
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 24, NO. 2, APRIL 2015 373

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 field
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 reflection anode, allows filtering of the
background radiation (bremsstrahlung) while allowing efficient
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
field emission cathode contains arrays of self-aligned and gated
silicon field emitters. The field 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 2 µA (current density >2 A/cm2)
at a bias voltage of 80 V. A desktop rig is built to generate X-ray
with a field emission cathode and transmission anode. Using the
facility, we obtained X-ray absorption images of several objects.
The images clearly show details under 500 µm in size, as well
as soft tissue and fine bone structures without using contrast
agents. [2014-0087]

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

I. INTRODUCTION

M ICRO AND nanoelectromechanical systems (MEMS
and NEMS, respectively) for X-ray applications such as

Manuscript received March 19, 2014; revised June 16, 2014; accepted
June 17, 2014. Date of publication July 22, 2014; date of current version
March 31, 2015. This work was supported by the Defense Advanced Research
Projects Agency under Grant N66001-11-4204, Subaward 219877, through the
Massachusetts General Hospital. Subject Editor A. Luque.

S. Cheng was with the Microsystems Technology Laboratories, Massa-
chusetts Institute of Technology, Cambridge, MA 02139 USA. He is now with
Stellarray, Inc., Austin, TX 78754 USA (e-mail: cheng.s.eric@gmail.com).

F. A. Hill was with the Microsystems Technology Laboratories, Massa-
chusetts Institute of Technology, Cambridge, MA 02139 USA. She is now
with KLA-Tencor, Milpitas, CA 95035 USA (e-mail: fahill@alum.mit.edu).

E. V. Heubel is with the Department of Mechanical Engineering, Massa-
chusetts Institute of Technology, Cambridge, MA 02139 USA (e-mail:
evheubel@mit.edu).

L. F. Velásquez-García is with the Microsystems Technology Laboratories,
Massachusetts Institute of Technology, Cambridge, MA 02139 USA (e-mail:
velasquez@alum.mit.edu).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2014.2332176

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 scientific 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 reflection 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 specific 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 field
emission cathode and a transmission anode with micrometer-
thick X-ray generating material that achieves emission of
X-ray with narrow spectral linewidth for markerless imaging
of biological samples [10].

A. X-Ray Cathodes

In a thermionic cathode electrons are “boiled” off the
surface of a hot filament (heated to a temperature greater
than 1100 K) when the energy of the electrons is sufficient
to overcome the potential barrier holding the electrons within
the material. Thermionic cathodes have a number of issues
including low power efficiency due to the filament heating,
low brightness, slow response, and quick degradation of
the filament when exposed to relatively low vacuum and/or
reactive residual gasses [11]; field emission cathodes are an
attractive alternative to thermionic cathodes that relaxes these
limitations [12]. Field emission cathodes use high surface
electric fields (>3 × 107 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. 1. Illustration of an X-ray generator with a field emission cathode and
a transmission anode.

Figure 1, a field emission cathode consists of one or more
sharp protrusions, i.e., emitters, facing one or more electrode
gates. A positive bias voltage with respect to the bias voltage
of the emitters is applied to the extraction gate to extract
electrons from the emitter tips. The emitters have tip radii
from several nanometers to tens of nanometers so that high
electric fields on the tip surface are attained at low voltage.
The gates have apertures that transmit a fraction of the electron
current emitted. Between the emitter tips and the gates there
is a dielectric layer or vacuum. The maximum current
per emitter is dependent on factors such as the electrical
conductivity of the emitters, the aspect ratio of the emitters,
heat dissipation, and the maximum gate-to-emitter bias
voltage before breakdown through the dielectric or vacuum.
Field emitter arrays (FEAs) are implemented to increase the
total emission current, emission uniformity, and reliability of
the cathode.

Various materials have been explored for manufactur-
ing field emitters. Carbon nanotube (CNT)-based field
emission cathodes have been recently used in X-ray
generators [14]–[18]. The cathodes are composed of a sub-
strate with a CNT forest and a gate electrode bonded to
the substrate. It is relatively simple to fabricate CNT forests,
and the CNTs have small tip radii and high aspect ratio
to, in principle, field emit electrons at low voltage. How-
ever, the separation between the gate and the emitter tips
is generally large (on the order of 1 mm), the CNTs are
tightly packed, the location of the CNTs is random, the
height and diameter of the CNTs vary with a wide distri-
bution, and a cluster of CNTs share the same gate aper-
ture, resulting in high operating voltages (>500 V) and
non-uniform current emission across the CNT forest. Also,
a large portion of electrons emitted from the CNTs is inter-
cepted by the gate, which decreases the efficiency of the
cathode. The intercepted electrons could also cause outgassing
when colliding with the gate, which lowers the vacuum
surrounding the CNTs [19].

