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Single-digit-resolution nanopatterning with 
extreme ultraviolet light for the 2.5 nm 
technology node and beyond† 
N.	  Mojarad,a††*	  M.	  Hojeij,b††	  L.	  Wang,c	  J.	  Gobrechta	  and	  Y.	  Ekincia*	  	  	  

All	   nanofabrication	   methods	   come	   with	   an	   intrinsic	   resolution	   limit,	   set	   by	   their	   governing	   physical	  

principles	   and	   instrumentation.	   In	   the	   case	   of	   extreme	   ultraviolet	   (EUV)	   lithography	   at	   13.5	  nm	  

wavelength,	   this	   limit	   is	   set	   by	   light	   diffraction	   and	   is	   ≈3.5	  nm.	   In	   the	   semiconductor	   industry,	   the	  

feasibility	   of	   reaching	   this	   limit	   is	   not	   only	   a	   key	   factor	   for	   current	   developments	   of	   lithography	  

technologies,	  but	  is	  also	  an	  important	  factor	  in	  deciding	  whether	  photon-‐based	  lithography	  will	  be	  used	  

for	   future	   high-‐volume	   manufacturing.	   Using	   EUV-‐interference	   lithography	   we	   show	   patterning	   with	  

7	  nm	   resolution	   in	  making	   dense	   periodic	   line-‐space	   structures	  with	   14	  nm	  periodicity.	   Achieving	   such	  

cutting-‐edge	   resolution	   has	   been	   possible	   by	   integrating	   a	   high-‐quality	   synchrotron	   beam,	   precise	  

nanofabrication	   of	  masks,	   very	   stable	   exposure	   instrumentations,	   and	   utilizing	   effective	   photoresists.	  

We	   have	   carried	   out	   our	   exposures	   on	   silicon-‐	   and	   hafnium-‐based	   photoresists	   and	  we	   demonstrated	  

the	  extraordinary	  capability	  of	  the	  later	  resist	  to	  be	  used	  as	  a	  hard	  mask	  for	  pattern	  transfer	  into	  Si.	  Our	  

results	  confirm	  the	  capability	  of	  EUV	  lithography	  in	  the	  reproducible	  fabrication	  of	  dense	  patterns	  with	  

single-‐digit	  resolution.	  Moreover,	  it	  shows	  the	  capability	  of	  interference	  lithography	  using	  transmission	  

gratings	  in	  evaluating	  the	  resolution	  limits	  of	  photoresists.	  

Introduction	  	  

The semiconductor industry has continuously evolved in 
making more compact, efficient, and faster integrated circuits 
(ICs) with lower costs, predicted by Moore’s law1. This trend 
has been the industry’s roadmap for around five decades and 
enabled with steady downscaling of feature sizes through the 
advancement of lithographic techniques2. Optical lithography 
has been the dominant patterning method due to its high 
resolution and throughput capability. In optical lithography the 
resolution (R) scales linearly with the illumination wavelength 
(λ), and as a result, the wavelength used for high-volume 
manufacturing (HVM) has over decades reduced in steps from 
visible, to currently used deep ultraviolet (DUV) immersion 
lithography at λ=193 nm for the 22 nm technology node2. This 
small dimension is beyond the resolution capability of DUV 
lithography and has been achieved thanks to double patterning 
techniques. Further reduction of R using this technology is 
accompanied with increasing costs and faces sever physical 
limitations3. As for the next step, lithography at extreme 
ultraviolet (EUV) wavelength of λ=13.5 nm (92 eV) was 
proposed several years ago4, and after enormous academic and 
industrial developments, is taking its final steps to enter HVM3. 
The choice of using EUV light for next generation lithography 

