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Abstract

This paper reports a novel implanting micromachining technology. By using this method, for the first time, we
could implant nano-scale materials into milli-scale metal substrates at room temperature. Ni-based flexible carbon
nanotube (CNT) field emitters were fabricated by the novel micromachining method. By embedding CNT roots into
Ni foil using polymer matrix as transfer media, effective direct contact between Ni and CNTs was achieved. As a
result, our novel emitter shows relatively good field emission properties such as low turn-on field and good
stability. Moreover, the emitter was highly flexible with preservation of the field emission properties. The excellent
field emission characteristics attributed to the direct contact and the strong interactions between CNTs and the
substrate. To check the practical application of the novel emitter, a simple X-ray imaging system was set up by
modifying a traditional tube. The gray shadow that appears on the sensitive film after being exposed to the
radiation confirms the successful generation of X-ray.
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Background
Carbon nanotubes (CNTs) exhibit excellent field emission
characteristics due to their inherent small tip radius and
high aspect ratio combined with robust chemical and
mechanical stabilities [1]. Flexible electronic devices have
recently attracted great attention for their diverse applica-
tions such as bendable sensors [2], flexible displays [3], and
X-ray radiotherapy [4]. There are many advantages of flex-
ible emitters that show reliable field emission performance
under various bending conditions, allowing emitters to be
made in any geometry or shape in field emission applica-
tions. Although, high-performance field emitters with a
stable emission current of 1 A (current density of 4 A/cm2)
have already been reported [5, 6]. It is believed that, as the
heart of field emission electronic devices, the carbon nano-
tube field emitters have not reached their full potential and
there are still lots of challenges in this field [7].
In recent years, several groups have been engaged in

fabricating CNT emitters on polymeric substrates for
flexibility purposes by using electrophoretic method [8],
direct growth [9], transfer [10, 11], and wet coating [3].

However, there are several problems that arise from the
polymer substrate hindering its practical application. For
weak mechanical adhesion between CNTs and the poly-
mer substrate, the structure and morphology can be easily
damaged under complex curving conditions, resulting in a
catastrophic vacuum breakdown or arcing during device
operation [12]. Low thermal conductivity and low thermal
degeneration temperature of the polymer substrate can
lead to joule heating of the interface [13], thereby
damaging the emitter interface and resulting in the in-
crease of the turn-on field over extended periods [14].
Metal substrates, with good mechanical properties and

high thermal conductivity, seem to be the most promis-
ing substrate for low-cost, flexible, and arbitrary-shaped
emitters. However, weak adhesion between CNTs and
the metal substrates is the most crucial limitation block-
ing their commercial application for flexible emitters
[15]. There are also technological difficulties in prepar-
ing disentangled CNTs and dispersing them homoge-
neously onto the metal substrates.
We have used an implanting micromachining method to

solve these problems. With this technique, polymer is firstly
used as transfer media, for CNTs could be homogeneously
disentangled into the polyimide matrix. By selective wet
etching method and electroplating technology, polyimide
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works as a sacrificial layer, and CNTs were transferred into
Ni foil. This is a relatively simple method that can be easily
realized at room temperature. The fabricated Ni foil was
highly flexible with preservation of the field emission prop-
erties. To check the application of this novel flexible foil, an
X-ray imaging experiment was performed. A simple diode
X-ray source assembly was achieved based on a traditional
X-ray tube. By comparing the images that were obtained
from the X-ray system at different emission currents, we
confirm the generation of X-rays using our cathode. It is
believed that this novel method must be helpful for CNT
cathode wide industrialized application.

