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The fundamental limit to photovoltaic efficiency is widely thought to be radiative recombination which
balances radiative absorption. We here show that it is possible to break detailed balance via quantum
coherence, as in the case of lasing without inversion and the photo-Carnot quantum heat engine. This
yields, in principle, a quantum limit to photovoltaic operation which can exceed the classical one. The
present work is in complete accord with the laws of thermodynamics.
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The efficiency of photovoltaic energy conversion [1] is
an important aspect of solar cell or photodetector opera-
tion. The early p-n junction Si solar cells had an efficiency
of around 5%; the (empirical) limit at that time was thought
to be 20% [2]. Half a decade later, Shockley and Quiesser
[3] showed that the limit was more correctly attributed to
the fact that electron-hole pairs are often lost due to radia-
tive recombination before they can contribute to useful
work.

Here we analyze a toy photocell illuminated by a mono-
chromatic slice of the solar spectrum to show how we can
mitigate radiative recombination and enhance efficiency
via quantum coherence. For simplicity, we will focus on a
pn photodiode in a single mode cavity or photon band gap
material [4].

We begin by briefly reviewing the underlying physics
germane to the present Letter, namely, (1) lasing without
inversion (LWT) and (2) photocell operation. Then we show
how to combine quantum coherence and cavity quantum
electrodynamics to, in principle, make a quantum dot
photodiode in a cavity more efficient [4].

We recall that electrons excited to the conduction band
by photons having energy greater than the energy gap
between the conduction and valence bands will be ther-
malized by multiple phonon emission [1] as they settle to
the bottom of the band. The resulting energy conversion
efficiency, known as the Shockley-Quiesser recombination
limit, is found [3] to be over 30%.

Clearly, the energy loss due to crystal vibrations is not a
fundamental limit. It can be overcome [1] by separation of
the solar spectrum into narrow frequency intervals, and
then directing each frequency (v; = % ov) onto a cell which
has been prepared to have its band gap equal to that photon
energy, i.e., hv; = €, asin Fig. 1(c). Such an array of cells
can, in principle, cover the solar spectrum such that there is
no phonon emission loss. However, the losses due to
radiative recombination are still present and represent a
major, in principle, loss mechanism.
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To put this in perspective, we quote from an excellent
recent review [5] of the physics of photovoltaic conversion:
“That leaves radiative recombination as the major [energy
loss] process. Can this be avoided? The answer is no. If a
radiative upward transition to generate the excitation is
allowed, its reversal, the radiative downward transition
must be allowed as well.”” In support of the ““no’” answer,
we note that the ‘“‘detailed balance” argument quoted
above is the basis for the original Shockley-Quiesser analy-
sis. They say [3]: “in order to find the upper theoretical
limit for the efficiency of p-n junction solar cell conver-
tors, a limiting efficiency called the detailed balance limit
of efficiency has been calculated for an ideal case in which
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FIG. 1 (color online). (a) Schematic of photocell consisting of
quantum dots sandwiched between p and n doped semiconduc-
tors. Monochromatic solar radiation excites electrons from the
|v) to |c) states in the quantum dots. (b) Chemical potentials wu,,
and u. are indicated by dashed lines. The built-in” field in the
depletion layer separates electrons and holes; however, they can
radiatively recombine before being separated. Absorption in the
bulk semiconductor is avoided by ensuring that v < €,; e.g., in
the figure we choose v = 1.80 eV and €, = 1.81 V. (c) The
energy loss by phonon emission from electrons excited well
above the band edge can be essentially eliminated by dividing
the photon flux into frequency components, each of which is
directed to a cell with its band gap matched to the incident light.
For example frequency sensitive beam splitters are here depicted
as dividing the solar radiation into red, green, and blue beams
which are tuned to the three cells with hv; =~ €}, where i = R, G,
and B.
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the only recombination mechanism of electron hole pairs is
radiative as required by the principle of detailed balance.”

Indeed it was on this basis of such detailed balance
arguments that Einstein introduced the concept of stimu-
lated emission in the early part of the twentieth century.
And when we have population inversion, i.e., negative tem-
peratures [6], laser or maser action obtains [7]. However,
by the end of the century, it was predicted theoretically [8]
and demonstrated experimentally [9] that it is possible to
break detailed balance and cancel stimulated absorption,
while keeping stimulated emission, yielding LWI.

For example it is shown in Ref. [8(b)] that when the
ground state is a doublet coherently driven by a microwave
field, as in Fig. 2(a), it is possible to cancel or reduce
absorption. Physically, this lack of absorption is a mani-
festation of quantum interference. When an atom makes a
transition from the upper level to the two lower levels,
the total transition probability is the sum of the a — b and
a — ¢ probabilities [see Fig. 2(a)]. However, transition
probabilities from the two lower levels to the single upper
level are obtained by squaring the sum of the two proba-
bility amplitudes. This makes possible lasing even if there
is no population inversion.

