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Low-Bremsstrahlung X-Ray Source Using a
Low-Voltage High-Current-Density Nanostructured

Field Emission Cathode and a Transmission
Anode for Markerless Soft Tissue Imaging

Shuo Cheng, Frances Ann Hill, Eric Vincent Heubel, and Luis Fernando Velásquez-García,Senior Member, IEEE

Abstract—We report the design, fabrication, and proof-of-
concept characterization of an X-ray generator for improved
X-ray absorption imaging that uses a nanostructured �eld
emission cathode as the electron source and a microstructured
transmission anode as the X-ray generating structure. Field
emission cathodes consume less power, respond faster, and
tolerate lower vacuum than the thermionic cathodes used in
conventional X-ray generators. The use of a transmission anode,
instead of a conventional re�ection anode, allows �ltering of the
background radiation (bremsstrahlung) while allowing ef�cient
generation of X-ray at lower voltages by exciting atomic shell
transitions, resulting in emission of X-ray with narrow spectral
linewidth for sharper imaging of biological tissue. The fabricated
�eld emission cathode contains arrays of self-aligned and gated
silicon �eld emitters. The �eld emission cathodes turn on at bias
voltages as low as 25 V, and their gates transmit almost 100%
of the electrons to the anode. The cathodes produce per-emitter
electron currents in excess of 2µ A (current density >2 A/cm2)
at a bias voltage of 80 V. A desktop rig is built to generate X-ray
with a �eld emission cathode and transmission anode. Using the
facility, we obtained X-ray absorption images of several objects.
The images clearly show details under 500µ m in size, as well
as soft tissue and �ne bone structures without using contrast
agents. [2014-0087]

Index Terms—Field emission, medical imaging, X-ray
generation.

I. I NTRODUCTION

M ICRO AND nanoelectromechanical systems (MEMS
and NEMS, respectively) for X-ray applications such as
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detection [1]–[4], optics [5], and generation [6]–[8] have been
reported. X-ray sources play an important role in applications
such as medical imaging, industrial inspection, transportation
safety, and scienti�c research. X-ray generation technology
developed over a century ago is still used today in the majority
of commercial X-ray sources. A typical X-ray source consists
of a thermionic cathode and a re�ection anode inside of a
vacuum chamber that has an X-ray transmission window. The
cathode generates a beam of electrons that is accelerated
towards the anode; depending on the application, the bias
voltage on the anode is from a few kilovolts to over a hundred
kilovolts above the bias voltage of the cathode. Electrons
emitted by the cathode collide with the anode and convert their
kinetic energy into X-ray radiation, a fraction of which escapes
the vacuum chamber through a transmission window made of
a suitable material, such as beryllium. The X-ray emission is a
mix of bremsstrahlung radiation (broad, continuous spectrum)
and characteristic radiation –a signature of the material that
is emitting the X-ray (i.e., emission at speci�c wavelengths
corresponding to atomic shell transitions of electrons) [9].
This article is the extended version of a recent report on an
X-ray source composed of a nanostructured silicon �eld
limitations [12]. Field emission cathodes use high surface
electric �elds (>3 × 10

7 V/cm [13]) to decrease and narrow
the potential barrier that traps electrons within the emitting
material, causing electrons to tunnel to vacuum. As shown in
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Fig. 4. Simulation of the trajectory of 1000 electrons as they travel through
the anode structure using the 2D Monte Carlo simulation software CASINO.
The trajectory of the backscattered electrons is shown in red while the
trajectories of the electrons that stop inside the anode structure are shown
in blue.

reduce the background radiation and improve the contrast of
the images [9]. If the anode voltage is between the �rst and
the second ionization potentials of the atomic shell transitions
of the X-ray generating material (K-shell and L-shell), the
radiation spectra will be mainly composed of the atomic shell
transition peak that corresponds to the L-shell characteristic
energy, resulting in emission of X-ray with narrow spec-
tral linewidth for sharper imaging of low-Z materials [18].
In many X-ray generating materials, these peaks are of low
enough energy that the supporting substrate in a transmission
anode helps attenuate the background radiation surrounding
peak emission. Using the software CASINO developed by
the Universite de Sherbrooke [44], we conducted 2D Monte
Carlo simulations of the interaction between the high-energy
electrons and the anode structure to determine the thickness
of the X-ray generating material. At 60 kV, i.e., the maximum
anode bias voltage in our setup (see Section III.B), a 2.5 μm-
thick gold �lm absorbs the great majority of the electrons
(Figure 4) and the majority of the X-ray produced by the anode
are not reabsorbed (Figure 5).

In a transmission anode, the X-ray that are transmitted
through the anode plate are used for imaging; this is different
from most X-ray sources, which are based on re�ection anodes
where a portion of the re�ected X-ray is used. The X-ray
generating surface of a re�ection anode is slightly inclined
with respect to the faraway direction of the incoming electrons,
i.e., cathode-anode axis, to reduce the effective focal spot of
the X-ray beam and to steer a fraction of the photons off-axis
to be transmitted outside the vacuum chamber. Unfortunately,
because of the orientation of the X-ray generating surface,
re�ection anodes are affected by the so-called heel effect,

Fig. 5. Emitted and absorbed X-ray vs. anode depth from a simulation of
the interaction of 1000 electrons with the anode structure using the 2D Monte
Carlo simulation software CASINO.

