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Nanostructured Thermionics for Conversion of Light
to Electricity: Simultaneous Extraction
of Device Parameters
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Mehran Vahdani Moghaddam, and Alireza Nojeh

Abstract—Thermionic conversion involves the direct conversion
of heat, including light-induced heat, from a heat source, e.g., so-
lar energy, to electricity. Although the concept is almost a hundred
years old, the progress of thermionic convertors has been limited by
issues such as the space-charge effect and availability of materials
with desirable mechanical and electrical properties, while main-
taining a low work function. Nanotechnology could help address
some of the main challenges that thermionic convertors face. How-
ever, existing models, which were developed for macroscopic con-
vertors, are not capable of describing all aspects of nanostructured
devices. We present a method to evaluate the output characteristics
of thermionic convertors with a higher precision than the existing
models and the ability to simulate a broader range of parame-
ters, including temperatures, active surface areas, interelectrode
distances, and work functions. These features are crucial for the
characterization of emergent devices due to the unknowns involved
in their internal parameters; the model’s high numerical precision
and flexibility allows one to solve the reverse problem and to eval-
uate the internal parameters of the device from a set of simple
experimental data. As an experimental case, a carbon nanotube
forest was used as the emitter and locally heated to thermionic
emission temperatures using a 50-mW-focused laser beam. The
current-voltage characteristics were measured and used to solve
the reverse problem to obtain the internal parameters of the device,
which were shown to be consistent with the values obtained using
other methods.

Index Terms—Carbon nanotubes, light induced thermionic
emission, thermionic emission, thermionic conversion, Vlaslov’s
equation.

I. INTRODUCTION

HOTOVOLTAIC devices use optical generation of charge
P carriers. Thermionic energy convertors (TECs), on the
other hand, employ heat, which could also be generated by
light, and act as a heat engine without moving parts to generate
electricity by means of thermionic emission.
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Fig. 1. Schematic diagram of (a) a traditional TEC, (b) a LITEC based on CNT
forests. (Reprinted from [15] with permission from Elsevier.) (c) As the intensity
of the incident light is increased beyond a threshold value, an incandescent glow
emerges [5]. (d) A CNT-based LITEC device in a portable sealed glass vacuum
chamber [13] as opposed with (e) the large focusing infrastructure required for
traditional LITEC devices [3] (with permission from AIP Publishing LLC).

The thermionic emission phenomenon has been known for a
long time: it was reported by Guthrie [1] and by Edison [2]. The
effect was quantified by Richardson [3].

Generally, TECs consist of two electrodes separated by a vac-
uum gap as depicted in Fig. 1(a). Electrons are thermionically
ejected into the vacuum region from the hot emitter, traverse the
gap and are collected by the cold collector. These devices offer
attractive properties for harvesting the solar energy, such as the
exponential dependence of current density on temperature and
the ability to harness a wide spectral range of the incident light.

TECs have been used in the last 50 years for direct conversion
of heat to electricity. However, there has been a recent surge of
interest in this field due to two main reasons: the ever-increasing
need for generation of clean energy, as well as the advances in
nanotechnology enable researchers to overcome some of the
main challenges associated with traditional TECs. Some of the
latest advances in the field of thermionic convertors include
workfunction reduction by means of intercalation of nanostruc-
tured cathodes [4]-[6], negative electron affinity materials [7],
photon-enhanced thermionic emission [8], and application of
magnetic fields [9] or extremely small interelectrode distances
[10] to increase efficiency.

1536-125X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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An overview of the new prospects for thermionic conversion
offered by nanotechnology is given in Ref. [11].

Due to their high-temperature and mechanical stability, car-
bon nanotubes (CNTs) are viable candidates for thermionic
emission [12] and energy conversion applications [13]. Due to
thermal dissipation in bulk conductors, light induced thermionic
emission (LITE) requires very high optical powers, obtainable
for example, by using a large and complex apparatus to focus
and collect sunlight as shown in Fig. 1(e) [14]. In particular,
the heating situation can be drastically different in nanotube-
based cathodes compared to bulk conductors. Our group has
previously reported light-induced localized heating in multi-
wall carbon nanotubes (MWCNT) forests [15]. This “Heat Trap
effect” enables localized heating to temperatures above 2000 K
using a low-power beam of visible light, leading to localized
thermionic electron emission as depicted in Fig. 1(b)—(c). Based
on this effect, our group has subsequently demonstrated a vac-
uum thermionic convertor (see Fig. 1(d)), [13].

Upon light-induced heating of the emitter, the electrons in
the high-energy Fermi tail have enough energy to overcome
the workfunction barrier. These electrons are ejected from
the surface of the emitter and traverse the inter-electrode
distance to finally reach the cold collector. The difference be-
tween the electrochemical potential energies of the two elec-
trodes is transformed into work in the external load through
which the electrons travel back to the emitter.

