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Abstract

The phonovoltaic (pV) cell is similar to the photovoltaic. It harvests nonequilibrium (hot) optical
phonons (£, o) more energetic than the bandgap (AFE, ) to generate power in a p-n junction.
We examine the theoretical electron-phonon and phonon-phonon scattering rates, the Boltzmann
transport of electrons, and the diode equation and hydrodynamic simulations to describe the
operation of a pV cell and develop an analytic model predicting its efficiency. Our findings indicate
that a pV material with F, o ~ AE., > kT, where kg is the thermal energy, and a strong
interband electron-phonon coupling surpasses the thermoelectric limit, provided the optical phonon
population is excited in a nanoscale cell — enabling the ensuing local nonequilibrium. Finding and
tuning a material with these properties is challenging. In Part IT (this issue), we tune the bandgap
of graphite within density functional theory through hydrogenation and the application of uniaxial
strains. The bandgap is tuned to resonate with its energetic optical phonon modes and calculate
the ab initio electron-phonon and phonon-phonon scattering rates. While hydrogenation degrades
the strong electron-phonon coupling in graphene such that the figure of merit vanishes, we outline

the methodology for a continued material search.



I. INTRODUCTION

Solid-state heat harvest, dominated by the thermoelectric (TE) generator!, remains in-
efficient, and this limits its application to waste-heat recovery or hostile-environment power
generation, where reliability supersedes efficiency. Moreover, TE effectiveness vanishes in
nano and microscale devices, where the contact resistance dominates the thermoelectric

effects® ™.

These factors led to the development of the thermovoltaic (TV) cell by Span
et. al.%, wherein the hot-side p-metal-n junction in a TE is replaced by a p-n junction and
electron generation events supply the TE current. They proposed that the TV can slightly
exceed the limiting TE efficiency. However, subsequent investigation” ** indicated the TV

cell achieves, at most, the TE efficiency.

Here, the phonovoltaic (pV) is proposed. While the pV and TV share a similar archi-
tecture, the pV utilizes a nonequilibrium optical phonon population to drive generation.
Indeed, the pV shares more features with a photovoltaic (PV) cell than it does with a TE or
TV cell. Where TE and TV harvest a flux of equilibrium energy carriers (heat), the PV and
pV cells harvest nonequilibrium energy carriers (the photon and phonon, respectively) res-
onant with or more energetic than the bandgap, as shown in Fig. 1. Other nonequilibrium
phonon harvesting schemes have received attention for their ability to surpass the TE limits
in scale and efficiency. These include the laser cooling of ion-doped materials through anti-

11,12

Stokes florescence'™ ', and the use of in-situ electron barriers to recycle phonons emitted

during the Joule heating!®!*. Conversely, the pV cell focuses on power generation.

In a pV cell, native, nonequilibrium (hot) phonons more energetic than the bandgap
generate electron-hole pairs at rate .-, (where "is used to represent a rate), and a p-n
junction separates them to produce power, as shown in Fig. 1. In comparison, a PV cell
harvests imported, nonequilibrium photons more energetic than the bandgap to generate
electrons. While excess photon energy is the primary source of entropy generation in a PV
cell, both the excess phonon energy and the rate of optical phonon downconversion (¥,_,)

into the acoustic phonon modes generate entropy in a pV cell.

Section V uses a band-to-band net generation model (A) in the diode equation to derive
the current-voltage relationship (B) and the efficiency (C) in a pV cell. (D) The results of
this derivation are summarized in Eq. (1), and illustrated in Fig. 5. To summarize, the

extent of the local electron-phonon nonequilibrium (Carnot efficiency, nc), the fraction of
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FIG. 1. (a) The phonovoltaic cell, (b) the energy diagram, and (c) nonequilibrium in terms of
acoustic (T o) and optical (7}, o) phonon temperatures and the carrier concentrations (electron
ne, hole ny,, and intrinsic n;). An external source excites the optical phonon population (5, o) in the
active region (L,), and the resulting nonequilibrium drives generation (%._,) and downconversion
into acoustic phonons (4,—p,). The junction separates generated electron-hole pairs to create a

current (j.) and potential (Ap,), i.e., power, while acoustic phonons conduct to the cold contacts

(Te)-

the hot optical phonons which generate electrons (§;_,) (Section IIT), and the fraction of
phonon energy (E, o) preserved by the bandgap (AE.,) determine the pV efficiency (n,v)
and its pV figure of merit (Z,v), i.e.,

’ye— k3 AEC,
—=P <1, Zy= S g
Ye—p + Vp—p

<1
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p,0O

. x o
f}/e—p -

where the Carnot limit in a pV cell is determined by the difference in the hot optical phonon

temperature, T}, o, and the cold, contact temperature, 1, i.e.,

T, ,O — Tc
i (2)

Nc =
1,0

Few materials exist with an optical phonon mode more energetic than the bandgap!®,
and even fewer exhibit an optical phonon significantly more energetic than kgl at room
temperature, such that the p-n junction effectively separates generated carriers (where kg

is the Boltzmann constant). However, graphite (graphene), with a phonon cut-off energy of
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198 meV'®17 phonon linewidth dominated by the electron-phonon interaction (i.e., a large
4:_,)'%, and a tunable bandgap (through functionalization'?), make it a suitable candidate.
Part I1?° tunes its bandgap to resonate with the optical phonon energy through hydrogena-

tion (graphame)?! 23,

We find that the hydrogenation and the resulting shift from 7 to
o-bonding degrades the electron-phonon coupling, such that hot optical phonons primarily
downconvert into acoustic phonons rather than generate electrons. However, the methodol-
ogy for tuning and investigating a pV material is developed. Though the search for a new
material upon which to apply the theory developed within this study is challenging, the
potential benefits are shown to be substantial.

Part 1 of this study describes the pV cell. It examines the extent and limits of the
pV regime and establishes the potential of the device to surpass the TE efficiency. First,
a brief comparison with the TE and PV cells illustrates the unique features of the pV
cell, the importance of nonequilibria, and the resulting nanoscale requirement (Section II).
Then the central mechanisms of the pV cell, i.e., the electron-phonon and the anharmonic
three-phonon coupling, are discussed (Section III). Next, the Boltzmann transport equation
(BTE) and its solution via the Monte Carlo simulations illustrate the operation of a pV
cell (Section IV). An analytical model is developed using the diode equation, a derived
net-generation equation, and the resulting heat flow (Section V). Finally, a self-consistent
hydrodynamic model incorporating two phonon temperatures validates the analytic model,
illuminates additional conditions required for efficient pV operation, and shows that a high
Zyy pV outperforms a TE cell (Section VI). However, finding a suitable material remains

very challenging.

II. ON THERMOELECTRICS AND PHONOVOLTAICS

In a TE cell, electrons diffuse down a temperature gradient, form the Seebeck potential,
and absorb Peltier heat as they ascend a potential barrier at the semiconductor-metal junc-
tion. Simultaneously, heat conducts down the temperature gradient and generates entropy.
Despite this, the efficiency grows with the spatial nonequilibrium across the cell, i.e., the
Carnot efficiency (n¢). The TE figure of merit, Zrg, and efficiency, nrg, are

g _ S B (ZreT + 1) -1 T, -T.
TE — K ) nTE_nC(ZTET+1)1/2+1_nC? /)70_ Th )

(3)



where S, 0, and k = k. + K, are the Seebeck coefficient and combined electrical and thermal
conductivity, and T, and T}, are the temperature at the cold and hot junctions of the TE cell
(assuming T, = T,)"?*. Importantly, the local thermal equilibrium between the electron and
phonon populations in a TE ensures coupled electric and thermal transport (e.g., through
the Weidemann-Franz law) and limits Z7g, such that ZrgT > 1 and g > 0.21¢ remain

challenging to significantly surpass in paired p and n-type TE legs.

