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The intermediate-band solar cell (IBSC) has been proposed as a device whose conversion efficiency
can exceed the 40.7% limiting value of single-gap cells. It utilizes the so-called intermediate-band
material, characterized by the existence of a band that splits an otherwise conventional
semiconductor bandgap into two sub-bandgaps. Two important criteria for its operation are that the
carrier populations in the conduction, valence, and intermediate-bands are each described by their
own quasi-Fermi levels, and that photocurrent is produced when the cell is illuminated with
below-bandgap-energy photons. IBSC prototypes have been manufactured from InAs quantum dot
structures and analyzed by electroluminescence and quantum efficiency measurements. We present
evidence to show that the two main operating principles required of the IBSC are fulfilled. © 2005
American Institute of Physics. [DOI: 10.1063/1.2034090]

The prospect of intermediate levels being used to in-
crease the current generated by solar cells was acknowledged
many years ago.1 Calculations have shown that impurity lev-
els may have beneficial although marginal effects” and it has
been proved experimentally that multiple layers of quantum
wells’ enhance the photocurrent. The intermediate-band solar
cell (IBSC) concept proposed in Ref. 4 provides new insight
into the conversion efficiencies of solar cells, and offers a
potential way to increase the limiting efficiency of a single
gap cell from 40.7% to 63.2%, by overcoming the difficulty
of increasing the solar cell photocurrent without degrading
its voltage.

The basic structure’ of an IBSC is shown in Fig. 1. It
consists of p and n semiconductor layers sandwiching the
so-called intermediate-band (IB) material. The electronic
structure of this IB material is similar to that of a traditional
semiconductor but is characterized by the existence of an
additional intermediate-band within the normal bandgap Eg,
splitting it in two with energies E; and Ej.

The theory underpinning the operation of the cell pre-
dicts that when illuminated, photons are able to pump elec-
trons from (i) the valence band (VB) to the conduction band
(CB), (ii) the VB to the IB, and (iii) the IB to the CB (pro-
cesses labelled as “17, “2”, and “3”, respectively, in Fig. 1).
In this way, current is enhanced when compared with that of
a single energy gap solar cell since low energy photons can
now contribute to current generation. In an ideal device, in
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order to make photon absorption processes “2” and “3” pos-
sible, the IB needs to be half-filled with electrons since both
electrons and empty states are required to supply electrons to
the CB as well as accepting them from the VB. This is also
due to the fact that the energy bandwidth of the IB has to be
as narrow as possible.6 A narrow IB also leads to a high
effective mass and a low carrier mobility that makes carrier
transport within the band difficult. By enabling both photon
absorption processes “2” and “3” possible in the same spatial
location, no transport is required through the IB. In practical
devices, this condition can be relaxed when transport through
the IB for short distances is permitted.

However, photocurrent enhancement alone does not suf-
fice to improve the efficiency of a solar cell if the output
voltage is not preserved. In this respect, the IBSC theory
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FIG. 1. Band structure of an IBSC, showing transitions, energy gaps, and
quasi-Fermi levels.
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FIG. 2. Epitaxial layer structure of the IBSC based on InAs quantum dots
embedded in GaAs.

predicts that the carrier concentration in each band is de-
scribed by its own quasi-Fermi level: Egc for the CB, Ey; for
the IB, and Eyy for the VB. The output voltage of the IBSC,
V, is then determined by the quasi-Fermi level split between
electrons (Epc) and holes (Egy) as shown in Fig. 1. This
voltage is, therefore, limited by the largest of the bandgaps
involved, Eg, and not by either of the smaller ones (E; and
EH).

Quantum dots (QDs) have been proposed as a practical
means of realizing 1B material,” where the IB would arise
from the confined electronic states in the dots. QDs are pre-
ferred over other low-dimensional structures such as quan-
tum wires or wells, because dots provide a true zero density
of states between the IB and the CB preventing the easy
de-excitation of electrons from the CB to the IB and favoring
a split of the quasi-Fermi levels between the CB and the 1B.

QD solar cells prototypes have been fabricated by stan-
dard III-V semiconductor processing from stacked layers of
self-organized InAs quantum dots embedded in GaAs barrier
material, and grown by molecular beam epitaxy in the
Stranski—Krastanov® growth mode. Their general layer struc-
ture is shown in Fig. 2 and will be referred to as samples of
type A. These samples have a 6-doping layer inbetween each
quantum dot layer with the aim of supplying electrons to
half-fill the IB® by modulation doping. Equivalent structures,
but with the J-doping layers omitted were also grown: they
will be referred to as samples of type B. Finally, another set
of samples was grown, named R (reference) and lacking both
QDs and d-doping layers.

The quantum efficiency (number of electrons produced
as photocurrent per incident photon of a given wavelength)
of the samples was measured; representative results are plot-
ted in Fig. 3. Quantum dot solar cells of type A and B show
production of photocurrent when illuminated with below
bandgap-energy photons (A >900 nm) while samples with-
out QDs do not. The physical origin of this photocurrent is
interpreted as follows: photons with energy higher than Ey
(Fig. 1) are able to pump electrons from the VB to the IB.
These electrons are then extracted as photocurrent when they
become thermally pumped from the IB to the CB.

