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Nanoscale Lateral Field-Emission Triode
Operating at Atmospheric Pressure**

By Laura Pescini, Armin Tilke, Robert H. Blick,*
Heribert Lorenz, Jörg P. Kotthaus, Werner Eberhardt,
and Dieter Kern

Silicon-based transistors are state of the art amplifiers and
only the true admirers of hifi electronics are still using tube
based amplifiers, appreciating the clear sound these produce.
Nevertheless, even vacuum tubes in monitors and television
sets might soon be outperformed by field-emission devices in
flat panel displays, which are also seen as the most promising
challenge to liquid crystal displays (LCDs).[1] The main rea-
sons for this are the very low operation voltages and, if silicon
is used as the starting material, the low cost and the possibility
to integrate the field-emitters in current silicon technology.[2]

Commonly, field-emission devices machined on the 10 nm
scale are limited to low pressures down to 10±9 mbar,[3] much
like conventional electron tubes. Nevertheless, in recent work
by Driskill-Smith et al.,[4] effective functioning of nanoscale
field-emitters at atmospheric pressure was demonstrated.

The underlying idea for the device we fabricated is a combi-
nation of well-established silicon nanotechnology and of the
principle of a triode amplifier. We show how this device func-

tions as a classical triode on the nanometer scale and, result-
ing from the small dimensions, how it is operated under ambi-
ent pressure at room temperature. The gating allows to direct
the electron current and amplify it locally with low power con-
sumption. Typical operating voltages of the device are of the
order of only 2 V, which makes it suitable for low-power elec-
tronics.

The material of choice for such three-dimensional nano-
sculpturing is silicon-on-insulator (SOI). The SOI wafers are
highly n-doped by phosphorus diffusion from a solid dopant
source. The silicon film has a thickness of 190 nm and the bur-
ied oxide (BOX) is around 360 nm. In transport measure-
ments the doping level turned out to be about 5 � 1019 cm±3.
The triode structure is defined by high-resolution low-energy
electron-beam lithography using a two-layer positive electron
resist, namely poly(methylmethacrylate) (PMMA). A 30 nm
aluminum film is evaporated to serve as an etch mask in the
following reactive ion etching of the silicon film, which is per-
formed using CF4. Undercutting of the defined structures is
achieved by removing the BOX in an etchant with a 49:1
volume ratio of H2O/HF (water and hydrofluoric acid). The
aluminum layer itself is simultaneously removed by the HF
solution. Since the silicon is highly doped, this etching process
also leads to an effective shrinking of the electrodes with an
etch rate of about 1.8 nm/min.[5] After removing the sacrificial
layer, the triodes are finally suspended in a critical point dryer
in order to avoid lift-off of the triode structure by the surface
tension of the solvents. The suspended silicon nanostructure is
shown in Figure 1.

Fig. 1. Scanning electron micrograph of the free-standing silicon nanostructure:
Aerial view of the device with the contacts marked as source (S), drain (D),
gate 1 (G1), and gate 2 (G2). Inset: Silicon/phosphorus grains with sizes on the
order of 10±30 nm are found on the edges of the doped substrate, constituting
the field-emission tips.

We use a typical current measurement setup with low-noise
preamplifiers and common voltage sources. This enables mon-
itoring of drain and gate currents simultaneously. Most of the
measurements are performed in a sample holder at room tem-
perature, allowing the flow of different coupling gases. The
devices we designed are set up much like a classical triode
tube amplifier, as seen in Figure 1. The leads are completely
undercut, thus inhibiting current flow across the substrate.
The gate electrodes are aligned perpendicularly to source (S)
and drain (D) contacts. This convention is adopted for the
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sake of clarity only, since a current flow is possible in the de-
vice between each of the four contacts, as will be shown later.
The distance between the S/D electrodes is chosen to be
around 190 nm. The two gates, G1 and G2, are defined at dis-
tances of 150 nm and 300 nm from the electron path, respec-
tively. The aim of this arrangement is to study the influence of
local electric field gradients on the functioning of the triode.
The proximity of the gates ensures that the electrons suffer
few scattering events only, assuming an elastic mean free path
of 200 nm.[6] Electrons are emitted from nanometer-sized sili-
con/phosphorus grains with typical radii of curvature of only
some 10 nm, which are found on the electrodes surface (pre-
sumably caused by the dry etching process).[7] These grains
are shown in a close-up of an undercut device edge in the in-
set of Figure 1. The inset also shows the 360 nm thick SiO2

