCzPy (1) V 2V4?>2V4=V @CE;82>ABV =>AVW2 70@O4C ?@8 @V7=8E 

5;5:B@8G=8E ?>;OE (2). 

 

�8<V@N20==O G0AC ?@>;ь>BC (TOF) 1C;> 28:>=0=> 4;O 4>A;V465==O 

2;0AB82>AB59 ?5@5=>AC 70@O4C 20:CC<=>->A0465=8E ?;V2>: A?>;C: (@8A.3.8 1,2). 

%?>;C:0 2tCzPy ?@>45<>=AB@C20;0 1V?>;O@=89 B@0=A?>@B 70@O4C 7 B@>E8 28I>N 

@CE;82VABN 5;5:B@>=V2 µe (1,5·10-4 A<2/�·A), =V6 @CE;82VABь 4V@>: µh (1,2·10-4 

A<2/�·A) ?@8 B><C A0<><C 5;5:B@8G=><C ?>;V (E) 1,8×106 �/A<. #@8 =C;ь>28E 

5;5:B@8G=8E ?>;OE @V7=8FO <V6 =C;ь>2>N @CE;82VABN 5;5:B@>=V2 V 4V@>:, >FV=5=0 

2V4?>2V4=> 4> ?V43>=:8 70 4>?><>3>N 70;56=>ABV 5;5:B@8G=>3> ?>;O #C;03

(@5=:5;O ¼e,h=¼0e,h·exp(βe,h·E1⁄2), (µ0e=1,7·10-5 A<2/�·A V µ0h=5,5·10-6 A<2/�·A) 28I5, 

=V6 ?@8 A8;ь=VH8E 5;5:B@8G=8E ?>;OE. *O @V7=8FO 28=8:0є G5@57 @V7=V 

?>;570;56=V ?0@0<5B@8 4;O @CE;82>ABV 5;5:B@>=V2 V 4V@>: (³e=0,016 A<1/2/�1/2 V 

³h=0,023 A<1/2/�1/2). �;O H0@V2 3tCzPy B0 4tCz2Py A?>AB5@V302AO ;8H5 B@0=A?>@B 

4V@>:. ,0@ 4tCz2Py ?>:0702 µh, 4>AO30NG8 4·10-4 A<2/�·A ?@8 5;5:B@8G=><C ?>;V 

0,9×106 �/A< (@8A.3.8 1,2). �;O Fь>3> H0@C 1C;> >B@8<0=> 7=0G5==O µ0h =7,3×10-5 
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A<2/�·A V ³h =0,018 A<1/2/�1/2. �8<V@N20==O TOF =5 4>72>;8;8 >FV=8B8 @CE;82VABь 

70@O4C 4;O H0@C 3tCzPy, >G5284=>, G5@57 28A>:89 5=5@35B8G=89 @>7;04. *5 >4=5 

7 >1<565=ь B5E=V:8 TOF [147]. "B>6, 28<V@N20==O TOF 4>72>;ONBь 7@>18B8 

28A=>2>:, I> 2tCzPy V 4tCzPy <0NBь 1V;ьH89 ?>B5=FV0; 4;O 70AB>AC20==O 2 

>?B>5;5:B@>==8E ?@8AB@>OE, =V6 3tCzPy. 

 

3.4. )0@0:B5@8AB8:0 B0 0=0;V7 OLED-?@8AB@>W2 =0 >A=>2V >@30=VG=8E 
=0?V2?@>2V4=8:V2 2tCzPy, 3tCzPy B0 4tCz2Py 

%?>;C:8 2tCzPy, 3tCzPy V 4tCzPy 28:>@8AB>2C20;8 4;O 

=0=5A5==OA2VB;>28?@><V=N20;ь=8E H0@V2 OLED (@8A.3.9). OLED-?@8AB@>W 

?@>45<>=AB@C20;8 :>=B@>;ь>20=89 :>;ь>@>< 5;5:B@>;N<V=5AF5=B=89 (EL) 

?V4EV4 =0 >A=>2V >4=>3> 28?@><V=NNG>3> H0@C. #@8AB@>W =5 1C;8 B>G=> 

>?B8<V7>20=V, 0;5 ?>@V2=O==O 5;5:B@>;N<V=5AF5=B=8E 2;0AB82>AB59 A?>;C: 

?@>?>=Cє V45W 4;O @>7@>1:8 =>28E ?>EV4=8E D5=V;?V@848=C B0 4V-B@5B-

1CB8;:0@107>;V;C. 

