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Abstract:

 In combination with tapered-trench-etching of Si and SU-8 photoresist, a grayscale mask for deep X-ray lithography was fabricated and passed a 10-times-exposure test. The performance of the X-ray grayscale mask was evaluated using the TERAS synchrotron radiation facility at the National Institute of Advanced Industrial Science and Technology (AIST). Although the SU-8 before photo-curing has been evaluated as a negative-tone photoresist for ultraviolet (UV) and X-ray lithographies, the characteristic of the SU-8 after photo-curing has not been investigated. A polymethyl methacrylate (PMMA) sheet was irradiated by a synchrotron radiation through an X-ray mask, and relationships between the dose energy and exposure depth, and between the dose energy and dimensional transition, were investigated. Using such a technique, the shape of a 26-μm-high Si absorber was transformed into the shape of a PMMA microneedle with a height of 76 μm, and done with a high contrast. Although during the fabrication process of the X-ray mask a 100-μm-pattern-pitch (by design) was enlarged to 120 μm. However, with an increase in an integrated dose energy this number decreased to 99 μm. These results show that the X-ray grayscale mask has many practical applications. In this paper, the author reports on the evaluation results of SU-8 when used as a membrane material for an X-ray mask.
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1. Introduction

In a diffraction phenomenon where a light ray can bend around the edges of its target and reach to its backside, a bokeh of the size near a wavelength is often observed. Therefore, in optical transfer of a fine pattern, it is necessary to use lights with short wavelengths that relate to the pattern size so that this bending of light by diffraction does not occur. In semiconductor device manufacturing, the light source for lithography has been reducing with time from visible lights to ultraviolet (UV) lights, and down to soft X-rays [1,2]. Also, when exposing deeper into a material to produce a thick structure, such as in microelectro-mechanical-systems (MEMS), X-rays with short wavelengths have been successfully employed [3,4]. For a powerful light that can penetrate straight into a photoresist film, the X-rays from a synchrotron radiation (SR) have been used. A LIGA (lithographie, galvanoformung and abformung) [5] process was proposed as a mass-producing technology that can be a cost-effective way of combining the high-cost X-ray lithography with a relatively less-expensive electroforming and replication technologies. As for the photoresists to be used for the X-ray lithography, there is polymethyl methacrylate (PMMA) as a positive-tone photoresist [5] and there is SU-8 (MicroChem, Newton, MA, USA) as a negative-tone photoresist [6]. An X-ray mask wields significant influence on the transfer accuracy of X-ray lithography. The process comprises a membrane through which the X-rays can pass efficiently, and an absorber, which can serve as an opaque barrier to the X-rays. To serve as a membrane of an X-ray mask, various materials have been used in many cases. Those membrane materials are required to have the following characteristics [7]:


	(1)

	High transmittance in the X-ray energy region;



	(2)

	Dimensional stability during the X-ray exposure;



	(3)

	Durability for an extended X-ray exposure time;



	(4)

	Sufficient mechanical strength serving as a self-supporting membrane;



	(5)

	Simple film-forming method and high compatibility with other processes.