Spindt field emission cathodes are arrays of metallic
field emitters with self-aligned extractor gate integrated to
each emitter tip, which alleviates the high-voltage and low-
transmission problems of the CNT forest-based cathodes [20].

The Spindt emitters are batch microfabricated by evaporating
metal (typically molybdenum or tungsten) at an angle onto
a rotating substrate with pre-fabricated gate apertures; the
emitters have conic structure because of the shadowing effect
of the aperture. These devices operate at low voltage (<100 V)
because of the small gate-to-tip distance and the small emitter
tip diameter. However, metal field emitters have lifetime issues
as they quickly degrade when exposed to relatively low partial
pressures of oxygen (∼5 × 10−7 Torr) [21].

Silicon field emitters have been investigated over the
past few decades, primarily for field emission display
applications [22]–[33]. Similar to Spindt emitters, silicon
emitters have proximal gates for low turn-on voltage and
high electron transmission efficiency. However, unlike Spindt
tips, silicon tips can be operated in the supply-limited regime
because of the wide tunability of the electrical conductiv-
ity of silicon through doping; operating the emitters in the
supply-limited regime could be used to increase and uni-
formize the current emitted by the FEA [31]–[33]. FEAs
reported in the literature have maximum per-emitter current of
0.1-0.5 μA/tip [22], [28]–[30], and average current densi-
ties similar to those of CNT forest field emission cathodes
(0.2-4 A/cm2) [34]–[36]. In addition, unlike metal field emit-
ters and thermionic emitters, silicon emitters can operate at
lower vacuum and are resilient to residual oxygen [37], which
makes them more compatible with portable applications. This
paper reports a nanostructured silicon FEA that turns-on with
as little as 25 V and produces per-emitter currents in excess of
2 μA (2 A/cm2) with near 100% transmission efficiency; the
higher performance is achieved using a fabrication process that
yields a-few-microns-tall nanosharp emitters with proximal
self-aligned submicron gate apertures. High-current emission
is important for X-ray imaging applications because a high
emission current reduces the exposure time, which reduces
the blurring of the image.

B. Monochromatic X-Ray Generation

Monochromaticity of the X-ray has proven to be an impor-
tant factor for high image quality [18], [38]–[43]. Conventional
X-ray imaging systems use the broadband bremsstrahlung
radiation to expose the object, resulting in blurry images.
However, generation of purely monochromatic X-ray requires
either high-energy electron sources [38], [40] or expensive
precision optics [39]. X-ray filtering techniques can also be
used to remove some of the unwanted frequency contents
from the X-ray spectrum [41]–[43]; however, these techniques
require certain peripheral structures that complicate the overall
system. A simple approach for achieving monochromatic
X-ray is reported in [18] where the anode voltage is set
to a certain value such that the relative magnitude of the
L-shell transition is maximized; a quasi-monochromatic
X-ray at 2.45 kV energy is generated from a reflection
molybdenum anode. Although the monochromaticity of the
X-ray is highly desirable, such low-energy X-ray are not
useful for medical imaging. In this paper, a transmission
gold anode is used to take advantage of the inherent filtering
capability of the gold film and the anode substrate. While
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Fig. 2. (a) Cross-section of a gated silicon field emitter, (b) picture of a full
field emitter array chip.

the achieved X-ray spectrum is dichromatic, the relatively
high energy level of the radiation peaks (around 10 keV),
the close proximity in wavelength of the two peaks, and the
low bremsstrahlung emission at the anode bias voltages used
in the experiments (15 - 40 kV) enable capturing very clear
images of soft tissues without using contrast agents.

II. DEVICE DESIGN AND FABRICATION

A. Cathode Design and Fabrication

Figure 2(a) shows a scanning electron microscope (SEM)
image of the cross-section of a gated silicon field emitter. The
emitter consists of an n-silicon tip 2.5 μm tall with a 5 nm tip
radius, a 1.5 μm thick gate oxide layer, and a 500 nm thick
n-doped polysilicon gate with a 0.6 μm diameter aperture.
The separation between the gate aperture and the tip is about
0.5 μm. Figure 2(b) shows an optical microscope image of
the whole FEA chip. The chip consists of a 10 × 10 array
of electron guns with square packing and a pitch of 300 μm.
Each electron gun contains a 7 × 7 array of field emitters
arranged in square packing with 10 μm pitch. Each column
of 10 electron guns can be independently turned on, such that
activation of a column results in the operation of 490 field
emitters at once. The plurality of electron gun sets that can
be individually actuated results in cathode redundancy and
therefore, higher X-ray source reliability.

