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We demonstrate photoelectron emission from millimeter-long forests of vertically aligned
multiwalled carbon nanotubes using 266 nm light, which illuminates the forests from the side. We
have measured quantum efficiencies in the order of �10−5 at low fields �pure photoemission� and
�10−3 at an applied field of 0.3 V �m−1, which are 2–4 orders of magnitude higher than those
obtained from films of randomly oriented nanotubes, and approach the quantum efficiency of
semimetal photocathodes. Through optical simulations we show that 266 nm light is absorbed
within the first few layers of the nanotube forest. © 2010 American Institute of Physics.
�doi:10.1063/1.3496486�

Interaction of light with carbon nanotubes �CNTs� has
been an area of interest in recent years, for example, it has
been predicted that photonic crystals can be made for visible
and deep ultraviolet �UV� light from CNT forests by tuning
the internanotube spacing,1 and an electron beam can stimu-
late electromagnetic radiation from a single-walled carbon
nanotube �SWNT�.2 Photoemission, a process by which an
electron is emitted from a material into vacuum by absorbing
energy from photons, has applications in accelerators �e.g., rf
photocathode for free electron lasers�3 to ultrahigh-speed
�gigahertz� electron sources for microwave vacuum
electronics.4 The main focus of previous research in photo-
emission from CNTs has been on photoemission spectros-
copy, typically performed with photon energies of greater
than 10 eV, which is much higher than the work function of
CNTs ��4–5 eV�, for studying electronic structure and the
binding energies.5,6

The study of photoemission from CNTs with photon en-
ergies of a few electron volts for device applications �i.e.,
photocathodes� has been limited. We previously demon-
strated photoemission using a 266 nm �4.66 eV� laser from
sparse collections of SWNTs lying on a substrate.7 It ap-
peared that the absorption cross-section of a SWNT is larger
than its geometrical cross-section, suggesting efficient ab-
sorption mechanisms based on optical antenna effects. Wong
et al.8 used pulsed lasers �at 532, 355, and 266 nm� to ob-
serve photoemission from a matt of horizontal, randomly dis-
tributed multiwalled carbon nanotubes �MWNTs� on a sur-
face, with lengths in the 5–10 �m range. They concluded
that at 532 and 355 nm the electron emission mechanism was
purely thermal; at 266 nm they observed photoemission with
a quantum efficiency of �10−7 under an applied electric field
of 1.67 V �m−1, which is in the same order of magnitude as
fields needed for field-emission from CNTs.9 Hudanski
et al.10 demonstrated a photocathode that uses silicon photo-
diodes to control electron emission from MWNT field-
emitters. Westover et al. have demonstrated photo- and ther-
mionic emisson from potassium-intercalated carbon
nanotube arrays.11

The highest quantum efficiencies for photocathodes
��10%� are obtained from a mixture of multilayer semimet-

als and alkali metals, in particular cesium. However, these
materials are highly sensitive and have to be made and op-
erated in ultrahigh vacuum �better than 10−10 Torr� and have
a short operating life time. Metal photocathodes, on the other
hand, are more robust and can be operated at lower vacuum
conditions ��10−6 Torr�; however, they have much lower
quantum efficiencies, for example, a copper photocathode
has a quantum efficiency of �10−5 for 266 nm light.12

In this work, we demonstrate photoemission from verti-
cally aligned, millimeter-long forests of MWNTs with a
quantum efficiency of �10−5 at an applied electric field of
only �1 V mm−1 �only used for the collection of electrons
by the anode�, which is purely photoemission, and a quantum
efficiency of �10−3 at an applied field of 0.3 V �m−1. Our
simulations demonstrate that the absorption happens within
the first few tens of nanometers of the forest when light is
incident from the side.

