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Figure 1 Schematic illustration for thermal expansion of typical
polyimide film (color online).
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Figure 2 Schematic illustration of the typical polyimide lattice
structure [19] (color online).
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Figure 3 Near-IR interferometric spectra of polyimide film [29]
(color online).
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Figure 4 The molecular structures of representative polyimides reported in the literature.
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Figure 5 The in-plane and out-of-plane thermal expansion of polyimide films with different structures [29] (color online).
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Figure 6 Relationship between absolute weight density and coeffi-
cient of volume expansion (CVE) of polyimide crystalline particles [19]
(color online).
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Figure 7 Schematic diagram of relationship between the para- or
meta-phenylene linked structure and CVE of polyimide film [42] (color
online).
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Figure 8 Dihedral angle dependence of conformational energies of
substituted biphenyls [29] (color online).
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Figure 9 The CVE as a function of crosslinking degree for thermally
cross-linkable polyimide films [46] (color online).
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Figure 10 Relationship between thermal expansion anisotrophy and
orientation function P,y for different polyimide films [29] (color
online).
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Figure 11 Schematic representation of thermal expansion behavior
for different polyimides [29] (color online).
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Table 2 Thermal expansion properties of typical polyimide films reported in the literature

SRR )RR (C) CTE, (opm/C) CTE, opm/C) CVE pmiC) g it CVE s
50" 50~160 20 83 - Capacitance [40]
259 50~200 25~32 117 174 - PVT [33]
MDAODA 509 50~200 20~36 120 176 - PVT [33]
759 50~200 26~28 122 176 - PVT [33]
129 50~200 18~38 113 169 - PVT [33]
10 50~300 26.4 101.9 154.7 0.488 Interferometry [29]
PMDA/m-PDA 10 80~280 33.0 52.6 118.6 0.163 Interferometry [42]
PMDA/DMDB 10 50~300 -10.9 229.8 206.8 1.164 Interferometry [29]
PMDA/TFDB 10 50~300 5.2 181 170.2 1.094 Interferometry [29]
PMDA/DCHM 10 50~300 38.1 86.7 164.9 0.295 Interferometry [29]
BPDAIODA 509 50~160 15 52 - - Capacitance [40]
10 50~300 46.2 50.2 146 0.027 Interferometry [29]
50 50~160 8 51 - Capacitance [40]
BPDA/PDA 259 50~200 11~15 104 130 — PVT [33]
10 50~300 3.1 133.2 139.4 0.933 Interferometry [29]
BPDA/m-PDA 10 80~280 35.7 40.6 113.7 0.043 Interferometry [42]
BPDA/DMDB 10 50~300 8.7 169 188.3 0.851 Interferometry [29]
BPDA/TFDB 10 50~300 20.2 119.3 159.4 0.622 Interferometry [29]
BPDA/DCHM 10 50~300 48.1 61.2 157.5 0.083 Interferometry [29]
BPDA/DATP 10 50~300 52 149.5 159.9 0.902 Interferometry [29]
a-BPDA/PDA 10 80~280 49.2 45.7 146.9 —0.024  Interferometry [42]
o-BPDA/m-PDA 10 80~280 44.5 48.2 139.7 0.026 Interferometry [42]
EBPA/PDA 11~13 80~280 3 126 132 0.939 Interferometry [46]
EBPA/m-PDA 11~13 80~280 33 32 98 —0.005 Interferometry [46]
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(1) AR I3 9252 TR I 0 e v B 1 Py A2 I o
NFRIAIRAL T, T AN AK ) 73 A 7 A7 A —
SE SRR YE, X BPRA 1 T AN A AR B TT. s
TR SR B 7P AR, X E JE R
HARG g e, B HEm R m, —RALm s
IR B ROT .

