
Advances in solar photovoltaics are urgently needed to increase the performance and reduce the cost of harvesting solar 
power. Solution-processed photovoltaics are cost-effective to manufacture and offer the potential for physical flexibility. 
Rapid progress in their development has increased their solar-power conversion efficiencies. The nanometre (electron) and 
micrometre (photon) scale interfaces between the crystalline domains that make up solution-processed solar cells are crucial 
for efficient charge transport. These interfaces include large surface area junctions between photoelectron donors and accep-
tors, the intralayer grain boundaries within the absorber, and the interfaces between photoactive layers and the top and bottom 
contacts. Controlling the collection and minimizing the trapping of charge carriers at these boundaries is crucial to efficiency. 
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One hundred and twenty thousand terawatts of solar power 
irradiate Earth. Globally, humans consume only 15 terawatts. 
Solar power is abundant, free and can be harvested with mini-

mal effect on the environment.
The cost and efficiency of the solar cells that make use of this power 

are of paramount importance. Single-crystal solar cells are formed 
from a continuous piece of crystal, but solution-processed photovolta-
ics are manufactured on large, potentially flexible substrates (Fig. 1). 
Light-absorbing and electrode materials are applied to the substrate by 
techniques such as blade coating, spray coating, printing and slot-die 
coating. Many solution-processing approaches use low temperatures, 
reducing the energy cost associated with solar-cell manufacturing and 
therefore the energy payback time. Lightweight, flexible solar modules 
can also lower the installation and maintenance costs. 

Four main families of solution-processed solar technologies are 
approaching or have exceeded 10% solar-power conversion efficiency. 
The challenge now is to continue this progress. Advances rely on con-
trolling the abundant materials interfaces that make up these highly 
nanostructured devices. In this Review, we discuss the chemistry, phys-
ics and materials science of these interfaces, and their control through 
materials chemistry. In particular, we focus on dye-sensitized solar cells 
(DSSCs)1, organic photovoltaics2, solution-processed bulk inorganic 
photovoltaics3 and colloidal quantum-dot4 solar cells.

The charge-separating junction is the boundary between two 
intimately contacted materials at which photogenerated electron–
hole pairs are separated into longer-lived charge carriers (Fig. 2a, b). 
Efficient operation of the solar cell relies on the separation and col-
lection of energy-bearing photocarriers before they lose their excess 
energy through recombination. Typical diffusion lengths for the 
performance-limiting photocarrier — minority charge carriers — are 
within the 5–500-nm range in solution-processed semiconductors, 
but the absorber thickness required to achieve complete absorption of 
solar irradiation of interest is often considerably more than this. This 
results in a possible trade-off between electron extraction and opti-
cal absorption if a planar absorber is used. To break this compromise, 
solution-processed solar cells make use of highly nanostructured and 
mesostructured interfaces.

Solution-processed photovoltaic materials generally contain signifi-
cant degrees of disorder, often because of the boundaries that define the 

randomly orientated crystalline domains in both organic and inorganic 
semiconductors. Transport within these domains, as well as at their 
boundaries (including transport-limiting mechanisms, such as charge-
carrier trapping), requires attention and optimization. 

One example of a beneficial boundary effect is the quantum 
confinement of charge carriers to well-defined nanocrystalline domains, 
such as in semiconductor quantum dots. This effect allows the tuning of 
energy levels in materials. Wide-ranging tuning is advantageous because 
the Sun emits such a broad spectrum of light (Fig. 2c). Relying on one 
absorber bandgap limits the solar-cell power-conversion efficiency to 
31% (ref. 5), whereas stacking cells with different bandgaps to create 
multijunction configurations could increase the power-conversion 
efficiencies to, in principle, a 68% limit (Fig. 2d). 

We present the benefits of structured charge-separating interfaces and 
review the chemical management of their electronic properties, discuss 
interfaces within light-absorbing materials, describe the management 
and characterization of these interfaces, and summarize the progress 
and prospects in the field.

Morphology of charge-separating interfaces
DSSCs6 (Fig. 3a) illustrate the use of nanostructured materials to 
overcome weak absorption. A monolayer of sensitizer molecules 
is anchored, with a linker, to an electron-accepting large-bandgap 
semiconductor such as titanium oxide, tin oxide or zinc oxide. If the 
monolayer was tethered to a planar electrode, it would absorb an insig-
nificant fraction of solar radiation (less than 1%). Instead, because 
the electrode has a high-contact area, a three-dimensional junction is 
formed with the metal-oxide nanoparticles. This nanostructured elec-
trode is many micrometres thick, and the dye–nanoparticle interface is 
more than a thousand times the area of the solar cell. 

Interfacial considerations are of particular concern in an architecture 
in which every absorber molecule also forms one side of the charge-
separating junction. Four interfacial electron-transfer reactions have a 
pivotal role in the efficiency of photoinduced charge separation. Injec-
tion of electrons from the dye into the conduction band of the oxide 
nanoparticles must proceed faster than exciton recombination within 
the dye. Recombination of forward-injected photoelectrons across 
the dye–electrode interface must be prevented. The sensitizer must 
be regenerated by donation of electrons from the electrolyte. Finally, 
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recombination must be eliminated in the electrolyte or hole conduc-
tor. Through the molecular engineering of sensitizers, quantum yield 
values have exceeded 80% across the entire visible and near-infrared 
spectral range7.

