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Carbon contamination is a significant issue with extreme ultraviolet (EUV) masks because it lowers 
throughput and has potential effects on imaging performance. Current carbon contamination 
research is primarily focused on the lifetime of the multilayer surfaces, determined by reflectivity 
loss and reduced throughput in EUV exposure tools. However, contamination on patterned EUV 
masks can cause additional effects on absorbing features and can affect the printed images. In this 
work, various carbon contamination experiments were performed to study the impact between 
contamination topography and observed imaging performance. Lithographic simulation using 
calculated aerial images and experimentally determined resist parameters was performed and 
compared to the printing results to estimate the allowed carbon thickness with critical dimension 
compensation applied to the mask. © 2010 American Vacuum Society. [DOl: 10.1116/1.3333434] 

I. INTRODUCTION 

Carbon contamination of extreme ultraviolet (EUV) 
masks, which is due to the photoinduced chemical reaction 
of residual hydrocarbons and EUV photons on the mask sur
face, is one of the critical issues hampering the introduction 
of EUV lithography into high-volume manufacturing 
(HVM). To investigate the impact of carbon contamination 
on the imaging of EUV masks, an EUV mask was intention
ally contaminated at the College of Nanoscale Science and 
Engineering (CNSE) at the University at Albany and ana
lyzed before and after contamination using several tech
niques. Additionally, lithographic simulation was performed 
to assess the contamination topography, estimate the allowed 
carbon thickness, and determine critical dimension (CD) 
compensation strategies to mitigate the effects of carbon con
tamination. 

The EUV microscope for mask imaging and contamina
tion study (MiMICS) tool was built at CNSE.1.2 It is 
equipped with an Energetiq EQ-IOM xenon-based discharge
produced plasma source.1 and a gas injection system to intro
duce carbon-containing molecules into the vacuum chamber. 
The MiMICS tool thus enables controlled contamination of 
an EUV mask by selecting a set of experimental parameters, 
namely, contaminant species, partial pressure, and most im
portantly, EUV dose. 

A patterned EUV mask was inspected using a reticle scan
ning electron microscope (SEM), the SEMATECH Berkeley 
actinic inspection tool (ArT),.) and an atomic force micro-

scope (AFM). In addition, wafers were printed with the mask 
at EUV exposure tool using the SEMATECH Berkeley mi
crofield exposure tool (MET),s which were then inspected 
with a CD-SE:V1. 

Lithographic simulations were performed based on the 
printing results to understand the contamination topography 
on EUV masks. Using previously determined resist param
eters, aerial images were calculated and compared to the ex
perimental data. The simulated results of contamination to
pography were used to predict allowed carbon thickness with 
optical correction applied on the mask. 

II. SYSTEM OVERVIEW 

A schematic of the EUV MiMICS tool is shown in Fig. I. 
This tool was designed to study the effects of carbon con
tamination on imaging performance of EUV masks. It is 
equipped with an Energetiq EQ-I OM xenon-based discharge
produced plasma EUV source. In general a Si/Zr filter blocks 
wavelengths longer than approximately 18 nm, and also 
works well to separate the exposure vacuum chamber from 
the source. To increase local partial pressures and accelerate 
carbon deposition to a level allowing experiments to be per
formed within a reasonable time frame, the incoming beam 
reflects off a multilayer mirror at 42° and illuminates the 
mask at a 6" off-axis angle of incidence. This geometry al
lows 13.5 nm (92.5 eV) EUV in-band radiation and some 
longer wavelength up through visible light. Photon energies 
lower than the bond energies of these carbon-containing mol
ecules are not believed to contribute to the contamination 
development. Carbon containing species were then injected 
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Carbon containing gas 

FIG. I. (Color online) Layout of the EUV MiMICS at CNSE. Carbon con
taming molecules were injected into the vacuum chamber to increase the 
contamination rate. 

into the vacuum chamber using a needle valve. A 3 
X 5 mm2 oval aperture was used to contaminate only those 
desired features within a selected area. Figure :2 illustrates a 
contaminated area on a patterned EUV mask. 

The film stack used for this experiment was a Si-capped 
multilayer mirror, with Si02 as a buffer layer and TaN as an 
absorber layer. The stack contains 25 fields with different 
design features including 80-225 nm vertical and horizontal 
dense lines (16-45 nm on the wafer plane when printed in an 
exposure tool with a demagnification of 5). In addition to the 
dense I: 1 lines, the duty cycles of the lines and spaces vary 
from 1:4 to 4: 1. Unique labels were also added for easy 
access and identification of each field during mask inspec
tion. 