(2) TRBLI NG 5y 3 Bk A W SR 5 T ) TR ik
IR, IR FAMEIK 25 17 S 7 A 2 2R
HAZERIE T B 454 i) PR SRR R DL B A A2
PR i T AP PR, T 2 B S 2% 17 b AR A
K 507 EREHYIERR, TEEREHEEL
PSSR,

448

(3) Ml 7 R iash A B+ AR T A0 5
BRRIZAK, IR TRE SCVER —EMRME; &2
IR FA) ) A0 P A IR 5 S 1, FRAIRCVE; JRER
SE R R E AR EZ B, 2T
HEP 5 AR 25 1) SR PR 2 RAFZRIESR AR, T
#& LM IIRAT o R E e, H ATk
ZRGUAR.

BT S 3k B R AR R S SR B I B A K A
REPE Y A SE i oK, T IR I AR AT 9 MLER AT T 1Y)
AR AN R, R WA AR
Y2l L BT RFA sl N 1) = W | T
5 I ST RGN R ARAT A KR L, 7 e



REFRE: b 20224 Hs52E B3

b7 B S RS G KO0 A S DU LR
EITREYE; 75— 51, T R B AT L T
TNLEE R AR A S m AR R IR R 5, Rk
JETCHUIFURME 2% 85 75V 1k — 20 Dt S ) T o B A4 A

AR TERE. A SO BT A 2 B 58 i Vi A BRI
AR SR e i A RS T B4R T, RSk
B SR I V. f T RS R B K P R A R0 2 A 2 4 e B2
SE 1 B

S 3

[V N VS I

11
12
13

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Zhuang Y, Seong JG, Lee YM. Prog Polym Sci, 2019, 92: 35-88

Liaw DJ, Wang KL, Huang YC, Lee KR, Lai JY, Ha CS. Prog Polym Sci, 2012, 37: 907-974

Ji D, Li T, Hu W, Fuchs H. Adv Mater, 2019, 31: 1806070

Gouzman I, Grossman E, Verker R, Atar N, Bolker A, Eliaz N. Adv Mater, 2019, 31: 1807738

Duan C, Shao M, Li S, Zhang X, Wang C, Wang Q, Wang T. Sci Sin-Chim, 2018, 48: 1561-1567 (in Chinese) [B{EA:, A, 28K, 5K HiF
T, 54, FiEm. R EERZE %, 2018, 48: 1561-1567]

Han WY, Zhang CL, Weng YX. Sci Sin-Chim, 2020, 50: 655668 (in Chinese) [#EPE, 5KF0N, H = 5. ' EERLE: b2, 2020, 50: 655-668]
Jang W, Seo J, Lee C, Pack SH, Han H. J Appl Polym Sci, 2009, 113: 976-983

Abadias G, Chason E, Keckes J, Sebastiani M, Thompson GB, Barthel E, Doll GL, Murray CE, Stoessel CH, Martinu L. J Vacuum Sci Tech A-
Vacuum Surfs Films, 2018, 36: 020801

Dolbow J, Gosz M. Mech Mater, 1996, 23: 311-321

Seo K, Nam KH, Lee S, Han H. Mater Lett, 2019, 247: 171-173

Seo K, Nam KH, Lee S, Han H. Mater Lett, 2020, 263: 127204

Gao X, Lin L, Liu Y, Huang X. J Display Technol, 2015, 11: 666—669

Wang W, Zhang DY, Sun YY, Rae D, Zhao L, Zheng JT, Schwarz M, Shah M, Syed A. Study of polyimide in chip package interaction for flip-
chip Cu pillar packages, In: Electronic Components and Technology Conference. San Diego: IEEE, 2018. 1039—-1043

Hasegawa M. Polymers, 2017, 9: 520

Farris RJ, Maden MA, Tong K. MRS Proc, 1991, 203: 129-139

Hagiwara K, Ougizawa T, Inoue T, Hirata K, Kobayashi Y. Radiat Phys Chem, 2000, 58: 525-530

Czichos H, Saito T, Smith L. Springer Handbook of Materials Measurement Methods. Berlin: Springer, 2006

Brillhart MV, Cebe P. J Polym Sci B Polym Phys, 1995, 33: 927-936

Ishige R, Masuda T, Kozaki Y, Fujiwara E, Okada T, Ando S. Macromolecules, 2017, 50: 2112-2123

