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Abstract: The intermediate-band solar cell (IBSC) has been proposed as a high-efficiency solar cell
because of the extended absorption it allows for, which results from the intermediate band. In order
to further increase the efficiency of IBSCs, we study a novel device with dual intermediate bands.
Because of the extended absorption from the second intermediate band, the efficiency of a dual IBSC
can reach 86.5% at a full concentration. Moreover, we study the performance of the IBSC based on
InAs/InGaAs quantum dots. The efficiency of the device is shown to be able to reach 74.4% when the
In composition is 75%. In addition, the transition process between the dual intermediate bands greatly
affects the efficiency, so it is important to design the dual intermediate bands in a precise manner.

Keywords: dual-intermediate-band solar cell; detailed balance; quantum dots; efficiency

1. Introduction

In order to improve the efficiency of solar cells and overcome the Schockley–Queisser
limit, researchers have proposed many new theories and technologies. These include the
intermediate-band solar cell (IBSC), with a detailed balance-limiting efficiency of 63.2%
compared to 40.7% for a single-junction solar cell at full concentration; when compared
with tandem cells, the IBSC can not only achieve multispectral absorption, but can also
achieve higher efficiency because it is not limited by current matching conditions [1–4].
Even under one sun, the IBSC can achieve an efficiency of 46.8% instead of 31% for a single-
junction solar cell [1,4]. The IBSC achieves ultra-high efficiency because it introduces an
additional energy band that lies within the normal bandgap. Therefore, it breaks through
the limitation of the traditional bandgap and creates extra photon absorption through the
sequential absorption of the two sub-bandgaps, which greatly broadens the absorption of
the solar spectrum. The IBSC is regarded as the third generation of solar cells that breaks
the limiting efficiency of traditional photovoltaic devices [5,6]. The IBSC, with an efficiency
of 63.2%, is inserted at an intermediate level of 0.71 eV below the conduction band into a
material with a bandgap of 1.95 eV [7], which means that it is unable to absorb photons
below 0.71 eV. However, the number of such photons is considerable, which ultimately
makes the IBSC fail to surpass the limiting efficiency of 63.2%. Some researchers also
proposed the concept of a photon ratchet IBSC; however, in terms of the photon absorption
process, it is still essentially a solar cell with a single intermediate band, and the ratchet
band focuses on increasing the lifetime of carriers [4,8].

Although the IBSC is attractive in theory, there are challenges when it comes to
implementing it in experiments [9]. It has been suggested that the intermediate band is
formed by highly mismatched alloys (HMAs) [10–12], but it can easily cause a nonradiative
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recombination center. To make the IBSC possible, more mature semiconductor technology
must be adopted. This technology allows the intermediate band to be realized, which
mainly relies on the wave function overlap between high-density QDs to form a miniband
that transports electrons [13–15]. The first IBSC based on QDs was developed in 2004 [16].
It used GaAs materials as a barrier material for InAs quantum dots (QD-IBSC), producing
uniform, self-assembled growth of QDs, making it an ideal material for IBSCs [17–19].

This paper attempts to add the second intermediate band based on a solar cell with a
single intermediate band that uses GaAs as the host material, with the aim of increasing
the solar spectrum absorption and raising the photocurrent. Finally, this research aims to
break through the detailed balance-limiting efficiency of 63.2% and explore the optimal
component for InAs/GaAs/InxGa1−xAs QD-IBSC in order to maximize efficiency.

2. Materials and Methods

According to the Shockley–Queisser model, the efficiency of the solar cell can reach a
maximum when it only exists as radiation recombination. Under detailed balance require-
ments, the model shown in Figures 1 and 2 is established [1,3].
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Figure 2. Solar cell with energy bands and transitions of dual intermediate bands. GaAs is a barrier
material, and IB and IB2 are the dual intermediate bands.

In the solar cell, in addition to the process of photon absorption, the opposite process
of spontaneous emission is also considered. In addition to the electron transitions between
the valence band (VB) and the conduction band (CB) (including the stimulated absorption
process G1 and spontaneous emission R1), transitions also take place between the VB and
the intermediate bands IB and IB2 (stimulated absorption process G2, G4 and spontaneous
emission process R2, R4) and between IB, IB2, and CB (stimulated absorption process G3,
G6 and spontaneous emission process R3, R6).
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Under detailed balance requirements, the solar cell should satisfy the following condi-
tions [1,3]:

(1) Nonradiative transitions between any two of the four bands are forbidden.
(2) The quasi-Fermi levels are constant due to the infinite carrier mobility. The solar cell

includes four independent quasi-Fermi levels: EF,CB, EF,VB, EF,IB, and EF,IB2.
(3) The solar cell uses Ohmic contacts so that only electrons can be extracted from the

CB, and only holes can be extracted from the VB to form the photocurrent. Extraction
from the dual intermediate bands is prohibited.