was based on many advantages it provides. First, this 
wavelength is short enough to reach sub-10 nm imaging 
resolutions set by light diffraction. Moreover, high-power 
sources and efficient reflective optics operating at this 
wavelength could be developed1, 2. On the material side, optical 
absorption at this wavelength is generally very high, allowing 
for developing efficient photoresists. Besides, exposure at this 
short wavelength also significantly reduces the proximity 
effect, while in comparison to soft X-ray lithography, it does 
not suffer from high scattering and blur caused by long mean-
free-path of the secondary electrons5. The demanding and 
expensive transition from DUV to EUV has involved many 
difficulties such as all-in-vacuum operation, different 
photochemistry, light source, and efficient optics, to name a 
few. Therefore, the stimulating question that has been 
addressed by different parties of the EUV lithography (EUVL) 
community is that to what extend can the patterning resolution 
be improved using such wavelength, and could it be effectively 
used for single-digit patterning? Although reports have shown 
using different top-down and bottom-up methods for making 
sub-10-nm features6-13, none could satisfy stringent RLS 
specifications, that is, resolution, line-edge roughness (LER), 
and sensitivity (S), in the extent that EUVL can. On the other 
hand, the speculation of optical lithography satisfying these 
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criteria brought non-photon-based options on the table such as 
highly parallel electron-beam lithography (EBL)14-16, 
nanoimprint lithography17, 18 , and using block copolymers19-21.  
The aforementioned question on the ultimate limitation of 
EUVL has been a matter of intensive investigation and limiting 
effects, such as photon-shot noise, secondary electron blur, and 
feasibility of high-NA optics, have been studied22. In this 
regard, demonstrating the ultimate resolution of EUVL is of 
strategic importance, since it is part of the puzzle to answer 
questions on to what extent photon-based lithography can be 
used for reaching future technology nodes. 
 We have used EUV interference lithography (EUV-IL) at 
the Swiss Light Source synchrotron facility to pattern 
photoresists with highest optical resolutions. We have studied 
hydrogen silsesquioxane (HSQ) and a novel hafnium-based 
photoresist, Inpria XE15IB (IB), and have shown their 
performance in providing dense periodic structures with sub-
10 nm half-pitch (HP). Reaching such high performances has 
been possible thanks to the unique chemical compositions of 
the resists, the high quality of the illumination and diffraction 

optics, and the mechanical stability of the exposure 
instrumentation. The capability of making such dense periodic 
arrays matches the criteria of the International Technology 
Roadmap for Semiconductors (ITRS) for reaching the 2.5 nm 
technology node and beyond23. 

Results	  

The general schematic of EUV-IL for making line-space 
patterns is illustrated in Fig. 1a, where the coherent synchrotron 
beam is diffracted by a set of two parallel gratings. These two 
beams interfere at a certain distance from the mask and form a 
sinusoidal aerial image. This relatively simple method enables 
making periodic24 and quasiperiodic25 nanostructures and 
evaluating the RLS performance of various photoresists with 
resolution capabilities beyond the tools using projection 
optics26, 27. Fig. 1b shows scanning electron micrographs 
(SEMs) of successful patterning of line-space structures with 
HP in the range of HP=8—11 nm on both photoresists, which 
are uniform over the designed area of ~100×100 µm2. In terms 

