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The effect of quantum dot (QD) size on the performance of quantum dot intermediate band solar

cells is investigated. A numerical model is used to calculate the bound state energy levels and the

absorption coefficient of transitions from the ground state to all other states in the conduction

band. Comparing with the current state of the art, strong absorption enhancements are found for

smaller quantum dots, as well as a better positioning of the energy levels, which is expected to

reduce thermal carrier escape. It is concluded that reducing the quantum dot size can increase

sub-bandgap photocurrent and improve voltage preservation. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4755782]

The intermediate band solar cell (IBSC) is a high effi-

ciency solar cell concept whose detailed balance efficiency

limit has been calculated as 63%,1 to be compared to the

Schockly-Queisser limit of 41%2 for conventional single-

bandgap solar cells (both values have been calculated assum-

ing maximum light concentration and treating the sun as a

blackbody at 6000 K). The concept is based on the introduc-

tion of an IB between the valence band (VB) and conduction

band (CB) of a semiconductor, thus, constituting a so-called

IB material. The IB allows an increase in photocurrent via a

two sub-bandgap photon absorption process in which one

photon promotes an electron from the VB to the IB and

another promotes an electron from the IB to the CB, creating

a single electron-hole pair. For the IBSC to exceed the effi-

ciency of a conventional single-gap solar cell, this additional

sub-bandgap photocurrent must be delivered whilst main-

taining an open circuit voltage (Voc) that is limited by the

overall (VB-CB) bandgap of the device and not by one of

the smaller (VB-IB or IB-CB) sub-bandgaps. For this to

occur, the quasi Fermi levels describing the carrier popula-

tions in each of the three bands must separate under operat-

ing conditions.1

IBSCs have been realized in which the IB is constituted

by the ground state of InAs quantum dots (QDs) in a GaAs

matrix.3–7 The bandgaps of this system are not optimal, but

it has allowed the basic principles of IB operation to be pro-

ven.8,9 Two of the main problems experienced by these devi-

ces are that the direct optical IB-CB transition is too weak,10

and that there is strong thermal coupling between the IB and

the CB,11 preventing the splitting of the IB and CB quasi-

Fermi levels at room temperature.

A simplified spatial band diagram of the QD-IBSC is

shown in Figure 1. The CB offset between the QD and ma-

trix materials presents a potential well. The confining poten-

tial of the well leads to a set of discrete states that are highly

localized within the QD. These may have a lower energy

than the confining potential, in which case they are termed

bound states (BSs—shown as blue lines), or may have a

higher energy than the confining potential, in which case

they are termed virtual bound states (VBSs—shown as red

lines). In addition, there is a continuum of extended states

(ESs) within the energy range of the matrix material conduc-

tion band. These are schematically represented as a green

area. The CB of the IBSC is defined to constitute all states

with greater energy than the confining potential. The IB is

defined as the QD ground state, labelled (1,1,1) in the figure.

In current InAs/GaAs QD-IBSCs, there are multiple BSs

within the forbidden band of the matrix material. It has

recently been shown that the gas of thermal photons, present

in the solar cell at ambient temperatures, can cause thermal

escape by optical excitation of electrons from the IB to the

CB using the multiple excited states within the forbidden

band as a ladder.12 This process dominates over pumping by

photons incident from the sun in the absence of concentra-

tion. Hence, these excited states should be removed from the

forbidden band in order to supress thermal coupling between

the IB and the CB. What is more, the strength of the direct

optical IB-CB transition must be increased so that electrons

pumped to the IB from the VB can be efficiently pumped to

the CB under illumination. In this letter, we argue, on the ba-

sis of quantum calculation of intersubband transitions, that

both of these objectives can be achieved by modifying the

QD dimensions.

We take as a benchmark the prototype QD-IBSC system

that was reported on in Refs. 11 and 13, in which it was

named SB and S3, respectively. This system consisted of a

30-layer stack of In(Ga)As/GaAs QDs grown on a GaAs

substrate. The QDs had the shape of truncated quadrangular

pyramids. These are modelled as parallelepipeds in this

work. The measured QD dimensions were 16� 16 � 6 nm3

in the x, y, and z directions, respectively, where the xy plane

is perpendicular to the growth direction. The fractional

coverage of the xy plane by QDs (QD area / total area) was

F ¼ 0:1 and the number of QD layers per unit length in the z
direction was Nl ¼ 125 000 cm�1. This QD-IBSC is hereafter

referred to as the benchmark prototype.

The benchmark prototype was modelled in Refs.12 and

14–16 by finding an approximate solution to the single-band

effective mass equation (which is the outcome of the one

dimensional k�p model17) by a separation of the x, y, and z
variables. This model is simpler than others that appear in

the literature.5,18 Its use allows us to perform parameter
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sweeps without the need for large computational capacity.

