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ABSTRACT Combining the photoelectric and thermionic mechanisms to gen-
erate free electrons has been of great interest since the early days of quantum
physics as exemplified by the Fowler—DuBridge theory, and recently proposed for
highly efficient solar conversion. We present experimental evidence of this combined
effect over the entire range spanning room-temperature photoemission to ther-
mionic emission. Remarkably, the optical stimulus alone is responsible for both
heating and photoemission at the same time. Moreover, the current depends on
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optical intensity quadratically, indicating two-photon photoemission, for intensities of ca. 1—50 W/cm?, which are orders of magnitude below the

intensities required for two-photon photoemission from bulk metals. This surprising behavior appears to be enabled by the internal nanostructure of the

carbon nanotube forest, which captures photons effectively, yet allows electrons to escape easily.
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hotoexcitation and thermal excitation

of electrons (photoemission and therm-

ionic emission) are of fundamental
interest and ubiquitous in applications—
from optoelectronics, photonics, and vacuum
electronics to thermionics, thermoelectrics,
and photovoltaics. The combination of light
and heat in creating free electrons has also
been studied since the first half of the pre-
vious century, notably with the works of
Fowler and DuBridge,' > and this interest
has continued over the decades through,
for instance, the generalization of the
Fowler—DuBridge model of photo/thermal
emission* and the development of models
for the combined effects of light, heat, and
field on emission.” Recently, this combination
has gained broader appeal due to the oppor-
tunities it offers for applications such as the
efficient conversion of light to electricity:®
if the optically generated heat in a solar
cell could be used to promote electronic
excitations, efficiency could be improved
significantly. Notably, photon-enhanced
thermionic emission (PETE) of electrons into
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vacuum has recently been proposed as a
mechanism for efficient solar energy con-
version’® and the behavior of the photo-
emission current predicted over a wide
range of temperatures (Figure 1).

However, this behavior, spanning room-
temperature photoemission all the way to
thermionic emission, has not yet been re-
ported experimentally. For a material to
exhibit this combined photo/thermal exci-
tation of electrons in a noticeable manner, it
should (1) be able to withstand very high
temperatures, (2) be an excellent photon
absorber, (3) have reasonable photoelectric
quantum efficiency, and (4) allow the elec-
trons to escape effectively from any depth
where photons are absorbed. The combina-
tion of these requirements is not found
easily in bulk materials. For example, in
metal photocathodes, due to electron—
electron interactions, the electron escape
depth is very low and a significant portion of
the excited electrons are unable to escape.
In addition, ideally the candidate material
would use the light-induced heat itself to

AMRTAN TS

* Address correspondence to
anojeh@ece.ubc.ca.

Received for review January 7, 2015
and accepted March 3, 2015.

Published online March 13, 2015
10.1021/acsnano.5b00115

©2015 American Chemical Society

4064

WWwWW.acsnano.org


http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.5b00115&iName=master.img-000.jpg&w=192&h=86

Thermionic
regime ,©

Temperature (°C)

Figure 1. Photoemission current as a function of cathode
temperature, showing the photon-enhanced thermionic
emission (PETE) effect. Reprinted with permission from
ref 7. Copyright 2010 Nature.

enhance photoelectron emission, rather than lose it to
thermal conduction. In the present paper, we show
that carbon nanotube forests appear to satisfy the
above criteria and are thus an excellent candidate for
the manifestation of this emission behavior.

Good levels of photoemission and thermionic
emission from carbon nanotubes have previously
been reported.’~'* It has also been shown that
carbon nanotube forests are among the best photon
absorbers (darkest materials) over a broad spectral
range.">'® Our previous simulations using the effective
optical properties of nanotube forests'” have revealed
that, for light polarized parallel to the nanotubes' axis,
the absorption length is only on the order of a few tens
of nanometers.”® We have also observed a unique,
localized light-induced heating in nanotube forests
(the “Heat Trap” effect)'® that locks in optically gener-
ated heat and allows the attainment of very high
temperatures using modest optical intensities of only
a few tens of W/cm? (and photon energies well below
the workfunction), that is 3—4 orders of magnitude
lower than what is required for significant optical
heating in bulk conductors. This effect is counterintui-
tive, as nanotubes are understood to have high
thermal conductivity. We have explained this pecu-
liar behavior based on the quasi-one-dimensional
nature of heat transfer in the nanotube forest and a
strongly temperature-dependent thermal conductivity
(decreasing with temperature at high temperatures).?
Thus, as the optical intensity reaches a certain thresh-
old (which is still orders of magnitude lower than that
required for significant heating of a bulk conductor), a
positive feedback mechanism drives down the local
thermal conductivity and raises the temperature of the
illuminated spot rapidly. We have previously presented
a model that explains the experimental outcomes of
the “Heat Trap” effect well based on this mechanism.*