Contamination film shown above can cause reflectivity 
loss, and hence the throughput loss. The reflectance change 
was measured using an EUV sensitive photoemission detec
tor installed on the Berkeley MET that measures the total 

FIG. 2. 3 x 5 mm~ oval aperture was designed to cause the photoinduced 
chemical reaction of hydrocarbons on surface within only a selected area. As 
shown in the optical micrograph taken by a reticle SEM, the dark oval is the 
carbon contamination that covers a subfield on a patterned EUV mask. 

Before contamination After contamination 

FiG. 3. Reticle SE:VI images show that the width of the designed 200 nm 
half-pitch dense lines increased by 23.5 nm after contamination. 

flux of radiation coming off the mask and provides a relative 
reflectivity measurement for identically designed fields on 
the mask. 

III. EXPERIMENTAL RESULTS AND ANALYSIS 

Selected fields on the mask were contaminated using the 
EUV MiMICS tool. The background pressure in the clean 
chamber is 5 X 10-7 Torr, and increased to 3 X 10-6 Torr 
with carbon-containing gas injected. Accumulated nominal 
dose for a typical 8 h exposure is 5 J / cmJ including EUV 
in-band and some longer wavelengths. The density of carbon 
was assumed to be 1.5 g/cmJ throughout this paper based 
on current literature reviews from 0.8 to 2.2 g/cm3fJ

.
7 

To measure the effects of carbon contamination, the 
change in different mask parameters was investigated as a 
function of carbon thickness. Mask CD, reflectivity, and sur
face roughness changes were monitored, and aerial analysis 
as well as imaging was performed. 

A. Mask inspection 

A top-down reticle SEN! and SUMMIT software was used 
to record and analyze CD change on the same field before 
and after contamination to determine the CD variation of the 
absorbing features on the mask.' The CD was increased by 
23.5 nm after an 8 h EUV exposure on 200 nm features, as 
shown in Fig. 3. 

The CD change (labeled as 1CD) and the reflectivity loss 
were measured from the selected fields on the mask and re
corded in Fig . ..t. We observed carbon contamination results 
in a reflectivity loss and ~CD, which implies carbon depo
sition on the sidewalls of the absorbers. Additionally more 
than 95% of the field on the mask is non patterned area so the 
accuracy of reflectivity measurements from the selected 
fields should not be affected by the patterned region. There
fore, carbon thickness can then be calculated and shown be
low the reflectivity loss databased on absorption data from 
the Center for X-ray Optics (CXRO) and our assumption of 
density of carbon to be 1.5 g / cm3

t) This agreement also 
indicates that there is approximately one-half as much car
bon thickness on each sidewall as on the top surface of the 
multilayer and absorbers. 
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FIG. -+. (Color online) CD change ilabeled as ..\CD) and the retlectivity loss 
were measured from selected fields on the mask, and results show that the 
rel1ectivity loss scales with the CD change. which means that there is carbon 
contamination on the sidewalls of the absorbers. The density of carbon was 
assumed to be 1.5 gi cm"' and carbon thickness can then be calculated and 
shown below the reflectivity loss data. The calculated carbon thickness ap
proximately matches the measured CD change, which indicates that there is 
about one-half as much carbon thickness on each sidewall as on the top 
surface of the multilayer and absorbers. 

B. Features printing 

Images were printed at the SEMATECH Berkeley MET, 
and the exposed wafers were analyzed using a CD-SEwt To 
investigate the impact of carbon contamination on printing 
results, selected fields on the mask were exposed to EUV 
radiation with the dose controlled to deposit carbon layers of 
different thicknesses on each field. Carbon thicknesses were 
determined to be 8, 19, and 40 nm, respectively, based on the 
CXRO data and reflectivity measurements before printing. 
Figures 5( a) and 6Lll show the printed images in a focus 
exposure matrix for both clean and contaminated regions on 
the mask. In terms of printing perfonnance, Bossung plots 
are often used to detennine the dose sensitivity and printabil
ity at various doses and focuses. Itl Results are shown in Figs. 
5(b) and 6(b); each curve in the plot is the trend line of the 
measured CD at various dose levels. When the curves are 
flatter. the printing is less sensitive to focus change. Simi
larly, when the curves are closer to each other. the printed 
size fluctuates less, and thus the exposure latitude is larger. In 
this experiment, images printed from clean region showed a 
better performance than contaminated region on the mask. 