Figure 3 shows a set of SEM images that illustrates the
process flow to fabricate the field emission cathode chip.
The process is similar to those reported in [22]–[28] with a
few modifications. The cathodes are fabricated on a 6” n-type
silicon wafer (1 �-cm resistivity) with a film stack consisting
of a 100 nm-thick thermal oxide film, a 100 nm-thick silicon-
rich silicon nitride film and a 500 nm-thick chemical vapor
deposited (CVD) oxide film. The silicon nitride layer between
the two oxide layers functions as a diffusion barrier for a later
process step. The film stack is dry etched to form 2.2 μm
diameter discs (Figure 3(a)); each disc functions as an etch
mask for one emitter. The silicon substrate is first etched
using a sulfur hexafluoride (SF6)-based isotropic dry etch
to undercut the discs and form partially sharpened tips with
200-300 nm diameter. A chlorine-based anisotropic dry etch
further etches the exposed silicon to increase the height of the
emitters (Figure 3(b)); this serves the purpose of increasing
the thickness of the gate oxide layer so that the device can
withstand larger bias voltages without breakdown. In the

Fig. 3. (a)-(i) Sequential images of the fabrication process flow to create the
gated field emitters.

next step, thermal oxidization is performed to fully sharpen
the emitter tips to around 10 nm in diameter (Figure 3(c));
the tip sharpening step is different from [22], [26], [28] in
that the oxidation is performed before removing the caps,
which protects the top of the emitters from oxidizing because
of the silicon nitride film. After the oxidation, the nitride
and oxide films are then stripped using diluted hydrofluoric
acid and hot phosphoric acid (Figure 3(d)), completing the
fabrication of the emitters. The next steps create the self-
aligned extractor gates with apertures. First, 4 μm of CVD
oxide is deposited to completely cover the tips (Figure 3(e)).
This oxide layer is densified by annealing in nitrogen for
30 minutes at 950°C, and then planarized using chemical
mechanical polishing (CMP) (Figure 3(f)). A buffered oxide
etch (BOE) is used to etch back the oxide layer just until the
emitter tips are exposed (Figure 3(g)). Then, the emitters are
coated with a 0.5 μm-thick CVD oxide layer. The different
oxide thicknesses over the different areas of the emitters are
chosen to achieve both high breakdown voltage as well as
low turn-on voltage. Next, a 500 nm-thick n-doped polysilicon
film (Figure 3(h)) is deposited as the gate material, and the
substrate is polished using CMP to form the gate apertures
and expose the gate oxide. The polysilicon film is patterned
to form the gate strips, contact pads, and to electrically isolate
emitters that are not part of the same column. Finally, a BOE
dip is performed to etch the oxide immediately surrounding
the emitter tips (Figure 3(i)). This opens the gates and removes
the thin oxide layer surrounding the tips.

B. Description of the Transmission Anode

The anode is a 1” diameter 300 μm-thick beryllium wafer
that has a 2.5 μm-thick evaporated gold film on one side.
In a transmission anode, electrons impact an X-ray-generating
film that is thick enough to absorb most of the electrons, but
thin enough to avoid reabsorbing the majority of the X-ray
produced (transmission anodes are designed for a particular
anode voltage). A thick transmission anode could also help
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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 first 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 film 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 reflection anodes
where a portion of the reflected X-ray is used. The X-ray
generating surface of a reflection 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,
reflection 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 reflects 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 field 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
field 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. 7. Results of field emission tests on a column of field emitters:
(a) current-voltage characteristics, (b) Fowler-Nordheim plot with inset of
emitter tip radius.

supply a negative bias voltage to the substrate/emitter tips.
Test probes are used to make contact to the gates, and the
gates are grounded using a picoammeter Keithley 6485, so that
the leakage/intercepted current can be measured. A phosphor
screen is mounted 2 cm above the wafer top surface, serving
as a collector and as electron spot imager. The phosphor
screen is positively biased at 1000 V with a second Keithley
237 SMU.