In organic solar cells, a mixture of semiconductors forms a bulk 
heterojunction8,9 (Fig. 3b), again creating a large donor–acceptor inter-
facial area. The excitons generated through light absorption in the donor 
diffuse to a heterointerface with the acceptor, where they dissociate into 
weakly bound charge-transfer states or free carriers. These then need 
to be separated from the interface and transported to contacts through 
percolating paths within the distinct electron- and hole-transporting 
phases. This sequence of steps is affected by the morphology of the 
active layer. To optimize performance, intimate donor–acceptor inter-
penetration in the photoactive layers creates a large interface, resulting 
in a high quantum yield of exciton dissociation; these domains should 
be large enough to allow rapid charge separation and transport from the 
interface to prevent recombination10. Molecular ordering within materi-
als and controlled phase segregation among the components enhance 
power-conversion efficiency. 

The morphology that is needed to optimize performance is 
established during the formation of organic films. Solvent choice and 
drying, and processing additives, determine the nature and extent of the 
phase segregation. Post-deposition treatments such as thermal anneal-
ing may have a role in creating and stabilizing the nanoscale interpen-
etrating network of materials. For blends of poly(3-hexylthiophene) 
(P3HT) with the C60 fullerene derivative phenyl-C61-butyric acid 
methyl ester (PCBM) (Fig. 4a, b), both can be rendered semicrystal-
line. With annealing, P3HT forms long, thin conducting nanowires in 
a more homogeneous nanocrystalline PCBM film11. Increased phase 
separation and crystallization have a profound effect on the photophysi-
cal and transport properties of the active layer. 

This insight has been gained through combined experimental and 
model-based analysis, such as electron tomography with optoelectronic 
modelling12, and has led to the three-dimensional visualization of the 
bulk heterojunction, with implications for device performance (Fig. 
4a). Bright-field transmission electron microscope (TEM) morphol-
ogy observation and acquisition of a series of different tilt angles were 
combined and iteratively reconstructed to form three-dimensional TEM 
images, establishing the distance from each volume of donor material to 
the nearest location of acceptor material, known as the spherical con-
tact distances. This determined the distribution of probability, assessed 
throughout the volume of a blended film, that an exciton generated 
inside the donor will find the acceptor at a certain distance. For excitons 
with a diffusion length of about 10 nm, the calculated exciton quenching 
efficiency was obtained for each sample, and the results showed that 
exciton quenching was much more efficient in materials with a finer 
bulk heterojunction morphology.

Colloidal quantum-dot solar cells (Fig. 3c) are also limited by the 
diffusion lengths of minority carriers (10–100 nm)13,14, which are 
shorter than their above-bandgap optical absorption lengths (100–1,000 
nm). They could also benefit from high interfacial areas. By moving 
beyond planar geometries, photocurrents have been increased because 
of the enhanced volume of depleted colloidal quantum-dot material 
from which electric-field-induced drift transport efficiently extracts 
photocharges15. In light of this, the optimal pore size is in the same range 
as the depletion-region thickness (150–200 nm). Because a continuous 
semiconductor phase of quantum dots rather than a monolayer of dye is 
used, the need for an abundant surface area is reduced compared with 
DSSCs, so columnar electrodes can be deployed16.

Solution-processed copper-indium-gallium-selenide (CIGS) and 
copper-zinc-tin-sulphide (CZTS) semiconductors (Fig. 3d) form, 
with heat treatment, polycrystalline semiconductor films made up of 
large (micrometre-sized) single-crystal grains. As a result, electron 
and hole mobility can enter the 10–100 cm2 V-1s-1 range, avoiding the 
need for bulk heterojunction analogues. In this case, planar interfaces 
are highly effective.

Electronics of charge-separating interfaces
When the interfacial area is maximized, the chemistry and resultant elec-
tronics of donor–acceptor interfaces become particularly important. On 
the positive side, the forward injection of charge carriers into the acceptor 
is helped by the abundance of sites available, but back recombination of 
the charge-separated carriers across the interface becomes more likely. 
Technical advances have highlighted the opportunities to manage the 
crucial charge-separating interface using materials chemistry. 

In DSSCs, the light-absorbing dye molecules are anchored to the 
oxide nanoparticle electrode through coordinative bonding of the 
linker to the metal ions exposed at the surface of the metal oxide. Car-
boxylate and phosphonate groups are particularly effective as linkers. 
Forward transfer is determined by the energetic position of the lowest 
unoccupied molecular orbital (LUMO) level of the sensitizer compared 
with the conduction band of the acceptor, and the strength of electronic 
coupling between the initial and final states associated with the transfer. 
Engineering these two aspects has led to electron injection efficiencies 
approaching unity. Systematic investigations17 of the dynamics of elec-
tron injection for perylene-carboxylic-acid-sensitized titanium-oxide 
nanocrystals have shown that forward injection proceeds with about 
a 13 fs time constant, which is consistent with theoretical predictions. 
Adding a saturated -CH2-CH2- spacer between the chromophore and 
the carboxylate anchoring group extended the injection time to 57 fs, 
confirming the strong distance dependence of the electron transfer rate. 
By contrast, introducing an unsaturated -CH=CH- did not alter the 
electron injection time, as a result of the enhanced electronic coupling 
through the double bond.

