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The detection of infrared light is an important research area, interesting for many applications like 
environmental monitoring, thermal imaging, night vision, fibre-optic telecommunication systems and 
imaging of biomedical assays. Nature provides some crystalline materials with a band gap energy 
suitable for absorption of infrared light. These materials impose however requirements on fabrication. 
In search for better materials, one ended at organic conjugated polymers. Polymers provide low costs, 
physical flexibility and large area coverage together with easy chemical synthesis and simple 
processing. Until today however no polymers have been developed with a band gap energy equal to 
that needed for most of the practical infrared photoconduction applications. 
A new approach combines the low band gap energy of the traditional semiconductors with the easy to 
process polymers. Semiconductor nanocrystals are used because of the tunability of their absorption 
peak due to the quantum size effect. These nanocrystals sensitize the polymers in order to observe 
photoconductivity into the infrared region of the electromagnetic spectrum. This essay reviews recent 
results on nanocrystal–polymer composites developed for showing the photoconductive behaviour in 
the infrared region. It also explains about the photoconductive effect, the phenomenon of sensitization 
and nanocrystal tunability. 
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1 – Introduction: the first steps to light detection 
Scientific understanding begins with observation. Optical phenomena and imaging have been of 
interest for ages. Euclid was one of the first to study reflection and refraction. Scientific knowledge 
developed and optical instruments containing lenses were designed. Later on also capturing of 
images, in the sense of photography, became seen as very interesting. Eventually detection of light 
became an important research area.[1] 
The first significant discovery was made in 1839. Edmund Becquerel, a French experimental physicist, 
noticed a current on illuminating platinum electrodes.[2, 3] The platinum electrodes, as parts of an 
electrolytic cell, where covered with silver bromide or silver chloride and immersed in an aqueous 
solution. Strictly speaking Becquerel observed a photochemical effect. Nevertheless, he was the first 
who described the conversion of light into electrical power. Therefore the discovery of the photovoltaic 
effect is commonly ascribed to Becquerel.[4] 
In 1873 Willoughby Smith discovered the photoconductive effect when he experimented with selenium 
as an insulator for submarine cables.[5] Three years later W.G. Adams and R.E. Day made another 
report on photoconductivity working on selenium.[6] These discoveries were a starting point for a large 
field of investigations for several decades.[7] Most of the work was of doubtful quality, but at least the 
first step in detection of light, getting a measurable signal on illumination, was made. 
 

2 – The photoconductive effect 
2.1  Defining the photoconductive effect 
Photoconductivity is a process that can occur in semiconductor materials. In a semiconductor the 
electron energy levels are arranged in energy bands (valence band and conduction band) separated 
by a region in energy for which no electron levels exist. This forbidden region is known as the energy 
gap or band gap.[8] 
In an intrinsic semiconductor at room temperature 
some electrons sitting at the valence band edge have 
enough thermal energy to cross the band gap. They 
will occupy an energy level in the conduction band 
while leaving a hole behind in the valence band, thus 
generating free carriers (Fig. 1a). When a voltage is 
applied to two opposite faces of the semiconductor a 
small current flows. This current, called the dark 
current, is due to these small numbers of electrons and 
holes.[9, 10] 
When the semiconductor is illuminated with light, 
energy from the incident photons can be transferred to 
valence band electrons. If the energy of the incident 
photons is large enough, these electrons can cross the 
band gap and occupy energy levels in the conduction 
band. In this way the free charge carrier density is 
increased (Fig 1b). If the same voltage is applied 
across the semiconductor a larger current will flow, 
called the light current. So by illuminating the 
semiconductor a change in conductivity can be 
observed, known as the photoconductive effect.[10, 11] 
The frequency range of light that will induce the 
photoconductive effect depends on the size of the 
band gap. The photon energy has to be at least equal 
to the band gap energy.[10] From the definition of the 
energy of a photon it can be seen that the maximal 
wavelength allowed to induce the photoconductive 
effect is 

 
gE

hc=maxλ ,  (1) 

in which Eg is the band gap energy and hc the product 
of Planck’s constant with the speed of light. 
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Figure 1 – The photoconductive effect: a change of 
conductivity on absorption of electromagnetic 
waves.  a) Generation of free charge carriers by 
thermal energy giving rise to a small dark current. 
b) Generation of many free charge carriers on 
absorption of light giving an increase in conductivity, 
known as the photoconductive effect. 
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2.2  The photoconductive effect: a sequence of steps 
The photoconductive effect can be split in a sequence of steps.[12-14] First the semiconductor absorbs 
the illuminating light. As describe above the energy of the incident electromagnetic wave is used to 
promote an electron from the valence band to the conduction band. The opposite charges of electron 
and hole however are still Coulombically attracted to each other. Therefore they are considered as a 
single species called an exciton, a bound electron-hole pair (Fig 2a). Depending on the nature and the 
dielectric constant of the semiconductor material the exciton is tightly bound (Frenkel exciton) or 
weakly bound (Mott-Wannier exciton).[8] Because of the binding energy of the exciton, the exciton 
energy levels lie lower in energy than the conduction band energy levels,[8, 13] effectively lowering the 
band gap. Therefore light with a wavelength slightly above the maximum wavelength is usually already 
capable of promoting an electron to higher energy (see equation 1). 
In the next step the exciton is dissociated into free charge carriers. For this to occur, the Coulomb 
binding energy of the bound electron-hole pair has to be overcome. In some cases thermal energy 
alone is enough, in other cases an electric field assists the separation of charges.[12-14] If no electric 
field is applied the free carriers will randomly diffuse which results in zero current. To get a 
measurable current a voltage has to be applied, generating an electric field across the semiconductor. 
Both electrons and holes will drift towards the electrodes due to the electric field (Fig 2b). This drift in 
the end is the current that can be measured. 
During the photoconduction process recombination can always occur (Fig 2c). The exciton for 
example will not exist forever. Upon absorption of light, the exciton can decay back to its ground state. 
In this process the electron drops back into the hole and the exciton is lost (exciton recombination).[8] 
Another recombination process can occur after the second step of generating free carriers. Diffusion 
can bring two opposite charges back together and due to the Coulomb attractive forces an exciton can 
be reformed (bimolecular recombination).[13, 14] This exciton can separate again in free charges or 
undergo exciton recombination. 
Another way of loosing free charge carriers is due to traps.[11-13] Any semiconductor will contain 
impurities, defects or imperfections, which has their own energy levels. Some of these levels will be 
situated inside the band gap and are empty energy levels. Both shallow traps and deep traps are 
usually available. Free charge carriers move around in the semiconductor. When an electron or hole 
encounters a trap it can lower its energy by occupying this trap energy level (Fig 2d). However, to 
leave a trap and return to the conduction band or valence band will costs energy again. The amount of 
energy needed depends on the type of trap (deep trap: large amount of energy, shallow trap: less 
energy). If this energy is not available the charge carrier is immobilized (trapped) and effectively 
removed from the set of free charge carriers. Traps therefore have a direct influence on the 
conductivity.[13, 14] 

