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A fully integrated fabrication process has been developed to fabricate freestanding, ultrahigh aspect

ratio silicon gratings with potassium hydroxide (KOH)-polished sidewalls. The gratings are being

developed for wavelength-dispersive, soft x-ray spectroscopy on future space telescopes. For this

application, the grating needs to have a large open-area fraction and smooth sidewalls (rough-

ness< 1 nm) to maximize efficiency. The prototype gratings fabricated with the process presented

here have been tested on a synchrotron beamline and have demonstrated an absolute diffraction effi-

ciency greater than 30% for 2 nm-wavelength x-rays in blazed orders. This efficiency is greater than

twice the efficiency of previously fabricated gratings. The fabrication process utilizes silicon-on-insu-

lator wafers where the grating and a cross support are etched in the device layer, and an additional

structural support is etched in the handle layer. The device layer and handle layer are both etched via

deep reactive-ion etching using a Bosch process. The buried SiO2 layer stops both etches and is

removed at the end of the process to create a freestanding structure. The gratings have a pitch of

200 nm, a depth of 4 lm, and the bars are polished via KOH. The polishing process reduces both the

roughness and the grating-bar thickness. The finished gratings span an area of approximately 10 by

30 mm, supported by 1 mm-wide hexagons in the handle layer. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4966595]

I. INTRODUCTION

This paper presents a fabrication process for freestanding,

ultrahigh aspect ratio silicon gratings with potassium

hydroxide (KOH)-polished sidewalls. The primary applica-

tion of this fabrication process is the critical-angle transmis-

sion (CAT) grating. As described in previous works,1,2 the

CAT grating is a blazed transmission grating intended to be

a component for a wavelength-dispersive, soft x-ray spec-

trometer onboard space telescopes.3–5 Specifically, there is

interest in the x-ray band with energies below 1 keV that

covers the emission lines of carbon, nitrogen, oxygen, neon,

and iron.6,7 There are also many other applications for simi-

lar freestanding structures, including neutral mass spectros-

copy,8 ultraviolet filtration,9 and phase contrast imaging.10

The past work demonstrated a process for freestanding

ultrahigh aspect ratio silicon gratings1 as well as a process to

polish grating sidewalls via KOH.11 The integration of these

two processes required new developments to eliminate

defects, which are the focus of this paper. Specifically, three

new process improvements were developed: (1) An

improved deep reactive-ion etch (DRIE) Bosch process was

developed for etching 200 nm-pitch grating bars. This etch

enabled damage-free lines post KOH polishing. KOH polish-

ing is necessary to reduce the roughness of the sidewalls

from �4 nm root mean square after the Bosch process, to

�1 nm for efficient reflection of soft x-rays. KOH polishing

also thins the grating bars increasing the open-area fraction,

further increasing the diffraction efficiency. (2) A novel pro-

cedure was developed to fill and protect the CAT grating

lines post KOH polishing, enabling damage-free membranes.

(3) A gentle vapor hydrofluoric acid (HF) process was also

developed to remove buried SiO2, which yielded virtually

damage-free, freestanding gratings.

Space telescopes often observe faint objects, and diffrac-

tion efficiency is a critical mission parameter.12–14 There is

also a desire for improved resolution, which further increases

the requirements for efficiency.15 The CAT grating efficiently

utilizes incident x-rays by reflecting them from the grating

sidewalls at a graze angle hi, which is near or below the criti-

cal angle for total external reflection, hc (see Fig. 1).

Diffraction occurs when the optical path length difference

(OPLD) between parallel x-rays offset by one grating period

is an integer multiple of the x-ray wavelength. Precisely, for

specular reflection the OPLD for diffraction equals

2P sinðhiÞ ¼ mk, and the general grating equation is

mk ¼ PðsinðhiÞ þ sinðbmÞÞ; (1)

where m is the diffraction order, k is the wavelength, P is the

grating period, hi is the angle of incidence, and bm is the

angle of the outgoing diffraction orders. The CAT grating

geometry results in the outgoing x-rays being channeled into

the nonzero diffraction orders, such that hi and bm are similar

in value. Ideally, the diffraction orders are centered around

the angle of specular reflection. This blazing effect increases

efficiency over traditional transmission gratings where most

of the outgoing light is in the zeroth and 6 first diffractiona)Electronic mail: alex@izentis.com
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orders. Utilizing higher diffraction orders also increases the

spectral resolving power.