Methods
Apparatus
A mechanical ball-milling machine (QM-QX04 of Nanjing
University Instrument Plant, China) was used for mixing
CNT and polyimide (PI). The morphologies of the fabri-
cated emitters were characterized using a field emission
scanning electron microscope (FESEM; Zeiss Ultra 55,
Germany). The Raman spectrum of the flexible emitters
was obtained using a Raman microscope (Ram, Bruker
Optics Senterra R200, USA) with ×10 and ×100 objectives
at a laser wavelength of 532 nm. Spectrum acquisitions
were done with a power of 1 mW with integration times
of 10–60 s depending on the sample examined.
The field emission characteristics of the samples were

measured in a vacuum chamber with a parallel diode-type
configuration at a pressure of 1 × 10−6 Torr. A mica sheet
with a round hole (Ø = 3 mm) was used as a spacer. A DC
voltage was applied by a high-voltage power supply
(HBGY HB-2502-100AC, China) across the cathode and
the anode with a distance of 150 μm. The current was
measured and saved by a digital multi-meter (Agilent
34401A, USA). In order to protect high-voltage power
supply from high-voltage arcing breakdown, a current-
limiting resistor (2 MΩ) was used.
Multi-walled carbon nanotubes (MWNT) with the pur-

ity more than 95 % (diameter 30–50 nm, length 5–15 μm)
were bought from Timesnano Co., Ltd. (Chengdu, China).
PI (absolute viscosity 1100–1200 mPa s) was bought from
POME Sci-tech Co., Ltd. (Beijing, China).

Cathode Fabrication
The CNT composite paste is composed of CNT and PI.
To maintain the intrinsic properties of CNTs, no surfac-
tant was added to the paste. And the homogeneous
CNT-PI paste was achieved using just the ball-milling
apparatus. By selective wet etching method, sputtering,
and electroplating technology, PI worked as a sacrificial
layer, and CNTs were transferred into Ni film. The prep-
aration process is presented as follows (Fig. 1):

(a)The homogeneous CNT-PI paste was spun on the
glass wafer, the CNT/PI film was formed by baking
at 90 °C for 2 h, and then, the film was polished.

(b) Selective chemical etching (the wafer was immersed
in the etchant (composed of sodium hydroxide,
ethyl alcohol, and sodium hydrogen phosphate))
was carried out, a thin layer of PI of micron level
was etched away from the PI/CNT film, and a flat
surface with protruding tips of CNTs was achieved.

(c) The Ni conducting layer of 50 nm was sputtered on
the above flat surface and covered the protruding
tips of CNTs.

(d) Photoresist of 10 μm was spun on the Ni layer, and
lithography was performed to develop the pattern
area for the Ni foil emitter.

(e) Then, Ni foil (the reasons for choosing Ni as the
basement are its resistance to corrosion and
favorable mechanical properties) was fabricated by
electroplating on the Ni conducting layer.

(f ) Selective chemical etching was carried out to
remove the remaining PI and photoresist. The wafer
was immersed in the etchant (composed of sodium
hydroxide, ethyl alcohol, and sodium hydrogen
phosphate), sonicated for 30 min, and flushed by
deionized water, and then, the Ni foil emitter with
free-standing CNTs on its surface was achieved.

All the above steps were carried out at room temperature.
A contaminant-free method, rolling by a soft rubber roller
was used for posttreatment. And SEM was used to analyze
the surface morphology of the Ni foil.

Results and Discussion
Due to their small tip radius and high aspect ratio, CNTs
have a highly entangled structure, which needs to be dis-
persed, preferably up to a single nanotube level, for prac-
tical applications. Ball-milling process was employed to
improve the CNT dispersion, and the CNT aggregate
(composed of many CNTs) size distribution was investi-
gated by a laser particle size analyzer. According to the
particle size evolution in Fig. 2a, the particle size de-
creased and the length distribution narrowed down with
increasing milling time. The aggregate particle size de-
creased from over 1200 nm to approx 804 nm in the
first 1-h milling, and then, the rate of aggregate size re-
duction slowed down. Average sizes of about 699, 616,
and 533 nm could be achieved after milling for 4, 8, and
16 h, respectively.
During the ball-milling process, large CNT aggregate

died down, and CNTs turned into conglomeration which
was closed to the granules and sheets because of the
friction of rolling between the balls [16]. It is believed
that the ball-milling process not only decreased the
aggregate size but also changed some CNTs into
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amorphous carbon. The CNT structure changes made
by the ball-milling process were investigated by micro-
probe Raman technique. As shown in Fig. 2b, there are
two sharp peaks at 1350 cm−1 (D bond) and 1580 cm−1