hν 

– 

+ 

–

+

+ – E 

hν 

– 

+ 

–

+ 

–

+

1 
2 

3 

Figure 2 – Different events taking place during the photoconduction process.  a) Formation of an exciton, a bound electron-
hole pair, on absorption of light.  b) Exciton dissociation into free charge carriers followed by drift of the free carriers to the 
electrodes.  c) Two main recombination processes: exciton recombination (left) and bimolecular recombination (right).  d) Loss of 
free charge carriers due to shallow electron traps (1), shallow hole traps (3) and deep traps (2). 
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2.3  Photocurrent density 
In a semiconductor usually both electrons and holes are the free charge carriers that contribute to the 
conductivity. Conductivity is defined as [8, 9, 11] 
 ( )he pne µµσ += ,   (2) 
with n the number of free electrons and p the number of free holes with mobility µe and µh respectively. 
Under constant illumination with light, the steady-state concentration of free charge carriers is [12] 
 nfn τ=  and pfp τ= .   (3) 
In these equations τ is the average lifetime of the free charge carriers, i.e. the average time before 
bimolecular recombination takes place, and f the number of photogenerated free charge carriers. The 
number of photogenerated free charge carriers is given by 

 
L
I

f Aφ
= .   (4) 

IA is the total absorbed intensity of radiation per unit area per unit time and L is the length of the 
semiconductor material. The quantum efficiency of photogeneration φ is the number of free charge 
carriers generated per number of photons absorbed. 
The number of free charge carriers as defined in equation 3 applies on the situation before the 
semiconductor is connected into a circuit. Measurement of the current though can only be made when 
a voltage is applied across the material. Application of a voltage however may result in changes in the 
number of free charge carriers, depending on the nature of the electrodes.[12, 14] With Ohmic contacts 
the number of free charge carriers is unchanged after connection into the circuit and application of a 
voltage. As one charge carrier leaves the semiconductor another is immediately injected at the 
opposite electrode, since there is no energy difference between contact and semiconductor (Fig 3a). 
In this way the total number of free charge carriers is maintained. With blocking contacts on the other 
hand, the electrodes do not permit injection of charge carriers into the semiconductor (Fig 3b). In this 
case the photogenerated charge carriers can only leave the material under influence of an electric 
field. 
Current density is given by Ohm’s law [8] 
 EJ σ=    (5) 
and mobility is defined as [9] 

 
Et

L
E
v

TR

==µ ,   (6) 

in which tTR is the transit time, i.e. the time it takes a free charge carrier to cross the full length of the 
semiconductor. 

– – 

– 

Figure 3 – Ohmic contact versus blocking
contact.  a) An Ohmic contact electrode gives
immediate injection of charge carriers.  b) A blocking 
contact electrode does not permit injection of charge
carriers into the semiconductor.

b 

a 

Figure 4 – Steady-state current density.  Current density versus 
applied voltage for Ohmic contact (Joc) and blocking contact (Jbc). 
Note that for constant electric field the voltage is linearly dependent 
on the field: V ~ E. In a photoconduction experiment typically the 
photocurrent, the dark current subtracted from the light current, as a 
function of the applied voltage is measured. (adapted from [12])
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With Ohmic contacts the steady-state current density therefore becomes [12] 

 ⎟
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With blocking contacts the photogenerated charge carriers can only leave the semiconductor under 
the influence of an electric field, as described above. For large applied fields the free charge carriers 
are extracted from the material without recombination taking place, so the (effective) bimolecular 
recombination time can be considered equal to the transit time.[13] Thus for blocking contacts the 
steady-state current density is given by [12, 13] 
 LfeJbc = .   (8) 
For lower fields not all free charge carriers are extracted, because bimolecular recombination does 
occur. So the current density will first follow the behaviour of an Ohmic contact, but will saturate as 
soon as the transit time becomes smaller than the bimolecular recombination time (Fig. 4). 
 

3 – Infrared light detection 
3.1  Semiconductor infrared light detection 
The detection of visible light is not the only important research area. Nowadays people focus on the 
detection of infrared light, which is interesting for many applications. Infrared light is for example 
critical to environmental monitoring and remote sensing as in the field of astronomy.[15-17] One can also 
think of thermal imaging, as in infrared cameras, for night vision and night-time surveillance [18-20], 
fibre-optic telecommunication systems [21] and even imaging of biomedical assays [22, 23]. 
On the electromagnetic spectrum infrared light lies at a wavelength larger than the visible spectrum 
(Fig 5). Infrared light has a wavelength of 800 nm (10-6 m; near infrared) up to 105 nm (10-4 m; far 
infrared). Telecommunication applications use 1300-1600 nm radiation, thermal imaging 1500 nm and 
beyond, biological imaging uses transparent tissue windows at 800 nm and 1100 nm, and solar cells 
and thermal photovoltaics are based on radiation of 800-2000 nm and radiation larger than 1900 nm 
respectively.[24] 
Using equation 1 it can be seen that infrared light in the 
above range of wavelengths can only induce the 
photoconductive effect when the band gap energy of the 
semiconductor is at most 1.5 eV ranging down to 0.01 eV. 
For most practical applications a band gap energy of 
about 0.8 eV is necessary (~1500 nm). It is clear that a 
fairly low band gap is needed to observe the 
photoconductive effect being induced by infrared light. 
Luckily nature provides some crystalline materials with 
such a low band gap energy (Table 1). Some elemental 
crystals like silicon and germanium have a low band gap 
energy. Other low band gap energy crystals are 
compounds of III-V elements (e.g. InSb, GaAs) or 
compounds of IV-VI elements (e.g. PbS, SnTe). A lot of 
research has been performed on these materials to study 
their infrared photoconductive behaviour. Studies on 
silicon [25, 26], germanium [27, 28] and gallium arsenide [29, 30] 
are just some examples of a vast amount of publications 
that can be found. 

 band gap energy (eV) 
Crystal 0 K 300 K 

Si 1.17 1.11 
Ge 0.744 0.66 
InSb 0.23 0.17 
InAs 0.43 0.36 
InP 1.42 1.27 
GaAs 1.52 1.43 
GaSb 0.81 0.68 
PbS 0.286 0.34-0.37 
PbSe 0.165 0.27 
PbTe 0.190 0.29 
SnTe 0.3 0.18 

Table 1 – Band gap energies for a selection 
of crystalline materials (adapted from [14]) 

