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 Infrared Colloidal Quantum Dots for Photovoltaics: 
Fundamentals and Recent Progress 
    Jiang   Tang       and   Edward H.   Sargent   *    
 Colloidal quantum dots (CQDs) are solution-processed semiconductors of 
interest in low-cost photovoltaics. Tuning of the bandgap of CQD fi lms via the 
quantum size effect enables customization of solar cells’ absorption profi le 
to match the sun’s broad visible- and infrared-containing spectrum reaching 
the earth. Here we review recent progress in the realization of low-cost, 
effi cient solar cells based on CQDs. We focus in particular on CQD mate-
rials and approaches that provide both infrared and visible-wavelength solar 
power conversion CQD photovoltaics now exceed 5% solar power conversion 
effi ciency, achieved by the introduction of a new architecture, the depleted-
heterojunction CQD solar cell, that jointly maximizes current, voltage, and fi ll 
factor. CQD solar cells have also seen major progress in materials processing 
for stability, recently achieving extended operating lifetimes in an air ambient. 
We summarize progress both in device operation and also in gaining new 
insights into materials properties and processing – including new electrical 
contact materials and deposition techniques, as well as CQD synthesis, 
surface treatments, fi lm-forming technologies – that underpin these rapid 
advances. 
  1. Introduction 

 Single-crystal materials such as silicon and epitaxial III-V com-
pound semiconductors have led to remarkable solar photovoltaic 
power conversion effi ciencies in the range of 20–41.4%. [  1  ,  2  ]  
For their high effi ciencies, these devices rely on the effi cient 
matching of the light absorption spectrum to that of the sun’s 
power reaching the earth; combined with the excellent elec-
tronic transport properties of crystalline semiconductors. 

 In parallel, low-cost, low-energy-consumption means of pro-
ducing solar cells – often using solution-processing and roll-
to-roll fabrication [  3  ]  – have emerged in recent years. Organic 
and polymer photovoltaics represent a particularly promising 
example of these low-cost devices. The organics have recently 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com
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reached published AM1.5 power conver-
sion effi ciencies of 6.8% [  4  ]  – a particularly 
impressive achievement in view of the 
constraints on these devices’ maximum 
theoretical effi ciencies including their lim-
ited spectral absorption and considerable 
exciton dissociation energy. [  5  ]  

 There is considerable interest in photo-
voltaic technologies that suffer no compro-
mise between the desired high effi ciency 
and equally important low cost. 

 The present review focuses on emerging 
solar cell technologies that are:  

 (1)     solution-processed;   
 (2)     fabricated at 200   ° C and below;   
 (3)      capable of absorbing the sun’s entire 

visible, near infrared, and short-wave-
length infrared;   

 (4)      signifi cantly spectrally tuned via the 
quantum size effect, empowering a sin-
gle material strategy to create the differ-
ent-bandgap layers required to produce 
stacked multi-junction solar cells.    
 Colloidal quantum dots (CQDs), synthesized in the solution 
phase and may be coated on substrates (including fl exible ones) 
using drop-casting, [  6  ]  spin-coating [  7  ]  and ink-jet printing, [  8–10  ]  
have demonstrated many potential applications such as light 
emitting diodes. [  11–13  ]  In this research progress report, we focus 
in particular on infrared CQDs for photovoltaic applications. 
The materials that have seen the most intensive recent inves-
tigation – PbS and PbSe CQDs – possess bulk bandgaps that 
lie to the red of even the longest-wavelength junction required 
in multi-junction cells. Their large Bohr exciton radius allows 
wide tunability, even producing bandgaps that cut off at the red 
edge of the visible. As a consequence, these materials offer a 
single, binary-composition, strategy to produce any and all of 
the junctions needed in triple-junction photovoltaics. 

 We begin with a discussion of material selection in CQD pho-
tovoltaics. We proceed to review briefl y the fundamentals of p-n 
junctions and solar cell operation. We then introduce the experi-
mental tools used to characterize the electrical properties of CQD 
fi lms. We follow with a review of the latest understanding of car-
rier transport, surface passivation, doping, and dielectric con-
stant in CQD fi lms. We close with a detailed account of the latest 
research progress in performance, materials processing, and sta-
bility of CQD solar cells and a perspective on some of the many 
key questions and opportunities remaining open in the fi eld.   
Adv. Mater. 2011, 23, 12–29
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 2. Infrared CQDs for the Full Absorption 
of Solar Spectrum 

  2.1. Bandgap Engineering for the Broadband Solar 
Spectrum Match 

 Before it reaches the earth’s surface, the black body radiation 
( T   =  5762 K) from sun is attenuated by the ozone, moisture, 
carbon dioxide, dust and other components in the atmosphere. 
AM1.5G (air mass 1.5 global includes both direct and diffusive 
radiation) is thus adopted as the standard spectrum for testing. 
The integrated power density of AM1.5G is 100 mW cm  − 2  with 
the spectral intensity distribution matching that of sunlight at 
the earth’s surface at an incident angle of 48.2 ° . As shown in 
 Figure    1   A , AM1.5G is a broadband spectrum spanning from 
 ∼ 280 nm in the ultraviolet to  ∼ 4000 nm mid-infrared region. 
Half of the integrated power resides in the infrared spectral 
region.   

Figure  1 A includes the absorption onset of 15 typical bulk 
semiconductors with respect to the AM1.5G spectrum. In 
inorganic semiconductors, the absorption coeffi cient gen-
erally increases as the photon energy is increased starting 
from the semiconductor’s band edge, in contrast with many 
organics whose absorption spectra peak as a result of the well-
defi ned HOMO-LUMO transition. [  14  ]  Low-bandgap materials 
absorb more light and produce large current at the cost of a 
low voltage; in contrast, large-bandgap materials output high 
voltage but low current due to their limited absorption. As a 
consequence, the balance between voltage and current necessi-
tates an optimal choice of bandgap in the range of 1.1–1.4 eV in 
order to yield the best power conversion effi ciency in a single-
junction solar cell. Bulk Si, InP and CuInSe 2  have the optimal 
bandgaps, while bulk PbS, InAs and PbSe are not suitable for 
photovoltaic application. 

 One way to tune the bandgap of semiconductor is to manip-
ulate its composition. According to Vegard’s law, [  15  ]  the bandgap 
of an alloyed semiconductor is approximately equal to the com-
positionally-weighted average of the bandgaps of the constituent 
semiconductors. Ternary and quaternary compounds such as 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  1 .     (A) AM1.5G solar spectrum from ASTM G173–03 reference spectra
CdS 2.5 eV; CdSe 1.7 eV; CuInS 2  1.54 eV; CdTe 1.5 eV; InP 1.34 eV; Cu 2 S 1.2
PbS 0.41 eV; InAs 0.35 eV and PbSe 0.28 eV. (B) Concept of using PbS CQD
InGaP, CuInGaSe 2  and CuZnSnS 2  provide stoichiometry-tuned 
absorber materials for effi cient photovoltaics. 

 Quantum confi nement provides a promising alternative 
for bandgap engineering without relying on ternary and qua-
ternary stoichiometric tuning. Decreasing the size of particles 
13bH & Co. KGaA, Weinheim wileyonlinelibrary.com

. The bandgaps for some common bulk semiconductors are: TiO 2  3.3 eV; 
1 eV; Si 1.12 eV; CuInSe 2  1.0 eV; InN 0.8 eV; Ge 0.66 eV; CuFeS 2  0.6 eV; 
s with different sizes to build a triple-junction tandem solar cell.  
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    Figure  2 .     The optical constants of PbSe CQD fi lms of two different thick-
nesses (80 and 185 nm) relative to the values for bulk PbSe. Data were 
obtained from ellipsometry measurements. Reproduced with permis-
sion [  22  ]  Copyright 2009, American Chemical Society.  
to less than their Bohr radius results in confi nement of elec-
tron and hole wavefunctions and a signifi cant increase in 
bandgap. [  16  ,  17  ]  This strategy enables use of low-bandgap binary 
compound semiconductors such as PbS and PbSe for photo-
voltaic application. 

 We illustrate the quantitative aspects of quantum size effect 
tuning for the case of PbS (The numbers are similar for the case 
of PbSe). The Bohr radius of excitons in PbS is 18 nm. By control-
ling the size of PbS CQDs in synthesis, the absorption onset can 
be tuned from 3000 nm to  ∼ 600 nm. [  18  ]  In the case of a single-
junction device having optimal bandgap circa  E  g   =  1.1 eV, PbS 
CQDs of diameter  ∼ 3.5 nm are desired. A triple-junction solar 
cell may also be achieved within a single material system: [  19  ]   

  the fi rst (top) layer is composed of smallest PbS CQDs with 
diameters of 2.6 nm and absorption onset 680 nm; 

  the second layer is composed of PbS CQDs with diameters of 
3.6 nm and absorption onset 1070 nm;  

  the bottom layer is composed of PbS CQDs with diameters of 
7.2 nm and absorption onset 1750 nm.  

  The resultant distribution of spectral absorbance is illustrated 
schematically in Figure  1 B. 

 The desire for solution-processing, combined with the need 
for absorption of the majority of the sun’s broad solar spectrum, 
motivates interest in infrared colloidal nanoparticles. Since InP, 
CdSe, CdTe have bulk bandgaps in the near infrared, quantum 
confi nement generally tunes them into the visible. They may be 
of interest in one junction in a multi-junction cell, but are not 
materials that offer to span the entire multi-junction stack. [  19  ]  Si, 
Cu 2 S, CuInS 2 , CuInGaSe 2  and CuZnInS 2 , having small Bohr 
exciton radii, generally preserve their bulk properties. Here we 
focus therefore on photovoltaics based on infrared CQDs that 
offer wide tuning across the solar spectrum based on a dramatic 
range of quantum confi nement. These materials hold great poten-
tial for low-cost, high effi ciency photovoltaics. Intensive effort in 
these materials in the past fi ve years has also raised a number of 
important fundamental and applied questions that merit review. 

