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CONS P EC TU S

I mproving the primary photoconversion process in a photovoltaic
cell by utilizing the excess energy that is otherwise lost as heat can

lead to an increase in the overall power conversion efficiency (PCE).
Semiconductor nanocrystals (NCs) with at least one dimension small
enough to produce quantum confinement effects provide new ways of
controlling energy flow not achievable in thin film or bulk semicon-
ductors. Researchers have developed various strategies to incorporate
these novel structures into suitable solar conversion systems. Some of
these methods could increase the PCE past the Shockley�Queisser
(SQ) limit of ∼33%, making them viable “third generation photo-
voltaic” (TGPV) cell architectures. Surpassing the SQ limit for single
junction solar cells presents both a scientific and a technological
challenge, and the use of semiconductor NCs to enhance the primary
photoconversion process offers a promising potential solution.

The NCs are synthesized via solution phase chemical reactions prod-
ucing stable colloidal solutions, where the reaction conditions can be
modified to produce a variety of shapes, compositions, and structures. The
confinement of the semiconductor NC in one dimension produces quantum films, wells, or discs. Two-dimensional confinement leads to
quantumwires or rods (QRs), and quantum dots (QDs) are three-dimensionally confinedNCs. The process of multiple exciton generation
(MEG) converts a high-energy photon into multiple electron�hole pairs. Although many studies have demonstrated that MEG is
enhanced in QDs compared with bulk semiconductors, these studies have either used ultrafast spectroscopy to measure the photon-to-
exciton quantum yields (QYs) or theoretical calculations. Implementing MEG in a working solar cell has been an ongoing challenge.

In this Account, we discuss the status of MEG research and strategies towards implementing MEG in working solar cells.
Recently we showed an external quantum efficiency for photocurrent of greater than 100% (reaching 114%) at∼4Eg in a PbSe QD
solar cell. The internal quantum efficiency reached 130%. These results compare favorably with ultrafast transient spectroscopic
measurements. Thus, we have shown that one of the tenets of the SQ limit, that photons only produce one electron�hole pair at
the electrodes of a solar cell, can be overcome. Further challenges include increasing the MEG efficiency and improving the QD
device structure and operation.

Introduction
Third generation photovoltaic (PV) solar cells have two

defining characteristics: (1) a power conversion efficiency

greater than the Shockley�Queisser (SQ) limit of 33%1 and

(2) a low cost per unit area. According to Green,2 in order to

be classified as a third generation PV (TGPV) cell, the cost of

the PV module, $/unit area, divided by the watts delivered/

unit area should yield a price per peak watt (Wp) for the

module of about $0.20 US. Any combination of efficiency

and areal cost yielding $0.20/Wp or below would be
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classified as a TGPV technology. For example, a PV module

having a cost of $100/m2 delivering 500 W/m2 could

achieve this goal. To obtain the yearly averaged energy cost

for the PV system ($/(kW 3h)), various factors need consid-

eration: the balance of systems (BOS) cost, the module cost

and its useful life, the averaged annual-capacity factor for

the PV system, and finally, other operating costs such as

interest rates, maintenance, and taxes; for example, a simple,

but rough, conversion is to multiply the total $/Wp cost

(moduleþ BOS) by 0.04 to 0.05 (depending upon geographi-

cal location) to obtain $/(kW 3h). If the module and BOS costs

remain about equal, as they are today, then a $0.20/Wp

module cost would result in a total system cost of $0.40/Wp

achieving an energy cost of about $0.02/(kW 3h), a cost

comparable to coal or natural gas. To achieve 500 W/m2, a

module efficiency of 50% is required (the average solar

irradiance is 1 kW/m2), well above the SQ limit.

Over the past few years, we have investigated the TGPV

concept of multiple exciton generation (MEG) in quasi-

spherical semiconductor nanocrystals or quantum dots (QDs).