λ (m)

gamma rays X-rays UV IR micro waves radio waves visible 

1510 − 1310 − 1110 − 910 − 710 − 510 − 310 − 110 − 110 310 510

Figure 5 – Electromagnetic spectrum.  Schematic of the different regions in the electromagnetic spectrum (not on scale).
Infrared light has a wavelength of 800 nm (10-6 m; near infrared) up to 105 nm (10-4 m; far infrared). 
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3.2  Organic conjugated polymers 
The more or less traditional semiconductor materials impose requirements on fabrication. Therefore 
the majority of studies are based on lattice-matched, rigid-substrate, epitaxial growth of layered 
structures of material, mainly by molecular beam epitaxy.[18, 19, 26, 30] Because of the drawbacks of 
these methods (e.g. the final structures are rigid, it is difficult to obtain large area structures, the costs 
are relatively high) one started to look for other materials, ending at organic conjugated polymers. In 
general polymers provide low costs, physical flexibility and large area coverage. They are easily 
chemically synthesized and are simply processed by methods such as spin or spray coating.[31] 
An enormous amount of polymers have been synthesized throughout the years. However, only a few 
of them have band gap energies below 1.5 eV (Table 2). Until today no organic conjugated polymer 
has been developed with a band gap energy equal to that needed for most of the practical infrared 
photoconduction applications (~0.8 eV). Only poly(thieno[3,4-b]-thiophene) comes close with a band 
gap energy of 0.85 eV.[41] From this it is clear that the use of organic conjugated polymers is not a real 
solution, since these polymers are only sensitive in the very near infrared region. This is obviously not 
enough for most practical applications. An interesting approach would be to combine the low band gap 
energy of the traditional semiconductors with the easy to process organic conjugated polymers. 
 

 
 

4 – Sensitization 
All organic conjugated polymers developed so far have a band gap energy such that they are only 
sensitive to radiation down to the very near infrared. It is possible to extend their sensitivity further into 
the infrared region to radiation of longer wavelengths by 
making use of sensitization. In this way it is possible to 
observe the photoconductive effect in polymeric 
materials being induced by infrared light. 
 
4.1  Different types of sensitization 
In principle two kinds of sensitization are known, called 
spectral sensitization and chemical sensitization.[42] 
Spectral sensitization is referred to the appearance of 
the photoconductive effect in a new region of the 
electromagnetic spectrum, as is the extension further 
into the infrared region. Chemical sensitization is 
referred to only an increase of sensitivity for the incident 
radiation in a specific region of the spectrum. Both 
kinds of sensitization usually take place at the same 
time in a sensitized photoconductor (Fig 6). 
Two general types of spectral sensitization are 
possible,[43] but unfortunately literature is not uniform in 
terminology. For convenience here the first type is 

band gap 
energy (eV) Polymer Reference 

1.4 poly(1,1-dihexyl-3,4-diphenyl-2,5-bis{2-[3,4-ethylenedioxy]thienyl}silole) [32] 

1.28 
poly[(α-bithiophene-5,5’-diyl) (5’-(2’’-phenyl-1’’,3’’,4’’-oxadiazole-5’’-phenylidene))-
block-(α-bithiophene(2’’-phenyl-1’’,3’’,4’’-oxadiazole-5’’-
phenylidene)quinodimethane-5, 5’-dily)] (PBTBQ-Oid) 

[33] 

1.24-1.29 poly(benzo[c]thiophene-N-2-ethylhexy-4,5-dicarboxylic imide) (EHI-PITN) [34] 

1.1 poly(3,4-ethylenedioxythiophene)-N-2’-ethylexyl-4,5-dicarboxylic imide-
benzo[c]thiophene (PEDOTEHIITN) [35] 

1.10 poly(1,3-bis(2’-[3’,4’-ethylenedioxy]thienyl)-benzo[c]thiophene- 
N-2’’-ethylhexyl-4,5-dicarboximide) P(DEDOT-ITNIm) [36] 

1.03 poly(thieno[3,4-b]furan) [37] 
0.94-1.08 poly(thieno[3,4-b]thiophene)-poly-(styrenesulfonic acid) (PT34bT-PSS) [38, 39] 

0.92 poly(2-decylthieno[3,4-b]thiophene-4,6-diyl) [40] 
0.85 poly(thieno[3,4-b]-thiophene) [41] 

Table 2 – Band gap energies for a selection of recent organic conjugated polymers 
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Figure 6 – The two known kinds of 
sensitization.  General photocurrent spectra of a 
bare photoconductor (solid line) and a sensitized 
photoconductor (dashed line) showing chemical 
sensitization (left; horizontal shading) and spectral 
sensitization (right; vertical shading). Usually both 
take place at the same time in a sensitized 
photoconductor. 
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called non-shifted absorption sensitization and the second type is called shifted absorption 
sensitization. The non-shifted absorption sensitization uses a sensitizer with a different band gap 
energy compared to the polymer. This band gap energy is such that it absorbs radiation in the desired 
region of the spectrum (Fig 7a). In this way the sensitized polymer will absorb for example infrared 
light and the photoconductive effect can be observed in the infrared region. The extended sensitivity is 
directly related to the absorption characteristics of the sensitizer. 
The shifted absorption sensitization uses a sensitizer that does not necessarily have a different band 
gap energy compared to the polymer. Nevertheless the absorption of the sensitized polymer is 
extended to the desired region of the spectrum (Fig 7b). So also in this case the photoconductive 
effect can be observed in for example the infrared region. However in this case the extended 
sensitivity is not directly related to the absorption characteristics of the sensitizer. 
With non-shifted absorption sensitization it is the sensitizer that absorbs the illuminating infrared light. 
As describe above, the energy of the incident electromagnetic wave is used to promote an electron 
from the valence band to the conduction band, resulting in a Coulombically bound electron-hole pair 
(an exciton) in the sensitizer. It is the polymeric part however to which the electrodes for charge 
extraction are connected. So also in the case of sensitization free charges have to be generated 
somehow in the polymeric material. 
 
4.2  Generation of free charges 
There are two ways in which free charges can be generated in the polymeric material: by energy 
transfer and by charge transfer.[13] In the energy transfer process the excitation energy of the 
sensitizer is transferred to a molecule with a lower band gap energy. In the case of sensitization of 
polymers into the infrared this process cannot occur. The polymer has a larger band gap energy than 
the sensitizer, so the excitation energy of the sensitizer is not enough to promote an electron of the 
polymer from its valence band to the conduction band (Fig 8a). 
In the charge transfer process it is not energy that is transferred, but real charges are transferred to 
the polymer. With non-shifted absorption sensitization this charge transfer is known as photoinduced 
charge transfer.[13, 43] It depends on the relative positions of the energy levels whether an electron or a 
hole is transferred. When the conduction band of the polymer lies below the conduction band of the 
sensitizer, the excited electron can lower its energy by hopping to the polymer (Fig 8b: left). In this 
case the sensitizer is called the (electron) donor and the polymer the (electron) acceptor. On the other 
hand, when the valence band of the sensitizer lies below the valence band of the polymer, the hole 