(G bond) representing typical characteristics of amorph-
ous and graphite carbons, respectively. The D bond at
1350 cm−1 is generally attributed to defects in the
curved graphite sheet or other impurities, while the G

bond at 1580 cm−1 is corresponding to the opposite dir-
ection movement of two neighboring carbon atoms in a
graphitic sheet, and it indicates the presence of crystal-
line graphitic carbon in CNTs [17].
To study their structure changes in detail, relative

value (R-value, ID/IG) is shown in Fig. 3b. It is generally
agreed that the R-value provides a useful index for com-
paring the crystallite sizes (more specifically, peak area

Fig. 1 a–f Processes of the implanting technology for manufacturing the flexible field emitter

Fig. 2 a Variation of the CNT distribution as a function of milling time. b Raman spectra of the milled CNTs

Sun et al. Nanoscale Research Letters  (2016) 11:326 Page 3 of 10

RETRACTED ARTIC
LE



of the Lorentzian functions) of various carbon materials.
The R-value of the samples treated for 0, 1, 4, 8, and
16 h is 0.721, 0.735, 0.752, 0.802, and 0.849, respectively.
It reveals that the R-value of the D bond increases
against the milling time, which indicates a small increase
in defect density. From the results above, we can see that
the CNT dispersion was significantly improved by the
ball-milling process; however, shortened CNTs with
more structural defects were obtained.
By the ball-milling process, CNTs dispersed homoge-

neously in PI, and a smooth CNT-PI composite film was
achieved on the glass wafer (Fig. 3a). We can see that
CNTs were uniformly embedded in the cross section
(Fig. 3b), which indicated the homo-dispersion of CNTs in
the horizontal direction. Similarly, in Fig. 3c, the CNTs
evenly and randomly dispersed in the PI film in a vertical
direction. It can be deduced that PI can offer good wetting
property for CNTs and homogeneous dispersion of CNTs
in PI lays a foundation for the mass production of CNT-
modified electrode using micromachining.
Selective wet etching played an important role in this

implanting method. The CNT/PI film surface morph-
ology after etching for 60, 120, 240, and 480 s is shown
in Fig. 4a–d. With the etching time increased, PI was
etched away, and more and longer CNTs exposed from
the surface (the “root” means of the CNTs exposed from
the PI surface after wet etching). As a result, the surface
morphology of the fabricated emitter differed from one
another (as shown in Fig. 4e–h). For the samples etched
for 60 and 120 s, only a small amount of nanotubes ex-
posed from the surface after the wet etching, resulting in
a few of nanotubes being implanted into the Ni foil. As
the short “root” buried in the Ni foil could hardly bear
the strain of the whole tube weight, it was easily dropped
out during the fabrication, resulting in a trail left on the
foil (as shown in Fig. 4e, f ). For the samples etched for
too much time, large amounts of nanotubes could be
achieved. However, the long “root” was easily twisted
and buried in the Ni foil, resulting in short CNTs ex-
posed on the foil (as shown in Fig. 4h). As we know, the
vertical alignment and uniform distribution of the CNTs
in the Ni substrate actively contributed to stable electron

emission when an electric field is applied, and we care-
fully controlled the distribution and height of CNTs ex-
posed on the foil by the wet etching process.
Figure 5 shows the two sharp peaks at 1350 cm−1 (D

bond) and 1580 cm−1 (G bond) representing typical
characteristics of amorphous and graphite carbons, re-
spectively. The appearance of those two peaks in the
emitter surface indicated that the CNTs were success-
fully transferred onto the Ni substrate by the implanting
process. The D bond at approximately 1350 cm−1 is gen-
erally attributed to defects in the curved graphite sheet
or other impurities, while the G bond at approximately
1580 cm−1 is corresponding to the opposite direction
movement of two neighboring carbon atoms in a graph-
itic sheet, and it indicates the presence of crystalline
graphitic carbon in CNTs. It shows that the ID/IG ratio
of pristine CNT is 0.721 and it increases to 0.847 after
the preparation process, indicating decreased crystallin-
ity and improved defects in the CNTs. The main reason
for this phenomenon is that the ball-milling process was
used to disperse CNTs into the transfer media (PI). The
ball-milling process not only decreased the CNT aggre-
gate size but also changed some CNTs into amorphous
carbon. Also from the results, we can see that the ID/IG
ratio (0.847) of the CNTs on the emitter keeps almost
the same as the ID/IG ratio (0.849) of the CNTs after the
ball-milling process. It is believed that the chemical wet
etching process brings negligible structural changes to
the CNTs.
Figure 6a shows the optical image of the glass wafer

