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Introduction 

The explosive growth of semiconductor industry has been fueled by the relentless pursuit for 

miniaturization of semiconductor devices.  The minimal feature sizes or critical dimensions (CDs) 

of semiconductor devices in mass production have shrunk from 10 um more than thirty years ago 

to less than 100nm in 2005.  According to the International Technology Roadmap for 

Semiconductors, this miniaturization trend is expected to continue unabated with the production 

of sub-25nm generations of devices later next decade1.  The miniaturization of semiconductor 

devices has made it possible to offer a host of sophisticated devices and equipment, from super 

computers, personal computers, personal digital assistants, cellular phones to medical devices 

and household appliances, with ever increasing performance at steadily reduced prices per 

transistor or bit.     

 
This miniaturization trend has been made possible by advances in a critical device patterning 

process called photolithography, including constantly improved photosensitive polymeric 

materials called photoresists, advances in optical lenses, and the use of shorter wavelengths of 

light for patterning.  In 2004, the semiconductor industry quietly ushered in the Nanoelectronics 

Age with the mass production of sub-100nm node devices.  The current leading-edge 

semiconductor devices — the so called 90nm node devices — in mass production have a 

transistor gate length of less than 50nm. These leading edge devices are fabricated using 
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photoresists based on alicyclic polymers at 193nm wavelength, as well as Novolak-based mid-

ultra violet (MUV) photoresists or poly(4-hydroxystyrene)-based deep UV (DUV) photoresists at 

wavelengths of 365 nm and 248 nm, respectively.   

 

Photoresist Materials and Lithographic Patterning Process 

In a typical photolithography process, a UV light is projected by a set of sophisticated lenses 

onto a silicon wafer coated with a thin layer of photoresist through a mask that defines a 

particular circuitry.  Exposure to the UV light, coupled with a subsequent baking, induces 

photochemical reactions that change the solubility of the exposed regions of the photoresist film.  

Subsequently an appropriate developer, usually an aqueous base solution, is used to selectively 

remove the photoresist either in the exposed regions (positive-tone photoresists) or in the 

unexposed regions (negative-tone photoresists).  The pattern thus defined is then imprinted on 

the wafer by etching away the regions that are not protected by the photoresist with reactive ion 

(plasma) etching (RIE).  Figures 1 and 2 depict schematic of a typical photolithographic system 

and a typical device patterning process.  Excellent reviews on photoresist materials have been 

published 2-6. 
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Figure 1. Schematic of a typical photolithographic system 
 
 
 

 
 
 
Figure 2.  Schematic of a typical photolithographic patterning process using a positive-tone resist. 
ARC=antireflective coating 
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Advanced photoresists, such as 193nm and 248nm photoresists, are based on chemical 

amplification concept 7,8.  These chemically amplified photoresists generally consist of a base 

polymer, a photo-sensitive compound called photoacid generator (PAG), and sometimes a cross-

linking agent for negative-tone photoresists.  When these resists are exposed to UV irradiation, a 

strong acid is generated in the exposed regions as a result of the photochemistry of the PAG.  

This strong catalytic acid then induces a cascade of subsequent chemical transformations of the 

photoresist that alter the solubility of the exposed regions.  Thus the quantum efficiency of the 

photochemistry is amplified by hundreds or even thousands of times through the catalytic chain 

reactions.  The catalytic effects of the chemical amplified resists greatly enhance the sensitivity 

of a photoresist, thus the efficiency of photolithographic processes.  The chemical amplification 

process of a positive-tone resist is illustrated in Scheme 1.  The most popular chemical 

amplification involves the acid catalyzed deprotection poly(p-hydroxystyrene) or poly(acrylic 

acid) protected by various acid sensitive protecting groups for positive-tone photoresists using a 

photoacid generator (PAG) 9.  

 
 

 

 

Scheme 1.  Chemical amplification in a positive-tone photoresist.   

 

The key figures of merit for a photoresist are resolution, process latitudes (dose and focus), and 

reactive ion etch resistance.  Other important performance parameters include sensitivity, 
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compatibility with industrial standard developer (0.263N aqueous tetramethylamoniumhydroxide 

(TMAH) solution), adhesion to substrates, environmental stability, and shelf life.  These 

performance characteristics are mainly determined by the base polymer in the photoresist.  It 

should be pointed out, however, that some of these performance parameters, such as resolution, 

process latitudes and etch resistance, are also tool and process condition dependent.   
 

Polymers for advanced photoresists, therefore, need to meet the following requirements in order 

to deliver the performance necessary for device fabrication: good transparency at the imaging 

wavelength, etch resistance, optimal dissolution properties, high sensitivity, compatibility with 

the industrial standard 0.263N TMAH developer, as well as thermal and mechanical properties 

and shelf life requirements.  These stringent requirements led to the design and synthesis of 

distinct polymer platforms for the evolving lithographic exposure technologies.  Table 1 

summarizes the major polymer platforms for the various exposure technologies. 

 

 
Table 1. Major polymer platforms for the evolving exposure technologies 
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Photoresists can be classified into three categories based on the lithographic processes: single 

layer photoresists (SLRs), bilayer photoresists (BLRs), and top surface imaged (TSI) photoresists 
5.  Single layer photoresists have traditionally been the work horse for patterning semiconductor 

devices due to its process simplicity as compared with the bilayer and the TSI processes.   

 

Properties of photoresist polymers were surveyed and reviewed by Kunz10.  This present chapter 

is intended to complement, not replace, the review chapter by Kunz.  Emphasis in this chapter 

has been placed on physical property data of photoresist polymers published after Kunz’s review.   
 