OLED-?@8AB@>W 1C;8 283>B>2;5=V 7 28:>@8AB0==O< B0:>W AB@C:BC@8: >:A84 

V=4VN, >;>20 (ITO)/ 9>484 <V4V (CuI) (5 =<)/TAPC (40 =<)/ 2tCzPy, 3tCzPy 01> 

4tCzPy, 48A?5@3>20=89 C 1VA[2-(48D5=V;D>ADV=>)D5=V; ]5DV@>:A84 (DPEPO) (30 

=<) /2,2',2''-(1,3,5-15=78=5B@8V;)-B@8A(1-D5=V;-1-!-15=78<V407>;) (TPBi) (40 =<)/ 

Ca (20 =<):Al (100 =<). ITO 1C2 >?B8G=> ?@>7>@8< 0=>4><. CuI 28:>@8AB>2C202AO 

O: H0@ V=65:FVW 4V@>: (HIL). TAPC 28:>@8AB>2C202AO O: H0@ B@0=A?>@BC20==O 

4V@>: (HTL). EML =0 >A=>2V A8AB5<8 «3VABь-3>A?>40@» 1C;8 283>B>2;5=V H;OE>< 

>A0465==O 2tCzPy, 3tCzPy 01> 4tCzPy O: 5<VB5@0 B0 DPEPO O: «3>A?>40@O», 0 

2V4?>2V4=V ?@8AB@>W 1C;8 =0720=V ?@8AB@V9 1, ?@8AB@V9 2 B0 ?@8AB@V9 3 2V4?>2V4=>. 

TPBi 28:>@8AB>2C202AO O: H0@ B@0=A?>@BC 5;5:B@>=V2 (ETL). �0;ьFV9 

28:>@8AB>2C202AO O: :0B>4, ?0A82>20=89 0;N<V=Vє<. 
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$8A. 3.9. �=5@35B8G=0 4V03@0<0 @>7@>1;5=8E OLED-?@8AB@>W2 

 

#@8AB@>W 1-3 ?@>45<>=AB@C20;8 5;5:B@>;N<V=5AF5=FVN 7 <>6;82VABN 

=0;0HBC20==O :>;ь>@C C 70;56=>ABV 2V4 ?@8:;045=>W =0?@C38 (@8A. 3.11a). �0 

=0?@C38 13 � OLED-?@8AB@>W 45<>=AB@C20;8 1V;89 :>;V@ 7 V=45:A>< ?5@540GV 

:>;ь>@C (CRI), I> 4>AO302 80 V7 E>@>H>N :>;ь>@>?5@540G5N (B01;.3.3). 

