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Abstract

Field-emission electron sources have been considered as
possible candidates for the production of bright or high-
current electron bunches. In this paper, we report on the
experimental characterization of silicon-based field-emitter
arrays (FEA) in a DC high voltage gap. The silicon cathodes
are produced via a simple self-assembling process. The
measurement reported in this paper especially compares
the field-emission properties of a nanostructured and planar
diamond-coated Si-based cathode.

INTRODUCTION

Field Emission (FE) [1], i.e., the macroscopic manifesta-
tion of electron tunneling through a potential barrier associ-
ated with a surface subjected to a high electric field, offers
a promising alternative to other electron-emission mech-
anisms. FE can originate from nanoscale single emitters
and is capable of supporting the emission of bright close-to-
quantum-degenerate electron beams. Likewise, structured
cathodes consisting of a large number of such emitters [ar-
ranged as “field-emitter arrays" (FEAs)] provide a path to-
ward the realization of rugged high-current electron sources.
In the latter application, one of the advantages of FE is its
natural bunching in the presence of a time-dependent elec-
tric field [2]. The FE process is classically described by the
Fowler-Nordheim (F-N) equation [1]

-B(¢)
Jj = A@)BEY ePer, )
where A(¢) and B(¢) depend on the work function ¢ of the
material, 5, is the field enhancement factor and E is the
applied electric field. This paper reports on experimental
measurements of FEAs made from nano-engineered Si cath-
odes. We especially explore the impact of coating the cath-
ode with a Nitrogen doped ultra-nano-crystalline diamond
(N-UNCD) layer [3,4].
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EXPERIMENTAL SETUP

The experiments were performed in an ultra-high vacuum
(UHV, ~ 107® Torr) DC gap diagrammed in Fig. 1. The
FE cathode is glued on a grounded staleness steal mount us-
ing conductive UHV-compatible epoxy (from Accu-GLAsS
Propucrts, Inc). An insulating cylindrical spacer made from
Polyphenylene sulfide (from Techtron ®), is used to control
the gap between the anode and the cathode. The part of
the spacer facing the anode has a smaller inner diameter of
thereby covering the edges of the cathode to avoid possible
spurious emission from the peripheral region of the silicon
wafer.
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Figure 1: Schematic of the setup used in our experiments.
The anode-cathode gap can be varied by changing the cylin-
drical insulator.

Cylinders with different lengths (100 um to 500 um) were
machined to provide a way to change the cathode-anode gap
size. A high voltage (HV) power supply (Model:PS375 by
STANFORD RESEARCH SYSTEMS) is used to apply a voltage
between the cathode and the anode. The current is recorded
using a picoammeter (Model:6485 by KEITHLEY). More
technical details about the setup are available in Ref. [5].

In this paper, we considered two cathodes. Both cathodes
consist of an n-type (111) Silicon-wafer base coated with
Nitrogen-doped UNCD (N-UNCD). The referenced cath-
ode consists of an N-UNCD-coated planar Si wafer (hence-
forth referred to as “Planar") while the other cathode is
nano-engineered to provide an ordered FEA consisting of
sharp tips with sub-micron periods (henceforth referred to
as “FEA cathode"). The FEA cathode is prepared from self-
assembled monolayers of 1.18 um Silica spheres deposited
on the Si wafer. The spheres form a mask to structure the
wafer via etching processes. A first anisotropic profile is
performed with chlorine. A reactive-ion etching process
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Figure 2: Scanning electron microscopy (SEM) micrograph
Silicon FEA before (a) and after (b) the UNCD deposition.

is then achieved using an Ar/SF6 composition of gases to
create an isotropic etch profile. Finally, the silicon tips are
£ formed via thermal oxidation; see Fig. 2(a). Silicon emitters
£ are coated with Nitrogen-doped UNCD (N-UNCD) [3,6].
E The cathodes are then coated with a 25 nm layer of tungsten

which acts as an adhesive for the diamond. The N-UNCD
g is deposited using microwave plasma chemical vapor depo-
E sition (MPCVD); see Fig. 2(b) for the resulting N-UNCD
8 Si-tip FEA. It should be noted that the UNCD deposition
= leads to a significant decrease in the sharpness of the tips
f (the radius of curvature of the tips typically increases from
~ 30 to ~ 100 nm).
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RESULTS

The two cathodes discussed in the previous section were
< characterized in the diode set up. For each sample, several
&1 — V characteristic curves were measured: the applied volt-
§ age is gradually increased and for each set point, the emitted
© current is recorded 10 times so to compute an average cur-
grent and its standard deviation. The / -V characteristic curve
§ are recorded following the sequence Viyin — Vinax — Vnin
g where Vipin (resp. Vinax) are the minimum (resp. maximum)
< value for the set voltage. During the measurements, the vac-
m uum pressure did not appreciably deteriorate and remained
Satlevels of 1077 to 10~ Torr. In the case of the FEA sam-
g ple, the I — V curves were recorded for two anode-cathode
% spacing (200 pm and 300 pm).

While for the planar cathode only the smaller gap could
be used.