Figure 7 – Two general types of spectral sensitization.  a) General absorption spectra of the polymer (solid line), the sensitizer 
(dotted line) and the sensitized polymer (dashed line) in the case of a non-shifted absorption sensitization.  b) General absorption 
spectra of the polymer (solid line), the sensitizer (dotted line) and the sensitized polymer (dashed line) in the case of a shifted 
absorption sensitization.  c) General photocurrent spectrum of the bare polymer (solid line) and sensitized polymer (dashed line), 
either due to non-shifted absorption sensitization or shifted absorption sensitization. 
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can lower its energy by hopping to the polymer (Fig 8b: right). In this case the sensitizer is called the 
(electron) acceptor and the polymer the (electron) donor. 
Again the photoconductive effect can be split in a sequence of steps as described before.[13, 14] The 
first step of exciton generation is exactly the same, although it takes place in the sensitizer now. The 
exciton diffuses through the sensitizer material until it finds the lower energy levels of the polymer. 
Now the actual charge transfer takes place, resulting in a charge transfer state. In the charge transfer 
state the electron and hole are in principle still Coulombically bound to each other (Fig 8c). However, 
when the energy lowering is large enough, the Coulomb binding energy can be overcome and the 
exciton will be dissociated into free charge carriers. If the energy lowering is not large enough, free 
charges can be generated either by thermal energy or by assistance of an applied electric field. The 
free charges are again extracted from the polymer by an applied electric field. Also traps and 
recombination still play a role. One extra recombination process is however possible: recombination of 
the Coulombically bound charge transfer state. This process is known as geminate recombination 
(Fig 8c). The Braun model, a kinetic model for field-assisted dissociation of charge transfer states, 
describes the theory of the process of photoinduced charge transfer in more detail.[44] 
With shifted absorption sensitization free charges are also generated by charge transfer, however in a 
slightly different way. As explained above the shifted absorption sensitization does not necessarily 
have a lower band gap energy compared to the polymer. The extended sensitivity to another region of 
the electromagnetic spectrum is due to direct charge transfer from the sensitizer to the polymer 
without going to the excited state of the sensitizer molecule.[13, 43] This process is known as charge 
transfer absorption. If the sensitizer is a strong (electron) donor, it has a low ionization potential or 
work function, so it is easy to remove an electron from its valence band. In the same way if the 
polymer is a strong (electron) acceptor, it has a high electron affinity or work function, so it is easy to 
add an electron to its conduction band. When a strong donor sensitizes a strong acceptor, an electron 
from the valence band of the sensitizer is promoted to the conduction band of the polymer (Fig 8d). 

– 
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+
+ 

– 

UV sensitizer polymer IR sensitizer 

– 

+ 

sensitizer 
(donor) 

polymer sensitizer 
(acceptor)

–

+

sensitizer 
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hν 

polymer 

Figure 8 – Different ways of generating free charge carriers in a sensitized polymer.  a) Energy transfer process (non-
shifted absorption sensitization). The excitation energy of the sensitizer is used to promote an electron of the polymer from the 
valence band to the conduction band. An infrared sensitizer does not have enough excitation energy for this process to occur.  b) 
Photoinduced charge transfer process (non-shifted absorption sensitization). The sensitizer can either be donor (left) or acceptor 
(right).  c) In the charge transfer state the electron and hole are still Coulombically bound to each other. Arrows indicate 
dissociation into free charge carriers and geminate recombination respectively.  d) Charge transfer absorption process (shifted 
absorption sensitization). Light absorbed is used for direct charge transfer from the sensitizer to the polymer. The charge transfer 
complex exciton is formed directly, without going to the excited state of the sensitizer. 
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Again a charge transfer complex exciton is formed, that can be dissociated into free charge carriers by 
thermal energy or by assistance of an applied electric field. The conduction band of the polymer lies 
below the conduction band of the sensitizer. Therefore, the charge transfer absorption transitions 
require less energy than electronic transitions in the sensitizer or polymer itself. This is way the energy 
that is absorbed, is extended into the infrared region. 
 

5 – Nanocrystals 
Any molecule that is able to shift the sensitivity of a polymer into the infrared region may be used as a 
sensitizer. Since some of the traditional semiconductors have a low band energy (see Table 1), one 
thought it would be an interesting approach to combine these semiconductors with the easy to process 
organic conjugated polymers. Moreover, the combination of traditional electron conducting 
semiconductors with hole conducting polymers in a single composite provides effective charge 
separation and transport.[45] It is however not possible to use the semiconductors in the bulk crystalline 
form, because this will annul the easy processing property. This is why one focussed on nanocrystals. 
 
5.1  Nanocrystals and the quantum confinement effect 
A nanocrystal (Fig 9a) is a solid confined in three orthogonal directions, creating effectively a zero-
dimensional structure.[8] Confinement means in this case that the size of the solid is of the nanometre 
scale in all directions. The electrical and optical properties of a solid usually do not depend on their 
size. However if the size of the solid becomes very small, its properties do in fact depend on the 
size.[46] This quantum size effect will be important if the size of the nanocrystal becomes of the same 
order as the exciton Bohr radius. The electron energy levels can no longer be treated as continuous, 
as in bulk semiconductors, but must be treated as discrete electronic states (the quantum confinement 
effect). Therefore by controlling the size of a nanocrystal on the nanometre scale, its properties can be 
tailored. 
Essential for the optical properties of a nanocrystal are its energy levels, which can be derived from 
the free-particle Schrödinger equation [8] 

 )()(
2

2
2

rrr kkk Ψ=Ψ∇− E
m
h .  (9) 

Wavefunctions that satisfy the Schrödinger equation and the imposed periodic boundary conditions 
are of the form of a travelling plane wave 
 ( )rk

k r •=Ψ ie)(    (10) 
provided that the components of the wavevector k satisfy 
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with n is any integer and L the length over which the electrons are confined, i.e. the size of the 
nanocrystal. Substituting the wavefunction in the Schrödinger equation gives the energy as 
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Combining equation 11 and equation 12 shows that the energy levels depend on the size of the 
nanocrystal as Ek ~ L-2. Both the electron energy levels in the conduction band and the hole energy 
levels in the valence band are quantized in this manner. Therefore the electron energy levels increase 
with decreasing size of the nanocrystal. On the other hand the hole energy levels decrease with 
decreasing size of the nanocrystal. In this way the band gap energy can be increased by decreasing 
the size of the nanocrystal.[8] So by changing the size of the nanocrystal it is possible to tune the band 
gap energy and the corresponding optical properties. 
 