�>>@48=0B8 CIE 1C;8 1;87ь:V 4> ?@8@>4=>3> 1V;>3> (0,33, 0,33). �>;V@=0 

B5<?5@0BC@0 (�&) :>;820;0Aь 2V4 3964 4> 6368 �. !0?@8:;04, 7=0G5==O �& 4;O 

?@8AB@>N 1 <>6=0 @53C;N20B8 2V4 6562 4> 3339 K (@8A. 3.111) [148]. %<C38 ?@8 

380-460 =< V 460-560 =< 2 OLED 1-3 2V4?>2V40;8 HLCT D;C>@5AF5=FVW 

28?@><V=N20GV2 2tCzPy, 3tCzPy 01> 4tCzPy. !0 2V4<V=C 2V4 A?5:B@V2 (� G8AB8E 

?;V2>: 5<VB5@V2 V ?;V2>: WE <>;5:C;O@=8E AC<VH59 7 V=5@B=8< ?>;V<5@>< Zeonex, 

O:V E0@0:B5@87CNBьAO E2>AB0<8/?;5G0<8 ?@8 460-560 =< (@8A. 3.60), �� ?@8AB@>W2 

1-3 E0@0:B5@87CєBьAO A<C30<8 ?@8 460-560 =< 7 4>1@5 28@065=8<8 <0:A8<C<0<8 

[149]. $V7=V 465@5;0 71C465==O <>6CBь 1CB8 ?@8G8=>N 2V4<V==>AB59 <V6 

A?5:B@0<8 (� B0 ��. ' A?5:B@0E �� ?@8AB@>W2 1-3 A?>AB5@V30;0AO =>20 A<C30 7 

?V:>< ?@8 580 =<. *O A<C30 2V4?>2V40;0 70 5;5:B@>;N<V=5AF5=FVN OLED 1-3 7 

<>6;82VABN =0;0HBC20==O :>;ь>@C. �=B5=A82=VABь A<C38 ?@8 580 =< 7@>AB0;0 7V 

71V;ьH5==O< =0?@C38. %?5:B@8 �� ?@8AB@>W2 1-3 A8;ь=> 70;560;8 2V4 
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?@8:;045=>W =0?@C38 G5@57 CB2>@5==O 5;5:B@>?;5:AC 7 TAPC (@8A.3.10) [1503

152].  

              

                                 

$8A. 3.10. %?5:B@8 5;5:B@>;N<V=5AF5=FVW OLED 70 @V7=8E =0?@C3 B0 WE A2VB;8=8 

 

�;O ?@8AB@>W2 1-3 70DV:A>20=V =0?@C38 2:;NG5==O (Von) 6-8,4 � V 28A>:0 

OA:@02VABь, I> ?5@528ICє 5000 :4/<2 (@8A.3.11 2, 3). &0:C 2V4=>A=> 28A>:C Von 

<>6=0 ?>OA=8B8 28A>:8< 5=5@35B8G=8< 10@'є@>< 4;O 5;5:B@>=V2 =0 <56V @>74V;C 

EML/ETL. �A=CNBь 10@'є@8 0,7 5� <V6 H0@0<8 DPEPO V TPBi V ?@81;87=> 0,5 5� 

<V6 2tCzPy, 3tCzPy 01> 4tCzPy V TPBi (@8A. 3.9). �8A>:V @>1>GV =0?@C38 

@>7@>1;5=8E OLED ?@872>4OBь 4> 2V4=>A=> =87ь:>W 5=5@3>5D5:B82=>ABV (PE), O:0 

4>AO30є 4,6 ;</�B (B01;. 3.3).  
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3) 

$8A. 3.11. �>>@48=0B8 CIE1931 (0) %?5:B@8 ��, 70?8A0=V 70 @V7=8E =0?@C3, 

CRI/T� (1), 70;56=>ABV 3CAB8=8 AB@C<C/OA:@02>ABV 2V4 =0?@C38 (2) B0 EQE (3) 

?@8AB@>W2 1-3. 