Table 1 shows several kinds of conventional X-ray masks. Stainless steel [8] and Si [9] stencil X-ray masks being independent of any film size cannot form isolated patterns because these masks have no supporting membranes. In a large-size X-ray mask, that comprises polyimide (Kapton) [10] or polyester (Mylar) [11] membranes, the adhesion forces between the membrane and absorbers happen to be weak because only the frame of the mask holds these films. Moreover, X-ray mask has been developed by an electroplating of Au on a SU-8 film previously spin-coated on the surface of a PMMA photoresist [12]. However, there exists an unsubstantiated notion that X-ray masks are not suitable for multiple uses. Although there are inorganic materials, such as Si [13], SiC [14], and SiN [15], that are used on masks, and they are excellent in their dimensional stability and chemical resistance, but forming a thin layer on them is relatively a difficult task. In addition, an X-ray mask with a graphite membrane, of which the thermal resistance is same as that of an inorganic material, has also been made [16]. In the case of absorber materials, an Au [17] absorber, which can easily be manufactured by electroplating, has been employed by many researchers. Materials like Ta [18] and W [19], on which reactive ion etching is possible, have also been examined. Moreover, TaGeN [20], TaBN [20], etc., have been used to prevent the worsening the transfer accuracy caused by the oxidization of absorbers. However, the X-ray masks mentioned above can be used to form photoresist structures that can be only rectangular in shape with vertical sidewalls. We fabricated a three-dimensional Si absorber employing a tapered-trench-etching technique using a mixed gas of SF6, C4F8, and O2; and we had also developed a stencil X-ray mask [21] and a SU-8 membrane X-ray mask [22]. Furthermore, by combining these X-ray masks with a LIGA process, a micro-needle array was formed [23]. SU-8 was designed as a negative-tone photoresist for a permanent film based on an epoxy resin so that photoresist structures are stable chemically and thermally. Therefore, the author believed such special quality could be suited for a membrane material of X-ray masks used under a harsh environment caused by X-ray’s irradiation. Although 3-dimensional Si absorbers have been fully described in these reports, there has not been any report published on the evaluation of SU-8 when used as a membrane material. And moreover, the performance of the SU-8 as a photoresist (before photo-curing) has been reported as regard to its exposure to electron beam [24] and proton beam [25], and not to forget UV lights and X-rays. However, any evaluation of the usefulness of photo-cured SU-8 as a component of any incorporated device has hardly been reported. This paper reports on the evaluation results of SU-8 as regard to three characteristics namely transmittance, dimensional stability, and durability that are required of a membrane of any X-ray mask. This information, that shows excellent characteristics of SU-8 in the X-ray energy region, is expected to be quite valuable to the researchers in this field.


Table 1. Materials of X-ray masks.



	
Category

	
Absorber

	
Membrane

	
Coefficient of Thermal Expansion on Membrane






	
Stencil

	
Stainless steel

	
None

	
-




	
Si

	
None

	
-




	
Polymer membrane

	
Au

	
Kapton (Polyimide)

	
20 × 10−6/K [26]




	
Mylar (Polyester)

	
17 × 10−6/K [27]




	
Built-on

	
Au

	
SU-8

	
52 × 10−6/K [28,29]




	
SiX membrane

	
Au, Ta, W

	
Si

	
2.6 × 10−6/K [30]




	
SiNx

	
3.3 × 10−6/K [31]




	
SiC

	
3.8 × 10−6/K [32]




	
Oxidation inhibiting

	
TaGeN, TaBN

	
SiC

	
3.8 × 10−6/K [32]




	
Others

	
Au

	
Graphite

	
3.8 × 10−6/K [33]




	
Grayscale

	
Si

	
None

	
-




	
(Our product)

	
Si

	
SU-8

	
52 × 10−6/K [28,29]













2. Experimental Section


2.1. SU-8 Built-In X-Ray Mask

When designing an X-ray mask, it is necessary to understand the environment in which it is going to be used. An X-ray lithography experiment was carried out at the TERAS [34] SR facility of the National Institute of Advanced Industrial Science and Technology (AIST). Figure 1 shows a calculation result of the output beam spectrum of a beamline BL-4 [35], and of the transmittance of a membrane and of an absorber in a designed X-ray mask. The membrane is made of a 30-μm-thick SU-8, and the absorber consists of a Si film with a maximum thickness of 25 μm and an additional 5-μm-thick SU-8. The spectrum was read of the output beam that was transmitted through a 50-μm-thick Be window and then allowing the beam to pass through a 70-mm long passage of a flowing stream of the He gas (pressure: 1 atm). The beam was generated by an SR that comprised a 10-m-curvature-radius-bending magnet inserted into an electron storage ring of TERAS facility. The optical arrangement of the beamline BL-4 is mentioned later in this paper. In the output beam from the beamline BL-4, when photon energy nears 2 keV, a photon flux appears and serves as a peak. The transmittance of the SU-8 membrane at 2 keV is approximately 30%, and the X-ray hardly penetrates the Si absorber (SU-8 of 5-μm thickness being included). Moreover, at near 4 keV, the transmittance of SU-8 membrane is 75%, and the value of the absorber is only 5%; and it thus amounts to one-fifteenth of the membrane’s value. At the photon energy of 6 keV, although the difference between membrane and absorber is decreased, the contrast ratio of “membrane:absorber” remains 2:1.