 

Optical Properties of Lithographic Polymers and Photoresists 
 
Polymers for photoresists must meet stringent transparency requirements at the imaging 

wavelength in order to deliver superior resolution and image quality.  Suitable polymer platforms 

have been identified for I-line (365nm) and 248nm DUV lithography.  They are meta-cresol 

novolak and poly(4-hydroxystyrene), respectively.  Novolak and poly(4-hydroxystyrene), 

however, are not suitable for 193nm single layer lithography because of their high absorption at 

193 nm wavelength as a result of the π − π∗ transition of the double bonds in these polymers.   

 

The transparency requirements, along with plasma etch resistant requirements, have led to a 

strategy for designing new polymers for 193 nm lithography, namely, the incorporation of 

saturated aliphatic rings to form cycloaliphatic polymers. These saturated aliphatic rings can be 

incorporated into the polymer side chain 11-14 or in the polymer main chain 15,16, or a combination 

of both.  Some of the most popular alicylic 193nm photoresist polymers are depicted below: 
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Scheme 2.  Alicyclic polymers for 193nm lithography 
 
 
The absorption of organic polymers at 157nm is dominated by the C (2p) electrons.  An early 

audition of a large number of both organic and inorganic polymers indicated that fluorinated 

hydrocarbon polymers and siloxane polymers were the most promising polymer platforms to 

achieve adequate transparency and plasma etch resistance17.  This pioneering work has spurred 

tremendous efforts to develop transparent and etch resistant fluoropolymers for 157nm 

lithography.  

 

Tables 2 to 4 list the optical constants of some polymers at 157nm.  In these tables, Mw and Tg 

are weight average molecular weight and glass transition temperature, respectively.  Both the 

real (n) and imaginary (k) parts of the complex refractive indices (n+ik) are listed. The 

absorption coefficient ( α ) is correlated to the imaginary (k) part of the refractive index via the 

following equation: 

 

 α= 4 π k / λ 

 

 Where λ is the imaging wavelength 
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Table 2:  Optical constants and other properties of polymers for 157nm lithography 
 
Polymer Mw n157nm k157nm α157nm 

(µm-1) 
λmax 
(nm) 

αmax 
(µm-1) 

Tg 
(oC) 

Reference 

Poly(methyl methacrylate)    5.69    17 
Poly(acrylic acid)    11.00    17 
Poly(norbornene)    6.1    17 
Poly(vinyl naphthalene)    10.60    17 
Poly(norbornyl methacrylate)    6.7    18 
Poly(norbornene-alt-maleic 
anhydride) 

   8-9    18 

Poly(tetrafluoroethylene/norb
ornene) (49/51) 

1700 
(Mn) 

1.6  1.3   151 18 

Poly(methyl a-
trifluoromethylacrylate) 

   2.68-
3.0 

   19-21 

Poly(styrene) ~5000
0 

N/D N/D 6.6 193.0 22.7 ~100 22 

Poly(4-fluorostyrene) 17500 1.35 0.199 7.0 189.0 24.0 110 22 
Poly(3-fluorostyrene) 16000 1.24 0.205 7.08 189.5 29.7  22 
Poly(pentafluorostyrene)  N/D N/D 5.8 177.0 14.4  22 
Poly(4-trifluoromethyl 
styrene) 

24900 1.36 0.130 4.33 189.0 14.7 115 22 

Poly(3,5-bis(trifluoromethy) 
styrene) 

22600 1.29 0.096 3.63 185.0 17.2 119 22 

Poly(4-tert-butyl styrene) 19600 1.42 0.162 5.67 193.5 22.7 151 22 
Poly(2-hexafluoroisopropanol 
styrene) 

3100 1.48 0.094 3.40 191.5 17.8  22 

Poly(3-hexafluoroisopropanol 
styrene) 

36700 1.29 0.107 3.80 190.0 17.9 81 22 

Poly(4-hexafluoroisopropanol 
styrene) 

26300 1.39 0.099 3.44 190.5 20.5 129 22 

Poly(4-t-BOC-
hexafluoroisopropanol 
styrene) 

6700 1.52 0.087 2.95 191.0 9.6  
62 

22 

Poly(4-t-butylacetate-
hexafluoroisopropanol 
styrene) 

 1.48 0.111 4.29 191.5 11.2  22 

Poly(t-butyl acrylate)  1.70 0.147 5.43 N/A N/A  22 
Poly(hydroxylstyrene)  1.49 0.204 6.70 194.5 28.5  22 
Poly(norbornene 
methylenehexafluoro 
isopropanol) 

9300 13500  1.67, 
1.80 

<150 >3.0  19,23 

Poly(norbornene hexafluoro 
alcohol-co- norbornene 
hexafluoro alcohol t-
butoxycarbonyl) (20:80) 

   1.90    24,25 
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Poly(norbornene hexafluoro 
alcohol-co- norbornene 
hexafluoro alcohol acetal) 
(20:80) 

   1.78    24,25 

Poly(1,1,2,3,3-pentafluoro, 4-
trifluoromethyl-4-hydroxy-
1,6-heptadiene) (PFOP) 

   0.4   152 26 

Poly(tert-Butyl[2,2,2-
Trifluoro-1-trifluoromethyl-1-
(4-vinyl-phenyl)ethoxy]-
acetate) 

14500   4.29   55 27 

Poly(1-(2,2,2-Trifluoro-1-
methoxymethoxy-1-
trifluoromethyl-ethyl)-4-vinyl 
benzene) 

16200   2.60   69 27 

Poly(1-[1-(tert-
Butoxymethoxy)-2,2,2-
trifluoro-1-trifluoro-
methylethyl]-4-vinylbenzene) 