5.2  Synthesizing nanocrystal structures 
Nanocrystal structures can be made by physical methods like molecular beam techniques or 
complicated lithographic techniques. For the purpose of sensitizing polymers these methods are 
however not very suitable. Fortunately some nanocrystals can also be made by methods of colloidal 
chemistry, in which materials spontaneously form nanocrystals. These methods allow for production of 
stable colloids of nanocrystalline particles that can be processed and handled easily like normal 
chemical substances. 
Many synthetic routes are described in literature. Various II-VI nanocrystals (CdS, CdSe, CdTe, 
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CdxHg1–xTe, HgTe) can be synthesized in aqueous solutions by the metathesis reaction in the 
presence of different thiols.[47, and references therein] The thiols function as stabilizing agents and allow 
control over the nanocrystal size during synthesis. Better crystallinity and narrower size distributions of 
the nanocrystals can be obtained by high-temperature thermolysis of organometallic precursors in 
mixtures of high-temperature-boiling coordinating solvents to prepare CdSe and 
CdTe.[47, and references therein] Nanocrystals of III-V compounds (InP, InAs) can be prepared by a 
dehalosylilation reaction, again in high-temperature-boiling coordinating solvents.[47, and references therein] In 
this reaction the nanocrystal size is controlled by the reaction temperature. Several metal sulphide 
nanocrystals (PbS, ZnS, CdS, MnS) have been synthesized from a thermal reaction of metal chlorides 
and elemental sulphur in oleylamine.[48] This synthetic method is a general process and can be applied 
to synthesize different kinds of sulphide nanocrystals. It results in uniform-sized nanocrystals without 
the need for a further size-selection process. 
Another synthetic route for the production of narrowly dispersed colloidal lead sulphide nanocrystals is 
commonly employed.[49] This solution phase organometallic method uses cost-effective and non-
pyrophoric precursors and gives stable and processible nanocrystals. Nanocrystal size can be tuned 

Figure 9 – Nanocrystals.  a) Artistic impression of a PbS nanocrystal. (adapted from http://www.evidenttech.com)  b) A PbS 
nanocrystal capped by organic ligands consisting of a hydrocarbon chain and an end functional group. (adapted from [53]) 
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Figure 10 – Tunability of nanocrystal absorption spectra.  a) Room-temperature optical absorption spectra of toluene 
solutions of PbS nanocrystals spanning the range of tunable sizes. Corresponding sizes not reported. (after [49])  b) Room-
temperature optical absorption spectra for a series of PbSe nanocrystals. (after [50]) 
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by variations in reaction parameters with narrow size dispersions without the need for any post-
synthesis size selection. This results in absorption spectra being tuned accordingly (Fig 10a). Another 
often used nanocrystal, lead selenium, is generally produced via a high-temperature solution phase 
synthesis.[50, and references therein] Solution temperature is used to tune the size of the PbSe nanocrystals. A 
size-selective precipitation is performed to further narrow the size distribution. Again by tuning the size 
of the nanocrystals the absorption spectra are tuned accordingly (Fig 10b). The same narrow size 
distribution of PbSe nanocrystals can be obtained without size-selective precipitation by using a non-
coordinating solvent.[51] This method eliminates the use of toxic organometallic precursors and 
phosphine containing solvents. 
The synthesized nanocrystals have to be dispersed in a polymer to sensitize it. To get a good 
dispersion and to prevent aggregation the nanocrystals have to be capped with an organic ligand 
(Fig 9b).[52] Some synthetic procedures gives ligand capped nanocrystals by itself; [47, 49, 50] other 
procedures do not [48, 51]. To observe the photoconductive effect charge transfer must be possible 
between nanocrystals and polymer, so intimate electronic contact of the nanocrystals with the polymer 
is essential. Using an oleic acid ligand such electronic contact is still possible. The conformation of 
single chain ligands on the high curvature nanocrystal surfaces still leaves spaces making the surface 
accessible for electronic contact by the polymer.[54] Some ligands introduced by the nanocrystal 
synthesis itself however do not facilitate good electrical contact. In these cases it is possible to replace 
the ligands with a shorter alkyl amine chain, thereby also reducing the thickness of the insulating 
capping layer.[47, 55] 
With the aforementioned methods nanocrystals are synthesized first and then blended with a polymer. 
For lead sulphide it is however also possible to synthesize the nanocrystals directly in the polymer by 
a one pot process.[56, 57, 58] This eliminates the necessity of a capping layer for mixing and blending and 
is therefore a simple but suitable technique for photoconductive nanocrystal–polymer composites. 
With a recent novel method [59] it is even possible to obtain monodisperse nanocrystals just as with the 
older two-step methods. 
 

6 – Infrared photoconductivity of nanocrystal-sensitized polymers 
The first results about infrared photoconductivity of nanocrystal-sensitized polymers were published by 
Steven McDonald and co-workers from the group of Edward Sargent at the University of Toronto.[24, 60] 
Shortly after also Kaushik Roy Choudhury and co-workers, from the group of Paras Prasad at the 
State University of New York at Buffalo, published their contributions to this field of research.[54, 61, 62] 
Until today these two groups are the only players in the field of infrared photoconductivity of 
nanocrystal-sensitized polymers that published any data. 
 
6.1  PbS nanocrystal–MEH-PPV composites 
McDonald et al. demonstrated photoconductivity in the infrared region of the electromagnetic spectrum 
using a composite of lead sulphide (PbS) nanocrystals in MEH-PPV (Fig 11a).[24, 60] PbS as the 
nanocrystal material in a nanocrystal–polymer composite is however not an easy choice. To observe 
the photoconductive effect it is important that exciton dissociation occurs as explained before. Organic 
conjugated polymers typically have better hole conduction than electron conduction. To obtain the 
photoconductive effect it is therefore important that the energy alignment of the nanocrystal with 
respect to the polymer is such that it favours transfer of the photogenerated hole to the polymer. This 
requires that the top of the valence band of the 
polymer lies closer to vacuum than the valence 
band of the PbS nanocrystal. The bulk ionization 
potential of PbS is ~4.95 eV. Most polymers 
however have ionization potentials larger than 
~5.3 eV,[24, and reference therein] so this limits the number 
of readily available conjugated polymers. Therefore 
McDonald et al. used the polymer MEH-PPV which 
has the top of its valence band between ~4.9 and 
~5.1 eV [24, 60, and references therein] providing a favourable 
energy alignment (Fig 12). 
McDonald et al. synthesized their PbS nanocrystals 
via the solution phase organometallic approach [49] 
and performed a post synthetic ligand exchange to 
obtain shorter octylamine ligands [55]. The PbS 
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Figure 11 – Structures of the two polymers used for 
infrared photoconduction.  a) MEH-PPV  b) PVK 
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nanocrystals were dispersed in toluene or chloroform and combined with a solution of MEH-PPV. The 
composite solution was spin-coated onto a layer of indium tin oxide (ITO) after which magnesium 
contacts and a gold capping layer were deposited on top of the device (Fig 13).[60] 
From absorption spectra (Fig 14) of the PbS nanocrystal solution, pure MEH-PPV films and 
PbS nanocrystal–MEH-PPV composite it can be seen that the nanocrystals sensitize the polymer into 
the infrared region of the electromagnetic spectrum. They both increase the sensitivity in the visible 
region (chemical sensitization) and extend the sensitivity into the infrared region (spectral 
sensitization). Application of a voltage across the device upon illumination with a 975 nm pump laser 
at ~90 mW pump power showed a photocurrent, indicative for the photoconductive effect taking place. 
The photocurrent increased up to ~5.3 nA with applied bias reaching 6 V with a photocurrent to dark 
current ratio of ~10-4.[60] Measurements of this photocurrent versus pump intensity at 5 V bias showed 
a nearly linear behaviour, resulting in a internal quantum efficiency of photogeneration of 10-6 to 10-5 
charges/photon (~0.005 %).[60] This low internal quantum efficiency and the low photocurrent to dark 
current ratio necessitated the use of modulated illumination (50 kHz) and a lock-in amplifier to observe 
the photocurrent signal. 