Here, we present results using a 266 nm continuous-
wave (CW) laser in a broad intensity range of ~0.1—
110 W/cm?. The associated photon energy (4.66 eV)
is sufficient to induce photoemission from carbon
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Figure 2. Measured electron emission current as a function
of the temperature of the illuminated spot. Note the simi-
larity with the PETE’ current as predicted in Figure 1. The
solid line shows the current calculated using the General-
ized Fowler—DuBridge model,* which shows a good match
to the measured values.

nanotubes, and the “Heat Trap” effect also naturally
takes place, serving as a mechanism to heat the
nanotubes, thus enabling the study of the combined
effects of heat and light on the electron emission
behavior. The nanotube forest in use is a macroscopic
object, with lateral dimensions of ~5 mm and a height
of ~2 mm, and only a small spot on the sidewall of the
forest is illuminated. The Methods section describes
the experimental details.

RESULTS AND DISCUSSION

Figure 2 shows our measured photoemission cur-
rent as a function of temperature, experimentally
confirming a behavior similar to the PETE curve
(compare with Figure 1). The solid line on the graph
shows the excellent fit of the data to the generalized
Fowler—DuBridge (GFD) theory of photo/thermal
emission® over the entire range of optical intensities
(and resulting temperatures) studied. This is the first
experimental confirmation of this theory over this wide
temperature range, spanning all possible regimes. We
also show the surprising result that a significant portion
of the emission current appears to be the result of two-
photon photoemission (2PPE), which has not been
observed in any other material at the low optical
intensities used here, which are ~10 W/cm? and from
a CW, rather than pulsed, laser. (Typically, pulsed lasers
with pulse intensities on the order of MW/cm? are used
in order to induce multiphoton photoemission.?' ~2*
Thus, we observe one-photon photoemission (1PPE) at
low intensities, thermionic emission at high intensities,
and an intermediate regime dominated by 2PPE.
As we shall see, the key underlying enabler appears
to be the internal, mostly empty, nanostructure of the
forest.

Figure 3a shows the emission current versus laser
intensity on a log—log scale. At low intensities, a slope
of 1is observed. Atintermediate intensities, the slope is
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Figure 3. (a) Electron emission current as a function of laser
intensity. (b) The ratio of best GFD fits to experimental data
assuming the electron emission to be due to only 1PPE and
thermionic (long-dash blue curve), 2PPE and thermionic
(short-dash green curve), and all three processes, 1PPE,
2PPE and thermionic (= lya, Short-dash-dot red curve).
Clearly, all three mechanisms are needed in order to fit
the entire range of intensities.

2 (suggesting 2PPE) and, at high intensities, thermionic
emission becomes dominant.

According to the GFD model, the current density
of an emitter can be written as a sum of partial
currents” as

_ < i " n _ n 2 nhV—(p
J = z“”(hv) Asl"(1 —R,) TF(ikT ) Q)