Fig. 6. Picture (top) and schematic (bottom) of the cathode testing rig.

i.e., a gradient in the intensity of the X-ray due to absorption
of photons by the anode material with the larger intensity of
the beam located towards the cathode. An image created using
these X-ray re�ects the spatial non-uniformity of the intensity
and the variation of the effective focal spot size and shape
across the X-ray beam.

III. DEVICE CHARACTERIZATION

A. Cathode Characterization

Current-voltage (I-V) characterization of the �eld emission
chips is conducted inside an ultra-high vacuum chamber with
pressure down to 5 × 10−10 Torr. A picture and a schematic
of the setup are shown in Figure 6. A wafer covered with
�eld emission chips is placed on a movable stage, which is
connected to a Keithley 237 source-measure unit (SMU) to
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Fig. 9. Picture of the X-ray source.

Fig. 10. Picture of packaged �eld emission cathodes.

where q is the electronic charge, h is Plank�s constant, and
me is the electron�s effective mass, and t (y) and v(y) are the
Nordheim elliptic functions where

y =

�
q3 Elocal

4πεoφ2 (4)

and εo is the electrical permittivity of free space.
The Nordheim elliptic functions can be approximated as
t (y) = 1.1 and v(y) = 0.95−y2 [47]. The local electric �eld is
related to the applied voltage VG through Elocal(VG) = β ·VG

where β is the �eld factor. Therefore, if we also assume that
the emitter is at low temperature and it is made of a material
with high electrical conductivity, equation (1) can be rewritten
as

IE (VG) = αt ip
1.27 × 10−6

φ
β2V 2

G

× exp

�
9.87
√

φ
−

6.53 × 107φ3/2

βVG
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(5)

Equation (5), predicts a linear relationship between
ln

	
IE/V 2

G



and V −1

G with slope −6.53 × 107 · φ3/2/β. The
�eld factor β relates the bias voltage to the surface electrostatic
�eld and it is to �rst order equal to the inverse of the tip
radius r . A better estimate of the �eld factor of a sharp �eld

Fig. 11. Schematic of the table-top X-ray source setup.

Fig. 12. X-ray images of a �ash drive with varying dose.

emitter with proximal gate (i.e., an emitter with tip radii far
smaller than the other dimensions of the emitter, and with
gate-to-substrate separation of the order of the emitter height)
is given by [22], [48]�[50]

β =
kF

rn

�
cm−1

�
(6)

where kF ≈ 2.5 × 106, n ≈ 0.69−0.8, and r is the tip
radius in nanometers. Figure 7(b) shows a typical F-N plot
(i.e., ln

	
IE/V 2

G



vs. V −1

G ) of the emitted current; from its
slope, a �eld factor β equal to 5.7 × 105 cm−1 is calculated
with a workfuntion for silicon of 4.05 eV. Based on the
value of the �eld factor, we estimate that the emitter tip
radius is ∼8.5 nm if we use n = 0.69, which is close to
measurements of the tip radii using SEM imaging, further
corroborating that the current is �eld emitted (from SEM
metrology of 50 tips selected at random we obtained an
average tip radius of 10.4 nm and standard deviation of 0.8 nm;
the standard deviation is in agreement with reported statistics
of arrays of single-crystal silicon tips sharpened using long
oxidation times [51]). The maximum current of 1 mA is
obtained from ten 7 by 7 emitter arrays (a total of 490 �eld
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Fig. 13. X-ray image of an ex-vivo human wrist.

emitters); therefore, each emitter tip generates on average over
2 μA of electron current, signi�cantly higher than the per-
emitter currents from silicon FEAs previously reported [22],
[28]�[30]. Since the spacing between two adjacent tips is
10 μm, the current density of our FEAs is 2 A/cm2, which is
also comparable or higher than the high-current-density CNT
�eld emitters reported in [34]�[36]. However, the current per
emitter is not large enough to produce emitter burnout because
of the high thermal conductivity of silicon and because of
the conic shape of the emitter tip with a rather wide base
(see �eld emitter thermal model proposed by Utsumi [52]).

We also investigated the dependence of the I-V charac-
teristics of the cathode on the background pressure. The
background pressure can be varied in our testing rig by
venting nitrogen into the chamber using a precision leak valve.
Background pressures of 5 × 10−9 Torr, 5 × 10−8 Torr,
5 × 10−7 Torr, 5 × 10−6 Torr and 5 × 10−5 Torr were
sequentially set; at each pressure level, gate-to-emitter voltages
are swept between 0 V and 60 V. The I-V characteristics

at each background pressure are shown in Figure 8(a)-(e).
The �eld emission cathode operates relatively stably at back-
ground pressures up to 5 × 10−6 Torr. Signi�cant degradation
of the I-V characteristics is observed at 5 × 10−5 Torr. The
vacuum chamber is then pumped back to 5 × 10−9 Torr, and
another I-V test is performed; the I-V curves at this pressure,
shown in �gure 8(f), indicate that the device has permanently
degraded after operating at 5 × 10−5 Torr, resulting in much
higher gate interception current.

B. X-Ray Generation Characterization

The implemented tabletop X-ray source is shown in
Figure 9. The system has an 8-inch cubic vacuum chamber that
contains the �eld emission cathode and the transmission anode.
The chamber is maintained at a pressure of 2 × 10−8 Torr
using a turbomolecular pump and a diaphragm pump. The
cathode bias voltages are applied using a �ange with a plurality
of SHV-5 feedthroughs. The cathode holder is mounted onto
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