The spin-orbit coupling and lattice strain are not accounted

for explicitly in the model; however, they are taken account

of implicitly in the experimental effective mass (0.0294) and

the CB offset (0.473 eV).19,20 A four-band extension of the

model has been used to accurately predict quantum efficien-

cies (QEs) of the benchmark prototype.15 Justification of the

use of the single-band model for intersubband transitions can

be found in the same reference. In this work, the model has

been applied to QDs of different dimensions. All other pa-

rameters are maintained the same as the benchmark proto-

type. Fixing F and Nl at the above stated values implies the

volume density of QDs is conserved. The CB offset would

be expected to change on changing the QD size; however,

this effect is not considered in this work.

Figure 2 shows the energy levels (measured from the

CB edge of the matrix material) of all the BSs that exist

within the forbidden band as a function of the lateral dot

width. Their quantum numbers following the nomenclature

in Ref. 16 are given in the legend. Figure 2(a) is for a fixed

QD height of 6 nm (the benchmark height) and Figure 2(b) is

for a fixed height of 9 nm.

It should be noted that, for a QD-IB material formed in a

GaAs matrix (bandgap 1.42 eV), the optimum energy posi-

tion of the ground state is around 0.5 eV from the matrix CB

edge.1 Hence it is desirable to maintain a ground state energy

that is as low as possible whilst removing excited states from

the forbidden band. In Figure 2(a), this is achieved for QD

dimensions of 10� 10� 6 nm3. In Figure 2(b), this is

achieved for QD dimensions of 9� 9� 9 nm3. The energy

position of the ground state in each case is 0.19 eV and

0.24 eV below the matrix CB edge, respectively. We observe

that the 9� 9� 9 nm3 cubic QD represents the optimum

with respect to energy levels since the (2,1,1), (1,2,1), and

(1,1,2) states have degenerated and coincide with the matrix

CB edge; hence, no dimension can be changed without either

raising the energy of the ground state or introducing one of

the above mentioned levels into the forbidden band. This

agrees with a similar result obtained in Ref. 20 where a

spherical QD in a similar QD-IBSC system was found to

have an optimum radius of 4.09 nm (diameter 8.18 nm) with

regard to energy levels. Nonetheless, we consider the

10� 10� 6 nm3 to be interesting, given the difficulty in pro-

ducing QDs with low aspect ratios. It should be noted that in

Ref. 14 a perturbation method was used to correct errors in

the ground state energy levels resulting from the use of the

separation-of-variables method. The energy corrections were

�2:78� 10�8eV for the benchmark QD and �0:021 eV for

FIG. 2. BS energy levels as a function of the QD width for QDs of height

6 nm (a) and 9 nm (b). States are labelled by their quantum numbers as

defined in Ref. 15. The energy origin is at the matrix CB edge.

FIG. 1. Simplified band diagram of the QD-IB material. The CB and VB are

shown in grey, the BSs in blue, the VBSs in red, and the continuum of ESs

in green. BSs are labelled with their quantum numbers as defined in Ref. 15.

In this figure, the energy origin is at the matrix VB edge.
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a cubic QD. Changes of this scale in the energy levels shown

in Figure 2 would affect the optimum QD width by less than

0.5 nm.

We now study the effect of the QD dimensions on the

absorption coefficient for transitions originating from the

ground state under unpolarised illumination incident in the z
direction. This is calculated by summing the contributions of

transitions to all other states. It is assumed that the ground

state has a 0.5 probability of occupation by an electron, due

to appropriate doping, and that all other states have 0 proba-

bility of occupation. The QD height is fixed at 6 nm and the

absorption coefficient is calculated for a range of widths.

These are plotted in Figure 3. The QD width corresponding

to each curve is shown in the figure legend. For a transition

to contribute to the external current, its final state must be

within the energy range of the matrix CB. The solid parts of

the curves in Figure 3 represent transitions that fulfil this

condition; the dashed parts represent transitions that do not.

For each QD width, a single peak can be observed,

which corresponds to the transition from the ground state to

the doubly degenerate (2,1,1)/(1,2,1) state. On decreasing the

QD width, the absorption by this transition increases signifi-

cantly due to the increased number density of QDs. Also, its

final state moves into the matrix CB energy range (as can

also be seen in Figure 2(b)). For the 6 nm wide QD, a tail

extending into higher energies can also be seen. This corre-

sponds to transitions to states that are extended in one dimen-

sion and bound in the other two. These transitions drop off

quickly at higher energies and are negligibly weak for larger

QDs, which agree with previous numerical21,22 and experi-

mental23 studies. In all cases, the absorption coefficient is

negligible in the energy range for which VB-IB transitions

occur (�x > 0.9 eV). This is desirable for IBSC operation,

since photons with sufficient energy for VB-IB transitions

are not wasted in contributing to the lower energy IB-CB

transition. It should be noted that, under the separation of

variables approximation, the curves presented in Figure 3

have the same shape for any QD height, although the energy

gap between the ground state and the matrix CB differs.