n=0

where e is the electron charge, n is the order of the
photoemission process, a, depends on the sample and
reflects the probability of n-photon photoemission, Ag
is Richardson's constant, hv is the photon energy, ¢ is
the workfunction, R, is the material's reflectivity at
frequency v, kis Boltzmann's constant, T is the absolute
temperature of the emission area (obtained as de-
scribed in the Methods section), / is the incident laser
intensity, and F(x) is the Fowler function.! The partial
currents corresponding to n = 0, 1, and 2 are due to
thermionic, 1PPE, and 2PPE processes, respectively.
We note that a more general formulation exists that
combines the effects of heat, field, and photons on
electron emission.” However, in our experiments there
is no field-emission, photofield-emission or optical
field-emission effect: the applied collection voltage to
the anode is 10 V, and the anode is separated from the
nanotube forest by 3 mm, translating to an applied
field of 3.3 x 10° V/m, which is 3 orders of magnitude
lower than the typical value of ~10° V/m (taking into
account the field enhancement by nanotubes) re-
quired for any field-emission related effect in nano-
tubes. Similarly, the maximum laser intensity used in
our measurements is 110 W/cm?, which translates to a
maximum electric field amplitude of 2.9 x 10* V/m,
again 2 orders of magnitude lower than the levels
needed for any significant optical/photofield-related
effect. Moreover, the electric field of the laser does not
actforalong enough time in any given direction to free
the electrons from the nanotubes; the Keldysh param-
eter can be estimated to be ~2.8 x 10%, confirming the
lack of field-related effects. The other point to note is
that the GFD model was developed for bulk emitters.
Its application to quasi-one-dimensional materials
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such as nanotubes thus requires caution. However, in
the case of the nanotube forest, one expects the
collective behavior of millions of nanotubes (which
are interacting in the forest and are all illuminated
simultaneously) to determine the emission behavior;
the forest effectively constitutes a “bulk” structure. This
motivates the use of the GFD model in this case.

As can be seen from Figure 3b, it is not possible to fit
the entire range of data using only n = 0 and 1 terms
(long-dash blue curve): expecting the electron emis-
sion process to be 1PPE at low temperatures and
thermionic at high temperatures, any attempt to find
values for a; and ¢ that can fit these regions will lead to
significant deviation from the data points at intermedi-
ate intensities. Similarly, using only n = 0 and 2 terms
misses out on the low-intensity part of the curve (short-
dash green curve). A satisfactory fit to the entire range
of data is possible only by including both 1PPE and
2PPE processes in addition to the thermionic process
(short-dash-dot red curve). It can also be seen that
1PPE is dominant at low intensities and 2PPE at inter-
mediate intensities; at high intensities their contribu-
tions are comparable.

The values of the parameters used to obtain the best
fitin Figure 3 are a; = 3.8 x 1072° (m?s/C), a, = 6.20 x
1072 (m?s/C)%, and ¢ = 4.62 eV. Remarkably, this value
of a, is several orders of magnitude larger than those
reported for bulk metals such as Ta, Mo, and W,*
allowing nanotubes to exhibit 2PPE at such low optical
powers. We now attempt to provide an explanation for
this high value of the 2PPE coefficient in nanotube
forests.

Consider the fact that, in the nanotube forest, the
average distance between the nanotubes is 3—4 times
the average nanotube diameter® and, thus, over 90%
of the forest consists of empty space (Figure 4a)
(see the Methods section for a more detailed descrip-
tion of the forest structure). Similar levels of sparsity for
nanotube forest have also been reported in the litera-
ture.?®?” This leads to a substantially higher electron
escape depth in the forest than in regular metals.
(We have previously observed unusually high electron
penetration depths of tens of micrometers in nanotube
forests in the context of secondary and backscattered
electron generation and transport.>> Although those
studies were concerned with the much higher electron
kinetic energies relevant to electron microscopy, they
still demonstrate the essential point that the hollow
structure of the nanotube forest allows electrons to
travel unusually long distances compared to what
we see in bulk metals.) Thus, the electrons excited
in regions deep within the forest may have a chance
to travel to the top surface of the forest and be
collected directly by the anode overhead. The arrow
emanating from the top of the forest and going
toward the anode on Figure 4b represents the paths
of such electrons.

VOL.9 = NO.4 = 4064-4069 = 2015 K@LNMLJ\)\

WWwWW.acsnano.org

4066


http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.5b00115&iName=master.img-003.jpg&w=198&h=79

~2mm

Figure 4. (Left) A photo of a carbon nanotube forest over 2 mm tall and 5 mm on each side (note the silicon substrate with a
thickness of 0.5 mm), effectively forming a macroscopic object. Inset is a scanning electron micrograph of the sidewall of the
forest, showing the overall alignment of the nanotubes and the significant internanotube distance. (Right) A schematic of the
experiment, showing the electrons exiting from the sidewall of the forest, as well as those emerging from the top surface of

the forest.