Figure 1. Calculated output beam spectrum of beamline BL-4 at TERAS synchrotron radiation facility and transmittance of SU-8 membrane (30 μm thickness) and Si (25 μm thickness) absorber on SU-8 film (5 μm thickness) depended on photon energy. “t” in graph legend in the figure means thickness.
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Figure 2 shows a process flow of an X-ray grayscale mask’s manufacturing. A silicon on insulator (SOI) wafer that consists of a 30-μm-thick active Si layer, a 1-μm-thick SiO2 layer, and a 525-μm-thick Si substrate, was prepared, and a 3-μm-thick positive-tone photoresist S1830 (Shipley, Kaysville, UT, USA) was spin-coated on the active Si layer (Figure 2a). Cr patterns on a quartz reticle were then transferred to the S1830 photoresist by a UV stepper 1500 MVS R-PC system (Ultratech, San Jose, CA, USA). And the resist was then developed (Figure 2b,c). After the development, there appeared a circular dotted pattern 50 μm in diameter and a square dotted pattern 50 μm in width. Those patterns then served as a masking layer for the next step where the active Si was tapered-trench-etched using a reactive-ion-etching (RIE) system Alcatel 601E system (Alcatel Vacuum Technology, Annecy, France) (Figure 2d). In a tapered-trench-etching technique, an inductively coupled plasma (ICP) source has been used, and the shape of the Si absorbers was controlled by a mixed gas pressure with SF6, C4F8, and O2 gas, and by the etching time. The optimization conditions have been described in References [21,22]. In this experiment, the mixed gas pressure and the etching time were more than 10 Pa and 11 min, respectively.

Figure 2. Process flow to fabricate X-ray mask composed with SU-8 membrane and Si absorber for grayscale lithography. Illustrations show the cross-sectional structure of the X-ray grayscale mask. (a) 1st spin-coating, (b) 1st UV exposure, (c) 1st development, (d) taper-RIE of Si, (e) removal of photoresist and 2nd spin-coating, (f) 2nd UV exposure and post-baking, (g) 3rd spin-coating, (h) 3rd UV exposure, (i) 2nd development and deep RIE of Si, (j) RIE of SiO2.
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Figure 3a,b show the scanning-electron-microscope (SEM) images of cone- and pyramid-shaped Si structures before the removal of the photoresist layer. The sidewall of the Si structures under the masking layer was inclined, and it can be confirmed that the tapered-trench-etching was successful. Figure 3c,d show Si absorbers after the masking layer being removed. The tips of cone- and pyramid-shaped Si structures appeared sharp and firm, and it was checked that shape of the fabricated tip was sharp. After the remaining S1830 masking layer was removed by acetone, the Si structures on the SiO2 layer were covered by a spin-coated 30-μm-thick SU-8 25 photoresist (MicroChem) (Figure 2e). While keeping a sufficient relaxation time to ease an internal stress, a pre-baking at 95 °C for 10 min, UV irradiation for 1 min using a contact aligner PEM-800 (Union Optical, Tokyo, Japan), a post-baking at 95 °C for 10 min, and another relaxation over night were performed (Figure 2f). After the spin-coating of a 16-μm-thick photoresist AZ4903 (AZ Electronic Materials, Luxembourg, Luxembourg) on the backside of the SOI wafer (Figure 2g), a frame pattern was transferred to AZP4903 photoresist by the same contact aligner (Figure 2h). By a deep RIE using the AZP4903 masking layer and an RIE system MUC-2 (Sumitomo Precision Products, Amagasaki, Japan), the 525-μm-thick Si substrate was etched completely (Figure 2i), and the SiO2 layer was also successfully etched using another RIE system Model RIE-10NRS (Samco, Kyoto, Japan) without breaking the SU-8 membrane (Figure 2j). In the final step, the masking layer that remained on the Si frame was removed by O2 plasma ashing, and an X-ray grayscale mask was thus completed. The details on the process conditions are summarized in Table 2. Figure 4a shows a photograph of the completed X-ray grayscale mask. The square-shaped X-ray mask of 25 mm2 area is surrounded by a 3-μm-wide Si frame. From this photograph, it was checked that the SU-8 membrane has good transmittance in the visible-light region.