We have mainly focused on PbSe QDs because quantum

confinement effects are particularly strong.3 The bandgap

can be continuously tuned from ∼0.5 to 2 eV by spanning a

reasonable size range of 1�10 nm. When a photon of

sufficient energy is absorbed by a QD, an electron�hole

(e�h) pair is produced. The lowest absorbing state in a QD is

generally termed the first exciton state (and defined as the

bandgap), where excitons are e�h pairs that interact through

the Coulomb potential. Excitons in confined semiconductors

differ from excitons in bulk semiconductors because the e�h

pairs are confined to small regions of space defined by the

dimensions of the structure and therefore continue to interact,

whereas in bulk semiconductors, excitons are only present if

kBT is lower than the exciton binding energy (typically only a

few millielectronvolts).

If the incident photon energy is greater than Eg then

higher energy states absorb the photon to produce a “hot

exciton”with excess energy, ΔEex = hν � Eg. In semiconduc-

tors, the excess energy prior to cooling is converted into

kinetic energy, and ifΔEex > Eg (hν> 2Eg), then it can be used

to produce one or more extra e�h pairs. This avenue was

investigated in bulk semiconductors (termed impact ioniza-

tion, Figure 1)4,5 for many years but was ultimately deemed

too inefficient to have a significant impact on PV.6 In bulk

semiconductors, two factors reduce the likelihood that hot

carriers will undergo impact ionization; the density of final

states is limited by crystal momentum, which must be

conserved between the initial and final states, and rapid

hot carrier cooling via phonon emission to the band edge

(∼1 ps or less) can compete efficiently with impact ioniza-

tion. The result is that impact ionization does not produce

multiple e�h pairs until hν > (4�5)Eg. QDs offer ways to

overcome these limitations. In QDs, only energy conserva-

tion sets fundamental limits on MEG because crystal mo-

mentum is a result of long-range repeating atomic

potentials, which are not present in QDs. Hot-carrier relaxa-

tion can be modified in QD systems7�9 so that MEG can

better compete. Finally, carrier�carrier interactions are lar-

ger due to the physical confinement within the QD. The

added degrees of freedom afforded by quantum-confined

semiconductors (shape, size, composition, surface engineer-

ing, etc.) allow for tailoring key parameters to potentially

revolutionize PV.

MEG Efficiency and Hot-Exciton Cooling
Ultrafast transient absorption (TA) spectroscopy (Figure 2) or

time-resolved photoluminescence (TRPL) is typically employed

to studyMEG in colloidal solutions of isolatedQDs.10�13 The

evidence that multiple excitons are produced per absorbed

photon is the appearance of a fast multiexciton decay

component in the transient dynamics due to rapid Auger

recombination when photoexcited above the energy con-

servation threshold (hν > 2Eg); the experiments are per-

formed with conditions such that each QD absorbs either

zero or one photon. The number of e�h pairs created per

absorbed photon (the exciton quantum yield, QY) can be

obtained by analyzing the amplitude of the single- and

multiexciton components (single exciton lifetimes are typi-

cally much greater than multiexciton lifetimes). There has

been debate14�19 over TA measurements because of the

FIGURE 1. (a) Schematic depiction of impact ionization in a bulk
semiconductor; both energy and crystal momentum must be
conserved, as shown. (b)MEG in a quantum-confined structure such as a
QD, which has small dimensions and thus Bloch states with defined
momentum are not eigenstates, such that only energy needs to be
conserved. Hot carriers undergo one of two competing processes:
(1) generation of an extra e�h pair (kMEG) or (2) cooling of the single
exciton state (kcool).
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large spread in reported QYs. Researchers concluded that

some discrepancies and variations reported could be attrib-

uted to photocharging during the pulsed laser experi-

ments.19�21 Using lower fluences and rapidly flowing or

stirring the solutions during the measurements can mini-

mize or eliminate photocharging effects.We refer interested

readers to several reviews of the MEG measurements that

detail these complications.13,18�20

The number of e�hpairs generated per absorbed photon

can be expressed by the following equation,22

QY ¼ 1þ kMEG

(k(1)MEG þ kcool)
þ k(1)MEGk

(2)
MEG

(k(1)MEG þ kcool)(k
(2)
MEG þ kcool)

