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Chapter 3

Carbon nanotube collimator as an vacuum

ultraviolet window

3.1 Abstract

(A version of this chapter has been accepted into JVST B) Windows for vacuum ultraviolet (VUV)

sources are valuable for many applications but difficult to fabricate due to most materials being too

absorptive at VUV wavelengths. We have designed, fabricated, and characterized a carbon nanotube

(CNT) collimator as a window with high (VUV) transmission and significant differential pumping.

The CNT collimators are arrays of square channels of various dimensions and height with side

walls composed of vertically aligned CNT forests. The CNT collimators in this work exhibited peak

intensity transmissions for VUV light (58.4 nm) of 18% to 37% of that reported for the same system

without a collimator present(1). Further analysis found that the peak intensity transmissions were

lowered due to carbon deposition on the phosphor viewing screen from contaminants. The CNT

collimator also had significant sidewall reflection in the VUV range (R = 0.21±0.08 in the VUV

range for angles 15.6 degrees and below). Pressure ratios (low pressure over high pressure) in the
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VUV transmission experiment were dominated by leaks in the alignment mechanism. Additional

experiments demonstrated the CNT collimator’s reflection and superior differential pumping with

pressure ratios less than 0.001.

3.2 Introduction

The vacuum ultraviolet (VUV) range of the electromagnetic spectrum can be used in various sample

characterization methods, such as photo-ionization and photoelectron spectroscopy (2). However,

VUV is strongly absorbed by all materials, including air. This often requires the VUV source and

the sample of interest to be in different chambers with a windowless transition between them (3).

Several attempts have been made to create these windowless transitions. Giuliani et al reports

how others have designed a series of vacuum chambers pumped at different rates in order transmit

soft xrays from a beamline into a helium atmosphere(3). Preston et al designed a more compact

differential pumping unit composed of several small concentric orifices (4). Nishizawa et al. used

four chambers with relatively large apertures between them so as not to compromise the detection

solid angle (5). Filho et al. considered small capillaries with aspect ratios (diameter over length)

ranging from 0.02 to 0.05 (6). In all these designs, the windowless transitions required multiple

components with individual pumping systems.

In this work, we describe a carbon nanotube (CNT) collimator we have designed, fabricated,

and characterized to act as a window that allows VUV transmission while restricting gas flow. Fig

3.1 provides SEM images of the CNT collimators used in this study. The collimator design is an

array of open square channels with high aspect ratios (height of collimator over width of channel,

ranging from about 14.3 to 33.3 for the collimators considered) and thin side walls composed for

vertically aligned CNT forests infiltrated with amorphous carbon. The open area of channels allows

VUV light through, while the high aspect ratio makes gas flow difficult. The square shape of the
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channels simplifies modelling light transmission and conductance. We also chose CNTs to fabricate

the collimator due to their simple fabrication process, their ability to create structures with high

aspect ratios, and the mechanical properties of their filler material (7). Amorphous carbon was

chosen as the filler material because it is a simple change to the CNT growth conditions, it infiltrates

well into the CNT matrix, and it improves the CNT collimator’s rigidity. Infiltration does increase

light reflection from the surface and decrease the absorption by the material (8).

This CNT collimator design was previously demonstrated to allow visible light transmission

(9). In that work, the transmission through the CNT collimator was found to be described well

using a geometric model. Discrepancies between the model and data were due to diffraction and

double-wall reflections. Diffraction caused the transmission as a function of tilt angle to broaden,

while the double-wall reflections caused small peaks of transmission at tilt angles beyond the cut-off

angles. In this work, we demonstrate the CNT collimator’s transmission for VUV light (58.4

nm) and its restriction of gas flow. Our light source was a hollow cathode helium plasma run at

pressures of about 1 torr and less and currents of about 1 A and less. For the CNT collimators

considered, we observed peak intensity transmissions of 18% to 37%(1). We also found that

single-wall and double-wall reflections significantly affected the VUV transmission. Pressure ratios

in the light transmission experiments are dominated by leaks in the alignment mechanism but in

specific differential pumping experiments are as low as 0.001.

3.3 Methods

The fabrication of the CNT collimators is outlined next. The Experiment section which follows

outlines the experiment layout, procedure of installing a CNT collimator into the system, and the

procedure for testing the CNT collimator.
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Figure 3.1 SEM images of the three different CNT collimators considered. Note that the
portions imaged were removed from the edges of the collimators and therefore are not the
portions that were over the aperture. Damage seen was caused by removing the portions
and placing them on SEM stubs. a) collimator A with channel width 25 µm, height 750
µm, and aperture diameter 2.2 mm. b) collimator B with channel width 25 µm, height 500
µm, and aperture diameter 2.1 mm. c) collimator C with channel width 50 µm, height 760
µm, and aperture diameter 2.2 mm.

3.3.1 Fabrication

The fabrication followed closely to that given by Westover et al(9). Substrate preparation started

with sputtering 70 nm of alumina onto a n-doped Si (100) wafer. Hexamethyldisilazane (HMDS)

and photoresist AZ3330 were spin coated onto the wafer using a Laurell spinner (model number

WS-400A-6NPP-LITE) at 6000 rpm for 60 seconds. After a one-minute bake at 90°C, the collimator

pattern was photolithographed onto the wafer using a Karl Suss Aligner (MA 150 CC). The wafer

was then developed in an alkaline solution. Four nm of iron was deposited using a thermal evaporator.

The wafer was then diced into individual die, sonicated in N-methyl-2-pyrrolidone (NMP) for 20

minutes, and dried with a nitrogen gun. The end result was a Si die coated with alumina and a

patterned Fe film.

