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a b s t r a c t

We present the fabrication and characterization of novel high density field emitter arrays (FEAs) on CVD-
grown epitaxial germanium on (001) silicon. In particular we propose a heterostructure made up of sil-
icon as substrate and of germanium as active layer, exploiting the infrared transparency of Si and the
infrared sensitivity of Ge to realize a semi-transparent photo-assisted electron beam source. We used a
completely dry etching process in fluorinated gases (SF6) due to its significant under-etching for both
silicon and germanium. High aspect ratio silicon and germanium FEAs, with minimum tip radii of
25 nm and 40 nm, respectively, and lower aspect ratio Ge/Si FEAs with minimum tip radii of 50 nm were
fabricated. The realized FEAs show good emission behavior with field emission characteristics straight
related to tip geometry: low electric field threshold for silicon and germanium tips (<18 V/lm) and
enhancement factor of more than 250 and 130, respectively; conversely for the epitaxial germanium
we obtained 32 V/lm for electric field threshold and 70 for enhancement factor. Current emission time
stability for silicon, for germanium and for Ge/Si field emitter arrays were demonstrated.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Many types of electron beam sources were developed for use in
electron microscopy and lithography, for ultrafast laser shape diag-
nostic in streak cameras, for X-ray generation, for high energy
physics experiments and commercial displays. High emission cur-
rent density, high brightness, high time stability and long lifetime
are the most important requirements for electron beam sources
[1]. Hot cathodes, based on thermionic effect, and cold cathodes,
based on photoemission or field emission mechanism are usually
employed. In particular, semiconductor-based material can be em-
ployed for high quantum efficiency photocathodes and photo-sen-
sitive field emitters. Semiconductor single tip field emitters are
extensively used as optical stimulated beam sources to reach high
peaks emission current [2]. However the most limiting factor of
single tip emitters is the overheating at high operating current
with destructive effect and remarkable current fluctuation. To
overcome overheating effect preserving high peak emission cur-
rent, large area semiconductor field emitter arrays (FEAs) are the
most attractive devices for electron beam guns [3]. p-type silicon
FEAs exhibit excellent dark and photo-sensitive field emission

properties [4] up to k � 800 nm wavelength light source. Germa-
nium can be able to shift photo-sensitive region up to k � 1550 nm
and can be employed in silicon technology to realize large area
FEAs. Thus mixing the transparency properties of silicon for wave-
length greater than �1 lm and the photo-sensitive of germanium
up to k � 1550 nm, it is possible to realize a semitransparent
photo-field emitter at k � 1550 nm.

The conventional silicon FEAs fabricated by a two step process,
namely wet or dry etching and oxide sharpening, cannot be applied
to germanium since Ge does not allow the formation of the thermal
oxide needed for achieving high aspect ratio tips. Due to the poor
control over the wet etching of Ge, we have thus proposed a totally
dry etching process to realize innovative epitaxial germanium FEAs.

2. Materials and methods

The fabrication of epitaxial germanium FEAs required the char-
acterization and optimization of the etching step on bulk silicon
and on bulk germanium first, and the final transferring of the pro-
cess to epitaxial germanium.

2.1. Materials used

Two kinds of substrates were used: (a) 1–10 X�cm, p-type
(001)-oriented, 650 lm thick Si wafers and (b) 0.1–1 X�cm, p-type
(001)-oriented, 400 lm thick Ge wafers.
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The epitaxial germanium used in this work is grown in dedi-
cated CVD chamber with entire control of thickness and doping [5].

After wafer dicing along (001) direction, 1 � 1 cm2 chips were
degreased in ultrasonic bath in acetone followed by isopropanol.

2.2. Device fabrication

In order to realize silicon field emitter array, 50 nm aluminum
etch mask was patterned by electron beam lithography and lift-
off. PMMA electronic resist was spin-coated and post baked at
170 �C for 5 min resulting in a 600 nm thickness. Several arrays
of squares of different size were patterned with 20 lm pitch. After
aluminum thermal evaporation and lift-off, the silicon chip is
introduced in RIE chamber for etching.

First, oxygen plasma (196 sccm flux, 100 mTorr pressure for
60 s at 56 mW/cm2 RF power density) is used for surface cleaning
from resist residuals; then CHF3 plasma (100 sccm flux, 50 mTorr
pressure for 20 s at 288 mW/cm2 RF power density) is used to etch
away the silicon native oxide layer that could inhibit the following
silicon etching in SF6. Finally we used low pressure and low RF
power SF6:O2 plasma (SF6 flux of 26 sccm and O2 flux in the
0 � 16 sccm range, 30 mTorr pressure for 20 s at 75 mW/cm2 RF
power density) to obtain good silicon etching isotropy. The etching
process was tailored using different percentage of O2 and variable
etching time. In order to maximize the tips aspect ratio, we maxi-
mized the vertical to horizontal etch rate ratio: while in pure SF6

the ratio is 2 we obtained a ratio of up to 4.5 by adding 16 sccm
of O2, and a correspondent vertical etch rate of 250 nm/min. For
each dimension of the masks, several identical arrays were sepa-
rately etched in order to find the correct etching-time such that
the aluminum square mask above the formed tip just fell down.
The establishment of the etch time is critical since lower etching-
time produced truncated pyramids with flat top, whereas over-
etching produced less sharpened tips.

After dry etching process, resist and aluminum mask residuals
were removed in acetone followed by HF diluted solution. Arrays
of 50 � 50 9-lm wide square masks after �30 min etching pro-
duced hyperbolic pyramids, 10 lm high, 20 lm spaced, with tip
radii of 25 nm, on a 1 � 1 mm2 area, as shown in detail in Fig. 1a.
The octagonal shape of the pyramid base is shown in the top-view
SEM picture of Fig. 1b, and is originated by the undercut at mask
corners as found in conventional anisotropic silicon wet etching
[6].

In order to realize germanium field emitter array, we first trans-
ferred silicon etching process to germanium substrate without any
process parameter modification. We used circular and square
masks to fabricate cones and pyramids, respectively. By using the
same gas mixture employed for silicon, we observed that germa-
nium vertical etching is �6� faster however essentially maintain-
ing the same vertical to horizontal etch rate ratio, i.e. �4. Fig. 1c
and d shows square- and circle-masks arrays, respectively, before
the complete formation of the tips: square-top truncated pyramids
(c) and octagonal-top truncated cones (d) are produced.

Unlike silicon etching process where the greater lateral etching
rate takes place at the separation surface between metal mask and
semiconductor, in germanium lateral etching occur faster at a cer-
tain depth below the mask level: thus the tip formation can take
place well below the surface.

The total height of the tip, keeping constant etching time, de-
pends dramatically on the mask shape and size: in fact, unlike
for the case of square masks, the curved edge of circular masks
tends to favor the underetching thus leading to a faster formation
of the tip, and to the appearance of several etch-stable lattice-
planes producing the typical octagonal shape, as shown in Fig. 1d.

After aluminum removal, the germanium FEAs produced using
the above described etching process had tip radii �40 nm (Fig. 2a).

Despite of the large difference in the lateral etch rate of bulk Ge
respect to bulk Si, that is of the order of 6� as described above, the

Fig. 1. (a) hyperbolic pyramid silicon field emitter array realized by RIE process; (b) plan view showing the octagonal base due to underetching at mask corners; (c)
hyperbolic pyramid and (d) cone germanium field emitter arrays with tips not yet formed.
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