Hatsopoulos and Gyftopoulos proposed a method to couple
Vlaslov’s and Poisson’s equations in the space-charge limited
regime, assuming the electrons in the interelectrode space act
as a collisionless gas with a Boltzmann velocity distribution
[16]-[17]. This method can be used to evaluate the current—
voltage (I-V) characteristics in the space-charge limited mode
of thermionic convertors. However, this strategy has never been
used to solve the reverse problem and to obtain the internal
parameters of the device from the /-V curves. This is because
conventional thermionic devices are made using metal elec-
trodes with known properties, such as workfunction, and the
entire electrode is typically heated; parameters such as emis-
sion spot area are well known and temperature can be easily
measured. Therefore, Hatsopoulos and Gyftopoulos assumed a
uniform temperature profile in their model [16], [17]. However,
as will be shown in this paper, a large temperature gradient may
exist in nanomaterial-based thermionics. For instance, in a CNT-
based light induced thermionic energy convertor (LITEC), only
a small portion (with a radius, , on the order of several hundred
micrometers) of the nanotube array may be heated. The exact
value of the workfunction depends on the local properties and
temperature of the illuminated spot [ 18]. Moreover, the presence
of adsorbates can have noticeable effects on the workfunction of
CNTs. For instance, the adsorption of water molecules will re-
duce the workfunction [19]-[20] while the presence of organic
molecules on the CNT tip will result in larger workfunctions
[18]. Additionally, the local density of states at the tip and
sidewalls of CNTs are different, leading to different values of
workfunctions [21].

Therefore, the study of these emerging thermionic devices
requires a strategy to characterize their internal parameters. In

addition, the lack of sufficient computational power and a stable
algorithm have made it difficult to tackle the more computa-
tionally intensive, reverse problem in the past. The integrals
involved in this method do not have exact analytical solutions
and behave non-linearly as the internal parameters of the de-
vice are varied. In fact, the numerical approximations tabulated
in Ref. [16] are sufficient to predict the space-charge limited
behaviour of thermionic convertors only in a limited range of
temperatures, workfunctions, and interelectrode spacings.

II. THEORY AND MODEL

It is assumed that electrons are thermionically emitted from
the cathode as governed by the Richardson—Dushman equation,
Jsat = AT% exp(—¢r /kpTE), where Js,; denotes the satura-
tion current density, i.e., the maximum current density attain-
able from the emitter at the emitter’s temperature, T - kg is the
Boltzmann constant, and A = 1.202 x 105A - m~2 - K2 is the
Richardson—Dushman constant [22].

The electrons reaching the other electrode (collector or anode)
are completely collected and run through the external circuit.
The methodology in this section follows the earlier descrip-
tion of operation of TECs in the space-charge limited regime
[6], [17]. It is described here how the numerical accuracy and
the range of applicability can be further enhanced using a new
algorithm. Moreover, the I-V characteristics of the TEC are
obtained for different regimes of device operation. The high nu-
merical accuracy, applicability to a wide range of parameters,
and modelling of the entire /-V characteristics, in addition to
a stable algorithm, make solving the more challenging reverse
problem possible. The general method to solve the direct prob-
lem is to couple Poisson’s and Vlaslov’s equations. Vlaslov’s
equation applies when electrons in the interelectrode region are
approximated as a collisionless ideal gas [23]. In the simplest
one-dimensional (1-D) case, i.e., when a uniform electric field
is applied only in the direction normal to the emitter and col-
lector’s surface (e.g., along the x-axis), an analytical solution is
possible. The solution includes functions and integrals that can
be solved numerically. The operation of the TECs in the space-
charge mode is discussed in Ref. [17]. We provide a summary
of the key points along with important equations for the sake
of clarity. We also propose an algorithm that can be utilized to
increase the accuracy of the method proposed in Ref. [16] to
calculate the /-V characteristics.

A TEC can operate in two or three distinct regimes (or modes),
depending on the electric potential difference between the elec-
trodes (see Fig. 2). The width of each mode and the onset of the
subsequent mode depend on the internal parameters of the TEC
such as temperature, interelectrode gap distance, and the work-
functions. Fig. 2(a) shows the /-V characteristics of a typical
TEC in its various operating regimes. The appropriate motive
diagrams that are the analogs of the band-diagrams in solid
state physics are also included. The emitter and collector are
assumed to have the same Richardson—-Dushman constant and
maintained at T and T, respectively. The motive diagram of
a TEC operating under negative and positive biases is depicted
in Fig. 2(b) and (c).
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Fig.2. (a) Atypical I-V curve with the corresponding motive diagrams in each
operation regime. (b), (c) Typical motive diagrams corresponding to different
operation regimes of a vacuum thermionic convertor under negative (b) and
positive biases (c). The subscripts “E” and “C” denote emitter and collector,
respectively. W, p and ¢ denote the motive, electrochemical potentials and
workfunctions, respectively.

