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 ABSTRACT 
Poly [g-metha cryloyloxypropyltris (trimethylsiloxylsilane) or PMOTSS is an intrinsically negative resist. Alpha most poly 
(alkylmethacrylates) are positive resist. The inherent sensitivity of (PMOTSS) expressed as product of the lectron beam (gel) 
dose and the weight-average molecular weight(Di

g�,is comparable to those of the (polyhalostryrenes). Although the (PMOTss) 
homopolymer is rubbery copolymers of MOTSS and halostyrenes (HS) are hard and glass and suitable for use as the top 
imaging layer of a bilayer resist for electron beam and masked ion beam lithography. The sensitivity of each copolymer is a 
function of its molecular weight and the inherent sensitivity and mole fraction of the (HS) for each resist. The half thickness 
sensitivity decreased and the contrast increased with increasing proton beam energy over the range of (90-250)KeV. The 
sensitivity decreased and the contrast increased further for irradiation with (20)KeV electrons. The influence of the proton 
beam energy is most pronounced for those copolymers that have the poorest sensitivity.                                                                                                                                       
Keyword:- Proton Beam Energy, Inherent Sensitivity, Contrast Resist(Positive ,Negative), Weight average 
Molecular Weight.  

1. INTRODUCTION 
Radiation-sensitive polymers are used to define pattern image for the fabrication of microelectronic devices and 
circuits. These polymers called resists, respond to radiation by either chain scission (positive resist or by cross linking 
(negative resists)   . In positive resist the exposed area are dissolved selectively by chemical developers in negative 
resists the exposed area are insoluble and remain after development .Although the single-layer negative resists 
commonly utilized are simple. They typically do not resolve narrow (0.5m) gaps between wide lines or pade due to 
proximity effects from backscatter from the substrate during electron beam (E-beam) exposure. Further there are 
variation in line width which occur when images are written in a single-layer which resist  overlies stops in the 
substrate. In order to achieve a higher resolution a multilayer resist must be used. A preferred type is a bi-level resist 
that consists of a thick organic polymer bottom layer  over coated with a thin silicon containing imaging layer. The 
bottom layer serves to panelize the substrate topography and to protect the top imaging layer from exposure from 
backscattered electrons, after a pattern is written and developed in the top layer. The resulting image is used as a mask 
for transferring the pattern in to the thick bottom layer by reactive ion etching with oxygen (O2 RIE). The process is 
shown in the scheme in figure-1              
 

 
 
A final resist image can be obtained with vertical sidewalls and a high aspect ratio. High resolution negative resists are 
needed for masked ion beam lithography (MBL) and for the fabrication f(n,BL) masks by E-Beam lithography (EBL) 
the (MOTSS) copolymer resists were developed to obtain the resolution of fine features that a bilervel resist can best 
provide. The flexibility afforded by choosing the structure of the (HS).The copolymer composition, and the molecular 
weight allows a resist to be tailored by simple synthesis adjustments to have the particular sensitivity and etch 
protection which best suits the application. The response of resist materials to ionizing radiation is an important factor 
in the lithographic process coincident with a sensitivity survey of various (HS-MOTSS compositions. It was  observed 
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that an increase in proton beam energy resulted in a decrease in sensitivity and an increase in contrast[1]. Hal Wagner 
and Thempson reported an increase in sensitivity when positive or negative resists are exposed with a series of ions 
with increasing mass but identical energy [2]. The sensitivity increase is related to the increased energy dissipation 
along the particle trace by the slower-moving heavier ions[3].In similar work by the same author it was noted that the 
contrast decreased for negative resists and increased for positive resists when exposed with the heavier particles [4]. 
This paper is an expansion of earlier report [1] of the effect of the proton energy on the sensitivity and contrast of the 
(HS-MOTSS) copolymers.                                             

2.  EXPERIMENTAL MATERIALS 

 