16600      63 27 

Poly(1-[1-(tert-
Butoxycarbonyl)-2,2,2-
trifluoro-1-trifluoro-
methylethyl]-4-vinylbenzene) 

6700   2.95   93 27 

Poly(2-[4-(2—
hydroxyhexafluoro isopropyl) 
cyclohexane]hexafluoroisopro
pyl acrylate) 

   1.93    28 

 
 
 
Table 3:  Optical constants and other properties of fluorinated copolymers for 157nm lithography 
 
Monomer 
1 

Monomer 2 Ratio 
(M1/M2)

Mn n157nm k157nm α157nm 
(µm-1) 

Tg 
(oC) 

Reference 

4-HFIPS t-BMA 60/40  1.454 0.112 3.99  22 
4-HFIPS t-BMA 50/50  1.496 0.112 4.05  22 
4-HFIPS t-BMA 70/30    3.74  22 
3-HFIPS t-BMA 60/40  1.476 0.105 3.92  22 
4-HFIPS a-CF3-tBMA 75/25  1.382 0.104 3.71  22 
4-HFIPS tBOC-

pHFIPS 
70/30  1.398 0.102 3.58  22 

4-HFIPS tBOC-
pHFIPS 

60/40  1.378 0.097 3.44  22 

4-HFIPS tBAcetHFIPS 60/40 61600 2.354 0.117 3.80 93 22,27 
4-HS tBA 50/50    6.5 155 29 
4-HFIPS tBA 50/50    3.7 120 29 
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4- HFIPS tBMA 50/50    4.0 154 29 
3- HFIPS tBMA 50/50    3.9 111 29 
4-HFIPS tBA 60/40 17600   3.74 124 27 
4-HFIPS tBAcetHFIPS 70/30 4500   3.71 107 27 
4-HFIPS tBOC-HFIPS 50/50 16900   3.39 69 27 
4-HFIPS tBOC-HFIPS 60/40 21800   3.44 73 27 
4-HFIPS tBOC-HFIPS 70/30 25800   5.57 73 27 
4-HFIPS MOM-HFIPS 60/40 25500   3.08 107 27 
4-HFIPS MOM-HFIPS 70/30 26900   3.27 117 27 
4-HFIPS BOM-HFIPS 60/40 26300   2.82 97 27 
4-HFIPS BOM-HFIPS 70/30 26300   3.16 106 27 
PFOP MOMPFOP 100/0    0.4 152 26 
PFOP MOMPFOP 82/17    0.5 145 26 
PFOP MOMPFOP 70/30    0.6 140 26 
PFOP MOMPFOP 54/46    0.8 137 26 
NBHFA NBC 60/40    2.99  20 
NBHFA NBC 80/20    2.28  20 
NBHFA TBTFMA 33/67 8300   2.7  23 
Note:  4-HFIPS=4-hexafluoroisopropanol styrene 
 3-HFIPS=3-hexafluoroisopropanol styrene 
 t-BMA=t-butyl methacrylate 

tBA= t-butyl acrylate 
α-CF3-tBMA= α -trifluoromethyl t-butyl methacrylate 
tBOC-p-HFIPS=t-butoxycarbonyl protected 4-hexafluoroisopropanol styrene 
tBAcetHFIPS=t-butyl acetate protected 4-hexafluoroisopropanol styrene 
4-HS=4-hydroxystyrene 
t-BuAc HFIPS =t-butylacetate protected 4-hexafluoroisopropanol styrene 
MOM HFIPS =methoxymethyl proected 4-hexafluoroisopropanol styrene 
BOM HFIPS =butoxymethyl protected 4-hexafluoroisopropanol styrene 
PFOP=1,1,2,3,3-pentafluoro, 4-trifluoromethyl-4-hydroxy-1,6-heptadiene, 

 MOMPFOP=methyoxymethyl protected 1,1,2,3,3-pentafluoro, 4-trifluoromethyl-4-
hydroxy-1,6-heptadiene 

NBHFA=norbornene-5-methylenehexafluoroisopropanol 
BNC=butylnorbornene carboxylate 
TBTFMA=methyl 2-trifluoromethylmethylacrylate 

 
 
Table 4:  Optical constants and other properties of fluorinated terpolymers for 157nm 
lithography 
 
Monomer 
1 

Monomer 2 Momoner 
3 

Ratio 
(M1/M2
/M3) 

Mn n157nm k157nm α157nm 
(µm-1) 

Tg 
(oC) 

Reference 

4-HFIPS t-BMA 3,5-
DiCF3-S 

60/20/20  1.378 0.112 3.99  22 

4-HFIPS t-BMA 4-FHIPyp- 60/20/20  1.330 .113 3.89  22 
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S 
4-HFIPS t-BMA 4-