Previously, state-of-the-art space-based x-ray transmission

gratings, developed and launched on the Chandra x-ray obser-

vatory, were made of phase-shifting gold bars on a mem-

brane.16 The gold and the membrane absorbed soft x-rays and

therefore was ineffective below 1 keV.17–19 See Fig. 2 for a

plot of absolute diffraction efficiency of CAT gratings versus

wavelength. The measurements were taken at the Advanced

Light Source, Lawrence Berkeley National Laboratory, with

CAT gratings fabricated with the process presented here.

These tests showed record broadband-diffraction efficiency in

the soft x-ray band, which will enable significant advances in

x-ray astronomy. Furthermore, these gratings have undergone

resolving power tests with x-ray mirrors at NASA Marshall

Space Flight Center. Preliminary results indicate resolutions

(k/Dk) in excess of 10 000 for the aluminum Ka1,2 lines.20

II. FABRICATION METHODOLOGY

The CAT grating is fabricated as a monolithic structure

from a silicon-on-insulator (SOI) wafer. The SOI wafer is

made up of a 4 lm-thick h110i device layer, a 500 nm-thick

buried SiO2, and a 500 lm-thick h100i handle layer. Past

works have demonstrated key steps such as ultrahigh aspect

ratio DRIE, integration of two DRIE steps to make free-

standing, unpolished gratings, and polishing gratings in bulk

silicon.1,11 Significant advancements have been made to

enable an integrated process with polished grating bars, and

minimal damage to both the grating membranes and individ-

ual grating bars. The handle layer is etched via a standard

Bosch DRIE process into hexagons spanning roughly 1 mm,

which are designated the level 2 supports. Both DRIE steps

stop on the same buried SiO2, which is removed at the end to

create a freestanding structure. Arrays of hexagons make up

the structure that spans roughly 10 � 30 mm, which can be

bonded to metal or composite frames and tiled together to

create the final grating array for a telescope. See Fig. 3 for a

conceptual drawing of a single hexagon cell.

Figure 4 depicts the CAT grating process flow. The initial

step is to mask and etch the hexagonal level 2 support struc-

ture mask in the back side, PECVD SiO2, via contact lithog-

raphy and inductively coupled plasma (ICP) reactive-ion

etching. The {111} planes are located via a wagon-wheel

and KOH pre-etch.11,21 This step is critical as the {111}

planes act as an etch stop for KOH and must be aligned to

the CAT grating bars within 60.2�.
The level 1 supports are patterned via interference lithog-

raphy in a 30 nm-thick chrome layer on top of the 300 nm-

thick layer of thermal SiO2. The 200 nm-pitch CAT grating

lines are patterned parallel to the {111} planes on a trilayer

FIG. 1. (Color online) Conceptual geometric drawing of CAT grating cross

section (not to scale).

FIG. 2. (Color online) Plot of absolute diffraction efficiency vs wavelength for

CAT gratings and the Chandra high-energy transmission gratings (Ref. 5).

Different geometries are predicted to lead to efficiencies >50% (Ref. 14).

FIG. 3. (Color online) CAD depiction of one CAT grating membrane cell

with structural supports. The CAT grating and a 5 lm-pitch cross support

structure (level 1 supports) are etched in the device layer (not to scale).
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stack, which is put down over the thermal SiO2 and prepat-