!0928I89 <0:A8<0;ь=89 EQE 5,2% A?>AB5@V302AO 4;O ?@8AB@>N 3 =0 

>A=>2V 4tCzPy (B01;. 3.3). #@8ABV9 1, I> <VAB8Bь 2tCzPy, ?>:0702 <0:A8<0;ь=89 

EQE 3,1%. #@8AB@V9 2, I> <VAB8Bь 3tCzPy, ?@>45<>=AB@C202 EQE 2%. !09:@0IC 

?@>4C:B82=VABь <0B5@V0;C 4tCzPy <>6=0 ?>OA=8B8 9>3> =09:@0I8< ?>є4=0==O< 

9>3> D>B>DV78G=8E 2;0AB82>AB59, 2;0AB82>AB59 V=65:FVW B0 B@0=A?>@BC20==O 

70@O4C (B01;. 3.3). %?>;C:0 4tCzPy ?@>45<>=AB@C20;0 =09=86G5 7=0G5==O IP = 

5,48 5�, A?@8OB;825 4;O 5D5:B82=>3> 22545==O 4V@>: (@8A. 3.80). �>=0 ?>:070;0 

4>1@5 710;0=A>20=89 B@0=A?>@B 4V@>: V 5;5:B@>=V2 (@8A. 3.82), 0 B0:>6 

28?@><V=N20==O HLCT V 4>23>682CGC D;C>@5AF5=FVN (@8A. 3.62,4), I> A2V4G8Bь 

?@> B@8?;5B=89 71V@.  

&01;. 3.3. "A=>2=V ?0@0<5B@8 =0AB@>N20=8E 70 :>;ь>@>< 1V;8E OLED. 

#
@8
AB
@V
9  

EML 
Vo

n, 
� 

 0:A. 
OA:@0
2VABь, 
:4/<2 

CE

max, 
:4/
A 

PE 

max, 
�</
� 

EQ
Emax 
% 

CIE  
1931 
 (x, y) 

C
RI  

T�, 
K 

OLED-?@8AB@>W 7V AB@C:BC@>N ITO/CuI/TAPC/EML/TPBi/Ca/Al 
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2tCzPy 
(10wt.%):DPEPO 
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a CIE, CRI V TK ?@8AB@>W2 1-3 4;O A?5:B@V2 ��, 70?8A0=8E ?@8 ?@8:;045=V9 =0?@C7V 13 �. 

$>7@0EC=:8 CIE, CRI V TC ?@>2545=> 73V4=> V7 <5B>4>;>3VєN, >?8A0=>N 70 ?>A8;0==O< [153].  

 

3.5. �8A=>2:8 4> B@5Bь>3> @>74V;C 

' Fь><C @>74V;V 4>A;V465=> 2;0AB82>ABV B@ь>E =>28E ?>EV4=8E 15=7>;C 7 

@V7=>N :V;ь:VABN ?V@848=V;ь=8E V 4V-B@5B-1CB8;:0@107>;V;ь=8E 70<VA=8:V2, WE 

>?B>5;5:B@>==V, B5@<VG=V, 5;5:B@>EV<VG=V, V=65:FV9=V, B@0=A?>@B=V B0 

5;5:B@>;N<V=5AF5=B=V 2;0AB82>ABV. %?>;C:8 45<>=AB@CNBь B5<=>-A8=N 

D;C>@5AF5=FVN 7 :20=B>2>N 5D5:B82=VABN 4> 33 % C B25@4><C AB0=V 2 @57C;ьB0BV 

@5;0:A0FVW 3V1@8487>20=8E ;>:0;ь=8E AB0=V2 V AB0=V2 ?5@5=5A5==O 70@O4C. #V4 G0A 

5;5:B@8G=>3> 71C465==O 1V;0 5;5:B@>;N<V=5AF5=FVO 7 @53C;ь>20=8< :>;ь>@>< 

4>AO30єBьAO 7024O:8 ?5@5:@8BBN 28?@><V=N20==O 4>A;V46C20=8E A?>;C: V 

5;5:B@>?;0:A>2>3> 28?@><V=N20==O H0@C, I> B@0=A?>@BCє 4V@:8. $>7@>1;5=> 

1V;V >@30=VG=V A2VB;>28?@><V=N20;ь=V 4V>48 V7 @53C;ь>20=>N :>;V@=VABN. 

#@8AB@>W ?@>45<>=AB@C20;8 7>2=VH=N :20=B>2C 5D5:B82=VABь 5,2% V 

@53C;ь>20=C :>;V@=C B5<?5@0BC@C 2 4V0?07>=V 2V4 3339 4> 6562 �.  