Figure 15 – Photocurrent of PbS nanocrystal–MEH-PPV
composite.  Dark current and photocurrent versus applied bias 
voltage under illumination of a 975 nm continuous-wave laser for 
different incident powers. The inset shows an enlargement of the 
dark current versus applied bias voltage. At a bias of -5 V the
photocurrent to dark current ratio was determined at 59 and 630 
for 2.7 mW and 207 mW incident power respectively. [24] 

Figure 14 – Absorption spectra of PbS and MEH-
PPV.  Absorption spectra for octylamine-capped PbS
nanocrystals in solution (thick weight), PbS
nanocrystal–MEH-PPV composite on ITO (medium 
weight) and pure MEH-PPV on ITO (thin weight). The
PbS nanocrystals provide both chemical sensitization
and spectral sensitization of MEH-PPV. (after [60]) 
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Figure 12 – Energy levels alignment of PbS and MEH-PPV.  The top 
of the valence band of MEH-PPV (HOMO: highest occupied molecular 
orbital) is reported around 5.0 eV and the ionization potential of bulk PbS
around 4.95 eV. The arrows represent the uncertainty in the energy
levels of MEH-PPV. As long as the top of the valence band of
MEH-PPV lies above the valence band of PbS transfer of the
photogenerated holes is favourable. (reproduced after [60]) 

Figure 13 – Device structure used by 
McDonald et al.  A layer of indium tin oxide (ITO) 
on a glass substrate covered with a spin-coated 
film of the PbS nanocrystal–MEH-PPV (Poly/NC) 
composite. Magnesium (Mg) electrodes covered 
with a gold (Au) capping layer were deposited on 
top. (reproduced after [60]) 
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In search for better performances McDonald et al. developed an improved device obtaining a higher 
quantum efficiency of photogeneration and larger photocurrent to dark current ratios.[24] This allowed 
for observation of the photocurrent under continuous-wave illumination without the need for lock-in 
techniques. The higher quantum efficiency of photogeneration was attributed principally to an 
improvement in film quality.[24] First of all the device consisted of an extra layer of 
poly(p-phenylenevinylene) (PPV) between the ITO layer and the PbS nanocrystal–MEH-PPV 
composite. This PPV layer acted as a hole transport layer and provided better electrical stability 
eliminating shorts directly from the ITO to the magnesium contact. Second, the MEH-PPV was 
ultrasonificated before spin-coating the film and both MEH-PPV and PbS nanocrystal solutions were 
filtered independently. These treatments resulted in smoother films: smaller regions of aggregated, 
transport hindering material and free of pinholes. These improved films allowed better interfacial 
contact with the magnesium electrode, resulting in better carrier extraction.[24, and reference therein] PPV also 
introduced an injection barrier for electrons at the ITO electrode. This reduced the dark current and 
therefore increased the photocurrent to dark current ratio. 
The photocurrent as a function of applied bias voltage had been measured under illumination of a 
975 nm continuous-wave laser for different incident powers (Fig 15).[24] At a bias of -5 V the 
photocurrent to dark current ratio was determined at 59 and 630 for 2.7 mW and 207 mW incident 
power respectively. These larger on/off ratios compared to the first work of McDonald et al. are of 
critical importance for detection and imaging applications. 
The photocurrent curves show a clear asymmetry with higher photocurrents at negative voltages than 
at positive voltages. McDonald et al. ascribe this asymmetry partially to the work function difference 
between the electrodes, as is generally the case (Fig 16a). In the case of ITO and magnesium, with a 
work function of ~4.8 eV and 3.7 eV respectively, this would however give an opposite asymmetry 
(higher photocurrents at positive voltages than at negative voltages). In reality the asymmetry is due to 
the energy levels of the PPV layer. PPV has an ionization energy of ~5.1 eV and an electron affinity of 
~2.7 eV [24, and reference therein]. When a negative bias voltage is applied, holes travel to the ITO electrode 
and have to overcome an energy barrier of 0.1 eV to enter the PPV layer. When a positive bias 
voltage is applied, electrons travel to the ITO and they have to overcome an energy barrier of ~1.3 eV 
to enter the PPV layer (Fig 16b). The electron barrier posed by the PPV layer is higher than the hole 
barrier in free charge carrier extraction, so application of a negative voltage gives a higher 
photocurrent. The asymmetric photocurrent curve as measured by McDonald et al. therefore must be 
strictly due to the PPV layer. 
The reported photocurrent versus incident power at a fixed applied bias voltage does not increase 
linearly. At higher incident power the photocurrent increases more slowly with increased power. In the 
low power region, the recombination of trapped electrons in the PbS nanocrystal with holes in the 
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Figure 16 – Origin of asymmetric photocurrent curve.  a) Generally asymmetry is due to a work function difference between 
the electrodes (ITO: ~4.8 eV, magnesium: 3.7 eV). When a negative voltage is applied to the ITO electrode (left), photogenerated 
electrons are extracted from the magnesium electrode. Before they can be extracted they have to overcome however an electron 
barrier of ~0.3 eV. Electrons injected from the ITO electrode need to overcome an energy barrier of 0.8 eV. When a positive 
voltage is applied (right), the photogenerated electrons are extracted from the ITO electrode. There is neither an energy barrier 
present for extraction nor for electron injection at the magnesium electrode. The photocurrent under positive applied bias voltage 
would therefore be larger than the photocurrent under negative applied bias voltage. This results in an asymmetric photocurrent 
curve opposite to the measurements of McDonald et al.  b) Energy levels of the device including the PPV layer. The electron 
barrier posed by the PPV layer (~1.3 eV) is higher than the hole barrier (0.1 eV) resulting in an asymmetric photocurrent as 
measured by McDonald et al.  The conduction band of MEH-PPV and the valence band of PbS have been omitted for 
convenience, since these levels do not contribute directly to free charge carrier transport. (data taken from [24]) 
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neighbouring MEH-PPV dominates. At high 
power, more photons are absorbed and 
bimolecular recombination between free 
holes and free electrons starts to occur. This 
additional bimolecular recombination reduces 
the number of free charge carriers and the 
photocurrent starts to saturate. A constant 
photocurrent with increasing incident power 
therefore results in a lowering of internal 
quantum efficiency. Whereas the average 
internal quantum efficiency is 3 % in the low-
power region, it is reduced to 0.4 % at 207 
mW.[24] Nevertheless, these internal quantum 
efficiencies are still much larger than the first 
reported value. 
To prove the tunability of the 
photoconductive effect by changing the sizes 
of the nanocrystals, McDonald et al. 
measured the photocurrent for three samples 
with different PbS nanocrystal size.[24] The 
photocurrents were measured for all 
wavelengths between 700 nm and 1800 nm 
obtaining photocurrent spectral responses 
(Fig 17). The sizes of the PbS nanocrystals 
were chosen such that the absorption peaks 
were tuned to 955 nm, 1200 nm and 1355 nm respectively. It is clear that the photocurrent spectral 
responses correspond with the absorption peaks of the PbS nanocrystal–MEH-PPV composites. At 
wavelengths longer than 600 nm the absorption of MEH-PPV is negligible (see also Fig 14), so all 
absorption can be assigned to the PbS nanocrystals. It therefore demonstrates not only tunability of 
the photocurrent spectral response, but also that the photocurrent is due to exciton formation in the 
PbS nanocrystals followed by charge separation. 
 