Sekiguchi K, Takizawa K, Ando S. J Photopol Sci Technol, 2013, 26: 327-332

Ree M, Chen KJ, Kirby DP, Katzenellenbogen N, Grischkowsky D. J Appl Phys, 1992, 72: 2014-2021

Armold FE, Shen D, Lee CJ, Harris FW, Cheng SZD, Lau SF. J Mater Chem, 1993, 3: 353-360

Tong HM, Hsuen HKD, Saenger KL, Su GW. Rev Sci Instrum, 1991, 62: 422430

Tong HM, Saenger KL, Su GW. Polym Eng Sci, 1993, 33: 1502-1506

Liou HC, Ho PS, Tung B. J Appl Polym Sci, 1998, 70: 273-285

Liou HC, Ho PS, Stierman R. Thin Solid Films, 1999, 339: 68-73

Zhang ZM, Lefever-Button G, Powell FR. Int J Thermophys, 1998, 19: 905-916

Chandrasekharan R, Masel RI, Shannon MA. Rev Sci Instrum, 2007, 78: 053105

Ando S, Sekiguchi K, Mizoroki M, Okada T, Ishige R. Macromol Chem Phys, 2018, 219: 1700354

Chen ST, Wagner HH. J Electron Mater, 1993, 22: 797-799

Sensui N, Ishii J, Takata A, Oami Y, Hasegawa M, Yokota R. High Perform Polyms, 2008, 21: 709-728

Ishii J, Takata A, Oami Y, Yokota R, Vladimirov L, Hasegawa M. Eur Polym J, 2010, 46: 681-693

Pottiger MT, Coburn JC, Edman JR. J Polym Sci B Polym Phys, 1994, 32: 825-837

Yang ZH, Kang CQ, Guo HQ, Gao LX. Acta Polym Sin, 2021, doi: 10.11777/j.issn1000-3304.2021.21077 (in Chinese) [#% 1F £, FEfE1E, ¥R,
ERER. H 7R, 2021, doi: 10.11777/1.issn1000-3304.2021.21077]

449


https://doi.org/10.1016/j.progpolymsci.2019.01.004
https://doi.org/10.1016/j.progpolymsci.2012.02.005
https://doi.org/10.1002/adma.201806070
https://doi.org/10.1002/adma.201807738
https://doi.org/10.1360/N032018-00188
https://doi.org/10.1360/SSC-2020-0021
https://doi.org/10.1002/app.29558
https://doi.org/10.1116/1.5011790
https://doi.org/10.1116/1.5011790
https://doi.org/10.1016/0167-6636(96)00021-X
https://doi.org/10.1016/j.matlet.2019.03.106
https://doi.org/10.1016/j.matlet.2019.127204
https://doi.org/10.1109/JDT.2015.2419656
https://doi.org/10.3390/polym9100520
https://doi.org/10.1557/PROC-203-129
https://doi.org/10.1016/S0969-806X(00)00211-5
https://doi.org/10.1002/polb.1995.090330608
https://doi.org/10.1021/acs.macromol.7b00095
https://doi.org/10.2494/photopolymer.26.327
https://doi.org/10.1063/1.351629
https://doi.org/10.1039/JM9930300353
https://doi.org/10.1063/1.1142137
https://doi.org/10.1002/pen.760332210
https://doi.org/10.1002/(SICI)1097-4628(19981010)70:2&lt;273::AID-APP7&gt;3.0.CO;2-R
https://doi.org/10.1016/S0040-6090(98)01065-7
https://doi.org/10.1023/A:1022655309574
https://doi.org/10.1063/1.2736337
https://doi.org/10.1002/macp.201700354
https://doi.org/10.1007/BF02817357
https://doi.org/10.1177/0954008308096624
https://doi.org/10.1016/j.eurpolymj.2010.01.007
https://doi.org/10.1002/polb.1994.090320506