after processing with Ni foil emitters on it. By using this
method, we can get 19 pieces of emitters on each 3-in.
wafer. It takes only six procedures to fabricate each
wafer, as all the procedures were carried out at room
temperature, and the novel fabrication process could be
more compatible with other IC procedures. By choosing
Ni as the substrate, the emitter showed good mechanical
properties for planar supporting and large amplitude
bending, and it could even be twisted and rolled up
(Fig. 6b). As the CNT roots were firmly embedded in
the substrate, strong adhesion could be achieved, avoid-
ing the CNT detachment during the fierce field emission

Fig. 3 CNTs homogeneously dispersed in PI: a optical photo of the smooth CNT-PI film; b SEM image of the film from the cross section; and c SEM
image of the film from the top
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process. The foil surface morphology was inspected by
SEM. From the images (Fig. 6c–f ), we can see that the
Ni substrate is totally covered by the dense CNTs. The
CNT roots are firmly embedded in the substrate, and no
contamination is induced. In addition, the distribution
and height of CNTs were well controlled by the micro-
machining process. The vertical alignment and uniform
distribution of the CNTs in the Ni substrate were
actively contributed to stable electron emission when an
electric field was applied.
Field emission of CNT arrays on the Ni foil emitter

was carried out in a vacuum chamber. An aging process

was carried out with an applied voltage of 550 V for
12 h before the test. During the aging process, arcing oc-
curred occasionally. Since CNTs of greater heights con-
tribute to higher field emission current, thermal
runaway is more serious at longer CNTs. As a result,
longer CNTs became short and vertically standing CNTs
with more uniform heights remained on the Ni substrate
after the aging process. The emission current vs. applied
electric voltage were repeatedly measured (in Fig. 7), and
the I-V curves remained almost constant at the repeated
field emission tests. The emission current increases
monotonically with the applied field. The turn-on field,

Fig. 4 SEM images of the CNT/PI film etched for different times a 60, b 120, c 240, and d 480 s. SEM images of the fabricated emitter etched for
different times e 60, f 120, g 240, and h 480 s

Fig. 5 Raman spectrum for (a) Ni film, (b) CNT, and (c) Ni-CNT emitter surface
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which is defined as an electric field required to get an
emission current of 10 μA, was 1.64 V/μm. We simply
consider the area of the hole on the mica spacer as the
field emission area, as the mica sheet was closely
attached to the field emitter. The area S = π*(Ø/2)2 =
0.071 cm2. With the applied field of 3.13 V/μm, the field

emission current of 0.57 mA and the current density of
8.03 mA/cm2 was achieved. In Fig. 7, the emission
current curve seems to show a “linear” relation with the
applied field from 400 to 450 V. The phenomenon was
caused by the current-limiting resistor which shared the
voltage of the field emitter in the circuit. The

Fig. 6 a Optical image of the glass wafer after processing. b Optical image of the Ni foil, twisted and rolled up. SEM images of the foil surface
(c, e) from the top and (d, f) from oblique directions

Fig. 7 Emission current vs. applied voltage curves of the Ni foil. The inset represents the F-N plots derived from the curves of current vs. electric fields
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corresponding Fowler-Nordheim (F-N) plot for the flex-
ible emitter is shown in the inset of Fig. 7. All dots on
the curve fit a single straight line well, which implies
that the field emission process follows the F-N
mechanism.
Before continuous emission measurement, an aging

process was carried out for 12 h with driving condition
of a higher applied voltage at 550 V. And the short-term
stability of the CNT field emitter was evaluated by moni-
toring emission current under constant DC operation
for 40 h.
As shown in Fig. 8, with the applied fields of 2.05, 2.30,