Recombination across the phase boundary that separates the elec-
tron- and hole-conducting media is the reverse of forward injection, 
and lowers the net quantum yield. Avoiding this requires engineering 
of the interface to impede the backflow of electrons across the junc-
tion. The sensitizer slows down the interfacial charge recombination 
by forming a dense self-assembled monolayer. This also occurs with 
infilling, using co-adsorbents at the oxide interface. This improved 
rectification benefits the open-circuit voltage and results in a higher 
net charge collection efficiency by ensuring that forward transfer is 
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Figure 1 | Solution-processed photovoltaics. a, Commercial dye-sensitized 
solar cells illustrate the production of photovoltaic technologies through 
printing. During the day, the cells harvest light from the Sun or ambient light 
in a room, and in the evening the stored energy can be used for decorative 
illumination. Image courtesy of S. Uchida, University of Tokyo. b, Using a 
roll-to-roll technique to manufacture solution-processed solar cells reduces 
the manufacturing, deployment and energy costs involved. c, The installed 
cost per Watt-peak (Wp) as a function of module cost and module efficiency, 
assuming that balance-of-systems costs can be reduced to US$100 per square 
metre. Once the module cost is known and the efficiency determined, the 
installed cost can be established.
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quicker than recombination, achieving near-unity net collection of 
photogenerated electrons18. 

Impedance spectroscopy is an important tool for investigating 
electron transport and recombination in mesoscopic titanium-dioxide 
films, as well as interfacial charge transfer at the counter electrode and 
diffusion in the electrolyte. The shapes of the frequency-dependent 
impedance response curves allow clear identification of each of these 
processes. By using a transmission line model19, electrical cell param-
eters, such as the resistances for electron diffusion and recombination, 
the chemical capacitance of the films, the diffusion coefficient of the 
redox mediator in the electrolyte, the resistance for electron transfer 
at the counter electrode and the series resistance of the cells can be 
extracted. Impedance parameters show the energetic distribution of 
the localized states in the bandgap of the oxide nanoparticles. Electrons 
move between the trap states and the conduction band, and only free 
electrons contribute to the steady-state diffusion process. The depend-
ence of the recombination resistance on the bias potential follows an 

exponential function, suggesting a trap state-mediated charge-transfer 
mechanism. The width of the energy distribution of trap states can be 
quantified, and a prevalence of shallow traps, for a given open-circuit 
voltage, can increase the maximum extractable power from the cell, or 
fill factor20. Progress is still needed to quantify accurately the charge-
carrier diffusion length21, and to apply impedance spectroscopy to solid-
state sensitized heterojunction solar cells22 and colloidal quantum-dot 
sensitized solar cells23.

Understanding and controlling the energetics of the charge-
separating interface has contributed to the rapid improvement of col-
loidal quantum-dot solar cells. Early advances in performance relied on 
a metal-semiconductor Schottky junction, in which a light metal with 
a shallow work function established a charge-separating electric field 
within the p-type colloidal quantum-dot solid24. This model system 
was easily fabricated, rapidly achieved a multi-per-cent level of  per-
formance25, and resulted in the rapid accrual of knowledge of doping 
and the establishment of charge-carrier drift and diffusion regions in 
colloidal quantum-dot solids26. 

Depleted heterojunction colloidal quantum-dot devices27 (Fig. 3b) 
have a number of advantages over Schottky architecture. Separating 
charges on the light-absorbing side of the device lessened the reliance 
on long-distance transport within the quantum-dot film. The n-type 
titanium-oxide to p-type colloidal quantum-dot film heterojunction 
removed the limits on open-circuit voltage that arose as a result of 
Fermi-level pinning in Schottky devices. The barrier-to-hole extraction 
presented by the large-bandgap titanium dioxide was used to prevent 
back recombination. 

The electron affinity of the acceptor that makes up the depleted 
heterojunction has also been systematically varied28. Cyclic voltamme-
try studies of electrode and quantum-dot materials showed that only 
a mildly favourable band offset was required to allow efficient charge 
injection into the titanium dioxide. This is consistent with the small 
binding energy of electron–hole pairs in metal chalcogenides, and with 
the p–n junction also driving carrier extraction along with the hetero-
structure band offset29. Multilayer electrodes in colloidal quantum-dot 
solar cells have been exploited to allow greater freedom in the joint 
optimization of doping and band offset30.

