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ABSTRACT

Hollow cathode plasmas are common extreme ultraviolet (EUV) lamps used for material characterization. How-
ever, the relatively high pressure of the plasma can affect downstream instruments, as well as absorb the EUV.
EUV windows are difficult to fabricate due to EUV’s strong interaction with all materials. We present a carbon
nanotube (CNT) microfabricated window composed of multiple high aspect-ratio columns in parallel. The open
areas allow wide bandpass transmission, while the walls restrict gas flow. We model the CNT window trans-
mission as a weight function on the light from of a Mcpherson 629-like hollow cathode helium plasma in visible
wavelengths. We model the CNT window differential pumping as a series of columns between two chambers of
different pressures.
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1. INTRODUCTION

The extreme ultraviolet (EUV) range has much potential in high resolution systems. EUV sources include
free electron lasers, synchrotrons, laser-produced plasmas, and discharge-produced plasmas. The latter two are
considered common sources and can be broadband or narrowband. Multilayered mirrors are often used in the
EUV range; however, their narrow bandwidth can greatly reduce the transmission of broadband sources. To
increase transmission, these broadband sources require wide bandpass windows.1 Many materials are opaque
at this and lower wavelength ranges,2 which makes developing a wide bandpass window difficult. Windowless
transitions between chambers have been practiced for hard x-rays for several years. This is also difficult below
the VUV range because many applications require a different pressure than the source.2 In this paper, we present
a carbon nanotube (CNT) fabricated window that provides a wide bandpass, high transmission, and differential
pumping.

CNTs have much possibility in MEMs applications. At Brigham Young University, we fabricate CNT MEMs
devices by patterning a catalyst film onto a substrate, growing the CNTs via CVD, and then filtrating with a
filler material via CVD. RIE etching and removal from the substrate leaves a high-aspect ratio structure with
the shape and electrical conductivity of the CNTs, but the mechanical properties of the filler material.3 The
structure presented in this paper has demonstrated previously to collimate visible light outside of vacuum.4

The column width and wall thickness are determined by catalyst film pattern, while the height is determined
by the duration of CNT growth. The structures are infiltrated with carbon to improve stability. The column
width and height can be tailored to meet the necessary visible/EUV transmission while providing a pressure
ratio between chambers.

2. THEORY

Fig 1 is an image of system used to test the CNT window for light transmission and differential pumping.
Modelling the system involves 3 components: determining the intensity distribution of the plasma, the effect of
the CNT window on the light transmission through the aperture between the anode and the lower chamber, and
the effect of the CNT window on the pressure ratio between the anode and the lower chamber.
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Figure 1. Photograph of experiment (left) and illustration of components (right).

Figure 2. Model of experiment. Far left shows the 3 planes considered: source plane, aperture plane, and observing plane.
Middle and far right are viewed along the optical axis. Far right shows the geometry for calculating ψ.

2.1 Plasma Distribution

Fig 2 shows the model for determining the plasma intensity distribution. We state the following assumptions in
deriving this model:

• The plasma is a radially symmetric, nonuniform, incoherent intensity distribution5 at the end of the
cathode.

• The hollow cathode and aperture are centered on the optical axis

• Diffraction due to the aperture is negligible

To begin, we consider an infinitismal amount of intensity at a point of interest on the photodiode plane (δIp)
due to the power emitted by a point source (δPs = Is(rs, θs)δA) on the source plane:

δIp(rp, θp) =
Is(rs, θs)δA

4πR2
(1)

where R is the distance between Ip(rp, θp) and Is(rs, θs)δA. We then integrate over all the point sources to obtain
the total intensity at the point of interest. The integration bounds are then defined by the aperture. Assuming
a circular aperture centered on the optical axis that is thin compared to the experiment’s overall dimensions, we
can find the integration bounds by projecting the aperture onto the source plane from the point of interest. This
creates a circle on the source plane with the center located at Cs and radius rs, which we find to be rs(

zs
za

− 1)

and d
2 (

zs
za
), respectively. Evaluating R, we have:

Ip(rp, θp) =
1

4π

∫ 2π

0

∫ d
2 (

zs
za

)

0

Is(rs, θs)

z2s + r2s + r2p(
zs
za
)2 − 2rsrp(

zs
za
) cos (θs − θp)

rsδrsδθs (2)
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Figure 3. Model for CNT window weight function. The left images shows that the range of angles entering a single column
is essentially zero. Because of this, we can equate the loss in intensity to the loss in area (right image).