layer, which is located between the active device and the sub-
strate. This BOX provides electrical insulation, eliminating
the possibility of conducting paths through the substrate. The
substrate itself was grounded during the measurements. In
control measurements we also verified the current flowing
between the top electrodes and the substrate, which turned
out to be about 0.3 pA at an applied voltage of 4 V. This is
three orders of magnitude below the field-emitter current and
can be neglected. Comparing our structure with field-emitters
fabricated by electron-beam induced deposition,[8±10] we find
similar radii of curvature but considerably smaller operating
voltages, although supertips prepared with the deposition
technique show much higher emission currents.[11]

The work function U of an ideal clean and well oriented
silicon surface under flatband conditions in ultra high vacuum
is about 4.5 eV. It is defined as the minimum energy that an
electron at the Fermi level must possess to escape into vacu-
um, and is given by

U � ev� Eg

2
� eW (1)

where e is the electron charge, v is the electron affinity, Eg is
the energy gap, and W is the potential difference between the
Fermi level and the intrinsic level.[12] Intrinsic or defect
induced surface states lead to band bending and therefore to a
change in W. The high doping level of the silicon tips used
here gives a value of W ~ ±0.6 V. Moreover, the adsorption
(physisorption or chemisorption) of atoms or molecules such
as water, oxygen, or hydrogen can reduce the electron affinity
so far, that the vacuum level comes close to the conduction
band minimum.[13] In our case the strong doping leads to the
formation of phosphorus precipitates with an effective work
function of the order of 1.5±2.0 eV,[14] which explains the low
turn-on voltage observed (see below).

Cold field emission from a metallic surface can be described
by the Fowler±Nordheim equation. The main underlying
assumptions are a smooth flat metallic surface, a uniform
work function across the surface and the possibility to de-
scribe the interaction between the emitted electrons and the
metallic surface by an image potential. The so-called elemen-
tary Fowler±Nordheim equation neglects the reduction of the

potential wall near the metallic surface caused by the image
potential. In this approximation, the equation is given by[15]

I � Aa
1
U

F2 exp
ÿbU

3
2

F

0B@
1CA (2)

with

a � e3

8ph
� 1:54� 10ÿ6 AeV

V2
(3)

b �
8p

3

���������
2me
p

eh
� 6:83� 109 eV

ÿ 3
2 V

m
(4)

where h is Planck's constant, A is the emission area, m is the
electron mass, and F the local electric field at the surface. If
any of the above mentioned conditions is not satisfied, Equa-
tion 2 is modified by introducing two correction factors k and
l.[16] This leads to the so-called generalized Fowler±Nordheim
equation

I � kAa
1
U

F2 exp
ÿlbU

3
2

F

0B@
1CA (5)

Since it is extremely difficult to determine the local electric
fields in the nano-triode, application of Equation 5 is limited.
Nevertheless, a linear expression is usually sufficient

F = kV (6)

In order to fit the experimentally obtained data with Equa-
tion 5 the following form is used

I = aV2e ±b/V (7)

where a and b are fit parameters and I is the measured
current.