FHIGSE: R R AR B AR AT Bt FU ik

35 Numata S, Oohara S, Fujisaki K, Imaizumi JI, Kinjo N. J Appl Polym Sci, 1986, 31: 101-110

36 Numata S, Fujisaki K, Kinjo N. Polymer, 1987, 28: 22822288

37 BailL, Zhai L, He M, Wang C, Mo S, Fan L. Reactive Funct Polyms, 2019, 141: 155-164

38 Hasegawa M, Hishiki T. Polymers, 2020, 12: 859

39 Tan YY, Zhang Y, Jiang GL, Zhi XX, Xiao X, Wu L, Jia YJ, Liu JG, Zhang XM. Polymers, 2020, 12: 576

40 Saraf RF, Tong HM, Poon TW, Silverman BD, Ho PS, Rossi AR. J Appl Polym Sci, 1992, 46: 1329-1337

41 Song G, Wang D, Dang G, Zhou H, Chen C, Zhao X. High Perform Polyms, 2014, 26: 413-419

42 Okada T, Ishige R, Ando S. Polymer, 2018, 146: 386395

43 Arnold FE, Bruno KR, Shen D, Eashoo M, Lee CJ, Harris FW, Cheng SZD. Polym Eng Sci, 1993, 33: 1373-1380

44 Arnold FE, Shen D, Lee CJ, Harris FW, Cheng SZD, Starkweather HW. J Mater Chem, 1993, 3: 183—-190

45 Hasegawa M, Sensui N, Shindo Y, Yokota R. Macromolecules, 1999, 32: 387-396

46 Ando S, Harada M, Okada T, Ishige R. Polymers, 2018, 10: 761

47 Hasegawa M, Koseki K. High Perform Polyms, 2006, 18: 697-717

48 Lian M, Lu X, Lu Q. Macromolecules, 2018, 51: 10127-10135

49 Liu TQ, Zheng F, Ma X, Ding TM, Chen S, Jiang W, Zhang SY, Lu Q. Polymer, 2020, 209: 122963

50 BaiL, Zhai L, Wang CO, He MH, Mo S, Fan L. Chem J Chin U, 2020, 41: 795-802 (in Chinese) [ 1%, 7%, TS, 7 M, Tk, TuBk. 5%
R AR, 2020, 41: 795-802]

51 YilJ, Liu C, Tian Y, Wang K, Liu X, Luo L. Polymer, 2021, 218: 123488

52 Zhou H, Lei H, Wang J, Qi S, Tian G, Wu D. Polymer, 2019, 162: 116-120

53 Han S, Li Y, Hao F, Zhou H, Qi S, Tian G, Wu D. Eur Polym J, 2021, 143: 110206

54 Tian Y, Luo L, Yang Q, Zhang L, Wang M, Wu D, Wang X, Liu X. Polymer, 2020, 188: 122100

55 Luo LB, Ye XH, YiJ, Li K, Liu XY. Acta Polym Sin, 2021, 52: 363-370 (in Chinese) [ & Joitt, M54, BT, 258}, XIHFH. B0 7241, 2021,
52: 363-370]