C3F7CO-
S 

60/20/20  1.350 0.115 4.03  22 

3-HFIPS t-BMA acrylonitri
le 

70/20/10  1.397 0.106 3.80  22 

4-HFIPS t-BMA methacryl
onitrile 

70/20/10  1.408 0.102 3.72  22 

PFOP MOMPFOP tBMA 71.5/23.
5/5 

10000   0.7 150 26 

PFOP MOMPFOP tBMA 73/10/17 6700   1.0 154 26 
PFOP MOMPFOP tBMA 67/0/33 5800   1.2 154 26 
PFOP MOMPFOP VP 68/19/13 9600   0.8 144 26 
PFOP MOMPFOP MA 30/50/20 9300   1.3  26 
PFOP MOMPFOP PFVE 40/10/50 10200   0.4  26 
Note: 4-HFIPS=4-hexafluoroisopropanol styrene 
 3-HFIPS=3-hexafluoroisopropanol styrene 
 t-BMA=t-butyl methacrylate 

tBA= t-butyl acrylate 
α-CF3-tBMA= α -trifluoromethyl t-butyl methacrylate 
tBOC-p-HFIPS=t-butoxycarbonyl protected 4-hexafluoroisopropanol styrene 
tBAcetHFIPS=t-butyl acetate protected 4-hexafluoroisopropanol styrene 
4-HS=4-hydroxystyrene 
t-BuAc HFIPS =t-butylacetate protected 4-hexafluoroisopropanol styrene 
MOM HFIPS =methoxymethyl proected 4-hexafluoroisopropanol styrene 
BOM HFIPS =butoxymethyl protected 4-hexafluoroisopropanol styrene 
PFOP=1,1,2,3,3-pentafluoro, 4-trifluoromethyl-4-hydroxy-1,6-heptadiene, 
MOMPFOP=methyoxymethyl protected 1,1,2,3,3-pentafluoro, 4-trifluoromethyl-4-
hydroxy-1,6-heptadiene 
VP=vinyl pivalate 
V4tBB=Vinyl-4-tert-butyl benzoate 
MA=maleic andydride 
PFVE=perfluoro vinyl ether 

 
 
As can be seen in Tables 2-4, many of the traditional polymers used for 248nm and 193nm 

lithography have prohibitively high absorbance at the 157 nm imaging wavelength.  So are some 

of the key functional groups, such as phenol and carboxylic acid employed for solubility in 

aqueous base solutions. New polymer platforms and functional groups, therefore, must be 

designed/discovered for the 157nm lithography. 
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The world-wide efforts to search for 157nm transparent and etch resistant polymers for 157nm 

lithography have resulted in several promising polymer platforms. They include highly 

fluorinated polymers as well as aromatic and aliphatic alcohols bearing highly electron 

withdrawing groups such as hexafluoroisopropanol.  These polymers and their copolymers and 

terpolymers have been explored as possible polymer platforms for 157nm lithography as well as 

lithography at shorter wavelengths of 193nm and 248nm.  Table 5 shows the absorbance of some 

of these polymers and some reference polymers. 

 
Table 5 Absorbance of some cycloolefin polymers, copolymers and reference polymers 30 
 
Polymer α 248nm (µm-1) α 193nm (µm-1) α157nm (µm-1) 
Poly(NBHFA) 0.00 0.38 1.76 
Poly(BNC) 0.11 0.48 6.41 
Poly(BNC-co-MCA) (2:1) 0.04 0.23 5.05 
Poly(BNC-co-MCA) (1:1) 0.02 0.38 5.20 
Poly(NBHFA-co-MCA) (2:1) 0.10 0.28 3.29 
Poly(NB-co-MCA) (2:1) 0.03 0.11 4.98 
PMMA 0.00 0.05 5.60 
Poly(MTFA) 0.00 0.00 2.90 
Poly(ECA) 0.00 0.00 3.90 
 
Note:  NB=norbornene 

NBHFA=norbornene-methylenehexafluoroisopropanol 
MCA=methyl cyanoacrylate 
BNC=butyl norbornene carboxylate 
MA=methylacrylate 
MMA=methyl methylacrylate 
MTFA=methyl trifluoromethyl acrylate 
ECA=ethyl cyanoacrylate 

 
Optical properties of a photoresist are determined by its base polymer as well as additives in the 

photoresist system, such as photoactive compounds, dissolution inhibitors, etc. Tables 6 and 7 

list optical properties of some commercial I-line (365nm) and DUV (248nm) resists. 
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Table 6.  Optical constants of commercial I-line (365nm) Photoresists * 

Resist Supplier Type n365nm k365nm a365nm 
(um-1) n633nm

IBM7500 IBM Positive-tone 1.701 0.0190 0.65 1.641 
IBM7518 IBM Positive-tone 1.694 0.0216 0.74 1.627 

Spectralith 5105 IBM Positive-tone 1.693 0.0298 1.03 1.628 
Spectralith 5108 IBM Positive-tone 1.683 0.0284 0.98 1.620 

IX300 JSR Positive-tone 1.690 0.0177 0.61 1.626 
JSR 1010 JSR Positive-tone 1.690 0.0178 0.61 1.622 

TMHR 2600 TOK Positive-tone 1.685 0.0209 0.72 1.618 
TMHR 3250 TOK Positive-tone 1.687 0.0242 0.83 1.620 
THMR 3720 TOK Positive-tone 1.697 0.0277 0.95 1.628 
THMR 3780 TOK Positive-tone 1.694 0.0294 1.01 1.625 
THMR NP4S TOK negative-tone 1.654 0.0106 0.36 1.587 
TSMR IN008 TOK negative-tone 1.652 0.0063 0.22 1.587 
TSMR IN011 TOK negative-tone 1.660 0.0183 0.63 1.588 

TSMR IN-TR12 TOK negative-tone 1.641 0.0043 0.15 1.584 
 (*  Courtesy of Dr. James Bruce, IBM, 2005) 
 
Table 7.  Optical constants of commercial DUV (248nm) Photoresists ** 
 

Resist Supplier Type n248nm k248nm a248nm 
(um-1) n365nm k365nm a365nm 

(um-1) n633nm

APEX-M IBM/ Shipley Positive-tone 1.780 0.0076 0.39 1.614 0.0000 0.00 1.562 
UVII-HS Shipley/Rohm Hass Positive-tone 1.730 0.0113 0.57 1.590 0.0000 0.00 1.545 