þ 3 3 3

(1)

where kMEG
(i) is the rate of producing (iþ 1) excitons from i

hot excitons, and kcool is the cooling rate. In deriving eq 1,

we assume that the cooling rates of single- and multi-

excitons are equivalent. Each successive term in eq 1 is

only valid when energy conservation is met; thus when

the photon energy is greater than 3Eg, all three terms can

contribute (this constraint is contained in the kMEG
(i) term).22

When hν > 3Eg, higher order terms are necessary and can

be included by expanding the series. The photon energy

where QY > 1 is the threshold energy (hνth).
To approximate how these rates change as a function of

excess photon energy, we refer towork on impact ionization

in bulk semiconductors where the rate of carrier cooling,

kcool, is fairly constantwith excess energy.23 In contrast, kMEG

increases with increasing energy above hνth.
24,25 Thus at

high excess photon energy kMEG and kcool are related by26

kMEG ¼ Pkcool
hvex
hvth

� �2

(2)

where hνex = hν � hνth, and P describes the competition

between kMEG and kcool such that at a photon energy hv =

2hνth, hνex = hνth, and thus kMEG = Pkcool, (note that when

hν < hνth, kMEG = 0). We find that the threshold photon

energy for MEG is related to P by,

hνth ¼ 2þ1
P

� �
Eg ¼ 2þ kcool

k2hνthMEG

 !
Eg (3)

where kMEG
2hνth is the MEG rate when hν = 2hνth. As kMEG

2hνth

increases or kcool decreases, hνth approaches the energy

conservation limit of 2Eg. We can also express these

relationships in terms of the e�h pair creation energy,

εeh,
, which is the required excess energy to produce one

additional e�h pair, εeh =Δhν/ΔQY for hν> hνth. In terms

of εeh, hνth is given by hνth = Eg þ εeh. A MEG efficiency

(ηMEG) can be defined in terms εeh as ηMEG = Eg/εeh, and

then hνth = Egþ Eg/ηMEG.
22 Thus the number of e�h pairs

produced and hνth are related and will both improve if

kMEG/kcool is increased.
In Figure 3, we show QYs for bulk PbSe,28 PbSe QDs,19,21

and PbSe QRs.29 P improves by a factor of 3 going from bulk

PbSe to QDs of PbSe and an additional factor of 5 going

to QRs, thus demonstrating that quantum confinement can

help improve MEG. The QY is determined from spectro-

scopic measurements and plotted versus hν/Eg; we normal-

ize the excitation photon energy to the bandgap so that the

competition between MEG and cooling can be assessed

directly (see eq 3). For the ideal case, where two e�h pairs

are produced at exactly 2Eg, three at 3Eg, and so forth (the

staircase scenario shown as the black line in Figure 3), P

needs to exceed 10000.
We adopt the terminology and notation of Baer and

Rabani30 to discuss factors that can increase kMEG and thus

FIGURE 2. MEG transient absorption experiment. Part a is the linear
absorption (plottedona log scale vs E/Eg). Part b shows the transients for
a constant excitation level but increasing photon energy shown in part
a. The amplitude of the fast component increases with increasing
photon energy indicative of increased biexciton yields. Reprinted with
permission from ref 18. Copyright 2011 American Chemical Society.
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lead to a larger P. The total MEG rate, kMEG, is the sum of the

electron and hole multiplication rates (kMEG = Γ� þ Γþ).

Within Fermi's golden rule approximation, Γ�/þ is expressed

as a product of the Coulomb interaction, We/h, and the

density of positive or negative trion states (FTþ/�),

Γ�=þ ¼ (2π=p)ÆWe=h
2 æF�=þ

T (4)

Directly comparing this expression for quantum-confined

and bulk semiconductors yields two conclusions: We/h

should be higher in quantum-confined nanostructures

because the spatial confinement reduces the separation

of carriers, and FTþ/� should be higher in QDs due to the

relaxation of momentum conservation (thus more single

exciton states can couple to trion states). Baer and Rabani

find that Γ� increases with decreasing QD size with a

dependence of D�2,30 where D is the diameter, while Lin

et al. find a D�3 dependence.31 While no calculations of

MEG in QRs has been reported, Bartnik et al.32 find a

higher Coulomb interaction in the one-dimensional QR

system, and this could explain the higher MEG values

observed in the PbSe QRs compared to QDs.
A full quantum simulation based on the time-dependent

density matrix method that goes beyond Fermi's golden

rule approximation has recently been presented by Witzel

et al.33 and is an extension of the previous Shabaev�
Efros�Nozik (SEN) coherent superposition model.11,34 The