56 Wang Y, Zhou J, Hou J, Chen X, Sun J, Fang Q. ACS Appl Polym Mater, 2019, 1: 2099-2107

57 Yin Q, Hu'Y, Qin Y, Cheng Z, Luo L, Liu X. Compos Part B-Eng, 2021, 208: 108566

58 Hasegawa M, Tokunaga R, Hashimoto K, Ishii J. Reactive Funct Polyms, 2019, 139: 181-188

59 Ree M, Kim K, Woo SH, Chang H. J Appl Phys, 1997, 81: 698-708

60 Wakita J, Jin S, Shin TJ, Ree M, Ando S. Macromolecules, 2010, 43: 1930-1941

61 Bai L, Zhai L, He MH, Wang CO, Mo S, Fan L. Chin J Polym Sci, 2020, 38: 748-758

62 Ishige R, Tanaka K, Ando S. Macromol Chem Phys, 2017, 219: 1700370

63 Numata S’, Oohara S, Imaizumi J’, Kinjo N. Polym J, 1985, 17: 981-983

64 Jo BW, Ahn KH, Lee SJ. Polymer, 2014, 55: 5829-5836

65 Wang ZH, Chen X, Yang HX, Zhao J, Yang SY. Chin J Polym Sci, 2019, 37: 268-278

66 HuJ, Li R, Chen C, Lu Z, Zeng K, Yang G. Polymer, 2018, 146: 133-141

67 Ree M, Park YH, Kim K, Kim SI, Cho CK, Park CE. Polymer, 1997, 38: 6333-6345

68 Bai L, Zhai L, He MH, Wang CO, Mo S, Fan L. Acta Polym Sin, 2019, 50: 1305-1313 (in Chinese) [ 122, 7%, {1 F %, T, 5k, Ul &
Iy TR, 2019, 50: 1305-1313]

450


https://doi.org/10.1002/app.1986.070310110
https://doi.org/10.1016/0032-3861(87)90388-0
https://doi.org/10.1016/j.reactfunctpolym.2019.05.009
https://doi.org/10.3390/polym12040859
https://doi.org/10.3390/polym12030576
https://doi.org/10.1002/app.1992.070460802
https://doi.org/10.1177/0954008313517250
https://doi.org/10.1016/j.polymer.2018.05.059
https://doi.org/10.1002/pen.760332102
https://doi.org/10.1039/JM9930300183
https://doi.org/10.1021/ma9808629
https://doi.org/10.3390/polym10070761
https://doi.org/10.1177/0954008306068231
https://doi.org/10.1021/acs.macromol.8b02282
https://doi.org/10.1016/j.polymer.2020.122963
https://doi.org/10.1016/j.polymer.2021.123488
https://doi.org/10.1016/j.polymer.2018.12.033
https://doi.org/10.1016/j.eurpolymj.2020.110206
https://doi.org/10.1016/j.polymer.2019.122100
https://doi.org/10.1021/acsapm.9b00400
https://doi.org/10.1016/j.compositesb.2020.108566
https://doi.org/10.1016/j.reactfunctpolym.2019.04.005
https://doi.org/10.1063/1.364210
https://doi.org/10.1021/ma902252y
https://doi.org/10.1007/s10118-020-2366-1
https://doi.org/10.1002/macp.201700370
https://doi.org/10.1295/polymj.17.981
https://doi.org/10.1016/j.polymer.2014.09.016
https://doi.org/10.1007/s10118-019-2173-8
https://doi.org/10.1016/j.polymer.2018.05.001
https://doi.org/10.1016/S0032-3861(97)00193-6

REFRE: b 20224 Hs52E B3

Research progress in thermal expansion behavior of polyimide films
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Abstract: As one of the most important flexible substrates and interlayer dielectric materials, the thermal expansion
performance of polyimide films has always attracted great interest. Especially with the development of advanced
electronic and microelectronic devices, the linear and volumetric thermal expansion of polyimide films are facing more
and more stringent requirements. In order to explore new generation polyimide films with low thermal expansion, it is
necessary to clarify the thermal expansion behaviors and influence mechanism. For polymer films, the thermal
expansion actually includes in-plane and out-of-plane linear as well as volumetric thermal expansion. Most researches
on thermal expansion of polyimide films are focused on the in-plane thermal expansion, but there are few studies on the
out-of-plane and volume thermal expansion of films. There is no systematic understanding of the mechanism of thermal
expansion behavior. The research on linear and volume thermal expansion behavior of polyimide films were firstly
summarized in this article. The testing methods were introduced in detail, including thermomechanical analysis (TMA),
variable temperature wide-angle X-ray diffraction (VT-WAXD), capacitance technique, optical interferometry, etc. The
influencing factors of thermal expansion behavior of polyimide films were discussed, such as molecular backbone
structures, local molecular motions, chemical crosslinking, aggregation structures and film preparation process. The
relationship between structures and processes on in-plane, out-of-plane linear and volumetric thermal expansion
behavior of polyimide films was clarified. The problems and challenges in the future research on thermal expansion
were prospected. This review can provide a necessary guidance for the development of high-performance polyimide
films with low thermal expansion in the wide temperature range.
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