TABLE I. A comparison of thermoelectric (TE), phonovoltaic (pV), and photovoltaic (PV) cells
and their controlling processes, where j. — Ay is the current-voltage curve, and other symbols are

defined in the text.

Property TE! pV PV?25.26
Construction

Size pm to cm® nm nm to mm

Junction p-metal-n p-n p-n

Processes

Energy Source Heat Optical Phonon Photon

Power Generation Diffusion Generation Generation

Entropy Generation Conduction Downconversion, E, o > AE, 4 E,, > AE,

nonequilibrium Spatial Local: Hot phonon Local: Hot photon
Performance

Je — Ay Linear Exponential Exponential

Figure of Merit S?*To )k Yo pAEeg/Epo —

Quantum Efficiency - Yorp (Epn, < AEcg)/Epp,

Efficiency Eq. (3)* Frnc¥i_pAEeq/Epo FpnQuAEe o/ Epn*

Table I compares the pV cell to TE and PV cells, where Fr is the fill factor, and E,,
is the photon energy. While the TE and pV cells both harvest thermal energy, the pV is
more similar to the PV cell, as both harvest a nonequilibrium population in a p-n junction.
The major differences arise from the downconversion of optical phonons in a pV, and the
transmission of photons with E,;, < AE, ,in a PV cell. However, as the local nonequilibrium
in a pV vanishes, so does the similarity between pV and PV cells. Instead, as the spatial,
thermal nonequilibrium grows larger than the local nonequilibrium, the pV cell becomes
more similar to a TV (or TE) cell.

That is, while the generation drives cell operation, the generated carriers replace, at
most, those diffusing down the temperature gradient. Moreover, despite initially absorbing
a single phonon per pair (E, o), the generated electrons relax to a state of thermodynamic

equilibrium, and the net energy required is given by the Peltier heat (ST'). Finally, heat
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conduction rather than downconversion drives entropy generation and the efficiency limit
approaches that of a TE cell, i.e., Eq. (3). When a heat flux is applied to a pV cell, the
local nonequilibrium drives up- rather than downconversion, and the conduction of that heat
flux dominates entropy generation, such that the pV cell is limited by the TE efficiency and
achieves this limit when the local nonequilibrium vanishes. Thus, a pV cell without a hot
optical phonon population is a TV, which behaves like a TE. Here, the focus is on the pV

regime, where the phonovoltaic behaves like a photovoltaic.

The pV regime requires that a direct excitation of the optical phonon population creates
a large, local (rather than spatial) nonequilibrium in the pV cell. Let d._, be the electron-
phonon cooling length, such that 7,0 — T, ~ (T, 0 — T.) exp(—L/d.—,) (the cooling length

is on the order 100 nm in a typical semiconductor)?.

Thus, nyv/nc = Yeop exp(—L/de—p)
and achieving the maximum pV efficiency requires L/d._, << 1. However, the loss of local
nonequilibrium compensated by the growth of the spatial nonequilibrium, which drives the
thermoelectric effects. Thus, the TE efficiency replaces the pV efficiency as L/d._, grows,

such that L/d._, = 1 demarcates a qualitative boundary between the TE and pV regimes.

An efficient pV cell additionally requires 47, > 0.5, as small 4;_, precludes efficient pV
operation. Moreover, small 47_ indicates that the phonon-phonon nonequilibrium vanishes
before the electron-phonon nonequilibrium, such that the pV cell achieves the TE limit most
quickly as 47, — 1. Thus, the third, conduction hindered (CH) region is defined by the
Ye_p, — 0 and the L/6.—p, — 0, where the downconversion of optical into acoustic phonons

dominates energy conversion, generating entropy rather than power.

It is beyond the scope of this investigation to present the quantitative TV and CH regimes.
However, Fig. 2 qualitatively illustrates the three regimes: The pV regime, where a hot op-
tical phonon population relaxes primarily by generating electrons [n%, = 47, exp(L/dc—p) >
0.5]; the TV regime, where the local nonequilibrium vanishes [n7g ~ 1 —exp(§;_,L/6.—p) >
0.9]; and the conduction hindered (CH) regime, where generation cannot supply the TE cur-
rent (limiting the TV regime) or is dominated by downconversion (limiting the pV regime)
1=y — mre = exp(¥._,L/0c—p) — Y2, exp(L/d.—p) > 0.7]. Note that these contours
have been chosen following the preceding discussion and for a pV cell which operates most

efficiently in the pV rather than TE regime.
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FIG. 2. Qualitative regimes of a pV cell for variations in L /0., and 4;_,. The pV regime requires
(7) a device smaller than the electron-phonon cooling length, d._,, to sustain a nonequilibrium
between the optical phonon and electron populations (NE-e), and (ii) that generation dominates
downconversion (§;_, > 0.5). When the local nonequilibrium vanishes (E-¢), the pV cell behaves as
a TE (TV regime). When generation is much slower than downconversion (4;_, < 0.5), conduction

hinders or dominates the device operation (CH regime).

III. ELECTRON-PHONON AND PHONON-PHONON COUPLINGS

As discussed, the fraction of hot optical phonons which relax by generating electrons
rather than acoustic phonons (47_) largely determines the performance of a pV cell. The
electron-phonon (e-p) and anharmonic phonon (p-p) couplings drive these phenomena. This
section presents the ab initio approach to the couplings and their kinetics from perturbation

theory, as used in Part I1?°.

A. Electron generation

As a phonon displaces the atoms in a crystal, it shifts the potential field experienced
by the electrons, and thus interacts with them. For a strong electron-phonon coupling, the
displaced atoms must substantially affect the most energetic occupied electron states. For
example, through the displacement of a linear chain of atoms, the bound electron state is

distorted as the interatomic distance changes. However, for a scattering event to occur, not
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only must phonon couple strongly to the bound state, but the resulting state must overlap
significantly with an unbound, conduction state, and the scattering even must conserve

momentum and energy. This is illustrated in Fig. 3.
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FIG. 3. The electron-phonon coupling during phonon absorption. (a) The unperturbed system
is in equilibrium with an electron in the highest occupied state (HOS, |ke,v)) and no electron in
the lowest unoccupied state (LUS, |k.’,c)). (b) A phonon is excited (k,, ), which displaces the
atoms by wuy, , and perturbs the HOS, such that it overlaps with the LUS. (c) The electron in
the perturbed HOS and excited phonon are annihilated and an electron is created in the highest

occupied state, as shown in (c) k. space and in (d) the Feynman diagram.

Perturbation theory provides the quantitative description of this qualitative illustration,

where the Hamiltonian (H) is

0
H=H+H,_,=H+ ZZ . 2wk o )1/2(9“:5 (Chy 4k, Che Oy + Poc), ()

e p7

where H® is the ground state energy the electron system and ¢ is the Kohn sham potential
within density functional theory?®. The factor of 1/2 accounts for spin degeneracy, and
the next term represents the displacement caused by a single phonon with wavevector k,,
polarization «, frequency w, moving atoms of average mass (m). This, times the derivative

in potential with respect to the atomic displacement (ug, ) is the linear expansion of the
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electron-phonon interaction potential. The final term describes the phonon-absorption and
phonon-emission (the Hermetian conjugate, or h.c.) processes, where cy, (ax,) and cLe (avaa)
are the annihilation and creation operators for an electron (phonon) with momentum k. (k,
and polarization «).

