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ABSTRACT: We present a pure photonic approach to
overcome the Shockley—Queisser limit. A single material can
show different effective bandgap, set by its absorption
spectrum, which depends on its photonic structure. In a
tandem cell configuration constructed from a single material,
one can achieve two different effective bandgaps, thereby
exceeding the Shockley—Queisser limit.
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Ever since the seminal work of Shockley and Queisser,"
there have been significant efforts aiming to overcome the
Shockley—Queisser limit for solar energy conversion.” The vast
majority of these works aim to use materials or devices with
electronic properties that are significantly different from the
single bandgap semiconductors assumed in the original
Shockely—Queisser analysis. These include the commercially
available approach of multijunction solar cells, which utilizes
multiple semiconductors with different band gaps,” as well as
more exploratory approaches such as hot-electron cells,*
multiple exciting generations,s_7 and intersubband® solar
cells. In contrast to all these works, in this Letter we propose
and analyze an alternative scheme for overcoming the
Shockley—Queisser limit based purely on photonic engineering.
We show that with proper use of nanophotonic concepts, one
could in fact overcome the Shockley—Queisser limit with a
single semiconductor without the need to alter the electronic
properties.

As an illustration we consider the structure shown in Figure
1, where both the top and bottom cells are made of the same
semiconductor material and, therefore, have the identical
electronic bandgap. However, they exhibit different effective
bandgap due to their different absorption and emission spectra.
We show that by controlling the top cell’s radiative emission
through proper photonic design, the efficiency of such a single-
material tandem cell can exceed the Shockley—Queisser limit.
Related to our work here, it was recently shown that the open-
circuit voltage of a cell can be enhanced by engineering its
thermal emission.” '' References 9—11, however, are still
fundamentally constrained by the Shockley—Queisser limit.

To overcome the Shockley—Queisser limit, we need to
reduce the thermalisation loss 7iw — V. The voltage output V of
a solar cell is more directly related open circuit voltage V,,
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Figure 1. A tandem cell using a single electronic bandgap material. S;
(S,) is the incident sunlight absorbed by the top (bottom) cell. E; (E,)
is the emission of the top (bottom) cell.

rather than the electronic band gap of the material. Therefore,
one can in fact regard the V,_ as the effective bandgap. We start
our analysis by briefly reviewing the physics of open-circuit
voltage V. in the detailed balance analysis. In an ideal solar cell
without nonradiative processes, carriers are generated through
sunlight absorption and depleted by radiative recombination.
For a cell operating at the open-circuit condition, the net
change of its carrier density is zero. Thus, at open circuit the
radiative recombination rate is equal to the sunlight absorption
rate. On the other hand, the radiative recombination rate is
given1 by exp(V,./ksT)E, where E is the thermal emission rate
when the cell is in thermal equilibrium and has zero voltage, kg
is the Boltzmann constant, and T is the temperature of the cell.
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Figure 2. (a) The absorption spectra of the top cell (blue) and bottom cell (red) with an ideal cutoff wavelength 4., when the cells are placed in the
tandem configurations shown in Figure 1. The electronic bandgap is at 880 nm. (b) The open-circuit voltage of the top (solid) and bottom (dashed)
cells as a function of A.. Both cells are operating at open-circuit. (c) The efficiency of the top cell (solid black), the bottom cell (dashed black) and
the total efficiency of the tandem cell (red) as a function of 4. (d) The limiting total efficiency of a two-junction cell as a function of its electronic
bandgap energy (solid line). Dashed line indicates the Shockley—Queisser limit of a single-junction cell.

Here, below we will use thermal emission and radiative
recombination interchangeably, referring to the same emission
due to interband transitions. One can therefore increase the V.
by reducing the thermal emission rate E, or equivalently, by
reducing the emissivity of the cell”™""

For a single-junction cell, the above process for enhancing
the open-circuit voltage cannot lead to any absolute maximum
efficiency improvement. The Kirchhoff's law of thermal
radiation indicates that the absorptivity of the cell must be
equal to its emissivity. Thus, reducing the thermal emissivity
necessarily comes at a cost of reducing the incident light
absorption and, hence, a reduction of the cell's short-circuit
current. As a result, no single-junction cell can go beyond the
Shockley—Queisser limit. However, here we show that
engineering of thermal emission can in fact be beneficial in
terms of absolute maximum efficiency if one adopts a tandem
cell configuration, even if the multiple junctions of the tandem
cell use the same material with the same electronic bandgap.