Fig.	  1	  High-‐resolution	  interference	  lithography	  for	  patterning	  line-‐space	  structures.	  (a)	  Schematic	  of	  the	  interference	  lithography	  setup	  for	  
fabricating	   line-‐space	  patterns.	   (b)	  Scanning-‐electron	  micrographs	   of	   line-‐space	   gratings	  with	   different	   half	   pitches	   (HPs)	  made	  by	   EUV	  
interference	  lithography	  on	  HSQ	  (top	  row)	  and	  Inpria	  IB	  (bottom	  row).	  The	  scale	  bar	  is	  100	  nm.	  The	  top	  right	  image	  shows	  bird-‐eye	  view	  
(60°	  tilt)	  of	  HSQ	  structures	  with	  HP=8	  nm.	  (c)	  A	  ~2x1.5	  μm2	  area	  of	  uniformly	  patterned	  HSQ	  structures	  with	  HP=7	  nm	  and	  a	  zoomed	  image	  
of	  the	  indicated	  area.
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of resolution, HSQ shows a better performance and, as shown 
in Fig. 1c, we were also able to obtain HP=7 nm structures. The 
height of these structures was about 20 nm for both photoresists 
and they revealed no collapse, bridging or pinching over their 
entire field. The used IL transmission mask holds a series of 
parallel gratings with different periodicity and, as a result, all 
these structures with different HP values were illuminated 
under the same conditions and in the same exposure. To the 
best of our knowledge, this is the highest resolution that has 
been achieved using optical lithography and promises the 
possibility of reaching sub-2.5 nm technology nodes. The 
foundation of achieving this resolution is based on successful 
integration of several main elements: high-performance 
photoresists, mask-fabrication technology, stable source and 
interferometer, each being explained in following sections.  
 Both photoresists are negative tone, non-chemically 
amplified, and inorganic but have different backbone 
chemistries. The interaction of HSQ with high-energy electrons 
and photons has been well studied and it has shown supreme 
resolutions28, 29. The chemistry behind this performance can be 
briefly described as follows: HSQ molecules are monomers in a 
cage form of (HSiO3/2)2n with different sizes. During the 
exposure SiH bonds, that are weaker than SiO bonds, are 
broken and form silanol groups (Si–OH) in the presence of 
moisture. Since these groups are unstable, they condense to 
break the caged and form a linear network, which is insoluble 
in alkaline solution, such as tetramethyl ammonium hydroxide 
(TMAH) or a base such as NaOH in buffer solution (We used 
Microposit 351 from Rohm and Haas for our experiments). 
Inpria IB is an aqueous and hafnium-based resist30, where the 
high-energy photons and electrons interact with Hf-bound 
peroxo ligands, where the O−O bond of the peroxo group 
dissociate and open hafnium oxo clusters for condensation 
reactions and reduce solubility in TMAH. Unlike organic 
photoresists such as PMMA the building blocks of our studied 
high volume-density inorganic photoresist have sub-nm 
dimensions and do not consist of polymer chains with large 
radius of gyration31. Moreover, in comparison to chemically-
amplified resists (CARs), the reactions in our studied materials 
are very localized, i.e. there is no acid-diffusion blur. 
Consequently, these photoresists show such high-resolution 
performance and reveal smooth edges (i.e. low LER).  
 For cost-effective utilization of a photoresist, beside the 
resolution it provides, it is also important that the exposures are 
done in the shortest possible time. The sensitivity of the two 
photoresists to EUV illumination was studied by carrying out 
dose-to-clear exposures. In this process a thin layer of spin-
coated photoresist (≈25 nm) is exposed through an open frame 
at different dose values, D. After development, the photoresist 
height is mapped as a function of D, and the 50% clearance of 
the fitted dose response function, D0, is regarded as the 
sensitivity26. Fig. 2 illustrates these curves, and as it can be seen 
for the Inpria resist D0=45.5 mJ/cm2, that is, ~7 times more 
sensitive than HSQ with D0=314.4 mJ/cm2. This significantly 
higher sensitivity is mainly attributed to the higher atomic 
absorptions of Hf in the Inpria resist in comparison to Si in 

HSQ’s chemical composition. Theoretical calculations of the 
linear attenuation length, l, indicate that under EUV 
illumination for hafnium lHf=31 nm, while for silicon 
lSi=588 nm32. Inpria IB is clearly advantageous by providing 
similar resolution with much higher sensitivity. 
 The dose-to-size, i.e. average dose of aerial image to 
obtained 1:1 line-spaces, for Inpria IB is in the range of 200-
250 mJ/cm2 (Fig. S3 in supplementary information). This dose 
is relatively independent of the HP due to the pitch-independent 
contrast of IL, a general observation for all resists.  We would 
like to point out that HSQ could also be patterned with ~1/3 of 
this dose by developing with TMAH instead of 351. However, 
patterns made with this procedure do not show clean features 
for HP<10 nm. It should be noted that the sensitivity of Inpria 
IB is around one order of magnitude lower than the most 
advanced CARs26, while such CARs can only provide down to 
HP=16 nm with low LER. The SEM imaging recipes had to be 
modified for best visualization of the resolution in Fig. 1, due to 
the very thin and high resolution resist patterns. Still, with the 
current resolution we reach the limitations of the imaging and 
therefore were not able to obtain quantitative LER values. A 
reliable quantitative evaluation can only be made using more 
advanced tools such as transmission-electron microscopy.  
 Grating-based IL has several advantages that allow us to 