   2.2. Light Absorption in CQD Film 

 Light absorption may be described using the Beer-Lambert law:

 I = I0e− "(h<)l
  (1)   

  where  I  ,  I 0  ,   α   (h υ )  and  l  are the transmitted light intensity, 
incident light intensity, absorption coeffi cient, and fi lm thick-
ness, respectively. Indirect-bandgap semiconductors offer 
weak absorption coeffi cient because their absorption relies 
on a multi-particle interaction that includes a phonon. Direct-
bandgap semiconductors offer much stronger absorption 
coeffi cient, providing   α   of 10 4  cm  − 1  and above. Such a strong 
absorption enables reduced materials consumption and enables 
the realization of effi cient devices based on materials having 
modest transport lengths. 

 The absorption coeffi cient of CQDs is of crucial importance 
in engineering fi lms of suitable thicknesses to enable effi cient 
photovoltaics. Studies on CQDs dispersed in solution provide a 
basis for interpreting fi lm-based results. [  20  ,  21  ]   Figure    2   provides 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
the refractive index  n  and extinction coeffi cient  k  for typical PbSe 
CQD fi lms and provides a comparison with bulk PbSe. [  22  ]  For 
this study, PbSe CQDs having an excitonic peak at 1686 nm were 
treated using 1,2-ethanedithiol (EDT). At short wavelengths, the 
absorption coeffi cient was  ∼ 5 times lower than that of bulk PbSe, 
suggestive of 20% by volume of CQDs within the fi lm. [  21  ]  Optical 
penetration depths were estimated to be  ∼ 20 nm for 400 nm 
wavelength photons and  ∼ 500 nm for 1700 nm wavelength pho-
tons. Similar optical penetration depths have been obtained for 
PbS CQD fi lms having a similar quantum-confi ned bandgap. [  23  ]   

 Many CQD photovoltaics employ a refl ective back contact. To 
achieve 90% absorption of incident photons in a double-pass 
fashion, and use the absorption coeffi cient for photons with 
bandgap wavelength (most weakly-absorbed), simple calcula-
tion suggests that about 1  μ m worth of CQD fi lm is required, 
which is much thinner than indirect-gap devices such as Si 
(typically 100  μ m is required). 

    3. Semiconductor Solar Cell Fundamentals 

  3.1. Fundamentals of P-N Junction 

 To provide a framework for investigation and optimization of 
CQD materials and devices summarized herein, we begin with 
an introduction to the operation of semiconductor p-n junc-
tion devices. We fi rst point out evident deviations of CQD fi lms 
from the homogeneous bulk fi lm described by the canonical 
semiconductor theory and justify our pursuit of this fi rst-order, 
highly simplifi ed model notwithstanding:  

 1)     Strong electron interactions in bulk semiconductor solids and 
periodic crystal structures result in the formation of bands of 
delocalized carriers; whereas in semiconductor CQD fi lms, 
CQDs are surrounded by an insulting matrix material, typi-
cally organic ligands, and hence carriers are largely confi ned 
to the CQDs. Transport in these fi lms occurs mainly through 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29
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    Figure  3 .     (A) Schematic diagram of a p-n junction. qV oc  is the difference 
between the quasi-Fermi level  F n   of electrons in the n-type material and 
quasi-Fermi level  F p   of holes in the p-type material under illumination. 
Mid-gap states and shallow traps are present in both the p- and the 
n-type materials. Shallow traps capture and/or release free carriers to the 
valence/conduction band through thermal activation. Mid-gap states act 
as catalytic sites for electrons and holes recombination. (B)  J–V  character-
istic of a solar cell in the dark and under 1-sun illumination. The area of 
the orange rectangle represents the maximum power output, the product 
of the optimally-chosen operating current and voltage.  
tunneling or hopping. Carrier transport can be described in 
both cases by an average velocity – thus a time to transit a de-
pletion region or a quasi-neutral region – and this simple con-
sideration underpins many general concepts such as charac-
teristic drift and diffusion length scales of major importance 
to understanding the performance of junction-based devices.   

 2)     CQD fi lms incorporate quantum dots that results in a large 
internal surface area and may also produce fl uctuations in 
doping and trap state distributions across the fi lm. Spatially-
averaged doping and defect densities may nonetheless be 
applied over macroscopic (many tens of quantum dots) vol-
umes. Such volumes correspond to the measured length 
scales of depletion regions, diffusion lengths, and drift 
lengths in these fi lms, justifying their judicious use as help-
ful simplifying approximations.    

 When a p-type and a n-type semiconductor are brought 
together, diffusion of majority carriers leads to the establish-
ment of depletion region. The width of this region,  W , is:

 
W =

2gkT

q 2
ln

NAND

n2
i

1

NA
+

1

ND

1/ 2
( )( )][ (

  
(2)   

  where   ε  ,  k ,  T ,  q ,  n i  ,  N A   and  N D   are the permittivity, Boltz-
mann’s constant, temperature, elementary charge, intrinsic 
carrier density, acceptor density and donor density, respectively. 
Permittivity   ε   is the product of dielectric constant (or relative 
permittivity)   ε  m   and the permittivity of vacuum   ε  0  . Depletion 
region is not equally distributed on both side, but rather spread 
wider on the relatively less doped region based on:

 
xp0 =

W

1 + NA/ ND
xn0 =

W

1 + ND/ NA  
 (3)   

   xp0   and  xn0    is the depletion region width in the p-side and 
n-side, respectively. 

  V 0  , the built-in potential, refl ects the potential change within 
the depletion region. It is dependent on the doping density:

 
V0 =

kT

q
ln

NAND

n2
i

( )
  

(4)   

  Carrier transport relies on drift in the depletion region and 
diffusion in the quasi-neutral region, as indicated in  Figure    3   A . 
The drift length  l drift   depends on built-in fi eld  E , carrier mobility 
  μ   and carrier lifetime   τ  :

 ldri f t = :EJ   (5)   

     The carrier diffusion length  l diffusion   is calculated as:

 ldi f fusion =
√

DJ   (6)   

  Diffusion coeffi cient  D  and carrier mobility   μ   are related by 
the Einstein relation:

 

D
:

=
kT
q   

(7)   

  Under illumination, photogenerated carriers in the deple-
tion region are swept by the built-in fi eld to the edges of the 
depletion region. These carriers, as well as carriers generated 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29
in the quasi-neutral region, are required to diffuse across the 
quasi-neutral region to their respective collecting electrodes. 
Mid-gap states, also known as recombination centers, provide 
undesired nonradiative pathways for the loss of carriers prior 
to their successful extraction (Figure  3 A). Shallow traps play a 
much less deleterious role, extending excited state lifetime at 
the price of lowered mobility, typically keeping the mobility and 
lifetime product unchanged compared to the trap-free case. 

 While the preceding discussion ostensibly focused on homo-
junctions, Schottky (metal-semiconductor) contacts and het-
erojunctions function similarly. For Schottky contacts, band-
bending occurs at the metal-semiconductor interface. The 
metal contact can be viewed as heavily doped ( N   >  10 21  cm  − 3 ) 
semiconductor which, per  Equations 2 ,  3 , indicates that the 
entire depletion region falls on the semiconductor side of the 
junction. Schottky devices are thus sometimes referred to as 
single-sided p-n junctions. In the case of heterojunctions, the 
difference in the Fermi energies across the semiconductor-
semiconductor junction produces a depletion region and thus 
a driving force for the separation of photogenerated carriers as 
15bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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described above. Differences in electron affi nity and ionization 
potential provide for additional discontinuities in conduction 
and valence bands across the interface that – ideally – should 
promote the donation of one carrier (e.g. electrons) to the 
acceptor side, and block the egress of the other type of charge 
carrier (e.g. holes). 

   3.2. Fundamentals of Solar Cells 

 Figure  3 B shows the current density as a function of voltage 
( J–V ) characteristic of a solar cell in the dark and under illu-
mination. The dark current shows rectifi cation, characteristic 
of the diode nature of a solar cell. Under illumination, photo-
generated carriers shift the  J–V  curve downward into the fourth 
quadrant. The power conversion effi ciency   η   is given by:

 
0 =

Vmax Jmax

Pinc
=

Voc JscFF

Pinc   
(8)   

  where  V max   and  J max   are the voltage and current density at the 
maximum power point,  P inc   is the incident light intensity,  V oc   is 
the open-circuit voltage,  J sc   is the short-circuit current density 
and  FF  is the fi ll factor. 

 The short-circuit current density  J sc   is the maximum number 
of photogenerated carriers per unit area that are extracted from 
the solar cell.  J sc   depends on illumination intensity, the total 
absorbance of the solar cell and its match to the solar spectrum, 
and recombination losses prior to extraction.  J sc   can also be 
obtained by integrating the external quantum effi ciency (EQE) 
or incident-photon-to-electron conversion effi ciency (IPCE) with 
the standard AM1.5G spectrum. 