UV4 Shipley/Rohm Hass Positive-tone 1.802 0.0129 0.65 1.631 0.0000 0.00 1.575 
UV5 Shipley/Rohm Hass Positive-tone 1.804 0.0109 0.55 1.631 0.0019 0.07 1.577 

UV82 Shipley/Rohm Hass Positive-tone 1.762 0.0122 0.62 1.611 0.0000 0.00 1.561 
UV110 Shipley/Rohm Hass Positive-tone 1.787 0.0121 0.61 1.626 0.0057 0.20 1.577 
UV-113 Shipley/Rohm Hass Positive-tone 1.785 0.0125 0.63 1.628 0.0061 0.21 1.577 

UV-N Shipley/Rohm Hass 
Negative-

tone 1.803 0.0101 0.51 1.640 0.0053 0.18 1.587 
CGR 
248 Shipley/Rohm Hass 

Negative-
tone 1.813 0.0100 0.51 1.643 0.0003 0.01 1.589 

CGR CE Shipley/Rohm Hass 
Negative-

tone 1.773 0.0077 0.39 1.617 0.0005 0.02 1.567 
M20G JSR Positive-tone 1.779 0.0100 0.51 1.616 0.0002 0.01 1.564 
M22G JSR Positive-tone 1.775 0.0120 0.61 1.616 0.0059 0.20 1.565 
M60G JSR Positive-tone 1.772 0.0133 0.67 1.621 0.0028 0.10 1.574 
M92Y JSR Positive-tone 1.775 0.0074 0.37 1.622 0.0040 0.14 1.574 
P015 TOK Positive-tone 1.816 0.0093 0.47 1.641 0.0041 0.14 1.591 

(**  Courtesy of Dr. James Bruce, IBM, 2005) 
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Dissolution Properties of Photoresist Polymers 
 
Proper dissolution of photoresist polymers in aqueous base solutions, usually 0.263N aqueous 

tetramethylamoniumhydroxide (TMAH) solution, is critical to achieving good resist performance.  

The dissolution rate of photoresist polymers depends on various parameters, including polymer 

type, molecular weight, copolymer composition, interactions with additives in the polymers, as 

well as temperature, base strength. 

 

The dissolution rate of a photoresist polymer, like many other physical properties, depends 

heavily on the molecular weight of the polymer.  The dissolution rate generally decreases with 

increasing molecular weight of the polymer.  Figure 3 shows the dependence of dissolution rate 

of novolak with nearly mono-disperse molecular weight distribution on its molecular weight 31.  

The nearly mono-disperse molecular weight distribution was achieved by fractionation with 

supercritical CO2 fluids.   

          
Mn PD 
600 1.10 
670 1.20 
1020 1.15 
1180 1.13 
1615 1.13 
2180 1.13 
2990 1.14 
3840 1.20 
4930 1.26 
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Figure 3.  Glass transition temperature and dissolution rate of fractionated novolak in 0.263N 
TMAH at room temperature 31.   
 
 
Similar dependence of dissolution of poly(4-hydroxystyrene) —the key polymer for 248nm 

lithography—have been observed.  Again the dissolution rate of poly(4-hydroxystyrene) 

decreases with increasing molecular weight of the polymer.  The relatively narrow molecular 

weight distribution of poly(4-hydroxystyrene) was achieved by “living” free radical 

polymerization.   

 
 
Table 8. Glass Transition Temperature of Narrow PD of Poly(4-hydroxystyrene) synthesized by 
“living” free radical polymerization 32 
 

 
PHOST 

Mn Mw/Mn Tg (oC) 

PHOST-1 2304 1.19 149 
PHOST-2 3874 1,18 172 
PHOST-3 6528 1.42 177 
PHOST-4 12726 1.38 185 
PHOST-5 24298 1.43 186 
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Figure 4. Dissolution rates of narrow polydispersity poly(4-hydroxystyrene) in 0.21 TMAH 
aqueous solution at room temperature 32. 
 
 
 
The dissolution rates (DR) of poly(4-hydroxystyrene) in 0.14N TMAH were found to correlate 

well with its weight average molecular weight (Mw) as described by the following equation 33: 

 

 DR = K1 (Mw) -1/m 

 

 Where DR=dissolution rate in Å/sec in 0.14N TMAH at room temperature 

 Mw = Weight average molecular weight 

 For poly(4-hydroxystyrene) with molecular weight range of 3500 to 240000, K1=19100 

and m=1.98 
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The dissolution rates of photoresist polymers can also be regulated by making miscible blends of 

two or more polymers.  Tables 9-10 list dissolution rates of binary blends of poly(4-

hydroxystyrene) as well as poly(4-hydroxystyrene) and a silicon-containing copolymer 32 34. This 

blending method is a convenient way to optimize the dissolution rates of photoresist polymers. 

 
 
Table 9. Dissolution Rates of Binary Blends of PHOST in 0.21N TMAH at room temperature 32 

 
 

Binary 
blend 

(wt/wt) 

Mn Mw/Mn Dissolution 
rate 

(nm/sec) 

100/0 2304 1.19 206 
68/32 3500 4.94 121 
50/50 4400 5.46 81 
40/60 4900 5.49 67 
0/100 24298 1.43 25 

 
 
Table 10, Dissolution Rates of Binary Blends of P(p-hydroxystyrene) and poly(p-
hydroxybenzylsilsesquioxane-co-p-methoxybenzylsilsesquioxane) in 0.26N TMAH at room 
temperature 34 
 

PHS 
wt% 

Si Conc. 
(wt%) 

Dissolution 
Rate 

(A/Sec) Tg (oC) 
Etch 

Selectivity 
0 17 5011 106.8 27.8 
10 15.3 4128 - - 
20 13.6 3601 115.4 21.6 
30 11.9 3230 121.0 19.0 
40 10.2 3115 130.5 15.6 
60 6.8 2829 139.8 6.6 
80 3.4 2748 150.0 2.5 

100 0 2483 162.4 0.9 
Note: etch rate of O2-based plasma chemistries vs novolak. 
 
