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ABSTRACT

Modeling of a nearfield concentrated solar
thermophotovoltaic (STPV) microsystem is carried out to
investigate the use of STPV-based solid-state energy conversion
as a high power density MEMS power generator. Near-field
radiation can be realized between two closely separated surfaces
(i.e. order of radiation wavelength), resulting in the enhancement
of the heat radiation flux orders of magnitudes higher than the
blackbody limit, consequently increasing cell output power
density. The Near-field STPV model consists of an
absorber/emitter model used to estimate the net power absorbed
from solar irradiance, a near-field radiation transfer model to
evaluate the power tunneled from the emitter to the PV cell at
different separation distances, and a PV cell model to determine
the photocurrent generated due to thermal radiation absorbed.
Results reveal that decreasing separation distance between the
emitter and the PV cell increases the absorber/emitter thermal
efficiency, increases conversion efficiency, and the power
density (x100 far-field). The results also predict increase in
cooling power requirement as the separation distance is
decreased, which may be a limiting design parameter for near-
field STPV microsystems. Based on the model, an overall
conversion efficiency of 17% at a separation distance of 10 nm
and emitter temperature of 2000 K with solar concentration 6000

sun can be reached; this corresponds to an output power density
of 9x10° W/m2,

INTRODUCTION

The world market for products incorporating micro and
nanosystems is expected to exceed $1 trillion dollars by 2020.
This trend, along with global efforts to reduce our carbon
footprint in favor of using renewable energy sources such as the
sun, points to the need for research in small-scale, solid-state,
and clean energy-based portable power generation for integrated
micro/nanosystem devices such as consumer portable
electronics, remote sensing devices, unmanned aerial vehicles,
autonomous robots, and BioMEMS devices. One of the most
promising portable power generation alternative to batteries and
microengines is near-field radiation transfer enabled
concentrated solar thermophotovoltaic (STPV) microsystem.
Unlike conventional solar photovoltaics, a concentrated STPV
system converts solar radiation to electricity using heat as an
intermediary through a thermally coupled absorber/emitter (Fig.
1-a) and has one of the highest solar-to-electricity conversion
efficiency limits (~85.4%) while presenting opportunities for
thermal storage though practical efficiencies of STPV converters
are 20 — 30% [1] with much lower values at the microscale.
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While conventional PV systems only utilize a portion of the
solar spectrum efficiently, STPVs can overcome the Shockley-
Queisser single-junction PV limit [2], [3]. This can be illustrated
by investigating the PV cell quantum efficiency (Fig. 1-b) which
is maximum just above band-gap photon energy; hence it is
beneficial to illuminate the PV cell with radiation within that
range. Wide solar spectrum can be converted to a narrower one
by introducing an intermediate surface between the solar
radiation and PV cell to modify the spectrum (Fig. 1), hence the
concept of thermophotovoltaics. The intermediate surface
absorbs the solar radiation to be then converted to thermal energy
and reemitted towards the PV cell via thermal radiation which
inherently has a narrower spectrum than the solar radiation.
Choosing a PV cell with band gap energy matching the thermal
radiation spectrum will lead to enhancement in the overall
conversion efficiency. STPV is also considered more flexible
than conventional SPV as it can be operated with external heat
source (i.e. combustion) in the absence of solar irradiance. STPV
has been investigated theoretically and experimentally; a
comprehensive review of the literature can be found in [4].

Most recent efforts in improving the performance of STPVs
aim to develop selective absorbers and emitters either by
choosing proper material with a favorable inherent selective
emission [5] or through surface nanoengineering (e.g., Photonic
crystals) [6]-[8]. In the present research, we investigate the
effect of near-field thermal radiation to boost performance of
STPV; it is important to note that such study has not been
performed yet in the open literature. Near-field thermal radiation
transfer becomes important when the spacing (optical cavity
spacing) between the emitter and the PV cells is reduced to below
the characteristic wavelength of thermal radiation. Conventional
TPV systems generally have optical cavity spacing in the order
of a few millimeters thus limited by Plank’s blackbody radiation.
Thermally excited electromagnetic waves are of two types,
namely, propagating waves and evanescent waves. Plank’s law
of blackbody radiation only accounts for propagating
electromagnetic waves. On the other hand, evanescent waves are
non-propagating waves that decay away from a radiating surface.
However when two objects are brought close enough within a
distance proportional to the nominal wavelength of thermal
radiation, near-field effects due to the tunneling of evanescent
waves become important, resulting in the enhancement of
radiative heat transfer above Plank’s blackbody limit.