This requires that we know Is(rs, θs), the intensity profile of the plasma. The profile is a function of plasma
composition, current, pressure, geometry, and the wavelength being observed.5 We consider a radially symmetric
model involving two Gaussians:

Is(r) = a
(
eb(r−c)2 + eb(r+c)2

)
(3)

where a, b, and c are to be determined experimentally.

2.2 CNT Window

The effect of inserting a CNT window into the system can be modelled using a weight function inside the
integral. First, we consider the range of angles that enter a single column in the window (Fig 3). We find that
the maximum angle (θ) is equal to arctan (w/za). If w << za, then the range is approximately zero, meaning
that the light entering a single column is essentially collimated. Following Westover,4 we can then consider the
amount of open area at a given incident angle (ϕ) as proportional to the amount of intensity exiting the column.
Taking into account an azimuthal angle ψ, we have the area equal to (w − tanϕ cosψ)(w − tanϕ sinψ). The
weight function is then:

C =
I(ϕ, ψ,w, h)

I0
=

(w − h tanϕ cosψ)(w − h tanϕ sinψ)

(w + t)2
(4)

Note that this reduces to an equation similar to that given by Westover when ψ = 0, as we expect. However,
it also needs to reduce that equation when ψ = π/2, π, and 3π/2. This requires to take the absolute values of
the cosψ and sinψ terms. We also need to consider the collimating angle ϕc, beyond which no intensity makes it
through the column. To do determine ϕc, we set C = 0 and solve. To make C = 0 beyond ϕc, we use heaviside
functions:

C =
(w − h| tanϕ cosψ|)(w − h| tanϕ sinψ|)

(w + t)2
Θ

(
w

h| cosψ|
− | tanϕ|

)
Θ

(
w

h| sinψ|
− | tanϕ|

)
(5)

The final step is to write ϕ and ψ in terms of the variables already introduced. for which we refer back to Fig

2. We see that tanϕ = l/zs, where l =
√
r2p(

zs
za
)2 + r2s − 2rsrp(

zs
za
) cos (θs − θp). ψ depends on how rs compares

to rp and θs to θp. For the condition shown in Fig 2, we find that ψ = θp + ψ′, where ψ′ is evaluated using the
law of cosines. Solving for ψ for all possible conditions, we summarize the results in Table 1.

2.3 Differential Pumping

The restriction on gas flow is modelled by calculating the conductance of the CNT window mounted to an
aperture. We begin by calculating the conductance of a single column. Assuming molecular flow regime, the
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Condition 1 ψ′ Condition 2 ψ

rs < rp(
zs
za
) ψ′ = arccos

r2p(
zs
za

)2+l2−r2s
2lrp(

zs
za

)

θp − π < θs < θp ψ = θp + ψ′

θp < θs < θp + π ψ = θp − ψ′

rs > rp(
zs
za
) ψ′ = arccos

r2s+l2−r2p(
zs
za

)2

2lrs

θs − π < θp < θs ψ = θs − ψ′

θs < θp < θs + π ψ = θs + ψ′

Table 1. Conditions for determining psi, then azimuthal angle at which light enters a column.

conductance of the opening and length of the column are given in L/s by Eq 6 and 7, respectively.

Copening = 3.64w2

√
T

M
(6)

Cpipe = 9.70
w3

2h

√
T

M
(7)

where T is temperature in Kelvin, M is the molecular weight of the gas in kg/mol, h and w are the height and
width of the column in cm, respectively.6 Adding the two conductances in series gives the conductance of one
column:

Ccolumn =
1

1
Copening

+ 1
Cpipe

(8)

Then multiply by the number of columns to obtain the conductance of a structure with area A:

Cwindow = NcolumnsCcolumn ≈ A

Acolumn
Ccolumn =

ACcolumn

(w + t)2
(9)

Assuming the thickness of the walls (t) is much less than the pore size (w), the conductance is approximately:

Cwindow ≈ ACcolumn

w2
=

A

0.275 + 0.206 h
w

√
T

M
(10)