SEN model describes MEG within the full multielectron

Hamiltonian.34 A coherent superposition of single- and

multiexciton states that have nearly the same energy

and are coupled through the multi-Coulomb interac-

tion evolves from the initially populated one e�h pair

state according to the time-dependent Schr€odinger

equation.33

A recent study35 comparing PbS to PbSe QDs found that

the MEG efficiency was lower in PbS compared with PbSe

QDs even though the biexciton lifetime, which is governed

by the same Coulomb matrix element, displayed similar

behavior. Since kMEG should be of a similar magnitude, the

differences in the QYs result from differing kcool. The differ-

ences in kcool were rationalized by the bulk electron�phonon

coupling parameter, RF, which for PbS is 0.33 and for PbSe is

0.22. Thus one approach to further improveMEG is to explore

quantum-confined semiconductors with smaller values of RF.

High Efficiency Concepts for Solar
Photoconversion
We now discuss how MEG can increase the theoretical

power conversion efficiency. The ubiquitous Shockley and

Queisser1 (S�Q) analysis of the maximum thermodynamic

efficiency of converting solar irradiance into electrical free

energy in a single-junction PV cell assumes the following:

(1) Photons with energy less than Eg are not absorbed.

(2) Energetic electrons created by high-energy photons

immediately relax to the band edge (i.e., the fraction

of energy of photons with energy greater than Eg is

immediately lost as heat).

(3) The solar cell radiates light as a blackbody, except

below Eg, where the cell does not radiate.

Approaches to achieve higher theoretical efficiencies

(Table 1) attempt to either use the high photon energies

more efficiently or recover the low photon energies. The

most developed approach is a multijunction or tandem

junction solar cell employing a stack of p�n junctions where

the light-absorbing semiconductor bandgap decreases in

successive layers. In the limit of infinite junctions, the theo-

retical conversion efficiency reaches 68% at one-sun inten-

sity.36 Ross and Nozik4 extended the SQ thermodynamic

FIGURE3. Quantumyield plot demonstrating the improvement inMEG
for various dimensionalities of PbSe (bulk, spherical QDs, nanosized
QRs). ηMEG determined following ref 22.

TABLE 1. Common Approaches To Exceed the SQ Limit

approach ideal PCE (%) at one-sun intensity

single junction1 33
tandem junctions36

bilayer junction 42
triple 48
quadruple 53
5 55
infinite 68
intermediate band 47
up conversion39 48
down conversion40 40
MEG41 45
hot carrier42 67
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analysis to demonstrate that the same high conversion

efficiency possible from a multijunction solar cell could be

obtained by utilizing the total excess kinetic energy of hot

photogenerated carriers in a single bandgap device where

hot carriers are transported and collected at energy-selective

contacts.37,38

Record solar cell efficiencies have not reached these

fundamental limits but are asymptotically approaching

them. For example, the record efficiency for c-Si is 25%, while

for GaAs, the record is 28.3%.43 The record one-sun triple-

junction solar cell has an efficiency of 34.1%.44 Under optical

concentration, the efficiency increases, and the record for all PV

cells is 43.5%at418suns.44Currently, thesehighefficiencycells

(including the single-junction cells) do not meet the criteria of

TGPV because themodule cost is far too high. However, under

concentration, the module costs can be transferred to less

expensive concentrating optics. Inexpensive tandem cells

basedonsolution-processedQDs45,46ororganic PVmaterials47

are being explored and with improvement may become a

viable TGPV technology.48

The MEG approach yields a lower thermodynamic con-

version efficiency of about 45% compared with the hot-

carrier solar cell; this results from energy loss in the former

between integer multiples of the bandgap energy starting at

1Eg. However, the MEG approach is particularly attractive

because only one absorber layer is needed, conventional

carrier contacts can be employed, and the cell can be

fabricated mainly using solution-processing techniques.