Near-field radiative heat transfer has been extensively
studied theoretically and recently a few experimental methods
for measuring the near-field transfer have been proposed. Kittel
et al. [9] performed measurements of the near-field heat transfer
between the tip of a thermal profiler and planar material surfaces,
their results agree with theoretical calculations above 10 nm. Hu
et al. [10] reported measurement of radiative heat transfer
between parallel glass surfaces separated by nanoparticels. Their
measured heat transfer exceeded what’s predicted by Planck’s
blackbody law. Shen et al. [11] measured the heat flux between
a microsphere and a flat surface separated by 30 nm. The
corresponding heat transfer coefficients at such distance are 3

orders of magnitude larger than that of the blackbody radiation
limit.

Near-field TPV has been also investigated in literature
theoretically and experimentally [12]. Basu et al. [13] provided
a thorough review of the applications of near-field TPV devices
to energy conversion, including their advantages over current
technologies. A recent near-field TPV numerical model is
presented in [14] and [15]. A very recent experimental work has
demonstrated the feasibility of near-field TPV [12] with reported
performance improvements of up to a 10x increase in power
density, 30% to 35% fractional increase in conversion efficiency,
or alternatively reduced radiator temperature requirements to as
low as 550 °C based on a 0.55 eV InGaAs diode.

In the present study, modeling of a near-field concentrated
solar thermophotovoltaic (STPV) is presented for the first time
in the literature. The model consists of three interdependent
parts. The first is modeling of absorber/emitter to estimate the
net energy absorbed from the incident solar irradiance. This
depends on losses to the environment and the amount of energy
tunneled to the PV cell by near-field radiation. The second is the
near-field thermal radiation power transfer from emitter to PV
cell, which incorporates fluctuation dissipation theorem to find
out the effect of near-field radiation. The third is the modeling of
PV cell to find out the photocurrent generated corresponding to
absorbed thermal radiation from the emitter. The photocurrent
calculation considers local electron/hole (EH) generation due to
thermal radiation absorption through the PV cell and minority
carrier recombination.

NOMENCLATURE
GE Electric dyadic Green’s function
G" Magnetic dyadic Green’s function
Dy, Carrier diffusion coefficient for holes
D Carrier diffusion coefficient for
€ electrons
E, Blackbody emissive power
Jo Dark current
Jon Photoelectric current
L Depletion region width in n-doped
dpn region
L Depletion region width in p-doped
ap.p region
N, Acceptor concentration
Ny Donor concentration
Poiectric Output electric power from PV cell
p Maximum PV cell output electric
m power
Net radiation power emitted from PV
QPV—>emitter

cell to emitter surface
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Fig. 1: Solar Thermophotovoltaic system layout. a) Layout of near-field solar thermophotovoltaic cell incorporating energy components:
Qsolarinc SOlar incident power, Qgoiar,res Solar reflected energy, Qjoss,eny POWeEr loss to environment from absorber surface, Qemitter—py POWEr
from emitter surface to PV cell, Qpy_ emitcer POWeEr from PV cell to emitter, P,;.cqric €lectrical power output from the cell and Qco01ing heat
rejecting from the PV cell due to losses mechanisms. b) solar spectrum (AM 1.5D) compared to near-field radiation spectrum with the same total
integrated power, both compared to the cell quantum efficiency

