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MODEL 
We present a theoretical model for design and 
analysis of semiconductor quantum dot (QD) array 
based intermediate-band solar cell (IBSC) [1]. The 
plane-wave method with periodic boundary 
conditions [2] is used in expansion of the k·p 
Hamiltonian for calculation of the electronic 
and optical structures of InAs/GaAs QD array. 
Taking into account realistic QD shape, QD 
periodicity in the array, as well as effects such 
as band mixing between states in the conduction 
and valence band, strain and piezoelectric field, 
the model reveals the origin of the intermediate-
band formation inside forbidden energy gap of the 
barrier material. Having established the 
interrelation between QD periodicity and the 
electronic structure across the QD array’s Brillouin 
zone, conditions are identified for the appearance 
of pure zero density-of-states regions, that 
separate intermediate band from the rest of the 
conduction band.  

RESULTS 
For typical QD array QDs, Fig. 1, we have 
estimated energy gaps between valence band (VB) 
and intermediate band (IB) of 1.2 eV and between 
IB and conduction band (CB) of 0.124 eV. Our 
predictions suggest that the most promising design 
for an IB material that will exhibit its own quasi-
Fermi level is to employ small InAs/GaAs QDs 
(~6-10 nm QD lateral size) [3]. With appropriate 
design of the QD array structural parameters: (1) it 
is possible to achieve the regions of pure zero 
DOS between IB and the rest of the CB states, that 
is desirable for “photon sorting” and increased 
efficiency of device, and (2) it is possible to 
achieve the strong optically allowed excitation 
between IB and CB, Fig. 2 [4]. Analysis of various 
radiative and nonradiative times indicates that: (i) 
the ratio between CB to IB and IB to VB radiative 
times is ~50, (ii) although phonon related 

relaxation time between CB and IB (56 ns) 
amounts to a half of the radiative relaxation time 
between CB and IB (109 ns), it is still one order of 
magnitude larger than the IB to VB radiative time 
(2.1 ns), (ii) nonradiative phonon absorption 
process that promotes electrons from IB to CB is 
very slow (650 ns) and probably would not 
significantly affect the transport properties of the 
IBSC, (iv) nonradiative Auger bi-exciton 
relaxation time (8.4 ns) is longer then radiative IB 
to VB relaxation time, indicating that this process 
will still be predominately radiative, (v) most 
detrimental effect on transport properties can 
originate from non- radiative Auger electron 
cooling process (2 ps), that is three orders of 
magnitude faster than any other relaxation process 
in the IBSC [4]. Special attention needs to be paid 
in the design of the IBSC structures in order to 
suppress the effects of electron cooling and to 
provide an increased efficiency of the IBSCs. 
Under radiative-limit approximation, that might be 
questionable here, we have estimated efficiency of 
such IBSC to be no larger than 34%, Fig 3. 

The typical decay rate associated to Auger 
electron cooling process in InAs/GaAs QDs has 
been calculated to be in the range of 1-10 ps (in 
very good agreement with other theoretical and 
experimental results). Such fast decay could 
jeopardize the quasi-Fermi level separation 
between CB and IB, and in turn the voltage 
preservation in the IBSC. If the excitonic gap 
between IB and VB has to be preserved to 
maintain the good IBSC open circuit voltage, an 
alternative way to mediate the electron cooling 
rate is to reduce the overlap between the wave 
functions in the IB and VB. We further compare 
the Auger electron cooling times in realistic 
InAs/GaAs QDs with those in an idealised 
structure in which the valence band offset (VBO) 
between InAs QD and GaAs barrier is set to zero, 
i.e., in VB confinement-less structure. Although 
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idealised, such a structure shows increase in the 
Auger electron cooling rate in the range of ~1 ns to 
~8 ns. In this way we have shown theoretically 
that, with appropriate band structure engineering, 
it is possible to place the intraband Auger electron 
cooling decay timescale in the ns range, the same 
range of other radiative processes.  