Figure 7 compares, for a given field on the mask, the 
relative increase in dose to print 40 nm half-pitch dense lines 
as a function of carbon layer thickness with the relative re
flectivity loss for the same carbon thickness. For instance. 
with 19 nm thick carbon, the dose increased more than 45% 
while the reflectivity loss was only 16%. This result indicates 
that the dose change depends not only on the carbon thick
ness, and hence the reflectivity loss on the mask surface, but 
also on the topography of the contaminated features. 

C. Surface analysis 

A Veeco Dimension 3 100 AFM with a high aspect ratio 
focused ion beam tip was used in tapping mode for surface 
topography measurements. The full width at half maximum 
(FWHM) for the contaminated features was observed to in-
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FIG. 5. (Color online) Focus exposure matrix shown in (a) represents the 
printability at various doses and focuses. Trend lines of measured linewidth, 
or so called Bossung plots, are also shown in (b). With 5% dose steps, the 
exposure latitude across:': 10% CD variation was 30% at best focus. 

crease from 234.8 to 275.4 nm, which was a 40.6 nm CD 
change with 19 nm of carbon deposited on the selected fields 
of the EUV mask, as shown in Fig. S. This is an indication of 
contamination topography that appears to be conformal, nev
ertheless cross-sectional measurement of contaminated fea
tures is still needed in order to estimate the effects of carbon 
contamination accurately. The root mean square (nns) rough
ness of the contaminated region was measured to be 0,45 nm 
as compared to 0.29 nm in a clean area. The increase in rms 
roughness can cause more flare during exposure and could be 
a potential cause of line edge roughness on the printed 
. II 
Images. 

D. Aerial image analysis 

The SEMATECH Berkeley AlT was used to inspect the 
contaminated mask and record aerial images. The recorded 
images underwent through-focus behavior aerial image data 
analysis and processing, such as CD measurement, contrast 
curve. nonnalized image log slope, lincwidth roughness, and 
process window using THROCGHFOCUS software. L' Figure ':i 
compares 200 nm dense lines on both clean and contami
nated regions of the mask, and recorded as aerial image pro
files in Fig. 10. The thickness of the deposited carbon on the 
contaminated mask was 19 nm after EUV exposure with a 
5 J I cm" of nominal dose in the MiMICS tooL 
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FIG, 6. (Color online) Focus exposure matrix in (a) had worse printability 
than images printed at the clean region on the mask, From the Bossung plot 
shown in (b), the best dose to print a 40 nm target CD is -12,55 ml:em', 
which is about 2 I % more than the best dose to print the clean region on the 
mask with 8 nm of carbon deposited, The exposure latitude across = 10% 
CD variation is 25% at best focus, 

In through-focus image analysis, data were processed us
ing mask units since all the aerial images were recorded from 
a mask, As shown in Fig, 11 (a), Bossung curves were calcu
lated to determine CD versus focus at 5% dose steps (thresh
old) to estimate the maximum tolerance of dose change to 
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FIG, 7, (Color online) Required dose change to print dense lines vs carbon 
thickness is plotted and compared to the measured reflectivity loss on the 
selected fields of the mask, Carbon thicknesses were detennined using ab
sorption data from the CXRO website. 
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FIG, 8, (Color onlinel la) 3D computer images of surface morphology were 
created based on surface scan using an ,AFM, Features shown are 225 nm 
lines and 675 nm spaces (1:3 lines/spaces ratio). rms roughness on a clean 
mask was 0,29 nm, which increased to 0.-15 nm on a contaminated region on 
the mask. (b) FWHM of 225 nm lines and spaces features was measured on 
the mask. The sidewall of the absorber increased by '+0,6 nm for the con
taminated features, 

print within a :':: 10% CD variation, Ili Contrast. normalized 
image log slope (NILS) and linewidth roughness (LWR) 30-
through focus were calculated, as shown to Figs, 
ll(b)-ll(d), By all these methods of evaluation, clean re
gions on the mask showed a better performance than the 
contaminated regions, 

IV. SIMULATION OF CONTAMINATION 
TOPOGRAPHY 

A. Model development 

EM-SUITE, lithographic software developed by Panoramic 
Technology Inc., was used to investigate the change in to
pography of a patterned EL'V mask due to carbon contami
nation. EM-SUITE can calculate the intensity reflected off a 
mask based on a finite difference time domain algorithm. 1.',1-1 

Clean Contaminated 

FIG, 9, (Color online) Aerial images recorded using the SEMATECH Ber
keley AIT show 200 nm dense line features on the mask for the clean and 
contaminated areas, The 0,) x 2 ,um' boxes shown were selected for data 
analysis, 
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Position (nm) (Mask) 

FIG. 10. Intensity profile was recorded based on the location of imaging 
processing on the mask. Results show less contrast is recorded from the 
contaminated region on the mask. 