Figure 3. Scanning-electron-microscope (SEM) images of 3-dimensional Si absorbers before (a) cone-shaped and (b) pyramid-shaped; and after (c) cone-shaped and (d) pyramid-shaped the removal of S1830 photoresist.
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Figure 4. Photographs of X-ray mask (a) before; and (b) after X-ray irradiation; and of PMMA sheet (c) before; and (d) after X-ray exposure and development.
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Table 2. Process conditions to fabricate X-ray mask.



	
Process

	
Material

	
Parameter

	
Condition






	
1st Spin-coating

	
S1830

	
thickness

	
3 μm




	
1st UV exposure

	
time

	
15 s




	
Pre-baking

	
temperature

	
120 °C




	
time

	
20 min




	
1st Development

	
NF-319

	
temperature

	
Room Temperature




	
time

	
5 min




	
Tapered trench etching

	
gas

	
SF6 + C4F8 + O2




	
pressure

	
3.7–9.5 Pa




	
time

	
11 s




	
Removal (+Ultrasonic)

	
Acetone

	
time

	
10 min




	
2nd Spin-coating

	
SU-8 25

	
thickness

	
30 μm




	
Pre-baking

	
temperature

	
95 °C




	
time

	
10 min




	
2nd UV exposure

	
time

	
1 min




	
Post-baking

	
temperature

	
95 °C




	
time

	
10 min




	
3rd Spin-coating

	
AZP4903

	
thickness

	
16 μm




	
3rd UV exposure

	
time

	
35 s




	
2nd Development

	
AZ400k + Distilled water (1:3)

	
temperature

	
Room Temperature




	
time

	
5 min




	
Deep RIE of Si

	
gas

	
SF6 + C4F8




	
time

	
150 min




	
RIE of SiO2

	
gas

	
CHF3




	
time

	
50 min




	
Ashing

	
gas

	
O2




	
time

	
10 min

















2.2. X-Ray Exposure and Development

Figure 5 shows an end station of the beamline BL-4. In this experiment, 1-mm-thick PMMA sheet was chosen as a photoresist for X-ray lithography. Figure 4c shows a PMMA sheet before the X-ray exposure. In keeping up with the requirements of an X-ray grayscale mask’s size, the four corners of a 25-μm-square PMMA sheet were cut out. As shown in the right half of Figure 5a, the X-ray grayscale mask and the PMMA sheet were fixed on an exposure stage by two spring-loaded plates so that the SU-8 membrane could make contact with the surface of the PMMA sheet. The exposure stage with a diameter of 70 mm was inserted at the end of the beamline BL-4.

Figure 5. (a) Photographs of the end station of the beamline BL-4 (left) and exposure stage (right); (b) Cross-sectional schematic view of the end station of the beamline BL-4 during the X-ray exposure.
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Figure 5b shows an optical arrangement of the beamline BL-4. The synchrotron radiation, which was generated from the bending magnet is led to an exposure chamber through a Be window with a thickness of 50 μm arranged at a distance of 10 m from the bending magnet. In an exposure chamber, the air was replaced by a flowing stream of He gas through the chamber, and the exposure stage was set from the Be window at a distance of 70 mm. The X-ray exposure energy was estimated and controlled as a dose energy (mA·h), which is a product of a storage ring current and X-ray irradiation time. At the TERAS SR facility, after an electron is accelerated to 750 MeV and accumulated until the storage ring current reaches to 270 mA, it is then reduced to 50 mA during an operation for a day. The X-ray irradiation experiment was conducted over several days using the system to its full capacity during its operation time of 5–6 h, a day. The PMMA sheet used after the X-ray exposure, was developed by a GG developer consisting of diethyleneglycol-monobutylether (60 vol %), morpholin (20 vol %), ethanol-amine (5 vol %) at 25 °C for 18 h, and distilled water (15 vol %); and then was washed by a distilled water. The PMMA sheet after the X-ray exposure and development is shown in Figure 4d. The irradiated area by the X-rays can be clearly observed as a 15-mm-diameter circle. In the next step, the completed PMMA structure and the X-ray mask, after the X-ray irradiation was evaluated using SEM and an optical microscope.