 
Another very effective way to regulate the dissolution rate of photoresist polymers is 

copolymerization.  Table 11 lists the physical properties of poly(4-hydroxystyrene-co-styrene) 35. 
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Table 11.  Physical Properties of poly(4-hydroxystyrene-co-styrene) 35 
 

Styrene 
(mol%) Mw PD 

a248nm (um-

1) Tg (oC) 
0 19400 1.67 0.172 178 
5 19180 1.87 0.165 168 
10 11540 1.56 0.164 166 
15 13650 1.76 0.152 161 
20 11040 1.95 0.156 160 
25 14500 2.00 0.155 158 
30 12570 1.90 0.154 155 

 
 
 

 
 
 
Figure 5.  Effect of copolymer composition on the dissolution rates of poly(4-hydroxystyrene-co-
styrene) in 0.26N TMAH at room temperature 
 
 

The copolymer architecture of poly(4-hydroxystyrene-co-styrene) was found to have 

insignificant effect on its dissolution rate 36. On the other hand, incorporation of inert styrene unit 

into poly(4-hydroxystyrene) drastically reduces dissolution rate.  This method of incorporating 

inert unit has been employed to optimize the dissolution of base polymers for advanced DUV 

photoresists. 
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Table 12.  Effect of copolymer architecture and composition on the dissolution rates of poly(4-
hydroxystyrene-co-styrene) in 0.26N TMAH at room temperature 36 
 

4-HOST Styrene Architecture Mw Mn PD DR 
(Å/sec) 

100 0 Homo 9550 7958 1.20 2050 
90 10 random 8297 6533 1.27 677 
80 20 random 9908 8188 1.21 34 
70 30 random 8197 7190 1.14 3 
55 45 random 8559 6793 1.26 1 
90 10 block 10155 8324 1.22 330 
80 20 block 8854 7568 1.17 94 
70 30 block 6856 6121 1.12 7 
55 45 block 10020 8564 1.17 1 

 
 
 
The dissolution rate of photoresist polymers can be further modulated by additives, such as 

photoacid generators or dissolution inhibitors.  The photoacid generators are generally 

hydrophobic due to their usually bulky chromophores.  Therefore, they generally act as to slow 

down the dissolution of photoresist polymers in aqueous base solutions, a phenomenon called 

dissolution inhibition.  Figure 6 exhibits the effect of a photoacid generator on the dissolution 

rates of another key 248nm photoresist polymer, poly(4-hydroxystyrene-co-t-butyl acrylate) 37.  

It can also be seen that the level of protection, i.e. the fraction of t-butyl acrylate monomer in the 

copolymer, has an even more prominent effect on dissolution rate.  Increasing the protection 

level sharply reduces dissolution rates in 0.26N TMAH. 
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Figure 6. Effects of protection level and photoacid generator on the dissolution of poly(4-
hydroxystyrene-co-t-butyl acrylate) (P(HOST-co-tBA) in 0.26N TMAH at 150oC.  The 
photoacid generator used is triphenylsulfonium triflate (TPSOTf).  The developer is a 0.26N 
TMAH aqueous solution (CD-26) 37. 
 
 
Similar dissolution inhibition effect by photoacid generators has also been observed in 

poly(norbornene-methylenehexafluoroisopropanol) (poly(NBHFA)) system 38.  Table 13 lists 

dissolution rates of poly(NBHFA) in 0.26N TMAH at room temperature with various photoacid 

generators and photoacid generator concentrations.  As expected, more bulky, hydrophobic 

photoacid generators effect better dissolution inhibition. 
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Table 13.  Effects of photoacid generators (PAGs) on the dissolution rates of poly(NBHFA) in 
0.26N TMAH at room temperature 38 
 

PAG Wt% of PAG Mol.% of 
PAG 

Dissolution 
Rate (Å/sec) 

None   3162.3 
1 9.72 4.99 121.4 
1 20.50 11.16 44.0 
2 7.31 4.98 69.4 
3 12.67 4.96 60.3 
4 10.06 8.92 400.0 
5 2.33 1.24 20.6 
5 5.22 2.81 1.5 
5 5.94 3.22 0.91 
5 10.72 5.95 <0.05 
6 8.34 3.60 0.70 
7 4.16 1.87 4.84 
7 8.00 3.68 0.86 
8 4.08 1.73 6.61 
8 7.94 3.45 .64 
9 3.13 2.84 503.2 

 
Note:  PAG 1=triphenylsulfonium nonaflate 

PAG 2= triphenylsulfonium triflate 
PAG 3= triphenylsulfonium perfluorooctylsulfonate 
PAG 4=N-Trifluoromethylsulfonyloxy-1,8-naphthalimide 
PAG 5=Diphenyl(4-thiophenylphenyl)-sulfonium triflate 
PAG 6=Diphenyl(4-thiophenylphenyl)-sulfonium nonaflate 
PAG 7=4-methoxy-1-naththalenyldiphenysulfonium noanflate 
PAG 8= Diphenyliodium triflate 
PAG 9=Di-1-naphthalenylphenylsulfonium nonaflate 

 
 

The effects on dissolution inhibitors on the dissolution of a 193nm terpolymers poly(norbornene-

alt-melaic anhydride-co-acrylic acid) (p(NB/MA-20%AA) are shown in Figure 7 39.  Again the 

dissolution rate of this 193nm terpolymer is significantly reduced with the addition of the 

dissolution inhibitors.  The effects of various dissolution inhibitors were attributed to the varied 

degree of the interactions between the base polymer and the dissolution inhibitors.  In these 

cycloolefin-maleic anhydride terpolymer systems, the position of the base soluble carboxylic 
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group appeared to have no significant effect on the dissolution of the base polymers.  The 

dissolution rates were very similar whether the carboxylic group is part of norbornene or part of 

the acrylate 40. 