 The open circuit voltage  V oc   is the maximum voltage that a 
solar cell can generate.  V oc   refl ects the difference between the 
quasi-Fermi level of electrons  F n   in the n-type material and the 
quasi-Fermi level of holes  F p   in the p-type material.  V oc   and  J sc   
are related with one another, and with the reverse saturation 
current density  J 0   ,  as follows:

 
Voc =

kT

q
ln

Jsc + J0

J0
≈

kT

q
ln

Jsc

J0   
(9)   

  This mandates a low reverse saturation current density  J 0  , 
requiring low recombination in the quasi-neutral region and a 
highly rectifying diode. 

 In real photovoltaic devices, parasitic series resistance  R s   and 
shunt resistance  R sh   also need to be considered. The following 
equation describes the  J–V  characteristics of a realistic solar 
cell:

 
J = J′sc− J0 exp

q (V + JRs)

A0kT
− 1 −

V + JRs

Rsh

( )[ ]
  

(10)
   

  where  J  sc  ’  is the short-circuit current density when series 
resistance is zero and the shunt resistance is infi nite;  A 0   is 
the diode ideality factor and it typically has a value between 
1 and 2. As can be seen in  Equation 10 , series resistance 
 R s   reduces  J sc   but has no effect on  V oc  , while shunt resist-
ance  R sh   has no effect on  J sc   but reduces the  V oc  .  R s   is the 
sum of fi lm resistance, electrode resistance and the contact 
resistance between the fi lm and the electrode.  R sh   is mainly 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
associated with carrier recombination loss. In addition,  FF  
is also related to  R s   and  R sh  : large R sh  and small R s  leads to 
device with good  FF . In a word, maximized  R sh   and mini-
mized  R s    will maximize  V oc  ,  J sc   and  FF  and thus power con-
version effi ciency   η  .   

 3.3. Implications for CQD Solar Cell Optimization 

 The above discussions lead to some useful broad guidelines for 
CQD solar cell optimization:  

 (1)     Since effi cient carrier extraction mandates all photogenerated 
carriers transit to the electrodes within their lifetime, a sim-
ple planar device will require  l drift   for each carrier that exceeds 
the depletion region width, and  l diffusion   greater than the qua-
si-neutral-region thickness.   

 (2)     Since  V oc   is determined by the quasi-Fermi level difference 
across the junction, high doping levels are generally desired 
( Equation 4 ). However, high doping density results in thin-
ning of the depletion region ( Equation 2 ), which in turn re-
quires charge carriers to diffuse greater distances through 
quasi-neutral regions.   

 (3)     Since typical carrier lifetimes in CQD fi lms are on the or-
der of microseconds in the best cases, [  24  ]  and since minority 
carriers need to be extracted over distances on the order of 
hundreds of nanometers, mobilities of 0.01 cm 2 /Vs and well 
above are desired.   

 (4)     The preceding choice of bimolecular lifetime assumes that 
radiative recombination limits carrier lifetime; the inclusion 
of mid-gap states, even at very low density, can dramatically 
lower lifetimes into the nanosecond regime and below. Ex-
cellent passivation of nanoparticle surfaces, eliminating the 
defect states that lead to mid-gap centers, is thus urgently re-
quired.   

 (5)     More limited mobilities may be tolerated, yet complete ab-
sorption is achieved, when architectures inspired by organics’ 
bulk heterojunctions [  25  ]  and dye-sensitized solar cells’ nano-
porous electrodes [  26  ]  are employed. Majority carrier mobili-
ties in the donor and acceptor phases must nonetheless be 
maximized (ideally  0.01 cm 2 /Vs and above) to minimize the 
series resistance term in the fi ll factor.   

 (6)     Strategies to increase absorption per unit length, such as 
in the case of plasmonics where metal nanoparticles are 
employed, [  27  ]  are also of considerable interest for the same 
reason.    

    4. Electrical Properties of CQD Films 

  4.1. Measurements of Electrical Properties of CQD Film 

 As discussed in Section 3, carrier mobilities, doping density 
and carrier lifetime as well as dielectric constant are crucial 
to modeling photovoltaic device operation. In this section we 
briefl y review the experimental tools that are frequently applied 
in the fi eld to obtain such physical parameters. 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29
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 Time of fl ight (TOF) is used to measure the drift mobility of 
electrons and holes. It involves photogeneration of a packet of 
charge carriers via illumination of a semiconductor sample of 
interest addressed with rectifying electrical contacts. [  28  ]  Under 
an external bias, the photogenerated carriers drift to the col-
lection electrode, leading to the time-dependent current that 
is monitored across an external load resistor. The choice of 
bias polarity determines which carrier mobility is measured. 
Illumination at a short wavelength that ensures substantial 
absorption of light within a small fraction of the sample thick-
ness ensures that the dimension of the initially-created carrier 
packet is small compared to the sample thickness in which drift 
is then observed. 

 Carrier mobility can be calculated from the transit time  t T  , 
fi lm thickness  d  and the external bias  V :

 
: =

d2

tT V   
(11)   

  The transit time  t T   can be extracted from the intersec-
tion point of the asympotes to the double-logarithmic current 
plotted against time ( Figure    4   A ). The absence of a constant-cur-
rent plateau after the initial current spike indicates dispersive 
transport.  
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  4 .     Characterization of carrier mobility. (A) TOF and (B) CELIV measur
2008 American Institute of Physics. (C) schematic diagram of FET confi gur
Society) and (D)  I  D – V  DS  plot under different  V  G . Reproduced with permis
Science.  
 Successful application of TOF for mobility measurement 
necessitates that the dielectric relaxation time  t  σ    exceed the 
transit time ( t T  ) of photogenerated carriers:

 
tF =

gmg0

F
> tT =

d2

:V   
(12)   

  where   σ   is the conductivity. If  t  σ     <   t T  , the drifting packet of pho-
togenerated carrier will be incapable of reaching the collecting 
electrode. [  29  ]  In addition, TOF measurement also requires  t  σ    to 
be longer than the delay time between the application of voltage 
and the light pulse ( t D  ). 

 Carrier extraction by linearly increasing voltage (CELIV) – a 
purely electronic technique by contrast – follows the transient cur-
rent induced by the change in the width of the depletion layer in 
response to a pulsed electrical bias. [  29  ]  CELIV enables extraction 
of the majority carrier mobility. It relies on devices having strong 
rectifi cation. The linearly increasing voltage is applied through 
a function generator and the transient current is monitored 
through a load resistor. Figure  4 B shows a representative CELIV 
transient, from which the hole mobility   μ  h   may be extracted:

 
: h =

2d2

3At2
max(1 + 0.36�J

Jd
)

  
(13)   
17bH & Co. KGaA, Weinheim wileyonlinelibrary.com

ements of ITO/PbS/Al device. Reproduced with permission. [  24  ]  Copyright 
ation (reprinted with permission. [  30  ]  Copyright 2010, American Chemical 
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   d  is device thickness,  A  is ramp rate,  t max   is the time for the 
transient current signal to reach its maximum value,   Δ J  is the 
maximum drift current and  J d   is the displacement current. 
CELIV also allows determination of the dielectric constant   ε  m   
of the fi lm:

 
gm =

Jd d

Ag0   
(14)   

  The construction and characterization of fi eld-effect transis-
tors (FETs) enables the determination of carrier type and carrier 
mobility within a semiconductor that serves as channel of the 
FET. [  30  ]  The gate electrode is isolated electrically from source 
and drain through the use of a thin oxide, typically thermally-
grown SiO 2  atop a heavily-doped silicon substrate. Drain and 
source electrodes desirably form low-resistance contacts to the 
CQD fi lm. The free carrier density available in the channel, and 
thus the current fl owing between the source and drain upon 
application of a source-drain bias, is modulated by the gate 
voltage. For a n-type fi lm, a negative gate voltage depletes the 
transistor channel, increasing its resistance; while a positive 
gate voltage enhances the density of free carriers, decreasing its 
resistance (Figure  4 D). The linear regime fi eld effect mobility 
  μ  lin   of the fi lm can be extracted from the linear regime of drain-
source  I D   vs gate voltage  V G   plot: [  31  ] 

 
: l in =

L ( ∂ID
∂ VG

)

WCi VD   
(15)   

  where  L  is channel length,  W  is channel width,  V D   is drain-source 
voltage and  C i   is the unit capacitance of the dielectric layer:

 Ci = gmg0/ d   (16)   

    ε  m   is the dielectric constant (3.9 for SiO 2 ) and  d  is the thickness 
of the dielectric layer. 

 Another mobility from FET measurement,   μ  sat  , the satura-
tion regime fi eld-effect mobility, can be calculated from the 
 [I D ] 1/2   versus  V G   plot:

 
: sat =

2L (
∂I1/ 2

D
∂VG

)2

WCi   
(17)   
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  5 .     Measurement of doping density and carrier lifetime: (A)  C–V  ana
2008, American Chemical Society. (B)  V  oc  decay analysis of a ITO/PbS/LiF/
with permission. [  33  ]  Copyright 2010, American Chemical Society.  
  The measured   μ  sat   is  usually higher than   μ  lin  , often because 
the trapping of charge carriers degrades the linear mobility, 
but these traps are fi lled by the time the saturation regime is 
entered. Knowledge of the mobility and measured conductance 
can then be used to estimate the free carrier density. 

 The activated doping density of a semiconductor fi lm can 
also be ascertained from Mott-Schottky capacitance-voltage 
( C–V ) analysis. [  32  ]  The doping density can be calculated from 
the  C  − 2   vs  V  plot:

 
N =

2

A2qgmg0
dC− 2

dV  
 (18)   

  where  A  is device area and  C  is the measured capacitance. 
 Figure    5   a  shows a linear fi t of  C  − 2   vs.  V  whose slope allows 
determination of the doping density. When the device is 
fully depleted, the capacitance is constant during the voltage 
scan, and dielectric constant   ε  m   can be obtained from this 
measurement.  