At sufficiently negative biases, where the chemical poten-
tial of the emitter lies considerably below that of the collector,
the device is in the retarding mode. The electric field opposes
the transport of electrons from the emitter toward the collec-
tor and only a fraction of them with sufficient kinetic energy
to overcome the electrostatic barrier can make it to the other
side. Therefore, the current in this regime can be calculated
as J = AT% exp(—(¢c +€V)/kpTg). It is noted that in this
mode, due to the low concentration of electrons, the electron-
electron interaction is negligible and, therefore, not included in
the calculations. In other words, all electrons are assumed to be
subject to the same opposing electric field in the inter-electrode
gap; the spatial changes of the field due to the presence of elec-
trons in the inter-electrode region are not considered.

As the concentration of electrons rises by lowering the po-
tential energy of the collector with respect to that of the emitter,
the electric field arising from the presence of electrons in the
inter-electrode region must be taken into account. The electrons
ejected from the emitter effectively face a higher local potential
barrier due to the electrostatic repulsion arising from the other
electrons. This characterizes the space-charge limited regime.
As observed from Fig. 2, the presence of the electrons in this
region results in a peak in the inter-electrode potential (¢) = s
at position x = x ;7). Electrons situated between the surface of
the emitter and x;; can have both positive and negative veloci-
ties. Only those electrons with kinetic energy equal to or greater
than 1), are able to pass over the maximum potential. On the
other hand, once electrons overcome v, their potential energy
only decreases for values of x higher than z,;. Consequently,
they can only drift toward the collector.

As the applied bias increases, x); moves consistently toward
the emitter and, eventually, ¢)); does not take place in the inter-
electrode gap. The device has entered the saturation mode. The
current density in this case is equal to Jy,; and remains con-
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stant by increasing the electric field. This approximation is valid
for relatively low applied biases, whereas the Schottkey effect
becomes important at higher biases, whereas the effective work-
=
€ is the vacuum constant and F' is the magnitude of the electric
field [24]-[25].

where

function is lowered according to ¢.f¢r = ¢p —

A. Space-charge Limited Regime

The space-charge limited regime is characterized by two
boundary points. The onset of the space-charge limited regime,
where 1), takes place at the point just outside the collector, is
known as the critical voltage. This point is denoted by Jo and
Ve as the critical current density and applied voltage, respec-
tively. On the other hand, when /), coincides with the point
just outside the emitter, the device is at the saturation point.
This point is identified by J,,; and V.

In order to obtain the overall /-V characteristics, the saturation
current and voltage are determined. Then, as explained in the
following section, the critical point is evaluated. The values
of the current and voltage between these two boundaries are
subsequently computed from coupling Vlaslov’s and Poisson’s
equations. Starting with a current, Vlaslov’s equation outputs the
velocity distribution function, f(z,v.). The electron density as
a function of x, n(x) is evaluated by integrating f(x, v, ). The
resulting n(z) is plugged into Poisson’s equation. The solution
to Poisson’s equation can be evaluated numerically to obtain the
bias particular to that current.

1) Theory of the Space-Charge Limited Regime: In order to
calculate the characteristics in the space-charge limited mode,
the electron velocity distribution function, f(z,v.), the elec-
tron number density, n(z), and the dimensionless Poisson’s
equations are obtained and solved numerically. In the case of
collisionless electrons, Vlaslov’s equation can be solved to de-
termine the distribution function of electrons.

At )/, the distribution function, f(x)s,v.) takes the form
of a half-Maxwellian at temperature T ; i.e., for v., > 0, the
distribution is Maxwellian, whereas for v, < 0, the distribu-
tion is zero. v., represents the velocity of the electron along
the x direction. The equation for f(xs,v.) can be used as the
boundary condition to calculate the distribution function. Within
the region & > x), in Fig. 2, the electrons are accelerated by
the negative space-charge since the gradient of the motive is
always negative. The minimum value of the velocity at point
Z, 1.€., Vs min» 15 therefore equal to the velocity component of
electrons starting with zero initial velocity at x,;. Consequently
these electrons undergo a motive difference of vy, — ¢ (x) cor-
responding to Ve min = (2'/"’;1&)1/ 2 and, therefore, when
x > x)r solution to the Vlaslov’s equation is equal to

f(x,ve):2n(mM)(2ﬂZnE)z

X exp (l/fM - (ff) va )

kpTr  2kpTe

X © (ve, (1a)

- (vew)min) ’
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where m is the mass of the electron, v, = (v2, + v2, + vZ, )2

is the electron speed, and O is the Heaviside step function.

On the other hand, atx < x;/, the electrons are decelerated by
the electric field and can have both positive and negative veloc-
ities along the x direction. This leads to a negative minimum
velocity along the x direction, vey min = —(2‘““"%(@)1/ 2.

