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Hydrogen silsesquioxane (HSQ) is a negative-tone scanning-electron-beam lithography 

(SEBL) resist used to pattern structures smaller than 10 nm half-pitch. Techniques for 

pattern-transfer of HSQ are desirable for nanotechnology applications. While this 

material has been used for etching, little work has investigated the capabilities of HSQ 

for lift-off. Here, we demonstrate lift-off as an image-reversing pattern-transfer technique 

on SEBL-patterned HSQ structures. The lift-off process reported in this article uses warm 

buffered hydrofluoric acid (buffered HF) and ultrasonic agitation during lift-off and 

subsequent manual scrubbing of the pattern surface with a flat cotton-tipped laboratory 

applicator. Using this process, reliable and reproducible lift-off of complex and arbitrarily 

shaped HSQ structures with resolutions of down to 15 nm half-pitch was achieved. 

Problems with the process at the smallest dimensions are also discussed. 

 

I. Introduction 
Using hydrogen silsesquioxane (HSQ) negative-tone resist, arbitrarily shaped sub-

10-nm closely-packed patterns can be directly written using scanning-electron-beam 

lithography (SEBL) [1]. The combination of HSQ and SEBL as a nanofabrication 
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approach is promising for enabling the manufacturing of new nanodevices requiring 

complex patterns and very high resolutions. In order to fabricate such devices, techniques 

for transferring the structures from SEBL-patterned HSQ resist into functional materials 

are required. So far, HSQ resist patterns have been subjected to direct pattern transfer by 

reactive ion etching (RIE) [2]. Many pattern topographies, however, require image-

reversing pattern transfer of HSQ features instead of direct pattern-transfer. So far, 

several approaches for image-reversing pattern transfer of HSQ have been followed such 

as electroplating [3], chemical mechanical polishing (CMP) [4] and multilayer 

schemes [5]. Image-reversing pattern transfer of HSQ resist structures by lift-off has only 

been previously demonstrated for isolated lines [6]. The sparsity of work on lift-off of 

HSQ may be due in part to the challenge of lift-off with a negative-resist profile (the 

profile of negative-resist patterns is typically not perfectly vertical). Despite this 

challenge, Fig. 1 shows a demonstration of lift-off of complex SEBL-patterned HSQ 

structures down to 15-nm-half-pitch resolution.  

The initial resist patterns for our work were created by exposing HSQ on a silicon 

substrate in a ‘Raith 150’ SEBL tool at 30 kV electron-beam voltage (see experimental 

section for details). Development was done using a 1 wt % NaOH, 4 wt % NaCl aqueous 

solution (the NaCl component has previously been shown to increase the contrast of the 

development process as set out in [1]) and metallization was performed in a highly 

directional electron-beam-evaporation process. Lift-off was performed in a 1:100 

buffered hydrofluoric acid (HF) solution. The combination of the following three 

procedures provided complete and reliable removal of the resist features without tearing 

of the deposited metal mask: (1) warming the buffered HF used for lift-off above room 

temperature to 35°C, (2) applying ultrasonic agitation during lift-off, (3) manually 

scrubbing the sample surface with an IPA-drenched cotton-tipped laboratory applicator 

after exposure to buffered HF. Using this process, complex HSQ structures down to 15-

nm-half-pitch resolution could be reproducibly lifted off as shown in Fig. 1. At smaller 

pitches, incomplete resist-feature removal and tearing of the deposited metal mask 

occurred, as will be discussed in more detail below. 
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II. Experiments and Results  
This section describes the lift-off process used in the present work and provides 

the experimental details of the process followed by a summary of the achieved results and 

observed limitations of the process. 

 

A. Process 
The initial resist patterns were created by first spin coating HSQ in the ‘XR-1541’ 

formulation from Dow Corning (2% solids, diluted with methyl-isobutyl ketone, MIBK) 

to a thickness of 35 nm using a spin speed of 3500 rpm for a duration of 60 sec onto 

samples about 1 cm2 in size cleaved from a Si wafer. No post-bake of the coated samples 

was performed. Dot arrays and nested-“L” patterns were then exposed using an SEBL 

tool (Raith 150 from Raith GmbH) at 30 kV acceleration voltage and 20 � m aperture. The 

dot arrays and nested-“L” patterns were written as single-pixel dots and single-pixel lines 

with their pitches varying from 14 nm to 100 nm. For each pitch, multiple identical dot 

arrays and nested-“L” patterns were written, differing only in the applied exposure dose. 