 The carrier lifetime may be determined in operating pho-
tovoltaic diodes from measurement of the open-circuit decay 
characteristic. [  24  ,  33  ]  Devices are illuminated with a transient 
pulse that establishes the initial open circuit voltage  V oc  . Once 
illumination is turned off,  V oc   decays at a rate used to estimate 
the carrier lifetime   τ  :

 
J = −

6T

q

FI
dVoc

dt   
(19)   

    κ   is the Boltzmann constant,  F I   is a factor ranging 1 at low 
injection and 2 at high injection, and  dV oc /dt  is the measured 
initial slope of  V oc   degradation. Study of the intensity-depend-
ence of open-circuit voltage decay allows the recombination 
behaviour of a semiconductor device below and above 1 sun to 
be explored in detail. 

   4.2. Transport in CQD Film 

 As argued above, improved charge transport in CQD fi lms, ide-
ally reaching well above 0.01 cm 2  V  − 1  s  − 1 , is prized in realizing 
high-performance CQD photovoltaics. Transport mechanisms 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29

lysis of a ITO/PbSe/Al device. Reproduced with permission. [  45  ]  Copyright 
Al device. The green line is the linear fi tting of voltage decay. Reproduced 
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explored include resonant energy transfer, [  34  ]  variable range 
hopping (VRH) and tunneling between adjacent CQDs. We 
summarize briefl y the fundamentals of variable range hopping 
and tunneling mechanism with emphasis on recent experi-
mental results. 

 Mott variable range hopping (Mott-VRH) describes low-
temperature conduction in strongly disordered systems with 
localized states. [  35  ,  36  ]  Charges localized to having energy  E i   
may acquire suffi cient energy to hop thermally to a nearby site 
where the energy difference is   Δ E ij    =   E j  – E i  . The spatial dis-
tance  r ij   and energy difference   Δ E ij   together determine the hop-
ping probability: small  r ij   and large   Δ E ij   facilitate the hopping. 
As shown in  Figure    6   A , when the hopping between nearest-
neighbor sites (path I) dominates, the dependence of conduc-
tivity on temperature is given by:

 F = F0 exp[− (T0)T )1]   (20)   

     When hopping not between nearest neighbors (path II) also 
makes a large contribution to the conductivity, the dependence 
of conductivity on temperature is:

 F = F0 exp[− (T0) T )
1
4 ]  (21)   

  where T 0   =  e 2 /  ε    α  ,   α   is the localization length, and   ε   is the die-
lectric constant of the material. 

 In Efros-Shklovskii variable range hopping (ES-VRH), [  37  ,  38  ]  
the quantum localization length is assumed to be much smaller 
than the spatial distance between centers and the overlap 
between the wave functions is neglected. In this case the rela-
tionship between temperature and conductivity is given by:
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  6 .     Charge transport in CQD fi lms. Fermi level (dash lines) and 
the lowest CQD states (1S h  for holes and 1S e  for electrons) are depicted. 
(A) Nearest-neighbor hopping (I) and variable range hopping (I + II) occur 
between CQD states and surface trap states. Variations in CQD size dis-
tribution can produce an energy misalignment between the states among 
which transport is desired. (B) Tunneling between adjacent CQD allows 
charge carriers to cross the inter-particle barrier (pink rectangular bar) of 
width  Δ x. Exciton delocalization (light orange cloud) and coupling energy 
 β  are stronger between CQD 1 and 2 (narrower barrier) than between 
CQD 2 and 3. While not depicted here, similar pathways for carrier hop-
ping and tunneling also occur within the valance band.  
 F ∝ exp[− (T0) T )
1
2 ]   

(22)   

  The conduction mechanism change from ES- to Mott-VRH 
when the energy difference of hopping sites (  Δ E ij  ) equals to the 
Coulomb gap   Δ  . [  39  ]  In an array of weakly coupled CQDs, the 
Coulomb gap is:

 � ≈ 2Ec   (23)   

  where  E c   is the energy required to add or remove one charge 
to the particle. [  30  ]  For a spherical CQD it can be approximately 
calculated as:

 
Ec =

e2

4Bgr   
(24)   

  where  r  is the radius of the CQD. 
 These concepts have been applied in the study of transport in 

fi lms consisting of  ∼ 5.5 nm diameter PbSe CQDs capped with 
oleic acid. [  40  ]  When the as-produced fi lm was annealed at 373 K, 
Coulomb blockade dominated because the  ∼ 36 meV charging 
energy  E c   for the PbSe CQDs exceeded  kT , thus rendering the 
PbSe CQD fi lm essentially insulating. Annealing at 473 K and 
higher temperature decreased inter-particle spacing and made 
the fi lm much more conductive through variable range hop-
ping. Fitting the conductivity as a function of temperature ( T ) 
through the following equation ( G  0  and  T  0  are constants):

 G = G0 exp[−(T0/T )p ]  
 (25)   

  led to  p   ∼ 0.95–1.05 in the high-temperature region and 
 ∼ 0.48–0.55 in the low-temperature region, as shown in  Figure    7  . 
These values closely approach the unity value characteristic of. 
Mott-VRH and the  ∼ 0.5 value characteristic of ES-VRH. [  40  ]   

 While transport based on hopping is temperature-dependent, 
transport based on tunneling is temperature-independent. For 
a general model, the quantum mechanical coupling between 
two adjacent CQDs can be expressed in terms of coupling 
energy   β  :

 $ ≈ h�   (26)   

   h  is Planck’s constant and   Γ   is the tunneling rate, which can be 
approximated as: [  30  ] 

 
� ≈ exp −2B�x

√
8m∗�E

h2

( )
  

(27)   

  where  m  ∗    is the carrier effective mass and   Δ E  and   Δ x  are the 
height and width of the tunneling barrier. The tunneling rate 
  Γ  , and also the coupling energy   β  , drop exponentially with 
increasing inter-particle distance   Δ x . The dependence on the 
barrier height   Δ E  and carrier effective mass  m  ∗    is weaker. [  30  ]  
As shown in Figure  6 B, a larger barrier between CQD 2 and 3 
leads to less wave function overlap compared to the wave func-
tion overlap between CQD 1 and 2. As in the case of hopping, 
effi cient electron transport requires a coupling energy   β   that 
exceeds the Coulomb gap  Δ . 

 The strong dependence of carrier mobility on inter-particle 
spacing   Δ x  was recently confi rmed experimentally by Law et 
al. [  41  ]  PbSe CQD fi lms treated with a series of alkanedithiols 
were found to exhibit carrier mobilities that decreased 
19bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  7 .      I–V  bias  characteristics versus  T  for PbSe CQD fi lm vacuum annealed at (a) 473 and (b) 523 K. The lower insets show G (in log scale) versus 
the inverse of  T . The upper insets are TEM images of PbSe CQDs arrays after vacuum annealing. Reproduced with permission. [  40  ]  Copyright 2005 
American Physical Society.  
exponentially with increasing ligand length. The focus on 
shrinking the length of organic ligands used in CQD passiva-
tion is thus justifi ed. 

 Exchanging long original ligands to a shorter ligand before 
fi lm formation is one practice used to decrease inter-particle 
distance  r ij  . [  42  ]  Following the ligand exchange, smooth and 
dense fi lm can be directly fabricated using spin-coating or spray 
deposition. In one study, solution-phase butylamine ligand 
exchange was used to remove long oleate ligands capping PbS 
CQDs. [  24  ,  43  ]  In a similar vein, molecular metal chalcogenides 
have recently been employed in solution ligand exchange, pro-
ducing close packing among Sn 2 S 6  4 −  -capped CdSe CQDs and 
 μ  e   ∼  3  ×  10  − 2  cm 2  V  − 1 s  − 1 . [  44  ]  

 Another way to reduce inter-particle distance is to treat the 
CQD fi lms in the solid phase using short, often bidentate, 
ligands that substitute the original long ligands. Ligands of 
interest include methylamine, [  45  ]  hydrazine, [  31  ]  pyridine, [  46  ]  
and dithiols such as EDT [  47  ,  48  ]  and benzenedithiol (BDT). [  49  ]  
The deposition of multiple layers is often used to infi ll cracks 
resulting from volume contraction. This layer-by-layer strategy 
has been applied to build fi lms from 8-nm PbSe CQDs treated 
using 1.0 M hydrazine. Impressive  μ  e   ∼  0.7 cm 2  V  − 1  s  − 1  for as-
treated fi lms and   μ   h  of 0.12–0.18 cm 2  V  − 1  s  − 1  for fi lms exposed 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

   Table  1.     Reported electron and hole mobilities for various CQD fi lms. 