The homopolymer PMOTSS and its copolymers with 4-chlorostyrene (4-chlorostyrene (4cs), (3-chlorostyrene)(3cs), 
(3,4)-dichlorostyrenc, (34DCS). 4-bromostyrene (4BS), 4-indostyrene (4,s) and a (60:40) commercial mixture of (3) 
and (4)-chlorom ethylstyrene (CMS) were prepared by free-radical polymerization in benzene solution at (65)C˚ to (80)  
C˚  with benzyl peroxide (BPO) as the initator. The total monomer concentration was (1.5M) for all the 
copolymerizations while the molar ratios of (HS:MOTSS) varied from (1) to (4). Initially the monomers were used as 
reclined however; when the control of the molecular weight become important. The inhibitor was removed from the 
monomers by passage through a column containing the De-hibit (100) ion exchange resin from polystrences Ipc. 
Elemental analyses were performed by Galbraith laboratories Inc of knoxvilleTN. The compositions of the HS-MOTSS 
copolymers were derived from the average of the values calculated from the reported halogen and silicon content. The 
molecular weight and disparity of the polymers were measured in tetrahydrofuran by size exclusion gel permeation 
chromatography against monodisperse polystyrene standards using a waters associates model Alc -202/401 liquid 
chromatograph equipped with ultrastyragel model 10681 columns.                                .                       

3.  EXPOSURE AND PROCESSING 

Sensitivity matrices were written using the AEBLE 150 E-beam system with (20)Kev electrons at a flux of either 10 or 
25 A/cm2. The copolymers were tested as 0.5m. spin coated films on silicon wafers which were typically prebaked at 
(0-80)C˚ at about (5) Torr. The sensitivity to protons was measured using exposure in similar 0.5m films, A huge 
built ion implantation system exposed a series of ten mm diameter spots on each wafer covering a selected range of 
dosages. The exposed (HS-MOTSS) copolymer films were dip-developed in chlorobenzene in solvent followed by 
baking at (50-80)˚C. For (30) min E-beam dosematrice in vacuum .Image were developed in chlorobenzene for (30) 
sec. Ion beam test exposure were developed in methylisobutyl ketone for 30 sec. The thickness of the films were 
measured with a NaNo spoc/AFT micro area film thickness measuring system. Figure-2 shows a typical plot of 
normalized thickness remaining for a negative resist against the Log of the radiation dose. The sensitivity Q for the 
resist is the dose which results in one-half of the original thickness remaining after development. The symbol (Qe) 
refers to the E-beam  

 
 
sensitivity in c/cm2, Qn refer to the proton sensitivity in ions/cm2 and Qp refers to the proton sensitivity in units of 
c/cm2 for comparison with Qe. The contrast () is the slope of the linear portion of the curve which is typically within 
the normalized thickness range of 0.1 to 0.7. The (gel) dose (D) is the dose at which that line extrapolates to a 
normalized thickness of zero and usually corresponds to the minimum dose for gelatin.                                                         

4.  RESULTS AND DISCUSSION 
 

As a silicon substituted poly(alkyl methacrylate), the homopolymer of MOTSS was expected to act as a positive resist 
[5] . The fact that PMOTSS is a negative rather than a positive resist must be at lest parly due to the large size of the 
ester alkyl group Lai and Helbert have shown that the (Gxlink of poly(alkylmethacrylate) increases as the size of the 
ester group increases [6,7]. Alternatively the negative ions could arise from the chemistry of the Trimethy siloxy-
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terminated poly (dimethyil siloxyane) act as negative E-beam resists [8]as dose poly (methylmethacrylate) with pendent 
poly (dimetl siloxane) graftct [9].Because it’s rubbery at room temperature, the PMOTSS homopolymer is unsuitable 
for resist processing . To obtain radiation sensitive materials with the etch protectionafforded by the silicon  content of 
MOTSS but with a higher softening point temperature , MOTSS was copolymerized with various holostyrenes.                                                
 

 
 
Table 1 summarizes the polymerization conditions for the homopolymer and copolymers, the molecular weights of 
which are listed in Table II.                           
 