Experimental11 and numerical15 studies have shown

VB-IB photocurrents of 0.266 and 0.208 mA cm�2, respec-

tively, for the benchmark prototype (the quoted experimental

value was calculated in Ref. 15 from internal quantum effi-

ciency measurements presented in Ref. 11). To see if the

absorption coefficients presented in Figure 3 are strong

enough to deliver this photocurrent from the IB to the CB, an

absorbed photocurrent density for the IB-CB transition has

been calculated using the formula

Jph;IB�CB ¼ qe

ðE1;1;1�EVB

ECB�E1;1;1

UBB

�
1� e�aðEÞW

�
dE; (1)

where qe is the elementary charge, W is the width of the IB

material (2.4 lm) and UBB is the spectral photon flux of the

sun, which is modelled as a black body at 5762 K, incident

on the cell at 1� concentration. The absorption coefficient

aðEÞ is calculated assuming the same Fermi occupations as

before. The actual Fermi occupations will depend on the rel-

ative strengths of the VB-IB and IB-CB transitions; however,

the assumptions used here serve for a comparative analysis.

It should also be noted that the IB Fermi level can to some

extent be controlled by doping, as long as the VB-IB and IB-

CB transitions are of similar strength.

In Figure 4, Jph;IB�CB is plotted as a function of the lat-

eral QD width for QDs with a fixed height of 6 nm (dashed

curve) and 9 nm (solid curve). For a QD width of 16 nm, the

calculated Jph;IB�CB is 0.005 mA cm�2, to be compared with

the measured 0.266 mA cm�2 for the VB-IB transition. This

is in agreement with the hypothesis that in the benchmark

prototype the VB-IB photocurrent was extracted from the so-

lar cell due to thermal escape and not pumping by photons

incident from the illuminating source. Arrows in Figure 4

denote the 10� 10� 6 nm3 and 9� 9� 9 nm3 QDs, which

are identified as providing optimum energy levels previously

in this letter. Steps in the Jph;IB�CB occur at these parameter

sets due to the (2,1,1)/(1,2,1) states and the corresponding

absorption peak entering into the matrix CB energy range.

The breadth of these steps depends on the standard deviation

FIG. 3. Absorption coefficients for transitions from the ground BS (IB level)

under unpolarised normally incident illumination. Different curves are for

QDs with different widths, as specified in the legend. The QD height is

6 nm. The ground BS is assumed half full and all other states are assumed

empty. Solid parts of the curves represent transitions whose final state is

within the matrix CB and dashed parts represent transitions whose final

states are within the forbidden band.

FIG. 4. The absorbed photocurrent density for the IB-CB transition

(Jph;IB�CB) as a function of the QD width. Calculations are made for QDs of

height 6 nm (dashed curve) and of height 9 nm (solid curve).
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of the Gaussian function used to describe the broadening due

to variations in the QD dimensions across the array. In these

calculations, a standard deviation of 25 meV was used. Just

to the left of the steps, a Jph;IB�CB of around 0.15 mA cm�2 is

predicted. This is comparable to the VB-IB photocurrents

measured in quantum efficiency experiments. The Jph;IB�CB

continues to increase on further decreasing the QD width.

However, this comes at the cost of increasing the ground

state energy, as has been discussed with regard to Figure 2.

Nonetheless, the benefit of decreasing the QD width to

8-10 nm is clear.

Our results are summarized in Table I, which presents

the calculated Jph;IB�CB and the energy level of the ground

state measured from the matrix CB edge. Data are presented

for the benchmark 16� 16� 6 nm3 QD, as well as for the

10� 10� 6 nm3 and 9� 9� 9 nm3 parameter sets, for which

no excited states exist in the forbidden band. The ground

state of the 9� 9� 9 nm3 is preferable to that of the

10� 10� 6 nm3, although the 10� 10� 6 nm3 QD may be

easier to realise in practice. The Jph;IB�CB for both the

10� 10� 6 nm3 and 9� 9� 9 nm3 QDs are around 0.09 mA

cm�2: a nearly 20-fold increase compared to the benchmark.

These values are comparable to the VB-IB photocurrents in

the benchmark prototype measured in quantum efficiency

experiments. We conclude that reducing the QD width in

QD-IBSCs could reduce thermal escape whilst allowing car-

riers generated from the VB to the IB to be removed to the

CB by absorption of photons incident from the sun at 1�
concentration. Hence this is proposed as a strategy for realis-

ing simultaneous photocurrent enhancement and Voc preser-

vation at room temperature.
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