This conductance must be added in series to the conductance of the aperture, Caperture, which is to be determined
experimentally. The pressure ratio is equal to the conductance divided by the pumping speed of the pump
connected to the lower pressure chamber. Therefore, the expected pressure ratio of the CNT collimator mounted
to an aperture is given by:

PL

PH − PL
=

1

S
∗ A

(0.275 + 0.206 h
w )

√
M
T + A

Caperture

(11)

Where S is the pumping speed in L/s, A is in cm2, and PL and PH are the low and high pressures in torr,
respectively.6

3. FABRICATION

Preparation of the substrate and CNT growth are outlined in.4 CNT growth was done 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 of
hydrogen and 338 sccm of ethylene for 4-5 minutes. Once removed from the furnace, the CNT windows were
put into a heated 45% KOH bath till the die separated from the windows. The windows were then placed in a
water bath, then rinsed with IPA. When dried, they were plasma etched (Technics Planar Etch 2) at about 100
mtorr, 200 W for 2-5 minutes to remove the carbon floor layer. The CNT windows were then mounted to a shim
steel aperture about 2 mm in diameter using carbon tape.
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4. EXPERIMENT

We used a helium plasma with a geometry similar to a Mcpherson 629 hollow cathode. The anode was connected
to a roughing pump, a turbomolecular pump, a residual gas analyzer (RGA), and a micropirani pressure gauge.
At the base of the anode a 3 mm deep well was machined for placement of the shim steel aperture. Under
the anode a Kimball spherical octagon vacuum chamber was connected with a viewport facing the aperture, a
micropirani gauge, a turbomolecular pump, and a roughing pump.

Alignment of the shim steel aperture involved removing the octagon chamber and inserting a LED light into
the cathode bore. The light emanating from the bore was traced at two distances from the cathode. The centers
of the circles traced then defined the optical axis. The aperture was then inserted and adjusted to align with
the optical axis, then the LED removed.

If a CNT window was mounted to the aperture, then an additional step involved shining a red laser pointer
into the anode and through the window. After aligning the laser with the optical axis, the window was tilted till
the interference pattern observed was symmetric.

Once the vacuum was closed, the system was pumped down for about 30 minutes. A mass spectrum was
taken with the RGA and a leak test conducted using an argon spray gun. The system was then purged with
helium at 2.5 torr for 1 hour. After the purge, a plasma was ignited using a high DC voltage power supply.
Pressure and current were adjusted to desired values and allowed to settle for 5 minutes.

At each pressure and current considered, 10 images were taken using a ThorLab 1.6 MP CMOS compact
scientific camera placed under the viewport. 10 images were also taken after the plasma was extinguished for
background noise. For visible trials, a neutral density filter were placed over the camera. For EUV trials, a
phosphor screen composed of P43 and 95.6 nm of aluminum was placed over the viewport in vacuum. The
images were averaged and the averaged background subtracted. The distribution was then fit to a Gaussian
profile along the x and y axes. A Matlab program then calculated Ip at various points using Eq 2 and Eq 3 (Eq
3 multiplied by Eq 5 in case of a CNT window present).

For differential pumping, 18 data points over the course of 5 minutes were taken in the anode and the octagon
chamber at various plasma pressures. The points were averaged and the conductance calculated. In the case of
no CNT window present, a curve was fitted to the data to determine the shim steel aperture conductance as a
function of plasma pressure.

5. DATA AND DISCUSSION

5.1 Plasma Distribution

Three trials were conducted with a d = 2.154 mm shim steel aperture and no CNT window present to image the
plasma at various pressures and currents in the visible. It was found that b of Eq 3 varied slightly with pressure
and current, while c remained constant at 0. A function of current and pressure was fitted to b, given in Eq 12.
Using the function’s values, the optimal a values were found and a function of current and pressure fitted, (Eq
13). Eq 3, 12, and 13 then establish a model of the intensity distribution for the plasma at various currents and
pressures in the visible. Error between the model and data was calculated by summing the standard deviations
of fitting the Gaussians to the x and y axes of the image, the standard deviation of averaging the Gaussians’
peak, and the root mean square error (RMSE) of the Matlab program to the Gaussian in quadrature, then
taking the square root and dividing by the averaged peak. Results are listed in Table 2. Sources of error include
misalignment in the aperture, the aperture not being perfectly circular, and surface defects in the viewport.

