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Multiband Engineering in Thin Films for
Intermediate Band Solar Cell

A way to highly efficient cost
effective solar cell

Background

Due to an increasing demand for a transition to
renewable energy technologies, highly efficient
third-generation solar cells have received a lot of
attention. A recent report has successfully
demonstrated a high conversion efficiency of 44%
in a multijunction solar cell (MJSC). In theory,
under 1 sun irradiance, a single solar cell only
converts 30% of the solar energy, a tandem
structure of two cells can convert 42%, a tandem
structure of three cells can convert 49%, etc.
Under the highest possible light concentration,
these efficiencies are 40% (one cell), 55% (two
cells), 63% (three cells), etc. The lowest efficiency
for a single junction solar cell such as Si is mainly
due to the losses in two ways of absorbed photon
energies from sunlight. The extra energy of
photons having an energy higher than the
bandgap is converted into heat. Meanwhile,
photoelectric conversion is not possible for
photons of energy smaller than the band gap.
These trade-off losses can be limitted with
increasing number of junctions with different band
gaps in a multijunction tandem structure.
However, in addition to the challenges of the
tunnel junction materials for electrical connection
between cells and the optimal compound
materials in each cell, an increase in
manufacturing cost is inevitable.

A cost-effective alternative to MJSC is the class

Intermediate Band
(IB) material

Fig. 1 Schematic diagram of an IBSC structure

of intermediate band solar cells (IBSC), where
intermediate bands inside the conventional
band-gaps of semiconductors effectively works as
multiple channels to absorb wide range of photons
of the solar spectrum as a MJSC does with its
multiple cells. Theoretical calculation predicted a
conversion efficiency of 63% at maximal solar
concentration for a three-band IBSC, and this
value of efficiency is 2-3 times higher than that of
current single-crystal Si solar cells.

Requirements for an IBSC

Shown in Fig. 1 is the schematic diagram of an
IBSC. An intermediate band (IB) located between
the conduction and valence bands (CB and VB)
divides the semiconductor bandgap Eg into two
bandgaps E,y and E¢,. In a practical IBSC, IB
material is sandwiched between two conventional
semiconductors of p and n type. The potential of
this cell is equivalent to a three-junction solar cell



but without the requirement for tunnel junctions.
Its practical implementation requires: (1) An IB
material, to which it is possible to manufacture
appropriate contacts (the p and n emitters). (2)
The absorption of two sub-bandgap photons. One
photon pumps an electron from the VB to the IB
and a second photon pumps an electron from 1B
to the CB. (3) Carrier relaxation between bands
has to occur at a much lower rate than carrier
relaxation within bands. This allows the existence
of three distinguishable quasi-Fermi
associated with each of the bands in an IBSC.

levels

Approaches toward IB material fabrication

At present, there are two directions for the
development of [B material; (1) Quantum
nano-structure, such as Quantum dot (QD) and
(2) thin films. In the QD approach, the IB arises for
the energy levels corresponding to the electrons
confined in the dots. In this digest of Okada
Laboratory, there are other articles on this
approach using IlI-V systems as InAs QD/GaAs,
and details of this approach can be found therein.
The class of thin film IBSC can be classified into
two groups depending on the nature of the
formation of intermediate bands (IB in Fig. 1): (1)
approach, and (2) Highly
mismatched alloy (HMA) approach.

In the class of impurity band IBSC, the energetic

Impurity  band

position of the IB band can be defined by the

position of impurity bands inside the host
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Fig. 2 Formation of IB band in GaNAs

semiconductor. When impurities of deep states
are incorporated in a high amount, an impurity
band is formed between the energy gaps of the
host materials, and can be effectively designed as
IB materials. Some of the reported material
systems for this purpose are, for example, Ti
doped Si, Ti doped GaAs, and transition metals (Ti,
V, Cr. Ni, Fe, etc) doped CulnGas; etc.

The other approach is based on HMA materials
such as (ZnMnTe-O, GaAs-N, etc.). The electronic
band structure of the HMA system is described by
the band anti-crossing (BAC) model, which is an
anti-crossing interaction between localized states
of isoelectric dopants (N in GaAs and O in ZnTe)
and the extended states of the host matrix. This
interaction splits the conduction band in two
subbands, a lower subband (E.) which can be
adopted for an IB and a higher subband (E,)
adopted for CB (shown in Fig. 2). The advantage
of this approach lies in the freedom of tunability of
the IB position by the amount of isoelectric
dopants.