 
 
When polymerized at 80 C0 , the product copolymers contained a slightly higher HS:MTOSS ratio than was provided 
in the reaction mixture and this ratio increased when the temperature was decreased.  The HS:MOTSS copolymers are 
hard and glassy suitable for use as the top layer of bilevel resist . The softening point temperatures for a series of 4CS- 
and CMS-MOTSS copolymers where in the range of 44 to 78 C0 and increased with increasing wt% HS content[1] The 
E-beam sensitivity of an HS-MOTSScopolymer resist is controlled by the molecular weight of the copolymer and by the 
structure and weight fraction X of the HS . The product of the E-beam gel doseand the weight average molecular 
weight Dg

i can be used as a figure of merit for negative resist ; the lower the  Dg
ithe more inherently sensitive the resist . 

The value of 0.31 reported[1] for the PMOTSS homopolymer is  comparable to those of the halo styrene  polymers [ 
10,11 ] .The Dg

i value for the copolymer can predicted by the formula derived by Tanigaki   

 
The Dg Mwvalues  for  a series  of CMS-MOTSS copolymer composition are shown in Figure 3 with the lines calculated 
form the above formula using two D  Mw value forPCMS homopolymeof the experimental 
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data suggests that the actual Di g ͞value of the extrapolation PCMShomopolymer is0.057,midway between our earlier 
value of0.046(Jensen,J.E.;Brault,R.G.;Miller,L.J.;Granger,D.D.;van Ast,C.I.,Hughes Research 
Laboratories,unpublished results) and that of 0.07 used by Tanigaki et al.[11]. 

 
 
The predicted Di

g values for the HS-MOTSS copolymers are listed in table III along with those obtained 
experimentally . while the actual Di

g values for the CMS-MOTSS copolymers followed the Tanigaki formula 
reasonably well , those for the other HS-MOTSS copolymer did not . It was anticipated[11] that those copolymers 
which had low HS content would be more sensitive than calculated ;however some of the polymers which contained 
larger weight fraction  of  HS were much less sensitive than predicted by formula.  (the departure from Tanigaki 
formula in these cases could be an effect of scission processes in the MOTSS units . A rev iewer mentioned that the 
determination of the value for Gscission        and Gxlink          for PMOTSS might be helpful in distinguishingbetween the 
degradation of the methacrylate chain and the cross linking  caused by the side chains . Sensitivity curves for PMOTSS 
indicate that the exposed area may begin to thin slightly as the E-beam dose is increased beyond about 40 μ C/cm2. 
Weather the thickness loss is due to chain scission or to the loss of side chain groups  is unclear ; however , if the dose 
at which the material crosslinks approaches at which it loss thickness, the net loss in sensitivity might produce a larger 
Di

g value than that predicted by the formula .                       
 

 
The sensitivities to 90, 125, 175, and 250 keV protons for PMOTSS and a representative selection of its copolymers are 
listed  in Table IV . In general the sensitivity of the materials decreased as the energy of the proton increased. This is 
true because the energy deposited in the film per unit of path length actually decreases as the energy of the incident 
particle is increased . Because a proton with higher kinetic energy moves faster through a resist film , spending less 
time near a given molecule in its path  , there is a lower probability that it will transfer  energy to that molecule than 
would a slower moving, lower energy particle[12]   The region of exposure for an individual proton can be visualized as 
a cylinder which contains the deposited energy and which extends through the resist film with the path of the incident 
ion at the axis of the cylinder. As the proton moves through the polymer , it ionizes the polymer and generates 
secondary electrons which, distribute the  absorbed energy around the primary particle track .Of  course, the  density of 
the deposited energy is higher at the center of the cylinder than its near the circumference. The secondary electros have 
average kinetic energies proportional to that of the incident proton; there for, those generated by higher  energy protons 
have longer ranges [4], and they define cylinders with larger radii. There is a much lower density of deposited energy 
in the exposure cylinder for a higher energy proton because not only does its exposure cylinder contain less energy per 
unit depth than does that of a lower energy proton, but the longer ranges of the secondary electrons spread that energy 
throughout a larger volume. Conversely , the greater energy dissipation per unit path length  of lower energy protons 
combines with the shorter range of the secondary electrons to result in a higher density of deposited energy within the 
exposure cylinder. The influence of proton beam energy on the sensitivity is most renounced for those copolymers that 
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have the poorest sensitivity. Figure 4 presents least-squares fits of log-log plot of the sensitivity, Q  as a function of the 
proton energy.                          