b = (10.65 + 0.9397I + 6.031P ) ∗ 105 (12)

a = (0.03433 + 4.74I + 3.859P − 0.7473IP − 3.025P 2) ∗ 106 (13)
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Trial I (A) PH (torr) PL (torr) Ip Error (%) Caperture Error (%)
1.00 1.04 0.20 3.18 5.54
0.75 1.03 0.20 2.97 3.55
0.50 1.00 0.20 2.84 2.28

1 0.27 0.96 0.20 3.16 9.00
1.00 0.76 0.12 3.78 10.67
1.00 0.52 0.07 3.88 15.48
1.00 0.28 0.04 3.77 3.60
0.76 0.77 0.13 2.51 2.83
0.51 0.74 0.13 2.68 3.88

2 0.27 0.72 0.13 2.96 8.21
0.75 0.53 0.08 2.89 1.60
0.75 0.27 0.03 3.11 11.11
0.51 0.52 0.08 2.52 1.20

3 0.29 0.50 0.08 2.43 6.70
0.51 0.27 0.04 2.81 7.96

Table 2. Trials conducted without a CNT window present. Between each trial, the vacuum was broken, anode cleaned,
and aperture realigned.

5.2 CNT Window

A w = 50 microns, h ≈ 850 microns CNT window was mounted to the aperture and the intensity distribution
observed for various plasma pressure and current values, listed in Table 3. Fig 4 shows the Matlab program
comparison of the distribution along the axis as observed by the CCD camera due to a I ≈ 0.76 A, P ≈ 0.53
torr plasma without a CNT window present (Trial 2-4 in Table 2), the predicted distribution, the distribution
with a CNT window present (Trial 1-2 in Table 3), and the predicted distribution.

Trial I (A) PH (torr) PL (torr) Ip Error (%) PL/(PH − PL) Error (%)
0.97 0.53 0.02 8.67 2.39

1 0.76 0.54 0.02 8.51 1.32
0.51 0.58 0.02 8.69 8.08

Table 3. Trial with a CNT window present. Prior to the trial the aperture was aligned using an LED in the anode, then
the CNT window was tilted using a laser pointer aligned with the optical axis.
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Figure 4. Intensity distributions along the axis as observed by the CCD camera of 1) an observed 0.76 A, 0.53 torr plasma,
2) the predicted of the former, 3) the observed of the same with a CNT window present, and 4) the predicted of the
former.

The observed distribution of the CNT window is lower and wider than anticipated. We took into account
diffraction by performing a convolution on Ip with the diffraction pattern of a single column, assuming far-field
condition, normalized by the integral over the area. This was found to change the errors (in order descending)
to 6.75, 8.46, and 8.98%. Other sources of error include height variation along the CNT window, residual tilt of
the window, and possible side-wall reflection inside the columns of the window.

5.3 Differential Pumping

Table 2 lists the observed pressures of the plasma (PH) and the octagon chamber underneath (PL). The con-
ductance of the aperture was calculated, using S = 55 L/s for the turbomolecular pump, and fitted to a function
of plasma pressure. The error listed in Table 2 was calculated by summing the standard deviation of PH , the
standard deviation of PL, and the difference between the predicted value and the observed value in quadrature,
then taking the square root and dividing by the observed value. We note that the error in some trials is relatively
high (maximum being 15.48%). This may be due to the pumping speed S being a function of pressure- higher
pressures may have caused the pump to operate at a lower pumping speed.

Table 3 lists PH , PL, and the error between the observed pressure ratio and that predicted by the aperture
with the CNT window present us Eq 11. We obtain a pressure ratio of about 0.04 for all runs, which is fairly
close to that observed. Sources of error include variable pumping speed, improper mounting of the aperture,
height variation along the CNT window, and leaks between the CNT window and the aperture.

6. CONCLUSION

We modelled a Mcpherson 629-like hollow cathode helium plasma in the visible as a function of current and
pressure up to 1.00 A and 1.00 torr with an error less than 3.9% of the peak intensity. We have developed a
CNT window with high visible transmission and differential pumping. Our model of the CNT window predicts
a transmitted distribution with an error less than 8.7% of the peak intensity, and a pressure ratio with an error
less than 8.1%. We look forward to modelling the helium plasma in the EUV and the CNT window’s EUV
transmission.
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