 

 

 

 

  



96 

$"���� IV 

$"�$"���!!/ ����$�� �� $"�#"����!�  ��"$"&!�  ��’/��"  
!� "%!"�� "$��!�+!�) !�#��#$"���!���� ' 

$���"�$�%&���+!" ' %�$��"��-� 
 

�V4><>, I> ;075@8 7 @>7?>4V;5=8< 72>@>B=8< 72'O7:>< =5 ?>B@51CNBь 

7>2=VH=VE 475@:0;, 0 C @>;V @57>=0B>@0 28ABC?0є  @5HVB:0. ' B0:><C @57>=0B>@V 

475@:0;0 =5 ;>:0;V7>20=V, 0 @>7?>4V;5=V 274>26 ?>H8@5==O 28?@><V=N20==O, 

AB2>@N20=>3> 0:B82=8< A5@54>28I5<. #5@V>4 @5HVB:8 287=0G0є <>6;82C 

4>268=C E28;V 35=5@0FVW, V 2V= ?>28=5= ?>B@0?;OB8 2 A?5:B@0;ь=C >1;0ABь 

;N<V=5AF5=FVW A5@54>28I0 ?>A8;5==O. $5HVB:0 D>@<CєBьAO 2 >1'є<V A5@54>28I0 

?V4A8;5==O =0 5B0?V ;075@=>3> 283>B>2;5==O. 

' @>1>BV 70?@>?>=>20=> 28:>@8AB0==O >@30=VG=8E =0?V2?@>2V4=8:V2 B0 

@V4:8E :@8AB0;V2 O: A5@54>28I5 ?>A8;5==O ;075@V2 7 @>7?>4V;5=8< 72>@>B=V< 

72’O7:><. *V >@30=VG=V A?>;C:8 @>7<VIC20;8AO <V6 42><0 A:;O=8<8 ?;0AB8=0<8, 

2V4AB0=ь <V6 O:8<8 AB0=>28;0 25 <:< V DV:AC20;0AO A?5FV0;ь=8<8 ?@>:;04:0<8. 

*O AB@C:BC@0 є ;075@>< 7 25@B8:0;ь=8< @57>=0B>@><. &0:89 281V@ ?>OA=NєBьAO 

B8<, I> @V4:V :@8AB0;8 <>6CBь A?>2V;ь=N20B8 V =02VBь 70B@8<C20B8 A2VB;> 7 

4>268=0<8 E28;ь ?>1;87C D>B>==>W 701>@>=5=>W 7>=8. "B65, B0:V <0B5@V0;8 є 

FV:028<8 4;O @>7@>1:8 =>28E 465@5; ;075@=>3> 28?@><V=N20==O. %;V4 

707=0G8B8, I> =5<0B8G=V @V4:V :@8AB0;8 є =091V;ьH ?>?C;O@=8<8 2 ?@><8A;>28E 

70AB>AC20==OE G5@57 2V4=>A=> =87ь:C 2'O7:VABь V VA=C20==O 2 H8@>:><C 4V0?07>=V 

B5<?5@0BC@. &><C 1C;> 28:>@8AB0=> E>;5AB5@8G=>-=5<0B8G=C AC<VH 4;O 

AB2>@5==O ?5@V>48G=>W AB@C:BC@8 ;075@V2 7 @>7?>4V;5=8< 72>@>B=8< 72'O7:><. 

 

4.1. $��-;075@ =0 >A=>2V >@30=VG=>3> =0?V2?@>2V4=8:0 bThBODIPY 

!0 ?5@H><C 5B0?V 4>A;V465=ь 1C;8 70?8A0=V A?5:B@8 28?@><V=N20==O 

@>7G8=C (1025   2 CH2Cl2) B0 20:CC<=> >A0465=>W ?;V2:8 bThBODIPY (@8A. 4.1). 