(4) The solar cell is thick enough to ensure full absorption of photons. Additionally, it
can only radiate through the area of illumination because a perfect mirror is located
on the back.

(5) When a solar cell absorbs one photon, only one electron–hole pair is created.
(6) No high-energy photons are used in a low-energy process. In absorption processes Gi

(i = 1 to 6), their energy absorption follows the principle of independent absorption as
follows: The minimum energy Ei of the photons causes Gi to occur, because, above
six different positions of the dual intermediate bands, the energy changes, except for
E1 = EG = 1.424 eV (GaAs). For example, when E1 > E4 > E3 > E2 > E6 > E5, as shown
in Figure 2, photons (the energy between E4 and E1) can only produce electronic
transitions from the VB to the IB2, but they fail to deliver electronics from the IB to CB
or other processes.

(7) The condition of electric neutrality: no current can be extracted from the dual inter-
mediate bands; so, the number of electrons transitioning from the VB is equal to the
number of electrons accepted from the CB. It can also be expressed as follows:

G2 − R2 + G4 − R4 = G3 − R3 + G6 − R6 (1)

Both the solar cell and the sun are treated as blackbodies. According to the blackbody
radiation formula, for a blackbody with a temperature of T and a chemical potential of µ,
the number of photons it emits with an energy between EL and EH (unit time and unit area)
obeys the following formula [3]:

N(EL, EH , T, µ) =
2

h3c2

∫ EH

EL

E2dE
e(E−µ)/kT − 1

(2)

where h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, and E is the
energy of radiation.

The temperature of the sun is Ts = 6000 K, the dual-intermediate-band solar cell is at a
temperature of Tc = 300 K, and the chemical potential of the sun is considered to be 0 eV
when calculating the number of photons radiated by the sun as a blackbody. According to
Figure 2 and condition (6), the Gi process absorbs the photons’ energy in descending order
as follows:

G1: E > EG = E1
G4: E4 = EIB2 − EVB < E < EG
G3: E3 = ECB − EIB < E < EIB2 − EVB = E4
G2: E2 = EIB − EVB < E < ECB − EIB = E3
G6: E6 = ECB − EIB2 < E < EIB − EVB = E2
G5: E5 = EIB2 − EIB < E < ECB − EIB2 = E6

(3)

In this case, the lowest photon energy absorbed by the dual-intermediate-band solar
cell is E5, which can result in the G5 process. Using Equation (2), the above six absorption
and radiation processes can be written separately by Ni = Gi − Ri, which represents the
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net number of photons absorbed by the solar cell. Combined with Condition (5), it also
represents the net number of electrons produced:

N1 = N(EG, ∞, Ts, 0) − N(EG, ∞, Tc, µC,V)
N2 = N(EIB-EVB, ECB-EIB, Ts, 0) − N(EIB-EVB, ECB-EIB, Tc, µIB,V)
N3 = N(ECB-EIB, EIB2-EVB, Ts, 0) − N(ECB-EIB, EIB2-EVB, Tc, µC,IB)
N4 = N(EIB2-EVB, EG, Ts, 0) − N(EIB2-EVB, EG, Tc, µIB2,V)
N5 = N(EIB2-EIB, ECB-EIB2, Ts, 0) − N(EIB2-EIB, ECB-EIB2, Tc, EF,IB2-EF,IB)
N6 = N(ECB-EIB2, EIB-EVB, Ts, 0) − N(ECB-EIB2, EIB-EVB, Tc, µC,IB2)

(4)

The output voltage of the solar cell and the five chemical potentials satisfy the follow-
ing relationship:

qV = µC,V = EF,CB − EF,VB = 1.4 eV
µC,V = µC,IB + µIB,V = µC,IB2 + µIB2,V
µIB,V = EF,IB − EF,VB
µC,IB = EF,CB − EF,IB
µIB2,V = EF,IB2 − EF,VB
µC,IB2 = EF,CB − EF,IB2