2.66, and 1.43 V/μm, emission currents of 58.9, 104.4,
204.2, and 310.5 μA could be achieved, they remained al-
most constant during the 40-h continuous measurement,
and the fluctuation widths of the emission current for
40 h were all in ±5 %. One thing to note here is that a few
arcing events occurred when the emission current reached
higher than 300 μA; however, the emitter could withstand
the arcing and the emission current remained constant
with time. The stable emission performance was primarily
due to the firm, direct bonding between CNTs and Ni
substrate, which greatly reduces the contact resistance
between CNTs and substrate and the damnification of
CNTs escaping from the emitter surface.
For comparison, we have included some of the best

values obtained from a few past CNT flexible emitters
(Table 1). It is evident from our data that the flexible de-
vices exhibited excellent field emission. Although the
turn-on field for our emitter is relatively high, the defini-
tions of the turn-on field in the references are different.
The maximum emission current obtained from our
emitter was 0.57 mA (8.03 mA/cm2) with the applied

field of 3.13 V/μm, which was seldom reported in the
past MWNT flexible emitters.
The flexible field emission properties of the Ni foil

emitter were measured using a sandwich structure, two
pieces of ITO-PET (indium tin oxide-coated polyethyl-
ene terephthalate plastic) films acting as the cathode and
the anode, and a piece of PI film with a thickness of
150 μm as a spacer, as described in the inset of Fig. 9.
The ITO-PET film was used for the cathode substrate,
and the emitter was adhered onto the ITO-PET film by
using conductive adhesive tape.
The foil emitter was highly flexible without incurring a

reduction in field emission properties under severe
bending conditions. Figure 9 shows the relationship of
emission current with the applied voltage and the corre-
sponding F-N characteristics of the Ni foil emitter with
respect to the bending angle, respectively. In the flat
sample configuration, an emission current density of
8.03 mA/cm2 at an electric field of 3.13 V/μm was mea-
sured. With the same electric field, the emission cur-
rents of 7.93, 8.03, 8.10, and 7.96 mA/cm2 were achieved
at the bending angles of 15°, 30°, 45°, and 60°, respect-
ively. And also, the release of the sample resulted in the
return of the emission current density to its original
value. The slopes of the linear F-N regions were also
quite similar, regardless of the bending angle. This stable
flexibility in the field emission of the sample may have
originated from the direct contact as well as the strong
interactions between CNTs and the Ni substrate. Conse-
quently, the fabricated Ni foil emitter exhibits very stable
field emission properties, which are useful for the
realization of miniature X-ray tubes that require high-
voltage operation.

Fig. 8 Emission stability of the fabricated emitters, operated in continuous DC mode
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To check the practical application of the novel emitter,
a simple X-ray imaging system was set up. The electrode
structure for X-ray generation was modified based on a
traditional hot X-ray tube. The Ni foil emitter was used
as the cathode with bending form as shown in Fig. 10a.
The compact X-ray measurement system was set up,
with a simple diode-type (i.e., consisting of a cathode
and an anode) configuration of an electron source and a
tungsten-embedded copper anode. The distance between
cathode and the copper anode was maintained at
1.5 mm. The proof of X-ray creation was done by using
an X-ray-sensitive film. This film was commercially
available (Kodak Insight, 31 × 41 mm2) and widely used
in dental diagnostics as standard X-ray analog film
plates. The detection was done by placing the film in
front of the anode inside the vacuum chamber.
The X-ray source assembly was successfully operated

at 2.5, 2.8, 3.7, 4.1, and 4.2 kV, with an extraction current
from the cathode of 47, 102, 213, 307, and 423 μA,