 
 

 
Figure 7. The effects on dissolution inhibitors on the dissolution rate (R) of a 193nm terpolymers 
poly(norbornene-alt-melaic anhydride-co-acrylic acid) (p(NB/MA-20%AA) in 0.26N TMAH at 
room temperature 39.  Ch=t-butylcholate, DoCH=t-butyldeoxycholate, LiCH=t-butyllithocholate. 
 
 
As the resist film thickness shrinks, the interactions of photoresist polymers and substrates 

become increasingly important.  Dissolution rates of photoresist polymers were found to change 

as the film thickness decreases.  Figure 8 shows variation of the dissolution rates of poly(4-

hydroxystyrene) and poly(norbornene-methylenehexafluoroisopropanol) as a function film 

thickness. The dissolution rates of both polymers increases with decreasing initial film thickness 

41.   
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  (a)       (b) 
Figure 8.  Dissolution rates of poly(norbornene-methylenehexafluoroisopropanol) (poly(NBHFA) 
(a) in 0.165N TMAH at room temperature and poly(4-hydroxystyrene) (b) in 0.12N and 0.165N 
TMAH at room temperature 41. 
 
 

Properties of Photoacid Generators 
 
Photoacid generator (PAG) is a critical component of modern chemically amplified resists.  It 

not only determines the sensitivity but also influences the dissolution and the stability of a 

chemically amplified photoresist.  Major requirements for photoacid generators are sufficient 

absorption at the imaging wavelength, production of a strong acid to catalyze chemical 

transformation of the base photoresist polymer.  Other considerations include effects on the 

dissolution of base photoresist polymer, solubility is photoresist solvents, stability of the 

photoacid generator before exposure to a light source, miscibility with the base photoresist 

polymer, toxicity, etc.  The most popular and efficient photoacid generators are onium salts, such 

as aryl iodonium and sulfonium salts 42 although some non-ionic photoacid generators have also 

been used in chemically amplified resists.  The synthesis, photochemistry, photosensitization of 

onium salts are reviewed elsewhere 42. 
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Key performance parameters of photoacid generators are absorbance, quantum efficiency, 

dissolution inhibition effect, etc.  Table 14 shows quantum yields for the photolysis of some aryl 

iodonium and sulfonium salts. 

 
Table 14.  Quantum yields for the photolysis of some aryl iodonium and sulfonium salts * 42. 
 

Excitation Wavelength (nm) Onium Salt Products 
313 254 

(C6H5)2 I+ AsF-
6 C6H5 I 0.34 0.39 

  HAsF6 0.7 0.65 

(4-t-Butyl-C6H4)2 I+ AsF-
6 4-t-Butyl-C6H4 I 0.2 - 

(4-t-Butyl-C6H4)2 I+ PF-
6 4-t-Butyl-C6H4 I 0.22 - 

(4-t-Butyl-C6H4)2 I+ SbF-
6 4-t-Butyl-C6H4 I 0.22 - 

(C6H5)3 S+ AsF-
6 (C6H5)2S 0.06 0.26 

  HAsF6 0.11 0.74 

(4-CH3O-C6H5)3 S+ AsF-
6 (4-CH3O-C6H5)2 S 0.17 - 

 
 * determined in acetonitrile 
 
 

The metal-containing onium salts are generally not preferred in modern photoresists as they will 

contaminate the device fabrication processes.  Instead organic onium salts are preferred in 

chemically amplified photoresist formulations.  Table 15 shows extinction coefficients at 248nm, 

254nm, and the absorption maxima as well as thermal stability of some organic onium salts 43.  

Table 16 lists the quantum yields of some organic photoacid generators obtained from actual 

photoresist systems. 

 
Table 15.  Optical properties of sulfonium triflate photoacid generators* 43 
 

PAG ε 248nm ε254nm εmax (λnm) Thermal Stability (oC) 
TPSOTf 13302 8665 3925 (267), 2772 (275) 406 
SPTOTf 8314 6269 5042 (265), 5940 (308) 378 
DTSOTf 10075 8209 19832 (302) 408 
BDSOTf 24469 17080 16023 (271), 18077 (278), 18171 406 
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(290), 17779 (319.5) 
TASOTf 12416 9176 10801 9299) 398 
* in methanol 
Note:  TPSOTf = triphenylsulfonium triflate 
 SPTOTf = S-phenylthioanthrylsulfonium triflate 
 DTSOTf =  diphenyl-4-thiophenoxyphenylsulfonium triflate 
 BDSOTf = bis[4-(diphenylsulfonio)phenyl]sulfide triflate 
 TASOTf =triarylsulfonium triflate 
 