Material Film Preparation Ligand CQDs size   μ   e  (cm 2  V

PbS solution exchange butylamine 6 nm (2  ±  1)  ×

CdSe  Sn 2 S 6  4 −    +  heat treatment 4.5 nm 3  ×  10

PbSe solid state 

treatment

hydrazine 8 nm 0.7

  hydrazine 7.4 nm 0.5–1

  EDT 6.1 nm 0.07

PbS mixed[a] butylamine  +  1,4-BDT 6 nm (1–6)  ×  

PbSe mixed octylamine  +  1,4-BDT 4 nm 1.4   ×  1

   [a] the third strategy: fi rst solvent exchange then solid-state treatment.   
to air were obtained. [  31  ]  Similar solid-state treatments of PbSe 
CQD fi lm using alternative ligands and linkers have been 
reported. [  50  ,  51  ]  

 Methods that combine solution-phase and solid-state treat-
ments may be benefi cial. In one report, PbSe CQDs were fi rst 
exchanged from oleate to octylamine in solution, after which 
fi lms were fabricated using layer-by-layer processing. These fi lms 
were further treated with BDT and   μ   e   ∼  1.4  ×  10  − 3  cm 2  V  − 1  s  − 1  
and   μ   h   ∼  2.4  ×  10  − 3  cm 2  V  − 1  s  − 1  were obtained. [  49  ]  A similar 
strategy was applied in the case of PbS CQD fi lms. [  23  ]  The use 
of BDT was advanced as a means to promote electron delocal-
ization by virtue of the conjugated benzene ring, a means to 
decreasing barrier height   Δ E  and increasing coupling energy   β  . 

 Table  1  summarizes the electron and hole mobilities reported 
for different CQD fi lms. The range of reported mobility values 
is expected to arise due to differences in inter-particle spacing 
resulting from the various treatments. As seen in  Equation 27 , a 
small variation in   Δ x  may lead to a large change in the coupling 
energy and measured mobility. Different methods of mobility 
characterization are also expected to produce discrepancies in 
reported mobilities. In FET mobility measurements, the applied 
gate bias will result in fi lling of the deeper traps, and the modu-
lation of the current fl owing through the channel will reveal the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29

  − 1  s  − 1 ) Measurement technique   μ  h   (cm 2  V  − 1  s  − 1 ) Measurement 
technique

ref.

  10  − 4 TOF (1.5  ±  0.1)  ×  10  − 3 CELIV  [24] 

  − 2 FET    [44] 

FET 0.12–0.18 FET  [31] 

.2 FET    [50] 

FET 0.028 FET  [41] 

10  − 4 transient photocurrent    [23] 

0  − 3 FET 2.4  ×  10  − 3 CELIV  [49] 
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high mobilities associated with shallow traps and subbands. [  19  ]  
In CELIV and TOF measurements, traps are more prone to 
dominate mobility measurements, leading to smaller extracted 
mobility values.  

 It should be emphasized that quantum confi nement in 
CQDs should be substantially preserved in order to maintain 
high  V oc  . Hence, it is important to monitor the preservation of 
an excitonic peak in absorption [  48  ]  and/or quantum effi ciency 
spectra in fi lms and devices following ligand exchanges and 
fi lm fabrication.   

 4.3. CQD Passivation 

 As discussed in Section 3.1, midgap defects in devices act as 
recombination centers. They reduce the number of extract-
able photogenerated carriers, leading to suboptimal internal 
quantum effi ciency and thus  J sc  . They also suppress quasi-
Fermi level splitting under illumination, decreasing the avail-
able  V oc  . Passivation of these midgap defects is therefore crucial 
to achieve effi cient solar cells. In solution-based studies of CQD 
luminescence, there is no limit on the ligand length that can 
be used to enhance passivation; [  52  ,  53  ]  however, in optoelectronic 
applications such as photovoltaics, good carrier transport man-
dates a small inter-particle spacing requiring the use of short – 
yet still strongly passivating – ligands. 

 Recent fi ndings have established lead chalcogenide CQDs 
as composed of a stoichiometric core surrounded by a Pb-rich 
cation layer. [  20  ,  21  ]  This nonstoichiometric nature has been found 
to simplify the implementation of complete passivation. Ligands 
that bind strongly only to surface cations may substantially passi-
vate surface defects. Pb-rich nanoparticles passivated using short 
thiols – ligands that are minimal in volume and high in affi nity 
to surface Pb 2 +   – have therefore seen considerable attention. 

 The nature of the defects – whether they produce deep midgap 
recombination centers or more innocuous shallow traps – depends 
on chemical treatment. Related work on the temporal response 
of PbS CQD photoconductive photodetectors showed that both 
amine and carboxylic acid-terminate ligand treatments resulted in 
long-lived defects having  >  2 second time constants. These long-
lived – hence energetically deep – traps were associated chemically 
with the presence of PbSO 4  on the surface of the nanoparticles. 
Once treated with thiol-terminated ligands, these fi lms exhibited 
only the presence of PbSO 3  and evinced a much shorter-timescale 
temporal response consistent with shallow traps. [  54  ]  

 The choice of ligand end functional group has a correspond-
ingly dramatic infl uence on photovoltaic device performance. 
Vapor treatment using ethanethiol improved PbS CQD pho-
tovoltaic device performance. [  55  ]  Following the passivation of 
midgap recombination centers on the PbS CQD surface,  V  oc  
increased from 0.28 to 0.43 V and EQE increased from 5% to 
22%, leading to a 10-fold improvement in device effi ciency. 
Another study revealed that EDT treatment not only removed 
all oleate ligands from PbSe CQDs, but also effectively pas-
sivated the CQDs and produced photovoltaic devices having 
internal quantum effi ciency of greater than 80%. [  48  ]  

 Whereas short-thiol-based ligands have shown great success 
in CQD passivation for photovoltaic devices, they suffer from 
two major limitations:  
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29
 1)     Due to their small molecular weight, many of these ligands 
are volatile and may be readily removed under thermal an-
nealing. [  56  ,  57  ]  Relatedly, metal-sulfur moieties are susceptible 
to oxygen attack, leading to devices having poor air stability.   

 2)     Most thiol-based ligands explored to date passivate surface 
cations, leaving the surface anions incompletely passivat-
ed. [  58  ]  These unpassivated anions may yield midgap recombi-
nation centers and deteriorate device performance. [  59  ]     

 The epitaxial growth of a thin wide-bandgap semiconductor 
shell around the CQD core offers one potential solution to over-
come these limitations. In the solution phase, this approach 
has been found to improve the photoluminescence yield of 
CdSe CQDs by the growth of ZnS shell. [  60  ]  Even when the shell 
is not epitaxial to all facets of the core, such as in the PbS/CdS 
core/shell system, photoluminescence emission intensity has 
been seen to improve appreciably. [  61  ,  62  ]  Related systems such as 
PbSe/PbS and PbSe/PbSe x S 1-x  core-shell CQDs, [  63  ,  64  ]  as well as 
PbSe/PbS core-shell nanowires, [  65  ]  have seen similar study. 

 To date, only air stability and photoluminescence yield [  66  ,  67  ]  – 
and not absolute device performance – have been reported for 
lead chalcogenide core/shell CQDs. Shell growth, while reducing 
surface defects, is expected to come at a cost to carrier transport. 
Core/shell CQDs generally confi ne one (type II core-shell) or two 
(type I core-shell) carrier wave function inside the core, militating 
against delocalization of either both or one charge carrier. A deli-
cate balance between surface passivation and carrier transport 
necessitates the careful engineering of ultrathin shell growth. 

   4.4. CQD Film Doping 

 Both doping type and doping density are important for the 
operation of photovoltaic devices. A p-type CQD fi lm is required 
for Schottky devices that employ shallow work function metals. 
Doping density is a crucial variable in device operation: 
increasing doping density ( N A   and  N D  ) will increase contact 
potential  V  0  ( Equation 4 ) but decrease the depletion region 
thickness W ( Equation 2 ). 

 Doping CQD fi lms based on the deliberate introduction of 
specifi c impurity ions into the core remains a challenge. Self-
purifi cation – wherein dopants segregate out from the core to 
the surface – results because the formation energies of defects 
increases as the size of the nanocrystal decreases. [  68  ,  69  ]  Recent 
experimental observations by several groups have nonetheless 
confi rmed the doping of CQD fi lm. In one report, a hydrazine-
treated PbSe CQD fi lm originally was n-type. After vacuum 
treatment or mild heating, the fi lm switched to p-type. [  31  ]  Simi-
larly, butylamine-capped PbS CQD fi lm has been shown to 
exhibit p-type behavior based on Mott-Schottky analysis. [  24  ]  

 Successful doping of CQD fi lm can be explained with ref-
erence to the formation of traps at the CQD surface. Unpassi-
vated surface atoms – either cations or anions – can, by trapping 
free carriers, act equivalently to donors if they trap holes, or to 
acceptors if they trap electrons. The net doping density is the 
difference between the number of electron-capture defects and 
the number of hole-capture defects. Treatments applied to CQD 
fi lms will naturally infl uence the number of each type of sur-
face defects and thus change the net doping type and density. 
21bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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Hole density has been observed to equal to 3  ×  10 16  cm  − 3  for 
untreated PbS CQD fi lms and to vary from 2  ×  10 16  cm  − 3  to 1  ×  
10 17  cm  − 3  following EDT treatment and air annealing, respec-
tively. [  47  ]  These fi ndings may be explained by noting that EDT 
passivates surface defects and thus reduces fi lm doping den-
sity; whereas air annealing removes EDT and re-exposes sur-
face defects, leading to an increased doping density. 

 The density of the quantum dots themselves in CQD fi lms 
lies in the vicinity of 10 19  cm  − 3  for the case of  ∼ 3 nm dots. For 
measured  N A   of order 10 17  cm  − 3 , [  33  ]  this corresponds to only 
one acceptor per  > 100 nanocrystals. This is low considering the 
abundant surface area of the materials, and is suggestive that 
thiols are indeed highly effective in passivation. 