Figure 3 shows the averaged / — V curves for the FEA

3 sample with 2 different anode-cathode spacing. The voltage
5 range is chosen such that the macroscopic filed (E = V/d)
. .
% is the same for both anode-cathode spacings. In the case of
2 the 300 um anode-cathode gap, higher voltage is required to
zachieve the same macroscopic fields when compared to the
£ 200 um anode-cathode case. Increasing the voltage higher
8 than 8.5 kV resulted in arcing, possibly due to some vacuum
= events. These arcing points were manually removed and not
S included Fig.3.

ny distribution o

r the terms

E Figure 4 shows the average / — V curved obtained for the
= planar UNCD sample. Unfortunately, the data for the larger
Q

= spacing could not be recorded due to significant arcing. A
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Figure 3: I — V characteristic curve (a) and the associated
F-N plot (b) for the FEA cathode. The traces corresponds to
200 um (red and green traces) and 300 um (blue and purple
traces). The dashed line represents weighted least square
fitting. The current for the case of 200 um has been multi-
plied by 10 for clarity. The T (resp. |) corresponds to an
increasing (resp. decreasing) voltage.
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Figure 4: F-N plot for the planar sample (a) with inset (b)
showing the I — V characteristic curve. The measurement
are performed for an anode-cathode spacing of 200 um. See
Fig. 3 for explanation of arrows and dashed lines.

post-mortem inspection of the cathode shows some damages
(burn marks).

We observe that the FEA current increased by an order
of magnitude when the gap spacing was raised from 200
to 300 um. The origin for such an increase is currently not
understood (note that the 300 um data were taken after the
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200 um so possible damage to the cathode is eliminated).
In fact, as the gap increases, we expect the emitting area to
reduce due to field reduction at the periphery and ware [7]
simulations indicate the current would actually be ~ 10%
larger for the 200 um gap compared to the 300 um case.
Likewise, the possibility of space-charge-saturated emission
was ruled out from a simple estimate and confirmed via
numerical simulations.

The current stability and cathode lifetime were also ex-
plored by recording the current at a fixed voltage over several
~ 6-hour-long periods for both cathodes; see Fig. 5. The
associated relative rms current variation for Fig. 5(a-c) are
22,26 and 17%. During the recording of these curves, some
arcs occurred and most likely occur some of the large vari-
ations. Likewise, the fast variation is attributed to vacuum
processing in the anode-cathode gap.

101 Planar 200 pm

a)

oo

current (pA)
ot

2.5 s

1.6

0.81f

time (h)

Figure 5: Long term stability test for the planar (a) and
FEA (c and e) samples and the associated histogram for the
obtained current (b,d and f). In the case of the FEA cathode
the stability test was performed under the same applied field
(E = V/d) of 20MV m™!, while for the planar cathode, the
field is 30MV m™".

DISCUSSION & ANALYSIS

From the I — V characteristic, we can extract some of
the parameters associated with the field emission process.
Considering the F-N law written as

1
;_L54x 1076 x 10+52¥ A, B2E?
¢

(—6.53 X 109¢1-5)
X exp ,B—E

where A, is the effective emission area (defined as the sum
of the emitting area associated with each field emitter), and
the applied macroscopic electric field E is related to the
applied voltage by E = V/d, where d is the anode-cathode
gap. The I — V data are reported on a F-N plot where they
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Table 1: Field-enhancement factor 8 and effective emission
area A, for FEA and planar cathodes. The quantities S and
A, are written as Y + y + 1. The uncertainty y correspond
only include current variation while 7 also incorporates un-
certainty in the work function ¢ = 4.9 + 1.0 eV propagated
through the analysis.

sample  spacing

B A

e
(um) 10716 (m?)
FEA T 200 355+ 11 109 1.6 £ 0.5 £0.72
FEA | 200 411+ 10 £126  0.31 £ 0.065 + 0.12
FEA T 300 427 + 6 + 131 32+042 +1.1
FEA | 300 463 +3 + 142 1.3+£0.07+0.4
planar 7 200 352+ 6+108  0.56 +0.09 + 0.19
planar | 200 323+ 6+99 0.96 £0.16 £ 0.34

appear as lines with slope m(¢, 8) and intercept c(¢, 8, A.)
indirectly providing the values of 8 and A, for an assumed
work function value. In our analysis we consider a work
function of ¢ = 4.9 + 1.0 eV and the uncertainties on 8 and
A, were obtained using the python-based UNCERTAINTIES
error-propagation package [8]. Such an analysis was per-
formed with the data presented in Fig. 3(b) and 4(a) and the
retrieved B and A, parameters are summarized in Table 1.
Comparing the two cathodes for the same anode-cathode
gap supports our earlier observations. We find that the S
values are similar for the FEA and planar cathode which
indicate the field-emission process is most likely dominated
by the UNCD structure (an earlier measurement on a bare
FEA with similar geometry give 8 ~ 50). Likewise, we
generally find that the effective area recovered from the fit is
larger for the FEA than for the planar cathode. From simple
geometric consideration, we expect the area enhancement to
be ~ 3 which qualitatively agrees with our measurements.

CONCLUSION

We have explored field emission from a planar and FEA
cathodes consisting of a Silicon substrate and coated with a
UNCD layer. Our preliminary data indicate that both cath-
odes have comparable effective emission areas ~ 107!¢ m?
along with similar field-enhancement factors. The measure-
ments indicate the emission is dominated by the UNCD
structure (i.e. the emission is dominated by grain bound-
aries in the UNCD layer rather than sharp edges associated
with the FEA), and that the slight increase in current is most
likely due to an increase in surface owing to the conical
shape of the emitted constituting the FEA cathode.

In the near future, we plan on performing further mea-
surements to systematically compare the bare FEA, with an
UNCD-coated FEA and the planar UNCD cathode to exam-
ine the reproducibility of the measurements in this paper.
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