"B@8<0=> 7AC2 C A8=N >1;0ABь A?5:B@C ?;V2:8 ?>@V2=O=> 7 B25@48< 7@07:><. *59 

;53:89 7AC2 ?>2’O70=89 V7 7030;>< 1V;ьH>N ?>?C;OFVєN <5=H8E 5=5@35B8G=8E 
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:>;820;ь=8E AB0=V2 2 @57C;ьB0BV <5=H>W 5=5@3VW @5>@30=V70FVW C B25@4><C AB0=V. 

#@>B5 A?>AB5@V302AO 7AC2 C G5@2>=C >1;0ABь A?5:B@C ?;V2:8 =0 :@0N =09=86G>W 

A<C38 ?>3;8=0==O 5=5@3VW ?>@V2=O=> 7 @>7G8=><. $V7:89 ?@>DV;ь <5=H>W 

5=5@35B8G=>W A<C38 E0@0:B5@=89 4;O >48=8FV BODIPY <>;5:C;8, B>4V O: V=HV 

A<C38 <0NBь E0@0:B5@ ?5@5=5A5==O 70@O4C <V6 4>=>@=8< V 0:F5?B>@=8< 

:><?>=5=B0<8, O: F5 A?>AB5@V30єBьAO 4;O ?>4V1=8E ?>EV4=8E BODIPY [154]. 

 

 

$8A. 4.1. !>@<0;V7>20=V A?5:B@8 28?@><V=N20==O @>7G8=C B0 ?;V2:8 

bThBODIPY 

 

�V4><>, I> 4>268=0 E28;V 28?@><V=N20==O E>;5AB5@8G=8E 

@V4:>:@8AB0;VG=8E ;075@V2 <>65 1CB8 =0;0HB>20=0 70 4>?><>3>N @V7=8E :CB>28E 

3@04Vє=BV2 :@>:C. �>3> <>6=0 70157?5G8B8 H;OE>< 7<V=8 A:;04C. ' =0H><C 

28?04:C =5<0B8G=89 @V4:89 :@8AB0; E7 1C2 7<VH0=89 7 EV@0;ь=>N 4><VH:>N 

CB15 C B0:V9 ?@>?>@FVW, I> 28A>:0 ?;>I0 2V418BBO @5HVB:8 =5<0B8G=8E @V4:8E 

:@8AB0;V2 C73>46CєBьAO 7V A?5:B@0<8 D>B>;N<V=5AF5=FVW bThBODIPY. 

%?5:B@ 2V418BBO >B@8<0=>W @V4:>:@8AB0;VG=>W :><V@:8 =02545=> =0 @8A.4.2. 

� @8A. 4.2 284=>, I> <0:A8<0;ь=89 :>5DVFVє=B 2V418BBO AB0=>28Bь 1;87ь:> 100 % 

2 4V0?07>=V 4>268= E28;ь 2V4 600 4> 700 =<. #>2=0 H8@8=0 =0 ?>;>28=V 

<0:A8<C<C AB0=>28Bь 1;87ь:> 120 =<, I> є B8?>28< 4;O B0:8E :@8AB0;V2. 
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$8A. 4.2. %?5:B@ 2V418BBO >B@8<0=>W @V4:>:@8AB0;VG=>W :><V@:8 

 

!5<0B8G=89 @V4:89 :@8AB0; 1C2 ;53>20=89 bThBODIPY 7 ?52=>N 

:>=F5=B@0FVєN 2038. �5=5@0FV9=V 2;0AB82>ABV bThBODIPY 4>A;V465=> H;OE>< 

=0:0G:8 283>B>2;5=8E 0:B82=8E 5;5<5=BV2 $��-;075@V2 28?@><V=N20==O< @V7=8E 

4>268= E28;ь. �;O Fь>3> 28:>@8AB>2C20;8 420 B8?8 ;075@V2: 0;N<>-VB@Vє289 

;075@ 7 ;53C20==O< =5>48<>< (Nd:YAG) 4@C3>W 30@<>=V:8 7 4>268=>N E28;V 532 

=< 2 V<?C;ьA=><C @568<V B0 D5<B>A5:C=4=89 ;075@ «Light Conversion» PHAROS 

7 4>268=>N E28;V 515 =< 2 V<?C;ьA=><C @568<V. %E5<8 71C465==O 0:B82=8E 

5;5<5=BV2 $��-;075@V2 7 @V7=8<8 ;075@0<8 ?@0:B8G=> AE>6V. 