The resulting dose arrays were used to find the ideal exposure dose for each pitch and 

pattern and to study the impact of resist overexposure and resist underexposure on lift-

off. The applied exposure doses ranged from 0.5 fC/dot (~3000 electrons per dot) to 

73 fC/dot (~4.6×105 electrons per dot) for the single-pixel dot arrays and from 3 nC/cm 

(~1900 electrons per nm) to 18 nC/cm (~1.1x104 electrons per nm) for the single-pixel 

nested-“L”s. Following exposure, the samples were developed in a 1 wt % NaOH, 4 wt % 

NaCl aqueous solution [1] at 24°C for 4 min under slight manual agitation. Samples were 

typically rinsed with deionized (DI) water and blown dry in pure nitrogen after 

development. In one experiment, samples were instead transferred into ultrapure ethanol 

and dried in a critical point dryer (CPD) after development.  

Care was taken to perform the development of the HSQ within a time-span of 

24 hours after the electron-beam exposure. After drying, a thin layer of Cr with a 

thickness of 5 nm or 10 nm was deposited on the samples by electron-beam evaporation. 

The deposition was performed in a vertically oriented electron-beam-evaporation system 
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having a throw length of 27.5 cm. The electron beam was focused onto the Cr target 

without scanning or sweeping of the beam on the target in order to achieve a minimum 

source size. The deposition rate was set to 0.35 nm/sec and the observed size of the vapor 

source on the target was approximately 2 mm by 3.5 mm. Care was taken to mount the 

sample directly above the evaporation source in order to achieve a deposition angle 

normal to the sample surface. 

For lift-off, samples were immersed in ~30 ml of a buffered HF solution with a 

1:100 HF:water volume ratio for a duration of 4 min. Both, room temperature and 35°C 

buffered HF experiments were performed with and without the application of ultrasonic 

agitation during the 4 min lift-off. For warming the buffered HF to 35°C, the beaker 

containing the buffered HF was put in a warm water bath inside the basin of the 

ultrasonicator and allowed to warm up long enough to reach 35°C, with the required 

water-bath temperature and warm-up time determined beforehand by performing the 

same process with water instead of buffered HF. Typically, samples were imaged in an 

SEM after lift-off. After that, a subset of the samples was manually scrubbed with a 

cotton-tipped laboratory applicator soaked with isopropanol (IPA) in order to remove the 

HSQ resist features remaining on the sample after the lift-off step. Scrubbing was 

performed by applying very slight manual pressure on the sample with the applicator and 

scrubbing the sample surface with three to five soft strokes. 

 

B. Results 
A successful lift-off result is shown in the SEMs in Fig. 1c, d, where a 30-nm-

pitch 25-by-25 dot array (Fig. 1c) and a 30-nm-pitch nested-“L” pattern (Fig. 1d) were 

transferred into a 5 nm-thick Cr film. Prior to lift-off, the samples of Fig. 1 were 

processed as outlined above (35 nm HSQ thickness, metallization with 5 nm Cr). The 

samples shown in Fig. 1 were not dried in a critical-point dryer after development. Lift-

off of the samples was performed by immersing the samples in 35°C warm buffered HF 

for 4 min while applying ultrasonic agitation and by subsequent scrubbing of the sample 

surface with an IPA-soaked cotton-tipped laboratory applicator as described earlier. 

Figure 1a shows a top-down view of a 30 nm-pitch array of HSQ resist pillars after 
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development and prior to Cr deposition and Figure 1b shows an angled view of a 

corresponding pillar array. Figure 1b shows that the sidewall profile of the HSQ resist 

pillars is not perfectly vertical but exhibits slope, which is however moderate enough to 

allow for lift-off. Figures 1c and 1d show the results of the successful lift-off process. 

In our experiments, we found that only the combination of the use of warm 

buffered HF with ultrasonic agitation and subsequent manual scrubbing, as used in the 

samples of Fig. 1c and 1d, reliably and reproducibly yielded successful lift-off results 

with complete removal of the HSQ resist features and without destruction or tearing of 

the chrome features or residue after lift-off.  