respectively. As the tungsten anode is surrounded by a
copper “hat,” the electric field between cathode and
anode is complex. And with the help of the “anode hat,”
the electric field around the emitter is significantly im-
proved. As a result, the system can be operated under a
relatively low voltage. A round lead aperture (copper
film with a pin hole (Φ = 3 mm)) was put in front of the
photosensitive plate in order to create a defined pattern
when exposed to radiation, and the shadow of the aper-
ture thus unequivocally confirms the X-ray emission.
The photosensitive plates placed in front of the source
were exposed to the radiation under emission current
for 10 min to compensate for the X-ray energy loss. The
above exposed plates were then developed in accordance
with the photographic processing. The photograph of
the developed copy can be seen in Fig. 10b–g. The gray
round shadow on this copy confirms the generation of
X-rays. Furthermore, the gray round shape becomes
clearer with the increase of the emission current.

Table 1 Field emission properties obtained from a few past flexible CNT emitters

CNT emitters Eto (V/μm) Maximum current density

Present work 1.64 (10 μA, 141 μA/cm2) 8.03 mA/cm2 (3.13 V/μm, 0.57 mA)

CNT/PET [11] 0.82 (0.1 μA/cm2) 2.0 mA/cm2 (1.6 V/μm)

CNT/TEOS [9] 1.76 (10 μA/cm2) 0.5 mA/cm2 (2.67 V/μm)

CNT/PMMA [3] 1.07 (10 μA/cm2) 1.5 mA/cm2 (1.9 V/μm)

CNT/PDMS [10] 0.87 (1 nA) 1.0 mA/cm2 (2.16 V/μm)

CNT/carbon cloth [18] 0.2 (10 nA) 1.0 mA/cm2 (0.4 V/μm)

We have added the best results from a few past works. Some of the values have been extrapolated from data provided in the references

Fig. 9 Emission current vs. applied voltage characteristics. The inset represents the F-N plots derived from the curves of current vs. electric fields
and a schematic diagram of the flexible field emission setup
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Then, a Ni badge with a thickness of 100 μm and
diameter of 3 mm was placed between the pin hole and
the sensitive plate. The sensitive plate and the badge
were exposed to the radiation under an applied voltage
of 2.7 kV and emission current of 81 μA for 30 min to
compensate for the X-ray energy loss. Figure 11 shows
the X-ray transmission image of the Ni badge, and a
fuzzy image was obtained at a relatively low applied
voltage.
These results above demonstrate that X-rays are gen-

erated in our setup. The Ni foil CNT field emitter with a
high and stable emission current proved to be available
for X-ray generation without any focusing and accelerat-
ing installation.

Conclusions
In this study, we have introduced a novel method to fab-
ricate Ni-based flexible cathode using micromachining
at room temperature. Polymer was used as transfer
media, and by using simple selective wet etching method
and electroplating technology, CNTs were firmly embed-
ded into the Ni substrate. The emitter showed good
mechanical properties for planar supporting and large
amplitude bending. Effective direct contact between
CNTs and Ni substrate was achieved, which would be
crucial for low contact resistance between them. Mean-
while, as the CNT roots were firmly buried into the Ni
substrate, there would hardly be any detachment of
CNTs from the substrate induced by weak adhesion. As

Fig. 10 a Photograph of the X-ray source assembly. Photographs of developed film plates exposed at different emission currents: b 0, c 47, d 102, e 213,
f 307, and g 423 μA

Fig. 11 Photographs of a the developed sensitive plate and the Ni badge on it; the inset shows the magnitude of the Ni badge. b Magnitude of
the blackened shadow
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a result, our novel emitter showed relatively good field
emission properties such as low turn-on field (1.64 V/μm),
high current density (8.03 mA/cm2 at an applied electric
field of 3.13 V/μm), and good stability (40 h for 5 % fluctu-
ation of emission current around 300 μA). The novel
emitter also showed great potential used as an X-ray tube
electron source. The round gray pattern that appears on
the sensitive film after exposing to the radiation confirms
the X-ray generation in a simple diode system without any
focusing and accelerating installation. And the shade of
the round pattern darks with the increase of the applied
field. From those results, it is believed that this new
method based on micromachining can be helpful for wide
industry application of CNT-based cathode in an X-ray
tube, yet further optimization in device configuration and
cathode structure is required.
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