Therefore, when « < x,/, the velocity distribution function is
given by

f(z,ve) = 2n(zy) <27TI:;TE> 2

X exp b — P (x)  mu?
kpTg 2kpTg

x © (Ue:r, + (Uezr)

Based on this explanation, electrons on either side of x)s
also take on a half-Maxwellian velocity distribution with the
peak shifted from O to v, ,,;,. The next step is to calculate the
electron number density, n(x), by integration of the velocity
distribution function over the entire velocity space at x. This
results in

1 —erf (71/2) , x> Ty
n(x) =n(xa)exp (v) {
1+ erf (v1/2), r< Ty
2)
where v = (¥ — ¥ (x))/kpTg is the dimensionless potential
and er f is the error function.
In order to obtain the dimensionless Poisson’s equation, x is
divided by the Debye length given by Ly = (552 le )z 23],

. s 2e%n. (xar)
The resulting equation is

2 1 1—erf(’yl/2), (>0
T Z = 5 exp (y) x 3)
¢ 1—|—erf(’yl/2), (<0

where ¢ = (z — )/ Lp is the dimensionless distance. Noting
that ¢y, is a stationary point of ¢(x), the corresponding bound-
ary conditions are obtained as y(c—¢) = 0 and (Z’—Z)@:U) =0.
Double-integrating the equation and utilizing the boundary con-
ditions lead to

_ [ do
= | RO

exp () + exp () erf (az
(4a)
for ¢ < 0 and

C/OW[ do 172

exp (o) — exp («) erf (cﬁ) +2 (%)% - 1}
(4b)

for ¢ > 0.

The integral on the right hand side of equation (4) was solved
numerically with higher precision and with three orders of mag-
nitude of wider range compared to [16], as plotted in Fig. 3(a).
As depicted in Fig. 3(b), having a limited range for the dimen-
sionless variables and using interpolation as prescribed in Ref.
[16], can lead to substantial errors.

1ox10°
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-
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Fig. 3. (a) The dimensionless motive () vs. dimensionless distance (¢) plot-
ted as the solution of the coupled Poisson and Vlaslov equations. (b) The values
of the dimensionless motive, y are fitted using linear, quadratic and cubic poly-
nomial functions in the range 0 < ¢ < 15, as tabulated in Ref. [6]. These fitted
polymonials are used to extrapolate the values of v for ¢ > 15. As observed,
having a limited range for dimensionless motive leads to substantial devia-
tions from the actual solutions in case that a limited range of the values of the
dimensionless variables are used.

A high precision and a wide range for the values of the dimen-
sionless motive and distance are imperative in order to be able
to solve the reverse problem and extract the device parameters
from the experimental /-V curves. The calculation of the values
of the integrals in equation (4) requires dealing with functions
that change drastically depending on the values of «. Further-
more, the limits of integration involve large numbers (the values
of ), growing ever larger once used as inputs to exponential
functions. The values of ¢ for 0 < v < 14 are tabulated in Ref.
[16]. The existing strategy was to extrapolate these values to the
desired specifications of the device. However, as will be shown
in the following section, the extrapolated values obtained by
fitting to different polynomials do not lead to desirable accuracy
at higher values of (. The greatest error arises in determina-
tion of the values of the critical current and voltage. In order
to evaluate the integrals, the variable-precision arithmetic fea-
ture from MATLAB’s Symbolic Math Toolbox was employed
to compute each element to at least seven significant digits of
accuracy. After calculating the integrals numerically, it was no-
ticed that for (¢ > 10, ~y can be fitted to a three-term function in
the form v = a¢l + ¢ + e(, where a = 0.7388, b = 1.333,
c=2.198, d =0.6712 and e = —1.476, with a root mean
square error (RMSE) of 1.144. Moreover, for (g > 2, (p =
aexp(—byg) + ¢, where a = —1.497,b = 0.5125, ¢ = 2.554,
and RMSE = 0.0004346.

The value of the current density can be calculated by inte-
grating ef(x, v, )v., at any arbitrary 0 < x < d, (d being the
interelectrode distance) over the entire velocity space. The re-
sult is J = en(wy ) (2212 )1/2, This equation can be used to

replace n(x),) in the definition of Debye length and directly

. e2pd LT/t
relate it to the current as Lp = (5:5.25)7 577

The final step is to link J to the maximum current density
obtainable from the emitter, i.e., J5,¢, by calculating the number
of electrons with v, > 0 at the point just outside the emitter.
In other words, J = Jg,¢+ when x; = 0. This leads to Jy,; =
Jexp(yg ), where v = v(x = 0). Based on these equations
and values from Fig. 3(a), the following procedure is proposed

to obtain the /-V characteristics of the entire device.
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Fig. 4. Comparison of the estimated value of the critical point voltage, Vi,
when calculated using the assumptions made by Hatsopoulos, Vo 744 and the
actual value of V- obtained from iteratively solving the problem at different (a)
interelectrode distances and (b) emitter temperatures. These results are calcu-
lated for typical values of device parameters of ¢p = 4.6 eV, ¢ = 4.0 eV.
The radius of the hot spot, r, is assumed to be 100 pm. Inpart (a), T = 2000 K
and in part (b), d = 700 pm.