Inorganic solution-processed solar cells, such as those based on CIGS 
and CZTS, are also reliant on the front junction for efficient charge 
separation. Here an n-type semiconductor, such as cadmium sulphide, 
forms a depletion region when in contact with the p-type absorber. A 
large positive conduction band offset (spike) (Fig. 3d) presents a barrier 
for minority carrier (electron) collection, reducing short-circuit current. 
By contrast, negative offset (cliff) leads to increased recombination at 
the buffer–absorber interface, thereby reducing open-circuit voltage. 
Ideally, the device would have a small 0–0.4 eV conduction-band offset 
spike, as found in copper-indium-gallium-sulphur-selenide (CIGSSe) 
devices employing a cadmium-sulphide buffer31,32. Efforts to replace 
cadmium sulphide with a buffer that contains no heavy metals must 
take into account the effect of conduction-band offset on device per-
formance33. 

At the back of the CIGS or CZTS devices, an ohmic contact is required 
to collect majority carriers from the absorber. Molybdenum provides an 
ohmic contact for both CIGSSe and copper-zinc-tin-sulphur-selenium 
(CZTSSe) devices, as a result of the molybdenum-selenide interfacial 
layer that forms between the two, during high-temperature thermal 
processing34. Not only does the molybdenum act as a back contact, but it 
also provides a partial chemical barrier. Trace amounts of sodium signif-
icantly improve CIGSSe device performance35, particularly open-circuit 
voltage, and this element is often introduced by fabricating devices on 
soda-lime glass. The flow of sodium into the absorber can be controlled 
during device fabrication by choosing a particular molybdenum-film 
thickness, density or grain structure, as well as through the application 
of a diffusion barrier to the glass.

In organic solar cells, the charge-transfer state is formed during 
rapid (about 40 fs)36 exciton dissociation37,38 at organic semiconductor 
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Figure 2 | Photovoltaic principles and performance. a, Light absorbed by the 
dye, polymer or inorganic semiconductor creates an excited photocarrier that 
quickly thermalizes to the band edge. Efficient solar cells extract the photocharge 
before it recombines. b, Solar cells must transfer power to load. Their operating 
current at the maximum power point multiplied by their operating voltage 
governs efficiency. The fill factor benefits from a minimal series resistance (RS) 
and a maximum shunt resistance (RSH). MPP, maximum power point; OC, open 
circuit; SC, short circuit. c, The solar spectrum is broadband, evenly dispersed 
across visible and infrared components. The optimal single-junction solar cell 
has a bandgap that corresponds to 950–1,250 nm. d, The theoretical efficiency 
of solar cells can be improved by sequentially harvesting the Sun’s constituent 
spectral components in tandem, using multijunction cells that reduce losses 
associated with intraband relaxation.
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heterojunctions. The energy of the charge-transfer state has an 
important role in determining the open-circuit voltage of the cell. The 
rapidly ensuing dissociation into free charge carriers, which must out-
pace recombination, maximizes the short-circuit current. Maximizing 
open-circuit voltage requires organic or polymer heterojunctions in 
which the energy of the lowest intramolecular singlet excitons in the 
donor and acceptor is just sufficient to create the charge-transfer state, 
placing the system at the threshold for photovoltaic operation: synthet-
ically this requires careful tuning of the highest occupied molecular 
orbital (HOMO) and LUMO levels to maximize the open-circuit voltage 
while still achieving efficient charge separation. Detailed photophysical 
studies have quantified the considerable difference in binding energy of 
charge-transfer excitons compared with bulk-charge separation39, and 
indicate the importance of work aimed at directing charge flow away 
from the heterojunction to avoid losses as a result of bound charge-
transfer excitons.

The electronic properties of the donor–acceptor interface in organic 
bulk heterojunction solar cells have been analysed using a combina-
tion of highly sensitive photothermal deflection spectroscopy, external 
quantum efficiency measurements and electroluminescence spec-
troscopy to obtain detailed information on the energy and role of the 
interfacial charge-transfer state in generating free charges38,40. Scanning 
tunnelling microscopy and spectroscopy probed the local photovoltaic 
performance of prototypical polymer–fullerene bulk heterojunction 
films with 10-nm resolution. Fullerene-rich clusters act as sinks, extract-
ing electrons from an interface layer of a homogeneously mixed poly-
mer–fullerene matrix, surrounding the fullerene cluster and allowing 
quantitative correlation between nanoscopic and macroscopic device 
photovoltaic performance41.

As well as the donor–acceptor junction, the interface of the 
photoactive layer with the electrodes is important for the operation 
of organic solar cells. Once the HOMO and LUMO levels have been 
optimized inside the device, the difference in the work function of the 
electrodes can limit the maximum attainable open-circuit voltage. By 
incorporating thin interfacial layers of either alcohol- or water-soluble 
polymers42 or a fullerene bisadduct surfactant43 between the photoac-
tive layer and the electron-collecting electrode, performance was sub-
stantially increased. These improvements have been attributed to the 
formation of dipole layers and to Fermi-level pinning, respectively. At 
the hole-collecting electrode, replacement of the standard electrode 
material, poly-3,4-ethylenedioxy-thiophene–poly(styrene sulphonate) 
(PEDOT–PSS), with nickel oxide (ref. 44) or a single layer of electroni-
cally tuned graphene oxide45, has also resulted in significant improve-
ments. Further research is crucial to develop solution-processed tandem 
and multijunction polymer bulk-heterojunction solar cells in which the 
individual subcells are stacked using optically transparent electrically 
conducting recombination layers46,47. 