.                                               
 
The slopes of these plots listed in Table IV  with their correlation coefficients, can be taken as a measure of the 
response, R  of the MOTSS copolymer to change in proton energy and to changes in the amount of energy deposited 
within the resist by each proton .                                
 

 
Figure 5 is a plot of the values of R  as a function of the sensitivities of the corresponding polymers to 125 keV protons, 
and it demonstrates that R is largest for the least sensitive polymers. We believe that the diminished response of more 
sensitive copolymers is related to the crosslinking efficiency of the deposited energy. If a resist has a low sensitivity, it 
can use the extra energy deposited by low energy protons effectively, even at high energy density, but if the resist has a 
high sensitivity, the extra absorbed energy has a smaller effect because it is deposited at too high a density and most of 
it is wasted [2,4,13].The proton beam contrasts for the MOTSS copolymer resist are listed in Table V . 
 

 
The contrasts generally increased with increasing proton energy, although there is considerable scatter in the data 
which reflects the difficulty in obtaining accurate values for the contrasts.                  
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The increase in contrasts (Figure 6) is believed to be related to the concomitant decrease in the density of the deposited 
energy within the exposure cylinders. Contrast is a measure of the efficiency of the incident radiation in effecting cross 
linking after the gel point dose has been reached. If the energy is deposited at a density that is greater than is needed to 
crosslink the resist , some of the energy is wasted. As the proton energy is increased, the volume of the exposure 
cylinder increases and the average energy density decreases resulting  in a more efficient energy distribution for cross 
linking the resist, resulting in a more efficient energy distribution for cross linking the resist. The copolymers 
sensitivities to protons, expressed in  μ C/cm2  (Qp ) , are compared to their sensitivities to 20 keV electrons (Qe ) in 
Table VI. On the average, they were 25 times more sensitive to protons than to electrons, and Qe / Qp  decreased as the 
proton energy increased .                     

 
 

The contrasts which are compared in Table VII, were on the average about 2 times as high for electrons as with 
protons, and the ratio    e  /p      also decreased as the proton energy increased. 
 

 
 The explanation for these results is consistent with that given above for the effects of proton energy. Only about 5% of 
the energy of the electron beam is dissipated in the resist[ 4]. The secondary electrons have energies approaching those 
of the primary electrons, and therefore they have much longer ranges than those generated by protons. Consequently, 
the electron beam energy absorbed by the resist is spread over a relatively large volume and the absorbed energy density 
is low, compared to protons. An earlier paper from this laboratory showed that a plot of log(Qe ) at 20 keV against log 
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(Qp ) at 100 keV for 19 negative and positive resists had a linear least squares slope of 1.30 with correlation coefficient 
of 0.909 [14]. Our log-log plot of Qe  against Qp at 90 and 125 keV for the MOTS copolymers is shown in Figure7.     
 

 
The linear least squares fit for the 125 keV plot has a slope of 1.05 with correlation coefficient 0.992. those for the 175 
and 250 keV protons have the same slope within experimental error, but that for the 90 keV protons is higher, 1.11 , 
with a correlation coefficient of 0.981 . The reason that the slopes derived from the HS-MOTSS data are lower than 
that reported earlier for other resist is unclear and may be an effect of the Gseission of the methacrylic MOTSS units, 
however , as noted  in the previous paper [14] , a slope >1.00 reflects  a greater cross linking  efficiency in the less 
sensitive resists . In summary, we have shown that the proton beam sensitivity of an (HS-MOTSS)copolymer decreases 
and the contrast increases with increasing proton energy and that the influence of the proton energy on the sensitivity of 
these materials  diminished with the more sensitive resists   . 
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