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Comment on “Analysis of quantum coherent

semiconductor quantum dot p-i-n junction pho-

tovoltaic cells”

According to conventional wisdom, radiative recom-
bination limits the quantum efficiency of a photocell;
e.g., when illuminated by a monochromatic beam of solar
photons (characterized by frequency νs and temperature
Ts) this limit is eV/~νs = ηc where V is the induced volt-
age, ηc = 1 − Ta/Ts and Ta is the ambient temperature.
As stated in a recent review [1]:

“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 down-
ward transition must be allowed as well.”

However in [2], it is shown that it is possible to break
detailed balance as in the case of lasing without inversion
in quantum optics [3] and the photo-Carnot engine in
quantum thermodynamics; yielding a photocell quantum
efficiency eV/~νs = ηc + δη where δη represents a model
dependent increase in efficiency.

This result has generated spirited debate. For exam-
ple, the preceding commentary [4] contains familiar argu-
ments; the gist being that enhancing quantum efficiency
by breaking detailed balance somehow violates thermo-
dynamics and/or commonsense. Space does not allow us
to respond to [4] point by point; however, such a discus-
sion will be presented elsewhere [5]. Here we present a
detailed analysis of the simple laser based solar energy
converter of Fig. 1, which will (hopefully) convince the
reader that it is possible to increase quantum efficiency
via quantum coherence. To that end, we next analyze
the simple laser based solar energy converter of Fig. 1.
As discussed in [6], a thermally pumped laser is a quan-
tum heat engine. An incoherent thermal pump serves as
the energy source at Th that populates the upper laser
level. The lower laser level is coupled to the ground state
by “cold” light at Tc which serves as an entropy sink.
The quantum efficiency is then ~νℓ/~νs = (1 − Tc/Th).

Let us consider the solar pumped laser of Fig.1 in
which the lower level doublet has a small amount of co-
herence such that |ρbc| <<

√
ρbbρcc. As is shown in

detail in [3], the laser field E is now governed by

Ė = κ(2ρaa − ρbb − ρcc − ρbc − ρcb)E (1)

where κ is an overall constant. To a good approximation,
the populations are determined by Th and Tc.

At threshold, Eq (1) implies that 1− ρbb/ρaa − (ρbc +
c.c.)/2ρaa = 0 where we have used the fact that ρbb

∼=
ρcc. Noting that ρbb/ρaa = exp−[ǫb/kTc − ǫa/kTh],
the threshold condition then yields ~νs/kTh − ~(νs −
νℓ)/kTc = ln[1 − (ρbc + c.c.)/2ρaa], where in the nota-
tion of Fig. 1, ǫa = ~νs and ǫb

∼= ǫc = ~(νs−νℓ). Finally
we take ρbc = |ρbc|eiπ and for weak coherence obtain

~νℓ/~νs = ηc + δη , (2)
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FIG. 1: Atoms pass through a beam of “hot” solar photons
while interacting with ambient “cold” light at the same time.
The population of upper level |a〉 and the lower level dou-
blet |b〉, |c〉 is governed by Boltzmann factors characterized by
temperatures Th and Tc respectively. Then the atoms pass
through a region where coherence ρbc is generated via, e.g., a
wiggler array, etc. Finally the atoms enter into the laser cav-
ity where coherent laser light (tuned to the midpoint between
|b〉 and |c〉) is generated.

where δη = kTc|ρbc|/~νsρaa. Thus the conversion of in-
coherent solar photons to coherent laser photons (useful
work) is enhanced by the factor δη. The connection
between Eq (2) and the similar result in [2] is that in
the present laser solar converter, the quantum efficiency
is ~νℓ/~νs while in the semiconductor solar converter
this efficiency is eV/~νs.Further analysis based on the
previous quantum coherent photocell of ref [2] will be
published elsewhere [5].

Acknowledgements: It is a pleasure to thank K. Chapin,
K. Dorfman, A. Svidzinsky, and M. S. Zubairy for
useful discussions. Support from The Welch Foundation
(A-1261), NSF Grant No. EEC-0540832 (MIRTHE
ERC), and The King Abdulaziz City of Science and
Technology (KACST) is gratefully acknowledged.

Marlan O. Scully
Texas A&M Univ., College Station, TX 77843

Princeton University, Princeton, NJ 08544

[1] P. Wurfel, Chimia 61, 770 (2007).

[2] M. Scully, PRL, 104, 207701 (2010).

[3] M. Scully and S. Zubairy “Quantum Optics”
Cambridge Press 1997, see chapter 7.

[4] Kirk, A.P., PRL, this issue.

[5] M. Scully, to be pub.

[6] D. Scovil and E. Schulz-DuBois, PRL, 2, 262
(1959).