The film stack used for both the printing experiments and 
simulations was typical of an EUV mask, a Si-capped Mo/Si 
multilayer mirror, with 10 nm Si02 as a buffer layer and 67 
nm TaN as an absorber layer. The feature size used for both 

features printing and simulation was 200 nm dense lines on 
the mask. In this simulation, optical parameters were 0.25 
numerical aperture (NA), 6° angle of incidence, and 0.5 
sigma partial coherence illumination as the specifications to 
match the ASML alpha demo tool (ADT).15 

Sigma ((T) is defined in the following: 

NAc 
(T=--

NAo' 
(I) 

where NAc is the condenser lens NA and NAo is the objec
tive lens NA. The optics were assumed to be aberration-free 
and the multilayer stack of the mask is defect-free. 

It is not yet clear whether the growth rate of carbon depo

sition will be dependent on the exposed material, such as 
TaN absorber versus Si or Ru capped multilayer. However, 
the absorber topography and the illumination angles can still 
cause different carbon deposition rates between the top sur
faces and the sidewalls of the absorbing features. Two ex

treme cases of possible topography were considered, either 
direct deposition or conformal topography, as shown in Fig. 
12. Both conformal and direct carbon depositions cause a 
reflectivity drop due to the absorption of EUV radiation, but 
the carbon growth on the sidewall in conformal topography 
causes a larger increase in CD than direct deposition. 

Another factor one should concern is the shadowing effect 
due to the oblique illumination of EUV radiation, as shown 
in Fig. 1 J, and can cause CD error when printing different 
features on EUV masks, and hence results in horizontal
vertical (H- V) bias. In addition, carbon contamination can 

make the shadowing effect even worse due to the contami
nated sidewall of absorbers. In order to solve this issue, an 
optical correction was applied. For a clean mask, a 5 nm H- V 
bias between shadowed and nonshadowed illuminations was 
calculated for identical feature sizes at the same exposure 
dose. Therefore. in the simulations, a CD compensation was 

applied on the clean mask to correct for this H- V bias. Then. 
further calculations were performed on the compensated 

mask, including carbon contamination, to see whether the 
compensation was effective and accurate. 

Compared to the AS:VIL ADT, the SE:VIATECH Berkeley 

MET uses a different optics designs,' and optical parameters 
are 0.3 0iA, 4° angle of incidence. and an annular illumina
tion with sigma of 0.35-0.55 ,vere used. The variations in the 

exposure tool and simulations were compared and shown in 
Fig. 1-1 with -10 nm target CD printed. The ASML ADT re
quires more doses to print mainly due to the larger angle of 
instance. and hence the lower intensity reflected off the EL:V 
mask. 

B, Simulation results 

To understand whether our assumptions matched the ex
perimental data. aerial images and calculated resist param
eters were compared ·to the printed results. As shown in Fig. 
15, the experimental data of 40 nm target CD for both non
shadowed and shadowed cases fall between the two extreme 
cases. direct and conformal depositions. This indicates that 
the actual topography of the carbon contamination could be a 
combination of the two. More importantly. conformal depo
sition requires more than 45% more dose than the direct 
deposition to reach the target CD, for 19 nm of carbon de
posited on the mask. This has also been seen in printing 
experiments, which could indicate that the contamination to
pography affects the imaging significantly. 

As the calculations show in Fig. 15 for both conformal 
and direct depositions, the H- V bias is noticeable and in
creases as more carbon deposits on the mask. In addition, 
conformal deposition leads to a larger H- V bias than direct 
deposition. For a clean mask, a 5 nm CD compensation was 

applied to correct for this H- V bias. As shown in Fig. 16, 

which depicts the conformal deposition with the greatest 
H- V bias, the compensation works well when the carbon 
layer is thin. However, when the carbon thickness is greater 
than 10 nm, the H- V bias appears again, and the dose change 
for this carbon growth is 2'7c. ivlore importantly, there are 

still some factors one should take into account to achieve the 
maximum allowed::':: 10% CD variation for HVM tools, such 
as line edge roughness and optical aberrations. This means 
that the accuracy of the CD compensation could still fail for 
40 nm dense lines on the wafer when more carbon is present. 

