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PEROVSKITE PHOTOVOLTAICS

Inverted devices are catching up
Perovskite solar cells with an inverted configuration hold great promise for multi-junction applications, but their 
power conversion efficiency is low. Now, a long-chain alkylamine ligand-assisted strategy has been demonstrated 
to enable an efficiency of 22.34%.
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Introduced in 20131,2, perovskite solar cells 
with an ‘inverted’ configuration (or p–i–n,  
where the hole selective contact, p, is at 

the bottom of the intrinsic perovskite layer, 
i, while the electron transport layer, n, is at 
the top) are less prone to hysteresis and work 
well with flexible or tandem architectures. 
To date, however, the inverted devices 
exhibit lower power conversion efficiencies 
compared to their ‘regular’ counterparts 
(n–i–p). The efficiency gap is mainly 
attributed to the existence of undesirable 
electron–hole recombination pathways, 
typically defect-assisted recombination, 
which translate into severe non-radiative 
losses in the inverted devices3. These losses 
impact in particular on the open-circuit 
voltage of the device.

To mitigate non-radiative recombination 
losses in inverted devices, so-called 
passivation methods such as alkylamine 
post-treatment4 have been developed to 
suppress defects. Constructing graded 
bandgaps near the perovskite/electron 
transport layer interface can also reduce 
non-radiative losses. The latter approach 
enabled the highest efficiencies in inverted 
architectures, up to 20.9%5. Now, writing 
in Nature Energy, Osman M. Bakr, Edward 
H. Sargent and colleagues in Saudi Arabia, 
Canada and Sweden show that perovskite 
layers treated with long-chain alkylamine 
ligands deliver a certified efficiency of 
22.34% in inverted device architecture6.

Bakr and colleagues investigate the effect 
of the alkyl chain length of alkylamine 
ligands (AALs) added to the perovskite 
precursor solution. Compared with the 
pristine perovskite films or the films treated 
with short-alkyl-chain AALs, the films 
based on the AALs with long alkyl chain 
lengths exhibit improved structural and 
optoelectronic properties. In particular, 
oleylamine promotes the growth of 
perovskite grains with (100) crystal 
orientation. The research team suggests 
that oleylamine restricts the freedom of 
the perovskite grains to tilt during the 
growth, resulting in a dominant (100) grain 
orientation (Fig. 1a,b). Highly-oriented 

grains favour better charge transport 
but also lower the probability of defect 
formation compared to other orientations.

Oleylamine ligands also reduce the 
defect density both at grain boundaries 
and perovskite/transport layer interfaces by 
filling in positively charged electron traps 
and hence reducing trap-assisted charge 
recombination. The passivation effects at 
the interfaces ensure more efficient electron 
transfer between the perovskite and the 
electron extraction layer thus further 
diminishing non-radiative recombination 
losses (Fig. 1b). Both surface passivation and 
enhanced (100) orientation synergistically 
enable an open-circuit voltage enhancement 
of 110 mV. Given a 1.56 eV optical bandgap 
for the perovskite investigated, this translates 
into a low voltage deficit of 0.39 V that is 
comparable to that of regular devices7,8.  
The reduction of voltage loss is the enabling 

factor in achieving a power conversion 
efficiency of 22.34% as it decreases the 
efficiency gap with respect to the regular 
device architecture (Fig. 1c).

While deep-trapped defects lead to 
unwanted non-radiative recombination 
losses, shallow-level defects can be thermally 
activated and thus become mobile under 
device operation conditions. Defect 
migration is the predominant source of 
device instability. Bakr and colleagues 
observe that the oleylamine AAL layer 
formed at the perovskite/electron transport 
layer acts as a barrier for ion migration, 
affording better device stability. Solar cells 
fabricated with perovskite layers treated with 
oleylamine retain their initial efficiency after 
1000 h under continuous illumination in a 
nitrogen atmosphere.

Passivation strategies are key to 
suppressing non-radiative recombination 
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Fig. 1 | High efficiency p–i–n perovskite solar cells based on long-chain AAL-treated perovskite 
films. a,b, Schematic of the long-chain AAL-assisted strategy. Oleylamine acts as a ‘modifier’ inducing 
preferential crystal growth orientations (a) as well as a ‘passivator’ and a ‘stabilizer’ blocking non-radiative 
carrier recombination pathways and restricting the ion migration within the films, respectively (b).  
c, Best certified efficiency chart for n–i–p7,9–16 and p–i–n4–6,17 perovskite solar cells.
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losses and enabling efficiency improvement 
both in regular or inverted device 
architectures. However, due to the 
undesirable energy losses, perovskite solar 
cells are still far from realizing their full 
potential. To overcome this issue, further 
research for suitable passivating species and 
deeper understanding of the passivation 
mechanisms are needed. Up to now, 
most research efforts have focused on the 
passivation of surface regions and grain 
boundaries of the perovskite films. The 
passivating effects on the buried underlying 
interface, instead, are less investigated 
despite recent studies suggesting their 
importance to device performance.

Deeper knowledge of the properties 
of buried interfaces is needed in the first 
instance. Currently, these properties, such 
as band structures, are inferred from the 
investigation of the perovskite top surface 
as the access to buried interfaces is not 
straightforward. However, this approach is 
poorly reliable because of the compositional 
heterogeneity of perovskite polycrystalline 
films in the lateral and vertical directions. 
Advanced cross-sectional characterizations 
and the development of non-destructive 

methods that could expose buried interfaces, 
instead, could provide direct insights into 
the properties of the perovskite bulk. These 
techniques would also allow for a clearer 
understanding of the effects of passivation 
treatments on buried interfaces and guide 
researchers in the development of new 
passivation strategies. In my view, research 
efforts in this direction are urgently needed as 
the reduction of non-radiative recombination 
losses at buried interfaces could enable 
further gains in the device efficiency.

The work of Bakr and colleagues 
demonstrates that defect passivation 
alongside the promotion of favourably 
oriented perovskite grains is key to  
enhance the efficiency of inverted perovskite 
solar cells. Given the potential of the 
inverted architecture for integration of 
perovskite solar cells in tandem devices 
with mature photovoltaic technologies, 
understanding and controlling passivation 
is of critical importance to the future 
development and deployment of perovskite 
photovoltaic technology. ❐
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