The patterned vertically aligned CNT forests were grown in a 1-inch diameter quartz tube

furnace (Lindberg/Blue, model number TF55030COMA-1) at 750°C with 311 sccm of hydrogen

and 338 sccm of ethylene for 30 minutes. Carbon infiltration was done at 900°C with 311 sccm
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of hydrogen and 338 sccm of ethylene for four to five minutes. The infiltration filled the walls of

the CNT collimator with carbon which made the collimator more rigid, but also deposited a floor

layer over the whole sample. Once removed from the furnace, the collimator was put into a heated

(65°C) 45% by weight potassium hydroxide bath for several hours until the die separated from

the collimator. The collimator was then placed in a water bath for several hours, then rinsed with

isopropyl alcohol (IPA). When dried, it was plasma etched (Technics Planar Etch 2) with oxygen at

about 100 mtorr and 200 W for two to five minutes. The plasma etch removed the floor layer that

covered the bottom of the open channels. The CNT collimator was then mounted using carbon tape

onto a shim-stock diaphragm (about 0.3 mm thick) with an aperture about two mm in diameter.

3.3.2 Experiment

The VUV light source was a hollow cathode plasma lamp. It is composed of an upper chamber

and a lower chamber with a place for the CNT collimator to be mounted between them. The upper

chamber has similar dimensions to a McPherson 629 model hollow-cathode light source. (The

upper chamber – filled in with a gray-color– at the top of each figure in Fig, 3 is the hollow cathode

drawn in cross section.) The outer wall contained the low-pressure gas and acted as an anode for the

discharge. The cathode was connected to a high-voltage power supply (the black line to the right)

and to a metered helium gas line that flowed down the bore of the cathode (along the optical axis).

The upper chamber was connected to a turbomolecular pump, a roughing pump, a residual gas

analyzer, and a MKS 925 MicroPirani® vacuum pressure gauge. The lower chamber was connected

to a different turbomolecular pump, the roughing pump, and another micropirani gauge. At the

bottom of the lower chamber a viewport with a P43 phosphor screen to convert VUV to visible light

was mounted. Outside of vacuum and under the lower chamber was a camera with a laser line filter

and a focusing lens to image the phosphor screen. The VUV light from the plasma was found to

come from the inside of the bore and from the flat end of the bore as described elsewhere(1).
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The setting up of the experiment followed very closely to that described elsewhere(1). After

opening the system, cleaning the cathode of tarnish, and inserting an LED light into the bore of

the cathode, two screens were inserted into the optical path and aligned with the optical axis (Fig

3.3, a and b and Fig 3.4, a and b). The shim stock diaphragm with the CNT collimator was then

mounted to the base of the upper chamber using a mounting plate (Fig 3.2). The plate had wide bolt

holes along the edge and threaded bolt holes near a center hole. The wide bolt holes along the edge

allowed for aperture alignment while the threaded bolt holes allowed for tilting the CNT collimator

for collimator alignment.

With the LED light illuminated, the diaphragm and plate were shifted until the transmitted light

was centered on the screens (Fig 3.3, c and Fig 3.4, c). After removing the cathode source (shown

in cross section) and LED light, a red laser pointer was suspended above the upper chamber and

aligned with the optical axis (Fig 3.3, d). The laser light and CNT collimator created an interference

pattern on the upper screen. If the collimator was tilted, the interference pattern was asymmetric

(Fig 3.4, d). Using bolts in the threaded bolt holes of the plate, the collimator was tilted until

the interference pattern became symmetric. The laser pointer was then removed and the system

reassembled. The screens were removed and the camera with the line filter and focusing lens were

placed back under the lower chamber.

The system was pumped down to a base pressure of a few millitorr for 30 min. A mass spectrum

of the system was taken with the residual gas analyzer to check for contaminants. If contamination

was low, the system was purged with helium for one hour at 2.5 torr. After the purge, the plasma was

ignited. The pressure and current were then adjusted to the desired value for the run, 10 images of

the phosphor screen were taken, and 20 pressure measurements from the upper and lower chambers

were recorded over the course of about five minutes. The plasma was then extinguished, and 10

images additional images were taken for the background noise.
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Figure 3.2 a) A shim-stock diaphragm with a CNT collimator mounted over the aperture
via carbon tape. The CNT collimator was on the scale of 1 cm2. The diaphragm was 6.75
cm in diameter. b) The mounting plate used to mount the diaphragm at the base of the
upper chamber (also 6.75 cm in diameter). The wide bolt holes along the edge allowed for
aperture alignment while the threaded bolt holes near the center allowed tilt of the CNT
collimator. c) The diaphragm placed over the plate (opposing side to that shown in (b).
The aperture over which the CNT collimator was placed can be seen in the center.
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Figure 3.3 Diagram showing the alignment procedure of the shim-stock aperture and CNT
collimator relative to the hollow cathode. a) A LED inserted into the hollow cathode bore
illuminates the bore onto a screen. b) A second screen inserted into the path is aligned.
The centers of the screens define the optical axis. c) The aperture is aligned by centering
the emanating light onto the second screen. d) After removing the hollow cathode and
aligning a laser to the optical axis, the CNT collimator is tilted till the interference pattern
is symmetric.
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Figure 3.4 Photographs of the alignment procedure. a) The first screen is centered on the
light illuminating from the bore. b) The second screen is centered using a XY stage. c) An
aperture is mounted in the machined well of the anode and centered. d) After removing
the hollow cathode and aligning the laser to the optical axis, misalignment of the CNT
collimator can be seen in the interference pattern being asymmetric.


