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The effects of absorption coefficients were incorporated in a detailed balance model to analyze the
intermediate-band (IB) configuration in quantum dot (QD) solar cells. Our results show that the
optimum IB level, E,g, depends on the ratio of two subbandgap absorption coefficient constants,
ayco/ avyg- Efficiency contour plots have been calculated to determine the optimum values of Eg
and a;co/ ayo- 1IN Many cases, a large «; g results in high conversion efficiency, especially for thin
QD solar cells. Optimizing QD shape and size is a promising method to increase a;¢g. Increasing the
QD total thickness partially addresses the urgent demand for a large a;cp. © 2010 American

Institute of Physics. [doi:10.1063/1.3516468]

It has been hypothesized that the efficiency of an
intermediate-band (I1B) solar cell can exceed the Shockley—
Queisser efficiency limit.> In this device, two additional sub-
bandgap absorptions—from valence band (VB) to IB and
from IB to conduction band (CB)—produce extra photocur-
rent without degrading the photovoltage. The limiting effi-
ciency is 63.1%, which is far higher than that of a single gap
solar cell and slightly higher than that of a two-terminal tan-
dem cell.}?

The conversion efficiency strongly depends on the IB
configuration. Several groups have conducted in-depth stud-
ies to optimize this configuration using the detailed balance
model. Okada et al.? calculated the efficiency contour plots
to determine the appropriate 1B level and a suitable material
system. For example, without concentration, the maximum
efficiency is achieved at 1.5 eV IB level (E;g) and 2.4 eV
bandgap (Eg). In the InAs/Ga(N)As quantum dots (QDs)
(Eg=1.3 eV) suggested by them, the optimum IB level is 0.9
eV whereas in common InAs/GaAs QDs (E4=1.42 eV), the
optimum IB level is approximately 0.95 eV. Bremner et al. 4
studied this 1B configuration under terrestrial spectrum
(AM1.5G, AM1.5D) instead of employing the conventional
blackbody approximation. The striking feature of their effi-
ciency contour plot is the presence of multiple maxima. In
addition, the IB configuration has been previously discussed
under a kind of spectrally selective reflector.” The abovemen-
tioned detailed balanced models assume full absorption and
an ideal flat-band model. These assumptions are too ideal for
designing a real device structure. Moreover, working under
these assumptions will result in the factors of absorption and
charge spatial distribution not being taken into account;
hence, the determined optimum IB level will only depend on
the material system used.

InAs/GaAs QD is a promising system for the realization
of IB solar cells and many groups have used it to fabricate
prototype cells."™™* Although the conversion efficiencies of
these devices have not yet exceeded that of the GaAs solar
cell, the core process of subbandgap absorptions has been
experimentally proved. To overcome the present efficiency
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bottleneck, detailed models that account for the absorption
process and the energy-band structure need to be developed
to guide device design. The purpose of this study is to inves-
tigate the effects of absorption coefficients on the IB con-
figuration in InAs/GaAs QD solar cells. In our simulation,
we have carefully treated the energy-band structure with the
one-dimensional Poisson equation and the continuity equa-
tions instead of using flat-band approximation.

The core process of an IB solar cell comprises of a
two-step transition: on absorbing one subbandgap photon,
an electron transits from VB to IB, and on absorbing
another subbandgap photon, the electron in IB is further
pumped to CB. IB is electrically isolated from the external
circuit; therefore, under the steady state, all the charges in
IB are provided by the subbandgap photon absorption-
recombination processes. Due to the finite state density of
IB, the net-generation rates (VB — IB and IB— CB) have to
reach a balance,

Gyi(X) = Ryi(X) = Gjc(X) = Ric(x), 1)

where Gj; is the generation rate and R;; is the radiative re-
combination rate. In a QD solar cell, the IB energy band-
width is finite, which results in high effective mass and low
electron mobility. Thus, this net-generation balance equation
must be satisfied at every position, x.

Upon incorporating the effects of subbandgap absorption
coefficients, the generation-recombination processes are rep-
resented by

Gii:ffaijFO exp(— a;;x)dEdx,

et ool

()

where «;; is the effective absorption coefficient, Fy is the
photon flux calculated using the Planck formula, and &;; is
the quasi-Fermi level splits. In this paper, a 6000 K black-
body is used to simulate solar light at the maximum concen-
tration. It is important to note that the subbandgap absorp-
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FIG. 1. (Color online) Simplified illustration of absorption coefficient vs
photon energy.

tions via 1B depend on the probability of IB occupation,
which is represented by**'*

ay = (1-fig)ayo, (3)

where a;co and o are the absorption coefficient constants
and f;g is the IB occupation possibility that follows the
Fermi distribution.

Combining Eqg. (1) with the one-dimensional Poisson
equation and the continuity equations, we can compute the
IB occupation possibility, energy diagram, and, eventually,
the conversion efficiency. For a detailed description, refer to
Ref. 15. This study focused on the absorption process and
assumed the collection efficiency of photocarriers to be 1.

The absorption coefficient constants (oo and ) are
determined from the oscillator strength and the state density
but are independent of the probability of IB occupation. In
physics, a;co and ay,q represent the absorption coefficient
when IB is completely full and completely empty, respec-
tively. Until now, very few researchers have reported on ex-
perimental or theoretical values for a,c; and ay,o. Birkedal
et al.’® measured the 1170 cm™ absorption coefficient (a;c)
for a single InAs/GaAs QD, and Zhang and Galbraith®’ cal-
culated intraband absorption coefficients (¢;c) of INAs/GaAs
QDs to be about (1-4) X 10* cm™, subject to the QD geo-
metrical size. Hence, it can be hypothesized that the values
of the absorption coefficient constants, a;co and ay,q, can be
on the order of 10* cm™. Figure 1 is a simplified illustration
of the absorption coefficient constants. For the sake of sim-
plicity, we adopt the average absorption coefficient constant
to describe the absorption processes.