From the Fermi golden rule, the interaction rate depends on the perturbing Hamiltonian
(e.g., H._,) operating on the initial state and overlap of this perturbed state with the final

state. That is, the interaction element is*®

(& [0 h .
M) (ke k) = ——— )2k, + Ky, |

= S ) k., 1), (5)

Oy
aukpva
where the positive sign corresponds to the absorption and the negative to the emission of a

phonon, and the scattering rate is

- (e [0} 27T € «
iy (e by) = M e Ry X 0(Be i, = B, % i, o)
1 1
X feike (1 — fe,j,k:e—l—k:p)(§ ToF Joaky)s (6)

where E. ;. and f. ;. are the energy and population of an electron in band ¢ with momen-
tum k. and f, ok, is the phonon population.

The electron population terms ensure that scattering does not occur between two occupied
states or two unoccupied states, such that scattering only occurs between an occupied and
unoccupied state separated by the phonon energy (fuwg, ). Thus, scattering is restricted to
the valence states and conduction states (i, j = v, ¢) and dominated by interband interactions
(i # j). Moreover, when AE., > E,q, the scattering rate vanishes unless intraband
(1 = j) interactions contribute substantially, i.e., when the Fermi surface is within kg7 of
the conduction or valence bands and E, o > kgT'. This is rare in a typical semiconductor,
unless it is subjected to an exceptional doping intensity (becoming semi-metalic). Thus, the
electron-phonon interaction typically contributes to the phonon linewidth only in semimetals
and metals. In Part II, a semiconductor is sought with F,o ~ AE,, > kgT in order to
overcome this tendency?’. Otherwise, the phonon-phonon coupling described in the following
section dominates the linewidth and 57_, vanishes.

However, finding or creating a material with a sufficiently energetic optical phonon and
tuning to its bandgap to that phonon energy, E,o ~ AE,, > kgT, is not sufficient.
An efficient pV also requires a strong intraband coupling, i.e., that the lowest unoccupied

states (LUS) and highest unoccupied states (HOS) overlap significantly, and that the optical
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phonon perturbs these states substantially, as shown in Fig. 3 and described in Eq. (5).
Thus, developing a pV material is very challenging.

For example, the tuned graphene structure investigated in Part I1* achieves E, o ~
AFE, , > kgT, but exhibits hindered electron-phonon coupling. While the electron-phonon
coupling dominates the optical phonon linewidth in graphene, hydrogenation transforms
the m-bonds to o-type bonds and reduces the overlap between the LUS and HOS. As its
phonon-phonon coupling remains strong, any hot optical phonon population excited in hy-
drogenated graphene will primarily down-convert into acoustic phonons. This competing,

phonon-phonon coupling is discussed next.

B. Optical phonon downconversion

The crystal Hamiltonian determines the phonon dynamics and the phonon-phonon cou-

plings, and it is?%?

() = () + 5 Z TYdydy + o > WIdrdld; + (7)

ijk 1 g
ijry zyk‘myz

where (¢p,) is the equilibrium crystal potential, d? is the displacement from equilibrium of
atom ¢ in the x (Cartesian) coordinate, and I';; and W;;;, are the second and third-order
force constants.

The second-order interaction determines the phonon dynamics, i.e., the phonon frequen-
cies (Wg,,o) and eigenvectors (e, o), while the anharmonic (third-order and higher) interac-
tions are responsible for the up and downconversion of phonons, the thermal expansion of the
lattice, and the temperature dependence of the phonon frequencies. As the pV cell prefers
slow downconversion, i.e., low anharmonicity, materials with small thermal expansion, etc.,
are desired.

Typically, the fourth-order and higher interactions are masked by the third-order coupling®
From the Fermi golden rule, the rate at which a phonon (|k,,«)) downconverts into two

phOIlOIlS (|kp,) O/> and |kp”, a//>)31 is

{ 1 hﬂ' koK k!
oy @) = o D0 el Py, — 0 = ) D)

Pl ke Ky

(8)
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where f, is the phonon occupancy, and the interaction element W _7’" ™ is
kpkp kp _ TYZ ) Tl zk I "
‘m o Z Z \ijk U, uk awuk ! eXp(kp T+ kp Tt kp ’ rk)> (9)
ijk xyz

and r; is the location of atom . Here, uk o 1s proportional to the displacement of atom 4
in the z direction caused by the phonon |k,, ), i.e.,

1l
6k:p o'

Ukep,a = (Miwr, )72 (10)

Unlike the electron-phonon coupling, which decreases with temperature (due to the
Fermionic electrons blocking scattering), the phonon-phonon couplings increase the hotter
the acoustic phonon populations become (due to the Bosonic phonons enhancing scattering).
This, among other factors, tends to push the pV cell towards low temperature operation.
However, for an energetic optical phonon, the scattering rate only increases substantially at

high temperature.

C. Evaluating Ye—p, Yp—p, and ¥;_,

The fraction of hot optical phonons which relax by generating an electron rather than
a pair of acoustic phonons (§;_,) follows from the electron-phonon and phonon-phonon
scattering rates [Egs. (6) and (8)]. While Eq. (8) gives the rate at which an optical phonon
mode with k, = 0 and « (f, o = 1) downconverts, Eq. (6) provides only the rate at which
that optical phonon mode generates an electron with momentum k. in band j. However,
after summation over k. for i, j € ¢,v, Eq. (6) gives the rate of recombination or generation

driven by that optical phonon mode, such that the net generation 7, is
ey =T, 0) = Y357 (e, ky = 0) = 5477 (k. k, = 0)]. (11)
ke

s, follows

ne(T, @) B ne(T', «)

’Ye_p( ’ Oé) ’fle(ra OK) + ;YP—P(Fa Oé) he(rv Oé) + Ih’a(r7 Oé) ’

(12)

where 7, is the net rate of acoustic phonon-pair generation. This quantity limits the quantum
efficiency of the pV, i.e., the number of electrons extracted for each optical phonon excited,

as discussed in Section V.
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In Part II, both the electron-phonon and phonon-phonon couplings for the I'-point
phonons (k, = 0) are evaluated within density functional perturbation theory (DFPT) us-
ing the ab initio Quantum Espresso code, which provides dynamical matrices, the electron-
phonon matrix elements, and third-order force constants on a rough mesh of k. and k,
points. Through the Fourier interpolation throughout the first Brillouin zone, the compo-
nents required to evaluate Eqs. (6) and (8) are calculated on a fine mesh of k. and k,

120

points. Then, the integrations are carried out (Part II*° give the details).

IV. BOLTZMANN TRANSPORT

The nanoscale pV cell can exhibits several forms of nonequilibria. For example, the
local nonequilibrium between electron and phonon populations drives the net generation
of electrons, the local nonequilibrium between optical and acoustic phonon populations
drives the net downconversion of optical phonons, and the local nonequilibrium within the
electron system affects transport. Moreover, when the device is sufficiently long, a spatial
nonequilibrium grows within these populations and the aforementioned local nonequilibria
vanish. Thus, the investigation of a pV cell begins with the Boltzmann transport equation
(BTE), which models spectral transport of an energy carrier (i) with momentum p through
its occupancy f;(p). Assuch, it demonstrates the role of the electron-electron nonequilibrium
and spatial nonequiblirium within a pV cell.

The electron BTE, i = e, is?¢

Ofe
ot

af.
ot

‘l'ue' (foe)+_ecvx¢e'vpfe = |s+é%"ye(fe_.f§)+sea (13)

where the terms, in order, describes transient effects, the free flight of electrons with velocity
u., the acceleration by an electric field (where ¢, is the electric potential and e, the electron
charge), the in- and out-scattering of electrons at location «, and the generation ($.) of
new electrons with momentum p. The scattering term is often approximated through the
relaxation-time approximation (RTA), where f2 is the equilibrium occupancy and 7, is the
total scattering rate. This approximation assumes that there is near equilibrium within
the electron population, and it enables the integration of the BTE for various device level
models.