Interfaces within the absorber
Much of the progress in colloidal quantum-dot photovoltaics has 
occurred within the quantum-dot solid itself, which has a large inter-
facial area. Early work in quantum-dot photovoltaics48 assumed that 
a two-phase solution, similar to the bulk heterojunction of organic 
photovoltaics, could extend the excited state lifetimes. However, com-
pletely removing the polymer phase and organic insulating ligands led 
to marked improvements in transport  performance49, ensuring the 
focus was on essentially pure colloidal quantum-dot films. Only the 
shortest organic ligands were retained for surface passivation. Solution-
phase exchange to short organic linkers — such as butylamine — took 
colloids to the edge of stability in non-polar solvents, and allowed suf-
ficient communication among the nanoparticles to achieve efficient 
extraction over 100-nm length scales25. Solid-state exchanges were 
devised50 in which a quantum-dot film is cast, and a crosslinking agent 
is introduced into a solvent that does not redisperse the solid-state 
quantum-dot film, but instead aids in the displacement and removal of 
the original ligands24. The organic molecule chosen plays an important 

part in establishing the film morphology, and the thiol-end functional 
group has been particularly effective in terminating nanoparticle sur-
face dangling bonds51. The conductivity of the linker molecule itself may 
be important in enhancing transport in colloidal quantum-dot solids13.

Because of the intense focus on inorganic semiconductor nanopar-
ticles capped using organic ligands, enhanced passivation and retained 
quantum confinement using an inorganic passivation strategy came as a 
surprise52. Time-resolved transient infrared spectroscopy (Fig. 4e) indi-
cated there was a crucial role for trap states, as opposed to the quantum-
confined core levels, in determining the effectiveness of transport in 
colloidal quantum-dot films52,53. Halide anions introduced during solid-
state film treatments have led to a marked reduction in the density of 
trap states deep within the bandgap of the colloidal quantum-dot solid. 

Figure 3 | Solution-processed solar cell architectures. a, In the dye-
sensitized solar cell, light-absorbing dye (orange circles) is tethered to an 
electron-accepting three-dimensional electrode. The dye injects an excited 
photoelectron into the electrode and is recharged through an infiltrated 
electrolyte. b, The excitons generated in the light absorber of organic solar 
cells that benefit from an interpenetrating bulk heterojunction, rapidly 
diffuse to an interface where they are separated. This allows charge extraction 
prior to recombination. c, The light-absorbing region of colloidal quantum-
dot solar cells consists of a densely-packed, well-passivated collection of 
monodispersed semiconductor nanoparticles that have a size-tuned bandgap. 
The quantum-dot layer transfers electrons to the titanium-dioxide electrode 
and transports holes to the back ohmic contact. d, The minority carriers in 
inorganic bulk polycrystalline solar cells diffuse through a polycrystalline 
semiconductor to be extracted at a heterojunction. The panels on the left 
illustrate the three-dimensional physical structure of the cells, the panels on 
the right show the flat band (open circuit) energetic structure of the cells.
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This insight has been extended to the organic passivation domain, in 
which the mechanisms that underlie improved performance associated 
with optimal ligand selections have been traced directly to the quality of 
passivation in the final quantum-dot solid53. Optical field-effect transis-
tor studies54 of colloidal quantum-dot films have also suggested a mid-
gap band. The work connects the relationship between dark transport 
and photoconductivity in films of lead-sulphide nanocrystals. Spectrally 
resolved photoresponses of these devices show that a weakly conduc-
tive midgap band is responsible for charge transport in the dark. When 
illuminated, the material becomes dominated by band-edge quantized 
states. The midgap band is important even under illumination because 
its occupancy controls the dynamics of band-edge charges. The col-
loidal quantum-dot field will benefit from studies that help to find, and 
explain, the relationships between electron and hole mobilities meas-
ured using field-effect transistors, time of flight, and charge extraction, 
by linearly increasing voltage techniques.

Solution-processed CIGSSe or CZTSSe devices also provides 
examples of chemical and interfacial effects within the semiconduc-
tor itself. Processing of thin-film chalcogenide compounds from ink-
like solutions using techniques such as spin coating, slit casting and 
spray coating can control the metal stoichiometry, which is crucial for 
high device performance55. In CIGSSe devices, the indium to gallium 

ratio is used to tailor the bandgap, and the materials should be copper-
deficient relative to the ideal chalcopyrite stoichiometry to avoid detri-
mental electrical shunting. Similarly in CZTSSe devices, films should 
be both copper-poor and zinc-rich to form the highest-performing 
devices56. Using solution-based approaches, the final metal compo-
sition can be determined from the initial quantities of the elements 
in the solution; although for CZTSSe devices, tin volatility and loss 
during thermal processing must be mitigated to achieve the highest 
performance57. For CIGSSe, the ease with which targeted impurities 
can be introduced into the deposition solution led to the discovery that 
low levels of antimony markedly improved grain structure and CIGSSe 
device performance58 (Fig. 4c).