During the I-V characterization, the emitter voltage is swept
between 0 V and −80 V while measuring the emitter current,
the collector current and the gate current. A typical I-V curve
at ultra-high vacuum (Figure 7(a)) shows that the field emitter
cathode turns on at ∼25 V, and that almost all the current
emitted from the tips is transmitted to the collector. Such low
turn-on voltage is comparable to other silicon-tip field emitters
reported in [22] and [28]–[30], and is much lower than CNT
field emitters reported in [15] and [18] which turn on at over
500 V. We also observe that the gate current is dominated by
current leakage through the dielectric instead of field emitted
current that is intercepted by the gate structure, as the curve
of the gate current does not follow the curves of the emitter
current and the collector current.

In the Fowler-Nordheim (F-N) model [45], [46], the
current IE emitted from a tip biased at a voltage VG is [13]

IE (VG) = αt ip
AF N

φt2 (y)
E2

local (VG) exp

[−BF N φ3/2

Elocal (VG)
ν (y)

]
(1)

where αt ip is the emitting area of the tip, φ is the work-
function of the tip, Elocal is the local electrostatic field at
the emitter tip, and AF N and BF N are universal constants

Fig. 8. I-V characteristics of the field emission cathode at different back-
ground pressures: (a) 5 × 10−9 Torr, (b) 5 × 10−8 Torr, (c) 5 × 10−7 Torr,
(d) 5 × 10−6 Torr, (e) 5 × 10−5 Torr, and (f) back to 5 × 10−9 Torr.

equal to

AF N = q3

8πh
= 1.54 × 10−6

[
AeV/V 2

]
(2)

BF N =
(

8π

3

) √
2me

qh
= 6.83 × 107

[
eV −3/2V/cm

]
(3)
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Fig. 9. Picture of the X-ray source.

Fig. 10. Picture of packaged field 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 field is
related to the applied voltage VG through Elocal(VG) = β ·VG

where β is the field 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

]
(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
field factor β relates the bias voltage to the surface electrostatic
field and it is to first order equal to the inverse of the tip
radius r . A better estimate of the field factor of a sharp field

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

Fig. 12. X-ray images of a flash 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 field 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 field 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 field 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 field
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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, significantly 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
field 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 field 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 field emission cathode operates relatively stably at back-
ground pressures up to 5 × 10−6 Torr. Significant 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 figure 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 field 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 flange with a plurality
of SHV-5 feedthroughs. The cathode holder is mounted onto
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Fig. 14. X-ray image of a wax-coated iliac artery sample.

the same flange, which is connected to a linear positioning
stage that is used to adjust the axial position of the cathode.
The field emission cathodes are first metalized by e-beam
evaporating 100 nm of gold on the contact pads; the wafer is
then scribed and broken into individual dies. A standard dual
in-line package (DIP) is used to hold two dies and gold wires
are bonded to make electrical connections. The DIP is plugged
into a socket that is soldered on a printed circuit board (PCB),
as shown in Figure 10. The PCB is bolted to the cathode holder
inside the vacuum chamber. The chamber has a high voltage
feedthrough that allows biasing the anode up to 60 kV. A beryl-
lium window is located behind the anode holder to transmit
the X-ray emitted from the back of the anode to outside the
chamber.

Figure 11 shows a schematic of the setup. The high volt-
age feedthrough for the anode is connected to a Matsusada
high voltage power supply (AU80R15), capable of biasing
up to 80 kV maximum and delivering up to 15 mA. The
cathode gate and substrate (emitters) are connected to two
Keithley 237 SMUs using SHV-5 feedthroughs. During the
tests, the anode is biased at 15 to 40 kV, the gate voltage is
fixed to 0 V, while negative pulses of one second are supplied
to the emitter to emit approximately 600 μA of electron
current pulses that are absorbed by the anode. A small digital
X-ray detector (HandyCreate HDR-200, 22 lp/mm, pixel size
22.6 μm) is used to image small objects (up to ∼44 × 32 mm),
and a 10” × 12” computational radiographic plate (AGFA CR
cassette, resolution ∼100μm) is used for larger objects.

We imaged a number of inert samples to characterize
the imaging capability of the X-ray system. For example,
Figure 12 shows a series of absorption X-ray images of a
flash drive with different exposure doses, i.e., number of
600 μA 1s-pulses while biasing the anode at 30 kV; these

images were captured using the small digital X-ray detector.
The images clearly show features that are well under 1 mm in
size. A smaller dose image provides more details of the plastic
casing, while a larger dose image shows clearer profiles of the
metal structures on the circuit board.