Milimeter-long, aligned forests of MWNTs were grown
on a highly p-doped Si wafer using atmospheric-pressure
chemical vapor deposition. As catalyst, 1 nm of iron was
evaporated on 10 nm of alumina on the Si wafer prior to
nanotube growth. For each growth, the sample was heated up
to 750 °C under a flow of 400 SCCM of Ar. The flow was
maintained at 750 °C for 15 min before the sample was
annealed for 3 min under 500 SCCM of H2 and 200 SCCM
of Ar. Immediately after annealing, a flow of 140 SCCM of
C2H4 was introduced for an hour to grow the CNT forests.
The sample was then cooled down under a flow of 400
SCCM of Ar. As can be seen from the scanning electron
micrograph of the side of the forest �Fig. 1 inset�, the CNTs
are overall aligned in the vertical direction.
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FIG. 1. �Color online� CNT forests were grown on 1 nm of iron and 10 nm
of alumina. The laser illuminated the forest at an angle � with respect to the
axis of the CNTs. The scanning electron micrograph close-up of the side of
the forest �inset� shows the overall aligned nature of CNTs in the forest.
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The nanotube sample was then placed in a custom-made
holder, where it served as the cathode. A metallic wire,
placed at a distance of �3 mm from the top surface of the
CNT forest, served as the anode/collector. The sample holder
was placed on a rotating arm in a high-vacuum chamber
pumped down to �10−8 Torr using a dry �turbomolecular�
pump. A 532 nm laser �Coherent Verdi V-5� was then used to
generate a 266 nm UV beam using a frequency doubler
�Spectra-Physics Wavetrain�, which was guided into the
vacuum chamber through a sapphire viewport �UV transpar-
ency of 70%� and onto the CNT forest �Fig. 1�. To apply a
collection voltage and measure the collected current at the
anode, a Keithley 6517A source/electrometer was used.

Figure 2 illustrates the I-V characteristics of the CNT
forest both with 100 mW of continuous-wave 266 nm laser
�incident at an angle of �=90°, i.e., illuminating the side of
the forest� and without laser. The photoemission current
quickly ramps up to its maximum at a collection field of
�0.33 V mm−1 �Fig. 2 inset�, which is far below the thresh-
old of field emission. Up to a voltage of �600 V �collection
field of 0.2 V �m−1�, no field-emission is observed and an
almost constant photoemission current of �30 nA is ob-
tained. At higher voltages, we start to see field-emission from
the forest and even without light there is significant current.
The current measurement error is about 10−13 A.

To confirm that �at least the majority of� photoemission
is occurring from the CNTs and not the substrate, two ex-
periments were carried out. First, we did a stopping voltage
test, where we applied a negative bias to the anode until no
current was measured through it. Second, we performed a
rotation test, in which we changed the angle of incidence of
light. Both tests were carried out on two samples, one includ-
ing a CNT forest and another with only the Si substrate and
the catalyst �alumina/iron�.

In principle, the stopping voltage test can also reveal the
work function of the emitting material, since the stopping
voltage corresponds to the kinetic energy of the emitted elec-
trons, which is the difference between the incident photon
energy and work function. However, this is a rather simplis-
tic view based on neglecting the energy distribution of the
electrons, the emission of phonons and effects such as two-
photon absorption. In addition, it assumes no contact resis-
tance at the cathode and anode. Therefore, in practice we
were not able to measure the work function on an absolute

scale. However, this test is still useful since the difference
between the two samples is only the CNT forest and if the
measured stopping voltage is different in the two cases, then
one may conclude that the emitted electrons are originating
from materials with different work functions. Indeed, the
measured stopping voltages were considerably different: for
the sample with CNT forest, we measured a stopping voltage
of �0.02 eV, whereas for the sample with catalyst only, we
measured �0.2 eV. This method was also used to ensure
that the emitted electrons from the CNTs are due to photo-
emission and not a thermionic process �laser heating of the
CNTs�. The intensity of the laser was increased while the
anode was biased at the stopping voltage and no increase in
emitted current was measured. Had thermionic emission
been the case, electrons with higher kinetic energies would
have been emitted at higher laser intensities �higher tempera-
tures�, overcoming the stopping-voltage barrier.

In the rotation test, we gradually changed the direction
of different devices with respect to the angle of incidence of
the laser beam, while keeping the applied voltage and the
distance between the anode and cathode constant �the anode
also rotated with the sample� in order to keep the collection
field constant. The results are shown in Fig. 3�a�. The pho-
toemission current decreases as we rotate the sample with
only Si wafer and catalyst, as opposed to the behavior of the
device containing the CNT forest �this was tested on two
different nanotube forests�. This difference in behavior is yet
another indication that the electrons are being emitted from
different materials in the two cases �in one case from the
substrate/catalyst and in the other from the nanotubes�.