Furthermore, the RTA provides the average distance between electron collisions (mean

12



free path), A\. = up/(4.), where up is the Fermi velocity and (7.) is the average electron
scattering rate. When the device is very small compared to the mean free path (L < \.), the
transport is ballistic and generated electrons are harvested without relaxing. For L > A,
the transport is diffusive, electron distributions are near equilibrium (f. ~ f2), and the
RTA is valid. This section presents an ensemble Monte-Carlo (MC) simulation of the BTE
in order to investigate the electron population in the active region of a pV cell and to describe

the electron transport in a pV cell.

A. Ensemble Monte-Carlo simulations

The MC method statistically solves the BTE by simulating many electron superparticles
freely-accelerating between electron-phonon scattering events. The time between scattering
events and the scattering event which occurs are chosen statistically while preserving the
kinetics of the system.??

Here, only the scattering of electron with the optical and acoustic phonon population
is considered. Furthermore, the kinetics within the MC model assume isotropic, parabolic
bands and a constant electron-phonon coupling element [MS P*(k,, k,) = M, ,] near the
band-edge. Consider Eq. (6) integrated over k, from the perspective of conduction electron

with momentum k. in a non-degenerate semiconductor (fe ., = 1 and fe g +r. = 0). For

a dispersionless optical phonon, this gives

O Zv“ﬁpo ke, k)
= f|]\4p,0|2De(Ee,ke + Ep,o)(% F % + fp.0); (14)
where the density of states and electron dispersion are
- S - (e 15
Eek, = ﬁ;:‘z (16)

and m. . is the effective mass of a conduction band electron.
The scattering rate of an electron with an acoustic phonon of constant speed w, o gives

a similar result, only with a different phonon energy (E, » = hlk,|u, o rather than E, ).
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This energy must conserve energy and momentum, i.e., we require

Eekerk, = Eep, £ Epa
B2 (ke + ky)? K22

= € 4
2Me e 2Me e Up ATk
st k= 2(£eclpA g
h
and Ep,A = 2Up7A(Z|:keme,eup,A - hke)v (17)

where k; = |k;| and the k, » = 0 solution does not represent a scattering event. The MC
model does not treat the acoustic phonon scattering as elastic, but uses the above equations
to determine the final state.

Additionally, a fast generation rate ($.) is prescribed in the active region and the energetic
optical phonon is given a hot temperature (7, o). The remaining optical and acoustic
phonon modes are given a cold temperature equal to the contact temperature, 7..

As ensemble MC simulates thousands of electrons in one superparticle, less than one
superparticles is typically generated or annihilated within a single time step (1 fs) in a
particular location bin (0.5 nm). This MC model carries the remainder from one time
step to the next, such that over many time steps the number of generated superparticles
accurately represents the number of generated electrons. New electrons are given an initial

energy through the implicit solution of

Ee

[ DAENDAE. ~ Byo)dE, = [ D.(E. - B 0)iE. (18)
0 0
for E., where r is a uniformly distributed random number and D.(E.)D.(E. — E, o) is
proportional to the net-generation rate. (See Section V.A.) The initial momentum direction
is randomized in the isotropic semiconductor. A typical Ohmic contact is modeled at z = 0,
and electrons are reflected at © = L/2, where L is the length of the cell, to represent an
ideal junction under short-circuit conditions. This is illustrated in Fig. 4.

The simulations are run for the material parameters listed in Table II. These parameters
are similar to those of the partially-hydrogenated graphite®. Note that the generation rate is
proportional to the cell length. This ensures that in a long cell with L > ., i.e., the diffusive
regime, the change in the carrier concentration is independent of L. This simulation does

not accurately track or predict the cell performance, as it is not self-consistent. However,
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TABLE II. Material and parameters used in the MC simulations, where m, is the electron mass.

Parameters are chosen to represent partially-hydrogenated graphite.
MC Parameters
Mee 0.01 me | AE., 150 meV
Ep70’1 198 meV Ep7072 154 meV
|M, 0l 140 meV ||M, ol2 110 meV
up,A 1000 m/s| |[Mp A 50 meV
L, 1/5L 5 0.1/L nm-cm3ps~!
7. 300K Tpo0,n 600 K

it determines the extent of the electron relaxation and the transport regime (ballistic or
diffusive) for the generated electrons as a function of L. Most importantly, it illustrates the

operation of a pV cell.

B. Results

Figure 4 shows the spatial distribution of the (a) electron density and (b) temperature
and (c) the local distribution electron energy for variations in the cell length. Electrons are
generated within a small active region near the junction. The junction reflects all electrons,
forcing electrons towards collection at the contact. Note the concentration gradient formed
in the short cell is half of that formed in the long cell. Indeed, the concentration gradient
required to drive the generated electrons out of the cell is reduced as L approaches A\, and
the transport regime becomes ballistic.

Additionally, as these electrons have a smaller kinetic energy than the thermal average,
3kgT./2, they cool the cell. However, the hot optical phonon population also heats the
electron population through intraband interactions. In the short cell, the cooling effect
dominates, while in the long cell, the two effects balance. In sufficiently long cell, intraband
interactions should overcome the cooling and induce a spatial non-equilibrium. Regardless,
the electron population in both the 40 and 400 nm cells remains near the equilibrium dis-
tribution. Indeed, the RTA remains valid, even as the electron transport becomes ballistic.

In the following sections, macroscale models use the RTA to take moments of the electron
BTE. While the MC results support this approach, there are restrictions to its validity.
Primarily, at lower temperatures the mean free path grows substantially. Moreover, under an

applied voltage, a significant number of electrons flow over the junction, gain a large kinetic
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FIG. 4. Spatial distributions of the (a) Electron density and (b) temperature, and (c) local energy
distributions within the active region in 400 and 40 nm pV cells. The generation rates are scaled
by 1/L to demonstrate that transport is partially ballistic in the 40 nm cell. The generation of cold
electrons reduces the average energy of the population, but the nonequilibrium within the electron
population remains small. The 400 nm cell, in comparison, exhibits diffusive transport, a negligible

change in the electron temperature, and equilibrium occupancy within the electron population.

energy, and these hot electrons are in nonequilibrium with the cold electron population.
However, the mean free path of these hot electrons is relatively short. In general, the RTA

and the resulting moments of the BTE remain valid.
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V. ANALYTIC EFFICIENCY AND FIGURE OF MERIT

With the local nonequilibria limited to the electron-phonon and optical-acoustic phonon
populations, a simple analytical model is developed in order to achieve the following goals:
(7) develop a figure of merit, (i7) determine the temperature dependence of the pV cell, and
(7i) provide accurate predictions and fundamental insights.

The ratio of the power produced (P, = J.p,, where J, is the current extracted across a
potential ¢,) to the heat flow applied (Q;,) determines the pV efficiency (n,v = P./Qin). In
an ideal junction (i.e., one with no excess current loss, e.g., that from surface recombination
or junction tunneling) with negligible internal resistance, the current produced is propor-
tional to the net-generation (n.) within the cell volume (V), i.e, J. = e.n.V. The energy
flow required to produce this current is ). = E, oJ.. However, additional heat flows from
the hot optical phonon population into the acoustic branches due to the net-downconversion
rate (n,a) within the cell volume, such that Q, A = E,on, V. Assuming the interband
electron-phonon and phonon-phonon interactions dominate the optical phonon lifetime, the

controlling equations become

Pe = JePa = echevgpa (19>

Qin = Qe + Q;n,A = Ep,O (rfle + ha) (20)
Po  epa Mo

My = == = Fa_ e (21)

Qin Ep,O hfe + hp,A ‘
Thus, determining the efficiency and power output of a pV cell requires the relationship

between the current (or net-generation) and voltage.