As an illustration we consider a two-junction tandem cell
consisting of only one material with one electronic bandgap at
ho, (Figure 1). The top cell is thin and does not absorb all the
incident sunlight, while the bottom cell is thick and absorbs all
the above-bandgap incident sunlight that passes through the
top cell. The bottom cell also has a back mirror. Perfect
antireflection is assumed at all interfaces. To highlight the main
physics, we assume throughout the paper that both cells have
angle-independent absorption coefficients, although the effects
of angle dependency in absorptivity can be straightforwardly
incorporated into our formalism. We also initially neglect all
solar cell nonidealities including nonradiative recombination.
The effect of adding such nonidealities into our analysis will be
discussed toward the end of the paper.
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The current—voltage relations of the two-junction tandem
cell can be obtained by balancing the carrier generation and
depletion in each cell (Figure 1):

/ S (w)dw+ f E,(w, V,, T)A(w)dw

[c)
= 2/ E(w, V;, T)dw + ]
@,
g

(1)
/ S,(w)dw + f E(w, Vi, T)dw
(1]g (Hg
= / E,(w, V, T)dw + I,
g ()

Equations 1 and 2 describe the top and bottom cells,
respectively. The left- and right-hand sides of each equation
describe the generation and depletion processes, respectively,
with I; (I,) being the current extracted from the top (bottom)
cell, and V; (V) being the voltage across the top (bottom) cell.
In eq 1, the first term on the left-hand side describes carrier
generation due to solar radiation absorption:

Si(w) = Sy(w)A(w) (3)
where Sy(w) is the incident sunlight’s spectral photon flux
density, which we assume in this letter to be the AM 1.5 global
spectrum standard. A(w) is the absorption spectrum of the top
cell. The second term in the left-hand side of eq 1 describes the
carrier generation due to the absorption of thermal radiation
from the bottom cell. Here we assume that above the bandgap
Oy the bottom cell has unity absorption for all angles and, thus,
a unity emissivity. The emission of the bottom cell is given by
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where H(e) is the Heaviside step function, and c is the speed of
light in vacuum. On the right-hand side of eq 1, the first term
describes the carrier depletion due to thermal emission from
the top cell, which we assume to emit symmetrically to both its
top and bottom sides. The top cell’s thermal emission into each
side is

Ey)(w, V,, T) = H(w — o, )eXP(Z‘;)

Alw)

©)

where we have used Kirchoff's law'? to relate the cell’s emission
to its absorption coefficient (i.e., A(w)).

The terms in eq 2 are interpreted similarly as that of eq 1.
The first term in the left-hand side describes the bottom cell’s
absorption of the remaining portion of the incident sunlight
that is transmitted through the top cell

2
q @ 1
E(w, V, T) =H(w — o )exp(k %] i T T

5,(0) = So(@)(1 — A(@)H(w — o) ©
The second term in left-hand side of eq 2 describes the bottom
cell's carrier generation due to the absorption of thermal
emission from the top cell. On the right-hand side of eq 2, the
first term describes the carrier depletion due to thermal
emission from the bottom cell, and the second term describes
the current extracted.

Equations similar to eqs 1—6 have been used in the analysis
of a conventional tandem cell."> Here the difference in our
design is that all junctions within our tandem cell have the same
electronic bandgap. We use these equations to analyze the
performance of the two-junction tandem cell shown in Figure
1. The limiting efficiency is obtained by optimizing I,V + L,V,,
subject to the constraint described by eqs 1—6. We note that
such a limiting eﬁiaency assumes that both junctions output
power independently.'® For concreteness, we take Ag = 2mc/
= 880 nm, which corresponds to the bandgap wavelength of
GaAs.

To understand the upper limit of performance, we start with
an idealized absorption spectrum of the top cell A(w) = H(w —
w,) with a cutoff wavelength A. = 2zc/w, (Figure 2a), which
prohibits all thermal emission at wavelengths longer than A.
Solving eqs 1—6, we see that a shorter A leads to a higher
voltage across the top cell, while the voltage across the bottom
cell does not vary significantly with A. (Figure 2b). When the
cutoft wavelength is at 600 nm, the tandem cell has an
efficiency of 40.7%, which is much higher than the 33.2%
Shockley—Queisser efficiency limit of a single-junction cell that
uses the same bandgap material.