carry out nanolithography with single-digit resolution. It has no 
projection optics and therefore the resolution is not limited by 
the numerical aperture (NA) and no imaging aberration is 
transferred into the aerial image. Moreover, it has no depth of 
focus, and as a result there is no contrast loss due to being out 
of focus. These advantages are particularly important at the 
EUV wavelength. Another advantage of EUV-IL is its 
achromatic nature where:  

HP=Pg/4m,    (1) 
with m being the diffraction order and Pg the on-mask grating 
pitch (this relation holds true for two-beam IL). According to 

Fig.	   2	   Dose-‐to-‐clear	   measurements.	   Normalized	   measured	  
photoresist	  thickness	  and	  fitted	  contrast	  curves	  of	   Inpira	   IB	  (red)	  
and	   HSQ	   (black)	   under	   EUV	  exposure.	   The	  dashed	   lines	   indicate	  
the	  50%	  clearance	  dose.

Fig.	  3	  Schematic	  of	  the	  high-‐resolution	  transmission-‐grating	  mask.
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Eq. 1 EUV-IL enables frequency multiplication of the grating 
structure on mask at least by a factor of two using m=1 
diffracted beams. The results presented in this article are also 
obtained by the interference of the m=1 beams. The other key 
point in achieving these resolutions is the precise technology 
behind mask fabrication. Due to the short EUV wavelength, 
smallest defects and roughness of the gratings lead to 
incoherent scattering and deteriorate the aerial image quality. 
Our IL masks consist of Inpria IB gratings written by EBL and 
gold photonstops, all made on a 100-nm-thick Si3N4 membrane 
(Fig. 3). The underlying thin Cr layer between the membrane 
and the gratings, served as adhesion promoter, and was later dry 
etched in order to increase the diffraction efficiency. Using 
EBL, well-resolved and smooth lines of ≈14 nm wide 
(Pg=28 nm) could be achieved on the mask, which gives 
HP=7 nm structures on wafer (Fig. S1 in supplementary 
information). Patterns with smaller Pgs showed higher 
roughness and pattern collapse. Unlike common high-resolution 
masks made of HSQ gratings33, the advantage of using gratings 
made of the Inpria resist here, is its higher EUV absorption 
(Fig. 2), which significantly increases the diffraction efficiency 
of the gratings on mask and therefore reduces the exposure 
times, resulting in minimized artefacts such as drifts and 
unexpected vibrations that may happen during the exposure. 
This resist is also well resistant against reactive ion etching 
(RIE) with Cl-containing recipes and the patterns were 
transferred into the underlying Cr layer (Fig. S1 in 
supplementary information). The mask efficiency is determined 
by the thickness, duty cycle, and the pitch of the gratings, 
which consists of resist and Cr layers, as well as the 
transmission of the support membrane. We used the rigorous 
coupled-wave analysis (RCWA) method34, 35 in order to 
characterize the diffraction efficiency of the gratings for EUV 