(5)

Both the IB and IB2 are continuous values in material. To solve Equations (1) and (2),
the energy is gridded and divided into a matrix when we use the finite element method.
Additionally, the final result can approach infinite situations in an actual solar cell. Not
only is the case in Figure 2 taken into account, but other conditions are also considered; so,
the elements of Equations (3) and (4) differ between different situations (Equations (3) and
(4), for example, are associated with the example of Condition (6) or Figure 2). Through
this fitting method, a series of numerical solutions of Ni with respect to IB and IB2 can be
obtained. Combined with the Equation (1), all the processes that involve dual intermediate
bands can be calculated, including the VB transition N2 + N4 and the number of electrons
N3 + N6 as accepted by the CB, as well as different chemical potentials µ in relation to the
dual intermediate bands. Finally, the efficiency is calculated such that the number Ntotal
of net photons absorbed (or net electrons produced) by the solar cell unit time and unit
area is:

Ntotal = N1 + N2 + N4 = N1 + N3 + N6 (6)

The photocurrent density is:
J = qNtotal (7)

This equation, together with
η = V J/σT4

1 (8)

allows us to calculate the efficiency η, where q is the electron charge 1.6 × 10−19 C, σ is the
Stefan–Boltzmann constant 5.67 × 10−8 W/m2 K4, and σT4

1 represents the power emitted
by the sun blackbody per unit area.

To research the trend of efficiency with intermediate bands and optimize absorption,
we add an ideal concentrator to achieve full concentration condition [3]. Ignoring the
influence of atmospheric absorption and scattering and assuming that σT4

1 is the power
that radiates to the solar cell per unit area, so the Gi is multiplied by the coefficient π.
Meanwhile, considering the solid angle of the solar cell radiation to the environment, the π
is also added in front of each radiation process Ri. Finally, Equation (8) is multiplied by the
coefficient π [20].

3. Results and Discussions

First, the calculation of the dual-intermediate-band solar cell is shown in Figure 3,
where the EI1 (EI2) represents the space between the first (second) intermediate band and
the VB. The efficiency clearly shows a flawless symmetrical distribution along the diagonal
line EI1 = EI2 (it appears to be different because of the aspect ratio). When the positions of
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the dual intermediate bands are switched, both the absorption spectrum and quasi-Fermi
levels associated with its own radiation are uniform, and the efficiency is also identical.
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When EI1 = 1.31 eV and EI2 = 1.41 eV (which are interchangeable), the efficiency
reaches the maximum value of 86.5%. If EI1 is equal to EI2, the dual intermediate bands
degrade into a single IB; so, the diagonal line represents a single-intermediate-band solar
cell with a maximum efficiency of 54.3% and EI1 = EI2 = 0.96 eV. The maximum effi-
ciency is close to the limiting efficiency of 63.2% (EG = 1.95 eV and EI1 = 1.24 eV, but it is
EG = 1.424 eV in this paper) [3,7]. In most areas of Figure 3, especially in the upper right
area, the efficiency is higher than that of a solar cell with a single intermediate band.

For the reverse diagonal line L (EI2 = 1.42 eV − EI1, connected to the point EI1 = 0.01 eV,
EI2 = 1.41 eV, and the point EI1 = 1.41 eV and EI2 = 0.01 eV) in Figure 3, the efficiency is
about 35% in L, as well as all the points around it, which are low values in the entire graph.
To understand why this is, each of points with small fluctuations near L can be defined as:

EI1 + EI2 + ∆ = 1.424 eV (9)

where ∆ is a minimal value that can be positive or negative. The following analysis is
performed with ∆ > 0 and EI2 > EI1 + ∆; in this way, with E3 = 1.424 eV − EI1 = EI2 + ∆
and E6 = 1.424 eV − EI2 = EI1 + ∆ combined with Equation (2), it is easy to solve for
Equation (10):

G2 = N(EI1, EI1+∆, Ts, 0)
G3 = N(EI2+∆, EG, Ts, 0)
G4 = N(EI2, EI2+∆, Ts, 0)
G5 = N(EI2-EI1, EI1, Ts, 0)
G6 = N(EI1+∆, EI2, Ts, 0)

(10)