High performance relies on diffusion during CIGSSe or CZTSSe 
device processing, and homogeneity in the final film. In addition to 
sodium diffusing from the glass substrate35, cadmium diffuses into the 
absorber to a depth of about 10 nm during cadmium-sulphide chemical 
bath deposition (studied mostly in CIGSSe devices), leading to n-type 
doping (CdCu donor defects) that can invert the top layer of the absorber 
and increase the band bending, and hence electric field, near the semi-
conductor junction59. Deeper diffusion of cadmium has been reported 
in films with many grain boundaries — the internal interfaces within 
the absorber film60.

Figure 4 | Analysis of interface morphology and electronic properties. 
a, Three-dimensional electron tomography maps the detailed structure of 
bulk heterojunctions and guides optoelectronic modelling (Reprinted with 
permission from ref. 12). b, In the formation of a phenyl-C61-butyric acid 
methyl ester–poly(3-hexylthiophene) (PCBM) heterojunction, annealing 
conditions (right panel) control the length scale of interpenetration of the donor 
and acceptor materials (Reprinted with permission from ref. 11). c, Scanning 
electron microscope images of copper-indium-gallium-selenide (CIGS) 
semiconductors prepared with (right panel) or without a small concentration 
of antimony (Sb). Antimony improved the grain structure achieved in 
film processing (Reprinted with permission from ref. 58). d, Admittance 
spectroscopy shows the trap states in solution-processed CIGS devices. By 

correlating with materials analysis, materials chemistry mechanisms that 
underlie recombination centre formation could be pinpointed (Reprinted with 
permission from ref. 64). NT, defect density of states; α, trap levels with activation 
energies at around 25 meV (green area); N1, trap levels with activation energies 
at around 110 meV (purple area). e, Colloidal quantum-dot solar cells have, 
until recently, relied mainly on organic molecule-based control over surface 
passivation. A highly compact halogen-based inorganic passivation strategy 
superseded the performance of the organic approach. Time-resolved infrared 
spectroscopy was used to explore how organic and inorganic ligands used in 
the passivation of colloidal quantum-dot solids affect electronic trap states 
(Reprinted with permission from ref. 53). EDT, ethane dithiol; IR, infrared; 
MPA, 3-mercaptopropionic acid; PbS, lead sulphide.
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Grain boundaries are typically copper-poor in CIGSSe devices61 
relative to the grain interiors, which modifies the valence band offset 
such that the boundaries repel holes and recombination is reduced. 
Low-temperature air-annealing after device fabrication improves the 
performance of CIGSSe and CZTSSe devices, particularly for those with 
small grain size, as a result of grain-boundary passivation62. Finally, in 
the bulk absorber at the atomic scale, elemental vacancy and substitu-
tional defects, such as VCu, InCu and CuZn, significantly affect doping and 
recombination, and consequently device performance63,64. 

Trap spectroscopies have been used in solution-processed inorganic 
solar cells and have been combined with a suite of advanced-materials 
analysis methods64,65. The defect level distribution for solution-pro-
cessed CIGSSe films grown with low selenium supply showed trap 
levels with activation energies of 25 meV and 110 meV (ref. 66) using 
admittance spectroscopy (Fig. 4d). Materials analysis has shown the 
importance of control over the supply of selenium during CIGSSe grain 
growth. The difference in selenium supply has a negligible effect on 
CIGSSe grain structures, crystal orientation and bulk composition, 
when measured by cross-section scanning electron microscopy or TEM, 
X-ray diffraction and secondary ion mass spectrometry. But when sele-
nium supply is insufficient, a defective chalcopyrite layer with a high 
density of (In,Ga)Cu defects forms near the CIGSSe surface owing to the 
loss of selenium from the CIGSSe lattice. This defective chalcopyrite 
layer leads to more pronounced rollover and crossover signatures in J–V 
curves. The occupation of existing VCu by extra (In, Ga) atoms to form 
(In, Ga)Cu defects is also manifest in their defect spectra, in which a sig-
nificant decrease in shallow acceptor defects (attributed to VCu defects) 
but an increase in the deeper N1 defect level (110 meV from the band 
edge) (attributed to (In, Ga)Cu defects) is observed. These defects affect 
solar cell performance by acting as Shockley–Read–Hall recombina-
tion centres. This insight can be used to further optimize CIGSSe pro-
cessing, highlighting the importance of comprehensive electronic and 
materials characterization.

Spectral use to improve performance
In DSSCs, using co-sensitizers with black ruthenium dye has resulted 
in a power-conversion efficiency of 11.4% (ref. 67). A further increase 
in power-conversion efficiency to 12.3% has been reported18. This was 
achieved by using a judiciously engineered porphyrin sensitizer along 
with a cosensitizer and Tris(2,2ʹ-bipyridyl)cobalt(III) as a redox shuttle68 

(Fig. 5). This redox shuttle yields substantially higher open-circuit volt-
age values than the iodide-based electrolyte. If validated by a photovol-
taics calibration laboratory, the power-conversion efficiency would be 
the highest achieved for a DSSC under standard reporting conditions.