3. Results and Discussion


3.1. Transmission Property of SU-8 in the X-Ray Energy Region

The exposure depths on the PMMA by the output beam from the beamline BL-4 in both cases of the absence and presence of the 30-μm-thick SU-8 membrane are compared in Figure 6. A curved line in the figure indicates an approximation. The difference between both cases lies in their maximum values when the dose energy is 100 mA·h. The exposure depth in the absence and presence of the SU-8 membrane was measured as 70 and 35 μm, respectively; and specifically the ratio was estimated as 2:1. As shown in Figure 1, in the photon energy range of 2–6 keV, the transmittance of SU-8 of 30-μm thickness increases gradually from 20% to 95%. Because a peak of the photon flux of the output beam from the beamline BL-4 shows up at near 2 keV and the transmittance of SU-8 at near 2 keV is 40% and more, the result, that the exposure depth in the presence of the SU-8 membrane is roughly half compared to the value in the absence of the SU-8 membrane, is quite understandable.

Figure 6. Exposure depth of PMMA sheet in cases of the absence and presence of the SU-8 membrane depended on the dose energy.
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3.2. Transition of Pattern Width with SU-8 Thermal Expansion

Since the 1-mm-thick PMMA sheet was hard, the PMMA sheet after X-ray lithography was put into liquid nitrogen, and then cleaved by hand. And then in order to prevent any charge built-up, a 10-nm-thick Pt was sputter-deposited on the sample surface before an SEM observation was made. The left and right halves of Figure 7 are the results of pattern transferring from cone- and pyramid-shaped Si absorbers to a PMMA structure, respectively. As for the exposure conditions, in the upper figures, the dose energy was set at 50 mA (Figure 7a,b); another case of a 300-mA dose energy is shown in the lower figures (Figure 7c,d).

Figure 7. Cross-sectional SEM images of the PMMA structures, which (a,c) cone and (b,d) pyramid shapes of Si absorber were transferred by the X-rays at dose energies of 50 and 300 mA, respectively.
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From these SEM images, it is confirmed that the X-ray grayscale mask has a sufficient contrast between the absorber and membrane. As shown in Figure 3, a cone-shaped Si absorber was 46 μm in diameter and 27 μm in height; and a pyramid-shaped Si absorber was 42 μm in the bottom width and 27 μm in height. Figure 7 shows a transition of pattern widths on the PMMA sheets exposed by the various dose energies. Although the 50-μm-diameter circular and 50-μm-wide square dotted patterns were accurately transferred from the photomask to the photoresist, at the early step of fabricating the X-ray grayscale mask, a pattern size reduction of 8%–16% was made by the tapered-trench-etching. After that, cone- and pyramid-shaped Si absorbers were transferred by deep X-ray lithography to PMMA structures of 34.5 μm in diameter, and 36.2 μm in width on average. In this process, the pattern width decreased further down to 75%–86% of Si absorbers.