Thin film IBSC based on GaNAs(Sb) HMA

As discussed, the key requirement for a proper
operation of IBSC is an efficient excitation of
electron-hole pairs with two below bandgap
photons. Therefore, the experiment of the direct
observation of production of photocurrent due to
two-photon excitation (TPE) is required to
demonstrate the IB activity in an IBSC.

For this purpose, structures containing GaNAs
and GaNAsSb absorbers were grown using
radio-frequency plasma assisted molecular beam
epitaxy (RF-MBE). Sb atoms are incorporated to
improve the GaNAs material quality. Band
diagrams were calculated using a Poisson
equation solver. In these structures, namely the
blocked intermediate band (BIB) structures, the
backside n-AlGaAs layers were lightly doped
providing a good barrier blocking the electrical
contact between the IB and the GaAs substrate.

Window layer on the top prevents carrier from
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Fig. 3 (a) IBSC Sample structures. (b) Band diagram
calculated at thermal equilibrium.

surface recombination. A reference sample in an
unblocked intermediate band (UIB) structure was
fabricated in which the backside AlGaAs layer was
heavily doped resulting in a thin electrically
transparent barrier between the IB in GaNAs layer
and the n-GaAs substrate.

QE, TPE experiment and Model Analysis

The External quantum efficiency (EQE) spectra
of the BIB structures are shown in Fig. 4 (a). The
spectral features are identical in both of the
structures except that an extended spectral
response up to 1150 nm from the GaNAsSb BIB.
These data are in agreement with VB—IB(E.)
transitions in PR spectra (not shown here).

IB(E_)—>CB(E,) transition has been obtained in
TPE experiments using two optical sources, which
are an infrared (IR) and a monochromatic source.
With the monochromatic source “ON”, switching
“ON” the IR illumination enables IB(E_)—>CB(E,)
transitions, resulting in an increased photocurrent
through two photon transfer of electrons from VB
to CB(E,) via the IB(E.).

The AQE spectra of the TPE experiments are
shown in Fig. 4 (b). In the UIB structure, there is
no additional photocurrent associated with the IR
illumination. In both of the IBSC structures, the
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Fig. 4 (a) and (b) are EQE and AQE spectra respectively, for
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excess electrons trapped in the IB(E_) are excited
to CB(E.) with IR photons producing an additional
photocurrent that effectively results from two
photons producing one electron-hole pair. The
enhancement in the AQE value of the GaNAsSb
IBSC above the VB — CB(E,) transitions by a
factor of 2 suggests improved IB(E.) — CB(E,)
transitions with IR photons producing an additional
photocurrent.

Details of the photocurrent production in AQE
spectra can be analyzed in terms of 3 transitions
evident in the PR spectrum in Fig. 5 (a) and
schematically shown in Fig. 5(b). The enhanced
photocurrent production in the GaNAsSb IBSC
can be attributed to the enhanced IB(E.)
— CB(E,) transitions due to improved material
quality.

Solar Cell Performance

The current density-voltage (J-V)
characteristics measured at room temperature
under 40 suns of AM1.5 solar spectrum are shown
in Fig. 6. The Voc in the GaNAsSb BIB structure is
somewhat improved compared to that in the
GaNAs BIB. Despite a lower bandgap in
GaNAsSb BIB than the GaNAs by 60 meV, the
larger Voc in the GaNAsSb is likely due to the
reduction of electron traps, which also resulted in
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Fig. 6 Current density-voltage (J-V) characteristics under 40

suns of AM1.5 illumination.

the increase of effective electron concentration.
The reduction in the photocurrent for GaNAsSb
BIB structure in Fig. 6 can be attributed to reduced
field-assisted carrier collection in the short
wavelength region compared to the GaNAs BIB
agreeing with EQE spectra in Fig. 4(a). The
increased carrier concentration in the GaNAsSb
IB(E.) is the origin of the narrowed depletion
width.

Key Issues for improvements

For low Jsc values, one of the issues is
insufficient optical transition rate from the IB(E_) to
the CB(E,) band. To resolve this issue, a suitable
electron filling of the
theoretically predicted

IB band has been
to generate improved
photocurrent. Another issue is insufficient carrier
collection due to short minority carrier diffusion
lengths. Optimization of key parameters governing
the material quality can lead to improvement of the
mobility and lifetime, and thus the
improvement in carrier diffusion length.

carrier
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