In organic photovoltaics, progress on small-bandgap polymers and 
small molecules has been chiefly responsible for achieving 8.4% effi-
ciency in a single-junction low-bandgap polymer cell42 and 8.6% in a 
tandem configuration69. Achieving these performance levels required 
synthesizing a small-energy-bandgap polymer (less than 1.5 eV) with 
carefully tuned HOMO and LUMO levels to maximize the open-cir-
cuit voltage, but still achieve efficient charge separation. Optimization 
of both charge-carrier mobility and fine-phase separation with the 
acceptor led to a high current density and fill factor. As yet undisclosed 
organic semiconductors have achieved record certified solar-cell effi-
ciencies of 10.0% for single junctions70 and 10.6% for tandem devices. 

Efforts to improve colloidal quantum-dot solar photovoltaics are 
based on improved spectral use. The optimal single-junction bandgap 
close to a wavelength of roughly 1 μm is achieved using readily synthe-
sized lead-sulphide quantum dots with about a 3-nm diameter. These 
devices have progressed rapidly from concept48 to all-quantum-dot 
(polymer-free) devices based on Schottky junctions13,25,71. Depleted-
heterojunction architectures27 have achieved power-conversion efficien-
cies of 6% (ref. 52). The quantum-dot tandem cell is the first tandem to 
use the same material in both the large-bandgap front cell and small-
bandgap back cell, with quantum-size-effect tuning alone allowing a 
wide variation in bandgaps (1.6 eV and 1.0 eV)72. This result relied on 

an interconnection strategy known as the graded recombination layer, 
which employed a stepwise progression in work functions from the 
shallow-work-function electron acceptor of the back cell to the deep-
work-function hole acceptor of the front cell. 

CZTSSe and CIGSSe films control the bandgap by optimizing the 
sulphur to selenium ratio and metal substitution73,74, which can further 
enhance spectral use and minimize recombination in this materials class.

Controlling heterointerfaces 
The first organic photovoltaics devices were planar75, but they soon 
progressed with the advent of the bicontinuous network of internal 
donor–acceptor heterojunctions9 founded on rapid photoinduced elec-
tron transfer from the excited state of a semiconducting polymer onto 
C60 buckminsterfullerene. Refining the control over molecular mor-
phology of the active layer76,77 by improving process conditions had a 
principal role in increasing the power-conversion efficiency from a few 
per cent a decade ago9 to more than 10% in 2012 (ref. 70). In colloidal 
quantum dots, both nanoparticle15 and patterned-substrate electrodes16 
enhanced short-circuit currents by about 20%. In both cases, improved 
control over the aspect ratio (morphology), as well as transport and 
trapping, at these interfaces could provide further benefits.

Controlling the bulk semiconductor solid
Solution-based approaches provide good control over film stoichiom-
etry. One of the first approaches for CIGSSe devices involved depositing 
metal-oxide nanoparticle-based precursors onto a substrate, chemically 
reducing the precursor film to the metals using an anneal in hydrogen, 
and subsequently selenizing or sulphurizing the film using a post-dep-
osition treatment in a sulphur or selenium atmosphere78, leading to 
CIGSSe devices with 13.6% efficiency. An analogous approach using 
chalcogenide-based nanoparticles subsequently improved efficiency to 
14% (ref. 79). A pure-solution approach using hydrazine as the solvent 
led to 15.2% efficiency80 for a fully solution-processed device, closing 
the performance gap with vacuum-deposited devices, which have a 
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20.3% efficiency. A similar hydrazine-based slurry approach for the 
CZTSSe system led to 10.1% efficiency, which is the highest achieved 
by any solution- or vacuum-based approach for this materials system, 
demonstrating the potential of solution-processed devices to compete 
with vacuum-based analogues in performance81. Analogous progress 
using a pure-nanoparticle approach — not requiring hydrazine — has 
led to an 8% efficient cell74. Stoichiometry and its control are essential 
to CZTSSe, and depositing material is complicated by the narrow range 
of phase stability, and its susceptibility to the loss of tin, sulphur and 
selenium during heat treatment57. 

The success of the hydrazine-based approach for CIGSSe and CZTSSe 
devices is as a result of the nanoscale mixing of the various constituents 
in the precursor film. Metal species already have the desired metal-
chalcogen bonding, and incorporating excess sulphur or selenium in the 
film before heat treatment allows the rapid formation and crystallization 
of the CIGSSe or CZTSSe phase. Clean decomposition and dissocia-
tion of hydrazine from the precursor film during heat treatment also 
contributes to the formation of an impurity-free (especially oxygen and 
carbon) final film.

Outlook
Solution-processed solar cells are a promising technology for reaching 
15% solar-power-conversion efficiency and beyond in low-cost, flex-
ible solar modules. Inorganic solution-processed bulk semiconductor 
approaches have a tried-and-tested solar-materials composition 
achieved not through more costly physical deposition methods, but 
instead through solution-phase processing. Reducing the cost and 
complexity of solvents, their handling during processing and the 
temperature required in thermal processing are all being investigated. 
Organic solar cells and DSSCs have efficiencies in excess of 10%, and 
each has continued to progress in performance and reliability; for exam-
ple, DSSC modules with 8% efficiency have passed tests for the outdoor 
use of photovoltaic panels, including long-term exposure to heat and 
humidity, light soaking and temperature cycling82. Life-cycle analysis 
suggests that the energy payback for a DSSC is less than one year in 
a southern European climate, compared with more than three years 
for silicon solar cells. The youngest of the technologies reviewed, col-
loidal quantum-dot solar cells, raises the possible performance further 
in view of their intrinsic compatibility with systematically engineered 
multijunction architectures, and the possible opportunity to exploit 
multi-exciton generation83. These materials require further improve-
ments in transport and passivation to approach their full potential. 