The same effect, of increasing the Auger 
electron cooling time, can be archived using week 
type-II heterostructures. In such a structure the 
electron and hole wave functions are spatially 
confined in different regions. Such an realistic and 
optimized design requires a Sb containing GaAsSb 
alloy for in the barrier region in order to induce the 
type-II alignment (Sb > 18%) and spatial 
electron/hole separation. Moreover in InAs/GaAs 
QD on GaAsSb buffer the rediative time between 
IB and VB is increased to micro second range, the 
same range as the intersubband radiative time 
between CB and IB. Also the detrimental Auger 
electron cooling is increased to ~0.1 ns, Fig. 4. 
Our theoretical predictions show excellent 
agreement with recent experimental measurements 
[6,7] on the same structures. Simultaneous 
increase of both times, comparing to InAs/GaAs 
QD, can help to provide for much better electron 
dynamics between CB and IB in IBSC, and 
preservation of the CB to IB quasi-Fermi level 
separation under realistic operation conditions. 
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Figure 4. The variation of the QD electron orbitals, e0 forming the IB and e1 forming the bottom of the CB, at several characteristic
points, !, X and M, in the first 2D Brillouin zone of the laterally coupled 2D QD array made of QDs with b = 10 nm and dx = dy = 1 nm.
The surfaces are given at 75% and 25% of its maximal charge density. Wave functions show the clear C2v symmetry due to symmetry

of the underlying zinc-blend lattice.

Figure 5. Electronic structure of the laterally coupled 2D QD array throughout the first BZ: (a) array made of QDs with b = 10 nm and
dx = dy = 1 nm and (b) array made of QD with b = 20 nm and dx = dy = 5 nm.

indirect gap nature; that is, while the VB maximum is at
the point M, the CB minimum is at a different point, X.
This emphasises the need for careful electronic structure
calculations throughout the whole BZ, and not just at the !
point, if one wants to estimate faithfully the widths of the
IBs and the gaps between them in laterally arranged QD
arrays. However, the whole volume of the QD array’s BZ is
more than 303 smaller than that of the BZ of the underlying
bulk lattices, providing for the validity of the expression
Eq. (5) in such structures. In the array (a), the gap between
bottom of the IB and the top of VB is 1.043 eV. In the
array (b), made of larger QDs, the calculated gaps are
58 meV between IB and CB and 0.854 eV between VB
and IB. Because array (b) shows dispersionless electronic
structure, the CB, IB and VB can be understood as e1,
e0 and h0 states, respectively. In both arrays, because of
much larger electron effective mass in the VB, the VB
states are practically thermalised at room temperature,

as we could not find states that are separated by more than
25 meV.

We proceed with the analysis of the absorption coeffi-
cient of lateral QD arrays. We used Eq. (5) for the three
absorption coefficients, ˛VB!IB(̄h!), ˛IB!CB(̄h!) and
˛VB!CB(̄h!), by taking into account the first 1000 hole
minibands in the VB: the first CB miniband as the IB
(made of e0 states) and the next 100 minibands in the
CB starting from the e1 miniband as the CB. In all cal-
culations, shown in Figure 6, we assume the initial state F6
being full, fi = 1, and final empty, ff = 0, while in the
case of half-filled IB, discussed in Section 3.5, we replaced
(fi – ff ) factor in Eq. (5) with 0.5, 0.5 and 1 for the VB!IB,
IB!CB and VB!CB transitions, respectively.

Figure 6(a) shows the calculated results for QD array
(a) with small closely coupled QDs. The IB(e0) is located
about !1.01 eV above the top of the VB. For the tran-
sition IB!CB , we found two peaks centred at 70 and
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Fig. 1. Electronic structure of the laterally coupled 2D QD 
array throughout the 1st BZ: (a) array made of QDs with 
b=10nm and dx =dy =1nm 
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Fig. 2. Absorption coefficients of the laterally coupled 2D QD 
array made of QDs with b=10nm and dx =dy =1.  
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Figure 8. Bound-to-bound absorption spectra of 2D QD array
with b = 10 nm and dx = dy = 1 nm (left axis) and bound-to-
continuum (right axis). All spectra are broadened with the line

broadening of !E = 25 meV.