2) Current-Voltage Characteristics at the Critical and Sat-
uration Points: At the saturation point, the maximum mo-

tive takes place at the point just outside the emitter (zp; = 0
and J = Jg). Therefore, (g = 0 and ((x = d) = (¢ = %}“ =

5 1/2
(2:%’}32‘: )i JTES#, where d is the interelectrode distance. Based
on this valueﬁof (e, e is interpolated from Fig. 3(a). Following
the notations in Fig. 2, with the origin of the x coordinate at
the point just outside the emitter, the saturation voltage, Vi, is
calculated as (¢ — ¢c — v kTg). In calculating the critical
point characteristics, it is noted that at this point, the maximum

motive occurs just outside the collector (x3; = d). Therefore,

0—-d 2rme?\ T Jé/Qd
e = n(Jsar /o), |Gp| = (LD> - (e%kr%> B

and (¢ = 0. In order to compute .J, Hatsopoulus made the
assumption that at this point, the distance |(g| reaches its
maximum value (2.554 from Fig. 3(a)). Therefore, Jo can
be calculated from this value of |(z| and then replaced into
the Richardson—Dushman equation to evaluate the critical point
voltage, V. This estimation, as presented in Fig. 4(a) and (b),
leads to numerical errors. The value of the Vi calculated using
the assumption |(p| = 2.554 is denoted by Vi r4:. These val-
ues are compared with the V> values that are obtained using the
following proposed method. According to Fig. 4, the approxi-
mation made can lead to considerable error in determining the
value of V.

We propose this method to calculate the exact value of V¢ as
follows:

a. As a first approximation, J~ and Vi are calculated fol-

lowing the method explained above.
b. Values of vg = In(J/Js) are computed for 107¢ <

J 3
— < 10°.
Jc

c. ¢ 2 is computed for each v, based on their relation from
Fig. 3(a).

d. (e is caleulated from (o = =20 = L — ¢ Tf (¢ < 0,

the maximum motive occurs outside the interelectrode gap
and, therefore, the device does not enter the space-charge
regime, and operates in the retarding mode. The smallest
current that sets (¢ = 0, is equal to the actual value of J¢.
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Fig. 5. The entire I-V characteristics and the important boundary points (crit-
ical and saturation voltages and currents) were calculated for a wide range of
device parameters. The effects of altering (a) the interelectrode gap size and (b)
the hot spot temperature on the /-V characteristics are included in here. The
values of the currents and voltages at the boundary points (critical and saturation
points, represented by subscripts “C” and “saf”, respectively), are tabulated in
here.

Richardson—Dushman
regime: J = AT2 exp

e. Vo is calculated from the
equation in the retarding
(—(pc +eV)/kTg).

The value of 10° for the ratio of currents allows for calcula-
tions of actual critical point currents up to 6 orders of magnitude
different from the estimated value. If the integrals are not cal-
culated for a wider range, it will not be possible to calculate the
exact value of J¢, as large values of vp are required in Step c.

3) Output Current-Voltage Characteristics in the Space-
Charge Limited Regime: In order to calculate the I-V char-
acteristics, the following algorithm is proposed:

a. A procedure similar to the Steps b—d in calculating the
critical point is employed, except that the current is chosen
within the range of Jo < J < Jgq¢.

b. The values of ¢ are computed from the relation between
e and (¢, as illustrated in Fig. 3(a).

c. The output voltage is calculated from Fig. 2 as
(¢ — ¢c) +kpTE (Ve —Y0)-

Fig. 5(a) and (b) demonstrate the effects of changing the gap
width and the emitter’s temperature on the I-V characteristics of
the device, respectively. In the retarding and saturation regimes,
the current is determined using the Richardson—Dushman equa-
tion with the proper value of the energy barrier that the electron
encounters when travelling from the emitter to the collector. On
the other hand, in the space-charge limited regime, numerical
solutions of equation (2) are used to calculate the characteris-
tics. The entire /-V characteristics are eventually obtained by
combining the /-V curves within these three regions.

B. Non-Uniform Temperature Profile at the Emitter

So far, we have assumed that the temperature is uniform
across the illuminated area. This can be a reasonable assumption
in the case of the bulk TEC device with large dimensions.
However, a detailed analysis of the new generation of TECs
with much smaller dimension reveals the presence of tempera-
ture gradients. For instance, in a real LITEC device, inspection
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Fig. 6. (a) Temperature profile on the hot spot of the CNT-based LIETC. (b)
Contributions of different temperature contour rings to the total current across
a hot spot with a radius = 200 pm.