light. Details of this characterization are listed in the 
supplementary information and we estimate the diffraction 
efficiency to be ≈2%, which is a good value for grating pitch of 
down to 28 nm and made possible by the use of Inpria IB which 
serves not only as a sensitive photoresist, but also as an 
effective optical element for EUV light. 
 The third technological advancement in achieving such a 
high resolution was the quality of the beam and the stability of 
the mechanical components. The exposures were done at the 
XIL-II beamline of Swiss Light Source, where over time the 
infrastructure and the instrumentation have evolved for making 
finer structures36. The EUV beam on the mask is spatially 
coherent and has relatively high flux of 35 mW/cm2. It has a 
bandwidth of Δλ/λ=4% and this relatively high bandwidth has 
no impact on the aerial image according to Eq. 1. At such high 
resolutions vibrations and mechanical drifts of any kind easily 
deteriorate the aerial image and wash out the patterns. We note 
that the exposures can take above 100 s and extreme care and 
control of relative mask-to-wafer position are needed. As 
mentioned earlier, axial vibrations and drifts are not relevant 
due to the intrinsic independence of the aerial image to the axial 
distance of the mask to the wafer (Eq. 1).  
 Besides making line-space nanostructures using two-beam 
EUV-IL, we also patterned dot and hole arrays, which are also 
essential structures in semiconductor devices such as contact 
holes. Fig. 4 illustrates these structures made by appropriate 
arrangement of three- and four-beam gratings. While the one-
dimensional lines were realized down to HP=7 nm, these two-
dimensional structures were achieved down to HP=11 nm. We 
believe that the main reason for the better resolution in case of 
1D structures than in 2D structures is due to the different 
demagnification of IL for different number of beams. Eq. 1 
defines the HP for two-beam IL and shows that the printed lines 

Fig.	  4	  SEMs	  of	  two-‐dimensional	  arrays	  with	  different	  periodicities.	  (a)	  Hole	  array	  with	  rectangular	  lattice,	  patterned	  on	  HSQ.	  (b)	  Dot	  array	  
with	  triangular	  lattice,	  patterned	  on	  HSQ	  (top	  row)	  and	  Inpria	  IB	  (bottom	  row).	  
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are a factor 2 denser than that in the mask grating for 1st order 
diffraction. In case of 3 and 4-beam IL, the corresponding 
demagnification factors are √3 and √2, respectively24.  Since we 
are limited by the grating fabrication, the ultimate resolution for 
different IL configurations also differs. IL could also be used 
for making quasi-periodic nanostructures by using more 
complicated grating arrangements on the masks25. In order to 
pattern non-symmetric and ultimately functional circuits, IL 
could no longer be used and projection lithography will be 
needed. 
 Aside from exploring the capability of reaching single-digit 
patterning resolution, we also evaluated the capability of our 
resist in serving as a hard mask for pattern transfer. Fig. 5 
illustrates etching 40 nm into Si, using an optimized RIE recipe, 
and making Si nanowires with HP=15 and 11 nm. In both cases 
Inpria IB patterns were used as hard masks and the linewidths 
down to 7 nm are obtained, which leads to an aspect ratio of 
≈5.7. The photoresist was afterwards removed with a HF-buffer 
solution. For smaller HP values the Si etching process needs 
further optimization. Using HSQ as a hard mask was not 
effective for etching due to the poor RIE selectivity. There are 
currently significant efforts in developing RIE recipes and 
instrumentations that allow more anisotropic and selective 
etching processes37, 38. We hope that in the future these systems 
could be used for etching into denser lines. 

Discussion	  

The ultimate resolution limit of IL is R=λ/4, where for the m=1 
interfering beams happens at Pg=λ. At this dimension the 
gratings only attenuate the incident beam and no longer diffract. 