The energy range is only ∆ for G2 and G4, while the energy range is larger for G3
and G6, resulting in G2 + G4 << G3 + G6. However, Equation (1) or Equation (6) is strict:
the solar cell must convert the energy into a lower value; that is, G2 + G4 must be used
as the lowest absorption value, and the total efficiency must be calculated by adding the
G1 process. The spectral absorption of the dual intermediate bands is very small; so, the
solar cell has similar characteristics to a GaAs solar cell without any intermediate band and
utilizes most of the photons that transport electrons from the VB to the CB.
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The above calculations are based on GaAs host materials, and all the possibilities
are considered when GaAs is inserted into the dual intermediate bands. To achieve IBSC
in experiments, the current IBSC uses mainly QDs (QD-IBSC), which always apply the
Stranski–Krastanow (SK) growth mode in hetero-epitaxially mismatched systems and
then a self-assembled InAs QDs island structure is formed on the GaAs surface due to
strain [18]. By combining the previous calculations, it can be shown that the ternary alloy
InxGa1−xAs QDs are used as the second intermediate band in the InAs/GaAs QDs system.
The bandgap of the normal InAs material is 0.36 eV; however, due to the three-dimensional
quantum confinement effect of QDs, the continuous bands show atom-like discrete energy
levels (where the ground state is similar to s, and the excited state is similar to p). For an
InAs/GaAs QDs system, the energy-level space between the ground-state electrons and
holes in InAs QDs is 1.06 eV [21,22], and the bandgap becomes 0.7 eV [17]. If the VB is
assumed to be continuous at both the QDs and the GaAs, the ground state in the InAs QDs
valence band will be aligned with the GaAs valence band edge (∆EV = 0) [13,23]. In this
way, the ground state in the CB of InAs QDs can be approximated as the first intermediate
band, that is, the position 1.06 eV above the VB of the entire device. The same treatment can
be performed for InxGa1−xAs QDs as the second intermediate band, the band diagram of
which is shown in Figure 4. The density of the QDs is high enough to improve absorption
coefficient, the carriers’ transfer is perfect, and the QDs have no defects. Combined with
our calculation, the analyzation can be performed.
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The maximum efficiency is 74.4% when EI1 is 1.41 eV. For InxGa1−xAs QDs, the
bandgap changes with composition because the energy-level space for the QD increases
when its size is reduced [24]. If the size of InxGa1−xAs QDs is assumed to be the same as
InAs QDs, then the ground-state energy levels of electrons and holes are considered to be
relatively unchanged relative to the edge of the QD’s CB and VB. Therefore, the energy-level
space between the ground-state electrons and holes is mainly due to the change in the
bandgap. When the ground-state energy-level space of InxGa1-xAs changes from 1.06 eV
of InAs (x = 1) to 1.41 eV, this indicates that the bandgap has increased by 0.35 eV, and
the bandgap of InxGa1−xAs QDs is 0.7 eV + 0.35 eV = 1.05 eV, assuming that the bandgap
between QDs and normal materials is fixed in proportion; that is, 0.7 eV/0.36 eV = 1.94. For
InxGa1−xAs QDs, when its bandgap is 1.05 eV, the corresponding bandgap of the normal
material is 1.05 eV/1.94 = 0.54 eV. According to Equation (11), the bandgap Eg of InxGa1-xAs
varies with the composition [25]:

Eg = 0.36x + 1.42(1 − x) − 0.479x(1 − x) (11)

Through these rough analyses and calculations, we can determine that the In compo-
nent is 0.75, which means that the QD-IBSC for InAs/GaAs/InxGa1−xAs device can reach
maximum efficiency of 74.4% through the use of In0.75Ga0.25As QDs.

The analysis of several feature points is given below for the four arrow points in
Figure 5: A (0.06 eV, 61.3%), B (0.36 eV, 34.7%), C (0.71 eV, 66.5%), and D (1.06 eV, 49.3%).
Point B has the lowest efficiency; it is not difficult to show this result when we consider the
previous discussion about the L line. For point C, E2 = 0.71 eV, E3 = 0.714 eV, E4 = 1.06 eV,
E6 = 0.364 eV, and its absorption cut-off energy is E5 = 0.35 eV, which is much larger than
the cut-off energy of point A, 0.06 eV, but its efficiency is higher than that of point A. This
phenomenon seems to contradict the intention of inserting the intermediate band, but this
is explained in the next paragraph. For point D, E2 = E4 = 1.06 eV, E3 = E6 = 0.364 eV, and E5
becomes 0 eV; the dual intermediate bands degrade into a single IB and then the efficiency
reaches a lower value of 49.3%.