The increase in photoemission current as the angle � is
increased may be explained as follows: for small �, the laser
illuminates the forest mainly from the top, i.e., light only hits
the tips of the nanotubes. Given the sparse nature of the
forests �our characterization reveals that they are more than
85% empty space�, only a small portion of the light is ex-
pected to be absorbed by the nanotubes. Moreover, in this
case the electric field of light is mostly in the direction per-
pendicular to the nanotube axis. As the angle � is increased
and the forest is illuminated more from the side, the effective
area covered by nanotubes in the beam path grows larger. In
addition, the component of the laser’s electric field along the
tube axis grows with �, favoring stronger emission. In the
case of the sample with only catalyst �11 nm in thickness�,
increasing � decreases the surface area being illuminated,
reducing the emission current.

Figure 3�b� illustrates an almost linear behavior in the
photoemission current from the CNT forest versus laser
power. This suggests that emission is mainly through helping
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FIG. 2. �Color online� Photoemission I-V characteristics of the CNT forest
with and without the 266 nm laser �incident at 90° to the CNTs� with a
typical anode spacing of �3 mm from the top surface of the CNT forest
�error bars are smaller than the graph markers and are masked by them�.
Inset: nonlogarithmic plot of the first 150 V.
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FIG. 3. �Color online� �a� Emission current vs angle of rotation ��� for the
CNT forest and the control device �catalyst on substrate but no CNT�. �b�
Emission current from CNT forest vs the 266 nm laser power under a 100 V
bias voltage.
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electrons overcome the work function barrier, rather than
nonlinear effects such as optical field-emission �where the
tunneling barrier width is modulated by the light�, which
could happen at higher intensities.

In our experiments, approximately 20% of the laser
beam covers the entire area of the side of the nanotube forest.
Given the measured current of 40 nA, laser power of 100
mW, and photon energy of 4.66 eV, this indicates a quantum
efficiency of �10−5, which is two orders of magnitude
higher than the value reported for MWNT matts8 and ap-
proaches the quantum efficiency of metallic photocathodes
currently employed �i.e., Cu has a quantum efficiency in the
order of �10−5 for 266 nm light12�. We speculate that this
value may be further improved by optimizing the structural
parameters of the nanotube forest such as nanotube length
and internanotube density. Photocathodes made from CNT
forests would thus be promising for various applications, es-
pecially given that they are expected to be more robust and
stable than conventional metallic surface photocathodes be-
cause of their complete and strong chemical structure.13

To further understand the photoemission behavior of
CNT forests, we studied their optical properties using the
effective optical constants of vertically aligned CNTs derived
by García-Vidal et al.14 and solving the electromagnetic
wave equation based on a formalism we have developed
previously.15 Figure 4 illustrates the magnitude of the Poyn-
ting vector inside the nanotube forest for transverse-electric,
266 nm light incident at �=90° on a 1 �m thick CNT forest.
The simulations were done for two cases of polarization:
electric field of the laser parallel �s-polarized� and perpen-
dicular �p-polarized� to the axis of the nanotubes. It is evi-
dent that s-polarized light does not penetrate the CNT forest
by much and, within the first 10 nm, the magnitude of the
Poynting vector is reduced by an order of magnitude; almost
all the light is absorbed within the first few tens of nanom-
eters. On the other hand, p-polarized light is hardly absorbed
even within the first micrometer. In our experiments, the UV
laser was circularly polarized and we expect its absorption
behavior to be somewhere between that of s- and p-polarized
cases. Also, we recognize that these simulations only predict
optical absorption and do not include the photoelectron emis-
sion process. Nonetheless, it is clear that most of the light
does not penetrate deeper than a few tens of nanometers from
the side of the forest, and whatever electron emission hap-
pens must happen from within that region potentially imply-

ing high emission current density. The calculated reflectance
for these forests is �10−3, which is consistent with the ob-
servation of Yang et al.16 and Mizuno et al.17 who have re-
ported that CNT forests are an extremely dark material.

As a side note, given the significant difference in the
decay lengths of s- and p-polarized lights, a CNT forest
could be used as an excellent polarizer, as previously dem-
onstrated by Murakami et al.18 These forests can also be
shape engineered19 to have sharp features to potentially im-
prove their performance. They can also be grown on metallic
contacts, which could then be easily integrated into accelera-
tors and other electron-beam devices.

We demonstrated UV photoelectron emission from
millimeter-long MWNT forests with quantum efficiencies in
the order of �10−5 at low fields �pure photoemission� and
�10−3 at an applied field of 0.3 V �m−1. This is four orders
of magnitude higher than the value reported for a matt of
horizontal, randomly distributed MWNTs. Our simulations
showed that the majority of the light is absorbed within the
first few layers of the forest edge.
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