In actual HVM exposure tools, smaller features, various 
duty cycles. or unwanted effects such as optical aberrations, 
could make this effect more noticeable even when the carbon 
layer is thinner. Carbon mitigation has been studied and used 
to reduce the contamination effect on multilayer surfaces; 7.11l 

however, the removal of the contamination on patterned 
EUV masks needs more study since the absorbing features 
can be damaged and affect the lifetime of the mask during 
the carbon mitigation process. 

v. CONCLUSION 

The lifetime of EUV optics and masks is critical to move 
EUV lithography from development to HVM. One of the 
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FIG. II lal CD through focus showed the nonnalized intensity at different threshold levels from D. I to 0.9. spaced by 0.1. The CD change at best focus for 
clean region on the mask was increased from 218 to 250 nm after contamination. (b) Contrast through focus is calculated at a 200 nm I: I lines/spaces region 
on the mask. (C) LWR 30" was shown above at I: I intensity on the mask. Equivalent sizes for 5 X demagnification are also shown. (d) NILS was detennined 
at the best focus for each field. The larger :-.nLS, the better image quality of printed features, and the clean region had a 10% larger NILS than the clean region. 
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FIG. 12. Two possible topographies: direct and confomlal deposition. The 
film stack used in the simulation consisted of'+O bilayers of Mo/Si. 10 nm of 
SiO, as a butTer layer. and 70 nm of TaN as an absorber layer. The gray 
layer shown in the schematic view represents the deposited carbon layer. 

I II 
FiG. 13. Shadowing effects occurs on patterned masks when ECV radiation 
is perpendicular to the absorbers. 

,5 r 
I 

ASML ADT\ _,, ___ ,_' %,,, __ .;JI ___ ~\-T 
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Carbon :hlckness (nr:,,'I) 

FIG. 14. (Color online) Simulations of the dose required to print 40 nm 
target CD were performed for both the ASML ADT and the SEMATECH 
Berkeley MET The difference in optical designs between these two tools 
led to a 7% difference in dose required to print these features. 
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FIG. 15. (Color online) Simulations of dose required to print 40 nm target 
CD were performed for conformal and direct carbon topography, as well as 
shadowed and nonshadowed illumination conditions, The experimental reo 
suits fall between the conformal and direct topographies for both the shad· 
owed and nonshadowed illumination conditions. 
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FIG. 16. IColor online) Plot of the dose required to print the target CD of 40 
nm dense lines on the wafer. With increaSing carbon thickness, a larger dose 
is required and the divergence of the dose curves for shadowed and non· 
shadowed cases increases, 
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lifetime issues for ElV masks is ElV-induced carbon (:on
lamination. In this work. selen"d fields on the mask were 
contaminated and inspected using a top-down SE:Vl and an 
AF:V1. Results showed CD changes from contaminated re
gions on the mask. which indicated the carbon layer also 
deposited on the ,idewall of the absorbers. Due to the ob
lique illumination in ElV exposure tools. the sidewall con
tamination causes extra loss of EUY radiation than a simple 
absorption model. This was also verified by printing experi
ments. The required dose was increased dramatically by 4S'7c 
when 19 nm of carbon was deposited. Assuming that the 
maximum loss of throughput that the industry can tolerate is 
S'7c, then only 2.5 nm of carbon contamination is allowed. 
Although the contamination rate in each exposure tool will 
be different. it is still likely to fall short of the industry goal 
of 30 000 h lifetime for ELY optics and masks. i' 

Aerial image analysis was used to understand the effects 
of carbon contamination on imaging. Simulations were also 
performed with both direct and conformal depositions to 
compare with the experimental data. Preliminary simulation 
results showed that the maximum allowed contamination 
was 10 nm before CD compensation failed. However, the 
prediction on printing perfonTlance can be improved only if 
the actual topography of carbon contamination is known. 

To date. researchers are investigating various techniques 
to minimize the effects of carbon contamination on ELJV 
optics. such as different capping layers and atomic hydrogen 
cleaning.! -.: S For patterned ELY masks. less work has been 
completed. Direct measurement of the contamination topog-

raphy is still a challenge and more work is needed to provide 
sufficient data before ElV lithography is ready for HV'v1. 
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