 
Table 16.  Quantum Yields of Photoacid Generation in Resist Systems 44,45 
 
PAG Polymer Matrix Base Additive Quantum Yields Reference 
DTBPICSA ESCAP Yes 0.211 45 
DTBPICSA ESCAP No 0.277 45 
TPSCSA ESCAP Yes 0.237 45 
Methyl-SP Novolak No 0.11 44 
Ethyl-SP Novolak No 0.075 44 
Propyl-SP Novolak No 0.071 44 
Phenyl-SP Novolak No 0.035 44 
Tolyl-SP Novolak No 0.029 44 
Naphthyl-SP Novolak No 0.020 44 
 
Note:  DTBPICSA=di-(4-tert-butylphenyl)iodonium camphoresulfonate  
 TPSCSA=triphenylsulfonium camphoresulfonate 
 Methyl-SP=methylesulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 Ethyl-SP=ethylsulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 Propyl-SP=propylsulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 Methyl-SP=phenylesulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 Tolyl-SP=tolulenesulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 Naphthyl-SP= naphthalenesulfonic acid ester of 1,2,3-trihydroxybenzene (pyrogallol) 
 
  

Reactive Ion (Plasma) Etch Resistance of Photoresist Polymers 
 
Superior reactive ion (plasma) etch resistance of photoresist polymers is crucial to ensure faithful 

transfer of the photoresist images into the appropriate substrates.  In general, two types of etch 

chemistries are of particular interest: One is the CFx type of chemistry for patterning silicon 

oxide type of dielectrics. The other is halogen type of etch chemistry for patterning polysilicon.  

Phenomenological parameters have been proposed to correlate the etch rates of a photoresist 
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polymer to its composition.  One such empirical parameter is Ohnishi parameter 46, the other is 

ring parameter 47 as expressed below. 

 

 Ohnishi parameter = N/(Nc – No) 

 

 Ring parameter = Mcr/Mtot 

 

Where N, Nc, No are the total number of atoms, number of carbon atoms, and number of oxygen 

atoms in a polymer repeat unit. Mcr, Mtot are the mass of the resist existing as carbon atoms 

contained in a ring and total resist mass, respectively. Correlations of these parameters with 

experiment results suggest that incorporating more carbon atoms, particularly in a ring form, 

would enhance etch resistance. In Tables 17-19, the etch rates of photoresist polymers are 

expressed as ratios to reference polymers/photoresists.  The lower the ratio, the higher the etch 

resistance of the photoresist polymer. 

 
 
Table 17. Relative etch rates of selected cyclic olefin-based 193nm photoresist polymers 48 
 

Polymer LD Psi HD PSi Oxide 
IBM V2 Methacrylate 1.98 1.71 2.33 
IBM V3 Methacrylate 1.45 1.3 1.94 

IBM Cyclic Olefin Polymer 1 1.48 1.62 1.15 
IBM Cyclic Olefin Polymer 2 1.33 1.46 1.02 
IBM Apex-E 248nm Resist 1.35 1.23 1.36 

SPR-510L i-Line Resist 1 1 1 
Note:  LD PSi=low-density polysilicon etch, Cl2/HBr etch chemistry, 158mTorr 

HD PSi=high-density polysilicon etch, Cl2/HBr etch chemistry, 10mTorr 
Oxide=high-density oxide etch, C2F6 etch chemistry, 5mTorr 

 
 
Table 18.  Relative etch rates of methacrylate-based 193nm photoresist polymers 49 
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Polymer CF4 Ar Cl2 Cl2/HBr
Novolak 1 1 1 1 
PMMA 1.4 2 2.5 - 
MLMA-
MAdMA 1.1 1.2 1.3 1.4 

Note:  MLMA-MAdMA=mevalonic lactone methacrylate (MLMA), 2-methyl-2-adamantane 
methacrylate (2-MAdMA) copolymer, (51:49) 

 
 
Table 19. Relative etch rates of 193nm cyclic olefin-maleic anhydride copolymer 50 
 

Polymer 
Oxide etch 

(CHF3) 
Polysilicon etch 

(Cl2) 
Metal etch 

(SF6) 
I-line Resist 1.00 1.00 1.00 

248nm Resist 1.13 1.33 1.71 
Poly(HNC/BNC/NC/MA) 1.00 1.35 1.07 

 Note: Poly(HNC/BNC/NC/MA)=copolymer of 2-hydroxyethyl-5-norbornene-2-carboxylate (HNC), t-butyl-
5-norbornene-2-carboxylate(BNC), 5-norbornene-2-carboxylic acid (NC), maleic anhydride (MA) 
 
 
Table 20. Reactive ion etch rates and selectivity of 157nm photoresist polymers 27 
 

Polymer 
Oxide Etch 

Rate (nm/sec) 
Oxide Etch 
Selectivity 

Polysilicon 
Etch Rate 
(nm/sec) 

Polysilicon 
Etch 

Selectivity 
60:40 HOST/TBA 0.86 7.1 0.71 4.0 
60:40 HFIP/TBA 1.34 4.5 1.01 2.6 
70:30 HFIP/MOM 1.11 5.5 0.72 4.0 
70:30 HFIP/BOM 0.89 6.8 0.62 4.6 
Thermal Oxide 6.05 1.0 0.13 22.6 

Amouphous 
Silicon 0.60 10.2 2.85 1.0 

 
 
Table 21: Relative etch rate of fluorinated polymers 51 
 

Polymer 
α157nm 
(um-1) 

Cl2 Etch 
rate 

(nm/min) 

CFx Etch 
Rate 

(nm/min) 
p(STHFA) 3.6 147 89 

ESCAP (69:31) 6.9 132 54 
PF-ESCAP 4.0-4.2 165 76 
PF2-ESCAP 3.2-3.6 183 75 

PF-APEX 
(50:50) 4.3 - - 
PHOST - 100 49 

SiO2 - 22 287 
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