We consider a case wherein subbandgap absorptions are
equal to the GaAs absorption, and the total thickness of QDs
(W) is 100 nm. Equations (2) and (3) reveal that photocarrier
distribution depends on f,g, which is determined by the sepa-
rate IB quasi-Fermi level, Efg. Figure 2 shows the energy
diagram for the QD region, the net-generation rate, and the
probability of IB occupation. Our results reveal that the QD
state density is not sufficiently high to pin the Ef,g at the IB
level. Ef|g is approximately parallel to the IB level, and fg
depends to a small extent on the spatial position. One of the

aic = figaico,
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FIG. 2. (Color online) (a) Energy band diagram at maximum power point.
(b) Net-generation rate and probability of 1B occupation.

important reasons for this is that light intensity decays with
penetration depth. The net-generation rates clearly reveal this
decay process. Because effective absorption coefficients de-
pend on f,g, they do not follow a simple exponential distri-
bution. The ideal flat-band model assumption, which, among
other things, implies that Ef,g and f;g remain constant, has
been used in many theoretical studies.” As a rough approxi-
mation, this model is acceptable for solar cells with a thin
QD region and uniform absorption coefficients. In addition,
the net-generation rate curves of the two subbandgap transi-
tions almost overlap each other, indicating that our numerical
resolutions are accurate and stable.

Until now, because of the difficulties in growth technol-
ogy, most prototype cells only have about 10 InAs/GaAs QD
layers (W<100 nm). Figure 3(a) shows the efficiency con-
tour plots of 100 nm InAs/GaAs QD solar cells under maxi-
mum concentration. Our results reveal that there is no de-
fined value for optimized E;g in any material system; the
optimized E,g depends on the ratio of subbandgap absorption
coefficient constants, o/ 0. FOr example, when
ayco/ ayo 1S increased from 0.1 to 10, the optimized E;g
shifts from 1.15 to 0.925 eV. If the spatial dependence of the
energy band is neglected, it is easy to understand this ten-
dency. When «a,cp/ avyg IS decreased, increasing the IB levels
increases the photon flux from IB to CB and decreases the
photon flux from VB to IB, eventually compensating for the
decrease in ajco/ ayo. Similarly, when a)co/ g IS in-
creased, optimum IB will shift in the opposite direction. In
this structure, the peak efficiency is 45.3% when a;cg/ ayg IS
7.9 and E,g is 0.925 eV. Overall, a large ¢ is necessary for
high conversion efficiency. Recent studies reveal that opti-
mizing the QD shape and size can relax the selective rule to
enhance a|co.17 Our efficiency contour plots serve as a ref-
erence for the selection of appropriate values for a,cy and
Es.
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FIG. 3. (Color online) Efficiency contour plots (a) in 100 nm InAs/GaAs
QD solar cells and (b) in 500 nm InAs/GaAs QD solar cells.

Recently, Okada et al® adopted the stress-compensation
layer technology to grow 50 layer QDs. We simulated a 500
nm InAs/GaAs QD solar cell; its efficiency contour plots are
shown in Fig. 3(b). In such thick QD solar cells, the opti-
mum IB level depends on a;co/ ayjo; however, the magnitude
of shift decreases. If we only consider the increase in inci-
dent light decay with increasing W, the absorption efficiency
will gradually approach 1; hence, the generation rate will
depend to a greater extent on the incident subbandgap photon
flux until, eventually, in an infinitely thick QD solar cell, the
optimized IB level becomes independent of a;co/ ayig- The
peak efficiency reaches 52.8% when a;co/ ayjo and Ejg shift
to 2.0 and 1.0 eV, respectively. Overall, a large a;cy also
results in high conversion efficiency. In addition, increasing
W can partially address the urgent demand for a large a;cp.

In the above discussion, we consider ay;q to be equal to
ayc- Obviously, ayc only determines the baseline conversion
efficiency but does not affect the optimum IB level. The
subbandgap absorption is determined by the product of the
absorption coefficient (a) and W. Therefore, decreasing ayq

Appl. Phys. Lett. 97, 193106 (2010)

has an effect similar to that when W is decreased.

In summary, we have studied the effects of absorption
coefficients on the probability of IB occupation and configu-
ration. The QD state density is not high enough to pin the
Ef g at the IB level. Ef g is approximately parallel to the IB
level, and f,g depends to a small extent on the spatial posi-
tion. The optimum IB level depends on the ratio of two sub-
bandgap absorption coefficient constants, «;cq/ ayo- In 500
nm InAs/GaAs QD solar cells, the peak efficiency is 52.8%
when o/ ayp and E;g are 2.0 and 1.0 eV, respectively.
Overall, a large ¢ results in high conversion efficiency,
which is especially necessary for thin QD solar cell. Opti-
mizing the QD shape and size is a promising method to
increase a;co. Increasing W can partially address the urgent
demand for a large ;. In addition, efficiency contour plots
can be used to choose appropriate «;cg/ ey and Ejg. This
study mainly focuses on the InAs/GaAs QDs. If the appro-
priate material parameters are incorporated, this model can
also be applied to other systems.
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