In the case of using EUV light this limit corresponds to 
R≈3.5 nm, which is two times smaller than the HPs that we 
have achieved in the present study. In reaching the capability of 
making such dense structures the major challenges is pattern 
collapse on wafer. Even though the HSQ is known to be 
mechanically stable and the height of the structures were 
≈20 nm, when HP<10 nm, the resist adhesion and pattern 

collapse become challenging. Further reduction of resists 
thickness leads to non-uniformity in its thickness and increase 
in the LER. As mentioned earlier patterning structures denser 
than Pg=28 nm using EBL is another challenge due to the 
secondary electron blur. This effect might be circumvented by 
making narrower lines with duty cycles < 0.5, that in turn 
results in lower diffraction efficiency and higher chances of 
pattern collapse. We therefore foresee making denser structures 
by using methods that reduce this effect such as supercritical 
drying. Inspired by advances in X-ray diffraction optics39, the 
grating frequency could also be doubled by atomic layer 
deposition techniques. In addition, IL could be adopted for 
making twice denser patterns by interfering the second-order 
diffracted beam (m=2)27, which in turn increases the 
requirements for stage stability due to the relatively low 
diffraction efficiency and thereby relatively long exposure 
times. 
 Our successful establishment of an EUV-IL system for 
making dense lines with HP=7 nm, proves the capability of 
photolithography in reaching single-digit technology nodes. In 
modern IC manufacturing, a technology node value is smaller 
than the fabrication HP, and in the case of CMOS logic devices, 
for example, is a parameter closer to the physical gate length40. 
According to the ITRS, 2D Flash devices with minimum 
feature sizes of HP=8 nm would satisfy the specs of the 2.5 nm 
technology node and beyond, which is expected to be reached 
in 2023. For the Logic and DRAM devices, nevertheless, 
making structures with HP<10 nm resolution addresses even 
technology nodes subsequent to the 1.8 nm node and is 
perceived to be achieved several years later23. Demonstrating 
the capability of using EUV light for patterning 2D and 1D 
arrays (Figs 1 and 4) with cutting edge resolutions proves the 
feasibility of using EUVL for reaching the 2.5 nm technology 
node and beyond. Moreover, the fact that the HfO-based 
photoresist, Inpria IB, provides high-resolution periodic 
patterns with HP=8 nm and smooth edges, and that it is a 
relatively sensitive EUV resist indicates reaching a milestone in 
the Si semiconductor industry. Indeed, further development of 
more sensitive photoresist chemistries will facilitate bringing 
these technology nodes into HVM. It is clear, however, that 
many other technologies besides the photochemistry 
development should advance in parallel for reaching such goals 
and hence functional devices. These include light source, 
overlay accuracy, defects at the mask and wafer levels, to name 
a few. 

Conclusions	  

The structures we fabricated were etch resistance and were used 
to transfer the line-space patterns into Si with HP=11 nm and 
aspect ratio of ≈5.7. The tendency of using inorganic 
photoresists in efficient EUVL can also be seen in other 
studies30, 41, 42. It seems that adopting these chemistries to 
elements that have higher EUV absorption could increase the 
sensitivity and potentially meeting RLS requirements of the 
industry and being used for HVM. Our results verify IL being a 

Fig.	  5	  Pattern	  transfer	  into	  Si.	  Bird-‐eye	  view	  SEMs	  of	  Si	  line-‐space	  
patterns	  with	  half-‐pitch	  values	  of	  (a)	  15	  nm	  and	  (b)	  11	  nm.	  These	  
structures	  are	  7	  nm	  wide	  and	  40	  nm	  tall.	  	  
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robust tool for minimizing imaging artefacts at EUV and using 
it for the exploration of EUV photoresists. We foresee the 
improvement of different aspects of EUV-IL in the near future 
in order to continue towards the ultimate resolution of 
photolithography at 13.5 nm wavelength. These improvements 
would also assist exploring patterning at even shorter 
wavelengths of 6.x nm, for reaching higher resolutions1, 2, 43. 
Sub-10 nm half-pitch range is a very exciting regime in terms 
of physics, where quantum effects and single electron 
mechanisms start to play a dominant role. This regime has been 
the domain of bottom-up approaches, such as chemical 
synthesis, and top-down and generic nanofabrication methods 
will enable better control and increased complexity. Pattern 
transfer into functional nanostructures in this range remains a 
significant challenge and is the subject of future studies. 
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