of the temperature profile reveals an average temperature
gradient of several degrees of kelvin over a micrometer at a
typical input laser power of S0 mW [26]. Therefore, a uniform
temperature profile is not realistic and the influence of the
existence of different areas with various temperatures has to
be included in the model. In order to model this effect, the
circular heat-spot area is divided into different rings with
different temperatures (7'(r,,)), with r, being the distance
of the n™ ring from the center of the beam. Each ring is
considered as a thermionic convertor contributing to the overall
current. Linear and Gaussian temperature profiles were used to
investigate this effect. In the case of a linear temperature profile,
T(r,) = (Ty — Tmaz)% + Tz this leads to an average tem-
ﬁ 10" T(ry)2mrdr = %(QTO + Thnax)»
where T,,,, is the maximum temperature, Ty = T'(rq),
and 7y is the radius of the thermionic emission area (see
Fig. 6(a)). The value of Tj is chosen such that the contribution
from the ring at 7' = Ty, is less than 107* % to the overall
current. In the casezof a Gaussian temperature distribution,
T(r) = T eXp(aTTg)’ where o« = 1In(Ty/Trnax), leads to
Tover = Tmaxa(—1 + exp(1/«)). The contributions of differ-
ent temperatures when the thermionic emission area is divided
into 10 rings are represented in Fig. 6(b). As observed, the
average spatial temperature of the spot (2020 K) does not fully
represent the thermionic emission behavior of the spot. The
reason is the exponential dependence of the emission current
on the temperature of the emitter. Therefore, the defining
temperature of the device is closer to the maximum temperature
than the spatial average temperature. Remarkably, one single
temperature cannot fully represent the system in any case. At
negative biases, higher-temperature elements with less area
contribute predominantly to the current (2710 K with an area of
5.59 x 10° ,qu). On the other hand, near the saturation regime,
the higher-surface-area rings with relatively lower temperatures
dominate. The reason is the high- and low-temperature areas
facing the same energy barrier at sufficiently negative biases
(¢c + €|V]). However, in the space-charge limited regime,
higher-temperature sectors feel a larger barrier due to the in-
creased space-charge, since they have a higher current density.

perature of T,,., =

III. EXPERIMENTAL RESULTS AND COMPARISONS
A. Experimental Set-Up

Millimeter-long MWCNT forests were grown in a home-
built chemical vapor deposition reaction chamber over a highly

@
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Fig. 7. (a) The schematic of the experimental set-up for /-V measurements
of a CNT-based LITEC. (b) The incandescent spot on the side-wall of the
CNT forest as imaged by a CCD camera. (c) The internal parameters of the
LIETC device are obtained by solving the reverse problem and fitting to the
experimental results as depicted in the legend of the plot.

p-doped silicon wafer coated with successive layers of 10 nm of
Alumina and 1 nm of Iron. Some of the catalysts were patterned
to form cubically shaped forests with a base width of 1 mm
separated by a distance of ~500 pm. This pattern facilitated the
characterization of the illuminated spot on the sidewalls of the
CNT forests. CNTs were grown on the catalyst by following a
recipe similar to the one used in [13].

The following experimental set-up (see Fig. 7(a)) was adopted
for the experiments. The chips containing CNT forests were
mounted on a sample holder and placed in a high-vacuum cham-
ber (107-107° torr). The vacuum chamber was equipped with
Pirani and cold cathode gauges that allowed the pressure to be
monitored within a wide range (103~1073 and 10-2—10~'° torr,
respectively). A precision leak valve was used to control the
pressure inside the chamber. The CNT sample was used as the
cathode and was illuminated on its sidewall through the anode.
An indium thin oxide glass slide with 84 % transparency or an
85 % transparent stainless steel mesh were used as the anode.
The gap width was set to less than 1 mm. The cathode was
surrounded by an open-ended aluminum cube, kept at the same
potential as the anode.

The laser was focused on the sidewalls of the CNT forest by
means of a lens with a 15-cm focal length. Two manual high
precision microactuators were used to move laterally along the
width of the forest, allowing one to determine the location of
the illuminated spot for characterization purposes. The lens was
placed approximately 15 cm away from the anode through a
viewport and its exact position was controlled by a high pre-
cision motorized microactuator (with a precision of 200 nm)
controlled by a computer. Several different types of lasers, in-
cluding three lasers from Laserglow Technologies (Electra Pro-
40 (405 nm), Scorpius-500 (1064 nm) and Hercules (532 nm))
and a 300-mW, 532-nm Green DPSS Laser from Alltech so-
lutions were used. Two optical attenuators and a power reader
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were used to adjust the power to the desired value. A charged
coupled device (CCD) camera was used to measure the area of
the laser spot on the forest (see Fig. 7(b)). The I-V character-
istics were measured by sweeping from negative (retarding) to
positive (collection) voltages using Keithley 6430 and 6517a
electrometers. Since the voltage is swept over a wide range
in our experiments, the magnitude of current varies dramati-
cally each time (typically from less than 1 pA to ~10 pA for
a voltage sweep in the range of —4-10 V at T = 2300 K).
At positive biases higher than the saturation voltage of the
LITEC device (typically V = 30 V to ensure that the saturation
regime is properly covered), the current is on the order of tens
of As.