More interesting in the present context, is the fact that it
is possible to prepare a coherent doublet in the excited state
and again break detailed balance, but this time we work to
cancel stimulated and spontaneous emission while keeping
absorption. Thus, in the notation of Fig. 2(b), we now have
the possibility of altering the balance between emission
and absorption and reducing radiative recombination while
keeping absorption intact.

We set the stage by first giving a pico review of single
frequency photocell behavior with radiative recombina-
tion. That is, we calculate the efficiency of a cell contained
in an optical cavity (such as a photonic crystal) [10] and
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FIG. 2 (color online). (a) Atoms in coherent superposition of
ground states b, ¢ which are driven by microwaves. The radia-
tion indicated by the lighter (red) line draws equally from levels
b and c. The probability of exciting the level a goes as the square
sum of the sum of the probability amplitudes, i.e., P =
|A, + A%, and can be zero. The probability of emission goes as
Pomission = 144> + 1A,]? and does not vanish. This is the basis
for lasing without inversion. (b) The use of quantum coherence
in the excited state doublet a, b makes possible the opposite
behavior, i.e., cancellation of emission but not absorption.

illuminated by monochromatic light which is tuned near
the band edge so that 7iv = €. — €, in the notation of
Fig. 1(b).

Next, in order to explore how quantum coherence could
(in principle) be used to mitigate radiative recombination
in a solar cell, let us first analyze the quantum dot cell of
Fig. 1, in which we inject monochromatic radiation reso-
nant with the energy €. — €,. The populations N, and N,
are described by the chemical potential u, and . and the
ambient temperature 7, so that

— = exp[ec — € — (IU‘L - lu‘v)]/kTu (1)

N,
and the cell voltage is eV = . — -
The interaction between the quantum dots and the single
mode cavity field is given by

V= >hg;lv;Xc;lat + adj, )
J

where g; is the coupling constant between the jth quantum
dot, and the radiation field is described by the creation
(annihilation) operators @t (). For the present purposes we
may model the problem assuming the density matrix for
the field, p, evolves dynamically as

p= [ SV 1) VI, 1) o) ® p Ty

fo h2 ey
3)

where p/ is the density matrix for the jth dot, the states of
the dot are |a;) = |c;) or |v;) in the notation of Fig. 1(b),
and 1 is the time that the jth dot is excited by thermal
phonon excitation from the n type (donor) or p type
(acceptor) reservoir having chemical potential w. or w,.
Upon excitation to the states |c;) and |v;) the electrons are
modeled as decaying back to the n type or p type reservoir
at rate y. We may include this process by simply taking
Vi(r, ty) — VI(7, ty) exp[—y(T — t;)] where 7 =t or ¢’ as
it appears in Eq. (3). The summation over dots is replaced
by 3, = r [*, dty, and Egs. (1)~(3) yield

pla,at, t) = —«[p.(aa’p + paa’ — 2a% pa)

+ pylatap + pata —2apah)], (4
where r is the rate of scattering of electrons (into and out of
the dots) and k = —rg?/y>.

The equation of motion for the average photon num-

ber i1 = Tr[atap(a, af, )] can then be calculated from
Eq. (4); we find

n= _(Rv - Rc)ﬁ + R, %)

1 1
a _Rl:ehy/kTs -1 o —eV)/KT, _ 1]’ (©)
where R, = kp,,,, R. = kp.., R=R. — R,, and T(T,)
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is the temperature of the solar radiation (ambient surround-
ings). Please note that we adhere to the convention that all
frequencies are circular frequencies so that v (not hv) is
the photon energy.

In going from (5) to (6) we have replaced 7 on the right-
hand side by its equilibrium value for solar radiation at
temperature 7. The second term in the square bracket
follows from the fact that R,/R, = exp(hv — eV)/kT,
since p,,,/p.. = N,/N, as it appears in Eq. (1).

As an example of the utility of Eq. (6), we note that at
steady state, the second term in the square bracket cancels
the first term so that hv/kT, = (hv — eV)/kT,, which
implies [1]

eV = hv(l - %) (7)

Having seen that our toy model contains the essential
features of monochromatic photocell operation, we pro-
ceed to replace the state |c) by the doublet |c;), |c,) which
is coupled by a resonant driving field with iy, = %(ql —
€.,), as in Fig. 3(a).