6.2  PbS nanocrystal–PVK composites 
Roy Choudhury et al. fabricated a similar device with PbS nanocrystals in PVK (Fig 11b).[61] The PbS 
nanocrystals were synthesized however using a different procedure [48, 61] and aluminium contacts 
were used instead of magnesium contacts. The ionization potential of PVK is 
~5.4 eV [54, and reference therein]. According to the energy level alignments a small energy barrier has to be 
overcome for hole transfer from PbS nanocrystals to PVK to occur (compare Fig 12). Nevertheless, 
Roy Choudhury et al. were able to measure a photoconductive effect. Apparently it is not a problem to 
overcome the energy barrier for hole transfer to PVK. It might also be that PbS nanocrystals have 
different energy levels than bulk PbS in such a way that there is no energy barrier at all. 
Roy Choudhury et al. reported their results like photosensitivity as a function of applied field. The 
photosensitivity Sph was calculated from the photocurrent density Jph using the illumination intensity of 
the incident laser beam I by [61] 
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Values reported ranged from ~1x10-13 to ~1.6x10-12 cm/ΩW for applied electric fields of ~30 V/µm up 
to ~115 V/µm. Unfortunately, Roy Choudhury et al. do not mention which illumination intensity has 
been used. To compare with the work of McDonald et al. the photocurrents of the latter have to be 
converted to photosensitivity. Using a typical value of 90.61 µA at -5 V at an incident power of 207 mW 
on a 100 nm thick sample (data from [24]) the photosensitivity is in the order of 10-10 cm/ΩW. At this 
applied electric field (50 V/µm) the values of McDonald et al. are already two orders of magnitude 
higher than any of the values reported by Roy Choudhury et al. So it might be concluded that PbS 
nanocrystals are better in sensitizing MEH-PPV than PVK with respect to the photoconductive effect. 
It has to be mentioned however that Roy Choudhury et al. also used a plasticizer and a chromophore 
in their PbS nanocrystal–PVK composite, because their work focused on photorefractive composites. 
It may therefore be expected that these compounds influenced the photoconductivity and that Roy 
Choudhury et al. did not optimize their devices with respect to the photoconductive effect. 

Figure 17 – Photocurrent spectral responses.  Photocurrent 
spectral responses (symbols) and the corresponding absorption 
spectra (solid lines) for three samples with different PbS 
nanocrystal size. The sizes of the PbS nanocrystals were chosen 
such that the absorption peaks were tuned to 955 nm (black), 
1200 nm (red) and 1355 nm (blue). (after [24]) 
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6.3  PbSe nanocrystal–PVK composites 
Another approach to infrared sensitization of PVK is the use of lead selenium (PbSe) nanocrystals 
instead of lead sulphide. Roy Choudhury et al. explored this option and published two articles about 
such a composite.[54, 62] The PbSe nanocrystals were synthesized by making some variations to 
existing literature methods [51, 54, 62] and similar devices as before with aluminium electrodes were 
fabricated. The ionization potential reported for bulk PbSe ranges between ~8.4 eV and 
~8.8 eV [54, and reference therein]. This makes the hole transfer possible again without any energy barrier to 
overcome. 
The first report of Roy Choudhury et al. was again as part of the search for photorefractive 
composites. The photocurrent as a function of applied bias voltage had been measured under 
illumination of a 1550 nm continuous-wave laser at 50 mW incident power (Fig 18a).[62] The 
photocurrent at an applied bias voltage of -25 V was 71.96 nA, while the dark current was 0.1 nA. This 
results in a photocurrent to dark current ratio of 720. At first glance this looks better than the reported 
630 of McDonald et al. It has to be taken in mind however that this latter value had been determined at 
-5 V applied bias voltage. It is very hard to determine the photocurrent at -5 V from the curve of Roy 
Choudhury et al., but a very positive guess is 5 nA. This would result in a photocurrent to dark current 
ratio of only 50; much lower than the result reported by McDonald et al. 
Again an asymmetric photocurrent curve can be observed. Roy Choudhury et al. also used electrodes 
with different work functions (ITO: ~4.8 eV, aluminium: ~4 eV). From these values it would be 
expected to observe the asymmetry in the opposite way. Possibly Roy Choudhury et al. applied the 
bias voltage to the aluminium electrode instead of the ITO electrode, but this is not clear from their 
report. Nevertheless a quantum efficiency of photogeneration up to ~0.65 % at the highest operational 
bias was possible to reach. 
Roy Choudhury et al. published a second report focussing on the photoconductive effect. The devices 
described in this report did not contain the plasticizer and chromophore anymore and the 
concentration of PbSe nanocrystals in the composite had been increased from ~10 weight percent to 
~40-50 weight percent. Thanks to these changes Roy Choudhury et al. were able to increase the 
quantum efficiency of photogeneration to ~3 % at the maximum applied bias voltage of 34 V.[54] The 
photocurrent as a function of applied bias voltage had been measured under illumination of a 1340 nm 
and 1550 nm continuous-wave laser respectively at two sample with different PbSe nanocrystal 
size (Fig 18b).[54] The photocurrents at the maximum applied bias voltage of 34 V were 144 nA and 
164 nA for the samples sensitized at 1340 nm and 1550 nm respectively, while the corresponding dark 
currents were 19 nA and 34 nA. This results in a photocurrent to dark current ratio of 8 and 5 
respectively. Compared to the first report of Roy Choudhury et al. on PbSe nanocrystal– PVK 
composites these values are extremely low. The photocurrents are larger than before, but also the 
dark currents are much larger. Apparently increasing the PbSe nanocrystal concentration in the 
composite influences the dark current more than the photocurrent, although this is not easily 
rationalized. It seems like the dark current is magnified again as in the first publication on PbSe, which 
would explain the higher dark current. This is however not reported anywhere in the article. 