Another effect concerns the electrons emitted out of
the sidewall surface of the forest, directly from the
point of laser incidence (represented by the arrow
starting from the sidewall of the forest and curving
upward toward the anode on Figure 4b). For these, we
offer the following explanation: consider Spicer's three-
step volume photoemission model.?® These steps consist
of optical absorption, electron transport, and electron
escape. Accordingly, the 2PPE yield is proportional to

)

Here, a,ppe represents the two-photon absorption
coefficient, o is the total optical absorption coefficient
of the solid and determines the absorption length (/ =
1/a), Pesc is the electron escape probability, L is the
electron escape length and is characterized by inelastic
scattering of photoexcited electrons (e.g., electron—
electron and electron—phonon scattering), and # is
related to atomic and optical constants. All parameters
are functions of the photon energy. To have a high
2PPE yield, one needs a large a,ppe/0,, a large Pegc, and a
small I/L. oppg/aL is the ratio of two-photon absorption
events resulting in an electron gaining enough energy
to go above the vacuum level, to all optical absorption
events. We do not have a reason to believe that
this ratio should be particularly high in nanotubes
(although we do not exclude such a possibility).
Instead, the dominant effect here may come from //L.
If the electron escape depth is comparable to or larger
than the optical absorption depth, a significant fraction
of the excited electrons will be able to escape.
However, in metals electron—electron interactions re-
duce the escape depth: due to the availability of a
continuum of empty states, the photoexcited electrons
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can easily lose energy to valence electrons. Most of
these valence electrons will be excited to levels below
the vacuum level and cannot escape (the excess
energy of the initial electron will not be sufficient to
excite a valence electron to above the vacuum level
and itself also stay above the vacuum level). As a result,
the electron escape depth could be extremely small.
For example, in Cs, when excited with a photon energy
of 1 eV greater than the workfunction, the electron
escape depth is about 10 A. In the nanotube forest, on
the other hand, as discussed before, the electron
escape depth could be high due to the empty space
within the forest. Nanotube forests are also excellent
optical absorbers, and we have previously predicted
that light polarized parallel to the nantoubes' axis is ab-
sorbed within only a few tens of nanometers.'® There-
fore, I/L may be relatively small in the nanotube forests.
Another way to understand this is that the photon
wavelength in use (266 nm) is about an order of
magnitude larger than the internanotube spacing
(afew tens of nanometers), while the typical wavelength
of the 2PPE electrons, which have kinetic energies of a
few eV, is on the order of a few nanometers and thus
about an order of magnitude smaller than the inter-
nanotube spacing in the forest. Therefore, the photons
essentially see the environment as impenetrable and
are almost entirely captured by the first few layers of
nanotubes that they encounter, whereas the 2PPE
electrons can permeate through the empty spaces in
between the nanotubes and escape effectively. The
situation is not as favorable for 1PPE electrons, which
have smaller kinetic energies and thus larger wave-
lengths. We believe this is the reason why the a,
coefficient is not unusually large.
Itis also possible to have a contribution from Pg.. For
a bulk metal, electron escape to the outside happens
after the electron has potentially lost significant energy
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inside the material. In the nanotube forest, on the other
hand, the actual emission to vacuum could happen
very close to the excitation point (on the surface of
each nanotube). Therefore, a larger Pgsc may be ex-
pected for the nanotube forest.

We also performed a stopping voltage (negative
anode voltage that blocks all emitted electrons) test.
In the linear part of the current—intensity curve, we
obtained 0.45 V independently of the laser intensity,
consistent with TPPE. At higher intensities, the stop-
ping voltage gradually increased with intensity—not
surprising given the corresponding increase in the
temperature—reaching 1.29 V at 50 W/cm?. Given that
the energy of the illuminating photons is very close to
the estimated nanotube workfunction, the electrons
emitted due to 1PPE must either originate from the
Fermi tail or have suffered little energy loss inside the
nanotubes prior to emission (surface photoemission).
2PPE, on the other hand, could be contributed to by a
large volume of the forest, as a result of which the
electrons escaping from deeper regions could lose
some energy before leaving the forest. This might
explain why the difference of the two stopping vol-
tages is less than one photon energy. Another factor is
that electrons leaving the nanotube forest surface
toward the anode do not necessarily exit perpendicu-
larly to the surface, but part of their kinetic energy
could be in the lateral directions.