Before deriving a model for this relationship, consider the diode equation

Je((pa) = Jo - Jd(@a)v (22>

where J, = J.(0) is the short-circuit current and J, is the dark, adverse current driven across
the junction by a potential (or, alternatively, the net-recombination driven by the potential
induced difference in electron and hole Fermi-levels). In an open-circuit, no current leaves
the cell (J. = 0). Instead, the potential develops within the cell until it reaches the open-
circuit voltage (Ay,.) and the dark current balances with the short-circuit current generated
by the hot optical phonon population.

Note that short-circuiting the pV cell (¢, = 0) and maximizing the current, or open-

circuiting the cell (J. = 0) and maximizing the voltage generates no power. The maximum

17



power and maximum efficiency conditions reside between these limits. The fill-factor (Fr)
quantifies the fraction of power achieved by a diode to the product of the short-circuit
current and open-circuit voltage, i.e.,

B JOASOOC .

Fp (23)

The fill-factor is limited to between 1/4 and 1, where the former requires a linear current-
voltage curve and the latter requires a square curve. Next, analytic equations for the current-

voltage relationship of an ideal pV cell and the resulting performance are derived.

A. Net generation

The electron-phonon interband interaction falls into the class of band-to-band recombina-
tion and generation events, which also includes radiative decay. A band-to-band recombina-
tion rate (n.p-p) depends on the number of conduction electrons (n.) which can recombine
and the number of empty valence states, i.e., holes (n;), with which they can recombine.
Thus, the generation or recombination rate is expected to be proportional n.n;,. Noting
that no net recombination occurs under equilibrium, when n.n;, = n? and n; is the intrinsic

electron and hole concentration. Thus, the net band-to-band recombination rate is
Te bt = App(Nenp — ny), (24)

where a;_;, is a coefficient which depends on the interaction. We show below that the net rate
of generation due to the electron-phonon interaction exhibits a similar form when derived
from the ab initio rate [Eq. (6)].

Consider Eq. (6), integrated over k), for a dispersionless optical phonon (hwg, 0 = E,0)
with a constant interaction strength for generation [M, = M ’O)(ke,kp)] and recom-
bination [M, = MY " (k.,k,)] events. Further, assume there is equilibrium within the
electron, hole, and optical phonon populations and thermal equilibrium between the electron

and hole populations. Finally, assume a non-degenerate semiconductor where Maxwellian

statistics hold, i.e., the population of the the electron (i = e), hole (i = h) and phonon
(1 =p) are

Ep: — F
fi(E, T) = exp(—2—1) <« 1, (25)
kpT
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where E; and T are the population energy and temperature, and Ly ; is the Fermi energy
(Erp =0).
Under these assumptions, the generation [j._, ,(E.)] and recombination [Y._, ,(E.)] rates

for an electron at initial energy FE, are

'.Ve—pvg(Ee) = Qe—pyg / dkpéE(Ee - Eé + Ep,O)fp,O(Ep,@ Tp,O)

;}/e—p,r(Ee) = Qe—p,r / dkpéE(Ee - Eé - Ep,O)fe(Eh T)fh(Efa T)> (26)

where a._,; = mh|M;|?/(E,o(m)). Using the definition of the density of states, D;(E;) =
[ dk,05(E;), reduces the rates to

Ye—pg(En) = te—pgDe(Epn) fp.0(Ep0, Tp0)

Yepr(Be) = tepr Dn(Epi) fen(Ep0, Tp0), (27)
where f., uses the differences in Fermi energy Ep ., = AEp = Ep. — Fpy, and E;; =
E,o —AE.,— E;.

Integrating over the allowed electronic states gives the total rate of generation (7. ) and
recombination (7). Let & be the integral of D.(E.)Dy(Ef.) over 0 < E, < E, o — AE,
and By, = E, 0 — AE, , — E,, then the net rate of generation is

he - he,g - he,r - ae—p,g-@fp,O(Ep,O> Tp,O) - ae—p,r-@feh(Ep,Oa T) (28)

As the net generation must vanish under equilibrium (7,0 = T'), we require de_p g = Ge_p.r-
This model, like the band-to-band model, is driven by the temperature difference 7, o -7
However, the population terms f, o(Ep.0, Tp0)— fen(Epo,T) rely on E, o rather than AE, 4,

as in the band-to-band model (7. -s), i.€.,

, AE., AE,, — AFEyp
b — 9y — S — 29
e 0 exp(— =) — exp(———4—r=—)] (29)
. E E,o — AFE
e o fexp( = 72-) = exp(=—P2 )] (30)
p,

This difference leads to a substantial divergence in the predicted behavior, and most notably,

the open-circuit voltage. Noting that the AEr = e.p, under the current assumptions,

i.e., negligible internal resistance in an ideal junction, the open-circuit voltage [n.(AEr =
ecApoe) = 0] is

Apoep—t = NcAEey/ec (31)

Ao = ncEpo/ec, (32)
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where ne =1 —-T/T, 0.

Typically, the open-circuit voltage in a photovoltaic cell is limited by the bandgap?®? rather
than the photon energy. While it has been proposed that harvesting electrons before they
relax enhances the open-circuit voltage®*, this has not been realized experimentally. In a pV
cell, a similar phenomena is expected, where the relaxation of the generated carriers towards
the bandedge ensures the same, bandgap-limited behavior. Therefore, the analytical model

uses the band-to-band model for net-generation.

B. Current-voltage curve

As previously discussed, the current-voltage relationship is proportional to the net-

generation, 1.e.,

AE,,

AE, ; — ¢,
kBTp,O

e NN

Je(pa) = eVane = ecVate_ppy—plexp(— ) — exp(—

where a._, ,— ensures that the short-circuit band-to-band current matches the derived model
in Eq. (28). The maximum power (P,,) and the corresponding voltage (Ay,,) are found by

maximizing P.(¢,) = Je(¢¥a)@e. The maximization gives

k

5L fexp(1 + 22} (34)

Ap, =
$ (o ]{?BT

where W (2) is the principle solution for w in z = we* and lim, ., Wexp(1+ z)] = . That
is, as the open-circuit voltage grows large in comparison to kg7, the Ay, approaches the
open-circuit voltage. Intuitively, this also implies the current (.J,,) approaches the short-
circuit current and the Fill-Factor approaches unity under the same condition. While the
expressions for .J,, and P,, becomes progressively more complicated and less insightful,
numerical investigation confirms this. Indeed, the fill-factor expression corresponding to the

maximized power condition is well approximated by

ANE 3
= TP g~ Zexp(=0.1ncAE?,) for noAE?, < 10, (35)

Fr =
LN 4

where AE? = AFE, ,/kgT and the limits 1/4 < Fp < 1 are reproduced, and this equation

confirms these suppositions.
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C. Efficiency

From Eq. (31), the fraction of the optical phonon energy achieved by the pV cell in an
open-circuit is
ecAPoe B AE,,

C
EP,O EP,O

Ny = (36)

Additionally, the number of electrons extracted per optical phonon (quantum-efficiency)

follows from Egs. (20) and (33)

Jo ecvahe ’fl,e

" o = =9 37
77QE Jp,o ecVa ('fle + ha) (Ih'e + ha) ’ye—lh ( )

where 47_ is the fraction of optical phonon scattering events which result in the generation of
an electron [from Eq. (12)]. Thus, the efficiency for a square current-voltage curve (Fr = 1)
is

AE,

TlpV,max = 7707:_;; B Zg = nCZpV> (38)
p7

where Zyy =5}, AE.4/E, 0 is the pV figure of merit.

Unfortunately, the analytic expressions for the maximum efficiency condition is much
more complicated than the already complex expressions for Ay, and P,,. Thus, a realis-
tic and maximized analytic efficiency offers little insight. However, consider the following
conservative procedure to derive an analytic and insightful efficiency relation (n,v).