The electroluminescence (number of photons per unit of
time emitted when cells are forwarded biased) was also mea-
sured. Results are shown in Fig. 4. The biasing current was
5 A cm? (cell area is 0.16 cm™2). The theory describing the
emission of photons from the IB solar cells has been inves-

tigated elsewhere.”' It is found that the spectral distribution
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FIG. 3. Quantum efficiency of the quantum dot-based IBSCs. “R” labels the
GaAs reference, “A” is the sample with both QDs and J-doped layers while
“B” is the sample with QDs but lacking the 5-doped layers.

of the electroluminescent photon flux emitted by the front
side of the cell, and associated with radiative recombination
of electrons from the IB to the VB, is given by

dNy, 27 exp(un/kT)a(e, Wig) ary exp(— &/kT)*(1 = R)
dS h3C2(aCV + ary + aCI)

bl

(1)

where ayy is the absorption coefficient (cm™') of the
Y-band — X-band transition, R is the surface reflectivity, € is
the photon energy and uyy=FEgx—Epy is the split between
quasi-Fermi levels Erx and Egy. In addition, the absorbance
a(e,Wyg), is given by

a(e,Wip) = 1 —exp[— (acy + ary + ac) Wig] (2)

where Wig is the thickness of the intermediate-band material
which in our case is the region containing the dots. The rest
of the symbols have been defined or have their usual mean-
ings.

The spectral distribution of photons emitted as a result of
CB to VB transitions follows a similar law to the one written
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FIG. 4. Electroluminescence of the quantum dot IBSCs. “R” labels the
GaAs reference, “A” the sample with both QDs and §-doped layers, and “B”
the sample with QDs but with the 6-doped layer omitted. The numbers “1”
to “4” identify the different peaks.
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TABLE I. Experimental data for the determination of ¢y

g5(eV)(nm) g,(eV)

Sample type (nm) (nm)  QE(s;) /QE(z)) RNy peieV)
A 1.107 1.378  0.00267/0.0906 0.115/1 0.112
1120 900
B 1.064 1.393  0.00185/0.1263 0.489/1  0.187

1165 890

in Eq. (1) for an ideal device, but with the absorption coef-
ficients changed to their appropriate counterparts. Neglecting
photons produced by means of CB to VB transitions that are
reabsorbed through transitions from the IB to the CB and
from the VB to the IB, the spectral distribution for the pho-
tons caused by CB to VB transitions is approximated by

dNy' 2 exp(ucy/kT)a(e, W)exp(- e/kT)&*(1 - R)
de hc?

bl

3)

where W is now the total thickness of the device.

a(ey, W)s%{l —R(g))}
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Several peaks appear in the electroluminescence spectra
in Fig. 4. Comparing the emission spectrum from the IB cell
with that from the GaAs reference cell, we associate peak
“1” with the gallium arsenide signature. Peak “2” is most
likely due to the existence of a wetting layer or to a higher
energy bound state in the quantum dots. Peaks “3” and “4”
are associated with deep confined electron energy states of in
the dots. We will take peak “3” as representative of the en-
ergy levels introduced by the dots. Calculations below will
not change significantly if peak “4” is assumed instead.

As can be seen from Egs. (1) and (3), the light emitted
from the cells under forward bias contains valuable informa-
tion about the quasi-Fermi level split uyy, pcy and therefore
Mcr since wer=pey— Mry- However, this information is not
easy to extract due to the difficulty of measuring the fluxes
described by Egs. (1) and (2) in absolute terms. Conversely,
measurement of the ratio between two electroluminescence
peaks is more easily done. Using Eqgs. (1) and (3), the ratio,
R%}{,IV, for the peaks corresponding to the CB— VB and 1B
— VB transitions, is given by

Mci €183
RPN = — -
CVIV exp[ kT ]CXP{ T ]

where €, and &5 are the energies of the electroluminescence
peaks represented in Fig. 4.

Applying the same model framework to the one above
used to describe emission, the quantum efficiency (QE) for
the two energies of interest is given by

ary(e3){1 — R(e5)}

QEley) = ale, W) acy(es) + ary(es) + aci(es)” ®
QE(e)) =ale, W){1 - R(e))}. (6)
Substituting these values into Eq. (4) we obtain
2
_ o E30E(e3) (81—83>>
Mcr = kT 1n<RCVIV8%QE(SI) € KT . (7)

This equation allows the experimental determination of
the splitting of the CB and IB quasi-Fermi levels. The data to
be used in Eq. (7), obtained from Figs. 3 and 4, is summa-
rized in Table I, and leads to a value uc=0.187 and 0.279
eV for samples A and B respectively.

In summary, we have presented experimental evidence
to support both the production of photocurrent from below
bandgap-energy photons as well as the existence of three
separated quasi-Fermi levels associated with the CB, the IB,
and the VB of an IB quantum dot solar cell structure. The
results have been based on the combined spectral analysis of
the quantum efficiency and electroluminescence of the cells.

It appears that the introduction of the S-doping layers
has little or no influence on the quasi-Fermi level split be-
tween the CB and the IB. It is also possible that each emis-

a(es, Wig) axylacy(e3) + ay(e3) + aci(e3)tei{l - R(e3)}

(4)

sion peak is best described by its own individual quasi-Fermi
level so that a generalized description of the phenomena
would require the introduction of more than the three quasi-
Fermi levels assumed here.
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