THEORY

Near-Field Thermal Radiation

Thermal radiation is customary treated as a surface
phenomenon which is analyzed using the concept of surface
emissivity [16]. This approach is quite acceptable when the
problem characteristic dimension is much larger than radiation
dominating wavelength. But when this condition is violated, we
should consider the origin of radiation as a bulk phenomenon.
Thermal radiation is inherent in bulk of all kind of material, it is
resulted from the field generated due to chaotic motion of
charges within materials. This can be considered as small dipoles
with random amplitudes and directions [13]. The spacing effect
on the net heat transfer arises from two effects that are
interrelated [13]. The first is wave interference due to multiple
reflections inside the separation distance d. that is important
when it is close to but greater than A;. The second is due to
photon tunneling that contributes significantly to near-field
energy transfer when d. < A;. This photon tunneling is a result
of total internal reflection [17]. To investigate radiation as a bulk
phenomenon, radiation should be dealt with as electromagnetic
wave via fluctuation-dissipation theorem. According to the
fluctuation—dissipation theorem, thermal emission is originated
from the fluctuating currents induced by the random thermal
motion of charges, known as thermally induced dipoles [18].
This current induces electromagnetic wave which can be
estimated via Maxwell equations. The fluctuation
electrodynamics combines the fluctuation—dissipation theorem

with Maxwell’s equations to fully describe the emission,
propagation, and absorption of thermal radiation in both the near
and far field [18]. The random thermal fluctuations produce a
spatial- and time-dependent electric current density J(x, t) inside
the medium whose time average is zero (otherwise any hot body
will experience net electric current).

The most common technique adopted in near-field thermal
radiation calculations is to express the fields in terms of dyadic
Green’s functions (DGFs). Using the method of potentials [19],
[20], the electric and magnetic fields can be expressed as:

E(r,w) = iwyvf AV'GE(r, 7', w).J (1, w) (1)
%4
H(r,w) =f dV'G (r,r, w).J" (', w) (2)
%

And the ensemble average of the fluctuating current densities is
given by [18]

L@, W)y ()
(,_)gvg?’,’((,_)) ’ " ’ (3)
= T@(w, TS —1")8(w — w')bup

where 0@(w, T) is the mean energy of Planck’s oscillator,
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hw

0w, T) = exp(hw/k,T) — 1 (4)

subscripts @ and g are to indicate two different direction of
thermally induced current, §(r' —r") is to translate the
assumption that fluctuations at two different points are correlated
in the limit " - 7', §(w — w") s to indicate that spectral
components of fluctuation currents are uncorrelated and &,
accounts for the assumption of isotropic media. To find out the
energy flux accompanies electromagnetic wave propagation,
Poynting vector is calculated [21]

(S(r,w)) = 4 * % * Re{{E(r,w) x H*(r,w))} (5)

This expression of the Poynting vector is four times larger
than its customary definition, since only the positive frequencies
are considered in the Fourier decomposition of the time-
dependent fields into frequency-dependent quantities [17].
Substitution of equations (1), (2) and (3) in equation (5), analytic
integration along the source volume, and considering the z
component of Poynting vector (due to azimuthal symmetry), we
get equation (7) [22], where q,_,,(z., w) is the monochromatic
radiative heat flux calculated from an arbitrary body 1 (emitter)
to a body 2 (receiver) at location z = z. in body 2 along the z-
direction, due to a semi-infinite radiation source (body 1) and g
are components of dyadic green function.

In our STPV model, Tungsten is used as the emitter and its
dielectric constant is taken from [23], while for PV cell
semiconductor, In,_,Ga,Sbh is used, which dielectric constant
was calculated using the dielectric constant for GaSb and InSh
combined with Vegard’s law:

galloy(x) = X&gasp + (1= X)emsp — x(1- x)Cp  (6)

where Cg is the so-called bowing constant that accounts for
deviations from the linear interpolation due to lattice disorders
[24]. Bowing constant is this case is omitted. For InSh and GaSb,
dielectric constants are from [25].