In the above idealized situation, the limiting efficiency of our
tandem cell design (Figure 1) is the same as a tandem cell
consisting of two materials with different bandgaps: the top and
bottom cells having a bandgap at 600 nm and 880 nm,
respectively.'> Therefore, we have shown that in order to
achieve the efficiency benefits of a multijunction tandem cell,
one need not use materials with different electronic bandgaps.
Instead, it is sufficient to just have the capability of controlling
the thermal emission of the top cell. Unlike electronic
bandgaps, the emissivity or absorptivity of a cell is not an
intrinsic property of a material, but rather can be controlled via
photonic design. Therefore, our calculations indicate the
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potential of photonic design to create a single electronic
bandgap tandem cell.

As a realistic implementation of our single bandgap tandem
cell design, we next show that one can indeed exceed the
Shockley—Queisser limit with a GaAs tandem cell in slab
geometry. We initially consider a top cell with a thickness of
300 nm and a bottom cell having sufficient thickness to absorb
all the above-bandgap incident sunlight. In order to simplify the
analysis, we assume that the top and bottom GaAs cells are
separated by a distance larger than the optical wavelength,
which ensures that no near-field coupling of thermal emission
occurs between the two cells. Also, quantum confinement
effects are not significant in GaAs cell with thickness of 300
nm;'* we therefore use the bulk dielectric constant of GaAs for
our analysis.

As we have noted above (Figure 2), in order to achieve
efficiency beyond the Shockley—Queisser limit the top cell
needs to have excellent absorption at short wavelength range
while having its absorption and, hence, its thermal emission
suppressed near the band gap. A top cell consisting of a simple
GaAs thin film is sufficient to satisfy these requirements. As
shown in Figure 3a, the intrinsic absorption coefficient of GaAs
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Figure 3. (a) Intrinsic absorption coefficient of GaAs. (b) Absorption
spectra of the top cell (solid line) and the bottom cell (dashed line)
when the two cells are placed in the tandem configuration shown in
Figure 1. The top cell consists of a GaAs film with a thickness of 300
nm.

varies by 3 orders of magmtude from 300 nm to its band gap
wavelength of 880 nm."> The solid line in Figure 3b shows the
absorption spectrum of a top cell consisting of a 300 nm thick
GaAs thin film, calculated using the intrinsic absorption data in
Figure 3a. Such a top cell does indeed exhibit both a strong
absorption in the short wavelength range and a suppressed
thermal emission near the band gap, satisfying the requirements
above for the top cell.

By substituting the absorption profiles (Figure 3b) of both
cells into eqs 1—6 we obtain a top cell’s open-circuit voltage of
1.174 V, which is higher than the 1.14 V open-circuit voltage of
a single-junction bulk GaAs cell. The bottom cell’s open-circuit
voltage is 1.133 V. The limiting efficiency of the two-junction
tandem cell is 33.74%, which is noticeably higher than the
33.2% Shockley—Queisser efficiency limit of a single-junction
GaAs solar cell under direct sun light. It is also higher than the
33.5% Shockley—Queisser efficiency limit"'® of any single-
junction cell under direct sun light. Thus, even the relatively
simple geometry of a two-junction GaAs tandem cell is
sufficient to achieve efliciencies beyond the Shockley—Queisser
limit.

We next study the impact of the top cell’s thickness on the
tandem cell’'s current—voltage performance (Figure 4). The
tandem cell’s total efficiency peaks at 33.74% when the top cell
has a thickness of 300 nm (Figure 4a), assuming a four-terminal
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Figure 4. (a) The black line represents the total efficiency of the
tandem cell as a function of top junction thickness. The red line is the
Shockley—Queisser efficiency limit of a single-junction GaAs cell; (b)
short-circuit current and c) open-circuit voltage of the tandem cell.
Solid (dashed) line is for the top (bottom) cell. (d) Serial connection
of two junction cells.