terned chrome lines. The trilayer stack is then etched into the

thermal SiO2 to create a two-dimensional hard mask with

the CAT grating and level 1 support lines.22,23

The 2D thermal SiO2 mask is used for the CAT grating

DRIE via an SPTS Pegasus etch tool. The details of the DRIE

step are critical to obtaining an undamaged CAT grating

structure and are presented in Sec. III. After DRIE, the grating

is cleaned in a mixture of H2SO4 and H2O2 (piranha) to

remove polymer. Any residual chrome is removed via 120 s

etch in CR-7. The native SiO2 on the grating sidewalls is

removed via 50:1 diluted HF for 60 s to avoid damaging the

mask or buried SiO2. Following the cleaning steps, the grating

is polished for 2 min in a 50% (by weight) solution of KOH

at room temperature, with 0.02% surfactant, sodium dihexyl

sulfosuccinate. Various polishing concentrations from 10% to

50% and times from 30 s to 40 min were experimented with,

and 2 min at 50% achieved good x-ray efficiency results with-

out damage.5

After KOH polishing, the CAT grating channels are filled

and protected with photoresist, with details provided in Sec.

IV. The protected CAT grating is bonded to a carrier wafer

via Crystalbond 555 on a hotplate at 90 �C in a vacuum

chamber. The back-side mask is manually cleaned via iso-

propyl alcohol on wipes. The back side is etched via a Bosch

process and carefully monitored with a camera to stop on the

buried SiO2 without over-etching. Approximately 150 nm of

the buried SiO2 is etched from the back via RIE with H2 and

CF4. This is done to make the buried SiO2 removal step eas-

ier at the end of the process. To remove the sample from the

carrier, it is immersed in roughly 500 ml water and put on a

hotplate set to 220 �C until the Crystalbond melts, and the

sample gently floats off the carrier. After separation, the

sample is piranha cleaned twice and critical-point dried. The

FIG. 4. (Color online) Process flow for CAT grating fabrication.
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buried SiO2 is finally removed slowly via vapor HF to create

a freestanding structure. See Fig. 5 for SEM images of a

cleaved freestanding grating. These images provide a sense

of scale to the CAT grating. The zoomed-out image clearly

shows the hexagonal, level 2 support. The CAT grating and

level 1 supports are seen as a membrane when zoomed out.

Figure 5(b) shows the region where the CAT grating and

back-side etch meet on the edge of a hexagon. Figure 5(c)

zooms-in on the freestanding CAT grating bars and level 1

support structure. Two oblique SEM images of another free-

standing CAT grating are shown in Fig. 6.

III. NANOSCALE HIGH-ASPECT RATIO BOSCH
PROCESS

The DRIE step on the 200 nm-pitch CAT grating deter-

mines the profile and ultimately the quality of the grating

bars. Past developments with KOH polishing showed the

widths of the grating bars at the top would etch faster than at

the base. From past SEM inspection, the tops would etch

approximately twice as fast, �2 vs 1 nm/min. The desired

profile of the finished CAT grating is vertical to maximize

the open-area fraction. As a result, the ideal profile after

DRIE would have a reverse-tapered profile with the grating

bars gradually thinning at the base. Past DRIE tests also had

either bowed profiles such that the middle of the grating bar

was the thinnest, or positively tapered such that the bottoms

of the bars were thickest.11,23,24 Both of these profiles would

not yield large open-area fractions with KOH polishing. In

order to control the etch profile, a series of experiments were

conducted to gain a qualitative understanding of DRIE for

nanoscale, ultrahigh aspect ratio structures.

The Bosch process was used for all experiments, which is

a two-step process depicted in Fig. 7.25 The steps are

FIG. 5. (a) Zoomed-out SEM imagery of a cleaved 200 nm-pitch freestand-

ing CAT grating. (b) Cross section SEM imagery of CAT grating lines on a

level 2 support structure. The scallops from the back-side etch are clearly

observed. (c) Cross section SEM imagery of freestanding CAT grating.

FIG. 6. SEM images of a cleaved high quality 200 nm-pitch freestanding

CAT grating membrane.
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designated “etch” and “deposition.” Traditionally, the etch

step utilizes SF6 and the deposition step C4F8. Both steps ion-

ize the gas in an ICP source, and only the etch step applies a

bias voltage to the sample. During the etch step, the free radi-

cals of fluorine etch the silicon isotropically; however, this

step is only on the order of seconds. The deposition step iso-

tropically coats the sample with a fluorocarbon polymer and

is of similar duration. The subsequent etch step removes the

polymer at the base of the trenches due to the high vertical

flux and momentum of the ions; however, the sidewall poly-

mer remains relatively intact due to minimal lateral motion.