Figure 2 shows the I±V-curve of the nano-triode measured.
The suspended field-emitter exhibits a very low turn-on volt-
age (compared, e.g., to Driskill-Smith et al.[16]) of about 1.5 V
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Fig. 2. I±V characteristic measured between the contacts G1 and G2 at p = 1 atm
and 300 K. The bias on the other electrodes is set to zero (VDS = 0) in this case.
The inset shows a Fowler±Nordheim plot of ln(I/V2) vs. 1/V.



with a current level of 1±4 nA, due to the phosphorus precipi-
tates. In this case we measured the current IG1G2

flowing
through the contacts G1 and G2 for VDS = 0. By fitting the
trace in Figure 2, we find: a ~ 20.74 nA/V2 and b ~ 6.34 V. In
order to obtain a value for k in Equation 6 and compare the
measurements with the values predicted by Equations 2 and
5, we derive the electric field at the surface of a metallic
sphere with 20 nm diameter located at a distance 600 nm
from a similar metallic sphere and find k ~ 0.5 � 108 m±1. In-
serting that value in Equation 7 and comparing the results
with Equation 5 using a work function of the order of 2 eV
one finds kA ~ 3 � 3 nm2, a value in reasonable agreement
with the geometry of the silicon/phosphorus grains. Regarding
Equation 5 one calculates bU3/2/k ~ 380/l V; taking into
account the conditions required to apply Equations 2 and 5
stated above, this result is also in reasonable agreement with
the experimental finding of b ~ 6.34 V. The inset in Figure 2
shows a typical Fowler±Nordheim plot of ln(I/V2) vs. 1/V.
For another field emitting sample we find a ~ 13.7 nA/V2

and b ~ 24.1 V. From this we obtain kA ~ 2.5 � 2.5 nm2 and
bU3/2/k ~ 358/l V.

The main advantage of the nano-triode compared to a com-
mon field-emission device is the tunability. To demonstrate
this additional flexibility of the nano-triode, we recorded the
drain current ID for different gate voltages. As seen in
Figure 3a, where the bias VG1D is indicated, ID can be strongly
varied by applying a sufficiently large negative voltage VG1D

to the gate G1 (drain terminal is grounded). We observe a
peak structure for VG1D ³ ±0.75 V and a broad region of nega-

tive differential conductivity. We explain this behavior by con-
sidering that, besides the emission from the terminal S
(towards D, current indicated as IDS), additional electrons are
emitted from the terminal G1 (towards D, current indicated as
IG1D) when set on a negative potential with respect to the con-
tact D, leading to an increase in the measured total current
ID = IDS + IG1D. For larger values of VDS, however, the contact
is negatively biased with respect to the gate G1 leading to an
emission of electrons from S to G1 and therefore to a
decrease of the number of electrons directed towards the
drain terminal where the current ID is measured.

In Figure 3b we show the simultaneous measurement of IDS

and IG1S. The G2 terminal is grounded and VG1D = ± 0.6 V,
therefore, as mentioned above, the current IDS does not show
any peak structure. Since IG1S is larger than IDS, according to
the lower tip to tip distance, the strong influence of the gate
potential in Figure 3a can be understood. In both measure-
ments presented in Figure 3 we observe a saturation of the
emitted current for the highest voltages applied. This negative
curvature of the Fowler±Nordheim plot indicates a suppres-
sion of the electric field at the cathode due to space charge ef-
fects, as analyzed in detail by Jensen et al.[7,17] When the col-
lecting mechanism is not efficient, the electric field at the
emitter is suppressed by the presence of emitted electrons be-
tween cathode and anode. Since the emitted current depends
exponentially on the electric field at the emitter tip, even a
small decrease of this field strength leads to a saturation of
the measured current.

As mentioned above we assume that the electrons are
emitted from the source contact. Since their mean free path in
air is around 200 nm and the typical electrode distances are
150 nm, most of the electrons follow a straight trajectory only
deflected by the gate electrodes. This assumption is also
supported by comparing different coupling gases. In Figure 4
we show the results of the measurements in which we operate
the triode in 4He at p ~ 10±2 mbar, N2 at 10±2 mbar, in vacuum
at 10±6 mbar, and in air at ambient pressure (traces are offset
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Fig. 3. a) ID vs. VDS for different gate voltages VG1D is shown, representing the
effective gating of the current (G2 is grounded). b) The current into gate contact
IG1S is compared to IDS, with VG1D = ±0.6 V and G2 grounded. The two currents
are measured simultaneously. The inset shows a schematic plot of the sample
with the notation given to the contacts and to the currents.