!0 @8AC=:C 4.3. ?>:070=0 AE5<0 =0:0GC20==O D5<B>A5:C=4=8< ;075@>< 

PHAROS «Light Conversion», O:89 <>65 ?@0FN20B8 2 @568<0E 35=5@0FVW 

V<?C;ьA=>3> 28?@><V=N20==O =0 4>268=0E E28;ь 1030 =<, 515 =< V 343 =< 7 

B@820;VABN V<?C;ьAC 2V4 190 DA 4> 10 ?A. �>A;V465==O 35=5@0FV9=8E 

2;0AB82>AB59 =5<0B8G=8E @V4:8E :@8AB0;V2, ;53>20=8E bThBODIPY, ?@>2>48;>Aь 

?@8 =0:0GC20==V 28?@><V=N20==O< 7 4>268=>N E28;V 515 =< B0 5=5@3VєN 4> 30 

<�6. �@V< B>3>, 4;O =0:0GC20==O 28:>@8AB>2C202AO ;075@ 4@C3>W 30@<>=V:8 

Nd:YAG 7 4>268=>N E28;V 532 =< 2 V<?C;ьA=><C @568<V [155]. 
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$8A. 4.3. %E5<0 =0:0G:8 $��-;075@V2 =0 >A=>2V =5<0B8G=8E @V4:8E 

:@8AB0;V2, ;53>20=8E bThBODIPY 

 

!5<0B8G=0 @V4:>:@8AB0;VG=0 :><V@:0, ;53>20=0 bThBODIPY, 1C;0 

?@8:@V?;5=0 4> 3>=V><5B@0. "?B8<0;ь=89 :CB ?04V==O ?@><5=O =0:0G:8 

?V418@02AO 5:A?5@8<5=B0;ь=>. #@><V=ь D>:CAC202AO ;V=7>N =0 :><V@:C 

4V0<5B@>< 1;87ь:> 0,5-1 <<. %8AB5<0 :5@C20==O ;075@>< 70157?5GC20;0 ?;02=C 

7<V=C H8@>:>3> 4V0?07>=C ?0@0<5B@V2 =0:0G:8: G0AB>B8, B@820;>ABV V<?C;ьAC B0 

5=5@3VW =0:0G:8. �>40B:>289 0B5=N0B>@ 2 AE5<V 4>72>;82 7=878B8 5=5@3VN 4> 

<V=V<0;ь=>3> 7=0G5==O. %?5:B@8 28?@><V=N20==O 70?8AC20;8 70 4>?><>3>N 

A?5:B@><5B@0.  

 

 

$8A. 4.4. $V4:>:@8AB0;VG=0 :><V@:0, ;53>20=0 bThBODIPY, ?@8 71C465==V 

28?@><V=N20==O< V7 4>268=>N E28;V 515 =< 
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�;O 4>A;V465==O 35=5@0FV9=8E 2;0AB82>AB59 $��-;075@V2 =0 >A=>2V 

=5<0B8G=8E @V4:8E :@8AB0;V2, ;53>20=8E bThBODIPY, 1C;> 283>B>2;5=> :V;ь:0 

5:A?5@8<5=B0;ь=8E 7@07:V2 V >B@8<0=> A5@VN A?5:B@V2 28?@><V=N20==O. !0 @8A. 

4.4. =02545=> D>B>3@0DVN @V4:>:@8AB0;VG=>W :><V@:8, 71C465=>W 

28?@><V=N20==O< 7 4>268=>N E28;V 515 =<. 