The exposed silicon can then be etched isotropically by the

neutral fluorine, and the process repeats creating an aniso-

tropic etch.

The basic Bosch process has been modified for numerous

applications, and modern DRIE tools allow for ramping of

the parameters. This means that the power, mass flows, dura-

tions, etc., can vary linearly with time with each step. As a

result, the profile of the grating bars can be controlled with

time. The initial etch process presented in Ref. 11 is shown

in Table I. The etch step uses C4F8, which adds polymer

growth, and reduces the lateral etch of the neutral fluorine.

The C4F8 flow rate in the etch step was ramped from 50 to

25 SCCM. The platen power also ramped from 50 to 65 W,

which therefore ramped the bias voltage to the sample.

The tapered profile generated by the baseline recipe was

altered to produce reverse tapered profiles, which after KOH

polishing produces the desired straighter profiles. To do so,

both gas flow ramp rates and step duration times were altered.

The grating bars can be made thinner by increasing the dura-

tion and potency (increased SF6 partial pressure, coil power,

etc.), of the etch step with time, or by decreasing the duration

of the deposition step. A reverse taper on nanoscale lines was

demonstrated by Mirza et al. by also adjusting the ratio of

SF6/C4F8 in a continuous etch via an ICP source.26 See Fig. 7,

step 3, for a conceptual drawing of a Bosch process with a

tapered profile. The first etch profiles with reverse tapers were

achieved by changing the C4F8 flow-ramp from 50–25 SCCM

to a ramp of 25–0 SCCM. This change led to a significant

taper, and the bars were less than 50 nm-thick at the base. The

subsequent KOH polishing step resulted in an approximately

vertical profile; however, the lines were under 50 nm thick

and showed damage in some regions. See Fig. 8 for SEM

images of the tapered DRIE and subsequent KOH polish.

To reduce the taper the C4F8 flow-ramp was adjusted

from 25–0 SCCM to 25–10 SCCM. SEM images of the cross

section are shown in Fig. 9. This resulted in grating bars

roughly 70 nm-thick at the base, and this same sample leads

to a high quality freestanding grating shown in Fig. 5.

Further experiments were developed to create a thicker

profile to allow for longer KOH polishing times at higher

concentrations. A nearly vertical etch was developed by

ramping the etch step from 1.2 to 1.5 s and the deposition

step from 1.5 to 1.2 s while returning the C4F8 flow back to a

ramp of 50–25 SCCM. The etch yielded bar widths with a

nonlinear taper. Specifically, the bar widths tapered from

�120 to 90 nm along the first 500 nm of depth, and gradually

tapered to 70 nm at the base. An improved etch was devel-

oped that kept the etch step constant at 1.2 s, and ramped the

deposition step from 1.6 to 1.5 s. The improved etch yielded

bar widths tapering approximately linearly from �100 nm at

the top, to 80 nm at the base. See Fig. 10 for SEM images of

the etch results.

FIG. 7. (Color online) Conceptual drawing of Bosch process with tapered profile.

TABLE I. Original nanoscale DRIE parameters.

Device parameter Deposition cycle Etch cycle

SF6 flow rate (SCCM) 0 175

C4F8 flow rate (SCCM) 150 50–25

Coil power (W) 1500 1500

Platen power (W) 0 50–65

Cycle time (s) 1.5 1.5

Base pressure (mTorr) 10 10

Chuck temperature (�C) �15 �15

Etch duration 190 loops
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The most notable drawback of the Bosch process is scal-

lops in the sidewalls from the isotropic etch step. The depth

of the scallops can typically range from 20 to 40 nm. Scallops

were insignificant in all the experiments with nanoscale ultra-

high aspect ratio etches. The duration of the etch and deposi-

tion steps is often how the scallops are controlled; however,

40 nm scallops were observed on low-aspect ratio features.