The maximum heat flow required by a pV cell occurs in the short-circuit condition, where
Ne is maximized. Assuming ();, does not strongly depend on ¢, and remains near this limit,
we can derive a useful relation. If );, does not depend on ¢,, then the maximum power

and efficiency conditions coincide. Thus,

3 .
v = NcZpy Fr >~ neZpv[l — 1 exp(—O.lncAE&g)], (39)

where Fp is approximated as in Eq. (35).

Assuming a constant @, presumes that either 47 — 0 or Fp — 1 (ncAE;, — 1).
For large 4}, and small F, the heat decreases quickly with increasing ¢, (and decreasing
J.). In this case, the maximum efficiency and power conditions diverge, and the maximum
efficiency increases significantly over Eq. (39). A parameterized investigation of Eq. (39)
and its implications follows, and in the next section we look at the divergence of this relation

from the results of a relaxed, hydrodynamic model.
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D. Results
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FIG. 5. The pV efficiency as a function of the nonequilibrium, ncAE, ;/kgT,, and the pV figure of
merit, Zpy [Eq. (39)]. Significant nonequilibrium is required to outperform a TE with ZtgT = 1,
unless the figure of merit exceeds 0.7. When T, vanishes, the pV cell achieves n,yv = ncZyv < 1.
When Z,yv — 0, the efficiency vanishes, and when nc — 0, the efficiency approaches 0.2517¢Z,v .
The hydrodynamic model (HM) simulations use a standard set of parameters slightly exceeding

the TE cell.

Figure 5 depicts Eq. (39), showing 7,v/nc for variations in Z,y and ncAE? . In order
to surpass nrg, a pV must achieve ncAE; > 1, unless ZtgT > 0.7. Thus, an efficient pV
cell requires either an optical phonon resonant with its bandgap and a linewidth dominated
by the electron-phonon coupling, or it requires extreme nonequilibrium and a bandgap sig-
nificantly more energetic than the thermal energy. That is, unless Z,y is large, the pV is
limited to low-temperature operation. However, if the Z,y and nonequilibrium are large,

the pV cell approaches the Carnot limit.
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VI. HYDRODYNAMIC EFFICIENCY AND OPERATION

The analytical model requires a number of assumptions including fast transport and no
surface recombination (1gr = ¥;_,). A numerical, hydrodynamic model (given in Appendix
A) is used to validate Eq. (39), relax its assumptions, and reveal additional cell parameters
which influence the pV efficiency. The hydrodynamic model considers the same nonequilibria
as the analytic model, i.e., local e-p and p-p nonequilibria, but adds the spatial nonequilibria
within electron and phonon populations. It takes the first three moments of the electron BTE
(continuity, momentum, energy), includes the conduction of optical and acoustic phonons,

and uses the Poisson equation to ensure self-consistency.

TABLE III. Material and parameters used in hydrodynamic model simulations at T, = 300 K.

Parameters are chosen to represent a hydrogenated graphite pV cell. Parameters are defined in

Appendix A.
Figure of Merit

Ey,o 198 meV AFE., 150 meV
de—p 20 cm™ 9571 Qp—p 20 cm 957!
Te—p,E 20 ps AEeﬁg/Ep_’o 0.75

Ye_p 0.5 Zpv 0.38

Transport

Ney 1.1 X 10'® cm—3 Nec 7.1 x 10 cm—3

fe 0.2m?%/V-s €e 12

Kp.a 0.3 W/m-K Kp,O 0.001 W/m-K

Cell

L 50 nm L, 10 nm

nc  2/3 AEp p—p 150 meV

SR w/o

This section uses the parameters baseline given in Table III, and then varies important
parameters from among this collection to investigate their effects. The parameters are chosen
to reflect a functionalized graphene material utilizing its Eo, optical phonon mode. The Z,y
is chosen to examine a moderate pV material which requires significant nonequilibrium to
surpass a TE cell. Parameters a varied to both validate the analytic model, examine what
is required for such a material to surpass the TE limit, and investigate pV cell operation
under extreme nonequilibrium.

The length (L) is sufficiently small and the transport of the electron (i), hole (),
and acoustic phonon (k, ) are sufficiently fast to ensure that these population do not

equilibrate with the optical phonon mode (limited spatial nonequilibrium). As long as this
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condition is satisfied (i.e., L > d,_, =~ 0.—p, where 0._, is the electron cooling length),
the pV behavior is independent of these parameters. However, the slow optical phonon
transport (ko) influences pV efficiency when L,/L < 1, as it restricts the hot optical
phonon population to the active region. In the standard cell, the active length (L,), i.e., the
region where the optical phonon population is excited, is restricted to the junction itself,
which is approximately 10 nm, and the diode is doped such that the difference between the
Fermi energy in the p and n regions (AEp,_,) equals the bandgap. Finally, the surface
recombination (SR) is inhibited, a requirement for efficient operation (Section VIB) and an
assumption of the analytical model.

Note that the extent of the nonequilibrium, 7¢, rather than the input heat or optical
phonon temperature, is maintained at nc = 2/3. This enables a simplified comparison
between the hydrodynamic and the analytical models, which predicts 1,y oc nc. This
represents a substantial nonequilibrium state. Moreover, this leads to large current and
heat densities. For example, at T, = 300 K, the optical phonon is excited to 900 K, a short
circuit current density of nearly 1000 A /mm? is generated, and a heat flux of 1000 W /mm?
is required. To avoid such large fluxes, a smaller phonon linewidth, a high figure of merit or
small nonequilibrium are required.

Figure 6 summarizes the hydrodynamic results for variations in the dimensionless
bandgap (AE;, = AE,,/kgT.) and the Carnot limit (nc: primarily influences the fill-
factor and open-circuit voltage), the intrinsic diode potential (AEg ,_,/e.: primarily affects
the open-circuit voltage) and the active length (L,: primarily affects pV operation at high
temperatures). While 47, AE, ;/E, 0, and Z,y are constant in these pV cell, Fig. 9 (end
of section) shows the pV efficiency for variations in these parameters and highlights the
agreement between the analytical and hydrodynamic models when 47, < 0.5 and L, = L.
The analytical model gives a reasonable estimate across a wide range of parameters. How-
ever, there is significant discrepancy. This section explains the factors responsible for the

difference and highlights the additional diode parameters required for effective pV operation.

A. Device operation

Before delving into the myriad parameters influencing the pV efficiency and its divergence

from the analytical model, Fig. 7 illustrates the internal operation of the pV cell at 300
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FIG. 6. The pV efficiency as a function of ncAE; , for variations in AEZ ; and n¢. As shown, the
analytical model [Eq. (39)] provides a reasonable estimate for the pV cell performance. A significant
nonequilibrium (ncAE? ) is required to exceed the TE efficiency (shown for ZtgT = 1.0) when
Zpy < 0.7.

K under the applied voltage which maximizes 7,y (Ag, = 5 mV). In this cell, the optical
phonon is excited within the junction, driving generation. The electrons and holes are
separated by the junction and transported to and collected by the contacts. The applied
voltage simultaneously drives carriers across the junction, reducing the net generation of
electrons within the active region and inducing their recombination outside of it. While
downconversion primarily occurs within the active region, it extends throughout the entire
cell. The analytic model, in comparison, assumes the hot optical phonon population diffuses
throughout the entire volume (L, = L), driving substantial downconversion and generation.
This leads to a decrease in the open-circuit voltage and performance loss, as shown in Figs.
6 and 8. Note that the electron, hole, and acoustic phonon transport are sufficiently fast to
ensure their respective population does not equilibrate with the optical phonon.