This pattern width reduction originates from the diffraction effect in which case the X-rays bending around the edges and reaching to the backside of Si absorbers occurs. Usually, in the area where the X-rays were irradiated, a certain degree of heating took place and the absorber, and the membrane expanded depending on their coefficients of thermal expansion. In the beamline BL-4, infrared rays are significantly cut by the Be window; and a device was equipped to cool the exposure stage continuously by a flowing stream of the He gas. However, a certain degree of thermal expansion is unavoidable, and a degradation of the pattern transfer accuracy does occur, and remains as a matter of concern. While the X-ray grayscale mask is irradiated with X-rays, the irradiated area gradually reaches to a high temperature, and the membrane also expands. Therefore, according to the expansion of the membrane, the pattern’s position is shifted because the isolated Si absorbers were embedded within the SU-8 membrane. As shown in Figure 8, the bottom width of the PMMA structures does not exceed the width of the Si absorbers; it rather shrinks to a smaller dimension as dictated by the diffraction effect of the X-rays. This result is the proof, which was about maintaining a very stable accuracy of position, without the expanding of the SU-8 membrane during the X-ray irradiation.

Figure 8. Bottom width of the PMMA structures fabricated by X-rays which penetrated through the cone and pyramid shaped structures of the Si absorbers depended on the dose energy.
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3.3. Tolerance of SU-8 to Synchrotron Radiation

Figure 9 shows the SEM images of the Si absorbers on the X-ray grayscale mask and the PMMA structures after X-ray lithography. Using these top view images, a pitch between the structures was measured. The investigation result of the durability of the grayscale mask to X-rays is shown in Figure 10. In the figure, the average values of both patterns’ pitches in X and Y directions (Px and Py) are plotted, and the data has been approximated and represented in form of two curves. In the X-ray mask manufacturing step, the SU-8 spin-coated on the SiO2 layer was baked twice, and an internal stress was accumulated in a relatively soft SU-8. The coefficients of the thermal expansion of SU-8 (52 × 10−6/K) [28,29] and SiO2 (0.7 × 10−6/K) [36] are quite different from each other. When the SiO2 film was removed by the RIE as a post process, the internal stress of the SU-8 was eased, resulting in them being expanded, and in the bending of the SU-8 membrane. As a result, the circular and square dotted patterns, which were of 100-μm pitches on the photomask, are spread to 120 and 117 μm, respectively.

Figure 9. SEM images of the Si absorbers on the X-ray grayscale mask before spin-coating of SU-8: (a) cone and (b) pyramid shape. SEM images of the PMMA microstructures fabricated by X-ray lithography at the dose energy of 300 mA·h; (c) cone and (d) pyramid shape. Reprinted with permission from [22].
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Figure 10. Pattern pitch of PMMA structures which cone, and pyramid shapes of Si absorbers was transferred by X-rays depended on the integrated dose energy. Pitches in X and Y directions indicated as Px and Py in the figure, respectively.
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4. Conclusions

The performance of an X-ray grayscale mask that consisted of Si absorbers processed by tapered-trench-etching, and of a SU-8 membrane was evaluated using a beamline BL-4 of TERAS SR facility at AIST. Three kinds of characteristic are required of a membrane material for X-ray lithography. The first is a transmission property of X-rays. When a 30-μm-thick SU-8 membrane was absent or present, an exposure depth of a PMMA photoresist was measured and was compared with a calculated transmittance of SU-8 in an X-ray energy region. In fact, the measured value and the calculated value were well in agreement. Next, it is important that a pattern width does not change with a membrane’s thermal expansion during the X-ray irradiation. This transition leads to a fatal defect in grayscale lithography. On a positive note, it was learned that a displacement of the pattern width at different dose energies was controllable within 2 μm. Finally, it remains to be addressed if SU-8 has plenty of tolerance to synchrotron radiation. If an operating time of the X-ray mask is increased, the polymerization by cross-linking in the SU-8 film was moved forward and a solvent that remains inside the SU-8 membrane can evaporate and the membrane could become brittle. Although the membrane’s color would also be changed, a reduction of a pattern pitch was found to be saturated when the integrated dose energy reached to 900 mA·h. Moreover, the measured pitch became almost equal to the designed value. These results proved that the X-ray grayscale mask with the SU-8 membrane does perform well for all practicality and can be used in an X-ray mask after a suitable baking process by irradiation of X-rays. It is also believed that with this method, the pattern transfer quality can be achieved to be very high.
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