Photovoltaic cell
The purpose of modeling PV cell is to find out the output
photocurrent corresponding to a local thermal radiation
absorption. It is found from theoretical and semi-empirical
modeling that for an STPV illuminated with black body with
temperature 1500 — 1800 °C, the optimum range of band-gap

k20(w,T) «® k
———Relig) (a))J-
212 o o k

G1-2(2; w) = ;
VA

energy of PV cell is 0.4 — 0.6 eV [1]. One of the options is to use
a ternary alloy, In,_,Ga,Sh, which has a band gap that ranges
from 0.18 eV (for pure InSb) to 0.72 eV (for pure GaSh)
depending on the relative amount of indium and gallium in the
compound. For this study, Ing,5Ga,g,Sb composition is used
which has band-gap energy of 0.56 eV [26].

Current generated as a response of cell illumination can be
estimated once minority carrier distribution is known, this is
calculated by solving excess minority carrier steady state
diffusion equation (i.e. electrons in p-doped sides and holes in
the n-doped side) [27],

9%An(z, w) An(z,w) (8)
D, B +G(z, ) — 7@ =0
0%Ap(z, w) Ap(z, w)

e 9

D, 52 T G(z,w) - 0 (9)

which is valid for low injection conditions and no external
2
voltage. The term D ‘;72 is the carrier conservation term, G (z, w)

. . A . . .
the local generation rate of carrier and — s the recombination

rate of excess minority carriers (i.e. sink term). Estimation of
minority carrier diffusion coefficients D, and D, by relating
them to carrier mobility via Einstein’s relation:

_ MenkyT:
Den=—"2— (10)

Diffusion coefficient is estimated for minority holes D, =
18.3 cm?/s and for minority electrons D, = 35.18 cm?/s. For
InGaSb carrier mobility, it was calculated from Vegard’s law,

gfﬁz,pp(kp' Ze, w)gf_’iz‘ep (kp' Zey w)
/,J +gf—>2,pz(kp' Zc) w)gf—tz,ez(kp: Ze) (‘)) dkp
,1

_glE—>2,96 (kp' Zes w)gsz,pe (kp' Zc) w)

(7)
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Fig. 2: TPV cell schematic — a) radiation flux through the PV cell depth, dotted vertical lines represent radiation penetration depth. b) PV cell
composed of p-doped region (the upper half) with thickness L,, = 0.4 um and dopant concentration 10*° cm™* and n-doped region with
thickness L,, = 10 um and dopant concentration 107 cm™1. The emitter is the solid body above the PV cell at distance d. from the cell.

InSb and GaSbh mobility was calculated from [27]. Generation
rate of electron hole pairs as a result of thermal radiation
absorption is given by [14]

1 dq(z, w)
G(z,0) = ———= (11)
(2 ) hw 0z
where &ZZ'“) represents radiation power absorbed per unit

volume surrounding an element sliced at depth z. Minority
carrier lifetime 7 has three components corresponding to
recombination mechanisms; SRH non-radiative recombination,
non-radiative Auger recombination and radiative recombination.
For Ing,3Ga, g,Sb at 300 K, the total minority carrier lifetimes
of electrons and holes are 5.5 ns and 30.3 ns respectively [22].

Minority carrier diffusion equation is solved outside the
depletion region for p-doped and n-doped separately with the
following boundary conditions [22]:

An(z,w)

An(zgpp, w) =0, D, o Sedn (12)
94p(z,w)
Ap(Zapn @) = 0,0y =57| = =Spdp (13)
—42

for p-doped and n-doped region, respectively, where S, and S,
are surface recombination velocities for the minority electron or

hole respectively, they depend on the material and surface
treatment and it is difficult to determine precise values for them.
For this calculation, S, = 2 * 10* m/s and S, = 0 [22].