Specifically, the aspect ratio was less than 1, and both DRIE

steps were 1.2 s, the shortest times possible. The scallops on

the high-aspect ratio etches were significantly less when using

identical etch parameters. The scallops on the order of 20 nm

were observed at the top of the grating bars and gradually

reduced to below the resolution of the SEM at a depth of

500 nm. It is possible that the aspect ratio of the channel being

etched creates a mask that filters only neutral fluorine atoms

with low lateral motion. The arctanðw=dÞ, where w is the

width of the channel and d is the depth, determines the ratio

of lateral to vertical velocity that a neutral particle can have,

and make a direct impact on the sidewall at the bottom of a

channel. This dramatically reduces the flux of particles to the

FIG. 8. (Color online) Preliminary nanoscale Bosch process result with

tapered profile. (a) Cross section SEM imagery of 200 nm-pitch CAT grating

etch stopping on buried SiO2. Observe the tapered profile. The etch followed

Table I except the C4F8 flow rate ramped from 25 to 0 SCCM. The duration

was 220 loops. (b.) Cross section SEM imagery of 200 nm-pitch CAT grat-

ing from (a) after KOH polishing with 10% concentration for 30 s.

FIG. 9. (Color online) Improved nanoscale Bosch process result with tapered

profile. (a) Cross section SEM imagery of 200 nm-pitch CAT grating DRIE.

(b) Zoomed-in cross section SEM imagery of 200 nm-pitch CAT grating

etch stopping on buried SiO2. The etch followed Table I except the C4F8

flow rate ramped from 25 to 10 SCCM. The duration was 220 loops.

“Wiggliness” in the lines is due to microscope vibrations.
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sidewalls. The reduction in the overall etch rate of high aspect

ratio structures is known as the lag effect, and has been dis-

cussed by Gottscho et al. and Volland et al.27,28 Shadowing

of reactants from the features is a major cause of this effect

and likely reduces scalloping as well.

IV. FRONT-SIDE PROTECTIVE COATING

The CAT grating bars are fragile and a protective coating

is critical for subsequent fabrication steps. After polishing

with KOH, the grating is rinsed in DI water and transferred to

roughly 200 ml denatured ethyl alcohol and then to acetone.

The CAT grating bars are then filled with AZ Electronic

Materials 4620 photoresist. The photoresist is poured from a

bottle roughly 10 cm from the sample in acetone, and the

stream of photoresist is kept about 1 cm away from the edge

of the sample, so it would dissolve into the acetone. This pro-

cess allowed the channels between the grating bars to be grad-

ually filled with photoresist. Once the sample was clearly

immersed in a solution of photoresist and acetone, the stream

of photoresist was moved directly over the sample to coat it

with a layer at approximately full viscosity. The sample was

removed and spun at 1500 rpm for 60 s and baked at 90 �C
for 60 s to create an even and solid protective coating.

This improved filling process was critical to achieving

undamaged CAT gratings. The sample was critical-point

dried after KOH polishing during the previous process. The

protective coating of photoresist was then applied via a

pipette and spin coated over the sample to fill the grating

channels. This process worked well for grating bars thicker

than 100 nm; however, it could crack and destroy thinner

grating bars. See Fig. 11 for SEM images of CAT gratings

fabricated with both methods. The new process enabled

CAT gratings to be fabricated without any noticeable dam-

age with bars under 50 nm-thick. The old method prevented

CAT grating bars from being polished in the integrated

process.

FIG. 10. (Color online) Nearly ideal nanoscale Bosch process results with

shallow-tapered profiles. (a) Cross section SEM imagery of 200 nm-pitch

CAT grating DRIE in bulk silicon. The etch followed Table I except the

etch step increased with time from 1.2 to 1.5 s and the deposition step

decreased from 1.5 to 1.2 s. The duration was 130 loops. (b) Cross section

SEM imagery of 200 nm-pitch CAT grating etch stopping on buried SiO2.