#5@HC A5@VN 4>A;V465=ь ?@>2>48;8 7 =0:0GC20==O< 0:B82=8E 5;5<5=BV2 

Nd:YAG-;075@>< 7 4>268=>N E28;V 532 =< 2 V<?C;ьA=><C @568<V. &@820;VABь 

V<?C;ьAC AB0=>28;0 10 <:A. !091V;ьH B8?>2V @57C;ьB0B8 ?>:070=V =0 @8AC=:0E 

4.5, 4.6 B0 4.7. 

 

 

$8A. 4.5. %?5:B@ 28?@><V=N20==O =5<0B8G=>3> @V4:>3> :@8AB0;0, ;53>20=>3> 

bThBODIPY, ?@8 ;075@=V9 =0:0GFV 7 4>268=>N E28;V 532 =< ?@8 B@820;>ABV 

V<?C;ьAC 10 <:A B0 5=5@3VW 1;87ь:> 1 <:�6 

 

/: 284=> 7 @8A. 4.5, A?5:B@ 28?@><V=N20==O :><V@:8 ?@0:B8G=> ?>2B>@Nє 

A?5:B@ D>B>;N<V=5AF5=FVW bThBODIPY. "G5284=>, I> 2 Fь><C 28?04:C 5=5@3VO 

=0:0GC20==O =86G5 ?>@>3>2>3> 7=0G5==O. %?5:B@ D>B>;N<V=5AF5=FVW ?>G8=0є 
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�>A;V465==O ?>:070;8, I> ?V: 35=5@0FVW 4;O 4>A;V46C20=>W AB@C:BC@8 
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+5@57 =87ь:C @>74V;ь=C 740B=VABь A?5:B@><5B@0 Ocean Optics USB2000 206:> 

>FV=8B8 H8@8=C A?5:B@C ;075@=>3> 28?@><V=N20==O 7 @8A.4.13 (:@820 3). "4=0:, 
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' Fь><C @>74V;V 28:>=0=> 4>A;V465==O @V4:>:@8AB0;VG=8E :><V@>:, 
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5. CD>@<>20=> A2VB;>28?@><V=N20;ь=C 35B5@>AB@C:BC@C 

ITO/CuI/TCTA/TPA-TZ /BCP/Ca:Al, =0 >A=>2V =>2>A8=B57>20=>3> <0B5@V0;C 

TPA-TZ. OLED ?@>45<>=AB@C202 5;5:B@>;N<V=5AF5=FVN 2 =515A=>-1;0:8B=V9 

>1;0ABV A?5:B@C 7 42><0 GVB:> 284V;5=8<8 <0:A8<C<0<8 4>268= E28;ь 3 428 =< 

V 478 =<. �>;V@=V :>>@48=0B8 CIE 1931 28O28;8AO 70;56=8<8 2V4 =0?@C38 7V 

7=0G5==O<8 (0.20, 0.17) ?@8 8 � V (0.20, 0.23) ?@8 14 �.   

6. �AB0=>2;5=>, I> =>2>A8=B57>20=V >@30=VG=V =0?V2?@>2V4=8:8 2tCzPy, 

3tCzPy, 4tCz2Py 45<>=AB@CNBь E>@>HC B5@<VG=C AB01V;ь=VABь V7 2B@0B>N <0A8 

5%, B5<?5@0BC@8 ?;02;5==O <0B5@V0;V2 49°C 4;O 2tCzPy, 432°C 4;O 3tCzPy B0 

386°C 4;O 4tCzPy. �0=V E0@0:B5@8AB8:8 C<>6;82;NNBь 70AB>AC20==O F8E 

<0B5@V0;V2 C B5E=>;>3VW D>@<C20==O >@30=VG=8E 35B5@>AB@C:BC@ <5B>4>< B5@<>-

20:CC<=>3> =0?8;5==O. 
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