Figure 4 shows detailed balance calculations following the

SQ approach for various values of P. Black represents the

conventional SQ calculation with just one e�h pair created

per photon and thus P = 0. The yellow curve for P = 10000

achieves the maximum multiplication energetically al-

lowed. Significant improvements in P are needed in practical

materials to greatly impact PCEs from MEG. PbSe QRs,29 InP

QDs, (6,5)-SWCNT,49 and Si QDs50 are all in the range of

1�10, where useful improvements in PCE begin to occur.

Strategies for Quantum Dot Solar Cells
There are several design strategies to incorporate MEG-

active materials in practical solar cells:51

(1) The QDs can be in contact with and allow other

media that facilitate charge separation and transport,

such as a QD-sensitized semiconductor solar cell

(QDSSC)52,53 or dispersion into conducting polymer

matrices.54

(2) TheQDs form conductive arrays used in standard thin

film solar cell architectures (such as Schottky, hetero-

junction, or p�i�n configurations).

(3) The QDs remain in an electrically insolated environ-

ment and undergo energy transfer into suitable en-

ergy acceptors where charges are separated.55

Here we discuss approaches based on implementing strat-

egy 2 where a QD absorber layer is the light absorbing

component of the solar cell. The planar heterojunction variety

FIGURE 4. The detailed balance-derived maximum allowable PCE.

FIGURE5. (a) A common structure forQD solar cells where theQD layer
(PbS in this case) forms a heterojunction with ZnO to extract electrons
through the ITOelectrode. Theholes are collectedat thebackof the film,
often by a transition metal oxide-modified (MoO3, in this case) metal
electrode. The energetics (b) are often approximated by a traditional
semiconductor formalism with a single conduction and valence band
for electrons and holes. However at this stage, little is known about the
details of the potential distribution of these nanocrystalline interfaces.
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of this approach, in particular, has shown marked progress in

PCE.56�61 A prototypical heterojunction QD solar cell is shown

schematically in Figure 5a with an approximate band diagram

(Figure 5b). The basic strategy is to sandwich a QD-layer

between an n-type window layer that accepts electrons while

blockingholes andametal electrode that accepts holes. Light is

absorbed in the QDs and excitons separate to form free

electrons and holes. Electrons flow toward the n-type layer,

and holes are collected at the metal electrode. Critical issues

that need to be addressed are formationof theQD layer and its

front and back interfaces. The QD layer must promote facile

exciton dissociation and subsequent e�h transport, while the

interfaces need optimal energetics to selectively extract charge

carriers.

In colloidal PbSe QD synthesis, organic ligands, typically

oleic acid, are used to control growth kinetics and allow for

stable colloidal dispersions, however, they electrically iso-

late the QDs, thus preventing exciton dissociation and

charge conduction. Exposure of a dry QD film to short

molecules with high affinity to bond with Pb (such as short

alkane thiols, amines, or carboxylic acids)62 removes the

ligands and reduces the distance between QD cores. Solid-

state ligand exchange is typically done in a layer-by-layer

fashion, producing thick, pinhole free layers that are con-

ductive and canwithstand evaporation of a large areametal

contact without electrically shunting the film. The charge

transport through the QD films remains an intriguing scien-

tific challenge that has attracted intense research effort.62�66

Recently CdSe QD films treated with ammonium thiocyanate

followed by diffusion of In metal displayed record carrier

mobilities of 27 cm2 V�1 s�1.67 In a separate approach

using short inorganic ligands, carrier mobilities have reached

∼15 cm2 V�1 s�1.68

Chemical treatments to form conductive QD films can

potentially affect MEG production in negative ways.