connection where each cell output independently. For serial
connection (Figure 4d), we can choose the top cell to have a
thickness of 160 nm in order to achieve current matching
(Figure 4b). Both cells have a current of 16.63 mA/cm? The
open circuit voltage of a serially connected cell is 2.317 V. The
maximum efficiency is 33.71%. Therefore, with a two-terminal
serial connection one can achieve nearly the same theoretical
efficiency as the four-terminal case. The behavior of this total
efficiency can be understood by analyzing the effect of the top
cell’s thickness on the current—voltage performance of each of
the two cells. In general, as the top cell’s thickness increases
from zero, the top cell absorbs more of the incident sunlight
and, consequently, the short-circuit current of the top cell
increases while that of the bottom cell decreases (Figure 4b).
Furthermore, we see that as the top cell’s thickness decreases,
its open-circuit voltage increases’ (Figure 4c) due to the
reduced thermal emission near the bandgap.'' On the other
hand, the bottom cell’s open-circuit voltage is not strongly
influenced by the top cell's thickness because its thermal
emission does not change as we vary the thickness of the top
cell (Figure 4b).

When the top cell’s thickness is reduced well below 300 nm,
there is a significant reduction of incident sunlight absorbed by
the top cell and, hence, its short-circuit current (Figure 4b)
despite its voltage enhancement (Figure 4c). As a result, for the
regime where the top cell’s thickness is very small, the tandem
cell’s total efficiency is mainly determined by the bottom cell
alone and approaches the 33.2% Shockley—Queisser efficiency
limit of a single-junction GaAs cell when the top cell’s thickness
approaches zero (Figure 4a). On the other hand, when the top
cell’s thickness is more than 10 pm, the tandem cell’s total
efficiency is determined almost entirely by the top cell alone
since the top cell absorbs almost all the incident sunlight. In
this regime where the top cell’s thickness is large, the total
efficiency is around 32.63%, which is slightly lower than the
single-junction Shockley—Queisser efficiency limit because of
the top cell’s bottom side emission.'"® We emphasize that the
efficiency of our GaAs tandem cell is above the Shockley—
Queisser limit (red line in Figure 4a) as long as the top cell’s
thickness is below 1.9 um. This wide range of the top cell’s
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thickness, where one can exceed the Shockley—Queisser limit,
indicates the robustness of our approach.

The effect of adding nonradiative recombination can be
added into the above analysis (see details in Supporting
Information). The leading nonradiative recombination mech-
anism in GaAs is Auger recombination.'”"® For a top cell with
300 nm thickness this Auger recombination mechanism
decreases the top cell’s open-circuit voltage by less than 107*
V. Therefore, there is negligible degradation in the tandem
cell’s total efficiency.

As shown above, a two-junction GaAs tandem cell using
simple a slab geometry already exceeds the Shockley—Queisser
limit. However, the performance of such a two-junction tandem
cell is significantly lower than the ideal case shown in Figure 2,
since the top cell exhibits only a limited absorption coefficient
contrast between the long and short wavelength ranges.
Nevertheless, a more sophisticated photonic design should be
able to enhance the efficiency toward the ideal case in Figure 2
by both enhancing the short-wavelength absorption and
suppressing the long-wavelength absorption in the top cell.
For example, we can improve the voltage of the top cell by
placing between the two cells a frequency-selective mirror,'”*’
which only reflects light in the shorter wavelength range.

Alternatively, in the top cell one could apply a frequency-
selective light-trapping technique®' in order to enhance light
absorption in a selected spectral range. Unlike the thin film case
shown in Figure 1, where there exist guided modes in the film
that do not couple to the external radiation, the use of light-
trapping ensures that all modes in the structure can couple to
the external radiation, leading to absorption enhancement. The
light-trapping enhancement ratio is determined by the optical
density of states (DOS),”*** which can be tailored to exhibit
strong spectral dependence. By having high and low DOS in
short and long wavelength ranges, respectively, light trapping
can enhance the absorption contrast and thus the operation
voltage of the top cell An improvement of almost two
percentage points can be achieved with an ideal light-trapping
design (see Supporting Information).

Finally, our findings are also fully consistent with ref 16
regarding the importance of quantum yield. In this paper, we
discuss the ideal limit of photovoltaic conversion efficiency. We
have assumed the absence of nonradiative recombination,
which is appropriate for the study of theoretical limit of solar
cell. In such a case, the quantum yield is always 100%.
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The effect of nonradiative recombination and using light
trapping to enhance energy conversion efficiency. This material
is available free of charge via the Internet at http://pubs.acs.org.
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