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The intermediate-band solar cell (IBSC) [1] is a
promising device structure for increasing efficiency of
solar cells. The IBSCs can be realized with verti-
cally stacked InAs/(Al,Ga)As quantum dots (QDs) [2],
which act as an effective one-dimensional superlattice
(SL) and produce the intermediate-band (IB) between
the conduction and valence bands of the (Al,Ga)As
matrix. The electronic properties of vertically stacked
QDs can be tuned by adjusting the QD size and the pe-
riodicity [3]. Although the uniformity of the QDs is
important for improving the efficiency of IBSCs, there
should exist fluctuation and disorder in actual QDs.
Here we present theoretical study of effects of atomic
disorder on the electronic states in vertically stacked
InAs/GaAs QD SLs.

We consider vertically stacked InAs/GaAs QDs
whose schematic diagram is given in Fig. 1. Each InAs
QD has a truncated pyramid-shape with the dot height
being /., the side of the square base b, the side at the
dot height ¢, and the periodicity L,. In the present
study, we are interested in effects of the atomic dis-
order and exclude a wetting layer to simplify the dis-
cussion. Since electrons are strongly confined in a QD,
the electronic states should be calculated by taking into
account the full-band structures. We use an empiri-
cal sp>d’s* tight-binding (TB) method [4] to obtain the
energy levels in a vertically stacked InAs/GaAs QD
SL, whose atomic structure is relaxed by minimizing
the elastic energy with the valence-force-field (VFF)
method [5,6]. The relaxed structure contains strain dis-
tribution, whose effects on the electronic states are in-
cluded by scaling the TB matrix elements with respect
to the strain tensor and bond-length changes.

Figure 2 shows calculated energy levels as a function
of the wavevector, k,, along the growth direction in a
vertically stacked QD InAs/GaAs SL of i, = 1.1 nm,
b =34nm, t = 2.3nm, and L, = 6.2nm. We used
the following parameters: The bottom of the GaAs
conduction band is 0 eV, and the InAs conduction band
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offset AE. = 0.6eV. We see that the intermediate-band
is formed in the GaAs bandgap region. The IB width
is found to be ~ 17 meV for this device size.

We introduce atomic disorder by randomly replac-
ing some In atoms on the top surface of a QD with
Ga atoms. Typical patterns of the atomic disorder are
shown in Fig. 3. Number of replaced In atoms, Niep
is varied from Nep = 0 t0 Nep = 40. Nrep = 0 cor-
responds to an ideal-shaped QD without disorder and
Nrep = 40 to that with a smaller height by one mono-
layer. Figure 4 shows an example of the calculated en-
ergy levels of Ny, = 20. We see that the energy levels
shift higher by introducing the atomic disorder. This
can be understood by considering the fact that an effec-
tive volume, Vg, of a QD is reduced by the disorder.

Figure 5 shows the energy shift, AE, at kK, = 0 as
a function of Nyp. We simulated 10 different patterns
for each Nip. We find that AE is mainly determined
by Np and is fairly independent of the roughness
pattern. This is consistent with the interpretation that
Ve essentially determines the energy level of a QD.
Figure 6 shows the IB width, W, as a function of Niep.
W is also found to be mainly determined by Npep.

In summary, we have numerically investigated
atomic disorder effects on electronic states in InAs/
GaAs intermediate-band solar cells by randomly re-
placing some In atoms with Ga atoms. We find that
the energy levels shift higher by introducing the atomic
disorder. We also find that the energy shift and the
intermediate-band width are mainly determined by the
number of replaced In atoms and are fairly independent
of the roughness pattern.
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Figure 1: Schematic of a vertically stacked InAs/GaAs QD 0 0.1 02 03 04 05
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Figure 2: Energy levels as a function of the wavevector 0 g ‘
along the growth direction. 0 10 20 30 40
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Figure 5: Energy shift, AE, at k; = 0 as a function of Npp.
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Figure 3: Typical patterns of atomic disorder used in the Figure 6: IB width as a function of Nrep.

simulation from (a) Ny, = 0 to (i) 40.

-499-