Depletion region thickness for p-doped and n-doped region
are respectively [28]

0.5
L [ 2&Vy ( N, ) (14)
e =\ e \Ng(Ng + Ny)
2¢,V, N o
£
Lapy = | =2 () (15)
e Nd (Na + Nd)
Where Vj is the p-n junction equilibrium built-in voltage
kpT, N,N,
vy = me< “f) (16)
e N;

, T, is PV cell temperature (assumed constant at 300 K) and &; is
the static relative permittivity calculated by [27]

& = (16.8 — 1.1x)¢g, (17)
Solving excess minority carriers diffusion equation lead to

calculation of photocurrent for the PV cell, which has three
components: current from minority electrons in p-doped region,
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current from minority holes in n-doped region and current from
electron hole pairs generated within the depletion region [22].

0An 18
Iph,e(w) = _eDea— (18)
z Zdp,p
aAp (19)
=eD, ——
Jonn(w) = eDy 07 gy,
Zdpn
Iph,depletion(w) :f eG(Z' (‘))dz (20)
Zdp,p
Total photocurrent generated can be determined by
Jon = | Upne(@) + Jpnn(w)
p w0 prhe p (21)

+ ]ph,depletion (w)] dw

where w, is the frequency corresponding to cell band-gap
energy. The actual output current is the difference between the
photogenerated current and the dark current, which is the current
generated when the cell is in dark condition (no electron/hole
generation) due to the applied forward voltage. This dark current
can be calculated by solving the minority carrier diffusion
equation in dark conditions (no electron hole generation) [29].
Boundary conditions are the same as illuminated conditions,
except the concentration of minority carriers on edges of
depletion region are

22
A p(zdp,n) = poexp(er/kacell) (22)

A n(de,p) = noexp(er/kacell) (23)

where p, and n, are the equilibrium hole and electron
concentrations respectively. The calculated dark current is a
function of voltage only and independent from radiation
frequency (as it is in condition of zero radiation) [29]. Actual
output current w.r.t forward bias voltage is

JVe) = Jon —Jo(V5) (24)

Cell performance is assessed via photocurrent generated,
maximum power density (the maximum power generated with
respect to Vg, i.e. B, = max(Vy = J(V;))) and cell conversion
efficiency

Nrpy = Pm/Qtotal,absorbed (25)

Absorber/Emitter

This is the interface between solar irradiance and the
receiver PV cell; it absorbs the concentrated solar energy from
one side, and emits to PV cell from the other side with tailored
spectrum. The purpose of this absorber/emitter is to tailor the
thermal radiation spectrum to match the PV cell band-gap to
maximize the electron/hole generation for a given input radiation
power.

Assuming that enclosure in a perfect vacuum for the sake of
insulation and protection of emitter form oxidation, we can
consider only radiative heat transfer in solving energy equation
of the absorber/emitter. The receiver (the face facing the sun)
absorbs portion of incident solar radiation, this portion is

Qsolar,abs = Nguns

* foo(l - ,0(/1)) * qsolar,inc(/wd/1 (26)
0

where spectral emissivity is related to spectral reflectivity by
1 = €(1) + p(1) for opaque bodies. Receiver also loses heat to
the surrounding at ambient temperature, this can be calculated as

o)

Quoss,Env = f (D) (Ep (Temitters A) (27)
0
- Eb (Tenv' A))dA

where (absorber/emitter temperature is considered uniform). Net
absorbed energy by absorber is then

Qabsorber = Qsolar,abs - Qloss,Env (28)

First law of thermodynamics dictates that the net radiated energy
by the emitter equals the net radiation absorbed by the absorber
(i.e. Qupsorber = Qemitcer)- The net emitted energy to PV cell is
the difference between net energy radiated by the emitter towards
the PV cell Qgmitter—py @nd net energy radiated from PV cell
towards the absorber Qpy_ gmitter,» Which are calculated from
near-field radiation transfer (equation (7)). Performance of
absorber/emitter is evaluated by its efficiency; which is defined
as the ratio between net thermal radiation energy transferred
from the emitter to the PV cell to the total incident solar radiation

_ Qemitter
Nabsorber/emitter =

Qsolar,inc (29)