In Fig. 8, the (a) dimensionless and (b) dimensional current-voltage curves for this cell
are shown for variations in the contact temperature. The dimensionless curves highlight
the analytical limits, nqr = Voeps and Ay, = ncAE, /e., while the dimensional curves
illustrate how a practical pV cell should behave. In particular, it depicts the efficiency
loss at high temperatures, where the increased dark current reduces the fill-factor and the

open-circuit voltage. While the short-circuit current vanishes with the temperature, the
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FIG. 7. Spatial distributions of (a) the electron and hole densities, (b) population temperatures,
and (c) generation and downconversion rates for a pV cell under 5 mV of applied voltage (maximum
power) with 7, = 300 K and 7, 0 = 900 K in the active region. The abrupt drop in the optical
phonon temperature outside the active region leads to recombination and a lowered open-circuit

voltage. Downconversion, however, extends throughout the cell.

quantum efficiency remains constant. Indeed, low temperatures reduce both generation and
downconversion rates, such that the current loss is balanced by the reduced downconversion
rate. Additionally, the reduced relaxation rate in a cold cell enables the optical phonon to
diffuse throughout the cell, despite its slow transport, and drive generation. Thus, the open-
circuit voltage in a cold pv cell approaches that of a pV cell with L, = L, i.e., that predicted
by the analytical model. Furthermore, Fig. 8 shows that both the quantum efficiency and
open-circuit voltage are significantly reduced when the surface recombination (SR) is not
inhibited.

Furthermore, the dimensional curves in Fig. 8(b) emphasize the substantial current den-
sities in a pV cell (and thus the heat density required to drive it). Three factors influence the
current density: (i) the hot phonon temperature, 7}, o, (#i) the extent of the nonequilibrium,
ne, and (ii7) the coupling strengths, a.—, and a,_,. Increasing these parameters increases

the rate of hot optical phonon relaxation (heat required for a given 7¢) and the electron pro-
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FIG. 8. (a) Dimensionless and (b) dimensional current-voltage curves for variations in 7, for the
pV cell parameters in Table III. As expected, the quantum efficiency, open-circuit voltage (Ap,),
and efficiency are limited by 47_,,, ncAE, 4, and Z,y. This limiting efficiency is approached as Tt

vanishes and the nonequilibrium extends across the entire cell, i.e., when Fr — 1 and L, = L.

duction (j.). Thus, if lower current densities are desired, a cold cell and an optical phonon
weakly coupled to the electron and phonon systems are required. Additionally, restricting

L, reduces the current generated within the pV cell.

B. Achieving Analytic Efficiency

A myriad factors influence cell operation. In order to achieve the predictions offered
by the analytic model, a few cell design factors are crucial, the most crucial of which are
highlighted here in order of importance. (i) Electron transport and pV length must ensure
the electron-phonon nonequilibrium persists. (i7) Surface recombination must be inhibited.
(77i) There must be sufficient doping. (iv) The optical phonon must diffuse throughout the

cell. Briefly, these four factors are discussed below.
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The core concept of the pV cell requires that local electron-phonon nonequilibrium exists.
If electron transport is exceptionally slow or the cell is sufficiently long (e.g., order of pum),
a large concentration gradient forms between the active region and the contact. The excess
electrons in the active region block generation and reduce the quantum efficiency.

Surface recombination decimates the pV efficieny, and it does so in two ways. First,
the minority carriers generated near the contacts tend to diffuse into those contacts and
recombine. These generation events only produce entropy and lower the quantum efficiency,
as shown in Fig. 8. Second, the small size of the pV cell implies that minority carriers
driven over the junction by an applied voltage tend to reach the contact. If their entrance
is not inhibited,3?

With no doping, no junction forms, minority and majority carriers are not separated, and
the open-circuit voltage vanishes. Indeed, while the analytical model predicts that the open-
circuit voltage is limited by the bandgap, it is truly limited by the change in the Fermi level
from the p to n regions of the pV cell (AEy ,_,). Thus, to achieve the analytic prediction,
the change in Fermi level must exceed ncAE, 4.

Less important, but noticeable, is the ratio of the active region to the total volume. While
generation occurs only in the active region, the applied voltage tend to drive minority carriers
throughout the entire pV cell, where they recombine. This in turn reduces the open-circuit
voltage, as shown in Fig. 8. Note that the analyitcal model assumes L,/L = 1, such that
L,/L = 0.2 leads to a slight underperformance. At higher temperatures, this is especially
noticeable, as the optical phonons relax quickly and do not escape the active region. At
low temperatures, the cooling length is much larger, such that the optical phonon diffuses

throughout the pV cell, regardless of the active length.

C. Exceeding Analytic Efficiency

Just as a myriad factors reduce pV performance below that predicted by the analytic
model, there are a few important factors that enhance pV cell operation. Primarily, these
factors are slow acoustic phonon transport and large 4;_,. When acoustic transport is slow,
the acoustic phonon population in the active region heats up significantly. This reduces the
net rate of downconversion. When 4;_, is large, the analytic model overpredicts the heat

requirements.
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FIG. 9. Efficiency of a pV cell for variations in 4;_, using the analytical (AM) and hydrodynamic
(HM) models. While increased resonance between E, o and AE, , increases efficiency, increasing
Ye_, enables the efficiency to approach its limit: ncZpyv. Moreover, it greatly reduces the impact
the temperature has on the efficiency and enables efficient room-temperature operation. The TE

efficiency is shown for comparison.

Consider a pV cell with a large 47_,. In this case, the optical phonon relaxes solely
through the production of electrons. At open-circuit conditions, no heat is required to
maintain the hot optical phonon population.?® The analytic model, conversely, predicts that
the heat requirement does not change, even as the electron-phonon coupling slows. Thus,
the analytic model greatly overestimates heat requirements when 57 approaches unity and
the fill-factor is small (i.e., when the net generation rate decreases quickly as the applied

voltage grows).

In Fig. 9, this discrepancy is illustrated for a pV cell at room temperature (300 K).
Moreover, these results are for a moderate fill-factor (around 0.7). When 7¢ vanishes, the
current-voltage curve becomes linear. In this case, achieving a large 47, ensures a significant
reduction in the heat required to operate at maximum efficiency. Thus, the hydrodynamic
simulations (HM) diverge from the analytical model (AM) for 47 > 0.4. Indeed, as 74},
aproaches unity, the pV nearly reaches its limit: 7,y = ncZpyv. Figure 9 also shows the
role of resonance in achieving high efficiency. When no kinetic energy is produced during a

generation event, no optical phonon energy is wasted. Thus, a pV with a resonant bandgap
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surpasses the TE performance even at lower 4. .

Finally, Fig. 9 shows the potential of a pV cell to substantially outperform the TE, even
at room temperature. Indeed, with a resonant and energetic optical phonon mode which
primarily generates electrons, the pV cell triples the efficiency of a TE with ZTrg = 1. Even
under reduced nonequilibrium, such a pV cell doubles the TE efficiency. These encouraging

results motivate the search for a high Z,y material, which we conduct in Part IT%.

VII. CONCLUSIONS

Here, we proposed and discussed the phonovoltaic cell which harvests energetic optical
phonons resonant with the bandgap to generate power in a p-n junction. The central mech-
anisms, the electron-phonon and anharmonic three-phonon coupling, are discussed to quan-
tify the quantum efficiency (nqe = 79;_,). The Monte-Carlo simulations of the Boltzmann
transport equation depicts the cell function using these couplings. Then, an approximate

efficiency is developed analytically and a pV figure of merit proposed, i.e.,

AE@ N ;Ye—
Z VvV = "y:_ —— S 1 7:_ — %’
p p Ep,o P Yo+ T
AFE,
Npv =~ NcZpv|l — 0.75 exp(_b)7
kpT.
T,
“ e 40
Ule] Too ( )

These results are most accurate when the surface recombination is suppressed, hot phonon
relaxation is slow compared to the transport (or L, = L), and ¥ is small or Ff is large.
Regardless, Eq. (40) provides reasonable predictive power across a wide range of Z,y and
ncAE; ,, as shown in Figs. 6 and 9. Importantly, this equation shows that either large nc
or large Z,y are required for efficient pV operation.