Fig. 4. The drain current ID vs. voltage VDS applied between drain and source
terminals of the nano-triode is shown for different coupling gases in the sample
holder and VG1,2

D = ±0.6 V (traces are offset for clarity). Note the almost identi-
cal slopes and turn-on voltages for all gases used.



for clarity). The gate voltages are set to VG1D = VG2D = ±0.6 V,
therefore IG2D ³ 0 and ID is enhanced. Moreover, setting
VG1D = VG2D = ±0.6 V, an extractor field is created which acts
on the drain electrode, resulting in an improved collection
mechanism, which prevents the formation of a space charge
region, thus no saturation is observed.

As can be seen, the general behavior is reproduced in all
four cases, i.e., we find similar turn-on voltages and slopes of
the I±V-characteristics. This is a clear indication that possible
electron scattering does not lead to gas ionization. Finally, it
should be noted that the device was continuously operated for
several weeks without severe degradation effects.

In conclusion we demonstrated the functioning of a nano-
triode, an integrated fully tunable field-emitter, fabricated out
of doped SOI material. This lateral nano-triode operates at
room temperature and under ambient pressure. The main
advantages of this approach are low turn-on voltages and the
possibility of direct integration into existing silicon tech-
nology. Within this setup it is possible to tune the current
collected at the drain electrode by biasing the gate electrodes.
Work is in progress to improve the performance and espe-
cially the amplification of the device.
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Metallodielectric Photonic Crystals Based on
Diblock Copolymers**

By Michael Bockstaller, Rainer Kolb, and Edwin L. Thomas*

Propagation of light inside a material is intimately linked
with the response of the material to optical stimulus. The in-
teraction between the optical field and the material is rep-
resented by the index of refraction. Photonic crystals are
structures in which the refractive index is a periodic function
of space. In a periodic refractive index structure, forbidden
frequency bands can occur for electromagnetic waves. These
photonic bandgaps are due to the interference of waves, which
experience multiple scattering by an ordered system of scat-
terers. Photonic bandgap materials facilitate the coherent
localization of light, which has resulted in novel quantum op-
tical phenomena as well as important technological applica-
tions such as zero threshold microlasers, single-mode light-
emitting diodes (LEDs), and all-optical transistors.[1±5]

The realization of photonic crystals for optical or near
infrared (IR) frequencies is still a major technological chal-
lenge requiring new approaches for refractive index engi-
neering. Whereas most of the current work is performed by
lithographic methods, self-assembling structures hold the
promise of relatively inexpensive, large-sized photonic band-
gap materials in the visible and near IR. Based on this idea a
lot of work has been performed using self-assembled colloi-
dal crystal structures.[6,7] Colloidal crystals, however, are
rather sensitive to crystallization conditions, which may re-
quire long timescales, and in general exhibit a significant
amount of inherent disorder and their mechanical properties
are rather poor. Fink et al.[8] introduced the idea of using
self-assembled diblock copolymer structures as photonic ma-
terials. Diblock copolymers consist of chemically different
macromolecules, or blocks, joined at their endpoints to form
a chain. Due to the positive free energy of mixing of the A
and B species the respective blocks tend to segregate. Being
restricted by their connectivity, diblock copolymers tend to
segregate into microdomains that are of the length scales of
the respective blocks. The large number of block composi-
tions and block arrangements lead to a wealth of morpholo-
gies, which can in turn provide a set of interesting material
templates for photonic applications. Unfortunately, because
of the low dielectric contrast in virtually all block copoly-
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