Figure 18 – Photocurrents of PbSe nanocrystal–PVK composites.  a) Dark current (squares) and typical photocurrent 
(circles) as a function of applied bias voltage under illumination of a 1550 nm continuous-wave laser at 50 mW incident power. [62]
b) Dark currents (open symbols) and photocurrents (filled symbols) as a function of applied bias voltage under illumination of a
1340 nm (circles) and 1550 nm (squares) continuous-wave laser of two sample with different PbSe nanocrystal size. [54] 
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6.4  Comparing the different composites 
Compared to each other McDonald et al. reports the best results so far. Roy Choudhury et al. claim 
equal performance especially of quantum efficiency of photogeneration. They forget however that the 
~3 % quantum efficiency of McDonald et al. had been obtained at -5 V applied bias voltage, whereas 
their own result had been obtained at 34 V. At 5 V applied bias voltage Roy Choudhury et al. obtained 
a quantum efficiency of photogeneration of less than 0.1 %.[54] Apart from this the composites of Roy 
Choudhury et al. also show much lower photocurrent to dark current ratios. These on/off ratios are 
however of critical importance for detection and imaging applications. In addition the reports of Roy 
Choudhury et al. show some indistinctness and inconsistencies, e.g. some aspects of the 
photosensitivity, the high dark current and the opposite asymmetry in the photocurrents. 
It may be possible to increase the photocurrents and quantum efficiencies of photogeneration of the 
composites of Roy Choudhury et al. by further increasing the nanocrystal concentrations. This might 
increase the efficiency of charge transport without recombination by formation of a percolating network 
giving an appropriate pathway for electron conduction.[45, 54] 
Regardless of the lower performances of their devices, Roy Choudhury et al. were able to sensitize a 
polymer further into the infrared region than McDonald et al. (1550 nm compared to 975 nm). 
McDonald et al. showed however that they were able to tune the photocurrent spectral response of 
their devices by using PbS nanocrystals of different sizes.[24] As have been reported, PbS nanocrystals 
have absorption peaks that can be tuned from ~800 nm to ~2000 nm.[49] It is therefore expected that 
McDonald et al. will also be able the extend the sensitization of their devices further into the infrared 
region. The same however counts for the PbSe nanocrystals that can be tuned from ~1100 nm to 
~2200 nm [63]. 
The nanocrystals used have potential tunability up to ~3600 nm (PbS) and ~4500 nm (PbSe) as can 
be inferred from the bulk band gap energies (see Table 1). For most applications however 
sensitization up to 4500 nm is not necessary. A high photocurrent to dark current is of much more 
importance for most applications. From the current state it can therefore be concluded that PbS 
nanocrystal–MEH-PPV composites are a better choice than PbSe nanocrystal–PVK composites. 
 

7 – Infrared photoconductivity of solution-processed nanocrystals 
A few groups published about infrared photoconductivity from nanocrystal films processed from 
solution.[64-67] In these experiments nanocrystals are processed from solution like polymers, allowing 
convenient integration with any substrate, without the need for a polymer. Moreover, in contrast to bulk 
material, their sizes can still be tuned, keeping the possibility of tuning the spectral responses by 
means of the quantum size effect. 
One publication reports about PbS nanocrystals spin-coated from solution onto a glass substrate 
coated with gold electrodes.[64] PbS nanocrystals were prepared by the commonly used synthesis [49], 
but the resulting oleic acid capped PbS nanocrystals were found to be insulating. Therefore a ligand 
exchange was performed [64], resulting in a 
photoconductive effect. The response 
depended on an oxidation step during 
fabrication, as a result of trap-state-forming 
oxides, and on the interparticle separation, as a 
result of crosslinking between adjacent 
nanocrystals. 
Two other publications described mercury 
tellurium (HgTe) nanocrystals, either bare or 
capped with thioglycerol, dropped from an 
aqueous solution.[65, 66] The thioglycerol capped 
nanocrystals were synthesized by a colloidal 
method and either directly dropped onto silicon 
substrates [65] or first treated to remove the 
organic capping ligands, re-dispersed in water 
and then dropped on substrates [66]. A 
photocurrent was observed under illumination of 
light with wavelengths up to 1050 nm. The 
thioglycerol ligands were thought to act as a 
hole transport medium, whereas the electrons 
were trapped at the HgTe nanocrystal 

Figure 19 – On-off behaviour of HgTe nanocrystals.
Very clear on-off behaviour of a film of uncapped HgTe 
nanocrystals, dropped from an aqueous solution between 
gold electrodes on a silicon substrate, due to light of 1100 
nm at an applied bias voltage of 3 V. [66] 



Peter Fonteijn  -  Top Master Nanoscience of the Zernike Institute for Advanced Materials 
 

 
 
20 

centres.[65] To reduce dark currents the thioglycerol ligands were removed. The dark current became 
negligible indeed, but also the photocurrent decreased dramatically, yet it was still three orders of 
magnitude higher than the dark current.[66] The photocurrent spectral response extended up to 
1800 nm and a very clear on-off behaviour could be observed (Fig 19). 
Finally a not yet published article reports about an infrared photoconductor of inkjet-printed 
nanocrystals.[67] Inkjet-printing is a powerful tool for very accurate deposition of liquids containing 
suspended nanocrystals. By using HgTe sensitivity up to a wavelength of 3 µm could be achieved. 
Nanocrystals were synthesized in aqueous solution and afterwards a ligand exchange was 
performed.[67] For inkjet-printing the viscosity and surface tension of the liquid are very important. 
Therefore HgTe nanocrystals were suspended in chlorobenzene to obtain optimal droplet ejection. 
Large photocurrents compared to dark current could already be observed under illumination with a 
power of 42 µW. Also PbSe nanocrystals were studied for their sensitivity up to µm wavelengths. 
PbSe nanocrystals however showed a significantly faster degradation with time.[67] Therefore HgTe 
nanocrystals were used to obtain photoconduction at even larger wavelengths by varying the size of 
the nanocrystals. 
 

8 – Conclusion and further prospects 
Infrared photoconductivity of nanocrystal-sensitized polymers is still in its infancy. Only a few results 
have been published so far with photoconductivity really extending into the infrared region of the 
electromagnetic spectrum. The use of nanocrystals however offers a large freedom in tunability of the 
absorption peak of nanocrystal–polymer composites, only limited by the bulk value of the band gap 
energy. One problem that might arise however is the optical quality of the nanocrystals that 
significantly decreases with increasing nanocrystal size [67]. Some promising materials like PbS and 
PbSe, but also HgTe, have been studied; others are theoretically still an interesting option. 
MEH-PPV and PVK are used at the moment as hole transporting medium in the composite. The 
energy levels of these polymers have the best alignment to the nanocrystals used so far. Using other 
nanocrystals, more readily available polymers might be suitable for composite formation. Incorporation 
of charge transport layers or changing and removing the capping ligand around the nanocrystal also 
might improve charge transfer, although processability may be reduced. Other approaches relying on 
nanocrystals spin-coated, dropped or inkjet-printed directly from solution are interesting ways of 
improvement of photoconductivity and processability. The use of polymers may nevertheless be 
preferred due to the flexibility of the final material. 
As long as a high photocurrent to dark current ratio can be obtained with low incident power, low 
applied bias voltage and a consequently high quantum efficiency of photogeneration any of the 
approaches described could become the best option. Nevertheless, still a lot of work has to be done to 
reach the level of cost-efficient, easy to process and high-performance infrared photoconductive 
materials ready to use for relevant applications. 
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