Fig. 2 shows SEMs illustrating the difference in the effectiveness of the resist-

feature removal under different lift-off processing conditions.  The four patterns shown in 

Fig. 2 stem from four SEBL writes performed in a single session on the same sample. The 

exposed sample was developed and then cleaved into pieces to provide multiple samples 

to use for the different lift-off processing experiments. This method assured that prior to 

lift-off all samples shown in Fig. 2 had been processed under similar conditions. Fig. 2 

shows 30-nm-pitch dot arrays after attempted lift-off with: (a) room-temperature buffered 

HF without ultrasonic agitation (~ 34% HSQ resist-feature removal for the sample 

shown), (b) room-temperature buffered HF with ultrasonic agitation (~ 64% resist-feature 

removal for the sample shown), (c) 35°C warm buffered HF with ultrasonic agitation (~ 

74 % resist-feature removal for the sample shown) and (d) 35°C warm buffered HF with 

ultrasonic agitation and subsequent manual scrubbing with an IPA-drenched cotton-

tipped laboratory applicator (100% feature removal for the sample shown). Lift-off 

duration was 4 min for all samples and the processing prior to the lift-off step was 

performed as described above with a Cr film thickness of 5 nm and no critical-point 

drying. Higher feature-removal ratios could not be achieved by longer durations of the 

buffered HF immersion, as experiments with 6 min and 8 min buffered HF exposure 

showed.  

The effectiveness of feature removal in the buffered HF lift-off step was 

substantially enhanced by using 35°C warm buffered HF and by applying ultrasonic 
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agitation. 100% feature removal could be reproducibly achieved by manually scrubbing 

the sample surface with an IPA-drenched cotton-tipped laboratory applicator.  

Although patterns with larger pitches exhibited a higher feature-removal 

effectiveness in the buffered HF (i.e. a higher feature removal ratio was observed after 

the buffered HF step), 100% feature removal in the buffered HF step could not be 

reproducibly achieved even for these larger-pitch patterns, i.e. all patterns required 

subsequent manual scrubbing in order to achieve 100% feature removal. In summary, 

successful lift-off with 100% feature removal and without destruction or tearing of the Cr 

features was achieved by the combination of 35°C warm buffered HF, ultrasonic 

agitation and subsequent manual scrubbing. With this process, reliable and reproducible 

lift-off was achieved for structures with resolutions down to 30 nm pitch as shown in 

Fig. 1c, d and Fig. 2d. 

 

C. Resolution Limitations 
For structures with pitches below 30 nm, lift-off could not be reproducibly 

achieved. When lift-off failed at these pitches, incomplete resist-feature removal and a 

tearing of the deposited metal was observed even when using warm buffered HF and 

ultrasound and scrubbing the sample surface as described above.  

Tearing of the Cr metal was also observed at pitches equal to or larger than 30 nm 

as Fig. 3b shows. For these pitches, the metal-mask-tearing problem was correlated with 

the observation of resist residue in the trenches between the HSQ resist features. This 

effect is illustrated in Fig. 3 which shows an overexposed (by ~ 40%) 30 nm-pitch dot 

array before and after lift-off in room temperature buffered HF with application of 

ultrasound during lift-off. Figure 3a exhibits resist residue or “footing” in the HSQ-

feature trenches, which is observable as an increased brightness in between the HSQ 

features in the SEM in Fig. 3a. Fig. 3b shows that for this dot array, the metal mask was 

torn by the lift-off step, while for the identically processed but properly dosed dot array in 

Fig. 2c the metal mask stayed intact. 

The correlation between the metal mask tearing and the existence of resist residue 

in the resist-feature trenches suggested that, for pitches below 30 nm, one of the 
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impediments to successful lift-off was footing. As footing can result from a too high 

exposure dose, we attempted to reduce the exposure dose required for the patterning of 

our features. But in these experiments, collapse of the resist features was observed after 

development for features exposed with a dose below a certain minimum dose (which 

depended on the feature pitch). The problem of feature collapse therefore imposed a 

pitch-dependent lower limit to the allowed exposure dose. To avoid feature collapse and 

consequently push this lower limit further down, we tried drying some samples in a 

critical-point dryer (CPD) after development. This process avoided capillary forces in the 

drying process which could otherwise potentially cause feature collapse.  

The required minimum exposure dose could indeed be diminished by using a 

CPD as is shown in Fig. 4. Fig. 4 shows two identically processed 26-nm-pitch dot arrays 

in HSQ resist exposed with the same dose. The array shown in Fig. 4a was dried without 

use of CPD and the array of Fig. 4b with CPD. Fig. 4 shows that, without the use of CPD, 

the ratio of features collapsing in the drying procedure was substantially higher than 

when CPD was used, so that CPD decreased the dose required to produce intact patterns 

without feature collapse. This decrease in dose in turn decreased the amount of footing to 

be expected for patterns exposed at the minimum required dose. So we would expect that 

the use of a CPD should increase the resolution of the lift-off process. 