 An alternative means of doping CQD fi lm involves com-
bining two types of nanoparticles. A 1:1 composite of PbTe: 
Ag 2 Te nanocrystals was found to exhibit a 100-fold increase in 
conductivity compared to pure-phase PbTe and Ag 2 Te fi lms. [  70  ]  
Because of the staggered band diagram between PbTe and 
Ag 2 Te nanoparticles, electrons move from Ag 2 Te nanoparticles 
to fi ll the trap states of neighboring PbTe nanoparticles, leaving 
mobile holes in Ag 2 Te nanoparticles that increase the conduc-
tivity of this p-type fi lm. [  71  ]  This fi nding suggests that CQD mix-
tures may be used to tune the net doping of CQD fi lm. 

    4.5. Dielectric Constant of CQD Film 

 The dielectric constant   ε   m  of CQD fi lms is relevant to the deple-
tion region width ( Equation 2 ). The dielectric constant of CQD 
fi lms is expected and observed to be lower than that of their 
bulk counterparts [  72  ]  from volume fraction considerations. [  33  ]  In 
Maxwell-Garnett effective medium theory, this can be explained 
quantitatively as:

 
gm = g1

g2(1 + 2*) − g1(2* − 2)

g1 (2 + * ) + g2 (1 − * )   
(28)   

  where   ε  1   and   ε  2   are the dielectric constant of the matrix 
and embedded material and   δ   is the volume fraction of the 
embedded material. As one example, taking volume fraction   δ   
of 0.5 and   ε  2   of 50 for the quantum dot phase, and   ε  1   of 4 for the 
remaining volume occupied by ligands, results in a predicted 
dielectric constant of 12 for a typical PbSe CQD fi lm. This is 
in good agreement with capacitance-voltage results that allow 
extraction of the effective dielectric constant of the fi lm. [  45  ]  Both 
CELIV and C-V measurements also indicate the typical PbS 
CQD fi lm effective dielectric constants are in the range 15–20. 

   5. Progress in CQD Solar Cell Performance 

 Ever since the fi rst observation of photovoltaic effect from PbS 
CQDs in 2005, [  42  ]  rapid progress has been achieved in this fi eld. 
The AM1.5G effi ciency has now reached 5.1%. Various device 
architectures, including metal/CQD fi lm, oxide/CQD fi lm, 
organic layer (polymer or small molecules)/CQD fi lm, and CQD 
fi lm/CQD fi lm, have been explored. The nature of photovoltaic 
device operation – excitonic solar [  73  ]  vs. p-n heterojunction mecha-
nisms [  43  ,  45  ]  – remains a lively topic within the published literature. 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
  5.1. Schottky Solar Cells 

 The junction between a p-type semiconductor and a low work func-
tion metal (Al, Ca, Mg etc.); or between an n-type semiconductor 
and a deep work function metal (Au, Pt, etc.) forms a Schottky con-
tact. Because lead chalcogenide CQD fi lms are generally p-type, 
the preponderance of published Schottky barrier photovoltaic work 
employs shallow work function metals. In these devices, band 
bending occurs only inside the CQD fi lm. A depletion region is 
established and the resultant internal fi eld separates electron-hole 
pairs. Electrons fl ow into the metal, and holes to a transparent 
deep-work-function ohmic contact such as ITO and FTO. 

 The fi rst CQD solar cells to exceed 1% AM1.5 PCE were 
reported in 2008 [  43  ]  and employed a Schottky architecture. PbS 
CQDs underwent a solution-phase ligand exchange to replace 
original oleate ligands ( ∼  2.5 nm) with much shorter ( ∼ 0.5 nm) 
butylamine. Spin-coating of these nanocrystals from octane solu-
tion led to smooth, densely packed arrays, as shown in  Figure    8   a . 
A Schottky barrier was formed at the junction between Al and the 
PbS CQD fi lm. The device showed an AM1.5G effi ciency of 1.8% 
with a  V oc   of 0.33 V and a  J sc   of 12.3 mA/cm 2 . The PbS CQD fi lm 
had   μ  h   of (1.5  ±  0.1)  ×  10  − 3  cm 2  V  − 1  s  − 1  and   μ  e   of (2  ±  1)  ×  10  − 4  cm 2 

 V  − 1  s  − 1 . Drift lengths  l drift   for holes and electrons in the depletion 
region were found to be 10  μ m and 1  μ m, respectively. The dif-
fusion length  l diffusion   for minority electrons in the quasi-neutral 
region was estimated to be 0.1  μ m. The majority of collected pho-
tocarriers were generated and effectively separated in the deple-
tion region, and the effi ciency of the device was limited by the 
rate of carrier diffusion through the quasi-neutral region. [  43  ]   

 Soon thereafter, a Schottky device was reported that employed 
PbSe CQDs that were brought together and passivated using 
treatment with 1,4-benzenedithiol. [  49  ]  It is believed that some 
of these bidentate thiols bind to the surface of the same nano-
crystal, while others may bridge nearby particles. These devices 
showed an AM1.5G effi ciency of 1.1% and offered a signifi cant 
improvement in air stability over the butylamine-based devices. 

 Later in 2008, a Schottky device using PbSe CQDs and having 
an AM1.5G effi ciency of 2.1% was reported ( Figure    9  ). [  45  ]  EDT 
was used to treat the fi lm. It served both to remove the long 
oleate ligand and to passivate the PbSe CQDs. A layer-by-layer 
dip-coating strategy was again applied such that any cracks 
and pinholes from the EDT treatment were fi lled in using the 
next layer. An impressive short-circuit current density  J sc   of 
24 mA cm  − 2  was obtained; the low  V oc   of 0.239 V and  FF  of 
40.3% account for the overall effi ciency. The EQE spectrum 
reached 55–65% at wavelengths shorter than 800 nm, photon 
frequencies for which absorption of light was substantially 
complete. The  ∼ 80% internal quantum effi ciency estimated 
in this part of the spectrum indicates minimal recombination 
loss and effi cient carrier extraction. By building devices having 
different bandgaps, the authors found that the open-circuit 
voltage  V oc   of the device depended on E g  according to V oc   ≈  
0.49 (E g /q)  − 0.253 V. This pinning relative to the half-bandgap 
of the semiconductor is often seen in Schottky devices. [  74  ]  V oc   
was observed to decrease with increasing work function of the 
top metal contact, as expected for a Schottky solar cell.  

 In 2009, the effi ciency of CQD Schottky device was  
improved to 3.3% by employing ternary PbS x Se 1-x  CQDs. 
Devices attained a  V oc   of 0.45 V and a  J sc   of 14.8 mA/cm  − 2 . The 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29
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    Figure  8 .     (a) Depiction of the architecture of a typical CQD-Schottky device. The inset shows an SEM image of the nanocrystal fi lm (scale bar is 20 nm). 
(b) The energy band model. (C) The  J–V  curve and photovoltaic performance (under 975 nm, 12 mW cm  − 2  illumination) for the baseline device (1), 
device processed using the fast cooling PbS CQDs (2) and device further employed butylamine ligand exchange (3). Reproduced with permission. [  43  ]  
Copyright 2008 American Physical Society.  
authors ascribed the higher effi ciency to the synergetic effect of 
the alloyed PbS  x  Se 1− x   CQDs. [  75  ]  In 2010, the effi ciency of PbS 
CQD Schottky device was further improved to 3.6%. Small and 
conjugated molecules  N -2,4,6-trimethylphenyl- N -methyldithio-
carbamate (TMPMDTC) were used as ligands and benzenethiol 
was applied to treat the fi lm during layer-by-layer coating. LiF/
Al was used as the Schottky contact and the devices showed a 
record  V oc   of 0.51 V,  J sc   of 14.0 mA/cm 2,  and FF of 51%. [  76  ]  
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  9 .     Structure, performance and schematic diagram of the ITO/PbSe/C
dark and under simulated AM1.5G illumination. (b) SEM cross-section of t
 E g  =  0.95 eV). (d) Proposed equilibrium band diagram. Reproduced with pe
 While Schottky devices benefi t from straightforward fabrica-
tion, their effi ciency is limited by three factors:  

 1)     Light absorption begins at the transparent conductive oxide 
side, requiring that the highest density of photogenerated mi-
nority electrons travel through much of the fi lm thickness be-
fore reaching the electron-collecting Schottky contact. These 
carriers are vulnerable to loss via recombination.   
23bH & Co. KGaA, Weinheim wileyonlinelibrary.com

a Schottky device. (a)  J–V  characteristics of a representative device in the 
he device stack. (c) EQE spectrum of a 140 nm-thick device (PbSe CQDs 
rmission. [  45  ]  Copyright 2008, American Chemical Society.  
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 2)     For an ideal Schottky junction, the barrier height is typically 
limited to  ∼ 0.67  E  g , while in practical devices the  V  oc  is often 
lower because of the Fermi-level pinning by defect states at 
the metal-semiconductor interface.   

 3)     A minimal barrier to hole injection is present at the electron-
extracting electrode of the Schottky device, limiting shunt re-
sistance and inviting back-recombination.    

   5.2. Heterojunction Solar Cells 

 Heterojunction solar cells have recently been shown to over-
come each of the key limitations of the Schottky architec-
ture. [  77  ]  In the highest-effi ciency CQD photovoltaics reported 
to date, a p-n heterojunction was formed by bringing together 
two semiconductors of opposite doping type and generally 
different composition and bandgap. For effi cient dissociation 
of photogenerated carriers, the donor and acceptor materials 
should form a type II heterojunction: the (electron) acceptor 
– the n-type material – should have a lower conduction band 
level while the (electron) donor – the p-type material – should 
    Figure  10 .     (a) Schematic and (b) cross-sectional SEM image and (c) energy band diagram of 
the ITO/ZnO/PbSe CQDs/  α  -NPD/gold heterojunction solar cell. (d)  I − V  characteristics of the 
cell recorded in the dark and under simulated AM1.5G illumination and (e) its corresponding 
EQE spectrum. Reproduced with permission. [  83  ]  Copyright 2009 American Chemical Society.  
attract holes. Quantum size-effect tuning 
provides an added degree of freedom, 
beyond material composition alone, in the 
manipulation of the band position of CQDs. 
Consequently, the restriction on the mate-
rial selection for appropriate band offset 
is signifi cantly relaxed and more materials 
are available for CQD heterojunction solar 
cells. 