Finally, we briefly return to Figure 2, which also
shows a plot of the emission current as a function of

METHODS

We used atmospheric pressure chemical vapor deposition
(CVD) to grow multiwall carbon nanotube forests with lateral
dimensions of ~5 mm and heights of ~2 mm on a silicon
substrate (Figure 4a). A highly p-doped silicon wafer was used as
substrate, on which a growth catalyst was first deposited. The
catalyst layer consisted of a layer of iron approximately 2 nm in
thickness over approximately 10 nm of alumina, both deposited
using electron beam evaporation. The ethylene-based CVD
apparatus comprised a furnace zone to preheat the gases to
850 °C, and a resistive substrate heater to heat the substrate
(which included the catalyst layer) to 800 °C. A typical process
involved 1 min of annealing under 800 sccm of argon and
800 sccm of hydrogen, and then the growth phase using
400 sccm of ethylene for a duration of approximately 20 min.
As a result, vertically aligned nanotube forests with heights of
~2—3 mm were obtained. Electron microscopy revealed the
nanotubes to be multiwall with diameters in the 10 nm order of
magnitude and internanotube spacing several times larger than
nanotube diameter, typically in the 50 nm order of magnitude.
Given that the nanotubes are arranged in a two-dimensional
array, this means that the fill ratio of nanotubes in the forest is
(10/50)% = 0.04 = 4%, and that over 90% of the volume of the
forest is empty space, with the mass density of the forest being
on the order of 0.02—0.04 g/cm®. We have also concluded this
from liquid-induced shrinkage experiments: upon introducing a
liquid to the nanotube forest and letting it dry, the nanotubes
are drawn together due to the capillary action, and the forest
thus shrinks to a structure where the nanotubes are closely
packed. It is seen that the lateral dimensions of the forest
shrink by a factor of 4—5 in this manner, confirming that before
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the emission spot temperature, obtained using eq 1.
Note that the calculation of the spot temperature does
not involve the use of the GFD model (see the Methods
section). Therefore, this figure shows the quality of the
GFD fit as a function of temperature over this wide
range of temperatures.

CONCLUSION

We studied electron emission from carbon nano-
tube arrays illuminated with a continuous-wave, ultra-
violet laser. In sharp contrast to the situation in bulk
cathodes where one only observes linear photo-
emission in the range of intensities used here, we
observed three regions corresponding to 1PPE, 2PPE,
and thermionic emission, all happening only due to
this single light source. We also observed that the
emission current closely follows the GFD law of
temperature-dependent multiphoton photoemission
over the entire range of intensities (and resulting
temperatures) studied. We believe the unique behav-
ior observed is largely because of the internal nano-
structure of the forest, which consists of mostly empty
space in between the nanotubes. The resulting materi-
al property that photons are captured and electrons
escape effectively is of fundamental importance for the
conversion of light to electricity in applications ranging
from photocathodes to solar cells. The insight gained
from these results opens a new door for engineering
other nanostructured materials with similar properties
for various applications.

shrinkage the forest included more than 90% empty space.
A Spectra-Physics Wavetrain frequency doubler generated a
CW 266 nm (UV) beam from the 532 nm (green) output of
a Coherent Verdi V5 CW laser. A fused-silica lens was used
to focus the beam (with electric field polarized parallel to
the nanotubes' axis) onto a spot on the side surface of the
nanotube forest, which was situated inside a high-vacuum
chamber (pressure ~ 1072 Torr), via a sapphire viewport with
a transparency of ~72% at 266 nm. The beam (normal
incidence) spot was circular, with a radius of ~70 um at the
point of incidence. The nanotube forest served as cathode,
while a copper counter electrode, mounted above the top
surface of the nanotube forest at a distance of ~3 mm, served
as anode. A Keithley 6430 subfemtoamp remote sourcemeter
was used to apply 10 V of collection voltage to the anode
and measure the emission current through the cathode.
The vacuum chamber was placed inside a Faraday shield
to reduce noise and enable a current measurement sensitivity
of 3 fA.

To estimate the coefficients a, in eq 1, knowledge of the
temperature of the illuminated spot is required. We recorded
the spectrum of its incandescent glow using an Ando AQ-6315A
optical spectrum analyzer and fit it to Planck's blackbody
radiation formula. Owing to the wavelength range limitation
of the spectrometer, we could only measure temperatures
higher than ~1280 K. To obtain the temperature in the entire
range needed (down to room temperature), we employed a
model described previously'®*° and the measured tempera-
tures to deduce the parameters of the model, and subsequently
calculated the temperature for the entire range of optical
intensities used (Figure 3).
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