However, in our experiments we did not achieve reproducible lift-off of patterns 

with below-30-nm pitch, even if those patterns had been dried using CPD and exposed 

near the minimum required exposure dose. It is possible that, because of the small scale, 

SEM images did not give a reliable indication about the existence of residue between 

features for these patterns. 

Additionally, we attempted to remove resist residue from the resist-feature 

trenches by ammonium fluoride (NH4F) wet etching and, alternatively, CHF3 and CF4 

reactive ion etching, which also did not improve the achieved resolution. Also, we tried 

to decrease the amount of resist residue by the application of ultrasonic agitation during 

development and by increasing the developer temperature above the standard temperature 

of 24°C, but no reproducible improvement to the lift-off resolution was observed with 

these approaches. 
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III. Discussion 
While buffered HF is generally suited for removing SEBL-patterned HSQ 

structures after metallization, its effectiveness in removing the resist features and the 

deposited metal is substantially enhanced by warming the buffered HF above room 

temperature and applying ultrasonic agitation. We assume that the warming of the 

buffered HF above room temperature increased the reaction rate between the buffered HF 

and the HSQ resist material. We further assume that the enhancement of the feature 

removal by ultrasonic agitation resulted from the additional mechanical forces exerted on 

the resist features and an increased liquid flow leading to an improved detachment of 

resist material from the substrate and an improved removal of detached material. 

We could not determine an unambiguous reason for the resolution limitation of 

the proposed lift-off process to pitches of 30 nm. However, we hypothesize from the 

observed correlation between resist residue and metal mask tearing that the existence of 

resist residue is one of the main obstacles to successful lift-off at these scales. 

 

IV. Conclusion and Outlook 
The key result of this paper is the demonstration of a process that allows for the 

reproducible image-reversing pattern transfer of SEBL-patterned HSQ structures down to 

resolutions of 30 nm pitch by lift-off in warm buffered HF under ultrasonic agitation and 

by subsequent manual scrubbing with an IPA-drenched cotton-tipped laboratory 

applicator.  

Further investigations could illuminate the reason for the resolution limitation of 

the proposed process. Cross-sectional FIB-imaging could investigate the existence of 

resist residue and its effect on lift-off. Resist residue might be avoided by increasing the 

contrast of the HSQ development process. Further, different etch chemistries and/or 
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processing conditions in the lift-off step may allow for complete feature removal without 

manual scrubbing. 
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Fig. 1: (a) top-down SEM of 30-nm-pitch dot array in HSQ resist before lift-off; (b) 45°-

angle SEM of 30-nm-pitch dot array in HSQ resist before lift-off; (c) 30-nm-pitch dot 

array after lift-off; (d) 30-nm-pitch nested-“L” array after lift-off. (c) and (d) were 

transferred into a 5 nm thick Chromium film by lift-off. Lift-off was performed using 

buffered HF at 35°C, ultrasonic agitation and subsequent manual scrubbing with a cotton-

tipped laboratory applicator. The exposure dose in the SEBL step was 24 fC/dot and 

10 nC/cm for the lines. Images were taken at 10 kV acceleration voltage and 6.5 mm 

working distance (WD). 

 

Fig. 2: SEMs of 30-nm-pitch dot arrays after lift-off performed under different 

conditions: (a) room-temperature buffered HF without ultrasound (~34% feature 

removal); (b) room-temperature buffered HF with ultrasound (~64% feature removal); (c) 

35°C buffered HF with ultrasound (74% feature removal); (d) 35°C buffered HF with 

ultrasound and after scrubbing with a cotton-tipped laboratory applicator (100% feature 

removal). In (a) a large number of array elements were not removed. With increasing 

processing in (a) �  (d), a corresponding improvement in lift-off was observed. Images 

were taken at 5 kV and 2 mm working distance. 

 

Fig. 3: SEMs of a 30-nm-pitch dot array a) before lift-off, b) after lift-off; the light areas 

in a) indicate the presence of resist residue in the feature trenches. The result was the lift-

off of a large block of material near the center of the area. Images were taken at 10 kV 

and 6.5 mm working distance. 

 

Fig. 4: Two 26-nm-pitch dot arrays exposed with the same dose; a) was dried by nitrogen 

blowing after development whereas b) was dried using a critical point dryer. Feature 

collapse was more pronounced in a) (~ 75%) than in b) (~ 31%). Images were taken at 

10 kV and 6.5 mm working distance. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 