We also imaged a number of ex-vivo samples to demonstrate
the capability of the system to capture detailed absorption
X-ray images of soft tissue without any markers. One of
the samples we imaged was an ex-vivo human wrist using
a computation radiographic plate (Figure 13). This image was
taken with 300 μA of current with 5 s total exposure time
(1.5 mA.s) at 30 kV; this dose is much lower than what is
typically used in clinical practice to image the same structure
(40 mA.s at 60 kV [53]). The high-quality X-ray absorption
image clearly shows soft tissue and fine bone structures.
This image exhibits superior contrast and resolution compared
to the images from the previously reported X-ray sources
with a miniaturized field emission cathode and a reflection
anode [14] or a transmission anode [54]; it also provides much
more details than the state-of-the-art X-ray systems used in
hospitals [55]. Furthermore, Figure 13 even shows the struc-
ture of the cardboard box that contained the ex-vivo sample
(segmented vertical structure on the right side of the picture).
We also imaged a wax-coated iliac artery specimen with exten-
sive atherosclerotic plaque. The density of wax and tissue are
fairly similar; therefore, in a standard absorption X-ray image
the two structures should not be distinguishable. However, as
shown in Figure 14, the cross section of the iliac artery wall
can be clearly distinguished from the surrounding wax layer;
in addition, the calcification of the artery can be seen as a
white elongated feature on the bottom of the artery. Moreover,
Figure 14 has striking similarity to an X-ray image of the
same sample taken using advanced phase-contrast techniques
that rely on coherent X-ray sources for their exposure [56].
Both Figures 13 and 14 demonstrate that the X-ray source can
image rich details within the soft tissues and low-Z materials;
this is usually difficult to achieve using conventional X-ray
sources without the use of contrast agents such as iodine and
barium.

We believe that the superior image quality is related to the
near-monochromaticity of the X-ray radiation. The spectra of
the X-ray emission were measured using an Amptek X-123
X-ray spectrometer at different anode voltages. The spectra
are plotted in Figure 15. The two energy peaks at 9.713 keV
and 11.442 keV correspond to the Lα1 and Lβ1 lines of
gold, respectively. At 30 kV and 40 kV anode voltages, the
relative intensity of the background radiation (bremsstrahlung)
is much smaller than at 15 kV and 20 kV. The lower level of
background radiation improves the monochromaticity of the
X-ray, which may contribute to the clarity and sharpness of
the image. For the transmission anode we used, the optimal
bias voltage seems to be around 30 kV (maximization of the
ratio of X-ray fluorescence over the total emission).

We designed the thickness of the X-ray generating material
for 60 kV, i.e., the maximum anode bias voltage in our setup.
We thought we would need the largest bias voltage to produce
the best images; however, we obtained our best images of
samples with soft tissue by biasing the anode at ∼30 kV;
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Fig. 15. Measured spectra of the X-ray radiation at different anode voltages.

in addition, the data suggest that the bias voltage that maxi-
mizes the ratio of X-ray fluorescence over the total emission
is around 30 kV. Therefore, it is possible that by using an
anode with a thinner X-ray generating material (designed using
the actual operational anode bias voltage) the facility can
produce better images. However, the extra thickness of the
X-ray generating material is also acting as a filter of X-ray,
possibly improving the ratio of the dual-peak emission over
the total X-ray emission, which should help produce better
images. Further investigation into the matter is required.

The X-ray source is currently operated in pulsed mode
with low duty cycle to avoid increasing the pressure inside
the chamber, which can result in destruction of the cathode
due to back ion bombardment (see Figure 8). The chamber
pressurization results from outgassing of the anode due to
heating because only about 1% of the kinetic energy of the
electrons impacting the anode is transformed into X-ray [57].
We typically produce 1-second current pulses with 4-second
period and with a few pulses an image is obtained. Proper
cooling of the anode needs to be addressed to be able to
capture an image with only one multi-second pulse, and to
be able to capture an arbitrary number of images with little
time between exposures.

IV. CONCLUSION

A nanostructured silicon field emission cathode capable
of low-voltage operation and high current emission with
high gate transmission has been demonstrated. A proof-of-
concept X-ray source has been built with the field emission
cathode and a microstructured transmission anode. The X-ray
source generates radiation that allows clear imaging of low-
Z materials, in particular of biological samples. The spectrum
analysis of the X-ray shows lower background radiation due to
the filtering effect of the transmission anode and the efficient
X-ray generation of the transmission anode, as well as emis-
sion of X-ray with narrow spectral linewidth.
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