_ Qsolar,abs - Qloss,Env

Qsolar,inc

Tungsten is used for Absorber/Emitter bulk, but its surface
facing the sun is covered by 2D tantalum Photonic crystal to
maximize solar energy absorption. Emissivity of the Photonic
crystal is adopted from [7].
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Fig. 3: Performance of near-field STPV as a function of separation distance and emitter temperature — a) Power output and heat rejected from near-
field STPV, b) Number of suns (solar concentration) required by near-field STPV, c) Absorber emitter efficiency, d) Conversion efficiency of near-
field TPV and near-field STPV

Total conversion efficiency of the near-field solar
thermophotovoltaic cell is defined as the ratio between
maximum output electrical power and solar incident power:

P
Nstpy = = (30)
Qsolar,inc

Near-field calculations and thermal models were carried out
using Matlab while COMSOL was employed to couple minority
carrier diffusion equation with near-field calculations done by
Matlab.

RESULTS AND DISCUSSION

Figure 3 shows the performance of near-field STPV as a
function of separation distance and emitter temperature. As
expected, the smaller the separation distance between the emitter
and the PV cell, the higher the output power density due to the
increased thermal radiation power tunneled from emitter to the
PV cell (Fig. 3-a), the output power in near-field region may
reach up to 100 times that of the far-field region. Unfortunately
this increase in power density is accompanied by increased heat
rejection (i.e., cooling requirement) due to various losses (i.e.
non-radiative recombination and absorption of thermal radiation

below band-gap energy). This cooling requirement may be
prohibitive, however important progress have been recently
achieved in the thermal management of high heat-flux
microsystem [30], [31]. Rejected heat should contribute in
increasing PV cell temperature, which can be estimated by
methodology in [15] as this will affect system performance.

To achieve such high output power density for small
separation distances, solar concentration should be high, and
increases with the decrease in separation distance (Fig. 3-b).
Fresnel lens technology can reach up to 4600x concentration
ratio [1], so to achieve such high concentration ratios, more than
one lens is needed.

Near-field effect on absorber/emitter thermal efficiency is
prominent, without any special enclosure, this can be explained
by considering constant absorber temperature with variable
separation distance. Radiation losses to the environment depend
on the absorber temperature so they will stay constant, but
decreasing the separation distance increases thermal radiation
transfer to the PV cell, and also increases the absorbed power
from the sun, so efficiency increases with decreasing the
separation distance (Fig. 3-c). Absorber/emitter thermal
efficiency also depends on absorber temperature, it increases
with absorber temperature in the far-field region and no defined
trend in the near-field region. This is because both losses to the
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environment and solar power absorbed increase with absorber
temperature increase. It is worth noting that this temperature
dependence decrease while decreasing separation distance due to
increased thermal power tunneled to PV cell compared to power
loss to the environment.

TPV and STPV conversion efficiency generally increase
with decreasing separation distance because the thermal
radiation spectrum matches better with quantum efficiency (Fig.
3-d) for low separation distance. The interesting region in near-
field solar STPV is above the 10 nm (due to limitation of cooling
capacity and concentration), so near-field STPV enhancement
may be realized at the peak in conversion efficiency near the 10
nm separation distance where conversion efficiency increases
from 4.3% for far-field to 17% for 10 nm separation distance.

CONCLUSIONS

This work investigates the performance of a near-field
STPV system. The results revealed an increase of absorber
thermal efficiency with decreasing separation distance, even
without using any special enclosure. The conversion efficiency
of near-field STPV exceeds the far field one significantly for low
separation distance (< 800 nm), and its maximum value (17%)
occurs around a separation distance of 10 nm. Such arrangement
is not easy to establish due to enormous cooling load (4x10°
W/m?) at low PV cell temperature 300 K. Power density
increases with the decrease of separating distance, it can reach
up to 107 W/m?, and it is 9x10° W/m? at optimum efficiency
point. Near-field STPV offers advantage of increased power
density and absorber emitter efficiency, while it imposes design
complexity when it comes to thermal management and solar
concentration.
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