Next, EI1 is changed from 0.01 eV to 1.41 eV for a specific EI1, and the point is drawn
that maximizes the efficiency in a series of EI2 (EI1 and EI2 are symmetrical in Figure 3, and
changing EI2 is also permitted). These conditions allow for the process of dividing G5 by
the total number of absorption photons g (not the net photons Ntotal), as shown in Figure 6.
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An interesting phenomenon is that the G5/g and the maximum efficiency generally
show an opposite trend. At its low efficiency point, the G5/g is large. The possible reason
for this can be seen in Figure 2; the solar cell involves three different quantum efficiencies
(QEs) for absorption. In the first process, the G1 absorbs a photon that is larger than the
bandgap in order to generate a photocurrent with a QE of 100%. In the second process,
if the G2, G3, G4, and G6 are involved, the electrons of the VB need two photons to arrive
at the CB before the photocurrent generates; so, its QE is 50%. In the last transition G5
between the dual intermediate bands, an electron for the VB acquires three photons to
generate at least a photocurrent, and its QE is 33.3%. Although the G5 process actually exists
and cannot be eliminated, its optical–electrical conversion leads to more situations that
satisfy the constraints of Equation (1) or Equation (6), which may be helpful in improving
efficiency. However, it is unfortunate that the low QE eventually decreases the efficiency
because G5 fails to utilize photons directly and efficiently. This discussion only pertains
to devices with the same number of energy bands, and the greater the proportion of the
first process the better. However, if compared with the structure with different numbers of
energy bands, for example, a conventional solar cell, it only includes the process where the
QE is 100%; on the other hand, the efficiency of the IBSC includes an additional process
where the QE = 50%, but the IBSC is more efficient than a solar cell without an intermediate
band. In other words, more intermediate bands include more QEs, and the minimum value
of QE further reduces, but it is beneficial for multiple intermediate bands to broaden the
long-wave absorption of the solar spectrum, and, thus, the theoretical efficiency increases
rather than decreases.

Therefore, the G5 process may be the reason why point C is more efficient than point
A. The absorption ranges of G5 at point A and point C are:

point A: G5/g = N(E5, E4, Ts, 0)/N(E2, ∞, Ts, 0) = 3% (12)

point C: G5/g = N(E5, E6, Ts, 0)/N(E5, ∞, Ts, 0) = 0.6% (13)

As discussed above, the G5 process fails to contribute a photocurrent directly to the CB.
The larger the proportion of the G5, the worse the impact on the efficiency, which causes
point A to be lower than point C.

Furthermore, combining the results shown in Figures 2 and 4 indicates that a QD’s
energy level is discrete, which is not conducive to electron transitions. To form two quasi-
continuous intermediate bands, QDs must be uniform and dense so that electrons’ wave
functions can overlap in barrier, and it is helpful to improve the absorption coefficient.
For carrier transfer and collect, doping Si into QDs is helpful to fill the trap states and
nonradiative centers and offer electrons to the IB [18]. At the same time, the G5 process is
inevitable, as mentioned above, and its low QE also decreases the high-efficiency conversion.
When ensuring the high density of QDs, it is necessary to design dual intermediate bands
in a reasonable way and appropriately reduce the proportion of G5, which is advantageous
for solar cells with dual intermediate bands.

4. Conclusions

In summary, this article shows that, based on the GaAs material, the maximum
efficiency can reach 86.5% when the dual intermediate bands are above the VB with
EI1 = 1.31 eV and EI2 = 1.41 eV. The solar cell with dual intermediate bands successfully
extends the spectral absorption and, thus, increases the photocurrent compared with the
solar cell with a single intermediate band, and the efficiency of the solar cell with dual
intermediate bands was further increased. Then, on the basis of theoretical calculation of
the QD-IBSC, the solar cell with InAs/GaAs/InxGa1−xAs quantum-dot dual intermediate
bands is discussed in detail; the maximum efficiency is 74.4% when In0.75Ga0.25As QDs
are used as an intermediate band. To create a high-performance solar cell with dual
intermediate bands, the process of G5 is also worth noting. It is important to design the
dual intermediate bands in a precise way when the high density of QDs grows.
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