Changes in the surface chemistry affect QD�ligand interac-

tions that could subsequently alter exciton-cooling rates.8,9

A few studies have attempted to address this concern69,70

and found that the single-exciton lifetimes decrease, reflect-

ing an increased rate of recombination; the biexciton life-

time increases for decreasing QD�QD separation; and the

absorption cross section per QD increases for films with

longer biexciton lifetimes. TA results also suggested that

MEG is nearly quenched in PbSe QD films when treated with

1,2-ethanedithiol (EDT). Similarly, although Schottky-junc-

tion devices utilizing this treatment perform reasonablywell,

no conclusive evidence for collection of multiple carriers per

absorbed photon was found. However, it is possible that

both the photocurrent measurements and the TA under-

estimate MEG in these experiments. The biexciton lifetimes

showeddeparture fromsimple exciton�exciton interactions

within individual QDs. Strong QD�QD coupling allows for

excitons in adjacent QDs to interact. At low fluences, this can

modify the first-exicton dynamics and in particular theAuger

recombination dynamics used to quantify MEG, rendering it

more complicated to extract a meaningful QY. Thus, more

work is necessary to unravel the complex dynamics within

highly coupled QD films. Compared with earlier Schottky-

junction cells, the heterojunction architecture depicted in

Figure 5 extracts electrons at the incident side of the QD

film rather than the back contact. This aids the extraction of

FIGURE 6. (left panel) EQE (blue curve) for a 0.72 eV bandgap PbSe QD solar cell and the absorptance of ZnO (green), ITO (purple), and the QD layer
(black). (right panel) The measured (brown) andmodeled (dotted) device reflectance. The EQE/(1� R) (purple) is a first estimate of the IQE. An optical
model of the entire device stack was used to determine the IQE (orange). The IQE curve exhibits a rise from∼85% to its maximumof 130%near 3Eg.
Light exceeding 3.5 eV is blocked by glass, ITO, and ZnO. Reproduced with permission from ref 71. Copyright 2011 AAAS.
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charge carriers produced from high-energy photons (those

capable of undergoing MEG).

Observation of MEG in a PbSe Quantum Dot
Solar Cell
Using a modified device structure as shown in Figure 5, we

measured the EQE for photocurrent in QD solar cells using

various sizes of PbSe QDs with bandgap ranging from 0.7 to

1.5 eV.71 TheQD-layer is initially deposited using a layer-by-

layer EDT treatment followed by an additional hydrazine

treatment of theQD films that allowsuse of smaller bandgap

QDs by increasing the Voc and shunt resistance within the

device. Figure 6 displays EQE (left panel, blue curve) for a

device with QD bandgap of 0.72 eV. The first exciton

absorption peak is visible at the red edge of our EQE spectro-

meter and other broad features are a result of optical

interference that occurs in a dielectric stack (here consisting

of ITO/ZnO/PbSe QDs/Au). Despite reflection and absorp-

tion by the glass, ITO, and ZnO layers, this device exhibited

an EQE of 106% ( 3% for photons with 3.44 eV (∼4Eg). An

antireflection coating increases the peak EQE to∼114%. To

our knowledge, this is the first solar cell to exhibit an external

or internal QY > 100% with photons within the solar

spectrum. In order to compare the photocurrent measure-

ments to the ultrafast spectroscopy data, the internal quan-

tum efficiency (IQE) of the device was determined. The IQE is

determined by dividing the EQE by the calculated combined

absorptance of the ZnO and PbSe layers A = APbSe þ AZnO. In

Figure 7, we compare the photocurrent measurements to

the TA measurements and find reasonable agreement to

confirm previous TA measurements.

Conclusions and Future Challenges
Quantum dot solar cells remain a promising technology for

inexpensive, scalable, and efficient solar cells. Thanks to

their size and surface tunability and solution processing, it

should be possible to make inexpensive and efficient de-

vices from inks. The challenge is to increase the MEG effi-

ciency so as to approach the energy conservation limit and to

simultaneously improve the QD device performance. Promis-

ing avenues toward achieving the first goal have recently

been demonstrated. Near staircase behavior has been re-

ported in films of silicon QDs.72 Colloidal solutions of Si QDs

have also shown high MEG efficiencies,50 while carbon

nanotubes show MEG-like behavior.73 Semiconductor nano-

crystalsoffermanyavenues toward increasing theMEGyields

through internal and external modifications.

In addition to searching for ways to maximize MEG, an

equivalent effort focusing on eliminating nonradiative re-

combination and increasing carrier mobility is of paramount

importance in order to improve the photocurrent quantum

yield in the visible and near-IR regions. In order to accom-

plish this, better transport and reduced recombination is

necessary. The fact that the EQE exceeds 100% is a first step

toward achieving a TGPV technology.
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