The classical driving field couples the levels |¢;) = |1)
and |c,) = |2) of Fig. 3(a) with Rabi frequency Q. To
model this we add a driving term to Eq. (3) given by V/ =
3hQ[|1,X2;le”'® + adj.] and then transform the driving
field away to obtain a new interaction Hamiltonian which
treats () to all orders. We make the secular approximation
such that we ignore terms like e’m”l)’, compared to
e @=2)1 where A; = w; — v. In the case of resonance
such that {) = A; and, for simplicity, taking ) > vy, we
may write the interaction as

V =810 - e )l + (14 e 9)) Tat + adi,

®)

where the phase ¢ is governed by the driving field.

We then obtain a photon rate equation for the quantum
dot photocell depicted in Fig. 3(a), and find that the
(monochromatic) radiation injected in the cavity is now
described by the equation of motion

i=—[R, - R + R+ (R + R, (9

where, for the present toy model [11], we may write

R, =2Kpy., (10)
R = kpy (1 + cose), an
R = 1 - 12

p Kkpyo(1 — cose), (12)

in which the matrix elements coupling |c;) and |c,) to |v)
are taken as equal (and real), ¢ is the phase of the driving
field, and for typographical convenience we set p. . =
pi1and p, ., = pyo. From Egs. (11) and (12) we see that,
for example, when ¢ = 0 and p;; — 0, then the recombi-
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FIG. 3 (color online). (a) Quantum dots having upper level
conduction band states, |c;) and |c,), are coherently driven by a
field such that Ay, = %(Ec] — €.,). The monochromatic solar
photons having energy hv are tuned to the midpoint between
the upper levels. The host semiconductor system, in which the
quantum dots are embedded, has effective Fermi energies . and
M, for the conduction and valence bands. (b) A single mode
photo-Carnot engine in which the working photon “fluid” is
heated by quantum fuel consisting of atoms having quantum
coherence induced between the lower levels.

nation rates ’R(Cl) and ’R(Cz) vanish. In any case, the second
term in Eq. (6) is replaced so that

1 1
e(hv—eV)/kTa -1 - ef—1

(13)

where

e* =2p,,/lp11 + pop (P11 — p)cose]  (14)
In the incoherent case, (cosg) = 0 and
ef = 2pu = Pov _ ehv=eV)/kT, (15)
P17t P2 Pec

which implies the usual result Eq. (7). In the coherent case,
when ¢ = 7, Eq. (14) yields

X = Py — e(hf/—eV)/kT(,’ (16)
P11

where 7 = v + v,
Thus Eq. (6) now reads

= 1 1
n= _Rl:eh"/kr‘ -1 B e +hvy—eV) /KT, _ 1], (17)

which implies

eV = hv(l - %) + hy. (18)
That is, we now have a quantum efficiency which exceeds
the voltage given by Eq. (7) [12].

The preceding coherent drive model illustrates the role
of quantum coherence in a simple way. However, it is
possible to generate coherence p;, without the use of an
external field. For example, quantum noise induced coher-
ence via Fano coupling [13] yields a result essentially
equivalent to (18).
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Furthermore, the power generated by a Fano effect
quantum dot photocell arrangement [similar to Fig. 3(a)
without the drive field] can be substantially enhanced [14]
as compared to the “two level” toy solar cell of Fig. 1(b).

Finally we make contact with the quantum Carnot en-
gine [15], which is in some ways similar to the quantum
solar cell. In Fig. 3(b), the photo-Carnot cycle heat engine
of [15] is shown with a single mode field as the working
fluid. If the field is maintained at thermal equilibrium by
hot atoms injected into the cavity, then the engine operates
with the usual Carnot efficiency n = 1 — % where 7}, and

T, are the temperatures of the hot energy source and the
cold entropy sink. However, if the atoms are injected in a
coherent superposition of levels b and b, as in Fig. 3(b),
then, as shown in [5,15], the efficiency of this quantum
photon engine is given by

T, _
Mo =1~ 37 iilpialcose, (19)
h

where ¢ is defined by p,, = |b||b,|e¢. The correspon-
dence with the quantum photocell is clear: In the present
Letter, we use quantum coherence to enhance the transfer
of solar energy to the quantum dots. In the quantum photo-
Carnot engine, we use quantum coherence to maximize
transfer of atomic energy to the photons.

To summarize, we return to the question, “Can radiation
recombination be avoided?”” The answer is yes, in prin-
ciple. By breaking detailed balance, radiative rec ombina-
tions can be substantially reduced. This can, in principle,
enhance the efficiency of photocells, e.g., photodetectors
and solar cells; however this is not our key point. It is
important to understand the fundamental limits and that
radiative recombination can be mitigated.
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