B. Extracting the Experimental Parameters

As explained in the theoretical section, each regime of oper-
ation follows a certain set of equations. Each internal parameter
of the LITEC device affects the /-V characteristics in a unique
way. For instance, increasing the gap width (from Fig. 5) in-
creases the width of the space-charge region while maintaining
the same level of saturation current. Raising the emitter’s tem-
perature shifts the entire /-V curve upwards (increasing current
at an exponential rate), while maintaining the intersection of the
two tangent lines to the characteristics in the retarding and the
saturation modes at a fixed voltage point, V,, = (¢c — dr)/e.
Changing ¢ affects the saturation point voltage and current
while altering the thermionic emission area’s radius (r) shifts
the entire curve upward or downward. To distinguish between
the alterations caused by T or 7, it is noted that the former has
a more palpable effect in negative biases, while the latter shifts
the curve uniformly. Although it seems that each set of param-
eters will lead to only a unique /-V profile, solving for each of
the parameters is a challenging problem. In order to solve this
reverse problem, a graphical user interface was developed to
calculate the I-V characteristics based on the proposed proce-
dure, allowing one to select different temperature profiles. Each
of the internal parameters are adjusted while their impact on the
I-V profile is studied in real time. In order to test the uniqueness,
a set of reasonable values of internal parameters were chosen in
random, the /-V curves were generated based on the proposed
procedure in the previous section, and the results were used to
solve the reverse problem. When the temperature was assumed
to be uniform, the reverse problem resulted in unique estima-
tions of the internal parameters, with £0.1 eV of accuracy for
workfunctions, ~= 50 K for T and ~= 20 pm for the spot-size
radius. The estimation of the inter-electrode distance depends
on how deep the device is within the space-charge region. At
relatively low d values, where V(> is close to V¢, the length of
the space-charge region is negligible and, therefore, the impact
of the gap width on the /-V profile will not be noticeable. Con-
sequently, only an upper bound for d can be determined in such
cases.

Fig. 7(c) shows the experimental I~V characteristics from
illumination of the sample (with a stainless steel mesh as the
anode) by 40 mW of a 405-nm laser fitted to simulation curves
identified by a fixed-gradient temperature profile.
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The effective hot spot radius (121 pm) is comparable with
the image taken by a CCD camera (~150 pm). The estimated
temperature (2 150 K) when assuming a linear temperature dis-
tribution along the hot spot matches closely with the results that
our group previously obtained from fitting the incandescence
spectra to black body radiation [15], and the estimated work-
function of CNTs (4.7 V) is consistent with the values obtained
by other methods [27].

Since the modelling presented in this paper is based on a
1-D potential profile with infinitely large electrodes, it requires
some justification to use this model to extract the parameters of
a CNT-based LITEC. In the Appendix section, we show that our
1-D model can effectively capture the experimental conditions
by a relatively small error.

Simultaneous measurement of all of these parameters that per-
tain to a certain experiment in LITEC has not been possible in the
past. For instance, in order to measure the workfunction, a com-
mon method such as ultraviolet spectroscopy can be employed.
However, considering that the exact workfunction depends on
the local morphology of the CNTs and the temperature [28], it
would be extremely challenging, if not impossible, to have the
illuminated spot on the CNTs with exactly the same amount of
intensity as that used in the thermionic conversion experiment.
Besides the difficulty in determining the actual workfunction,
the temperature may vary widely depending on the local den-
sity of the CNT forest. For instance, the Richardson—Dushman
constants calculated from the thermionic emission data from
[19] were in discrepancy with values obtained for metals. This
issue was attributed to the extra surface roughness and different
surface area for CNTs compared to metals. Furthermore, mea-
surement of the hot-spot area depends on the resolution as well
as the bandwidth of the CCD camera used for the measurements.
Therefore, the area measured by a CCD camera might be differ-
ent from the effective area contributing to thermionic emission.
However, using /-V curves and following the proposed strategy
provides a consistent method for determination of the effective
area of the hot spot. Moreover, the effective gap width between
the electrodes, though being on the same order as its equivalent
physical value, can be different due to the collection efficiency
of the electrons. The collection efficiency depends on the con-
figuration of the electrodes and the geometry of the structure.
As a result, the value of the gap width obtained from fitting to
simulation curves can be interpreted as the effective gap width.
The magnitude of this parameter is proportional to the physical
interelectrode distance divided by the collection coefficient.

IV. SUMMARY

A method was proposed based on the simultaneous solu-
tions of Vlaslov and Poisson equations to calculate the out-
put characteristics of thermionic convertors. The numerical
accuracy and the range of applicability of the method were
substantially enhanced by applying robust algorithms. It was
demonstrated that this method can be employed to solve the re-
verse problem and calculate the internal parameters, e.g. work-
functions, interelectrode distances, effective areas and tem-
peratures of thermionic convertors. It was shown that the
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emergent nanomaterial-based thermionic convertors, though op-
erating on the same overall principles, have some distinct fea-
tures such as spatially varying workfunctions and the presence
of temperature gradients, which require more sophisticated sim-
ulation methods to study them. Due to the high stability of the
proposed method, a versatile range of parameters can be solved
for and, therefore, the method can address the numerical diffi-
culties associated with new thermionic devices. As an example
of its application, this method was used to extract the parameters
of a LITE conversion device based on CNTs.