 Sensitizing nanocrystal TiO 2  solar cells 
using InAs CQDs [  78  ]  has been found to 
lead to effi cient charge transfer from InAs 
CQDs to TiO 2  particles without deliberate 
modifi cation of the quantum dot capping 
layer. For the InAs CQDs sensitized solar 
cell using a Co 2 +  /Co 3 +   electrolyte, devices 
showed  ∼ 1.7% effi ciency under 5 mW/cm 2  
illumination but decreased to 0.3% under 
1 sun illumination. HgTe CQDs have also 
been used to sensitize nanoporous TiO 2  
electrodes and extend the photon-harvesting 
spectral regime to 1500 nm. [  79  ]  HgTe CQDs, 
either aqueous soluble or organic-solvent-
soluble, were mixed with nanoporous TiO 2  
electrodes and a poly(3-hexylthiophene) 
(P3HT) matrix to combine the concepts of 
nanocrystal/polymer-blend solar cells and a 
solid-state nanocrystal-sensitized solar cell. 
The devices showed improved  J sc   compared 
to a control device without HgTe CQDs, sug-
gesting a role for HgTe CQDs in infrared 
light absorption. 

 Polymers and small organic molecules 
have also been applied to build CQD hetero-
junction solar cells. [  80  ]  Hybrid heterojunction 
photovoltaic cells using 1,3-BDT crosslinked 
PbS CQDs and vacuum-deposited C 60  layer 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
achieved an AM1.5G effi ciency of 2.2%, compared to 1.6% 
in the corresponding Schottky device. [  81  ]  The increase in effi -
ciency arose largely from the  V oc   and  FF  improvement due 
to the reduced recombination current and higher carrier col-
lection effi ciency at the PbS CQDs/C 60  interface, an intrinsic 
advantage associated with a well-engineered heterojunction 
device. 

 A photovoltaic device based on PbS CQDs and amorphous 
silicon (a-Si) was reported in 2009. [  82  ]  The device showed a  V oc   of 
0.2 eV, a  J sc   of 4.13 mA cm  − 2 , a  FF  of 0.39, corresponding to an 
effi ciency of 0.9% under 36.5 mW cm  − 2  xenon lamp illumina-
tion. EQE reached 50% at  ∼ 500 nm in the device and both a-Si 
and PbS CQDs contributed to the photocurrent. During opera-
tion, photogenerated electrons fl owed to a-Si and were collected 
using an Al electrode; and holes fl owed from a-Si through PbS 
CQDs to ITO, corresponding to a p (PbS) – n (a-Si) junction 
device. 

 Heterojunction devices based on PbSe CQDs and ZnO 
fi lm have been reported with an AM1.5G effi ciency of 
1.6%. [  83  ]  As shown in  Figure    10  , the device was composed 
of a ZnO fi lm made using rf magnetron sputtering; a layer-
by-layer dip-coated PbSe CQD fi lm treated using EDT; an 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29
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electron-blocking layer  α -NPD [ N, N  ′   -bis(1-naphthalenyl)- 
 N, N  ′   -bis(1-phenylbenzidine))]; and an ohmic gold contact 
deposited via thermal evaporation. Electrons were injected 
from the PbSe layer into to the ZnO as seen in Figure  10 c. 
The device showed a  J sc   of 15.7 mA cm  − 2  under simulated 
AM1.5G illumination. The optimal thickness for the PbSe 
fi lm was determined to be  ∼ 100 nm, a balance between 
absorption and carrier transport; and the optimal thickness 
for   α  -NPD layer was determined to be  ∼ 30 nm, a balance 
between shunt resistance gain (improved  V oc  ) and series 
resistance loss (decreased J sc ).  
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  11 .     Device architecture and performance of TiO 2 /PbS heterojunctio
band diagram; (B) Cross-sectional TEM as well as elemental distribution pl
devices using three different size CQDs; (D)  J–V  curves for the champion de
tion spectra of the champion device. Reproduced with permission. [  77  ]  Copyri
 The record-setting CQD solar cells recently reported reached 
above 5% AM1.5 solar power conversion effi ciencies for the 
fi rst time ( Figure    11  ). [  77  ]  These devices – known as depleted-het-
erojunction colloidal quantum dot solar cells (DH-CQD) – took 
advantage of an  heterojunction between a transparent n-type 
TiO 2  electrode and an active layer consisting of PbS CQDs. The 
1S electron excited state of the CQD lies well above ( > 0.3 eV) 
the TiO 2  conduction band level: photoexcited electron injec-
tion was favored therefore into TiO 2  both due to the band offset 
and the built-in potential from the  p-n diode junction. The 1P 
hole level exhibits a large ( >  1.5 eV) discontinuity with the TiO 2  
25bH & Co. KGaA, Weinheim wileyonlinelibrary.com

n solar cells. (A) Schematic demonstration of FTO/TiO 2 /PbS/Au and its 
ot of a photovoltaic device. The scale bar is 200 nm; (C)  I-V  response of 
vice recorded with and without one sun illumination; (E) EQE and absorp-
ght 2010 American chemical Society.  
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valence band, providing a sizeable barrier against the undesired 
passage of majority holes from the p-type CQD layer into the 
TiO 2  electrode. Holes were conducted away using a top ohmic 
Au contact to the p-type PbS CQD layer.  

 DH-CQD photovoltaics successfully overcame the limita-
tions of prior work on Schottky barrier CQD devices in three 
principal ways. First, the DH design employed a transparent 
electron-accepting TiO 2  contact, thereby benefi ting more effi -
ciently from minority carrier separation due to the placement 
of the junction on the illuminated side. Second, whereas the 
Schottky device’s open-circuit voltage is limited by Fermi-level 
pinning due to defect states at the metal-semiconductor inter-
face, the TiO 2 -CQD interface benefi ted from passivation during 
the solution-phase deposition of the quantum dots. Third, a 
large discontinuity in the valence band of the DH device, com-
bined with the minimization of electron density in the elec-
tron acceptor near the junction, maximized shunt resistance 
to enhance fi ll factor and minimized back-recombination to 
improve  V  OC . 

 Under  0.94 sun illumination, the best devices showed a  V oc   
of 0.51 V, a  J sc   of 16.2 mA cm  − 2 , and  FF  of 58%, corresponding 
to an effi ciency of 5.1%. The improvement in performance over 
previous reports derives principally from improved  V oc   and  FF , 
both traceable to the improved device architecture. The shape 
of the EQE spectrum resembled its absorption spectrum and 
reached a maximum value of 60%. 

 For the PbS CQDs used in these devices, simple calcula-
tion suggests that Förster energy transfer should allowed the 
transport of excitons over distances corresponding to at most 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

   Table  2.     Summary of device performance based on infrared CQDs. 

CQDs material Device architecture  V  oc  (V)

PbS Au/P3HT/PbS/ITO [a] 0.4

 ITO/SnS/PbS/Al 0.35

 ITO/PbS/a-Si/Al 0.2

 ITO/PbS/Al 0.33

 ITO/PbS/LiF/Al 0.46

 ITO/PbS/C60/LiF/Al 0.40

 ITO/PbS/LiF/Al 0.51

 FTO/TiO 2 /PbS/Au 0.51

PbSe ITO/PEDOT/(BP:PbSe)/PbSe/Al [b] 0.65

 ITO/PEDOT/P3HT/P3HT:PbSe/Al 0.41

 ITO/MOPphotovoltaic-MWNT:PCBM/PbSe/Al [c] 0.406

 ITO/PbSe/Al 0.24

 ITO/PbSe/PEDOT:PSS/P3HT:PCBM/Al [d] 0.57

 ITO/ZnO/PbSe/ α -NPD/Au [e] 0.39

 ITO/PbS x Se 1-x /Al 0.45

 ITO/PEDOT:PSS/PbSe/ZnO/Al 0.44

InAs FTO/TiO 2 /InAs/electrolyte/Pt 0.35

HgTe ITO/TiO 2 /(HgTe:TiO 2 )/(HgTe:P3HT)/Au 0.40

   Note: [a] P3HT: poly(3-hexylthiophene); [b] PEDOT: poly(3,4-ethylenedioxythiophene),
1,4-phenylenevinylene]-multiwalled carbon nanotubes; [d] PSS : poly(styrene-sulfonate)
N,N ′ -bis(phenylbenzidine)].   
a few quantum dots dots; however, effi cient carrier extraction 
occurred in this 200–250 nm thick PbS CQD fi lm. Addition-
ally, the  V oc   in devices made using CQDs having different 
size-tuned bandgaps was found to correlate closely with the 
Fermi level difference. These observations lend additional 
support to the p-n junction picture of device operation pre-
sented herein. 

 In all CQD devices reported to date, the EQE spectrum has 
yet to approach its potential. High-effi ciency solar cells having 
an EQE exceeding 90% above the bandedge would lead to  J sc    >  
35 mA/cm  − 2 . Efforts to minimize recombination loss and maxi-
mize fi lm absorption are thus of great importance to improve 
device effi ciency. 