allowed and finite (see reference [4], IB!CB absorption
coefficient, for h̄! in the range between 0.2 and 0.4 eV),
what is the absorption between states confined in the QD
region and those higher up in energy, in the continuum
of the CB? Can those transitions also contribute to the
generation of the current via IB! continuum transitions?
In Figure 8, on the right-hand axis, we show the TE andAQ9 F8
TM bound-to-continuum absorption coefficient of QD with
a lateral size of b = 10 nm in an in-plane array with
dx = dy = 1 nm. We have assumed that all first six
states are occupied, which corresponds to a high doping
condition. Even if there are six electrons available in the
CB of a QD, the bound-to-continuum absorption reaches
only !100 cm–1. If there is just one electron in the QD,
the absorption drops further to !10–30 cm–1, depending
which of bound states are populated. For orientation, in
the same figure, we plot the IB(e0)!CB absorption, on
the left axes. It is obvious that the bound-to-continuum
absorption is two to three orders of magnitude weaker
than that between bound-to-bound states or between bound
states and states in the proximity of the barrier CB edge,
with very little ability to contribute to current generation.
All spectra were calculated with the line broadening of
!E = 25 meV.

3.5. Radiative limit efficiency

Following the detailed balance drift–diffusion transport
model developed for IBSCs, proposed by Strandberg and
Reenaas [40], and using information on the relevant energy
gaps Eg(VB,IB), Eg(IB,IC) and Eg(VB,CB), as well as
calculated absorption coefficients, we have estimated the
radiative limit efficacy, ", of two InAs/GaAs QD array-
based SCs considered earlier. The efficacy was estimated
for two regimes of the IBSC operation: for photon-filling
(Nd = 0) and pre-filling with Nd = 2.5 " 1023 m–3,
which corresponds to half-filled IB. In our model, we have
allowed for both the absorption coefficients and the fill-
ing of the IB to vary. They are coupled by assuming that

the absorption coefficients depend linearly on the carrier
density in the IB:

˛IB!CB = # IB!CBnIB =

 
˛IB!CB

0
NIBFF

!
nIB (15)

where ˛IB!CB is the absorption coefficient, # IB!CB is
the absorption cross-section, ˛IB!CB

0 corresponds to the
calculated absorption coefficient based on the assumption
where fi = 1 and ff = 0, NIB is density of states in the IB
and is assumed to be the same as the density of QDs, nIB is
the electron concentration in IB and FF here corresponds
to the filling of IB at which the data for the absorption
coefficients have been found. Efficiency in both regimes
was also estimated for unconcentrated light and the light
concentration of 1000 suns. In all cases, we assumed the
absorption layer thickness of L = 6 $m. The results are
summarised in Table I and shown in Figure 9. T1 F9

For Nd = 0 case, when the concentration changed from
X = 1 sun to X = 1000 suns, the efficiency increased
from around 22% to 33% for small QDs array. If the IB

Table I. Radiative limit efficiency of QD arrays (a) and (b) under
photon-filling and pre-filling regime and the light concentration,

X, of 1 and 1000.

QD array (a) QD array (b)

X 1 1000 1 1000

Nd = 0 21.28 33.12 18.85 33.05
Nd = 2.5 ! 1023 m–3 21.28 34.39 18.89 33.05
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Figure 9. The I–V curves for two different QD arrays considered
in the main text: small QD array (squares) and large QD array
(cycles); under X = 1 sun concentration (dashed lines with open
symbols) and X = 1000 suns concentration (solid lines with solid
symbols). All curves are given only for the regime of photon
filling, for example, Nd = 0. The I–V curves for the Nd = 2.5 !
1023 m–3 case are almost identical and indistinguishable from

those of Nd = 0.
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Fig. 3. The I-V curves for two different QD arrays considered 
in the main text and different light concentrations. 
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Fig. 4. Auger electron cooling time of an electron in e1 state 
relaxing to e0 as a function of transition energy between e0 
and h0 ground states and Sb concentration in buffer region.  
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