APPENDIX

ESTIMATION OF THE INTRODUCED ERROR USING A 1-D MODEL

These steps are followed to calculate the error due to a 1-D
model:

1y

2)

3)

4)

The lateral movement of electrons does not change the
current from that calculated using a 1-D model in retarding
and saturation modes of operation. The discrepancy can
only arise in the space-charge regime.

The electric field in the inter-electrode region in front of
every ring is due to two sources: the externally applied
bias, and the field due to the presence of electrons, or the
space-charge field. In the absence of the space-charge ef-
fects, the fields in front of all rings are essentially equal
(given that the anode and cathode structures have spa-
tial extents of several millimeters, much larger than the
illuminated spot).

As described in the modelling section, the space-charge
region is identified by the critical point voltage, V¢,
and the saturation point voltage, Vi,;. Under the fore-
going experimental conditions, only a small number of
the rings enter the space-charge dominated regime, and
for only a small portion of their entire IV characteristics.
For instance, in the case of the lowest-temperature ring
(1500 K), V¢ and Vi, coincide at 1.2001 V (as calcu-
lated using the prosed method in the paper), signifying
that this ring does not enter the space-charge regime at
all. Similar calculations reveal that the device enters the
space-charge regime of operation at temperatures higher
than 1900 K, with Vo = 1.0654 V and V,; = 1.3651 V.
Therefore, the 1-D approximation is fully valid for about
3/4 of the rings. For the remaining 1/4 of the rings, the
approximation is not valid for a very short range of applied
biases (for instance for 0.3 V of the 40 V range of voltage
sweep).

The width of the space-charge regime is narrower in our
LITE device, where the emission spot is finite in size,
compared to the traditional case of an “infinitely-wide”
hot electrode. The reason is that the space charge density
in the transverse direction decreases with distance from
the axis (of the rings), since electrons are only fired from
the finite-size hot spot. In other words, as the electron
beam travels away from the hot spot, its diameter increases
and its total charge is distributed over a wider area than
the size of the hot spot; the amount of charge directly in

)

6)

7)

front of the hot spot is thus effectively reduced. Therefore,
for instance, we would expect that the width of the space-
charge limited regime at 1900 K be less than 0.3 V; an
estimation of how much lower it should be is presented in
the next point.

The estimation of the maximum change (to the infinitely-
wide emission spot case) can be obtained as follows: in
our experimental case, a hot spot with area A(0) = mR>
and average electron density n(0), expands to an approxi-
mate area of A(z) = m(R + v X tior)? withiits electron
density diluted to ns(z) = ny(z) x A(0)/A(z), where
vin = (2kpT/m)'/?, t is the average time of flight of the

X

electrons (t = m), (v, ) is the average velocity of elec-

trons along the z direction and n; () is the density of elec-
trons at position z in the 1-D case (uniform temperature
and infinitely large electrodes) that can be calculated using
equation 2 and Fig. 3. On the other hand, in the 1-D case, a
portion of the hot spot with area A(0) maintains its surface
area due to the charge migration from the adjacent regions
and its electron density, ny (x), varies along the gap dis-
tance according to equation 2. The potential of a uniform
circular surface charge distribution, o(z) = n(x)dx at a
distance x from the center of the circle can be easily calcu-
lated as V' = %i)(\/ R? + 22 — z). Therefore, the frac-
tional change in the potential barrier at the emitter due to
dilution of electron density at point x can be calculated as
%(\/(R + vy X t)? + 22 — z). This potential was
numerically integrated along the gap distance to calculate
the overall change in the emitter’s potential due to dilu-
tion of the electron density because of the expansion of
the beam. The same procedure was employed to calcu-
late the generated potential at the emitter in the 1-D case.
This led to a maximum introduced error of 15 % in the
resulting potential occurring at the bias point, V' = 1.2 V
at 1500 K.

In order to include the influence of the electron mixing
between adjacent rings (the influence of the space charge
of electrons emitted by all other rings, including the di-
lution of the electrons of the ring in question itself), the
solution of the Laplace equation in spherical coordinates
with azimuthal symmetry involving Legendre functions
of the first kind [28], was used to include the introduced
potential at off-axis points resulting from dispersing rings.
Not including the mixing of electrons between the adja-
cent rings led to a maximum error of 12 % in the ring’s
own potential at the emitter, 7 % of error in the potential
of the adjacent ring and 4 % in the next one (the impact
on the subsequent ring is less than 1 %).

We can thus infer that the width of the space-charge lim-
ited regime of operation is roughly 12+ 7 +4 =23%
of the width predicted by the 1-D model due to mix-
ing of the electrons (for instance instead of 0.3V, it is
0.3 x (1 —23%) =0.23 V wide).

Based on these observations, for the device studied experi-

mentally here, the error introduced in the simulations due to the
1-D nature of the model occurs in only 2 % of the data points.
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