Improvements in efficiency will include addressing the open-circuit 
voltage deficit in solution-processed solar technologies, especially 
CZTSSe devices. The voltage provided by many solution-processed 
devices is appreciably lower than the theoretical maximum. In CZTSSe 
devices, the voltage seems to be limited by interface-dominated recom-
bination84. Understanding the origins of this process requires a deeper 
understanding of the materials interfaces. In organic photovoltaics, 
at present, the open-circuit voltage is over 0.6 eV smaller than the 
bandgap85, but in principle a difference as little as 0.35 eV is possible. 
Reducing the energy losses associated with exciton dissociation, charge 
separation and collection will be essential.

Reducing ohmic losses must be achieved in many solution-processed 
device classes. A higher series resistance in CZTSSe devices than in 
CIGSSe devices (especially for high-sulphur-content absorber layers) 
and an increase in series resistance with reduced temperature, suggests 
the presence of an energetic barrier to charge-carrier extraction, or that 
CZTSSe devices have a deeper acceptor than CIGSSe devices62, leading 
to carrier freeze-out at low temperatures. If a barrier to current transport 
is present, it must be located at the back contact, the charge-separating 
interface or at interfaces of the polycrystalline grains that make up the 
solid, and remedied.

In colloidal quantum-dot photovoltaics, work is needed to enhance 
passivation within the bandgap of the quantum-dot solid, in which 
midgap and shallow traps of considerable energetic depth below the 

quantum-confined band edges are present. Modelling indicates that 
trap-free quantum dots are, in principle, possible86. Shallow traps 
originate because of surface disorder and reconstructions, whereas 
deep traps form because of significantly undercoordinated atoms on 
the surface87–89. These effects are analogous to the exponential decay 
that can occur near the band edge, known as Urbach tails, owing to 
deviations of bond lengths and bond angles, from ideal bulk values and 
unsaturated dangling bonds, respectively. Satisfying the charge-neutral 
conditions when selecting the intended stoichiometry of the quantum 
dots — similar to electron counting rules that describe the reconstruc-
tion of flat surfaces — offers a maximum opening of the quantum-dot 
bandgap86. Surface self-healing to remove dangling bonds reduces the 
total energy of the dots further87. These findings suggest that the dots 
have an intrinsic propensity to be trap-free in thermodynamic equi-
librium conditions. In contrast, experimental work has used synthesis 
and ligand-exchange conditions that are highly non-equilibrium and 
kinetically driven, requiring a renewed effort in thermodynamically 
driven synthesis and exchange.

Progress in the control of structured interfaces is ongoing for 
photovoltaics that can benefit from high-surface-area charge-separating 
junctions. Mesostructures for enhanced light-harvesting are a particu-
larly fertile opportunity, including nanorods composed of oxides with a 
core shell structure, gyroids and nanochannel-based mesoporous semi-
conductor oxide beads. These will facilitate electron transport and col-
lection, and increase multiple light scattering, leading to an augmented 
optical path for a given amount of the light-absorbing moiety.

Improving the control of structured interfaces allows the 
introduction of light management techniques. In addition to random 
surface texturing of the electrode-absorber interfaces used in conven-
tional solar cells to enhance absorption through multiple-angle scat-
tering90, photonic and plasmonic mesostructures can be incorporated 
into thin-film devices to increase the effective optical path lengths91. 
Examples are sub-wavelength metal nanoparticles, grating patterned 
metal films, semiconductor nanowires and photonic crystals92. Pho-
tocurrent enhancements of 33% have been demonstrated for thin-
film plasmonic silicon devices93. Initial studies in plasmonic organic 
cells94 and DSSCs95 have resulted in efficiency enhancements of 20% 
and 50–100%, respectively, which are promising for light trapping in 
solution-processed technologies.

One opportunity for the field of solution-processed photovol-
taics is to combine concepts and materials from diverse materials 
communities. For example, quantum dots could be used as replace-
ments for chromophores in DSSCs, with a monolayer of size-tuned 
nanoparticles forming the broad spectral reach of semiconductors, 
and complemented by the well-understood charge transfer and back 
recombination blocking of the DSSC architecture. With their excel-
lent efficiency in harvesting the visible portion of the Sun’s spectrum, 
organic photovoltaics could be integrated with infrared-bandgap semi-
conductors96, such as colloidal quantum-dot solids, as the back cell in 
tandem or multijunction designs. While these various opportunities 
and challenges are addressed, solution-processed photovoltaics will 
continue to help drive higher performance at lower cost for the wide-
spread deployment of solar-harvesting technology. ■ 
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