The etch followed Table I except the etch step was constant at 1.2 s and the

deposition step ramped from 1.6 to 1.5 s. The duration was 130 loops.

FIG. 11. (Color online) Bottom view SEM images of 200 nm-pitch freestand-

ing CAT gratings comparing the old and new protective-coating processes.

(a) Damaged lines from spinning the photoresist material after critical-point

drying. (b) Undamaged lines from the new immersive filling process after

critical-point drying. Note the bar thickness is under 50 nm, indicating a

very gentle process.
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V. FINAL STRUCTURE AFTER VAPOR HF ETCH

The final step is the vapor HF process to remove the buried

SiO2. This step is delicate and it is possible for water vapor to

condense on the grating bars, pinching them together when

drying.29 Early processing showed pinched grating lines after

the vapor HF step, as shown in Fig. 12(a). The damage was

not observed after the previous critical-point dry step, indicat-

ing the vapor HF was the cause. The vapor HF setup consisted

of a Teflon beaker filled with approximately 25 ml of 49% HF

with two Teflon bars spanning the top to hold the sample. A

75 W infrared bulb in a metal reflector approximately

200 mm in size was held about 3 cm from the sample to heat

it. The distance from the HF reservoir to the sample was

approximately 9 cm. The entire apparatus was placed in a

fume hood set at room temperature. See Fig. 13 for a concep-

tual drawing of the vapor HF tool.

Prior experiments that yielded pinched lines had an 8 cm

distance between the HF and the sample, and 5 cm between

the bulb and sample. The etch is done for approximately 210

min, and the sample is regularly inspected throughout to pre-

vent over-etching. The CAT grating bars and level 1 support

structure are only attached to the level 2 hexagons by the

buried SiO2, which can be etched away releasing the grating.

As a result, the etch must be carefully watched, and the sam-

ple removed once the buried SiO2 is etched. The vapor HF

step is still in development, and more work needs to be done

to yield consistent results. Qualitatively, the distance

between the lamp and the sample determines the temperature

of the vapor and sample. The distance between the liquid HF

and sample also affects the sample temperature and the local

concentration of vapor HF.

FIG. 12. (Color online) Comparison of vapor HF results before and after

adjusting the sample and lamp distances. (a) Top view SEM image of a

200 nm-pitch freestanding CAT grating with CAT grating lines pinched

from vapor HF step. (b) Top view SEM image of a 200 nm-pitch freestand-

ing CAT grating with low duty-cycle lines. (c) Bottom view SEM image of

a 200 nm-pitch freestanding CAT grating with low duty-cycle lines. Both

(b) and (c) images show damage-free and low duty-cycle lines.

FIG. 13. (Color online) Conceptual drawing of vapor HF setup to etch buried

SiO2.

FIG. 14. (Color online) Photograph image of completed 200 nm-pitch free-

standing CAT grating.
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Figure 12 shows top and bottom views of freestanding

gratings without damage after the refined vapor HF process.

See Fig. 14 for a photograph of an entire high quality grat-

ing. A few of the hexagon membranes have been damaged

from handling mistakes. The gratings are processed manu-

ally, and their quality is improving as more steps are becom-

ing routine. See Fig. 15 for a SEM image of a nearly perfect

CAT grating that was used for tests demonstrating record-

high resolving power.

VI. CONCLUSION

A fabrication process has been developed that integrates

200 nm-pitch ultrahigh aspect ratio DRIE with KOH polishing

to create freestanding gratings. This process has produced gra-

tings that are significantly more efficient and enable higher

resolving power than any past soft x-ray transmission grating.

An improved nanoscale DRIE step was presented to enable

damage-free gratings after subsequent KOH polishing, back-

side processing, and numerous cleaning steps. A novel proce-

dure was developed to fill the channels of the KOH-polished

CAT grating bars, reducing damage compared to a previously

developed filling procedure, which had been acceptable for

unpolished lines. A gentle vapor HF step was developed to

remove the buried SiO2 at the end of the process. This process

created over ten freestanding CAT gratings that were used for

both efficiency and resolution tests.
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