 We summarize recent reports on photovoltaic device per-
formance from various infrared CQDs in Table  2 .  

    6. Device Stability 

 Solar cells based on infrared CQDs had initially been reported 
to suffer from poor stability. Stored in air, butylamine-capped 
PbS CQD devices degraded within minutes. [  43  ]  Signifi cant 
progress was made when 1, 4-BDT treated PbSe CQD devices 
were found to be stable in a glove box over weeks and in air 
over a few hours. [  49  ]  In contrast, EDT-treated PbSe devices 
lost performance completely even within a few minutes’ air 
exposure. [  45  ,  82  ]  

 The mechanisms underlying device degradation have recently 
been investigated systematically. [  84  ]  Two key and independent 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 12–29

 J  sc  (mA cm  − 2 ) FF AM1.5G effi ciency reference

0.13 0.38 0.02%  [86] 

7.22 0.32 0.37  [87] 

8.99 0.39 0.7%  [82] 

12.3 0.44 1.8%  [43] 

8.57 0.545 2.15%  [33] 

10.5 0.52 2.2%  [81] 

14.0 0.51 3.6%  [76] 

16.2 0.58 5.1%  [77] 

0.0258 0.22 0.003%  [88] 

1.01 0.46 0.19%  [89] 

1.71 0.35 0.40%  [90] 

12 0.38 1.1%  [49] 

6.38 0.32 1.17%  [91] 

15.7 0.27 1.6%  [83] 

14.8 0.50 3.3%  [75] 

24 0.32 3.4%  [75] 

1.8 0.48 0.3%  [78] 

2 0.5 0.4%  [79] 

 BP: tetrabenzoporphyrin; [c] MOPphotovoltaic-MWNT: poly[(2-methoxy, 5-octoxy)-
, PCBM phenyl-C61-butyric acid methyl ester; [d]   α  -NPD [N,N ′ -bis(1-naphthalenyl)-
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mechanisms have now been pinpointed. First, degradation 
of the metal-semiconductor interface has been identifi ed and 
successfully addressed. Second, the loss of passivation within 
the fi lm, leading to the development of midgap recombination 
centers, has also been identifi ed and remedied. 

 Ultimately these new insights have enabled processing of 
devices entirely within an air ambient instead of requiring 
glovebox processing. The best stability results reported 
 > 60 hours of continuous and simultaneous 100 mW cm  − 2  
AM1.5G illumination and current-voltage scanning in an air 
ambient. The unencapsulated devices retained  ∼ 87% of their 
initial power conversion effi ciency, as shown in  Figure    12  . 
These devices exhibited an AM1.5G effi ciency of 2.1%. This 
dramatic improvement in device stability originated from two 
factors:
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 12–29

    Figure  12 .     Device performance, stability and its origin of PbS CQD Schottky 
performance tracking ( V oc  ,  J sc  ,  FF , and AM1.5G PCE) measured in air un
and continuous  I–V  scanning (linear scan from  − 1 V to 1 V, 100 ms per 0.02
AM1.5G irradiation; (B) Temporal evolution of EQE spectra of devices stored
(C) Representative device performance in the dark and under AM1.5G irra
matic illustration of oxidation for large (left) and small (right) PbS CQDs.
are faceted and small ones are spherical. The red spheres, yellow spheres, 
dedicated to sulfur atoms, lead atoms in PbS CQDs, and surface ligands, re
A, B, C are reprinted with permission. [  84  ]  panel D is reprinted with permis
2010, American Chemical Society.  
    1)     The distinctive surface-chemical properties of small PbS 
CQDs ( ∼ 3 nm). Small PbS CQDs have been reported to 
be more spherical than larger particles, and also have a 
higher Pb:S ratio compared with the more faceted large 
PbS CQDs. Ligands binding to surface lead cations form 
a dense ligand shell, blocking oxygen access and protect-
ing CQD fi lms from oxidation. In contrast, large PbS CQDs 
include exposed {111} facets consisting of sulfur anions not 
protected by thiol-terminated ligands. Oxygen can easily at-
tack these unprotected {111} surfaces (as shown in Figure 
 12 D). XPS studies reveal that the main oxidation product of 
small PbS CQDs is PbSO 3 , a shallow trap state with a trap 
depth of 0.1 eV. [  54  ,  85  ]  In contrast, the main oxidation prod-
uct of large PbS CQDs is PbSO 4 , a deeper midgap state. 
Thus, oxidation of small PbS CQDs is impeded, and the 
bH & Co. KGaA, Weinh

device. (A) Device 
der simultaneous 
 V) and simulated 
 in an air ambient; 
diation. (D) Sche-
 Large PbS CQDs 
and cyan tails are 
spectively. Panels 
sion. [  33  ]  Copyright 
oxidation products are more inoccuous shal-
low traps; oxidation of large PbS CQDs oc-
curs more readily and the oxidation products 
are recombination centers. These fi ndings 
account for the improved air stability of the 
PbS CQD fi lms themselves. [  33  ]    
 2)     A Schottky contact engineered for air 

stability. Initial Schottky devices had em-
ployed Al metal in direct contact with 
CQD fi lms. Subsequent control experi-
ments revealed that using an Ag elec-
trode instead led to enhanced air stability, 
though inferior absolute initial perform-
ance. These initial fi ndings suggested 
that a component of photovoltaic device 
degradation was occurring at the metal-
semiconductor interface. Sandwiching 
a very thin (nominally 0.8 nm) LiF be-
tween the Al electrode and the CQD fi lm 
suppressed the interfacial reaction and 
dramatically improved air stability. The 
LiF:Al electrode also benefi ted from im-
proved open-circuit voltage, leading to 
the device with improved overall AM1.5 
power conversion effi ciency. [  84  ]     

   7. Perspectives and Conclusions 

 Infrared CQDs are promising functional 
materials that hold great potential for 
low-cost and/or high effi ciency solar cells. 
Since the fi rst report of a photovoltaic 
effect from PbS CQDs in 2005, rapid 
progress has been achieved in the past 
5 years, with the latest AM1.5G effi cien-
cies reaching 5.1%, a value approaching 
that of polymer solar cells that have seen 
two decades’ investigation, conceptual 
advances, and optimization. The size-tun-
able bandgap, long carrier lifetime, and 
solution-processing are the three intrinsic 
advantages associated with lead chalcoge-
nide CQD solar cells. 
27eim wileyonlinelibrary.com
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   Table  3.     Approximate estimation of device parameters to achieve the targeted effi ciency for PbS CQD photovoltaic device [a]. 

Device effi ciency Device architecture mobility (cm 2  V  − 1  s  − 1 )  N  A  (cm  − 3 )  W  depletion  (nm)   τ   ( μ s)  L  diffusion  (nm)  V  oc  (V)  J  sc  (mA cm  − 2 ) FF

 ∼ 2% [b] Schottky 10  − 5  ∼ 10  − 4  ∼ 10 17  ∼ 100  ∼ 15  <  20 0.4 10 0.5

 ∼ 5% [c] p-n 10  − 4   ∼ 10  − 3  ∼ 10 16  ∼ 200  ∼ 15 20  ∼  50 0.5 18 0.55

 ∼ 10% [d] p-n 10  − 3  ∼ 10  − 2  ∼ 10 15  ∼ 800  ∼ 15 50  ∼  200 0.55 28 0.65

   Notes: [a] All calculations are based on PbS CQDs with E g   ∼  1.3 eV; [b] Representative Schottky device performance based on PbS CQDs; [c]  N D   in the n-type material is 
assumed to be  ∼  10 16  cm  − 3  and [d]  N D   in the n-type material is assumed to be  ∼ 10 18  cm  − 3 . Abbreviations:  N A   acceptor density of CQD fi lm;  W depletion   depletion region width 
in the CQD fi lm;   τ   carrier lifetime;  L diffusion   carrier diffusion length.   
 We summarize in Table  3  the electronic materials properties 
that will be required to advance CQD photovoltaics beyond 10% 
AM1.5G effi ciency.  

 The key advances required are as follows:  

 1)     Improve CQD surface engineering for enhanced elec-
tronic transport. Currently the carrier mobility in the 
best CQD photovoltaic devices has been of the order of 
10  − 5  ∼ 10  − 3  cm 2  V  − 1  s  − 1 . An improvement of mobility to 
10  − 2  cm 2  V  − 1  s  − 1  and above will break the absorption-extrac-
tion tradeoff and lead to much improved  J  sc . Previously-
reported devices have had doping densities  > 10 16  cm  − 3  and 
a further reduction in doping density to  ∼ 10 15  cm  − 3  will 
increase the width of the high-IQE depletion region and 
promote carrier extraction. At a materials processing level, 
these advances require new strategies that simultaneously 
achieve excellent surface passivation combined with mini-
mal interparticle spacing.   

 2)     Improve device architectures. The move from Schottky to p-n 
heterojunction led to a doubling in solar effi ciency, reinforc-
ing the major impact of architecture on performance. n-i-p 
architectures exploiting wide-bandgap materials such as CdS, 
TiO 2 , ZnO, SnO 2  and a-Si may offer further advances. Bulk 
heterojunctions and nanoporous electrodes and nanorod ar-
rays offer to overcome in part present-day limitations in car-
rier mobility.   

 3)     Improve CQD photovoltaic device stability further. 
Although the recent report of air stability of device is 
encouraging, further improvements in thermal stability 
require effort. Core/shell dots and recent progress in all-
inorganic CQD fi lms from molecular metal chalcogenide 
ligands may provide a path towards robustly-passivated 
quantum dot fi lms exhibiting further-improved long-term 
stability.    
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