Hydrodynamic simulations highlight the device requirements and validate the analytic
model. These requirements are (i) the active volume should be maximized, such that
L,/L ~ 1, unless the relaxation of hot optical phonon populations is slow compared to its
transport; (i7) minority carriers must be blocked from entering the contact and recombin-
ing (i.e., hindered surface-recombination); (i7i) the p-n junction must be sufficiently strong
(AEp,n > ncAE.,), without inhibiting generation and lowering 47 . Additionally, the

hydrodynamic model predicts that large 7;_, increases the efficiency significantly compared

to the linear relationship predicted by the analytic model.
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When these requirements are met, and for Z,y > 0.7, the pV cell is shown to significantly
outperform a TE cell with ZpgT = 1 (Figs. 5, 6, and 9). In Part II?° of this study, the
bandgap of graphite is tuned through partial hydrogenation to resonate with its optical
phonon modes in an effort to develop a pV material. However, hydrogenation degrades
the electron-phonon coupling and reduces the ;_, below that required for an efficient pV.
So, while finding and tuning a high Z,y material remains challenging, Part I of this study
shows the benefits of success, and Part II develops the methods for tuning and evaluating a

material candidate.
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Appendix A: Hydrodynamic Model Simulations

The hydrodynamic model takes the first three moments of the BTE to simulate the
electron transport®?. These moments conserve the carrier density (n;), momentum density

(7:), and kinetic energy density (w;) for electron (i = e) and hole (i = h), i.e.,
v : JZ - eclh'h
Ji = wi(£kT;Vn; + kgn,VT; — e.n; V),

Vew; =—ji - Vo — > iy, (A1)

where T; and p; are the temperature and mobility of carrier . These equations track the
drift and diffusion of electron and hole populations as well as the diffusion and advection
of kinetic energy, and n; and w; quantify the addition of carriers and kinetic energy to

population i. The kinetic energy flux is
3 .
w; = VSkeTij: — kTS, (A2)
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where the thermal conductivity is

72 ki
i =5 — Lipin, A3
K 3 e, in (A3)

from the Weidemann Franz law.
Here, the electron-phonon interaction drives both 7n; and w;. The generation model follows

the band-to-band models®” discussed previously, i.e.,
i = —ae_pnenn — n:(Tp0)?, (A4)

where a._, is the generation coefficient associated with the electron-phonon coefficient and
n;(T,0) is the intrinsic carrier concentration at 7, . The kinetic energy imparted to the
electron (and hole) population per generation event is, on average, (E,o — AE,,)/2. The

corresponding energy transfer $g is

E,o —AFE,, .
wG = %ne. (A5)

Additionally, the electron kinetic energy density (3/2kpTen.) equilibrates with the optical

phonon temperature. The corresponding energy transfer is

3. T, —1T,
Wi—p o = §/€B7P’Oni, (A6)

Ti—p,E
where 7,_,, g is the electron phonon energy relaxation time®?.
Furthermore, the Poisson equation ensures a self-consistent simulation, i.e.,

V€.V =—e(n.+np—n,—na), (AT)

where €.€, is the electrical permittivity of the material and np and n, are the doping
densities for electron donor and acceptor atoms.
The optical (i = p, O) and acoustic phonon (i = p, A) populations are modeled using the

conduction equation, i.e.,
-V - VHZE = Z Si_j, (AS)

where the optical phonon population gains energy from an external source ($,0-i,) and

loses energy for each generation event (s¢), from heating electron (and hole) ($,0-.), and
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downconversion ($,0-p.), which the acoustic phonon population absorbs, i.e.,

sq = Iy one,

Sp,O—i = _wi—p,07
S'pvo—p,A = Ep,Oap—p[f;,o (Tp,A)2 - f;,O(Tp,O)z]a
$p,A—p,0 = —Sp,0—p,A; (A9)

where f7(T) is the equilibrium optical phonon occupancy at temperature 7', and a,,
is the downconversion coefficient associated with the anharmonic coupling strength. Note
that Eq. (A9) assumes that the acoustic phonon populations (f°y(7) and f)5(T)) are

non-degenerate and classical statistics are appropriate, i.e.,

= foa(D) fya(T). (A10)

The hydrodynamic, Poisson, and phonon equations form a set of seven closed balance
equations. Note that the closure involves the following assumptions: the kinetic energy
is primarily thermal (w = 3/2kgT’), populations are non-degenerate, there is equilibrium
within but not between populations e, h, p, O, and p, A, and the temperature tensor is
diagonal. If the material is anisotropic care must be taken with the transport coefficients
and the assumption of a diagonal temperature tensor; however, the transport has negligible

effect on a sufficiently thin pV cell.

1. Boundary Conditions

The optical phonon is excited to a constant temperature in the active region, and it is
not allowed to escape at the contacts (V1,0 = 0). (This assumes that the contact material
has no optical phonon mode of comparable energy.) All other temperatures are maintained
at the contact temperature 7.. An Ohmic contact is simulated for the both carriers when
surface recombination occurs (w/SR). Otherwise, the no minority current is allowed to enter

the contact and only the majority carrier has its density maintained by the Ohmic contact
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(w/o SR), i.e.,

All Simulations:

604,0(0) = EF (O)>

ecp(L) = Er(L) — A,

VTp,O((),L) =0, Tp,A(O, L) = Te((]7 L) — Th(o7 L) =T,

Eev - E O E L _ Ee,c
11 (0) = ey eXp[’kTF()], Ne(L) = Nec eXp[%].
w/SR:

E 0 - Ee c E&v _ E L
ne(o) = ne7c eXP[%]? nh(L> = ne,v eXP[kB—TF()]
w/o SR:
je(O) = 0, i.e., ]h(L) — O, i.e.,
VTG(U) =0, VTh(L) —0,

kBTe V?’Le kBTh Vnh
A0 = ’ L)=— , All

n(0) . Vo V(L) o, (A11)

where Ey is the Fermi energy and n. . and n., are the effective density of states for conduc-

tion and valence bands.

2. Simulations

The simulations are performed on a 1-D mesh with 0.25 nm spacing between control
volumes. The equations are coupled and solved using the damped-inexact Newton method.
Calculations are considered converged when the change in current changes by less than
1075% over 1000 iterations. Convergence is reached within minutes across a wide range

parameters.

Appendix B: Surface Recombination Effects

The negative effects outlined in Section VI B are shown in Fig. B.1. When the generation
occurs near the contact, a significant number of minority carriers accumulate in the p-region,
as shown in Fig. B.1(a). When these minority carriers are prevented from entering the
contact and recombining, they diffuse towards the junction, which separates them from the

majority carrier, and then the opposing contact collects them. Conversely, when SR occurs,
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FIG. B.1. (a) Minority carrier density and (b) electron and hole currents in a pV cell with and
without surface recombination (SR) for variations in the active volume and applied potential. With
SR, carriers generated near the contact are lost instead of being collected. Moreover, the applied
voltage drives minority carriers into the contacts, instead of reducing the net generation, reducing

pV performance.

these minority carriers diffuse into the adjacent contact as shown in Fig. B.1(a). Indeed,
for L, = L, wherein a the large minority density gradient develops at the contact (z = 0).

This creates a large adverse current near the contact.

While restricting the active region to the junction minimizes this effect, an applied poten-
tial drives a substantial number of minority carriers into the contact regardless of L,/L,as
shown in Fig. B.1(a). Thus, an efficient pV cell must utilize window layers on both contacts

in order to prevent surface recombination.
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